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Abstract

This thesis tests the hypothesis that "Purinergic signalling has biological roles 

in the pathophysiology of conditions affecting the bladder, prostate, penis and 

ureter". The evidence to support this hypothesis which has already been 

published is reviewed.

In Chapter 2 alterations in the innervation of the rabbit bladder after partial 

obstruction of the bladder outlet are demonstrated, with an increase in the 

purinergic component of the nerve-mediated response.

In chapter 3 the expression of P2-receptors on human prostate tissue and a 

prostate cancer cell line is characterised using immunohistochemical 

techniques. Functional experiments then provide evidence that activation of 

purinoceptors by adenosine 5'-triphosphate (ATP) enhances prostatic 

smooth muscle tone in the presence of adrenergic tone. ATP is known to 

inhibit the growth of prostate cancer cell lines by activating P2 receptors. This 

action is further characterised using various purinoceptor agonists and 

antagonists, measuring ATP breakdown and using apoptosis assays.

The role of ATP in normal and pathological erectile function is explored in 

chapter 4. Functional characterisation of purine-mediated rabbit cavernosal 

smooth muscle relaxation indicate that P2Yi and P2Y4-purinoceptors may be 

involved. Alterations of ATP-mediated cavernosal smooth muscle relaxation 

are demonstrated in rabbit models of diabetes mellitus and partial bladder 

outlet obstruction.

In the final experimental chapter evidence is sought to determine whether 

ATP is released from the human ureter upon distension and to determine the 

expression of purinoceptors on human ureter suburothelial sensory nerves.



These experiments support a role for ATP and P2X3-purinoceptors in 

mechanosensory transduction during renal colic.

The final chapter includes a discussion of how well the hypothesis has been 

tested and considers some more general questions raised by these 

experiments.
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Preface and hypothesis

Purinergic research in the field of urological disease is in its infancy. To date, 

urological purinergic research has predominantly focused on signalling in the 

bladder. I carried out this research in the Autonomic Neuroscience Institute 

and Department of Clinical Biochemistry, where other investigators were 

studying a wide range of biological functions mediated by ATP on 

purinoceptors in a variety of tissues from many different species. In addition 

to the well-recognized action of smooth muscle contraction, purinoceptors 

can mediate smooth muscle relaxation, epithelial and endocrine cell 

secretion, neurotransmission, nociception and cell proliferation, differentiation 

and death. I was keen not only to further explore new potential roles of 

purinergic signalling in the bladder but also to investigate new potential roles 

of purinergic signalling in other urological conditions. While there were many 

possible avenues to follow, common urological diseases were selected which 

might be amenable to pharmaco-therapeutic manipulation. In addition, 

conditions were selected in which purinoceptors might mediate different 

biological roles, to emphasise the diversity of the biological activity of ATP. 

Firstly, the role of purinergic signalling in bladder outflow obstruction was 

explored further. Bladder outflow obstruction causes hypertrophy and 

hyperplasia of the bladder wall leading to an overactive bladder, 

characterised urodynamically by the presence of detrusor contractions during 

the bladder filling phase. Alterations in the relative importance of purinergic 

and cholinergic signalling in generating detrusor contractions in the 

obstructed bladder might have implications in the pharmacological
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management of symptoms. This was studied using a rabbit model of bladder 

outflow obstruction.

Bladder outflow obstruction is most commonly caused by benign prostatic 

hyperplasia (BPH). Pharmacological blockade of adrenoceptors relaxes 

prostatic smooth muscle tone and improves the symptoms and flow rates of 

men suffering from benign prostatic obstruction. Some of the sympathetic 

nerves that supply the prostate also utilize ATP as a co-transmitter. The 

distribution and function of purinoceptors on human prostatic smooth muscle 

was investigated to determine whether they might be pharmacologically 

targeted in the treatment of benign prostatic obstruction.

ATP is known to inhibit the growth of prostate cancer cell lines although it is 

not clear how this effect is mediated. Immunohistochemical characterisation 

in conjunction with the pharmacological manipulation of cell cultures and the 

study of ATP breakdown might provide further insight into how ATP exerts its 

anticancer effect.

The addition of exogenous ATP is known to relax smooth muscle in the 

corpus cavemosum of the penis and alterations in cavernosal purinergic 

signalling may potentially be implicated in the pathophysiology of erectile 

dysfunction. The next experiments were designed to functionally characterise 

which purinoceptor subtypes mediate ATP-induced cavernosal smooth 

muscle relaxation and to identify alterations in ATP-mediated cavernosal 

smooth muscle relaxations in models of conditions pre-disposing to erectile 

dysfunction.

A purinergic pain transduction mechanism which might, in part, mediate 

visceral pain has been proposed by my supervisor. Prof Burnstock. Evidence
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to support this hypothesis already exists from the study of rodents. The final 

experimental chapter is an analysis of human ureteric tissue to provide some 

evidence whether this mechanism might play a role in the mediation of pain 

from the distension of the human ureter during ureteric colic due to an 

obstructing calculus.

In each experimental chapter of this thesis (chapters 2-5) I studied a different 

role of purinergic signalling in separate urological diseases affecting distinct 

parts of the urinary tract. As a result, a specific hypothesis was tested in each 

chapter. The overall aim of this work was to establish whether purinergic 

signalling has wider roles in the urinary tract. Consequently, the overall 

hypothesis tested is:

"Purinergic signalling has biological roles in the pathophysiology of 

conditions affecting the bladder, prostate, penis and ureter"

Some evidence already exists to support this hypothesis, particularly in 

respect to the bladder, so my aim was to carry out further experiments to 

either support or refute this evidence and to test the hypothesis. In so doing, I 

hoped to increase the understanding of the roles that purinergic signalling 

plays in urological disease and to perhaps more precisely identify targets for 

potential therapeutic intervention.

A variety of experimental techniques have been employed to answer these 

questions. Therefore, a materials and methods section is included in each 

experimental chapter rather than placing all the methodology in a separate 

chapter. The experimental chapters are preceeded by a General Introduction
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(chapter 1) that includes background coverage of purinergic signalling, 

bladder outflow obstruction, prostate smooth muscle physiology, prostate 

cancer, erectile dysfunction and ureteric pain. It was felt important that the 

questions to be answered should be made clear in the general introduction 

section so that the overall direction of the thesis is apparent to the reader 

from the start. In so doing, it is inevitable that there is some overlap between 

the general introduction and the introductory sections to each chapter. The 

thesis concludes with a General Discussion (chapter 6) where I explore some 

selected broader issues arising from the detailed findings in the experimental 

chapters.

All animal experiments have been conducted according to Home Office 

guidelines and under Home Office Licence or under Schedule 1 guidelines. 

Experiments involving human tissue were conducted following ethical 

approval and consent.
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Chapter 1

General Introduction
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1.1 An introduction to purinergic signalling.

1.1.1 Early History

ATP is a member of the purine family and is known to play an important role 

in intracellular energy metabolism. However, extracellular actions of ATP 

were recognised by Drury and Szent-Gyorgyi in 1929 when they described 

the potent actions of purine nucleotides and nucleosides on the heart. In 

1959 Holton showed that ATP was released during antidromic stimulation of 

the sensory nerves to the rabbit ear in sufficient quantities to alter vascular 

tone. In 1970 Burnstock et al. found evidence that ATP is a neurotransmitter 

in nonadrenergic, noncholinergic (NANC) nerves supplying the gut. In 1972 

Burnstock at ai. proposed that ATP, released from nerve endings and acting 

on purine receptors, was responsible for the NANC contractions observed in 

the detrusor smooth muscle of rodents and coined the term "purinergic 

signalling" [Burnstock 1972]. Later is was recognized that ATP is a 

cotransmitter in both sympathetic and parasympathetic nerves [Burnstock 

1976] and that ATP and acetylcholine (ACh) are co-released in nerves 

supplying the bladder.

