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ABSTRACT 

Interstitial cystitis/ bladder pain syndrome (IC/BPS) is a progressive bladder 

condition that presents with symptoms like bladder urgency, frequency, and pain. 

The aetiology of this condition remains uncertain, which hinders current treatment 

options. Amitriptyline (AMT) is a tricyclic antidepressant that can also be 

recommended as a second-line oral treatment for patients with IC/BPS to reduce 

the sensation of pain. Oral AMT in the management of IC/BPS has only been 

studied in a limited number of controlled and non-controlled trials. The direct 

actions of AMT on normal bladder function remain unexplored and although 

limited, clinical studies show that higher efficacy rates are associated with higher 

sustained doses of oral AMT; but common adverse events such as drowsiness 

and nausea affect the quality of patients’ life. 

Along with oral treatment, patients can receive therapeutic agents luminally 

through intravesical instillation. The therapeutic potential in administrating AMT 

through the luminal route has not been explored. This approach limits the 

systemic absorption of AMT and therefore, should result in no adverse effects. 

The effects of direct incubation of AMT as well as luminal pre-treatment of AMT 

were investigated on normal bladder function. Isolated strips of detrusor smooth 

muscle, mucosa strips as well as intact bladder strips were exposed to several 

pharmacological agents to investigate and compare the responses of control and 

treated tissue strips. 

Normal bladder function was affected in different ways by luminal and direct AMT 

administration. Luminal pre-treatment enhanced the amplitude of spontaneous 

contractions, enhanced contractile responses to muscarinic stimulation and 

altered relaxation. These changes may be due to alteration in the urothelial-

derived inhibitory factor UDIF regulation in the urothelium. 

Direct incubation with a supra-clinical dose of AMT reduced the contractile effect 

by over 40%. This effect may be via inhibition of the intracellular calcium 

signalling pathway that was also observed with treatment at clinical concentration 

but to a lesser extent. This is important for IC/BPS patients, as inhibiting 

involuntary bladder contractions would alleviate symptoms. Interestingly, the 
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UDIF effect was completely abolished following treatment with AMT at supra-

clinical concentration but was not significantly altered following treatment at 

clinical concentration. AMT at supra-clinical concentration also significantly 

reduced the contractile responses to both α,β-mATP and KCl, which suggests 

that the action of AMT on the detrusor muscle may involve the neuronal P2X 

receptors as well as a depression of the intrinsic myogenic detrusor contraction. 

Relaxation responses were significantly enhanced following treatment with AMT 

at supraclinical concentration. More importantly, relaxation responses were also 

significantly enhanced following treatment with a clinical concentration of AMT. 

These results indicate that intravesical treatment with AMT may potentially be of 

therapeutic benefit in patients with IC/BPS.  
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1.1 PROJECT RATIONALE AND SIGNIFICANCE  

The bladder is a multi-layered organ made up of three main layers: the detrusor 

muscle, the urothelium and the lamina propria. Normal functioning of the bladder 

requires complex communication and interaction between the various cell types, and 

coordination of these layers. This project investigates the effect of amitriptyline (AMT) 

on the normal function of the intact porcine bladder as well as the isolated detrusor 

muscle and the urothelium/lamina propria (mucosa). 

In this study, porcine bladder tissue was used as an in vitro model to investigate the 

effects of AMT treatment on normal bladder function. Resemblance in the anatomy 

and physiology of the porcine bladder to human bladder renders the former as an 

appropriate experimental model. Similarities in structure, neuronal control and 

urodynamic has allowed for the continuous use of porcine bladder for both in vivo and 

in vitro experiments (Dittrich et al., 2007; B. Parsons, Drake, Gammie, Fry, & Vahabi, 

2012). The structural resemblance between the two has been addressed with one 

study reporting that thickness of layers is similar for porcine and human bladder, 

consisting of urothelium (~0.1 mm), lamina propria (~0.3 mm), and the detrusor 

smooth muscle divided into an inner and an outer tunica muscularis (~3 mm total 

thickness) (Teufl, Dammann, & Wehrmann, 1997). Immunofluorescence studies in 

porcine urothelium demonstrated the presence of a glycosaminoglycan (GAG) layer 

that resembles the human urothelium GAG layer in distribution and expression 

(Janssen et al., 2013). 

Treatments for Interstitial cystitis/Bladder pain syndrome (IC/BPS) are varied, but none 

are universally effective. Oral AMT is often a part of second-line treatment to alleviate 

symptoms of IC/BPS with various degrees of efficacy and safety reported. Oral therapy 

has benefits such as high rate of patient compliance and easy administration, however 

oral AMT therapy has limitations such as the undesirable biodistribution throughout 

the body that leads to adverse events including sedation and nausea which asserts 

the need for new therapeutic approaches. 

Treatment of bladder dysfunction is veering in a direction of increased utilization of 

intravesical therapy. The bladder is a hollow organ with a natural conduit (urethra) 

which allows for a relatively easy manipulation with a catheter in this therapeutic 
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approach. Intravesical therapy allows for the administration of a high local 

concentration directly into the dysfunctional bladder with less systemic toxicity 

(compared to oral therapy). 

The following review details the anatomy and physiology of the healthy bladder, 

consider the status of IC/BPS regarding treatment options with special attention to a 

novel method of administration for AMT through intravesical drug delivery. 

 

1. 2 LOWER URINARY TRACT: ANATOMY AND FUNCTION  

1.2 A. GROSS ANATOMY OF THE LOWER URINARY TRACT 

The urinary tract is a group of organs that work to eliminate certain substances from 

the blood, to form, store and expel urine. The upper urinary tract comprises of the 

kidneys and the ureters while the lower urinary tract (LUT) comprises of the bladder 

and urethra and in males, it also includes the prostate (Figure1.1). The kidneys 

produce urine as it filters the blood. Urine then travels down the ureters to be stored 

in a low-pressure environment in the bladder, until it is expelled via the urethra. The 

alteration between urine storage and voiding is called micturition and it is under the 

control of pelvic, hypogastric, and pudendal nerves (Figure 1.2). 

 

Figure1.1: Illustration of the male urinary tract including the kidneys, ureters, urinary 

bladder, prostate and urethra (cancer.gov). 
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1.2 B. PHYSIOLOGY OF THE URINARY BLADDER  

Storage and periodic elimination of urine is made possible by the actions of two 

functional parts of the LUT: a reservoir (the urinary bladder), and an outlet consisting 

of the bladder neck, urethra and striated muscles of the external urethral sphincter 

(EUS) (Fowler, Griffiths, & de Groat, 2008). 

The bladder is a hollow, muscular organ with the primary role of temporary urine 

storage. The muscular wall of the bladder allows for substantial contractility of the 

bladder. The capacity of the bladder varies over a large range between species: 

mouse, 0.15 ml; rat, 1 ml; human, 500 ml (Andersson & Arner, 2004). The size, shape 

and position of the bladder are dependent on the degree of bladder distension by the 

contained urine. In the adult, the empty bladder appears flattened and lies entirely 

within the anterior part of the pelvic cavity, behind the pubic symphysis and pubic 

bones. As the bladder fills with urine, it conforms into an ovoid shape and ascends 

above the pelvic brim and into the abdomen. Externally, the bladder presents four 

surfaces. A superior surface, a posterior surface (referred to as the base of the 

bladder) and two inferolateral surfaces (right and left) that meet anteriorly. 

The apex of the bladder is located in the anterior angle of the superior surface, where 

the superior surface meets the two inferolateral surfaces. The lowermost part of the 

bladder, where the posterior and inferolateral surfaces of the bladder meet, is the 

bladder neck. In males, the bladder neck lies superior to the base of the prostate, while 

in females the bladder sits anterior to the vagina and uterus. An internal outline of the 

lower part of the posterior wall of the bladder features an inverted triangular region at 

the base of the bladder known as the trigone of the urinary bladder. 
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Figure 1.2: Regulation of the lower urinary tract through neurotransmitter release by 

the sympathetic, parasympathetic, and somatic nervous system (Fowler et al., 2008). 

 

1.2 C. STRUCTURE OF BLADDER WALL 
The three distinct layers of the bladder includes the detrusor muscle, the lamina 

propria (LP) and the urothelium (Figure 1.3) and to the visible eye we can distinguish 

and easily separate the detrusor muscle from the mucosa and LP. The smooth muscle 

of the bladder wall is protected by the external serosa, while the vesical face is overlain 

by a mucosa that consists of tight transitional epithelium, basement membrane and 

suburothelium. The urothelium itself is a multilayered region covered by a 

mucopolysaccharide glycocalyx that protects the urothelium from the potentially toxic 

medium of urine. The main functions of the bladder reside in the detrusor muscle which 

is responsible for urine expulsion, while the mucosa has a protective barrier and 

sensory role. 

(i) Adventitial layer 

This outer most layer is an adventitial connective tissue layer derived from peritoneum. 

The rest of the external portion of the bladder is covered by a thin layer of non-serosal 

fibro-fatty connective tissue. These two layers fuse together to complete the serosa. 
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(ii) Detrusor Muscle 

The muscular part of the bladder constitutes the main mass of the bladder wall and is 

referred to as the dome. It is formed by a circular layer of smooth muscle between an 

inner and outer layer of longitudinal smooth muscle called fascicles. The contraction 

of the detrusor muscle is responsible for compression of the bladder lumen and urine 

expulsion into the urethra. There is a distinct region in the bladder called the trigonal 

region which has two distinct muscle layers, histologically and biochemically. The 

outer layer is under parasympathetic innervation, while the inner layer is under 

sympathetic control via noradrenergic fibres (Andersson & Arner, 2004). 

(iii) Bladder mucosa: lamina propria and urothelium 

The bladder mucosa consists of the urothelium, basement membrane, and LP. The 

urothelium, the inner epithelial layer, continues with the urothelium of ureters above 

and the urethra below. Beyond its protective barrier role, the urothelium responds to 

stress and physiological changes and these responses may be altered with age or 

pathogenesis ( Birder et al, 2012). Below the urothelium, under the basement 

membrane, lies the LP which is also referred to as the suburothelium. It is composed 

of an extracellular matrix containing several types of cells, including fibroblasts, 

adipocytes, interstitial cells, and afferent and efferent nerve endings (Andersson & 

McCloskey, 2014). The LP also has a rich vascular network, lymphatic vessels, elastic 

fibres, and smooth muscle fascicles (muscularis mucosae) and may play a role in 

bladder compliance (Mitsui, R., 2020). For the purpose of this thesis, the term mucosa 

will be used to collectively refer to the bladder urothelium, basement membrane and 

LP. 

The urothelial surface is lined by an impermeable bladder surface mucin composed of 

sulfonated glycosaminoglycans (GAG) and glycoproteins. Changes in this surface can 

result in permeability alterations that allow ions, in particular, potassium ions to 

traverse the urothelium, depolarize sensory and motor nerves, and activate mast cells 

(Ke & Kuo, 2015). The urothelium comes into contact with urine and any toxins that 

are in the urine. Hence, this layer is of particular interest in studying the effects of AMT 

and it will be discussed in further detail in Chapter 4.  
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Figure 1.3: An overview of cell layers of the wall of the urinary bladder: 

glycosaminoglycan (GAG) layer, numerous channels and receptors, the urothelium, 

bladder sensory nerves, interstitial cells of Cajal (ICC), and detrusor smooth muscle 

(Merrill, Gonzalez, Girard, & Vizzard, 2016). 

1.2. D.  Innervation of the Bladder 

The two primary functions of the bladder are to act as a low-pressure reservoir for 

urine then generate enough contractions to expel it. As previously mentioned, urine 

storage and micturition are dependent on coordination between the bladder muscle 

and outlet. Filling and voiding of the bladder operate under neuronal control as an on-

off switch circuit, through reciprocal coordination of the bladder and the urethral outlet. 

Signalling in the bladder is conducted via autonomic afferents (parasympathetic and 

sympathetic), sensory afferents and somatic motor neurons. Storage reflexes are 

activated during bladder filling and result in bladder neck and sphincters to relax 

(Birder et al, 2012). As the bladder fills, signalling for the micturition reflex is initiated 

in the brain. Bladder neck and sphincters will start to contract via sympathetic and 

parasympathetic pathways, while bladder muscle remains inactive. These pathways 

will be discussed further below. It should be noted that generally, innervation of the 

bladder is similar across species including humans, porcine and rat bladders and 

differences between species will be pointed out when relevant. 

(i) Afferent innervation 
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Sensory information about bladder sensation is communicated to the brainstem by 

afferent axons of the sacral parasympathetic (pelvic nerves), thoracolumbar 

sympathetic (hypogastric nerves and sympathetic chain), and sacral somatic nerves 

(primarily the pudendal nerves). Afferent fibres are very abundant and interconnected 

in the bladder, yet less understood than the efferent pathway. The population of 

afferent nerves that controls the micturition process consists of small myelinated Aδ-

fibres and unmyelinated C-fibres. They arise from dorsal root ganglia (DRG) then 

travel to neurons in the lumbosacral spinal cord (Applebaum, Vance, & Coggeshall, 

1980; William C. de Groat & Yoshimura, 2009; Vera & Nadelhaft, 1990). Myelinated 

Aδ-fibres are predominantly located in the detrusor muscle, while C-fibres are located 

in the urothelium, suburothelium and detrusor muscle. Schueth and colleagues 

recently developed a method to better the understanding of sensory innervation in the 

bladder. This computer-assisted method was used to investigate sensory fibres in the 

LP of the murine bladder wall, through 3D-tracking of sensory innervation using two-

photon laser scanning microscopy (TPLSM) (Schueth, Spronck, van Zandvoort, & van 

Koeveringe, 2017). They reported that throughout the entire LP afferent fibres were 

detected and the interface between LP and the urothelium was most densely 

innervated. 

Several studies have looked at the properties of myelinated Aδ-fibres and 

unmyelinated C-fibres innervating the bladder and urethra in vitro and in vivo in varies 

mammalian species (William C. de Groat & Yoshimura, 2009). Aδ mechanoreceptor 

afferents rapidly respond to very small changes in pressure that detects passive 

distention and can activate bladder contraction (Kanai & Andersson, 2010) and they 

may also possess chemosensitive properties. In comparison, the slower unmyelinated 

C-fibres have very high thresholds and function primarily as nociceptors that respond 

to noxious chemical and mechanical stimuli. Activation of these afferents triggers 

painful sensation as well as body defence mechanisms such as inflammation and 

bladder hyperactivity to eliminate infectious, irritation or potentially injurious 

substances from the urinary tract. Endogenous substances including 

neurotransmitters, neurotrophic factors and inflammatory mediators that are released 

from cells within the bladder wall can sensitize C-fiber bladder afferent neurons and 

cause morphological, chemical, and electrophysiological plasticity. This makes these 

afferents an important target for drugs and neurotoxins used to treat lower urinary tract 



10 
 

dysfunction (William C. de Groat & Yoshimura, 2009). Additionally, functional bladder 

disorders have been strongly linked to bladder sensation, as detrusor muscle 

malfunction has been associated with abnormal sensation arising from the sub-

urothelium and LP (Christopher H. Fry & Vahabi, 2016). 

(ii) Efferent innervation 

Efferent axons regulate control of micturition through three sets of peripheral nerves: 

sacral parasympathetic (pelvic nerves), thoracolumbar sympathetic (hypogastric 

nerves and sympathetic chain), and sacral somatic nerves (primarily the pudendal 

nerves) (William C. de Groat & Yoshimura, 2009). Pathways of sympathetic 

innervation during bladder filling and parasympathetic innervation in bladder voiding, 

as well as somatic innervation that is carried by efferent axons, will be further 

discussed below. 

(iii) Sympathetic and parasympathetic pathways 

Sympathetic pathways regulate the detrusor during bladder filling. Sympathetic 

preganglionic pathways arise from the T11 to L2 segments of the spinal cord, then 

pass through the sympathetic chain ganglia. These axons will then run through the 

inferior mesenteric plexus (ganglion) and hypogastric nerve to inhibit the contraction 

of the detrusor wall. When voiding is initiated these axons of the pelvic plexus induce 

relaxation of the internal urethra (Figure 1.2). Sympathetic innervation is denser at the 

bladder neck than the detrusor (Michel & Vrydag, 2006). In the detrusor muscle, 

sympathetic nerves release noradrenaline (NA) which acts on β-adrenoceptors to 

mediate relaxation and promote bladder compliance (Michel & Vrydag, 2006). At the 

bladder outlet, NA increases muscle tone in the proximal urethra base of the bladder 

through action at α-adrenoceptors. Bladder outlet resistance is increased in men due 

to the presence of additional α-adrenoceptors on the prostate (Michel & Vrydag, 

2006).  

Sympathetic nerves of the bladder also play a role in the inhibition of the 

parasympathetic pathway at the spinal and ganglia levels. While the bladder is filling, 

contraction of the detrusor musculature is inhibited by stimulation of β-adrenoceptors 

(William C. de Groat & Yoshimura, 2009) to allow more filling.  
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As previously mentioned, afferent nerves of the bladder sense bladder distension and 

fullness. Increased afferent activity leads to excitation of the pontine micturition centre, 

causing stimulation of the parasympathetic pathway that results in detrusor 

contraction. Parasympathetic innervation of the bladder arises between the S2-S4 

sacral segments. Signals are then passed through the pelvic nerves to cholinergic 

parasympathetic neurons in ganglia in the detrusor. 

Excitation via the parasympathetic system is mediated by acetylcholine (ACh) acting 

on postjunctional muscarinic receptors to cause detrusor contractions (Anderson, 

1993; W. C. de Groat, Griffiths, & Yoshimura, 2015). Cholinergic innervation plays a 

large excitatory role in the human bladder (W. C. de Groat et al., 2015) and it will be 

discussed in detail later. Stimulation of parasympathetic nerves also causes the 

release of non-adrenergic, non-cholinergic (NANC) transmitters including adenosine 

triphosphate (ATP) (Burnstock, 2014b). These transmitters regulate the initiation and 

maintenance of detrusor contractions, as well as relaxing bladder outlet to allow urine 

expulsion (Sellers & Chess-Williams, 2012). Parasympathetic nerves also play a role 

in urethelial smooth muscle inhibition that is mediated by the release of nitric oxide 

(NO) to the proximal urethra (Fowler et al., 2008). Neurotransmitters that regulate 

micturition in the bladder will be further discussed. 

 

(iv) Somatic nerves 

These cholinergic nerves supply the striated muscles of the external urethral sphincter 

(Fowler et al., 2008). They arise in S2–S4 motor neurons located along the lateral 

border of the ventral horn in the sacral spinal cord, a region referred to as Onuf's 

nucleus (Thor, Morgan, Nadelhaft, Houston, & De Groat, 1989). These nerves 

innervate the periphery through the pudendal nerves to cause voluntary contraction of 

the external urethral sphincter muscle via ACh release and nicotinic receptor 

activation. 
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1.2 E. PHARMACOLOGY OF THE BLADDER 
The role of the bladder to transiently store, then excrete urine is mediated by complex 

interactions between the sensory and muscular components of the urinary tract. 

During normal bladder filling and emptying, the bladder wall undergoes substantial 

changes in extension. The following is a detailed explanation of the action of the 

detrusor muscle and mucosa, the neurotransmitters, receptors, and pathways they 

convey. 

 

(i) Detrusor Muscle 

During bladder filling, the detrusor muscle will accommodate the gradual increase of 

bladder contents by relaxing to extend the duration of filling. In comparison, as 

micturition is initiated, the detrusor contracts rapidly, synergistically with the relaxation 

of the sphincter. Disruption of the synergy between detrusor muscle and sphincter 

muscle can occur with some neurologic conditions such as spinal cord injury and 

multiple sclerosis causing a condition called detrusor sphincter dyssynergia (DSD) 

(Stoffel, 2016). Smooth muscle contraction results from the interaction of the 

contractile proteins actin and myosin, which causes the development of tension and 

shortening the detrusor muscle, similar to other muscle types. 

As parasympathetic nerves are activated, either by the release of ACh or ATP, a 

signalling cascade is initiated that activates Actin-myosin cross-bridge recycling in the 

detrusor muscle. The G-coupled muscarinic M3 receptor binds ACh released from the 

parasympathetic nerves, which initiates the formation of initisol triphosphate (IP3) and 

diacyglycerol (DAG) from membrane phospholipids (PIP2) by the action of 

phospholipase-C (PLC). IP3 then initiates Ca2+ release from intracellular Ca2+ stores 

(sarcoplasmic reticulum, SR). Ca2+ binds to calmodulin (CaM) to activate myosin light 

chain (MLC) kinase and phosphorylate and activate myosin to bind to actin. The 

binding of ATP to the purinergic P2X1 receptor opens the ion and the L-type Ca2+ 

channel, causing an influx of Ca2+ and Na+ ions (Wynne, Chiao, & Webb, 2009). 

Intracellular calcium from the sarcoplasmic reticulum and extracellular calcium bind to 

calmodulin, causing activation of myosin, subsequently activating the myosin light 

chain (MLC) kinase (Figure 1.4). This cross-bridge cycle between actin and myosin 
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continuous to occur provided that myosin stays activated, and ATP is available to be 

utilized by the muscle. 

 

Figure 1.4: The intracellular signalling pathways in detrusor muscle contraction 
(Amended from: Fry et al., 2010). 

During the storage/filling phase of the micturition cycle, spontaneous waves of 

contractions are occurring. Spontaneous contractions are observed in several 

species, including the human bladder. These contractile activities appear to allow the 

individual muscle bundles in the bladder to adjust their length in response to filling and 

changes in the pace of these contractions could be indicative of dysfunction 

(Hashitani, Brading, & Suzuki, 2004). The frequency of these action potential is voltage 

sensitive, with depolarization increasing and hyperpolarization decreasing the rate of 

firing (Mostwin, 1986).  

Spontaneous contractions are blocked by L-type calcium channel blockers such as 

dihydropyridine, indicating the role of these channels and the subsequent Ca2+ entry 

through these channels in this type of contractions (Buckner, Milicic, Daza, Coghlan, 



14 
 

& Gopalakrishnan, 2002; Herrera, Heppner, & Nelson, 2000; Mostwin, 1986), with a 

specific critical role of Ca2+ entry through L-type calcium channels in initiating 

spontaneous excitation in detrusor smooth muscles (Hashitani et al., 2004). As with 

normal contractions of the bladder, an increase in intracellular calcium concentration 

[Ca2+]I is key for the activation of spontaneous contractions. Further investigation is 

required to determine whether the increase of [Ca2+]I is due to the influx from the 

extracellular space and/or release from intracellular stores and what the significance 

of this phenomenon is in terms of bladder function and disease. 

  

(ii) Mucosa (Urothelium and Lamina Propria) 

Hypolite and colleagues (1993) recognized that the urothelium has a higher metabolic 

rate than underlying detrusor muscle, suggesting that the urothelium functions as more 

than just a physical protective barrier for underlying tissue. It has been found that 

urothelial cells release various factors such as ATP, NO, and ACh in response to 

chemical, mechanical, and thermal stimuli (Birder & Andersson et al, 2013). They also 

express a variety of receptors and ion channels including P2X3 purinergic receptors, 

nicotinic and muscarinic receptors, and transient receptor potential (TRP) channels. 

The LP is the other component of the bladder mucosa recognized as part of the 

signalling system in the bladder (Birder & Andersson, 2013). The role of the LP has 

not been definitively established, though it has been suggested that it acts as a 

capacitance layer of the bladder that maintains bladder compliance and enables 

adaptive changes throughout filling and emptying of the bladder. 

   

Acetylcholine and Cholinergic Innervation of the Bladder 

The main cholinergic receptor types are muscarinic and nicotinic receptors and the 

human and pig bladder express a high density of muscarinic receptors. Upon 

increased parasympathetic stimulation during bladder emptying, the neurotransmitter 

ACh binds to muscarinic receptors. ACh is synthesized from choline and acetyl-CoA 

in cholinergic neurons in the brain and the peripheral nervous system (PNS). This 

neurotransmitter is responsible for muscular movement and contraction. Additionally, 
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ACh has also been found to be synthesized and stored by non-neuronal cells such as 

bladder urothelium, small and large intestines mucosa, lungs, placenta and skin 

(Klapproth et al., 1997; Yajima, Inoue, Matsumoto, & Yajima, 2011). 

 

Muscarinic receptors 

Muscarinic receptors (also referred to as cholinergic receptors) are G-protein coupled 

receptors with the 5 receptors subtypes M1 - M5-receptors (Caulfield & Birdsall, 1998; 

Giglio & Tobin, 2009). These different types are distributed throughout the body and 

each has different neurophysiological functions, ligand binding specificity and coupling 

mechanisms. Muscarinic receptors in the bladder have been found on both the 

parasympathetic and sympathetic nerve endings and regulate the release of ACh and 

NA respectively (Figure 1.2) (Chess-Williams, 2002). Interestingly, one of the major 

actions of AMT is its central and peripheral anticholinergic effects which we will discuss 

later in detail. 

M1, M3 and M5-receptors couple to Gq/11, resulting in stimulation of the membrane-

associated enzyme phospholipase-C (PLC), causing contraction due to calcium influx 

and intracellular calcium release (Caulfield and Birdsall 1998). M2 and M4 on the other 

hand, couple to Gi, causing inhibition of adenylate cyclase that triggers a reduction in 

cAMP and inhibition of relaxation. M1, M3 and M5-receptors are involved in complex 

CNS responses while M2 and M4-receptors are involved in smooth muscle relaxation 

and gland secretion. In the bladder, excitatory M1 and M3-receptors are present on 

the parasympathetic nerve endings and increase ACh release while inhibitory M2 and 

M4-receptors are found on the sympathetic nerve endings (William C. de Groat & 

Yoshimura, 2009). 

There is evidence that the urothelium expresses the full complement of muscarinic 

receptors (M1-M5) (Giglio & Tobin, 2009) as well as the enzymes and transporters 

necessary for the synthesis, release, and metabolism of ACh. Consistent with animal 

species, the presence of the urothelium in isolated human bladder strip experiments 

was found to exert an inhibitory effect on cholinergic contractile responses of the 

underlying denuded muscle (Chaiyaprasithi et al., 2003). This inhibition has been 
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attributed to the release of an unknown diffusible factor from the urothelium, termed 

urothelial-derived inhibitory factor (UDIF) (Hawthorn et al., 2000).  

Studies that looked at signalling mechanism of muscarinic receptor-mediated 

contraction in the bladder suggested that muscarinic receptors which stimulate IP3 

production may require a higher concentration of muscarinic agonist for activation 

(Chess-Williams, 2002). In comparison, M2-receptors do not stimulate the production 

of IP3 and therefore, can be stimulated with a lower concentration of agonists. M2-

receptor signalling mechanism is less clear, suggested that relaxation in smooth 

muscle might be mediated sympathetically. Additionally, it might exert a modulatory 

effect on relaxation that is evoked via purinergic signalling and this will be further 

discussed. This modulatory effect may contribute to bladder contraction in certain 

disease states: in denervated rat bladder M2-receptors or a combination of M2- and 

M3 -receptors mediated contractile responses. Muscarinic receptor stimulation 

enhances bladder contraction while muscarinic antagonists are used for overactive 

bladder. Anticholinergic or antimuscarinic agents are competitive antagonists of 

muscarinic receptors that also potentially inhibit sensory receptors and decrease 

afferent nerve activity (Sellers & Chess-Williams, 2012).  

  

Nicotinic receptors 

Nicotinic receptors are ligand-gated ion channels that are found on all ganglionic 

neurons, both sympathetic and parasympathetic, hormone-producing cells in the 

adrenal medulla and in neuromuscular junctions of voluntary muscles. ACh binding to 

nicotinic receptors causes the opening of ion channel and always results in a 

stimulatory effect. There are two subtypes for nicotinic receptors, Nm and Nn, each 

with specific subtypes of α, β, γ or δ subunits. Nm receptors are present on skeletal 

muscle cells at neuromuscular junctions to cause contraction. Mn receptors are 

present on autonomic junctions and cause depolarization in autonomic ganglia. 

Although nicotinic receptors play a role in both central nervous system (CNS) and PNS 

control of urinary bladder function, little is understood about their expression or 

function in the bladder, compared to muscarinic receptors. There is evidence that 

various nicotinic receptors are expressed on urothelial cells and stimulation of these 
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receptors through the intravesical administration of agonists could significantly alter 

functional voiding activity in rat bladder (Beckel, Kanai, Lee, de Groat, & Birder, 

2006). Beckel & Birder (2012) further investigated the expression and functionality of 

nicotinic receptors in the urothelium. This study found that rat urothelial cells express 

α3, α5, α7, β3, and β4 nicotinic subunits and that stimulation of α3- and α7-subunits 

increased intracellular calcium levels. Interestingly, stimulation of α7 subunit inhibited 

excitatory effects of α3 receptors; α7 agonists blocked the rise in intracellular Ca2+, 

indicating that nicotinic signalling in the bladder might involve modulation of one type 

of nicotinic subunit by another. Urothelial nicotinic signalling also influenced basal ATP 

release, which may indicate a role in nociceptive signalling in the lower urinary tract. 

(Beckel & Birder, 2012). α7 subunit agonist can block the release of ATP from the 

urothelium, which may be useful in the treatment of visceral disorders, such as 

IC/BPS, where increased urothelial ATP release is detected and associated with 

symptoms (Cook & McCleskey, 2000). 

Innervation of the striated muscles of the external urethral sphincter involves nicotinic 

receptors. During bladder filling, ACh release from somatic nerves can act on these 

receptors to produce contractions of the external sphincter (Ochodnicky, Uvelius, 

Andersson, & Michel, 2013). 

  

NA and Adrenergic Innervation of the Bladder 

Adrenergic receptors are G protein-coupled receptors. Three major classes of 

adrenergic receptors have been identified: alpha1 (α1), alpha2 (α2) and beta (β) 

adrenergic receptors (adrenoceptors). These classes are further divided into 

subtypes: α1A, α1A(L), α1B and α1D, α2A, α2B, α2C and α2D and β1, β2 and β3. The 

role of adrenoceptors in bladder function was initially thought to be predominantly 

mediating the classic autonomic responses: α-adrenoceptors contraction of the 

bladder outlet and β-adrenoceptors relaxation of the detrusor muscle during filling. 

Recently, evidence emerged that points to a more complex regulatory role of these 

receptors (Ochodnicky et al., 2013). 

 

 



18 
 

ᵃ-Adrenoceptors 

In the lower urinary tract, α-adrenoceptors and particularly α1-adrenoceptors are 

involved in physiological functions such as urine excretion and ejaculation (Michel & 

Vrydag, 2006). The subunit α1A is expressed in the bladder neck to enhance outlet 

resistance and therefore is the main α-adrenoceptor therapeutic target for bladder 

outlet dysfunction. In the urinary bladder, the functional role of these receptors is 

limited, as the expression of α-adrenoceptor is scarce. A recent review discussed the 

current classification of α1-adrenoceptors in the LUT (Nishimune, Suzuki, Yoshiki, 

Morishima, & Muramatsu, 2010). This review highlighted the re-definition of these 

receptors in the bladder and other tissues based not only on genome-based analysis 

but also phenotype analysis, with the α1A(L) as a unique pharmacological phenotype. 

This subtype originates from the same gene as α1A- adrenoceptors but possesses 

low-affinity for the classic α1 subunit selective antagonist prazosin (Nishimune et al., 

2010).  

The presence of α2 subunit, mainly the α2A subunit, has been confirmed in the 

urethra, detrusor and bladder base/neck of rabbits, pigs, and humans where these 

receptors inhibit prejunctional sympathetic and parasympathetic neurotransmitter 

release (Michel & Vrydag, 2006). Their overall post-junctional function in the LUT 

remains largely unclear but is minor. 

  

β-Adrenoceptor 

Expression of all three β-adrenoceptor subtypes has been found in the bladder both 

at mRNA and at protein level in humans. Relaxation of the detrusor muscle is mediated 

by β3 subunit through the stimulation of adenylate cyclase, increasing cAMP and 

activating the protein kinase-A (PKA) pathway (Ochodnicky et al., 2013). In addition 

to direct smooth muscle effect, these receptors may also play a role in modulating 

afferent signalling. Recent immunostaining studies found that all β-adrenoceptor 

subunits are expressed in rat and human urothelium, myofibroblasts and peripheral 

nerves (Kullmann et al., 2011; Limberg et al., 2010). Otsuka and colleagues (2008) 

suggested that the release of urothelial β-adrenoceptors may induce the release of an 

unidentified factor named the UDIF the causing relaxation of the human detrusor 
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smooth muscle (Otsuka, Shinbo, Matsumoto, Kurita, & Ozono, 2008). Recently, the 

subunit involved in the release of UDIF in the porcine bladder was determined to be a 

β3-subtype (Masunaga, Chapple, McKay, Yoshida, & Sellers, 2010).  

 

ATP and Purinergic Innervation of the Bladder 

Purine receptors can be divided into two main families, adenosine receptors called P1 

receptors and P2 receptors activated mainly by ATP, adenosine 5‘-diphosphate 

(ADP), uridine 5‘-triphosphate (UTP), and uridine 5‘-diphosphate (UDP) (Ralevic & 

Burnstock, 1998). Two types of P2 receptors have been identified, a ligand-gated ion 

channel family P2X (P2X1 – P2X7) and G-protein-coupled receptor family P2Y (P2Y1, 

P2Y2, P2Y4, P2Y6, P2Y8, P2Y11, P2Y12 and P2Y13) (Burnstock, 2014b). Numerous 

studies have demonstrated the expression of purinergic receptors in the bladder of 

human mouse, rat, cat and guinea pig (Birder et al., 2004) where they appear to be 

involved in motor as well as sensory functions. While excitation of the lumen of normal 

bladder appears mostly cholinergic, an atropine-resistant component is seen in 

bladder with pathological conditions such as IC/BPS which is suggested to be due to 

ATP (Burnstock, 2014a; Chesher & Thorp, 1965; Palea, Artibani, Ostardo, Trist, & 

Pietra, 1993). All seven subunits of P2X receptors have been identified in the human 

bladder, but immunohistological staining has revealed that P2X1 is predominantly 

expressed in the detrusor, as are P2X2 and P2X7 to a less extent (Svennersten, 

Hallén-Grufman, de Verdier, Wiklund, & Poljakovic, 2015). ATP is a co-transmitter 

released with ACh in parasympathetic nerves in both humans and animal and can 

signal efferent control of detrusor muscle excitability via P2X1-receptors (Mutafova-

Yambolieva & Durnin, 2014). Bladder urothelium also releases ATP in response to 

distension and this release was reported to be proportional to the degree of distension, 

suggesting the urothelium can act as a sensory mediator of the degree of bladder 

distension (Ford & Cockayne, 2011; Knight, Bodin, De Groat, & Burnstock, 2002).  

P2X are ligand-gated ion channels that can be activated in response to the binding of 

extracellular ATP. As opposed to prejuctional P1 receptors that mediates the 

autoregulatory negative feedback of adenosine, P2 are postjuntional receptors for ATP 

and ADP (Burnstock, 1978). P2X receptors are cation channels that are permeable to 
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Na+, K+ and especially Ca2+ (Khakh, 2001). P2X1-7 differ in their response time course 

and desensitization. 

In summary, purinergic signalling is a major pathway in modulating bladder physiology 

and pathophysiology. The potential causes of bladder dysfunction are myriad and the 

most common of these conditions include overactive bladder, IC/BPS, bladder cancer 

and bladder outlet obstruction. In this thesis, we are focusing on IC/BPS which is 

discussed in detail below. 

 

1.3 INTERSTITIAL CYSTITIS/BLADDER PAIN SYNDROME 

Interstitial cystitis/bladder pain syndrome (IC/BPS) is a chronic bladder condition 

characterized by a prolonged duration of symptoms of pelvic or perineal pain, damage 

of the bladder epithelium, as well as voiding symptoms such as increased urinary 

frequency, urgency and nocturia. These symptoms are not associated with an infection 

or any other clear causes. First described at the turn of the century by Boston 

gynaecologist, Guy Hunners who defined the characteristics of the disease (HUNNER, 

1918), the defining parameters of this condition (discussed later), such as definition, 

prevalence, aetiology, pathology, and treatment effectiveness are not uniform. As a 

result, many aspects of diagnosis and therapeutic approaches remains controversial. 

There are currently three widely accepted guidelines on IC/BPS: The American 

Urological Association Guidelines; the Royal College of Obstetricians and 

Gynaecologists in conjunction with the British Society of Urogynaecologists 

Guidelines; and the European Association of Urology Guidelines. Although these 

guidelines are similar, they possess major differences. This leads to confusion about 

this condition in the literature and debilitates appropriate management of patients. For 

example, the American Urological Association (AUA) guidelines defined IC/BPS as 

symptoms which persist over six weeks in the absence of an infection or any other 

distinguishable causes (Hanno et al., 2015), whereas in the European Society for the 

Study of Bladder Pain Syndrome (ESSIC) defined this condition as LUT symptoms a 

period of 6 months (van de Merwe et al., 2008). 

Increasing evidence show that this condition can be presented in one of two main 

forms: nonulcerative and ulcerative (classic inflammatory IC). Nonulcerative IC is the 
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more prevalent form and it account for 90% of all cases. It presents with glomerulations 

alone within the bladder wall. In comparison, ulcerative IC, which is known as the 

classic inflammatory IC, presents with glomerulations as well as lesions and/or areas 

of bleeding within the bladder wall, known as Hunner’s lesions. This form of IC/BPS is 

considered more severe and it accounts for 10% of IC/BPS cases (Daniels, Schulte, 

& Herndon, 2018). This discrete inflammation of the interstitial tissues of the bladder, 

accompanied by painful bladder symptoms and is not well defined or understood.  

 

 

EPIDEMIOLOGY  
IC/BPS is a debilitating condition that remains difficult to diagnose and hence 

prevalence estimates in the literature vary. For example, the literature marks female 

dominance in IC/BPS patients, reporting approximately 90% of cases occur in females 

and 10% in males. Yet, these figures are argued to be inaccurate with evidence 

obtained in a managed care population study where it was found that the ratio of 

female to male diagnosis to be 1:5 (Offiah et al., 2013). This low number reported in 

male patients is challenged to be attributed to misdiagnoses by physicians in male 

patients as chronic prostatitis (also called chronic pelvic pain syndrome), thus 

accounting for the under-diagnosis of this condition in male patients (Clemens, 

Meenan, Rosetti, Gao, & Calhoun, 2005). The median age of onset is 40 and little 

appears in the literature about IC/BPS in children. One population-based study in the 

United States reported that patients with IC/BPS are 10 to 12 times more likely than 

controls to report childhood bladder problems (Hanno et al., 2015). 