1.1.2 Purinoceptors

ATP and its breakdown products, adenosine diphosphate (ADP) and 

adenosine, have extracellular actions on a variety of tissues and it was 

proposed that these actions are mediated by binding and activating different 

cell-membrane receptors: PI (adenosine) and P2 (ATP/ADP) [Burnstock
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1978]. A variety of pharmacologically distinct receptors were identified in the 

following years including P2X and P2Y [Burnstock and Kennedy 1985], and 

P2T and P2Z [Gordon 1986] and pyrimidine receptors, P2U [O'Connor et al. 

1991]. In the early 1990's study of the transduction mechanisms [Dubyak 

1991] and the cloning of P2Y [Lustig et al. 1993; Webb et al. 1993] and P2X 

receptors [Brake et al. 1994; Valera et al. 1994] led Abbracchio and 

Burnstock [1994] to propose a new nomenclature system which is now widely 

accepted. They proposed that there were two families of P2 receptor: P2X 

receptors which are ionotropic ligand-gated ion channels and P2Y receptors 

which are metabotropic G-protein-coupled receptors. There are currently 

seven types of P2X receptor (P2Xi,2.3,4,5.6 and 7) and eight types of P2Y 

receptor (P2Yi,2,4,6,ii,i2,i3 and 14) which are recognised in mammalian cells 

[Ralevic and Burnstock 1998; Abbracchio et al. 2003] . PI receptor subtypes 

have also been identified and cloned: Ai, A2A, A2B and A3 [Ralevic and 

Burnstock 1998, Burnstock 2002a].

Purinoceptors have been localised on most cells in most tissues in all 

species studied [Abbracchio and Burnstock 1998]. The P2X family of 

receptors are characterised by two hydrophobic membrane-spanning 

domains with short intracellular N- and C-termini and an extensive 

extracellular loop with conservation of 10 cysteins (figure 1.1). Several (three 

or four) P2X subunits bind together to form ionic pore channels as 

heteromultimers or homomultimers e.g. P2X2/3 [Lewis et al. 1995], P2X4/6 [Le 

et al. 1998]. Splice variants may also complicate the picture.
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P2Y receptors resemble other G-protein-coupled receptors with seven trans

membrane domains and an extracellular N-, and intracellular C-terminus 

(figure 1.2). The C-terminus shows the greatest diversity between receptor 

subtypes [Ralevic and Burnstock 1998].

Each receptor subtype has different affinities for various agonist molecules. 

Although a number of agonists and antagonists have been identified, few are 

selective to individual P2-receptor subtypes and the functional 

characterisation of a purinoceptor-mediated process depends upon 

pharmacological profiling by measuring agonist potency orders. A recent 

update of this is shown in table 1.1. Some caution must, however, be used as 

agonists potencies may vary between cloned and native receptors and some 

agonists may also affect ecto-nucleotidase function [see Ralevic and 

Burnstock 1998].

Table 1.1 (overleaf)

Mammalian P2 receptors and assessment of activities of agonists and 
antagonists [from Burnstock 2003]

Number of ticks indicates relative potency with respect to agonist/antagonist 
concentration. Agonists: / /  1-10p.M, />10plVI, - virtually inactive. Antagonists:
/ / /<10nlVI, v'^i0nM-300nM, />300nlVI, - virtually inactive. *, selective agonist or 
antagonist, h human, r rat. 2-MeSATP, 2-methylthioadenosine 5'-triphosphate; PAPET, 2-/2- 
(4-aminophenyl)ethyl-thio]adenosine S'-triphosphate; 2-MeSADP, 2-methylthio ADP; HT- 
AMP, 2-(hexylthio) adenosine 5'-monophosphate; a,p-meATP, a,p methylyne ATP; p,y- 
meATP, p ,y methylene ATP; BzATP, benzoyl benzoyl ATP; 2-dATP, deoxyATP; AP4A, P \  
P^-Di-(adenosine-5')tetraphosphate ammonium; UTP, uridine triphosphate, UDP, uridine 
diphosphate; CTP, cytidine triphosphate; PPADS, pyridoxal-phosphate-6-azophenyl-2',4'- 
disulphonic acid; iso-PPADS, pyridoxal-phosphate-6-azophenyl-2',5'-disulphonic acid; 
PPNDS, pyridoxal-5'-phosphate-6-(2'-napthylazo-6'-nitro-4',8' disulfonate); NF023, 8, 8'- 
[carbonylbis (imino-3,1-phenylenecarbonyl-imino)] bis-(1,3,5-naphthalene trisulphonate); 
MRS 2179, N^-methyl-2'deoxyadenosine 3',5'-bisphosphate; MRS 2269, -methyl-1,5- 
anhydro-2-(adenin-9-yl)-2,3-dideoxy-D-arabino-hexitol-4,6-bis (diammonium phosphate); 
TNP-ATP, trinitrophenol-ATP, KN-62, 1-[N, 0-bis (5-isoquinolinesulfonyl)-N-methyl-L-
tyrosylJ-4-phenylpiperazine; AR-C67085 MX, 2-propylthio-D-p-y-dichloromethylene ATP; IP5I; 
diinosine pentaphosphate,MRS 2257, pyridoxal-5'-phosphonate-6-azophenyl-3',5'-bismethyl 
phosphonate; NF279, (8,8'-(carbonylbis(imino-4,1-phenylene carbonylimino-4,1-phenylene 
carbonyl-imino))bis (1,3,5-naphthalenetrisulphonic acid).

25



P2Xi P2Xz P2 X3 P2 X4 P2Xs P2X6 P2Xy P2X2/3 P2Xi ,5 P2 X4/8 P2Yi P2 Y2 P2 Y4 P2Ye P2Yii P2Yi 2 P2Yi 3 P2Yi4

Aaonists
ATP y / / y y y y y y y y y y y y y y y y y y y y y y y y y - y
ADR y - y - - - - y y y y y y y y y
2-Mes ATP ✓✓✓ y y y y y y y y y y y y y y y y y y y
PAPET-ATP y y y y y y y y y y *
2-MeSADP y y y y * y y y y y y y y
HT-AMP y y - y y y y y y y
a,P-meATP y y y * - y y y * y y y - y y y y y y -

3,Y-meATP y y - y y - y - -

ATPyS y y y y y y y y y y - y y y y y y y
ATPBS y y y y y
Bz-ATP y y y y y y y y y y y y y y

[antag]
y y y

UDP-qlucose y y y *
UDPPS y y y *
2-dATP y y
AP4A y y y y y y y y y y y y y
UTP - - - - y y y y y y y y
UTPyS y y y *
UDP - y y y y y y
CTP y y y - y y y

Antaaonists
PPADS y y y y y y - y y y y y y y y
isoPPADS y y y y y y
PPNDS y y *
Suramin y y y y - y y - - y y - - y y y
NF023 y y * y y
Reactive blue 2 y y y y - y y y y y y y y
MRS 2179 y - y - y y y - - -

MRS 2279 - - y y y *
TNP-ATP y y y * y y y y * y y y
KN-62 / / / ( h )
AR-C67085 MX y  y *  

[ag]
y y y *

2-MeSAMP y y
Brilliant Blue G y y . ✓ ✓y(r)
IPsI y y y * - y -

MRS 2257 y y y * y  y *
NF279 y y y * y y - y



1.1.3 ATP release and breakdown

ATP is released as a co-transmitter with other neurotransmitters in most 

major nerve types [Burnstock 1976, 1999a; Kupferman 1991]. ATP is stored 

in the same vesicles that store noradrenaline (NA) in sympathetic nerves 

[Langerkrantz 1976], however prejunctional neuromodulation by 

prostaglandins or angiotensin II can modify the proportions in which NA and 

ATP are released [Ellis and Burnstock 1989, 1990]. It is therefore possible 

that different subpopulations of sympathetic nerve have differing proportions 

of NA and ATP in their vesicles. There is some evidence that 

parasympathetic nerve vesicles contain both ACh and ATP [Hoyes et al. 