The quality of life for patients with IC/BPS was reported to be below that of patients 

undergoing chronic dialysis for renal failure and hypertension and above that of 

patients with rheumatoid arthritis, while another study in women with IC/BPS 

highlighted the large psychosocial impact of this condition (Michael, Kawachi, 

Stampfer, Colditz, & Curhan, 2000). 
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AETIOLOGY AND PATHOPHYSIOLOGY OF IC/BPS 
Over the years a number of theories have been established as to what the cause of 

this condition and while it is established that this condition is multifactorial, the 

aetiologies are yet to be defined. It is postulated that the pathophysiology of the 

disease involves an epithelial dysfunction of the lower urinary tract  (Hurst et al., 1996). 

Hurst further described in 2003 that this dysfunction was primarily located in the dense 

GAG layers of the bladder urothelium (Hurst et al., 2003). As previously discussed, 

the GAG layer lines the mucosal side of the urothelium and protects bladder mucosa 

from uropathogens, recurrent infections, inflammation and urine solute infiltration (C. 

L. Parsons, 2007). In patients with IC/BPS, the GAG layer is damaged and made 

permeable, allowing influx of urinary solutes into the submucosa. Particularly, the 

influx of potassium triggers a cascade of inflammation, mast cells activation and 

degranulation, and depolarisation of the subepithelial afferent nerves, causing injury 

and pain in the bladder (Figure 1.5). Patients with this condition are reported to have 

a higher likelihood of having another chronic pain conditions such as fibromyalgia, 

inflammatory bowel disease and allergies (Alagiri, Chottiner, Ratner, Slade, & Hanno, 

1997). Furthermore, a study conducted on twins hypothesised that there may also be 

a genetic component to IC/BPS (Warren, Keay, Meyers, & Xu, 2001). 
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Figure 1.5: Summary of the events involved in injury of bladder urothelium and the 

altered peripheral and central nervous systems. The events that occur following 

bladder insults due to local mechanisms (1) are indicated in sequential numbers (2 to 

6). DRG = dorsal root ganglia, APF = antiproliferative factor, HB-EGF = heparin-

binding epidermal growth factor-like growth factor, NO = nitric oxide (Ogawa et al., 

2018). 

 

DIAGNOSIS  

Diagnosis of IC/BPS remains mainly through exclusion of other conditions. Initial 

diagnosis relies on patient selection based on symptoms and an exclusion of other 

diseases with similar presentation. The onset for most patients is around 40 years of 

age, but due to the lack of defining parameters for this conditions, time from onset of 

symptoms to time of definitive diagnosis can delay diagnosis by years (Park, 2001). 

Additional tests can be performed to help with confirmation and classification. A urine 

sample is taken to exclude the presence of infection and abnormal cells in the urine 

and cystoscopy examines the bladder lining to exclude other bladder pathogens. The 
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difficulty in diagnosis arises as a patient may have IC/BPS which is based on 

symptoms even when all these tests are normal. As previously mentioned, exclusion 

of other LUT conditions remains the main point of diagnosis for IC/BPS (Figure 1.6).  

 

Figure 1.6: Differential diagnosis of IC/BPS to other common conditions in the LUT. 

IC/BPS usually presents with suprapubic/ lower pelvic pain (Graphic by M Khurthir). 

 

BIOMARKER FOR IC/BPS  
Investigation of urinary factors that may be causing or contributing to IC/BPS has led 

to the discovery of several potential predictive biomarkers that could assist with 

diagnosis. With limitations in clinical diagnosis of IC/BPS, which is reliant generally on 

symptoms and exclusion of other bladder conditions, the identification of biomarkers, 

phenotyping and further pathology characterization is required. Biomarkers from urine 

and blood require less invasive methods and are therefore favored (Slobodov et al., 

2004). 

Several biomarkers have been examined in relation to their correlation to severity of 

symptoms and responsiveness to treatment and possible effects when conducting 

comparisons of a patients age, race, and gender. So far, research has considered a 

number of urinary biomarkers for IC/BPS including substance P, uroplakin III-δ4 

mRNA, interleukin-6, cyclic guanosine monophosphate, uromodulin, kininogens, inter-

α-trypsin inhibitor heavy chain H4, NO, nerve growth factor, heparin-binding epidermal 
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growth factor-like growth factor (HB-EGF) and the highly specific and sensitive  

antiproliferative factor (APF) (Kim & Freeman, 2011).  

Keay et al. identified three urinary biomarkers for IC/BPS (S. Keay et al., 1997; S. 

Keay, Zhang, Marvel, & Chai, 2001): Epidermal growth factor (EGF) and APF urine 

concentrations positively correlated with presence of the condition, while HB-EGF 

inversely correlated to the condition, when compared to urine from patients free of 

IC/BPS (S. Keay et al., 1997). 

APF is a unique glycopeptide and a local paracrine hormone which has been 

suggested as a urinary biomarker and potential mediator of long-term IC/BPS (S. K. 

Keay et al., 2004). APF has been purified from IC/BPS patients using high 

performance liquid chromatography (HPLC). APF was detected in 95% of patients with 

IC/BPS, in comparison to 5% detection in control patients (clear of IC/BPS). The 

biological activities of APF include: cell growth suppression, increased transcellular 

permeability, lowered protein expression and reduced production of HB-EGF from 

urothelial cells (S. Keay, 2008) and it has been suggested that APF may also be a 

mediator of pathological changes seen in IC/BPS patients. 

 

CURRENT TREATMENTS 
Treatment for IC/BPS has generally been empirical yet based largely on theoretical 

and evidence-based considerations. The development of treatment guidelines and 

strategies to improve outcomes by developing a standardized treatment approach, is 

shaped by clinical trial efficacy data. Treatment strategies focus on restoration of LUT 

epithelial function, inhibition of neuronal activation, controlling allergies and symptom 

alleviation (Ha & Xu, 2017). Patients with this condition are often managed with 

multimodal therapy to attack this chronic inflammation at every step. Current therapy 

depends on severity of condition and involves lifestyle modification, oral medication, 

intravesical therapy, and surgery. 

First line therapy starts with behavioural modification including pelvic floor exercises, 

controlled fluid intake and bladder training as well as diet modification to eliminate 

potentially bothersome foods and beverages (Han, Nguyen, Sirls, & Peters, 2018). 

IC/BPS flairs are often associated with psychological stress and so it is important for 
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patients to implement stress management techniques to improve their coping 

strategies and manage stress-induced symptom exacerbations (Hanno et al., 2011). 

When conservative therapy does not improve symptoms, oral medication is the next 

appropriate line of treatment. Pharmacological therapy is introduced in parallel with 

continued conservative therapy and often involves disease modifying agents as well 

as pain control (Hanno et al., 2011). Therapeutics that are recommended for IC/BPS 

AUA guidelines include orally administered analgesics (e.g. gabapentin) and tricyclic 

antidepressants (e.g. AMT) to alleviate pain. Studies have shown an increased 

expression of all the 4 histamine receptors in IC/BPS (Ke & Kuo, 2015) and hence, 

antihistamines (loratadine) are also used to reduce urgency and frequency. 

Immunosuppressants and pentosan polysulfate sodium (e.g. Elmiron) can be used to 

reduce pain and inflammation. Intravesical agents are limited to dimethyl sulfoxide 

(DMSO), anticoagulant (e.g. heparin) which may aid in restoration of bladder surface 

barrier function and local anaesthetics to alleviate the pain (e.g. lidocaine) as seen in 

Table 1.1. AMT have been implicated in therapy of various neuropathic conditions 

including IC/BPS. Other neurologically modifying agents such as gabapentin, 

pregabalin or serotonin-norepinephrine reuptake inhibitors (SNRI) are also an option 

for IC/BPS, although they are not as well studies as AMT.  

An assessment of the efficacy and safety of intravesical instillation treatments in 

IC/BPS patients has been conducted through a network meta-analysis that compared 

global response assessment (GRA) for different treatment strategies, including 

botulinum toxin A (BoNTA), bacillus Calmette-Guerin (BCG), resiniferatoxin (RTX), 

lidocaine, chondroitin sulfate (CS), oxybutynin, and pentosan polysulfate (PPS). 

Sixteen clinical trials that evaluated 905 patients concluded that BoNTA therapy had 

the best therapeutic outcomes and significantly improved bladder capacity. BCG 

treatment and PPS also significantly improved urinary symptoms (W. Zhang, Deng, 

Liu, & Wang, 2017). Lastly, for patients who develop irreversible pathologies such as 

fibrosis there are managed surgically, but this is usually reserved for refractory cases. 

Table 1.1 : American Urological Association (AUA) grading of the evidence supporting 

current approved bladder instillation therapies (Lusty, Kavaler, Zakariasen, Tolls, & 

Nickel, 2018). 
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Treatment AUA grade of evidence 

DMSO C (low) 

Heparin C (low) 

Lidocaine B (moderate) 

Resiniferatoxin -A (recommended against) 

BCG -A (recommended against) 

 
 

LIMITATIONS TO CURRENT TREATMENTS 
Although delivery of treatment agents directly into the bladder greatly increases 

exposure of the urothelium to therapeutic agent, there are some limitations to this 

approach. Permeability of the epithelial cells lining the bladder is very limited because 

of features like tight junctions between umbrella cells on the apical surface that 

restricts the movement of drug after intravesical administration (Min, Zhou, Schapira, 

Sun, & Kong, 2003). Recent alteration of this therapeutic approach includes the 

addition of novel carriers. It has been proposed that instilled drug can be coupled with 

novel carriers such as liposomes, microspheres or nanoparticles to modulate the 

release and absorption characteristics of the drug (Figure 1.7) (Hsu, Chuang, & 

Chancellor, 2013). Liposomes are composed of phospholipids that incorporate small 

drug molecules of hydrophobic or hydrophilic nature and improve their uptake into cells 

through endocytosis (Cortesi & Nastruzzi, 1999). In addition to being a drug delivery 

platform, intravesical liposome instillation has also demonstrated some therapeutic 

benefits for patients with IC/BPS (Fraser et al., 2003). Additionally, liposomes are 

postulated to be involved in restoration of the GAG layer (Colaco & Evans, 2013; 

Tyagi, Chancellor, Yoshimura, & Huang, 2008).        
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Figure 1.7: Schematic representation of modified approach for intravesical delivery 

with liposome carriers. A catheter is utilized to deliver the drug coupled with agents 

such as liposomes to modulate the release and absorption characteristics of that drug. 

Modified from (Nirmal et al., 2012). 

 

1.4 AMITRIPTYLINE 

Amitriptyline (AMT) is a tricyclic monoamine classified as a pleiotropic tricyclic 

antidepressant (TCA). The multimodal profile of pharmacological actions of AMT, 

which will be further discussed, includes blocking reuptake of both serotonin and 

norepinephrine, modulation of receptors and ion channels. It also has high affinity for 

histamine (H1), α1-adrenoceptor, and muscarinic (M1) receptors, which account for its 

side effects including sedation, weight gain, blurred vision, dry mouth, and 

constipation. AMT is also used in the management of neuropathic pain conditions 

including IC/BPS (Moore et al., 2015) although the mechanism of AMT action in 

neuropathic conditions remains uncertain. 
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STRUCTURE 

As indicated by the name, tricyclic antidepressants have a chemical structure of three 

central rings and a side chain that is important in for its pharmacological activity. The 

chemical structure of AMT is (3-(10,11-dihydro-5H-dibenzo[a, d]cycloheptene-5-

ylidene)-N,N-dimethylpropan-1-amine). One of its main active metabolites is 

nortriptyline which is a secondary amine that is also pharmacologically active (Breyer-

Pfaff, 2004; Wen, Ma, & Zhu, 2008). Secondary amines are better tolerated as they 

exert fewer anticholinergic effects than tertiary amines whilst having stronger anti-

histaminergic effects. Moreover, tertiary amines are generally more potent in blocking 

serotonin reuptake, while secondary amines are more potent in blocking the reuptake 

of NA. Interestingly, one randomized, double-blind, crossover trial study that compared 

the analgesic effects of AMT and nortriptyline in 33 patients with post-herpetic 

neuralgia reported that their analgesic effects were similar in most patients, although 

nortriptyline exerted fewer side effects (Watson, Vernich, Chipman, & Reed, 1998). 

 

METABOLISM  

AMT is rapidly absorbed in the GI tract and is subject to extensive hepatic metabolism 

with less than 5% of the drug eliminated unchanged (Rudorfer & Potter, 1999). The 

main metabolizing enzymes with clinical significance for AMT are CYP2C19 and 

CYP2D6 (Olesen & Linnet, 1997). The CYP2C19 enzyme metabolises tertiary amines 

to active metabolite (nortriptyline) and is responsible for demethylation at physiological 

concentration, while metabolism by CYP2D6 enzyme involves hydroxylation to a less 

active metabolites (Breyer-Pfaff, 2004) as shown in Figure 1.8. It has been reported 

that hydroxynortriptyline is the most abundant metabolite of AMT in humans (Rudorfer 

& Potter, 1999). 
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Figure 1.8: Metabolic pathway of amitriptyline in the liver. Amitriptyline is metabolised 

by CYP2C19 to its active metabolite (nortriptyline) via N- demethylation. Both 

amitriptyline and nortriptyline can be metabolised by the enzyme CYP2D6 through 

hydroxylation into less active metabolites (E)-10-OH-amitriptyline and E)-10-OH-

nottriptyline respectively (Ryu, S, 2017). 

 

MECHANISM OF ACTION OF AMT 

The complex mechanism of action of AMT is not fully elucidated. As mentioned, the 

main clinical use of this drug is as an antidepressant and the more recent focus has 

been on its analgesic properties. It remains unclear whether these pharmacological 

actions are synergistic or independent of each other. At least three pharmacological 

actions of AMT have been documented and will be briefly discussed in relation to 

IC/BPS treatment. These actions include central and peripheral anticholinergic 

actions, blocking neuronal reuptake of serotonin and norepinephrine and finally, its 

sedative and antihistaminic properties. 

The antimuscarinic properties of AMT are not involved in the antidepressive effects, 

but rather result in patients experiencing side effects in the periphery. These unwanted 

atropine-like effects include dry mouth, constipation, and dizziness. AMT has 

specifically high potency for muscarinic receptors and is one of the only TCAs with an 
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affinity for muscarinic receptors that is similar in magnitude to its affinity for the main 

monoamine transporters (Dilsaver, Snider, & Alessi, 1987). 

 Anticholinergic properties of AMT affect bladder functionality, in particular the 

contractile response of the detrusor muscle. It has been reported that low-dose AMT 

inhibition of cholinergic (ACh) receptors results in reduced intensity of contractions, as 

well as diminishing urgency and frequency of urination (Fowler et al., 2008). At higher 

doses, AMT can facilitate the endogenous pain control system at neuroanatomical 

structures such as the locus coeruleus nucleus, the dorsal and magnus nuclei in the 

raphe, and the dorsal horn of the spinal cord. As a result it regulates nociceptive 

transmission by inhibiting the reuptake of NA and serotonin in presynaptic nerve 

terminals of the CNS and the consequent downregulation of their receptors is thought 

to cause the sedative and antidepressant effect of AMT  (Offiah et al., 2013). 

Another very important action of AMT is its involvement in neuropathic pain through 

inhibition of neurotransmitter reuptake. AMT can increase levels of NA and 5-HT in the 

synaptic cleft via blocking of NA transporters at the terminal of the descending 

noradrenergic fibre from the locus coeruleus. Inhibition of NA reuptake enhances 

analgesic effects in the dorsal horn of the spinal cord. This occurs mainly through α2-

adrenoceptor by pre-synaptic (inhibit neurotransmitters release) and post-synaptic 

(hyperpolarize cell membranes) mechanisms. Numerous studies have supported the 

importance of α2-adrenoceptor in the spinal cord dorsal horn for the inhibition of 

neuropathic pain (Obata, 2017). In neuropathic pain states, however, α2 -adrenoceptor 

in the cholinergic interneurons’ changes from inhibitory to excitatory through a G-

protein switch (from Gi to Gs) by the effect of brain-derived neurotrophic factor (BDNF) 

increasing after nerve injury. Released ACh binds to muscarinic receptors, which 

produce analgesia through GABA release (Obata, 2017). There is also evidence to 

show that TCA can exert a nociceptor effect via α1-adrenoceptors, which may explain 

the analgesic benefits of AMT treatment in IC/BPS and other neuropathic conditions 

(Yokogawa et al., 2002). 

Inflammation in conditions such as IC/BPS is a factor that exacerbates chronic pain. 

Inflammatory responses can further be reduced by AMT due to its antihistaminergic 

effects, which were reported to reduce symptoms of chronic pain (Foster et al., 2010). 

Furthermore, several studies have investigated the action of AMT on smooth muscles. 
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It is reported that AMT significantly influences airway smooth muscle reactivity 

(Matsunaga et al., 2009). An in vivo study on guinea pigs has shown that AMT 

counteract the bronchoconstriction actions of histamine, 5-HT, and ACh (Ananth, 

1974). In isolated rat trachea AMT did not influence tracheal smooth muscle reactivity 

at clinical concentrations (≥ 1𝜇𝜇M), but attenuates the reactivity at supraclinical 

concentrations (≤ 1𝜇𝜇M) and this attenuation is at least in part, due to the inhibition of 

phosphatidylinositol (PI) metabolism  (Matsunaga et al., 2009). That study also 

detected the ability of AMT to inhibit calyculin A-induced contraction suggesting that 

AMT may also inhibits the Ca2+-calmodulin-MLCK pathway independently of its 

inhibition of PI metabolism. Additionally, SPC-induced contraction and the calyculin A-

induced contraction suggests that AMT may also inhibit the Rho-kinase pathway. 

Huang et al. (1996) also examined the effects of AMT on contractions of the rat 

isolated trachea to exogenously applied ACh, endothelin 1 and high K+. Consistent 

with the other study, AMT exerted a direct inhibitory effect on contraction of the rat 

trachea as a non-selective muscle relaxant and later, these authors reported similar 

inhibitory effects of AMT on rat aortic smooth muscle contraction  (Huang & Lau, 1997). 

The effects of AMT were also investigated in the urinary tract smooth muscle of 30 

cats with obstructive acute renal failure (ARF) (Achar, Achar, Paiva, Campos, & Schor, 

2003). Through the analysis of renal function and survival rates, they reported that 

AMT has a potent relaxant effect in cat urinary tract smooth muscle and renal function 

returned to normal, with a 100% survival rate in the follow-up. This study also assessed 

isometric contractions and membrane potentials of rat, pig, or human isolated urinary 

tract smooth muscle in the presence or absence of AMT. They reported that AMT 

abolished contractions in rat isolated bladder and this effect is thought to be mediated 

by voltage-dependant potassium channel. 

The only one controlled randomized trial with AMT reported that 63% of an AMT 

treatment group had significant improvement of pain intensity and urgency in 

symptoms compared to 4% of placebo group after 4 months (van de Merwe et al., 

2008). The median dose used in this particular trial was 75 mg/day and it was noted 

that a significant number of patients withdrew from this study predominantly due to 

anti-cholinergic side effects such as nausea, drowsiness and weight gain. Hence, 

recommendations are to start oral AMT treatment with the lowest dose possible (10 

mg/day) and gradually increase to the effective dose (66-67 mg/day). 
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In summary, AMT is a TCA antidepressant agent which also has analgesic properties. 

Whether its analgesic effects are associated to its mood-altering activity or attributable 

to a discrete pharmacological action (or a combination of both) remains unknown. 