1975] and ATP has also been shown to be released as a cotransmitter with 

ACh from parasympathetic nerves [Burnstock etal. 1978].

It has recently become clear that ATP is also released from non-neuronal 

sources and there is some evidence that it may play a role in biological 

feedback mechanisms [See Bodin and Burnstock 2001]. ATP is released 

from vascular endothelial cells by shear stress [Bodin at al. 1991, Bodin and 

Burnstock 2001]. ATP is released from rodent urothelium in response to 

changes in hydrostatic pressure [Ferguson at al. 1997, Cockayne atal. 2000, 

Knight at al. 2002].

ATP is the principal neurotransmitter involved in purinergic signalling and it is 

rapidly broken down in the extracellular milieu by a family of ecto-ATPase 

enzymes to ADP, AMP and adenosine [Zimmerman 1996]. As mentioned 

already, ADP and adenosine also act on purinoceptors and indeed so do 

other purine and pyrimidine nucleotides.

27



1.1.4 Physiological roles of purinergic signalling

In the past the focus of research of purinergic signalling in the urinary tract 

has largely been the bladder and its role in the generation of detrusor 

contractions. As will now be discussed, purinoceptors have been found to 

mediate diverse biological functions in a variety of other organs. The 

consideration of these roles leads one to speculate that purinergic signalling 

might mediate similarly diverse functions in the urinary tract and is a 

motivation to look for evidence of this.

Purinoceptors signalling is rapid in neuromuscular transmission leading to 

contraction or relaxation of smooth muscle, synaptic neurotransmission and 

exocrine or endocrine secretion. However, there are also many examples of 

purinergic signalling regulating long-term events such as cell proliferation, 

differentiation, migration and death, and, in the course of development, 

regeneration and wound healing [Burnstock 2002b].

Within the nervous system: ATP has been shown to mediate nerve-nerve 

synaptic transmission [Evans et al. 1992]. P2Xa receptors are selectively 

localised to sensory pathways in trigeminal, nodose and dorsal root ganglia 

and the non-specific P2 receptor antagonists are anti-nociceptive. Potentially, 

P2X3 antagonist might represent a novel class of analgesic agent and, 

indeed, P2X3 receptor knockout mice have reduced nociceptive responses 

[Cockayne at al. 2000]. ATP can also act to stimulate astrocyte proliferation, 

contributing to the process of reactive gliosis, a response associated with 

brain trauma, stroke and neurodegenerative disorders [Neary at al. 1996].
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Additionally, A2A receptor antagonists are being investigated for the treatment 

of Parkinson's disease [Fuxe et al. 2001].

Purinergic signalling is intimately involved in the control of the 

cardiovascular system. ATP released from sympathetic nerves can 

constrict vascular smooth muscle via P2X receptors while ATP release from 

sensory-motor nerves can relax vascular smooth muscle via P2Y receptors 

either directly or via the release of nitric oxide (NO) [Abbrachio and Burnstock

1998]. Adenosine can be used to successfully cardiovert supraventricular 

tachycardia and the P2Y i2 antagonist, clopidogrel, is an anti-platelet drug 

which, when combined with aspirin, reduces the risk of adverse events 

following coronary artery stenting [Mehta at al. 2001]. P2 receptor agonists 

and antagonists may also have therapeutic potential in the treatment of 

congestive heart failure and angina [Burnstock 2002b].

The treatment of a number of respiratory diseases may benefit from 

knowledge of purinergic actions. Theophylline, a PI-receptor antagonist, is a 

commonly used bronchodilator used in the treatment of asthma and chronic 

obstructive pulmonary disease (COPD). Intravenous infusion of ATP 

produced a significant decrease in mean systemic arterial blood pressure in 

patients with pulmonary hypertension [Brook at al. 1994]. In Type II alveolar 

epithelial cells, ATP and UTP cause surfactant secretion via P2Y receptors. 

Nucleotides also stimulate transepithelial chloride secretion and increase 

mucous secretion from goblet cell. Purinergic compounds are being explored 

in the treatment of cystic fibrosis [Yerxa at al. 2002].

Widespread roles have been recognised for purinergic signalling in the 

gastrointestinal tract. ATP, along with VIP and NO, has been shown to be
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responsible for the NANC-component of the inhibitory phase of peristalsis 

[Burnstock 2001a], Additionally, ATP participates in synaptic transmission in 

the myenteric plexus and submucosal ganglia and is involved in the vascular 

control of the gastronintestinal tract and in the control of mucosal secretion 

[Burnstock 2002b], Distension-mediated ATP release from the 

gastrointestinal epithelium may also be involved in biofeedback during 

peristalsis and visceral pain [Burnstock 2001b],

Trophic actions of various neurotransmitters are well recognized. The 

anticancer activity of adenine nucleotides was first reported by Rapaport 

[1983], The addition of ADP or ATP caused growth arrest of human tumour 

cell cultures, Intraperitoneal injection of AMP, ADP or ATP but not adenosine 

into murine tumour models caused inhibition of tumour growth and host 

weight loss [Rapaport 1988],

Intravenous infusion of ATP has been trialled in patients with advanced 

malignancy, A randomised control trial demonstrated that ATP has beneficial 

effects on weight, muscle strength, and quality of life in patients with 

advanced non-small-cell lung cancer [Agteresch et al. 2000], Hdpfner at al. 

[2001] showed that P2Y2-receptor agonists cause growth inhibition and 

induce apoptosis in colorectal cancer cell lines.

The above list of purinergic involvement in non-urological diseases is, by no 

means, comprehensive. Table 1,2 lists the mammalian tissue distribution and 

some transduction mechanisms of purinoceptor subtypes. With such a wide 

range of recognised biological actions across the spectrum of disease 

processes, the urological tract has, in comparison, been relatively 

underinvestigated.
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Receptor Main Distribution Transduction Mechanisms
P1 Ai
(adenosine)