Plus, it has an effect on smooth muscle making it relevant to bladder and hypothetically 

useful in IC/BPS.  
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1.5 RESEARCH QUESTIONS AND HYPOTHESIS 

The overall objective of this study was to investigate the changes in bladder function 

following AMT treatment, by addressing the following research questions: 

1. Does AMT directly affect the responses of urinary detrusor muscle, mucosa, 
and intact bladder to purinergic, cholinergic, and adrenergic stimulation? 
 

2. Does luminal administration of high dose AMT subsequently impact the 
function of detrusor muscle, mucosa, and intact bladder?  
 
 

Hypothesis 

It is hypothesized that AMT will have effects on the detrusor and mucosa that will be 

beneficial, depressing contractile activity. It is also hypothesized that the actions of 

AMT will be long lasting and seen after washout of the drug when administered 

luminally 
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CHAPTER 2: 

GENERAL METHODS  
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This chapter provides information on the general methods and materials used. Specific 

experimental protocols will be discussed in detail in the relevant experimental 

chapters. 

 

2.1 SOLUTIONS AND PHARMACOLOGICAL AGENTS 

KREBS-BICARBONATE SOLUTION 

Krebs-bicarbonate solution was used for all tissue experiments. The ingredients 

required to make 5 litres of this solution are as listed below (Table 2.1). 

 

Table 2.1: Composition of Krebs-bicarbonate solution 

Compound name Compound 
Formula 

Supplier Catalogue 
number 

Molarity 
(mM) 

Weight (g) 

For 5L dH2O 

Sodium chloride NaCl Sigma Aldrich S7653 118.41 34.6 

Glucose C6H12O6 Sigma Aldrich G0350500 11.65 10.5 

Sodium 
bicarbonate 

NaHCO3 Sigma Aldrich S5761 25.00 10.5 

Potassium 
chloride 

KCl Sigma Aldrich P9333 4.56 1.7 

Magnesium 
Sulfate 

MgSO4 Sigma Aldrich M7506 2.41 1.45 

Potassium 
dihydrogen 

orthophosphate 

KH2PO4 Sigma Aldrich RES20760-

A7 

1.18 0.8 

Calcium chloride CaCl2 Sigma Aldrich 21115 1.9 9.5mL 

 

  



39 
 

2.2 PHARMACOLOGICAL AGENTS 

The pharmacological agents used in this project, including their main actions and 

supplier, are listed in Table 2.2. Stock solutions of these agents were made with dH2O 

or ethanol and further diluted with Krebs-bicarbonate solution when required. The 

concentrations of drugs used in each experiment are described in the corresponding 

chapters. The drug concentrations used were derived from concentrations used in the 

literature and will be referenced throughout the thesis accordingly.  

  

Table 2.2: List of pharmacological agents used in this thesis 

Compound Name Compound 
Formula 

Main Action Supplier Catalogue 
number 

α, β-Methyleneadenosine 
5’ triphosphate 

C11H18N5O12P

3 

P2X-purinergic 

agonist 
Sigma Aldrich M6517 

Adenosine 5’- 
triphosphate salt 

C10H14N5Na2O1

3P3 

P2-purinergic 

agonist 
Sigma Aldrich A2383 

Amitriptyline 
hydrochloride 

C20H23N · HCl 
Tricyclic 

antidepressant 
Sigma Aldrich A8404 

Carbamoylcholine 
chloride (Carbachol) 

C6H15ClN2O2 
Muscarinic 

agonist 
Sigma Aldrich C4382 

Ethanol C2H6O Solvent Merck 459844 

Isoprenaline HCl C11H17NO3-HCl 
β-adrenoceptor 

agonist 
Sigma Aldrich I5627 

Y-27632 dihydrochloride 
C14H21N3O.2H

Cl 

Selective Rho 

kinase inhibitor 
Assay Matrix M1817 

  

https://pubchem.ncbi.nlm.nih.gov/#query=C11H18N5O12P3
https://pubchem.ncbi.nlm.nih.gov/#query=C11H18N5O12P3
https://pubchem.ncbi.nlm.nih.gov/#query=C11H18N5O12P3
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2.3 TISSUES SAMPLES AND DISSECTION 

ANIMALS 

Bladders from young female pigs (6 months old, ~70 Kg) used in all experiments were 

obtained from a local abattoir (Highchester Meats, Beaudesert Queensland). Tissues 

were immediately placed in Krebs-bicarbonate solution at 4⁰C for transport to the lab.   

TISSUE DISSECTION AND EXPERIMENTAL SETUP 

Bladder dissection starts with removal of excess adventitial tissue, urethra, and ureters 

from the bladder. The bladder was dissected, by cutting the ureters and urethra near 

their point of entry; it was slit open with a cut from the cranial to the caudal pole; and 

it was spread out with the mucosa up and pinned down on a petri dish. Sections of 

intact tissue were cut from the dome of the bladder, all while tissues were maintained 

in ice-cold Krebs-bicarbonate solution. To assess the effect of AMT on bladder 

function, each experiment was conducted in pairs, with AMT (1𝜇𝜇M or 100nM) treated 

and matched control (without AMT) tissues. Tissues were equilibrated for one-hour 

under a resting tension of 200mN (2g). During this period incubating solution 

containing AMT (1𝜇𝜇M), AMT (100nM) or normal Krebs-bicarbonate solution (control) 

were refreshed every 15-minutes. Following equilibration, tissue experiments were 

commenced All experiments were performed on 3 sections of the bladder (Figure 2.1) 

(i) Denuded strips with the urothelium and lamina propria removed (named 

“denuded strips” throughout the thesis)   

(ii)  Strips of urothelium and lamina propria (named “Mucosa” throughout the 

thesis) 

(iii) Intact bladder strips with an intact urothelium and lamina propria (which is called 

“Intact bladder” throughout the thesis) 
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Figure 2.1: Dissection of bladder layers into the mucosa and detrusor smooth 

muscle(Photograph by M Khurthir). 

 

ORGAN BATH EXPERIMENTS 

 Strips of intact bladder, denuded strips, and mucosa strips, approximately 10mm x 

5mm in dimensions were placed individually in organ baths. Tissues were anchored 

to the base of the bath and connected to an isometric force transducer to record 

tension developed. Figure 2.2 demonstrates a front and side view illustration of the 

tissue setup. 

Tissues were equilibrated for 1 hour under a resting tension of 200mN (2g) during 

which time they were washed with fresh, warmed Krebs-bicarbonate solution (control) 

or different concentrations of AMT (treated) every 15-minutes. Tension was measured 

by an isometric force transducer (ADInstruments, Ltd Australia), recorded by a 

Powerlab 8/30 recording system (ADInstruments Ltd.) via an Octal Bridge Amp 

(ADInstruments Ltd.) and analysed using LabChart (version 7.0.3) software 

(ADInstruments Ltd.) as listen in Table 2.3. 
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Figure 2.2: An organ bath with an isometric force transducer positioned above to 

record tension developed by the tissue. The side view is an illustration of the manner 

in which the tissue strip is set up in the organ bath, anchored at the base and attached 

to the transducer (Photograph and graphed by M Khurthir). 

 

Table 2.3: Equipment and Software 

Equipment & softwares  Supplier 

Force Transducer ADInstruments (NSW, Australia) 

LabChart 7 software 

Octal Bridge Amp 

PowerLab 8/35 

8 channel tissue bath system 

(EZ-baths) 

GlobalTown microtech 

(CA, USA) 

Field stimulating electrodes 
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2.4 STATISTICAL ANALYSIS 

Results were analyzed using various statistical tests where appropriate and analysis 

details are stated in each experimental chapter. All graphical and statistical analyses 

used in this thesis were performed using GraphPad (version 7 for Windows, GraphPad 

Software, San Diego, USA) and statistical differences were considered significant at 

p<0.05 (*), P<0.001 (**), P<0.0001 (***) and P<0.0001 (****). All equipment and 

software programs used in this thesis and their sources are listed in Table 2.3. Data 

in experimental chapters are expressed as mean ± standard error of the mean (SEM). 
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CHAPTER 3: 

EFFECTS OF LUMINAL AMT ON PORCINE BLADDER 

FUNCTION 
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3.1 INTRODUCTION 

Most of our knowledge on activity of the bladder is from in vitro experiments using 

isolated muscle strips and cells as they provide insight on cellular and intracellular 

pathways and their interactions. Treatment strategies for IC/BPS initially involves 

behavioural modification and oral medication, with second line treatment being 

intravesical instillation therapy (Moldwin, Evans, Stanford, & Rosenberg, 2007). 

Additionally, a patient’s treatment regimen could be multimodal to attempt to target the 

different components of IC/BPS and its manifestations (Hanno et al., 2015). This 

chapter investigates the effect of luminal AMT treatment on functionality of intact strips 

of porcine bladder as well as on section of denuded strips and mucosa. 

 

PORCINE BLADDER MODEL 

Porcine bladder tissue was used as an in vitro model to investigate the effects of AMT 

treatment on normal bladder function. Resemblance in the anatomy and physiology of 

the porcine bladder to human bladder renders the former as an appropriate 

experimental model.  

Spontaneous contractile activity has been established in human mucosa, as well as in 

isolated porcine mucosa and both are reported to propagate spontaneous contractile 

activity via the action of ACh on muscarinic receptors. Contractions of human and pig 

bladder are almost completely attributed to parasympathetic innervation acting on M3 

receptor through the release of ACh (Chess-Williams, 2002). The density of 

muscarinic receptors in the human detrusor was also similar to porcine detrusor, with 

M2 and M3 present at a ratio of 3:1, with M3 being the main receptor mediator of tissue 

contractility for both (Sellers et al., 2000; Wang, Luthin, & Ruggieri, 1995; Yamanishi, 

Chapple, Yasuda, & Chess-Williams, 2000). Additionally, the inhibitory effect of the 

mucosa on contractions to both muscarinic and nerve evoked contractions were 

demonstrated for both tissues (Hawthorn et al., 2000).  

In response to stretch and chemical stimuli, both human and porcine bladder release 

the urothelial mediator ATP to signal bladder fullness to the CNS (Burnstock, 2014b). 

It is widely recognized that characteristics of the release of ATP are similar in human 

and pig species and is predominantly released from the urothelium (Kumar, Chapple, 
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& Chess-Williams, 2004). Additionally, a sensory role of ATP has been recognized 

more recently. Pathology has been associated with the upregulation of P2X1, the most 

abundant of P2X receptor subtype in the detrusor, which contributed to the purinergic 

nerve mediated contractions (Ford et al., 2006; O'Reilly et al., 2001). 

Adrenoceptor in the urinary bladder play a large role in mediating micturition, with α- 

and β-adrenoceptors acting on bladder base and detrusor muscle respectively. It is 

well recognized that pig bladder is a suitable model for studies of detrusor function 

with respect to adrenoceptor expression (Goepel, Wittmann, Rubben, & Michel, 1997; 

Michel & Vrydag, 2006). Contraction of the bladder base/trigone is mediated via α-

adrenoceptors. The presence of α1-adrenoceptors in human detrusor was reported to 

be at low density (6 fmol mgˉ1 protein) (Malloy et al., 1998) while female porcine 

bladder expressed only a few, if any receptors (Monneron, Gillberg, Ohman, & Alberts, 

2000). Similar to human, the α2-adrenoceptor population in the porcine bladder is much 

larger than that of α1-adrenoceptors at a density of (15–25 and 40 fmol mg ˉ1 protein) 

for porcine and human bladder respectively (Goepel et al., 1997). In both human and 

pig bladder relaxation during filling is primarily through β3-adrenoceptors in the 

detrusor, making β3-adrenoceptor agonists a valuable target to induce relaxation and 

is the mechanism by which mirabegron, a β3—adrenoceptor agonist, works in the 

treatment of overactive bladder (Deeks, 2018). 

 

INTRAVESICAL THERAPY IN INTERSTITIAL CYSTITIS  

Oral therapy is commonly used in conditions of bladder dysfunction, but the drug is 

systemic and can have actions in various other tissues. The bladder is a hollow organ 

with relatively uncomplicated access with a catheter that allows for a localized 

treatment option with intravesical therapy. This approach has been showing varying 

degrees of safety and efficacy in treating conditions including IC/BPS and OAB (Hsu 

et al., 2013). As discussed previously, IC/BPS is a pathophysiological enigma where 

an imbalance in repairing damaged urothelium leads to deficiency in the GAG layer 

and subsequent symptoms like inflammation and painful urination (J. K. Parsons & 

Parsons, 2004).  

AUA guidelines for treatment of patients with IC/BPS may involve oral AMT as a 

second-line treatment option and reduce sensation of pain (Hanno et al., 2015). The 
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few available trials have shown some efficacy in managing symptoms at a rate of 50% 

to 66%, with higher efficacy rates (77%) at a sustained higher dose (at least 50mg 

daily) (Generali & Cada, 2014). Although limited, clinical studies show that higher 

efficacy rates are associated with higher sustained doses of AMT, but common 

adverse events such as drowsiness and nausea affect quality of life (Generali & Cada, 

2014).  

Intravesical administration of AMT could provide an alternate approach to avoid these 

systemic adverse effects.  Despite being administered for the treatment of IC/BPS, the 

direct pharmacological actions of AMT on the bladder have not been investigated to 

our knowledge. AMT may have direct effect on the function of the bladder and if 

administered intravesically these actions may be beneficial, whilst the lack of systemic 

administration should result in no adverse effects.  
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3.2 AIMS  

 The aim of the present study was to use a modified Ussing chamber system to mimic 
the effects of intravesical treatment in vitro and to investigate the effects of luminal 
AMT treatment on porcine bladder function. Specific aims were: 

 

Aim 1: To investigate the effect of luminal AMT treatment on spontaneous phasic 
contractions of the detrusor smooth muscle, the isolated mucosa, and strips of intact 
bladder. 

 

Aim 2: To examine the effect of luminal AMT treatment on contractile and relaxation 
responses in the detrusor smooth muscle, the isolated mucosa, and strips of intact 
bladder. 
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3.3 MATERIALS AND METHODS 

LUMINAL TREATMENT: EXPERIMENT SET UP 

Bladders from young female pigs (6 months old, ~70 Kg) were dissected into sections 

of intact bladder strips, isolated detrusor muscle and isolated mucosa (approximately 

1cm x 1cm) and mounted in modified Ussing chambers (Figure 3.1). To assess the 

effect of luminal AMT on bladder function each experiment was conducted in pairs, 

with AMT treated and matched control (without AMT) tissues. AMT was dissolved in 

Krebs-bicarbonate solution and was allowed to equilibrate for 30-minutes at 37°C 

immediately before use. The serosal side was in contact with only Krebs-bicarbonate 

solution (37°C, 5% CO2 in O2), while the luminal surface was incubated with AMT 

(100𝜇𝜇M) for 15-minutes, a duration typical of intravesical treatment in patients with 

IC/BPS. Identical incubations with Krebs-bicarbonate solution in the absence of AMT 

were also conducted using matched control bladders (untreated controls). 

Following the incubation of tissue strips and treatment with AMT, bladder strips were 

removed from the Modified Ussing Chamber system, they were washed with Krebs 

bicarbonate solution gently 3 times to ensure AMT was removed from the urothelial 

surface and then three sets of tissue were isolated and set up in the organ bath system 

to measure their activity. Each experiment was conducted in pairs, with treated tissues 

in AMT (1𝜇𝜇M) and matched control (without AMT) tissues in Krebs-bicarbonate 

solution. Tissues were equilibrated for one-hour under a resting tension of 200mN 

(2g). During this period incubating solution containing AMT (1𝜇𝜇M) (treated) or normal 

Krebs-bicarbonate solution (control) were refreshed every 15-minutes. Following 

equilibration, tissue experiments were commenced. Chapter 2 provides a detailed 

explanation of the tissue dissection for three sets of bladder strips: intact bladder strips 

with an intact urothelium and LP (intact strips), denuded strips with the urothelium and 

LP removed and finally, strips of urothelium and LP for recording of tissue contraction 

(mucosa strips). In Chapter 2 we also describe the experimental set up we followed 

for these organ bath experiments, after luminal treatment. 
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Figure 3.1: Schematic figure of the modified Ussing chamber with a section of intact 

bladder tissue secured between the two separate bathing solutions at 37oC for 15-

minutes. The serosal side is exposed to Krebs-bicarbonate only, while the luminal side 

was in contact with either just Krebs-bicarbonate (control) or Krebs-bicarbonate with 

AMT (1𝜇𝜇M) (treated). 

 

PART A 
SPONTANEOUS CONTRACTIONS 

The spontaneous activity of tissues was investigated post equilibration. The frequency 

and amplitude of spontaneous contractions were quantified. Amplitude was measure 

as contractions per-minute and amplitude measured from the peak to trough of the 

contraction, as demonstrated in Figure 3.3. 

. 
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PART B 
RESPONSE TO PHARMACOLOGICAL AGENTS 

After equilibration, tissues were exposed to several pharmacological agents, to 

examine the effect of AMT on contractility and relaxation to various agonists. Tissues 

were washed twice with fresh Krebs-bicarbonate solution left for at least 15-minutes 

between addition of agents. Responses were recorded as the change in tension from 

baseline, with baseline being tension recorded 60-seconds prior to drug exposure. 

First, we investigated the contractile response to cumulative concentrations of 

carbachol (5.5nM - 165𝜇𝜇M). Next, a submaximal concentration of carbachol (16.5𝜇𝜇M) 

was applied to the tissues and allowed to reach plateau. Once reached, cumulative-

concentrations of isoprenaline (48pM - 48𝜇𝜇M) were applied and responses were 

measured as the change in tension. The agonists investigated also included single 

concentrations of ATP (1mM), with α, β-mATP (100𝜇𝜇M) and potassium chloride (KCl) 

(60mM). Responses from AMT treated tissues and control tissues were compared to 

determine the effects of AMT on normal bladder responses. Results will be presented 

as tension developed (mN/g) and as a percentage of the non-receptor mediated 

contractions to KCl (% KCl contractions). 

 

STATISTICAL ANALYSIS 

Results were expressed as mean ± standard error of the mean (SEM). Data were 

analysed using paired Student t-test or two-way ANOVA with Bonferroni multiple 

comparisons test as appropriate, using GraphPad InStat (version 7) software 

(SanDiego, CA). Significance levels were defined as p<0.05 (*), p<0.005 (**), 

p<0.0005 (***) and p<0.0001 (****). 
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3.4 RESULTS 

Luminal treatment of the bladder involves direct contact between the urothelium and 

drug. The effect of 15-minute luminal treatment with AMT (100𝜇𝜇M) on the denuded 

strips and mucosa was investigated in porcine bladder and compared to matched 

controls. Intact bladder strips were also examined to see if luminal AMT treatment 

would alter their pharmacological responses. 

Porcine bladder strips were then allowed to equilibrate to a passive tension of ≈2 g. 

During the equilibration period spontaneous contractions developed in some of the 

tissues. When subjected to a single dose, gradual doses or cumulative doses of 

pharmacological agents, all bladder strips, from both control and AMT treated tissues, 

demonstrated triggered bursts of phasic contractions.  