A2A
A2B
A3

Brain, spinal cord, testis, heart, 
autonomie nerve terminals

Brain, heart, lungs, spleen

Large intestine, bladder

Lung, liver, brain, testis, heart

Gi (1-3) slcAMP

Gs tcA M P  

Gs tcA M P

Gi (2,3) Gq/11 ic A M P tlP s

P2X P2Xi

P2X2

P2Xs

P2X4

P2X5

P2Xe
P2X7

Smooth muscle, platelets, cerebellum, 
dorsal horn spinal neurones

intrinsic cation channel (Ca  ̂ and 
Na")

smooth muscle, CNS, retina, chromaffin 
cells, autonomic and sensory ganglia

sensory neurones, NTS, some 
sympathetic neurones

CNS, Testis, colon

Proliferating cells in skin, gut, bladder, 
thymus, spinal cord

CNS, motor neurones in spinal cord

Apoptotic cells in immune cells, 
pancreas, skin etc.___________________

intrinsic ion channel 
(particularly Ca "̂")

intrinsic cation channel

intrinsic ion channel 
(especially Ca "̂")

intrinsic ion channel

intrinsic ion channel

intrinsic cation channel and a large 
pore with prolonged activation

P2Y P2Yi

P2Y2

P2Y4

P2Ye

P2Yii

P2Y i 2

P2Y i 3

P2Y14

Epithelial and endothelial cells, platelets, 
immune cells, osteoclasts

Immune cells, epithelial and endothelial 
cells, kidney tubules, osteoblasts

Endothelial cells

Some epithelial cells, placenta, T-cells, 
thymus

Spleen, intestine, granulocytes

Platelets, glial cells

Spleen, brain, lymph nodes, bone 
marrow

Placenta, adipose tissue, stomach, 
intestine,discrete brain regions________

Gq/Gii; PLCp activation

Gq/Gii and possibly Gj; PLCp 
activation

Gq/Gii and possibly Gij PLCp 
activation

Gq/Gii; PLCp activation

Gq/Gii and Gs: PLCp activation 

Gi(2); inhibition of adenylate cyclase

Gi

Table 1.2

Tissue distribution and transduction mechanisms of purinoceptors [modified 
from Burnstock 2003].
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1.2 Bladder physiology and purinergic signalling

1.2.1 Bladder detrusor muscle physiology

The bladder functions as a reservoir to store urine with periodic voluntary 

emptying. Bladder dysfunction is responsible for substantial morbidity and 

may lead to urinary incontinence. The annual direct and indirect healthcare 

costs of urinary incontinence in the elderly were estimated at $26 billion in 

the USA in 1995 [Wagner and Hu 1998]. The importance of the autonomic 

nervous system in the physiological control of organs in the urogenital tract 

has long been recognised. It was realised that autonomic nerves release NA 

and ACh, which act on specific receptors mediating functions such as smooth 

muscle contraction or relaxation. However, it rapidly became clear that the 

actions of these two neurotransmitters could not explain many of the 

functions of the urogenital tract both in the normal and disease state. A 

number of other neurotransmitters have been identified (e.g. NO, 

endothelins, serotonin, prostanoids and numerous neuropeptides) and some 

of them have been shown to have physiological roles which explain some of 

the historical empirical discrepancies.

Bladder emptying is facilitated by contraction of the detrusor smooth muscle 

with a coordinated relaxation of the urethral sphincter. In the normal human 

bladder detrusor contraction is mediated by parasympathetic nerves which 

release ACh to act on post-synaptic muscarinic M3 receptors [Wang et al. 

1995]. This activates G-proteins, leading to increased inositol triphosphate 

(IP3), which releases intracellular calcium causing muscle contraction. More 

than 95% of the nerve-mediated detrusor contraction is blocked by the
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muscarinic antagonist, atropine, in the healthy human bladder, however, this 

is not the situation in non-primates [Hindmarsh et al. 1977].

1.2.2 Purinergic signalling in the bladder

In rodents 20-60% of the nerve-stimulated contraction is resistant to atropine. 

Addition of exogenous ATP mimics this NANC component. The NANC 

component and the contraction mediated by exogenous ATP are both 

blocked by quinidine, but the ACh-induced contraction is unaffected. 

Additionally, the NANC component is depressed during tachyphylaxis due to 

high concentrations of exogenous ATP. [Burnstock 1972]. Hoyes etal. [1975] 

studied the vesicular composition in nerves supplying the bladder and 

proposed that ATP and ACh were co-localised in the same nerves. The 

prejunctional inhibition of both cholinergic and purinergic components of the 

nerve-mediated responses of the bladder by adenosine may also indicate co

transmission [Parija et al. 1991]. ATP release from NANC nerves was 

recorded in 1978 [Burnstock et al. 1978].

Several groups have measured excitatory junction potentials (EJP's) elicited 

by stimulation of the parasympathetic nerves supplying the bladder. These 

EJP's in non-primates were blocked by desensitisation of the ATP receptor 

with a,|3-meATP [Hoyle and Burnstock 1985; Fujii 1988, Bramich and 

Brading 1996]. In other studies the EJP's recorded in the guinea-pig bladder 

were also reduced by the ATP antagonist suramin [Creed et al. 1994].

In the whole rabbit bladder in vitro preparation exogenous ATP and electrical 

field stimulation in the presence of atropine produced a rapid rise in
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intravesical pressure, but this did not result in significant bladder emptying 

suggesting that the response may be complimentary to the cholinergic 

response [Levin and Wein 1982]. However, in unanaesthetised rats being 

monitored by continuous cystometry, the administration of ATP or a,p- 

meATP intrarterially, close to the bladder, produced rapid, phasic, dose- 

dependent increases in bladder pressure and immediate micturition [Igawa et 

al. 1993]. Previous desensitisation of P2X-receptors with apmeATP blocked 

the effects of ATP. In an in vivo anaesthetised rat preparation it was shown 

that the contractile response of the bladder to pelvic nerve stimulation 

consists of a phasic purinergic component that predominates at lower 

stimulation frequencies, followed by a tonic cholinergic component 

predominating at higher frequencies. [Nunn and Newgreen 1999].

Lukacsko and Krell [1982] measured the order of potency for the excitatory 

effects of a number of purine and pyrimidine nucleotides on guinea pig 

bladder and found the following order of potency:

pymeATP > ATP > GTP = CTP > ADP 

No contractile effects were observed with adenosine, AMP, GDP, guanosine, 

GDP, CMP and cytosine (up to ImM).

In retrospect (now that receptor subtypes and their agonist affinities have 

been elucidated) this suggests that the response is mediated by P2Xi- or 

P2X3-receptors. Northern blotting and in situ hybridisation have shown the 

presence of P2Xi mRNA in the urinary bladder [Valera at al 1994]. 

Immunohistochemistry using antibodies for P2Xi_7-receptors has shown that 

P2Xi-receptors are the dominant subtype in the membranes of the rat 

detrusor smooth muscle cells [Lee at al. 2000a].
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P2Y-receptors are also expressed on bladder smooth muscle cell 

membranes [Obara et al. 1998]. In rabbit smooth muscle strips precontracted 

with carbachol, ATP induced dose-dependent relaxation. The concentration- 

response curve was shifted to the right by the non-specific P2-receptor 

antagonist which has some preference for P2Y-receptors in vivo, Reactive 

Blue 2 (RB2). PPADS or 8-thiophenyltheophylline (8-SPT) had no effect and 

the order of potency of agonists was consistent with the P2Yi-receptor 

pharmacological profile [Gupta at ai. 2002]. ATP-mediated relaxation has 

been reported in other species [Burnstock 2001c].

There is evidence that purinergic signalling may be involved in afferent 

signalling from the bladder and may play a role in sensory feedback during 

the filling phase of the micturition cycle and/or nociception [Cockayne at ai. 

2000, Burnstock 2001b]. This will be discussed further in section 1.5 and 

chapter 5.

Quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) has 

detected mRNA for most P2X-receptor subtypes in the human bladder 

[O'Reilly at ai. 2001]:

P2Xi »  P2X4 > P2X2 > P2Xy > P2Xs »  P2Xs = P2Xe = 0 

Immunohistochemistry has revealed a slight different profile of P2X-receptors 

in the rat bladder [Lee at ai. 2000a]:

P2Xi > P2Xz > P2Xs = P2Xe 

While the addition of exogenous ATP causes smooth muscle contraction, it 

appears that ATP is only responsible for a small proportion of the nerve- 

mediated contraction in the normal human bladder [Hindmarsh at ai. 1977].
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1.2.3 Purinergic signalling and the pathophysiology of bladder outlet 
obstruction

The relative importance of neurotransmitters is commonly found to alter in 

different physiological states or in pathology (plasticity). Several studies have 

reported an increase in the non-adrenergic, non-cholinergic (NANC) 

component in the human detrusor muscle hypertrophied secondary to 

bladder outflow obstruction. Smith and Chappie [1994] reported a NANC 

response amounting to 25% of the total nerve-mediated contraction in human 

detrusor strips following bladder outflow obstruction. Bayliss et al. [1999] 

reported atropine resistant nerve-mediated contractions in 25 patients 

undergoing transurethral resection of the prostate. They found that this 

component was abolished after desensitising the strips with apmeATP 

suggesting that it was mediated by neuronally released ATP acting on P2X 

receptors. The same group also provided some evidence to suggest that this 

increased purinergic component was not due to altered sensitivity of the 

detrusor myocyte to agonists [Wu at al. 1999]. They suggested that this 

phenomenon might be due to either an increase in neuronal release of ATP, 

reduction in ecto-ATPase activity or alterations in gap junctions between 

muscle cells. However, earlier studies demonstrated that biopsies from 

hypertrophic human bladders were more sensitive to ATP than control 

biopsies [Husted at al. 1983]. Rat and rabbit models have been created in 

attempts to mimic the changes in the human bladder secondary to bladder 

outflow obstruction. Igawa at al. [1994] investigated the cholinergic and 

purinergic components of detrusor contraction in unanaesthetised rats with 

bladder outflow obstruction by continuous cystometry and concluded that
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both components were important. Harrison et al. [1990] studied detrusor 

strips from rabbits three months after the induction of bladder outflow 

obstruction and found a reduction in both atropine-sensitive and atropine- 

resistant contractions. Further characterisation of this model has indicated 

that at three months the bladder is likely to be to almost fully decompensated 

ie. fibrotic, dilated and poorly contractile [Gosling at al. 2000].

In chapter 2 the changes in cholinergic and purinergic signalling in the 

detrusor of the bladder outflow obstruction rabbit model at an earlier stage in 

the process are studied. This would be more likely to correspond to the time 

at which bladder outflow obstruction in men leads to secondary detrusor 

overactivity.

1.3 Prostate disease and purinergic signalling

1.3.1 Benign prostatic obstruction and the regulation of prostate 
smooth muscle tone

Benign prostatic obstruction is defined by the International Continence 

Society as bladder outflow obstruction caused by benign prostatic 

enlargement due to BPH [Abrams at al. 2002]. It is the most common cause 

of bladder overactivity in men and Napalkov at al. [1995] found histological 

evidence of BPH in 88% of men over the age of 80 at post-mortem. Benign 

prostatic obstruction can produce symptoms of weak urinary stream, terminal 

dribbling of urine, intermittency, hesitancy and patients may also experience 

urinary frequency, nocturia, urge, and incontinence. Benign prostatic 

obstruction may also present as acute or chronic urinary retention. 

Complications of benign prostatic obstruction include, recurrent urinary tract
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infection, formation of bladder calculi, an atonic bladder or, if severe and 

untreated, dilation of the upper urinary tract and renal failure.

BPH is characterised by hypertrophy and hyperplasia of both the glandular 

and stromal components of the prostate gland. First line treatment for men 

with symptomatic benign prostatic obstruction is usually pharmacological, 

with surgical resection of the prostate gland reserved for men who fail first 

line treatment, who are fit for surgery and who accept the risks of surgery. 

The most commonly used pharmacological treatment for benign prostatic 

obstruction are a-adrenergic antagonists to relax the smooth muscle in the 

prostate and bladder neck thus reducing the resistance to outflow. Drugs that 

block the conversion of testosterone to its more active form, 

dihydrotestosterone, are also sometimes used but will not be discussed here 

because they were not investigated in this thesis.

To understand the rationale for the use of a-blockers we must first consider 

the autonomic control of prostatic smooth muscle tone. The prostate gland is 

innervated dorsally by the pelvic nerve (parasympathetic fibres) and cranially 

by the hypogastric nerve (unmyelinated sympathetic fibres). These nerves 

form bundles on the posterolateral surfaces of the gland, sending branches 

through the capsule into the gland [Higgins and Gosling 1989]. Adrenergic 

[Sjostrand 1965] and cholinergic [Dunzendorfer et al. 1976] nerves 

predominate. The majority of the NA-containing nerves occur in the thick 

stromal smooth muscle cell layer around the prostatic ducts and acini.

In 1916 Waddell reported that adrenaline caused contraction of isolated 

prostatic tissue in several species. The effects of the physiological agonist, 

NA, are blocked by phentolamine [Caine at al. 1975] and the subsequent
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clinical trial of phenoxybenzamine in benign prostatic obstruction [Caine etal. 

1978] established the importance of adrenergic signalling on prostatic 

smooth muscle tone. Electrical field stimulation-mediated contractions in 

human prostate smooth muscle strips are reduced by ai-receptor antagonists 

[Muramatsu at al. 1994]. Both a i- and a2-adrenoceptor have been localized 

in the prostate fibromuscular stroma [Chappie at al. 1989] but, whereas a i- 

adrenoceptor agonists cause smooth muscle contraction, a2- and p- 

adrenoceptor agonists have no contractile effect [Marshall at al. 1995].

The expression of muscarinic receptors subtype in the prostate varies 

significantly between species and similarly ACh has differing actions 

[Pennefather at al. 2000]. In the human prostate prejunctional muscarinic 

receptors may inhibit NA release [Hedlund at al. 1985].

NO synthase (the enzyme which synthesises NO) has been identified in 

nerves supplying the human prostate [Jen at al. 1996]. Electrical field 

stimulation of prostate smooth muscle in the presence of guanethidine and 

atropine (to block the release of NA and the action of ACh, respectively) 

caused relaxation [Takeda at al. 1995]. This effect was inhibited by the NO- 

synthase inhibitor, N^-nitro-L-arginine methyl ester (L-NAME).

Nerves containing neuropeptide Y (NPY), vasoactive intestinal polypeptide 

(VIP) and enkephalin are found in the prostate. However, NPY, VIP have no 

effect on prostate smooth muscle tone and the effects of opioids have not yet 

been studied [Pennefather at al. 2000]. ATP is known to be released as a co

transmitter with NA and ATP mediates smooth muscle contraction in other 

parts of the urinary tract [Burnstock 2001c]. Evidence for purinergic 

involvement is discussed below (section 1.3.3).
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Despite the knowledge of the actions of other neurotransmitters on the 

human prostatic smooth muscle tone, only a-blockers have found clinical 

use. Although a-blockers appear to have reduced the need for prostate 

surgery, many patients respond poorly or cannot tolerate the side effects. 

The identification of other therapeutic targets is important in the development 

of new treatments.

1.3.2 Prostate cancer and the treatment of advanced disease

Prostate cancer is the second most common malignancy in men in the UK, 

accounting for -17% of all cancers (excluding non-melanoma skin 

cancer)[Quinn and Babb 2002]. Globally there are approximately half a 

million new cases each year [Parkin et al. 2001]. At least 20% of patients 

present with advanced disease and approximately 50% of patients who 

receive treatment for localised disease ultimately fail treatment [Crawford at 

al. 1999]. The clinical picture in the advanced stages is dominated by the 

problem of bone métastasés. They represent the most significant cause of 

morbidity, with pain requiring substantial analgesia, and sometimes they 

cause the complications of pathological fracture or spinal cord compression. 

The hormone-dependence of prostate cancer was established by Huggins 

and Hodges in 1941 and removal of circulating androgens by either medical 

or surgical castration remains the first-line treatment for advanced disease. 

Overall, about 60-80% of men with stage T4M1-2 disease treated with 

hormonal ablation will experience a subjective and objective response or 

disease stabilisation for a mean duration of 20-24 months [Peeling 1989].

40



Once the hormone-refractory state is reached, mean duration of survival is 

only 6 to 9 months, with few therapies providing a significant further 

response.

Second-line hormonal manipulation such as diethylstilboestrol, bicalutamide 

or prednisolone is commonly used and may result in short lasting responses, 

but there is not convincing data available indicating that they have any effect 

on survival [Fichtner 2000].

Historically, prostate cancer has not been considered to be a chemosensitive 

disease due to the poor survival outcomes reported in older clinical series. 

The use of palliation as an end-point and the availability of Prostate Specific 

Antigen (PSA) as an indicator of disease progress have renewed interest in 

the use of chemotherapy in hormone-refractory disease. Phase II and III trials 

of the newer cytotoxic drugs (e.g. mitoxantrone, estramustine, paclitaxel and 

docetaxel) have shown promising results. The combination of mitoxantrone 

and prednisolone results in a >50% PSA drop in 38-44% of patients, there 

being significant pain reduction in 29% and an increased time to progression 

[Tannock et al. 1996; Kantoff at al. 1999]. Clearly, even the most effective 

current treatments fall far short of the mark. Consequently, there has been a 

concerted effort to understand the molecular interactions involved in the 

pathogenesis of prostate cancer to identify new molecular targets for 

potential therapies. Many theoretical approaches have been investigated 

(see table 1.3) and some compounds have made it to human trials, although 

no products are yet in routine clinical use.

The anticancer potential of extracellular signalling molecules has been 

highlighted by the study of endothelins. The neuropeptide endothelin-1, in
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addition to its vasoconstrictor actions, is known to act as a growth factor on 

prostate cancer cells, stimulating proliferation and inhibiting apoptosis via the 

EÏA-receptor. The ETA-receptor antagonist atrasentan reduced time to 

disease progression in a phase II clinical trial and is currently being evaluated 

in a multinational phase III trial [Nelson et al. 2001]. ATP, like endothelin-1, 

can influence cell proliferation and apoptosis in various tissues [Hdpfner etal. 

2001].
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Approach Candidate anti-cancer agents

Growth factors ETA-receptor antagonists

Matrix metalloproteinase inhibitors

IGF-1 pathway inhibitors

PSA protease inhibitors

Glitazones

Herceptin

Differentiation/ antiproliferation Retinoids

Vitamin D analogues

Ornithine decarboxyase inhibitors (DFMO)

Apoptosis Pro-thapsigargin

DNA topoisomerase inhibtors

Angiogenesis PDGF receptor antagonists 

VEGF receptor antagonists 

FGF receptor antagonists 

Protein tyrosine kinase inhibitors

Gene therapy Genetically modified vaccines 

In situ delivery of immunostimulatory genes 

In situ delivery of cytotoxic genes 

Replication-restricted cytolytic viruses 

Antisense oligodeoxynucleotides

Table 1.3

New therapeutic strategies and candidate compounds for the treatment of 
hormone-refractory prostate cancer. This list is not comprehensive.
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1.3.3 Purinergic signalling in the benign and malignant prostate

Evidence exists for the expression of a variety of purinoceptors in the rat 

prostate [Slater et al. 2000; Lee at al. 2000b], Northern blot analysis has 

demonstrated mRNA for P2Xi-purinoceptors [Longhurst at al. 1996] and 

P2Yi-purinoceptors [Janssens at al. 1996] in the human prostate. Janssens 

and Boeynaems [2001] performed RT-PCR on human prostate cancer cell 

lines using probes for all seven P2X receptor subtypes. They found RNA for 

P2X4-, P2Xs- and P2X7-purinoceptors in the PC-3 cell line and RNA for P2X4- 

and P2X5-purinoceptors in the DU-145 cell lines. The same group performed 

northern blotting on prostate cancer cell lines using probes for P2Yi-, P2Y2-, 

P2Y4-, P2Ye- and P2Yn-receptors . P2Y2-receptor RNA was detected in all 

three cell lines tested although the DU-145 cell line also contained RNA for 

P2Yi-, P2Ye- and P2Yn-receptors. Although P2Xi and P2Yi mRNA has been 

identified in the human prostate gland, it is not yet clear whether the 

corresponding receptors are expressed in epithelial, stromal or other parts of 

the prostate. In addition, are purinoceptors expressed in protein form in 

prostate cancer cell lines? The first part of chapter 3 is an 

immunohistochemical study of P2-purinoceptor expression in human 

prostatic tissue in the presence of BPH and in the PC-3 prostate cancer cell 

line.

Activation of purinoceptors on smooth muscle cells often leads to contraction 

or relaxation of the smooth muscle. ATP is known to be released as a co

transmitter with NA and ATP mediates smooth muscle contraction in other 

parts of the urinary tract [Burnstock 2001c]. In the guinea pig prostate, 

suramin (a P2-purinoceptor antagonist) reduces electrical field stimulation-
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mediated contractions. [Haynes and Hill 1997, Lau et al. 1998]. However, in 

rat prostate smooth muscle, adenine nucleotides and adenosine inhibit 

electrical field stimulation-mediated smooth muscle contraction [Preston at al.

1999]. 8-SPT (a PI-purinoceptor antagonist) blocked the effects of both ATP 

and adenosine indicating that this effect is probably mediated by P1- 

purinoceptors. The second part of chapter 3 looks at the effects of ATP on 

human prostate smooth muscle tone in the presence and absence of 

adrenergic tone.

The anticancer activity of adenine nucleotides has been demonstrated in 

human tumour cell cultures, murine tumour models [Rapaport 1988] and 

more recently in clinical trials in patients with advanced non-small-cell lung 

cancer [Agteresch at al. 2000].

Fang at al. [1992] demonstrated that ATP inhibits the growth of prostate 

cancer cell lines in vitro. These authors also provided data to indicate that 

activation of P2-receptors by ATP induced a dose-dependent increase in 

intracellular calcium and IP3. In other cell types substantially increasing 

intracellular calcium is known to induce apoptosis. The application ATP and 

UTP increased intracellular IP3 levels but, although ATP inhibited cell growth, 

UTP had no effect, indicating that the growth inhibition was unlikely to be 

related to P2Y2-receptor activation (which leads to phospholipase C (PLC) 

activation and IP3 production).

Jansenns and Boeynaems [2001] showed that ATP reduced [^H'"]-thymidine 

incorporation into PC-3 cells (an indication of inhibition of proliferation). 

However, this effect was delayed and not seen until after 4 days treatment of 

cells with ATP. They found that the ethidium bromide assay (a qualitative
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indicator of apoptosis) was positive in PC-3 cells cultured with ATP whilst 

controls were negative. ATP is known to be broken down rapidly in biological 

systems by active ecto-ATPase enzymes. Fang et al [1992] applied ATP 

every 2 days to their cell cultures and Janssens and Boeynaems [2001] 

applied ATP daily.

In the final part of chapter 3 the importance of the frequency of adding ATP 

and rate of ATP breakdown is studied. I also test whether the ATP-mediated 

growth inhibition can be reversed by purinoceptor antagonists and attempt to 

quantitatively analyse cell death.

1.4 Penile erection and purinergic signalling

1.4.1 Cavernosal physiology and erectile dysfunction

Erectile dysfunction is defined as the persistent inability to attain and 

maintain an erection adequate to permit satisfactory sexual performance 

[NIH Consensus Conference 1993]. Although erectile dysfunction is not life 

threatening, this common problem can significantly affect the quality of life, 

as well as, psychological and social well-being [Hanson-Divers at al. 1998]. 