 

PART A. 
SPONTANEOUS ACTIVITY OF ISOLATED TISSUES AFTER LUMINAL 

PRETREATMENT 

Changes in spontaneous contractions of the bladder could be indicative of dysfunction 

and so the first thing we assessed for all control and treated bladder strips was the 

effects of luminal AMT on the frequency and amplitude of phasic activity. Spontaneous 

contractions of tissue strips were examined after the initial 15-minute incubation (with 

or without AMT 100µM) and an hour equilibration in Krebs-bicarbonate solution and 

and before adding any pharmacological agents. Figure 3.3 shows an example of a 

trace depicting spontaneous contractions of the mucosa. Control and treated strips of 

the denuded strips and mucosa developed spontaneous contractions and these 

contractions were largest in control tissues of the mucosa (Figure 3.4B). Intact tissue 

strips developed inconsistent spontaneous contractile patterns and were therefore 

excluded from analysis. The amplitude of phasic contractions in denuded strips were 

significantly increased (p<0.05) 2.4-fold post-AMT treatment, from 0.79 ± 0.09 mN/g 

in control tissues to 1.86 ± 0.43 mN/g following treatment (Figure 3.4A), while the 

amplitude of spontaneous contractions of the mucosa were unaffected by treatment 

(Figure 3.4B). There was no significant change in the frequency of these spontaneous 

contractions in any of the tissues following treatment (Figure 3.4). 
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Figure 3.3: Representative trace of spontaneous phasic activity from a strip of isolated 

porcine mucosa (control). 
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Figure 3.4: Amplitude (A & B) and frequency (C & D) of spontaneous contractions 

from isolated strips of (A & C) denuded strips and (B & D) mucosa. Data presented as 

mean ± SEM (n≥5), contractions normalised by tissue weight, analysed with unpaired 

t-test (*𝑃𝑃 < 0.05). 
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PART B  
RESPONSES TO PHARMACOLOGICAL AGENTS 

The effect of luminal pre-incubation with AMT (100𝜇𝜇M) on responses of 

porcine bladder to different pharmacological agents was assessed.  

 

(i) CONTRACTION RESPONSES TO CARBACHOL 

A representative trace showing contractions of porcine denuded strips to 

cumulative concentrations of carbachol is shown in Figure 3.6. Contractions 

to cumulative additions of carbachol were concentration-dependent in all 

tissues, with no significant change in response observed in the AMT pre-

treated detrusor or mucosa compared to control (Figure 3.7 A & B). 

However, the maximal contractile response to carbachol were significantly 

increased in the AMT pre-treated intact bladder strips by 27%, from 30.7 ± 

1.81 mN/g in control to 41.4 ± 2.41 mN/g following AMT treatment (Figure 
3.7 C, Table 3.1). The potency of carbachol was only depressed by AMT 

pre-treatment in the mucosa (p<0.05) (Figure 3.7 B, table 3.1). 

When compared to the control responses in the denuded strips and mucosa, 

maximal contractions to carbachol were unchanged by AMT pre-treatment. 

When contractile responses to carbachol were normalised to KCl 

responses, the maximal contractile response to muscarinic stimulation in 

the denuded strips were significantly increased from: 325.9 ± 16.5 mN/g in 

control to 453 ± 21.51 mN/g following treatment, while intact bladder strips 

was decreased from 406 ± 23.86 mN/g in control to 347.6 ± 12.71 mN/g 

following treatment (Figure 3.7 D & F). There were no significant changes 

in responses following treatment on the mucosa strips (Figure 3.7 E).   

The inhibitory effect of the urothelium on maximum detrusor contractions to 

carbachol was observed in control tissues (93.4 ± 1.1mN/g denuded strips, 

30.7 ± 1.81 mN/g intact bladder, p<0.001), as well as in AMT pre-treated 

tissues (85.7 ± 1.87 mN/g denuded strips, 41.4 ± 2.41 mN/g intact bladder, 

p<0.001) (Figure 3.8). However, the inhibitory effect on denuded strips 

contraction was observed to be less in the AMT treated group with 48% 
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contractile reduction, in comparison to control group where contractions 

were 67% less in the presence of the mucosa (Table 3.1, Figure 3.8).  

  

 

Figure 3.6: Representative trace of control porcine denuded strips 

response to cumulative concentrations of carbachol. 
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Figure 3.7: Effect of 15-minute luminal pre-treatment with Krebs-bicarbonate solution 

(control) or AMT (100𝜇𝜇M) on the contraction of (A&D) denuded strips, (B&E) mucosa 

and (C&F) intact bladder tissues to cumulative carbachol concentrations. Responses 

were expressed as tension (mN/g) and as % of the response to 60mM KCl (% KCl). 

Data represented as mean ± SEM (n≥6), contraction normalised by tissue weight. (*𝑃𝑃 

< 0.05 & **𝑃𝑃 < 0.01). 
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Table 3.1 Effect of 15-minute luminal pre-treatment with Krebs bicarbonate solution 

(control) or AMT (100𝜇𝜇M) on the mean pEC50 (± SEM) and maximal response values 

for contraction to carbachol in denuded strips, mucosa and intact tissue strips. Data 

analysed with nonlinear regression (curve fit, *p<0.05, **p<0.01 AMT vs Control) (n≥6). 

 

DENUDED STRIPS (n=6) 
 Mean ± SEM 
 

Control Amitriptyline 100uM 

pEC50 6.08 ± 0.11 5.94 ± 0.16 

Maximal 
Response 

(mN/g) 

93.44 ± 3.1 85.7 ± 4.39 

MUCOSA STRIPS (n=6) 
 

Control Amitriptyline 100uM 
pEC50 6.19 ± 0.09 5.78 ± 0.13 * 

Maximal 
Response 

(mN/g) 

48.4 ± 1.22 48.02 ±1.96 

INTACT BLADDER (n=5) 
 

Control Amitriptyline 100uM 
pEC50 5.56 ± 0.19 5.04 ± 0.17 * 

Maximal 
Response 

(mN/g) 

30.7 ± 1.81 41.4 ± 2.41 ** 
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Figure 3.8: The inhibitory effect of the urothelium/lamina propria on 

detrusor contractions to cumulative concentration of carbachol in bladder 

tissues luminally pre-treated with Krebs-bicarbonate solution or AMT for 15-

minutes.  Data represents mean ± SEM, analysed using non-linear 

regression curve fit. (***p<0.0005 denuded strips vs intact bladder) (n≥5). 
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(ii) RELAXATION RESPONSES TO ISOPRENALINE 

After pre-contracting bladder strips with carbachol (10 𝜇𝜇g) relaxation response to 

isoprenaline was investigated. Concentration-dependent relaxation was induced by 

cumulative addition of the potent and non-selective β-adrenoceptor agonist, 

isoprenaline (Figure 3.9). As this figure shows, all control and treated tissue strips 

were pre-contracted to carbachol and generated a gradual relaxation to the cumulative 

addition of isoprenaline. Luminal AMT pre-treatment did not change relaxation 

responses in denuded strips, mucosa, or intact bladder strips (Figure 3.10).  The 

absence of the urothelium reduced bladder relaxation to isoprenaline in untreated 

bladder strips (Figure 3.11 A, Table 3.2), while relaxation in treated group was 

unchanged in the presence of the mucosa (Figure 3.11 B, Table 3.2), which reflects 

an altered UDIF effect on bladder relaxation following treatment. 

 

Figure 3.9: Representative trace of porcine denuded strips relaxing to 

cumulative concentrations of isoprenaline, post pre-contraction with 

carbachol.  
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Figure 3.10: Effect of 15-minute luminal pre-treatment with Krebs-bicarbonate 

solution (control) or AMT (100𝜇𝜇M) on the relaxation of (A&D) denuded strips, (B&E) 

mucosa and (C&F) intact bladder tissues to cumulative isoprenaline concentrations, 

represented as tension in mN/g of tissue and % pre-contractions respectively. 

Relaxation responses were normalized to their carbachol pre-contractions (10𝜇𝜇M) and 

expressed as a percentage (%) of that pre-contraction to carbachol, with all responses 

normalised by tissue weight. Data represented as mean ± SEM (n≥6). 
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Table 3.2: Effect of 15-minute luminal pre-treatment with Krebs-bicarbonate solution 

(control) or AMT (100𝜇𝜇M) on the pEC50 (± SEM) and maximum relaxations to 

isoprenaline in denuded strips, mucosa and intact tissue strips. Data analysed with 

nonlinear regression (curve fit) (n≥6). 

 

DENUDED STRIPS (n=7) 
 Mean ± SEM 
 

 Control Amitriptyline 100uM 

pEC50  7.17 ± 0.32 6.89 ± 0.42 

Maximal 
Response 

(mN/g)  

15.49 ± 1.45  17.47 ± 2.45 

MUCOSA STRIPS (n=8) 
 

 Control Amitriptyline 100uM 

pEC50  6.93 ±0.52 6.79 ±0.66 

Maximal 
Response 

(mN/g) 

9.76 ± 1.41 6.79 ± 0.91 

INTACT BLADDER (n=6) 
 

 Control Amitriptyline 100uM 

pEC50  6.98 ± 0.41 7.01 ± 0.55 

Maximal 
Response 

(mN/g)  

5.17 ± 0.7 5.37 ± 0.94 
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Figure 3.11: The inhibitory effect of the urothelium/lamina propria on detrusor 

relaxation to cumulative concentration of isoprenaline in bladder tissues luminally pre-

treated with Krebs-bicarbonate solution or AMT for 15-minutes.  Data represents mean 

± SEM, n≥6, analysed using non-linear regression curve fit. 

 

(iii) CONTRACTION RESPONSES TO ATP, α,β-mATP AND KCl 

The effect of luminal pre-incubation with AMT on contractile responses in 

tissue strips were further investigated. Single concentration responses to 

ATP (1mM) and α,β-mATP(100𝜇𝜇M) were used to investigate changes in 

bladder contractile responses to purinergic stimulation, while KCI (60mM) 

assessed changes in non-receptor mediated contractions. 

Luminal pre-treatment of bladders with AMT (100𝜇𝜇M) did not significantly 

affect any of the tissue responses to purinergic stimulation with ATP or α,β-

mATP (Figure 3.12 & 3.13) and responses were unchanged after treatment with AMT. 

The denuded strips as well as intact bladder strips contracted more to α,β-mATP 

(100𝜇𝜇M) than for ATP (1mM) and a slight increase in the contractile response of these 

tissues was observed after treatment. For both purinergic agents, contractions of the 

denuded strips and intact bladder strips were slightly increased following AMT 

treatment. Contractile responses to general non-receptor mediated stimuli (KCl) was 

not affected by AMT in any of the tissue strips (Figure 3.14).  
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Figure 3.12: Effect of 15-minute luminal pre-treatment with Krebs-

bicarbonate solution (control) or AMT (100𝜇𝜇M) on contraction to ATP (1mM) 

in (A&D) denuded strips, (B&E) mucosa and (C&F) intact bladder strips. Responses 

expressed as tension in mN per gram of tissue and also as a percentage (%) of 

contractions to KCl (60Mm). Data was analysed using paired t-test (n≥6). 
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Figure 3.13: Effect of 15-minute luminal pre-treatment with Krebs-

bicarbonate solution (control) or AMT (100𝜇𝜇M) on contraction to α,β-mATP 

(100𝜇𝜇M) in (A&D) denuded strips, (B&E) mucosa and (C&F) intact bladder 

strips, Responses expressed as tension in mN per gram of tissue and also as a 

percentage (%) of contractions to KCl (60Mm). Data was analysed using paired t-test 

(n≥7). 
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Figure 3.14: Effect of 15-minute luminal pre-treatment with Krebs-

bicarbonate solution (control) or AMT (100𝜇𝜇M) on contraction to KCl (60mM) 

in (A) denuded strips, (B) mucosa and (C) intact bladder strips. Responses 

expressed as tension in mN per gram of tissue and data was analysed using 

paired t-test (n≥8). 
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3.5 DISCUSSION 

The aim of this study was to investigate the effects of pre-incubation with luminal AMT 

on the functions of the porcine bladder. The Modified Ussing Chambers technique was 

developed to enable examination of the effects of AMT when it lies in direct contact 

with the urothelium and subsequent effects on the underlying LP and detrusor. For the 

duration of 15 minutes, the luminal side of the bladder was incubated with AMT, while 

the adventitial side was in Krebs-bicarbonate solution. Intravesical treatment involves 

direct instillation of AMT into the bladder, without entering the blood circulation, and it 

is therefore possible to administer large doses without causing systemic side effects. 

We therefore examined a relatively high concentration of AMT (100𝜇𝜇M) which would 

still be possible to use clinically.  

To our knowledge, this is the first study that investigates the effects of luminal AMT 

administration on intact bladder strips, as well as strips of mucosa and denuded 

detrusor. To evaluate this therapeutic approach, we need to investigate the changes 

associated with intravesical administration. We need to understand the extent to which 

luminal AMT can penetrate the urothelium and the subsequent effects on the LP and 

underlying detrusor muscle function. Damage to the urothelium could translate to 

impacting cellular membrane permeability. Exposure of urothelium to noxious 

substances could directly induce cellular damage on the detrusor muscle or allow the 

permeation of noxious constituents from the urine into the urothelium, which may 

impair contractile function or lead to bladder underactivity.  
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EFFECTS OF LUMINAL AMITRIPTYLINE ON CONTRACTILE 

RESPONSES OF THE BLADDER 

Following direct AMT application to the urothelial surface of porcine bladder, the 

effects on bladder functionality were assessed. The urothelium can alter contractile 

properties of the detrusor via the release of UDIF (Christopher H. Fry & Vahabi, 2016) 

and therefore, damage from direct application of the higher dose of AMT to the mucosa 

could indirectly alter detrusor contractility and bladder function.  

First, spontaneous contractions of the denuded strips, mucosa and intact bladder 

strips were investigated to determine whether AMT alters the frequency and/or 

amplitude of these contractions. The literature indicates the presence of a muscle layer 

(muscularis mucosae) in the LP in both human and pig bladder (Mitsui, R., 2020) and 

that the isolated porcine mucosa is capable of generating its own spontaneous 

contractions (Sadananda et al., 2008) and that spontaneous contractions may 

increase (Akino et al., 2008) or decrease (Buckner et al., 2002) in intact bladder when 

compared to the detrusor. In the present experiment, only the denuded strips and 

mucosa generated consistent spontaneous contractions. Spontaneous contractions 

do not typically contribute to a rise in the intravesical pressure and thus it does not 

normally initiate whole bladder contraction. However, in some pathological conditions 

such as overactive bladder, myogenic contractions can lead to an involuntary rise in 

intravesical pressure, which subsequently can lead to urinary incontinence (Brading & 

Turner, 1994). 

In the present study, AMT treatment significantly enhanced the amplitude of 

spontaneous contractions of the detrusor smooth muscle. This could indicate that AMT 

may possibly be altering Ca2+ sensitivity and stimulating L-type calcium channels, 

resulting in an increase in spontaneous phasic contractions of the detrusor smooth 

muscle. This is contrary to a study that looked at smooth muscle contraction of pig 

ureter in the presence of AMT (100𝜇𝜇M) and found a progressive inhibition in both 

frequency and amplitude of spontaneous contractions (Achar et al., 2003). The 

significance in the size of each spontaneous bladder contraction remains uncertain 

and large amplitude of spontaneous bladder activity may have a role in evoking 

afferent mechanisms; initiating sensations of fullness or pain; maintaining muscle tone; 

or triggering voiding and storage reflexes (Fry et al., 2010). 
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Muscarinic Responses 

All three control tissue strips produced contractile responses to carbachol, with the 

detrusor generally generating a greater response than the mucosa or the intact 

bladder strips. The presence of the mucosa reduced responses of the control detrusor 

strip by approximately 60%, which is in line with what is understood about urothelial 

inhibition through UDIF. As previously discussed in Chapter 1, the urothelium of intact 

porcine bladder releases UDIF in response to muscarinic stimulation, causing 

inhibition of the underlying detrusor (Hawthorn et al., 2000; Wuest et al., 2009). Our 

study shows that luminal treatment with AMT reduced the inhibitory effect of UDIF, 

which is consistent with the significant enhance in intact bladder contraction following 

AMT treatment. 

Contractions to carbachol in the detrusor smooth muscle pre-treated with AMT were 

unchanged, while the contractile response of the mucosa and intact bladder strips was 

significantly enhanced after AMT treatment. The lack of effect of luminal AMT 

treatment on detrusor responses suggests that the mucosa was still able to be a barrier 

of low drug permeability to the underlying detrusor tissues. This supports the literature 

on the advantages of intravesical drug administration in reducing systemic adverse 

effects, subsequently maintaining the function of the detrusor muscle (Ha & Xu, 2017). 

A previous study from our lab observed similar maintenance of protective effect of the 

mucosa on the detrusor, when contractile properties of the bladder were examined 

following luminal treatment with the organosulfur compound DMSO (Smith, Chess-

Williams, & McDermott, 2014).  

As previously discussed, contractions of the detrusor muscle in response to 

muscarinic stimulation can be inhibited via UDIF released by the urothelium (Hawthorn 

et al., 2000). The activation of urothelial muscarinic receptors also enhances the 

release of several other substances including ATP and PGE2 (Yokoyama et al., 2011).  

One theory to explain the enhanced contractile responses in the presence of the 

urothelium is that AMT could be enhancing the release of one of these substances. 

Another theory to explain this is the potential urothelial desquamation, mucosal 

damage, and interference of cellular phospholipid membranes, which have been 

previously observed in the initial stages of intravesical therapy (Moldwin, Evans, 

Stanford, & Rosenberg, 2007; Rawls et al., 2017).  
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Purinergic Responses 

Although contraction of the human detrusor muscle is considered mostly cholinergic, 

it has been reported that patients with pathological conditions such as IC/BPS 

experience atropine-resistance in nerve mediated contractions (Bayliss, Wu, 

Newgreen, Mundy, & Fry, 1999). There is an atropine-resistant component of 

excitatory transmission in the bladder that is mediated by ATP acting on ionotropic 

P2X purinergic receptors (Burnstock, 2014b; C. H. Fry et al., 2010). To evaluate post-

treatment tissue responses to purinergic stimulation a single dose of the purinergic 

agonist ATP and the P2X selective agonist α, β-mATP were examined. 

The addition of these purinergic agonist causes bladder contraction due to 

depolarization of the cell membrane, which consequently causes calcium influx 

(Fowler et al., 2008). In the present study, AMT did not significantly alter the contractile 

response to purinergic stimulation in any tissue. The slight increase in contraction 

following treatment may be indicative of the involvement of purinergic receptors in the 

actions of AMT. The inhibitory effect of the urothelium is noted here, as the contractile 

effect of ATP and α, β-mATP was larger in the denuded strips than it was in intact 

bladder indicating that these agonists also stimulate UDIF release. 

Next, we investigated the effects of luminal AMT on the non-receptor mediated 

contractions to KCl. As with muscarinic stimulation, the urothelium can inhibit the 

detrusor muscle through the release of UDIF when stimulated by KCl (Hawthorn et al., 

2000; Wuest et al., 2009). Previous work on the rat urinary bladder and pig ureteral 

rings demonstrated that the inhibitory actions of AMT are not selective for muscarinic 

receptor-mediated stimulation, as KCl-induced contractions were also blocked by AMT 

via opening of voltage-dependent potassium channels (Achar et al., 2003). The effects 

of AMT on responses to KCl were similar to responses to carbachol, in that response 

was enhanced in the intact bladder strips, however unlike with carbachol, this 

enhancement was not significant in KCl responses. 
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EFFECTS OF LUMINAL AMITRIPTYLINE ON BLADDER RELAXATION 

During the filling phase of the micturition cycle, relaxation of the detrusor muscle is 

induced via β-adrenoceptors and NA release from sympathetic nerves. Investigating 

the effect of AMT on the action of bladder relaxant agents is important as it could 

impact the intensity of urinary contractions and diminish urinary frequency and 

urgency. It has been reported that stimulation of β-adrenoceptors in the human 

urothelium may also induce the release of a urothelium-derived factor which inhibits 

the relaxation response of the detrusor muscle to isoproterenol (Otsuka et al., 2008). 

As previously mentioned, carbachol may impact the release of UDIF and so it should 

be noted that the use of carbachol as a pre-contracting agent in this experiment may 

have altered the effects. 

In this study, the presence of the mucosa enhanced bladder relaxation in the untreated 

group. Following treatment with AMT these effects appear to be abolished as 

relaxation to isoprenaline was unchanged in the presence of the mucosa. Although 

the mucosa did not influence detrusor relaxation in the untreated bladder, isoprenaline 

was more potent at inhibiting carbachol contractions in the presence of the urothelium. 

This is consistent with reports from previous studies of an inhibitory effect of the 

urothelium on carbachol‐mediated contractions vitro (Frazier, Mathy, Peters, & Michel, 

2005; Murakami, Chapple, Akino, Sellers, & Chess-Williams, 2007). As with those 

previous studies, the explanation could be that isoprenaline released an inhibitory 

factor (UDIF or NO) from the urothelium. 

Luminal AMT treatment did not significantly alter relaxation responses in the denuded 

strips, mucosa, or intact bladder strips. Our group has further investigated the effects 

of this luminal AMT on relaxation in mouse models with induced cystitis (unpublished). 

Interestingly, their results show that AMT enhanced the maximal relaxation response 

to isoprenaline. Relaxation of the detrusor muscle is a large component of the bladder 

filling mechanism and the involvement of the urothelium is well established. It is 

involved in sensory functions in response to both physical and chemical stimuli as well 

as secretion of mediators. UDIF is the more recently identified endogenous inhibitory 

mediator and its mechanism of action is yet to be identified (Guan, Gustafsson, & 

Svennersten, 2017). What is understood about this mediator is that it is released from 

the urothelium upon stimulation by muscarinic or purinergic agonist or KCl and it can 
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reduce contractile effect of the underlying detrusor muscle with confirmation that this 

mediator is in fact not NO, a cyclooxygenase product, a catecholamine, adenosine or 

GABA (Hawthorn et al., 2000). UDIF-like effects have been assessed in the porcine 

bladder through bioassay experiments (Hawthorn et al., 2000), the mouse urinary 

bladder by electrophysiology (Meng, Young, & Brading, 2008) and by quantitative 

analysis of contractile responses in human urinary bladder (Chaiyaprasithi, Mang, 

Kilbinger, & Hohenfellner, 2003). In the human bladder study, contractions were 

evoked by muscarinic stimulation in intact bladder and in detrusor muscle. This 

stimulates the release of an inhibitory factor from the urothelium, which was distinct 

from NO and this effect was not altered in the presence of β-adrenoceptor antagonist 

or cyclooxygenase inhibition. In this study, the inhibitory effect of UDIF was observed 

following stimulation with carbachol and KCl, as well as relaxation with isoprenaline. 

Luminal treatment with AMT enhanced contractions of the denuded strips in the 

presence of the mucosa. UDIF is reported to inhibit contractions and alter relaxation 

of the detrusor muscle (Murakami et al., 2007). Based on that, one theory to explain 

the effect we obtained post luminal treatment is that AMT caused a reduction/ 

abolished the release of UDIF from the urothelium.  

In conclusion, luminal AMT appears to have an impact on the normal functioning 

bladder. This impact is observed as an increase in amplitude of spontaneous 

contraction, enhanced contractile effect of muscarinic stimulation and possibly, a 

slightly altered relaxation and these changes may be due to alteration in UDIF 

regulation in the urothelium. 
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4.1 INTRODUCTION  

In the previous chapter we investigated the effect of luminal AMT treatment on porcine 

bladder from in vitro tissue preparations. Along with conservative therapy techniques, 

oral medication can be recommended for patients with IC/BPS as a second-line 

treatment option. Oral AMT in the management of IC/BPS has been studied in a limited 

number of controlled and non-controlled trials, as reviewed (Offiah et al., 2013). What 

is understood from these scarce studies so far is that higher efficacy is associated with 

sustained higher doses of AMT (at least 50 mg daily). However, low tolerance for 

adverse events at high doses could hamper therapy for a large patient population. 

Although these adverse events are largely associated with the anticholinergic effects 

of AMT, further understanding of the mechanism behind its action is needed, 

specifically, in the bladder. In this chapter we investigated the effect of AMT treatment 

on porcine bladder. We will examine in vitro tissue preparation of intact strips, as well 

as strips of denuded detrusor and mucosa strips. 

 

PORCINE BLADDER MODEL 

In this study, the effects of AMT treatment on normal bladder function was evaluated 

with porcine bladder tissue as an in vitro model. As previously discussed, similarities 

in structure, neuronal control and urodynamics allows for the use of porcine bladder 

for both in vivo and in vitro experiments (Dittrich et al., 2007; B. Parsons et al., 2012), 

mainly due to structural resemblance and the presence of a glycosaminoglycan (GAG) 

in the urothelium of porcine, similarly to what is seen in human bladder urothelium 

(Janssen et al., 2013). 
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AMITRIPTYLINE ACTION ON THE BLADDER 

The current treatment regimen for patients with IC/BPS may involve only oral 

administration of AMT with an efficacy rate of 50% to 66%, with higher efficacy rates 

(77%) at a sustained higher dose (van Ophoven & Hertle, 2005). However, common 

adverse events at these higher doses affects patients’ quality of life. Understanding 

the effects of AMT administration on the urothelium, underlying LP, detrusor smooth 

muscle and nerves innervating the bladder wall, could aid in better understanding its 

underlying mechanisms. As discussed in Chapter 1, the literature suggests that AMT 

at supraclinical concentration (≥1𝜇𝜇M) can alter tracheal smooth muscle reactivity in 

mechanisms that may involve the calcium sensitization pathway as well as the Rho-

kinase pathway (Matsunaga et al., 2009). Furthermore, a study on rat vascular smooth 

muscle suggested that treatment with AMT (in vitro) delayed vascular smooth muscle 

reaction to adrenergic stimulation (Ribback et al. 2012) and so further investigation of 

the mechanisms behind these actions is required. 

 

Calcium sensitization 

In addition to calcium being a critical intracellular messenger and trigger for smooth 

muscle contraction, smooth muscle cells are also able to contract and sustain 

contractile responses in the presence of submaximal [Ca2+]I levels and even contract 

without change in [Ca2+]I in a phenomenon defined as calcium sensitisation (Anjum, 

2018). This occurs due to inhibition of myosin light chain phosphatase (MLCP) which 

causes leftward shift of the calcium-force response curve at constant calcium and 

myosin light chain kinase (MLCK) levels (Anjum, 2018; Shirazi et al., 1994).  

Calcium sensitization can be induced via a number of proteins. In the detrusor smooth 

muscle both the protein kinase-C (PKC) and Rho-kinase (ROCK) signalling pathways 

are involved in calcium sensitization (Anjum, 2018). These pathways induce 

sensitization by disruption of balance between MLCK and MLCP levels, which 

constitutes the inhibition of MLCP by PKC-mediated phosphatase inhibitor (CPI-17) 

and myosin phosphatase target subunit (MYPT-1) phosphorylation by both the PKC 

and ROCK.  
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Currently two ROCK isomers have been identified: ROCK-I and ROCK-II, which can 

also be referred to as (ROK α and ROK β) respectively (Nakagawa et al., 1996; X. 

Zhang & DiSanto, 2011). Western blotting studies have demonstrated that both 

isomers are present in rat, rabbit and human bladder, but the functional difference 

between the two isomers is yet to be identified (X. Zhang & DiSanto, 2011). 

 

Activation of the Rho-kinase pathway: 

The Rho-kinase pathway can be activated via several stimuli through G-protein 

coupled receptors by the monomeric GTP-binding protein RhoA (Christ and 

Andersson, 2007). Initial studies reported that contractions of rabbit bladder smooth 

muscle induced by bethanechol might be in part due to ROCK-induced calcium 

sensitivity (Jezior et al., 2001). Ratz et al. further confirmed that contractions of rabbit 

bladder smooth muscle induced by electrical stimulation, bethanechol, carbachol, and 

neurokinin-A were inhibited by Y-27632, a well explored ROCK inhibitor that is 

selective for p160ROCK (Uehata et al., 1997). In human urinary bladder, it has been 

demonstrated that Y-27632 attenuated the responses to the muscarinic agonist ACh 

in a concentration dependant manner (Kirschstein et al., 2014). In human bladder, an 

interesting correlation between age and the amount of contraction inhibited by Y-

27632 has been reported, suggesting that contractions mediated via rho-kinase might 

be age-dependant (Kirschstein et al., 2014). In this study, we will further investigate 

alterations in the rho-kinase pathway by evaluating the effects of AMT treatment on 

contractions of bladder tissue. 

The ROCK pathway also induces calcium sensitization and may be even more 

important in pathophysiological situations, with reports that expression of the 

components of the RhoA/Rho-kinase pathway to increase functional hypertrophy, 

diabetes, partial bladder outlet obstruction and aging animal models (Hirano, Derkach, 

Hirano, Nishimura, & Kanaide, 2003). Although, PKC may mediate calcium 

sensitization in pathological states, for example, with partial bladder outlet obstruction, 

the loss of PKC-mediated CPI-17 phosphorylation causes less MLCP inhibition which 

reduces detrusor smooth muscle contractile response (Stanton et al., 2006). Hence, 

understanding the pathways and changes in these pathways is crucial. 
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Calcium sensitization and IC/BPS 

Reports on the role of intracellular signalling pathways in carbachol-induced 

contractions in a rat model of IC/BPS, induced by cyclophosphamide, suggested that 

the augmented muscarinic response observed in cystitis may be due to activation of 

Rho-kinase and PKC pathways (Denizalti, Durlu-Kandilci, Simsek, Bozkurt, & Sahin-

Erdemli, 2018). Another study focused on sphingosine 1-phosphate (S1P), a bioactive 

sphingolipid that controls smooth muscle tone via G-protein coupled receptors (Anjum, 

Denizalti, Kandilci, Durlu-Kandilci, & Sahin-Erdemli, 2017).They reported that S1P-

induced intracellular signalling is involved in augmented detrusor smooth muscle 

activity in IC/BPS rat model (induced by cyclophosphamide). It should be noted that a 

limitation in both these studies is that they were solely conducted on the denuded 

strips of the bladder. However, as the mucosa has a great influence on muscle tone, 

hence further investigation may be needed. 

Altered smooth muscle cell contractility/tone contributes, in part, to symptoms seen in 

patients with IC/BPS. Accordingly, many of the therapies to date have focused largely 

on blockade of individual receptors to diminish smooth muscle contractility and provide 

symptomatic relief. The available data supports an important role for Rho‐kinase in the 

physiological and pathophysiological regulation of bladder smooth muscle cell tone 

and Rho‐kinase inhibitors may thus represent a potentially attractive therapeutic 

possibility for the treatment of bladder conditions.  
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4.2 AIMS 

In the previous chapter the effects of AMT on the bladder were examined after 

mimicking intravesical treatment in vitro. Intravesical treatment with AMT would be a 

potential new therapy. Currently, AMT is administered orally and thus, continually 

present during treatment. This chapter examines the direct effect of AMT at a 

supraclinical and clinical concentrations on tissue responses, to reflect the effects of 

AMT when administered orally. Specific aims were: 

 

AIM 1: To investigate the effect of AMT on spontaneous phasic contractions of 
detrusor smooth muscle, mucosa, and isolated strips of intact bladder. 

 

AIM 2: To examine the effect of AMT on contractile and relaxation responses to 
agonist of detrusor smooth muscle, mucosa, and intact bladder strips. 

 

AIM 3: To investigate the possible pathways involved in the actions of AMT in the 
bladder tissues (elevated intracellular calcium or calcium sensitization).  
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4.3 MATERIALS AND METHODS 

Bladders from young female pigs (6 months old, ~70 Kg) were dissected into strips of 

denuded detrusor strips, mucosa and intact bladder strips, as described in Chapter 
2.3, which also described the experimental set up we followed for these organ bath 

experiments.  

To assess the effect of AMT at a supraclinical (1𝜇𝜇M) and clinical (100nM) 

concentrations on bladder function, each experiment was conducted in pairs, with 

AMT (1𝜇𝜇M or 100nM) treated and matched control (without AMT) tissues. Tissues 

were equilibrated for one-hour under a resting tension of 200mN (2g). During this 

period incubating solution containing AMT (1𝜇𝜇M), AMT (100nM) for treated strips or 

normal Krebs-bicarbonate solution for untreated (control) strips were refreshed every 

15-minutes and present throughout the whole experiment. Following equilibration, 

tissue experiments were commenced as described below. 

 

PART A 
SPONTANEOUS CONTRACTIONS 

Post-equilibration, the spontaneous activities of tissues were investigated. The 

frequency and amplitude of spontaneous contractions were quantified with the 

frequency being measured as contractions per-minute and the amplitude measured 

from the peak to trough of one contraction. 

 

PART B 
RESPONSE TO PHARMACOLOGICAL AGENTS  

To examine the effects of AMT (1𝜇𝜇M and 100nM) on contractility and relaxation, 

tissues were exposed to a number of pharmacological agents, in the absence (control) 

and presence (treated) of AMT. Responses were recorded as the change in tension 

from baseline, with baseline being tension recorded 60-seconds prior to drug 

exposure. Tissues were washed with AMT (1𝜇𝜇M) or AMT (100nM) for treated strips or 

normal Krebs-bicarbonate solution for untreated (control) strips and left to return to 

baseline between the addition of agents. First, we investigated the contractile 
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response to cumulative concentrations of carbachol (5.5nM - 165𝜇𝜇M). After washing 

the tissues and return to baseline, a submaximal dose of carbachol (16.5 𝜇𝜇M) was 

applied to the tissues and allowed to reach plateau. Once reached, cumulative-

concentrations of isoprenaline (48pM - 48𝜇𝜇M) were applied and responses were 

measured as the change in tension agonist, with the plateau reading considered the 

baseline. The agonists investigated also included single concentrations of ATP (1mM), 

α, β-mATP (100𝜇𝜇M) and potassium chloride (KCl) (60mM). The effect of AMT on 

responses from treated tissue strips and control tissue strips were compared.  

 

PART C  
THE EFFECT OF RHO-KINASE INHIBITION ON CONTRACTILITY OF THE 
BLADDER 

In this section we investigated the possible pathways that may be mediating the 

significant AMT effect we obtained on porcine bladder contractions (Figure 4.2 & 4.4, 
Table 4.1 & 4.2). This was done in pairs of control group (Krebs, no AMT) and 

treatment group (AMT). Following one-hour equilibration in Krebs bicarbonate 

solution, we examined the effects of AMT in the absence and presence of rho-kinase 

inhibition with Y-27632 (10𝜇𝜇M). Y-27632 is a cell-permeable, highly potent, and 

selective inhibitor of Rho- kinase (ROCK). Y-27632 inhibits both ROCK1 (Ki = 220 nM) 

and ROCK2 (Ki = 300 nM) by competing with ATP for binding to the catalytic site. 

(Davies et al., Ishizaki et al.) 

 

STATISTICAL ANALYSIS 

Results were expressed as mean ± standard error of the mean (SEM). Data were 

analysed using a Student t-test or one-way ANOVA with Dunnett or Tukey multiple 

comparisons test as appropriate, using GraphPad InStat (version 7) software 

(SanDiego, CA). Significance levels were defined as p<0.05 (*), p<0.01 (**), p<0.001 

(***). 
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4.4 RESULTS 

In this section we will examine whether the presence of AMT (1𝜇𝜇M and 100nM) alters 

the pharmacological responses of porcine bladder tissues. The concentrations were 

chosen based on the doses used clinically for the indications of IC/BPS. The 

supraclinical dose was 10 times the clinical dose and this was used to examine the 

effect of the magnified impact of AMT on bladder function. We also discuss the 

pathways that may be involved in the action of AMT on the bladder. 

 

PART A. 
SPONTANEOUS ACTIVITY OF THE BLADDER 

Prior to the addition of any pharmacological agents to the strips, we assessed the 

effects of AMT on the frequency and amplitude of phasic activity, as alterations of 

spontaneous activity could indicate dysfunction. Spontaneous contractions developed 

in the denuded strips after one-hour equilibration in Krebs-bicarbonate solution both 

in the absence and presence of AMT (1𝜇𝜇M and 100nM). Incubating denuded strips 

with AMT did not alter the amplitude or frequency of spontaneous contractions, when 

compared to phasic contractions of their controls (Figure 4.1). Results were 

inconsistent for intact bladder strips and mucosa strips and were therefore excluded 

from analysis. 
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Figure 4.1: Amplitude (A & B) and frequency (C & D) of spontaneous contractions 

from isolated strips of denuded strips with AMT 1𝜇𝜇M (A & C) and AMT 100nM (B & D). 

Data presented as mean ± SEM (n≥5), contractions normalised by tissue weight, 

analysed with paired t-test. 
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PART B  
RESPONSE TO PHARMACOLOGICAL AGENTS 

Next, we assessed the effect of AMT (1𝜇𝜇M and 100nM) on responses of 

porcine bladder to different pharmacological agents that are involved in 

micturition and/or pathogenesis in the bladder. First, we investigated 

cumulative concentration-response curves to carbachol and relaxation to β-

adrenergic agonist isoprenaline. Bladder contraction was also investigated 

in responses to single doses of ATP (1mM), α,β-mATP (100𝜇𝜇M) and KCl 

(60mM). These agents were investigated in denuded strips, mucosa as well 

as in intact bladder strips. 

 

(i) CONTRACTION RESPONSES TO CARBACHOL 

Contractions to cumulative additions of carbachol were concentration-

dependent in all tissues. The maximal contractile responses to carbachol 

were significantly reduced in the presence of AMT in denuded strips by over 

40%, from 43.43 ± 3.39mN/g in control to 25.66 ± 2.95 mN/g (p<0.0005) in 

the presence of AMT (1𝜇𝜇M) (Figure 4.2, Table 4.1), whilst the potency 

(pEC50) in each tissue type and treatment group were similar (Figure 4.2, 
Table 4.1). Interestingly, incubation of denuded strips with AMT(100nM) did 

not significantly alter maximal contractile responses compared to control 

however, the potency (pEC50) was decreased from 6.11 ± 0.13 in control 

to 5.54 ± 0.13 in the presence of AMT(100nM) treatment (p<0.01) (Figure 
4.3, Table 4.2). Responses of the mucosa and intact bladder strips were 

unaffected by treatment with AMT (100nM) (Figure 4.3, Table 4.2).  

The inhibitory effect of the urothelium on detrusor contractions to carbachol 

was observed in control tissues (43.43 ± 2.69mN/g denuded strips, 21.11 ± 

1.72mN/g intact bladder, p<0.001). Interestingly, the UDIF effect was 

entirely abolished following treatment with the supraclinical AMT 

concentration (1𝜇𝜇M), with detrusor smooth muscle and intact strips having 

similar maximal contractile response (25.66 ± 1.7 and 24.06 ± 0.91 

respectively) (Figure 4.3, Table 4.3).  
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At a clinically relevant AMT concentration (100nM), the inhibitory effect of 

the urothelium on detrusor contractions to carbachol was observed in 

control tissues, maximum responses being reduced from 110.1 ± 6.27mN/g 

in the denuded strips to 25.61 ± 2.416 mN/g in intact bladder, p<0.001). 