The Massachusetts male ageing study included a questionnaire on sexual 

function and activity for 1290 men [Feldman at al. 1994]. The combined 

prevalence of erectile dysfunction was 52% (17.1% mild, 25.2% moderate, 

9.6% complete). The prevalence of complete erectile dysfunction tripled from 

5% to 15% between subject ages 40 and 70 years.

Extrapolation from historical data in the USA indicates that currently around 7 

to 10 million men have erectile dysfunction [NIH Consensus Conference
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1993; Furlow 1985]. However, because erectile dysfunction is a sensitive 

issue, it is likely that its prevalence is under-reported. Despite this, erectile 

dysfunction results in more than 400,000 outpatient visits and 30,000 hospital 

admissions in the USA per year [Shabsigh et al. 1988]. In the UK, an 

estimated 17-19% of men are thought to suffer from erectile dysfunction 

[Goldmeier ef a/. 1997; Read etal. 1997].

The corpus cavernosum is a modified blood vessel. Penile erection requires 

the lacunar spaces to dilate and fill with blood. Relaxation of the smooth 

muscle surrounding the helicine arterioles allows an increase in arterial inflow 

whilst simultaneous relaxation of the trabecular smooth muscle results in 

lacunar dilatation and leads to tumescence. Ekhardt [1863] showed in his 

classic experiment that electrical stimulation of the sacral parasympathetic 

nerves in dogs produced penile erection. More recently it has been realised 

that these nerves are preganglionic and that NANC mechanisms are central 

to relaxing the cavernosal smooth muscle. Normal penile erectile function is 

dependent upon a delicate balance between contracting and relaxing factors 

in the corpus cavernosum smooth muscle, which are modulated by nerve 

signalling and endothelial cells [Andersson and Wagner 1995]. When this 

balance is disrupted erectile dysfunction can result. NO, in particular, plays a 

central role in mediating cavernosal smooth muscle relaxation [Burnett et al. 

1992], but other neurotransmitters can modulate this action and may also 

play a role in erectile dysfunction. Endothelin-1, a neuropeptide with powerful 

vasoconstrictor properties may be involved in maintaining the balance of 

cavernosal smooth muscle tone, counteracting the effects of NO [Khan et al. 

2000a]. Nerves containing NPY, VIP, arginine vasopressin (AVP) and
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substance P (SP) are found in the human corpus cavernosum [Andersson 

and Wagner 1995]. NPY and AVP cause contraction in human cavernosal 

smooth muscle strips and VIP and SP cause relaxation in pre-contracted 

human cavernosal smooth muscle.

Other non-peptide neurotransmitters such as prostanoids, histamine and 5- 

hydroxytryptamine may have neuromodulatory effects on cavernosal smooth 

muscle tone [Andersson and Wagner 2000].

Due to the difficulty in obtaining human cavernosal tissue, the study of the 

pathophysiology of erectile dysfunction has been dependent upon the study 

of cavernosal tissue from animal models of conditions predisposing to 

erectile dysfunction. As already mentioned the corpus cavernosum is a 

modified blood vessel and, indeed, many conditions which predispose to 

vascular diseases also predispose to erectile dysfunction (e.g. diabetes 

mellitus, hypertension, hyperlipidaemia). Alterations in neurotransmitter 

distribution and function have been found in the corpora cavernosa of animal 

models of these conditions, implying a role in the pathogenesis of erectile 

dysfunction [Sullivan et al. 2001]. Knowledge of NANC neurotransmitters has 

lead to the development of pharmacological treatments for erectile 

dysfunction. The most effective available treatments for erectile dysfunction 

are local administration of alprostadil (PGEi) and oral administration of 

sildenafil (a phosphodiesterase Type V inhibitor, which increases the 

availability of NO in the cavernosal smooth muscle). However, both of these 

treatments have significant failure rates [Khan at al. 2000b].
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1.4.2 Purinergic signalling in the corpus cavernosum

ATP causes a dose-dependent relaxation of isolated precontracted rabbit 

cavernosal smooth muscle strips [Broderick et a/. 1991]. Intracavernosal 

injection of ATP into anaesthetized dogs increased the intracavernosal 

pressure and induced erection [Takahashi at a/. 1992]. The order of potency 

of different purine analogues suggests that a P2Y receptor may be involved 

[Filippi at al. 1999] and P2Yi mRNA has been identified in endothelial cells in 

the corpus cavernosum [Obara at al. 1998]. Adenosine-5'-0-(2- 

thiodiphosphate) (ADPpS, a relatively specific P2Yi-agonist) causes 

cavernosal smooth muscle relaxation which is inhibited by endothelial 

disruption or by the addition of the NO-synthase inhibitor L-NAME [Shalev at 

al. 1999]. This may indicate that P2Yi-receptor activation on cavernosal 

endothelial cell stimulates NO production which in turn relaxes cavernosal 

smooth muscle. Other investigators, however, have found that ATP-mediated 

cavernosal smooth muscle relaxation is not affected by endothelial disruption 

or L-NAME indicating that ATP might act through a different mechanism 

[Tong at al. 1992, Levin at al. 1995]. The first part of chapter 4 is a 

pharmacological study of normal rabbit cavernosal smooth muscle which 

attempts to more precisely determine the receptor subtype mediating the 

ATP-induced cavernosal smooth muscle relaxation.

1.4.3 Purinergic signalling and erectile dysfunction

Alterations in purinergic signalling have been reported in a number of animal 

models of conditions which predispose to erectile dysfunction. Changes in
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ATP-mediated cavernosal smooth muscle relaxation have been found in 

models of varying age [Ragazzi et al. 1996], chronic steroid abuse [Kaya at 

ai. 1997], castration [Itoh etal. 1997] and diabetes mellitus in the rat [GCir and 

Ôztürk 1999]. This provides evidence that purinergic signalling may be 

involved in the pathophysiology of erectile dysfunction. Much of the 

knowledge about purinergic signalling in the corpus cavernosum has been 

obtained from rabbit tissue. In Chapter 4 I then investigated whether the 

ATP-mediated cavernosal smooth muscle relaxation is altered in a rabbit 

model of diabetes mellitus. There is increasing evidence that benign prostatic 

obstruction is an independent risk factor for erectile dysfunction [Jing at ai. 

2001 ; Richard at ai. 2000]. The final experiment in Chapter 4 was designed 

to determine whether ATP-mediated cavernosal smooth muscle relaxation is 

altered in the rabbit model of bladder outflow obstruction.

1.5 Ureteric pain and purinergic signalling

1.5.1 Nociception in the ureter

Given the frequently severe nature of the pain experienced, it can be difficult 

to achieve adequate pain control in patients with ureteric colic. Despite this 

little is known about the pain transduction mechanisms involved and 

analgesia relies upon non-specific agents. There is evidence that non

steroidal anti-inflammatory drugs (NSAID's) are more effective than opiates 

[Cordell at ai. 1996], but they are both ineffective in a proportion of patients.
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Before considering how purinergic agents might play a role in the treatment 

of renal colic it is important first to consider what is known about nociception 

in the ureter.

The renal pelvis and proximal ureter receives innervation from the renal and 

aortic plexuses in the region of the inferior mesenteric ganglion; the mid

ureter is innervated by small branches running from the hypogastric nerve 

and the distal ureteric nerves supply is from the pelvic plexus [Schulman 

1981]. There is a rich suburothelial nerve plexus in the ureter and the large 

majority of these nerves degenerate in response to capsaicin treatment 

indicating that they are sensory afferent nerves [Sann et al. 1995].