Similarly, in the presence of AMT (100nM) the presence of the mucosa 

reduced maximum responses from 112.9 ± 8.06 mN/g in denuded strips to 

28.97 ± 4.464 mN/g in intact bladder (p<0.001) (Figure 4.5). This suggests 

that the UDIF effect was not significantly altered following treatment with a 

clinically relevant concentration of AMT. 
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Figure 4.2: Effect of AMT 1𝜇𝜇M on the contractions of (A&D) denuded strips, (B&E) 

mucosa and (C&F) intact bladder tissue to cumulative carbachol concentrations, 

represented as tension reading and as % of the response to 60mM KCl (% KCl) 

respectively. Data represented as mean ± SEM (n≥5), contraction normalised by 

tissue weight. (p<0.001 *** AMT vs Control). 
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Table 4.1: Effect of AMT (1𝜇𝜇M) on the pEC50 (SEM) and maximal response values 

for contraction to carbachol in denuded strips, mucosa, and intact bladder strips. 

Analysed by paired t-test (p<0.001 *** AMT vs Control) (n≥6). 

 
DENUDED STRIPS  
 Control 

n = 6  
Amitriptyline 1uM 

n = 6  
pEC50 (± SEM) 5.98 ± 0.21 5.38 ± 0.24 
Max Response 
(mN/g) (± SEM) 

43.43 ± 2.69 25.66 ± 1.7 *** 

 
MUCOSA STRIPS  
Control 

n = 6  
Amitriptyline 1uM 

n = 5 
pEC50 (± SEM) 5.79 ± 0.11 5.35 ± 0.24 
Max Response 
(mN/g) (± SEM) 

31.74 ± 1.35 37.15 ± 1.91 

 
INTACT BLADDER  
Control 

n = 5 
Amitriptyline 1uM 

n = 6  
pEC50 (± SEM) 5.78 ± 0.24 5.46 ± 0.13 
Max. Response 
(mN/g) (± SEM) 

21.11 ± 1.72  24.06 ± 0.91 

 

-9 -8 -7 -6 -5 -4 -3
0

2 0

4 0

6 0

L o g  [C a rb a c h o l]  (M )

T
e

n
s

io
n

 (
m

N
/g

)

* * *D e n u d e d  s tr ip s

in ta c t b la d d e r

A . C o n tro l

-9 -8 -7 -6 -5 -4 -3
0

2 0

4 0

6 0

L o g  [C a rb a c h o l]  (M )

T
e

n
s

io
n

 (
m

N
/g

)

B .  A M T

 

Figure 4.3: The inhibitory effect of the urothelium/lamina propria on detrusor 

contractions to cumulative concentrations of carbachol in bladder tissues in the 

absence (A) and presence (B) of AMT (1𝜇𝜇M). Data represents mean ± SEM, n≥5, 

analysed using non-linear regression curve fit (p<0.001 *** Detrusor vs intact). 
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Figure 4.4: Effect of AMT 100 nM on the contraction of (A&D) denuded strips, (B&E) 

mucosa and (C&F) intact bladder tissue to cumulative carbachol concentrations, 

represented as tension reading and as % of the response to 60mM KCl (% KCl) 

respectively. Data represented as mean ± SEM (n≥5), contraction normalised by 

tissue weight. (𝑃𝑃 < 0.01 * AMT vs Control). 
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Table 4.2: Effect of AMT (100nM) on the pEC50 (SEM) and maximal response values 

for contraction to carbachol in denuded strips, mucosa, and intact tissue strips. 

Analysed by paired two-tailed t-test (p<0.01 ** AMT vs Control) (n≥6). 

 
DENUDED STRIPS  
 Control 

n = 6  
Amitriptyline 1uM 

n = 6  
pEC50 (± SEM) 6.11 ± 0.13 5.54 ± 0.13 ** 
Max Response 
(mN/g) (± SEM) 

110.1 ± 6.27 112.9 ± 8.06 

 
MUCOSA STRIPS  
Control 

n = 8 
Amitriptyline 1uM 

n = 8 
pEC50 (± SEM) 6.05 ± 0.13 5.73 ± 0.18 
Max Response 
(mN/g) (± SEM) 

48.67 ± 2.56 51.86 ± 4.6 

 
INTACT BLADDER  
Control 

n = 7 
Amitriptyline 1uM 

n = 7  
pEC50 (± SEM) 5.73 ± 0.19 5.31 ± 0.26 
Max. Response 
(mN/g) (± SEM) 

25.61 ± 2.42 28.97 ± 4.46 
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Figure 4.5: The inhibitory effect of the urothelium/lamina propria on detrusor 

contractions to cumulative concentration of carbachol in bladder tissues in the 

absence (A) and presence (B) of AMT (100nM). Data represents mean ± SEM, n≥6, 

analysed using non-linear regression curve fit (p < 0.001 *** Detrusor vs intact). 
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RELAXATION RESPONSE TO ISOPRENALINE 

Bladder strips were first contracted with a sub-maximal concentration of carbachol 

(16.5𝜇𝜇M), until the response reached plateau. Once achieved, cumulative 

concentrations of isoprenaline (48pM - 48𝜇𝜇M) were added. Pre-contractions induced 

by carbachol in all tissues from control and the treated tissues were relaxed by 

isoprenaline. Relaxation to cumulative addition of isoprenaline were enhanced in all 

tissues at both concentrations of AMT (1𝜇𝜇M and 100nM). 

A significant change in the maximal response was obtained in the denuded strips, 

increasing from 11.57 ± 1.32 mN/g in control to 21.21 ± 1.41 mN/g with AMT treatment 

(p<0.01) (Figure 4.6 A, Table 4.3). As depicted in Figure 4.6 D however, relaxation 

responses of the denuded strips did not appear to be altered by AMT, when expressed 

as a percentage of their pre-contraction. As previously demonstrated (Figure 4.2 & 
Figure 4.4) AMT depressed contractile responses to carbachol in the denuded strips. 

As expected, when we compared the pre-contraction to carbachol values in the 

denuded strips (in the absence and presence of AMT) they were significantly different 

(𝑃𝑃<0.01) (Figure 4.10). 

Maximal relaxation responses of intact bladder strips were slightly enhanced following 

AMT treatment compared to their control; however, this change was not statistically 

significant in comparison to control (Figure 4.6 C, Table 4.3). Treatment with AMT did 

not alter the maximal relaxation response of the mucosa strips (Figure 4.6 B, Table 
4.3), or the potency (pEC50) in all tissues (Figure 4.6 & Table 4.3). 

Consistent with that, the maximum relaxation responses in the presence of the lower 

concentration of AMT (100nM) were significantly enhanced in the denuded strips, 

unaffected in the mucosa and slightly but not significantly affected in intact bladder 

strips (Figure 4.8, Table 4.4). Maximal relaxation responses in the denuded strips 

were enhanced by less than 10% from 16.4 ± 1.6mN/g in control to 21.2 ± 1.78mN/g 

following treatment (𝑃𝑃<0.01) (Figure 4.8 A, Table 4.4). pEC50 were also unaffected by 

treatment in all tissues (Figure 4.8, Table 4.4). 

In the presence of the urothelium, relaxation to isoprenaline in both untreated and 

treated tissues were significantly reduced (𝑃𝑃<0.005 & 𝑃𝑃<0.0005) respectively (Figure 
4.9, Table 4.4). In tissues that were untreated, relaxation responses were reduced by 

78%, from 21.2±1.78mN/g in the denuded strips to 4.58 ± 0.387 mN/g in intact tissue, 
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while post treatment relaxation was reduced by 75% from 16.4±1.678mN/g in the 

denuded strips to 4.58± 0.387mN/g in intact tissue (Figure 4.9, Table 4.4). 
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Figure 4.6: Effect AMT (1𝜇𝜇M) on the relaxation of (A&D) denuded strips, (B&E) 

mucosa and (C&F) intact bladder tissues to cumulative isoprenaline concentrations, 

represented as tension in mN/g of tissue and as a % pre-contractions respectively. 

Relaxation responses were normalized to their carbachol pre-contractions (10𝜇𝜇M) and 

expressed as a percentage (%) of that pre-contraction to carbachol, with all responses 

normalised by tissue weight. Data analysed using paired t-test represented as mean 

± SEM (n=5). (*𝑃𝑃 < 0.05 & **𝑃𝑃 < 0.01 AMT vs. Control).  
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Table 4.3: Effect of AMT (1𝜇𝜇M) on the pEC50 (SEM) and maximum response values 

for relaxation to isoprenaline in denuded strips, mucosa and intact tissue strips. pEC50 

analysed with non-linear regression and maximum response with paired t-test (n=5). 

(**𝑃𝑃 < 0.01 AMT vs. Control).  

 
DENUDED STRIPS  
 Control 

n = 5  
Amitriptyline 1uM 

n = 5  
pEC50 (± SEM) 6.81 ± 0.57 6.67 ± 0.22 
Max Response 
(mN/g) (± SEM) 

11.57 ± 1.32 21.21 ± 1.41 **figure 3.10 

 
MUCOSA STRIPS  
Control 

n = 5 
Amitriptyline 1uM 

n = 5 
pEC50 (± SEM) 6.23 ± 0.33 6.61 ± 0.2 
Max Response 
(mN/g) (± SEM) 

16.09 ± 1.92 15.3 ± 0.88 

 
INTACT BLADDER  

Control 
n = 5 

Amitriptyline 1uM 
n = 5 

pEC50 (± SEM) 6.52 ± 0.13 6.61 ± 0.27 
Max. Response 
(mN/g) (± SEM) 

4.78 ± 0.17 6.01 ± 0.47 
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Figure 4.7: The inhibitory effect of the urothelium/lamina propria on detrusor relaxation 

to cumulative concentration of isoprenaline in the absence (A) and presence (B) of 

AMT (1𝜇𝜇M). Analysed using non-linear regression curve fit, represented as mean 

± SEM. (𝑃𝑃<0.001 *** Detrusor vs intact).  
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Figure 4.8: Effect of AMT (100nM) on the relaxation of (A&D) denuded strips, (B&E) 

mucosa and (C&F) intact bladder tissues to cumulative isoprenaline concentrations, 

relaxation presented as tension in mN/g of tissue weight and as a percentage of pre-

contractions respectively. Relaxation responses were normalized to their carbachol 

pre-contractions (16.5𝜇𝜇M) and expressed as a percentage (%) of that pre-contraction 

to carbachol, with all responses normalised by tissue weight. Data represented as 

mean ± SEM (n≥5) (𝑃𝑃<0.01 ** AMT vs control). 
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Table 4.4: Effect of AMT (100nM) on the pEC50 (SEM) and maximum response 

values for relaxation to isoprenaline in denuded strips, mucosa, and intact bladder 

strips. pEC50 analysed with non-linear regression and maximum response with 

paired t-test (n≥5) (𝑃𝑃<0.01 ** AMT vs control). 

 
DENUDED STRIPS  

 Control 
n = 5 

Amitriptyline 100nM 
n = 5 

pEC50 (± SEM) 6.38 ± 0.221 6.45 ± 0.216 
Max Response 
(mN/g) (± SEM) 

16.4 ± 1.6 21.2 ± 1.78 ** 

 
MUCOSA STRIPS  

Control 
n = 6 

Amitriptyline 100nM 
n = 6 

pEC50 (± SEM) 6.72 ± 0.419 6.43 ± 0.237 
Max Response 
(mN/g) (± SEM) 

12.2 ± 1.13 14.1 ± 1.18 

 
INTACT BLADDER  

Control 
n = 6 

Amitriptyline 100nM 
n = 6 

pEC50 (± SEM) 6.71 ± 0.17 6.49 ± 0.173 
Max. Response 
(mN/g) (± SEM) 

4.185 ± 0.272 4.58 ± 0.387 
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Figure 4.9: The inhibitory effect of the urothelium/lamina propria on detrusor relaxation 

to cumulative concentration of isoprenaline in tissues with an intact mucosa in the 

absence (A) and presence (B) of AMT (100nM). Data analysed using non-linear 

regression curve fit. Data presented as mean ± SEM. (**𝑃𝑃 < 0.01 & ***𝑃𝑃 < 0.001 

Detrusor vs intact).  
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Figure 4.10: Effect of (A) AMT (1𝜇𝜇M) and (B) AMT (100nM) on denuded strips 

contraction to a sub-maximal concentration of carbachol (16.5𝜇𝜇M). Responses 

presented as tension in nM per gram and normalized by tissue weight. Data was 

analysed using paired t-test (n≥5). (*𝑃𝑃 < 0.05 AMT vs. Control).  



99 
 

CONTRACTION RESPONSES TO ATP, α,β-mATP AND KCl 

The effect of treatment with AMT on contractile responses of tissues were 

further investigated with single dose responses to the purinoceptor agonist 

ATP (1mM) and the P2X purinoceptor agonist α,β-mATP (100𝜇𝜇M) to 

investigate changes in bladder contractile responses to purinergic 

stimulation, while KCl (60mM) was used to evaluate changes in non-

receptor mediated contractions. 

Treatment of the bladder strips with AMT (1𝜇𝜇M and 100nM) did not 

significantly alter any of the tissue responses to purinergic stimulation with 

ATP (Figure 4.11 & 4.12). However, as shown in Figures 4.13 & 4.14 treatment with 

AMT at both concentrations decreased responses to α,β-mATP (100𝜇𝜇M) in denuded 

strips contraction and this reduction was significant (p<0.05) with AMT (1𝜇𝜇M), but not 

statistically significant at the lower AMT concentration (100nM). Similarly, contractile 

responses to general non-receptor mediated stimulation via KCl (60mM) were 

significantly reduced (p<0.05) following treatment with AMT (1𝜇𝜇M) and insignificantly 

reduced at the lower AMT concentration (100nM) (Figure 4.15). 
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Figure 4.11: Effect of AMT (1𝜇𝜇M) on contractions to ATP (1mM) in (A&D) 

denuded strips, (B&E) mucosa strips and (C&F) intact bladder strips. 

Responses expressed as tension in mN per gram of tissue and also as a 

percentage (%) of contractions to KCl (60Mm). Data was analysed using 

paired t-test (n≥5). 
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Figure 4.12: Effect of AMT (100 nM) on contractions to ATP (1mM) in (A&D) 

denuded strips (B&E) mucosa strips and (C&F) intact bladder strips. 

Responses expressed as tension in mN per gram of tissue and as a 

percentage (%) of contractions to KCl (60Mm). Data was analysed using 

paired t-test (n≥5). 
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Figure 4.13: Effect of AMT (1𝜇𝜇M) on contractions to α,β-mATP (100𝜇𝜇M) in 

(A&D) denuded strips, (B&E) mucosa strips and (C&F) intact bladder strips. 

Responses expressed as tension in mN per gram of tissue and as a 

percentage (%) of contractions to KCl (60Mm). Data was analysed using 

paired t-test (n≥5) (p<0.05 * AMT vs Control). 
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Figure 4.14: Effect AMT (100nM) on contractions to α,β-mATP (100𝜇𝜇M) in 

(A&D) denuded strips, (B&E) mucosa strips and (C&F) intact bladder strips. 

Responses expressed as tension in mN per gram of tissue and as a 

percentage (%) of contractions to KCl (60Mm). Data was analysed using 

paired t-test (n≥5). 
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Figure 4.15: Effect of AMT (1𝜇𝜇M and 100nM) on contraction to KCl (60mM) 

in (A&D) denuded strips, (B&E) mucosa strips and (C&F) intact bladder 

strips. Responses expressed as tension in mN per gram of tissue. Data was 

analysed using paired t-test (n≥5) (p<0.05 * AMT vs Control). 
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PART C  
ANITRIPTYLINE ON BLADDER TISSUES CONTRACTILE RESPONSES 

AMT (1𝜇𝜇M) depressed contractile responses to carbachol and KCl in 

denuded strips. To investigate if this was due to an effect on calcium 

sensitization pathway, the effect of AMT (1𝜇𝜇M) on responses to carbachol 

were examined in the presence of Y-27632 (10𝜇𝜇M), a rho-kinase inhibitor. 

In normal tissues (no Y-27632) AMT (1𝜇𝜇M) depressed responses of 

denuded strips by less than 50% from 43.43 ± 3.39mN/g in control to 25.66 

± 2.95 mN/g (p<0.001) (Figure 4.15 A, Table 4.5), while in the presence of 

Y-27632 (10𝜇𝜇M) (present in both control and test tissues) AMT reduced 

carbachol responses by >90%, from 47.76 ± 2.75 mN/g in control to 3.02 ± 

0.76 mN/g (p<0.001) following AMT treatment (Figure 4.15 D, Table 4.5). 

Similarly, in the mucosa strips and intact tissue strips, AMT (1𝜇𝜇M) caused 

a large depression of responses to carbachol that was not seen in the 

absence of Y-27632, as shown respectively (Figure 4.15 B, C, E & F Table 
4.5). 
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Figure 4.16: Effect of Y-27632 (10𝜇𝜇M) on the actions of AMT (1𝜇𝜇M) on (A&D) denuded 

strips, (B&E) mucosa strips and (C&F) intact bladder tissues. Data presented as mean 

± SEM (n≥6), contraction normalised by tissue weight. (**𝑃𝑃 < 0.01 & ***𝑃𝑃 < 0.001 AMT 

vs Control). 
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Table 4.5: Effect of Y-27632 (10𝜇𝜇M) on the actions of AMT (1𝜇𝜇M) on the mean pEC50 

(± SEM) and maximal response values for contraction to carbachol in denuded strips, 

mucosa and intact tissue strips, where (-) Y-27632 are experiments performed in the 

absence of Y-27632 and (+) Y-27632 are experiments performed in the presence of 

Y-27632. Data analysed with two-way ANOVA with Bonferroni post-test (curve fit, 

**p<0.01 and ***p<0.001 AMT vs Control) (n≥5). 

 
DENUDED STRIPS (n=5) 

  Mean ± SEM 
 

 
Control AMT (1uM) 

pEC50 (± SEM) (-) Y-27632 5.98 ± 0.21 5.38 ± 0.24 

(+) Y-27632 5.86 ± 0.13 5.82 ± 0.65 

Maximal Response 

(mN/g) (± SEM) 
(-) Y-27632 43.43 ± 2.69 25.66 ± 1.7 *** 

(+) Y-27632 47.8 ± 2.75 *** 3.02 ± 0.76 *** 

 
MUCOSA STRIPS (n=5) 

 
 

Control AMT (1uM) 
pEC50 (± SEM) (-) Y-27632 5.79 ± 0.11 5.35 ± 0.24 

(+) Y-27632 5.78 ± 0.13  5.74 ± 0.37 

Maximal Response 
(mN/g) (± SEM) 

(-) Y-27632 31.74 ± 1.35 37.15 ± 1.91 

(+) Y-27632 39.5 ± 2.21*** 3.34 ± 0.46*** 

 
INTACT BLADDER (n=5) 

 
 

Control AMT (1uM) 
pEC50 (± SEM) (-) Y-27632 5.78 ± 0.24 5.46 ± 0.13 

(+) Y-27632 5.76 ± 0.17 5.69 ± 0.5 

Maximal Response 
(mN/g) (± SEM) 

(-) Y-27632 21.11 ± 1.72  24.06 ± 0.91 

(+) Y-27632 41.9 ± 3.12** 1.75 ± 0.35** 
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4.5 DISCUSSION 

The previous chapter examined the effects of luminal pre-treatment on subsequent 

responses of different bladder tissues. This study examined the direct effects of AMT 

on the bladder by observing responses of tissues in the presence of AMT. Two 

concentration were examined, a concentration close to the clinical plasma level found 

in patients (100nM) (Lusty et al., 2018) and a supraclinical concentration (1𝜇𝜇M). To 

our knowledge, this is the first study that investigates the effects of AMT administration 

not only on intact bladder strips, but also on sections of the denuded strips and 

mucosa.  

 

EFFECTS OF AMITRIPTYLINE ON CONTRACTILE RESPONSES OF THE 

BLADDER 

Spontaneous contractions were obtained in both control and AMT treated detrusor 

smooth muscle following equilibration in Krebs-bicarbonate solution. Both amplitude 

and frequency of spontaneous contractions were unaffected by treatment with AMT 

(1𝜇𝜇M and 100nM). 

 

Contractile Responses 

The addition of the muscarinic agonist carbachol produced a contractile response in 

all three control tissue types, with large responses obtained from the denuded strips. 

In the literature, usually the mucosa has bigger contractions than the detrusor muscle 

(Sadananda, Chess-Williams, & Burcher, 2008). When responses were normalized by 

tissue weight, the denuded strips generated greater responses than the mucosa strips 

and intact bladder strips.  

Contraction of the detrusor muscle is associated with the micturition reflex, which is 

attenuated via excitation of the parasympathetic nerves. Although both ATP and ACh 

are involved, micturition contractile responses are largely attributed to ACh. Contractile 

responses to ACh has been inhibited by AMT in rat trachea at a supra clinical 

concentration (≥1𝜇𝜇M) (Matsunaga et al., 2009). During AMT treatment, contractions to 

carbachol were significantly reduced by approximately 40% in the denuded strips. The 
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antimuscarinic effect of TCA, including AMT, has been reported in smooth muscle of 

isolated guinea pig bladder (Uno et al., 2017) and rat bladder (Achar et al., 2003). 

These effects have also been demonstrated previously in several vascular and 

nonvascular smooth muscle preparations. Binding studies in human and guinea pig 

bladder and ileum reported that AMT displaced [3H]-3-quinuclidyl benzilate binding 

sites, as reviewed (Lawson, 2017). For this inhibitory effect, AMT may have a higher 

potency for ureteral rings in comparison to bladder. Spontaneous and KCl-induced 

contractions were abolished with 10𝜇𝜇M in rat bladder, compared to human and pig 

ureteral rings which only required 1𝜇𝜇M to achieve the same effect. Additionally, 

imipramine, an analogue of AMT, produces a non-competitive antagonism of 

carbachol-induced contractions in rat bladder (Balais, Prado, & Alves-do-Prado, 

1997). As indicated in the literature, our results suggest that AMT could be acting as 

a non-competitive antagonist of muscarinic receptors in the central and periphery. The 

mechanism by which this action occurs is not fully understood but speculated to 

involve interference with Ca2+ influx triggered through PLC (Noronha-Blob et al., 

1989). Antagonism of carbachol could also be non-specific. This is supported by the 

results we obtained with purinergic agonists. There was very little blockade of the 

agonists ATP and the P2X selective agonist α,β-mATP. 

As with carbachol, AMT inhibited responses to purinergic agonists and KCl. Thus, the 

antagonist effect was not limited to muscarinic receptors. The mechanisms likely 

involves more general changes in handling calcium, as speculated in the literature 

(Achar et al., 2003; Noronha-Blob et al., 1989). 
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EFFECTS OF AMITRIPTYLINE ON BLADDER RELAXATION 

During the bladder filling stage NA is released from sympathetic postganglionic nerves 

to act on β-adrenoceptors (inhibitory receptor) on the bladder dome to cause relaxation 

and prevent any increase in intravesical pressure during filling (Fowler et al., 2008). 

Following treatment with AMT (1𝜇𝜇M), relaxation responses were significantly 

enhanced in all tissues with maximal responses enhanced by 45% in the denuded 

strips, with little effect on relaxation responses of the mucosa and intact bladder. More 

importantly, relaxation responses of the detrusor smooth muscle were also 

significantly enhanced but by less than 10% during treatment with clinical 

concentration of AMT (100nM). This is especially important for IC/BPS patients in 

relieving symptoms by inhibiting the involuntary bladder contractions and increasing 

the bladder filling capacity. 

The investigation of bladder tissue relaxation begins with contracting the tissues to a 

sub-maximal concentration of carbachol and thus, we expressed these results as 

tension (mN/g) and as a percentage of the carbachol pre-contractions. However, as 

we showed earlier in this study, AMT significantly depresses the contractile responses 

to carbachol in the denuded strips, which explains why when relaxation responses 

were expressed as a percentage of their carbachol pre-contraction, they did not 

appear to be significant. 

 

Inhibitory effect of the urothelium 

As discussed previously, the urothelium releases an inhibitory factor that decreases 

contraction of the smooth muscle (Hawthorn et al., 2000). The presence of the mucosa 

reduced responses of the control detrusor strip by approximately 38%, which is in line 

with what is understood about urothelial inhibition through UDIF released from the 

urothelium (Hawthorn et al., 2000; Wuest et al., 2009). As with muscarinic stimulation, 

when stimulated by ATP, α,β-mATP and KCl the urothelium can inhibit detrusor 

muscle contraction through the release of UDIF (Hawthorn et al., 2000; Wuest et al., 

2009) and this was observed in this study in the control tissues. At the clinical dose of 

100nM, the inhibitory effect of the urothelium was unchanged, but at the supra-clinical 

concentration the difference between denuded strips and intact bladder strip 

responses was present. In control tissues there was also a difference in relaxation to 
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isoprenaline when the urothelium was present and relaxation was greater in intact 

strips than in the denuded strips. This is consistent with reports from the literature 

(Murakami et al., 2007). 

The UDIF effect on relaxations to isoprenaline was not altered by 100nM or 1𝜇𝜇M AMT. 

Thus, at the clinical concentration of AMT (100nM), the effect of UDIF on contraction 

responses and relaxation responses are not affected. 

 

EFFECT OF THE RHO-KINASE INHIBITOR Y-27632 ON CARBACHOL 

INDUCED CONTRACTILE RESPONSES 

 Urinary bladder smooth muscle contraction is triggered by parasympathetic nerves, 

which release ATP and ACh that bind to purinergic and muscarinic receptors, 

respectively. Further understanding of intracellular signalling and the regulation of 

myosin activity could impact therapy in bladder conditions as it could be a drug target 

to allow muscle tone control. As discussed, recent research has demonstrated that 

smooth muscle contraction can occur even in the absence of large changes in calcium, 

a process currently defined as ‘calcium sensitization’ (Lim, Chess-Williams, & Sellers, 

2018). Previous reports suggested that in addition to AMT inhibiting contractions in 

smooth muscle of rat tracheal rings through the rho-kinase pathway, it may also act 

through inhibition of Ca2+-calmodulin-myosin light chain pathway independently of the 

inhibition of PI metabolism (Matsunaga et al., 2009). One study reported that rho-

kinase plays a major role in the muscarinic receptor-mediated contraction of the 

human bladder (Schneider, Fetscher, Krege, & Michel, 2004). We investigated the 

possible involvement of the rho-kinase pathway on the action of AMT(1𝜇𝜇M) on 

carbachol-induced contractions as the literature suggests that the action of AMT on 

smooth muscle reactivity may involve the inhibition of the rho-kinase pathway 

(Matsunaga et al., 2009). It is well established that intracellular calcium triggers 

smooth muscle contractions and that the influx of calcium via voltage-dependant 

plasma membrane calcium channels and calcium released from the sarcoplasmic 

reticulum gives rise to these levels, with each accounting for approximately 50% of 

this response (Arimura et al., 2001). The contractile responses of the denuded strips 

following AMT treatment alone were depressed by approximately 50%, while after 

blocking the calcium sensitization pathway with Y-27632, contractions were almost 

https://www.sciencedirect.com/topics/neuroscience/rho-kinase
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completely abolished (94% reduction). This suggests that the inhibitory effects of AMT 

on porcine bladder contractions are via inhibition of the rise in intracellular calcium and 

not calcium sensitization. 

When comparing the control groups in experiment where we contracted tissues to 

carbachol, (incubated in either Krebs-bicarbonate solution alone or in the presence of 

Y-27632), the results we obtained shows that in the presence of Y-27632, contractions 

appear larger compared to control tissues that were in Krebs-bicarbonate solution. 

This is contrary to what is expected as calcium sensitization should reduce responses 

and further investigation of this pathway is needed to determine the true effect.  

We conclude that a clinically relevant concentration AMT inhibits detrusor contractions 

to muscarinic stimulation and may enhance the relaxation effect of β-adrenoceptor. 

This may help reduce urgency and frequency symptoms in patients with IC/BPS. AMT 

did not affect the inhibitory effect of the urothelium and is unlikely to alter these 

inhibitory mechanisms in patients’ bladder.  
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CHAPTER 5: 

GENERAL DISCUSSION  
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This thesis conducted a novel examination of the effects of AMT on the detrusor 

muscle, mucosa as well as section of intact bladder strips. The techniques we used to 

measure changes in bladder function after AMT treatment, at clinical and supraclinical 

doses, mimicked luminal and oral therapy and the models we used during this 

investigation were in vitro tissue preparation of intact bladder strips, as well as strips 

of the denuded detrusor and mucosa strips of porcine bladder. Additionally, this thesis 

investigated the pathways that may be involved in the action of AMT in the bladder. 

This final discussion will review the experimental models used within this thesis, 

interstitial cystitis/bladder pain syndrome, AMT use in patients, and specifically 

examine the changes within each tissue type after treatment and the consequent 

interactions to overall bladder functioning. 

  

5.1 Amitriptyline in the treatment of interstitial cystitis/ bladder pain syndrome 

The multifaceted condition IC/BPS is likely to involve multiple aetiologies and 

pathological pathways. It is little wonder that many therapeutic efforts seem to be 

effective for some and not others. Since first recognized in 1907, this condition has 

been a pathophysiological enigma, though it fits within the model of chronic regional 

pain syndrome (Han et al., 2018). It is considered a multifactorial cascade of events 

that culminate in an imbalance of the damage-repair process of the urothelium, leading 

to a deficit GAG layer and resulting symptoms. Tricyclic antidepressants are widely 

used to alleviate pain in neuropathic pain conditions (Obata, 2017). AMT is one of the 

most prescribed antidepressants for patients with neuropathic pain, including IC/BPS, 

although some reviews challenged the quality of evidence to support its use (Daniels 

et al., 2018). The exact mechanisms by which AMT relieves symptoms associated 

with IC/BPS are unclear and there are no studies that we are aware of that examine 

what direct effects AMT has on the function of the bladder. Generally, tricyclics inhibit 

the presynaptic reuptake of brain neurotransmitter catecholamines like NA and/or 

serotonin. They also inhibit peripheral muscarinic receptors, α1-adrenoceptors, and 

histamine H1 receptors, which can result in the onset of side effects. 
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5.2 Effect of luminal amitriptyline treatment on the function of the bladder 

As discussed throughout this thesis, the treatment regimen for IC/BPS can involve the 

administration of a pharmaceutical agent through the oral or direct luminal instillation 

route. At presentation, orally administered AMT is one of the therapeutics that are 

recommended to IC/BPS patients and though it can be effective at higher 

concentrations, the side-effects often associated with larger doses are a major limiting 

factor in their use. The direct instillation of AMT would allow the administration of a 

larger dose, without exposing the patient to the systemic side effects that are 

associated with oral therapy. Thus, in is this study we explored the potential 

therapeutic effects of luminal AMT application on normal bladder function.  

Treatment with luminal AMT significantly enhanced the amplitude of spontaneous 

phasic contractions of the detrusor. To our knowledge, the penetrative properties of 

AMT on layers of the bladder has not been investigated. Characterization of 

spontaneous activity of the pig detrusor shows that spontaneous activity, particularly 

the amplitude, was largely dependent on calcium entry through voltage dependent 

Ca2+ channels (Buckner et al., 2002). This suggests that when given into the lumen, 

AMT may be altering Ca2+ sensitivity and stimulating L-type calcium channels, 

increasing spontaneous phasic contractions of the detrusor smooth muscle. This is 

contrary to a study that looked at smooth muscle contraction of pig ureter in the 

presence of AMT (100 𝜇𝜇M) and found a progressive inhibition in frequency and 

amplitude of spontaneous contractions (Achar et al., 2003). Since enhanced 

spontaneous activities are associated with detrusor overactivity, the clinical effect that 

results from the change in amplitude following luminal administration of AMT needs to 

be further investigated in all layers of the bladder and at varies concentrations. 

Contractions produced by full concentration-response curves to carbachol were 

enhanced following treatment in the intact bladder and the isolated mucosa but 

interestingly, not in the denuded strips. This does not indicate a lack of AMT absorption 

from the luminal surface into the denuded strips as effects were observed in the intact 

bladder tissue and so there is the possibility that absorption could occur in the latter 

tissue, but it may have taken time. Contractile responses to ATP, α, β-mATP and KCl 

were unaffected by treatment. 
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Assessment of relaxation responses to is especially important for IC/BPS patients in 

relieving symptoms by inhibiting the involuntary bladder contractions and increasing 

the bladder filling capacity. When given into the lumen, AMT did not significantly 

impact relaxation in any of the tissue preparations. Furthermore, assessment of 

relaxation responses to isoprenaline indicates that the inhibitory effect exerted by 

UDIF on the detrusor muscle appears to be abolished following treatment. It is well 

established that the release of UDIF from the urothelium can inhibit contractions and 

alter the relaxation of the detrusor muscle (Murakami et al., 2007). Further examination 

of these complex pathways could give more insight as to why the significantly 

enhanced relaxation effect which are seen with direct application of AMT were not 

present with luminal AMT application. 

Therefore, luminal AMT appears to have an impact on the normal functioning bladder. 

This impact is observed as an increase in the amplitude of spontaneous contraction, 

enhanced contractile effect of muscarinic stimulation and may alter relaxation and 

these changes may be due to alteration in UDIF regulation in the urothelium. 

  

5.3 Effect of direct amitriptyline treatment on the function of the bladder 

To our knowledge, there are no studies in the literature that examined the direct 

actions of AMT on the porcine bladder. Hence, this present study investigated the 

effects of AMT at both supraclinical and clinical concentration. Studies suggest that 

AMT at supraclinical concentration can alter tracheal smooth muscle reactivity in 

mechanism that may involve the calcium sensitization pathway as well as the Rho-

kinase pathway (Matsunaga et al., 2009). 

Unlike luminal treatment, spontaneous contractions were unaffected by incubation 

with AMT at supraclinical concentration. However, the reduction in contractile effect 

on denuded strips contraction exceeded 40% following treatment. This effect was also 

observed with treatment at clinical concentration but to a less extent. This effect is 

important for patients with conditions like IC/BPS, as it translates to relieving 

symptoms by inhibiting the involuntary bladder contractions and increasing the bladder 

filling capacity. Interestingly, following treatment with AMT at supraclinical 

concentration, the UDIF effect was entirely abolished, with denuded strips and intact 
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bladder strips having a similar maximal contractile response. The UDIF effect was not 

significantly altered following treatment with a clinically relevant concentration of AMT. 

While contractions to ATP were unaltered following treatment, the contractile 

responses to α,β-mATP were significantly reduced in the detrusor smooth muscle 

suggesting that the action of AMT may involve the neuronal P2X receptors in the 

denuded strips following treatment. Similarly, contractions in response to general non-

receptor mediated stimulation by KCl were significantly reduced in the detrusor smooth 

muscle after treatment, which is indicative that AMT treatment depresses the intrinsic 

myogenic detrusor contraction. Contractile reductions to both α,β-mATP and KCl were 

only significant at the higher concentration of AMT. 

Contrary to relaxation responses obtained following luminal AMT treatment, relaxation 

responses were significantly enhanced following AMT (supraclinical concentration) in 

all tissues with maximal responses enhanced by 45% in the denuded strips, less than 

10% in the mucosa and in intact bladder tissues relaxation responses were enhanced 

by 20%. More importantly, relaxation responses of the detrusor smooth muscle were 

also significantly enhanced by less than 10% following treatment with the clinical 

concentration of AMT. This is invaluable for IC/BPS patients in relieving symptoms by 

inhibiting the involuntary bladder contractions and increasing filling capacity of the 

bladder. 

As discussed earlier, the mechanism of AMT action may involve the calcium 

sensitization pathway as well as the Rho-kinase pathway (Matsunaga et al., 2009). In 

the last experimental section, this study examined possible pathways responsible for 

the effect of AMT on bladder contractility. Upon investigation of the Rho-kinase 

pathway, the contractile responses of the denuded strips following AMT treatment 

alone were depressed by approximately 50%, while in tissues incubated with both 

AMT and Y-27632 contractions were almost completely abolished (94% reduction). 

This suggests that the inhibitory effect of AMT on bladder contractions is via inhibition 

of the calcium intracellular signalling pathway. 
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5.4 Concluding mark 

This thesis was conducted to evaluate AMT, a therapeutic agent that is currently used 

for IC/BPS management, despite the limited knowledge of its effects on the bladder. 

The effect obtained following treatment that mimics oral administration of AMT 

treatment differed from the effect obtained following luminal treatment. Luminal 

instillation of AMT provides an avenue which bypasses potential systemic side effects 

and allergens whilst providing high local drug concentrations inside the bladder. 

However, alteration of UDIF effect and spontaneous activity observed following 

luminal treatment could indicate dysfunction. Urothelial dysfunction and altered neural 

mechanisms are important etiologies of IC/BPS and thus, luminal AMT treatment 

needs further effect analysis, as well as examining the effect of AMT at different 

concentrations to identify an optimal luminal dose. The effects obtained from oral AMT 

administration, especially at a larger concentration, as expected, demonstrated 

therapeutic properties on the bladder such as the large reduction in contractile 

responses and enhancement of bladder relaxation. Additionally, the involvement of 

the calcium intracellular pathway in the action of AMT is a novel finding that requires 

further investigation. Due to the unique nature of this condition, the management of 

IC/BPS still relies on identifying unique treatment options for each patient. Further 

research on the impact of AMT on normal bladder function can provide a better guide 

for its use in treatment strategies. 

 

5.6 Study Limitations and Future Directions 

It is crucial to address the limitations of a study and how it may affect the interpretation 

of results and outcomes. In this study, we separated the mucosa from the detrusor 

muscle using a common technique of separation, there is a possibility that smooth 

muscle contamination could occur. The outcome of this limitation could be reduced by 

increasing the n number to increase reliability. Another limitation, which is less 

manageable is the variation within porcine tissues. However, this limitation could also 

be reduced by increasing the number of experiments as well as eliminating bladder 

tissues which appear or feel unusual. And finally, the lack of understanding of the 

actions of AMT on the bladder could also influence how results are interpreted.  
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Future studies are needed to further explore the pharmacology of AMT. Particularly it 

would be clinically relevant to explore the actions of AMT in the LUT, using a range of 

concentrations and time line, especially in relation to luminal administration of AMT 

and further exploring the involvement of the calcium intracellular pathway in the action 

of AMT. 
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