In 1968 Âstrôm and Craaford recorded afferent discharges in the renal 

nerves of cats in response to mechanical distension of the renal pelvis. 

Beacham and Kunze [1969] also recorded afferent discharges in response to 

upper ureteric distension. Recording electrical activity in dorsal nerve roots 

showed most activity at the L1-L3 level. Increasing ureteric pressure above a 

threshold of 25-30 mmHg in these spinally injured cats caused a reflex drop 

in systemic blood pressure. Similar experiments have been replicated in 

rabbits [Niijima 1971] and guinea pigs [Sann and Cervero1988]. In 1986 

Ammons showed that the signals were mainly transmitted by C-fibres with 

some Aô-fibres and demonstrated that the spinal neurones responding to 

ureteric distension also responded to somatic stimulation in the region of the 

loin and groin regions. This phenomenon has been called viscerosomatic 

convergence and explains the referred nature of the pain. Ammons [1989] 

also demonstrated, in monkeys, that increases in ureteric pressure caused 

discharges of activity in neurones in the spinothalamic tract, which is known

51



to transmit pain signals to the brain. Neurokinin A (NKA), calcitonin gene- 

related peptite (CGRP) and Substance P (SP) -like immunoreactivity has 

been found on capsaicin expressing nerves (i.e. sensory afferent nerves) in 

the submucosal plexus [Hua et al. 1987; Edvayne et al. 1994]. Intracellular 

recording of the neurones in the inferior mesenteric ganglion showed 

depolarisation in response to ureteric distension which was abolished by 

tetrodotoxin and capsaicin [Amann et a/. 1988]. Electrical stimulation of 

afferent ureteric nerve branches mimicked this depolarisation. The response 

was also mimicked by NKA and CGRP. Many investigators have shown that 

distending the ureter caused an increase in afferent nerve activity. Roza etal. 

[1998] created a model to more closely resemble renal colic by injecting 

small volumes of dental cement into the ureter of rats. The presence of the 

"stone", per se, caused an increase in baseline afferent nerve activity 

(without increased ureteric pressure) and also increased the number of 

neurones firing on distension. This sensitisation may have been due to the 

irritating effects of the "stone" causing inflammation in the ureter and may, in 

part, explain the relative success of NSAID treatment. A lowering of the 

sensory threshold in the convergent somatic receptive field was also reported 

which might explain the phenomenon of referred hyperalgesia.

1.5.2 Purinergic signalling and nociception

The application of ATP onto human blister base preparations is acutely 

painful [Bleehan and Keele 1977]. Signs of overt nociception (i.e. hindpaw 

lifting and licking) were apparent following subplantar injection of the P2Xs-
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agonist apmeATP into conscious rats [Bland-Ward and Humphrey 1997]. 

This was dose-related and inhibited by selective desensitisation of the P2X3- 

receptor. Endogenous concentrations of ATP can reach concentrations 

capable of exciting nociceptors in inflamed skin [Hamilton et al. 1999]. P2X3- 

receptors are expressed in a proportion of dorsal root ganglion sensory 

neurones [Chen at al. 1995]. P2X3-receptor deficient mice show significantly 

reduced pain-related behaviour in response to intraplantar injections of ATP 

and formalin but normal responses to noxious mechanical or thermal stimuli 

[Souslova at al. 2000].

1.5.3 ATP and visceral mechanosensory transduction

Although there is some indirect evidence that neurones containing SP, NKA 

or CGRP may be involved in transmitting the pain messages from the ureter, 

there is little information regarding the nature of the mechanosensory 

transduction mechanism. How does the mechanical stimulation produce 

neuronal signalling and, are there steps in this process which we might target 

to produce an effective novel analgesic agent?

ATP release from non-neuronal sources has been described. Release from 

vascular endothelial cells in response to shear stress may play a role in the 

autocrine regulation of vascular tone [Bodin at al. 1991]. Ferguson at al. 

[1997] has shown that ATP is released from the urothelial cells of the rabbit 

bladder in response to changes in hydrostatic pressure. Burnstock [1999b] 

proposed that in tubes (e.g. ureter, salivary duct, bile duct, vagina and 

intestine) and in sacs (e.g. urinary bladder, gall bladder and lung),
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nociceptive mechanosensory transduction occurs where distension releases 

ATP from the epithelial cells lining these organs, which then activates P2X3 

and/or P2X2/3 receptors on subepithelial sensory nerve plexuses to relay 

messages to the CNS pain centres.

Evidence to support the mechanosensory role of ATP in the bladder already 

exists. P2X3-like immunoreactivity has been found on nerves in the 

suburothelial plexus in the rat bladder [Lee et al. 2000a] and mouse bladder 

[Vlaskovska at al. 2001]. Increased electrical activity was recorded in the 

afferent pelvic nerves of rats during slow distension of the bladder and this 

activity was inhibited by desensitising the P2%3-receptor with apmeATP and 

also by receptor antagonism with suramin [Namasivajam at al. 1999]. ATP 

was released during distension of the mouse bladder, proportionate to the 

degree of distension and corresponding to the activity of multi-fibre pelvic 

nerve afferents. The distension-induced afferent nerve activity was reduced 

in P2Xa-receptor knock-out mice, but in the wild-type mice was augmented 

by P2X-receptor agonists and attenuated by P2X-receptor antagonists or 

capsaicin [Vlaskovska at al. 2001]. Further nerve-recording studies of ATP- 

sensitive afferent nerves arising from the mouse bladder have identified both 

high-threshold fibres which may be involved in nociception and low-threshold 

fibres which may be involved in normal physiological feedback during the 

filling phase of the micturition cycle [Rong at al. 2002]. P2X3-deficient mice 

also exhibit marked urinary bladder reflexia during cystometric evaluation and 

have decreased voiding frequency with increased bladder capacity and 

voiding volumes with normal pressures. [Cockayne at al. 2000]

54



Knight et al. [2002] have found that distending guinea pig ureters caused a 

pressure-dependent release of ATP, approximately 10 times the basal 

release levels. Lee at al. [2000a] have demonstrated P2X3-like 

immunoreactivity in the nerves in the suburothelial plexus in rats.

In chapter 5 I investigate whether ATP is released from the human ureter on 

distension and whether there are nerves in the human suburothelial nerve 

plexus which express P2Xs-receptors.
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Chapter 2

Alterations in choiinergic and purinergic signaiiing in 
a modei of the partiaiiy obstructed biadder.
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2.1 Abstract

There is increasing evidence that purinergic signalling may play a role in the 

generation of detrusor contractions in the pathologically unstable human 

bladder. However, previous study of the rabbit model of partial bladder outlet 

obstruction showed a loss in both cholinergic and purinergic innervation after 

three months. The purpose of this study is to examine changes in the 

cholinergic and purinergic components contributing to nerve-mediated 

detrusor contraction in a rabbit model of bladder outflow obstruction during 

the early hypertrophic stage.

Partial bladder outflow obstruction was surgically induced in adult male 

rabbits. At three weeks detrusor strips were obtained and contractions were 

produced by electrical field stimulation in the presence of atropine (1 |iM) 

and/ or the P2-purinoceptor antagonist, PPADS (30 pM), and finally after the 

addition of tetrodotoxin (1 pM). Purinergic and cholinergic components were 

calculated and compared with those from sham-operated controls.

The cholinergic component (atropine sensitive) was frequency dependent, 

being smaller at lower frequencies. The cholinergic component was 

decreased in the early obstructed bladder. The purinergic component 

(PPADS sensitive) was frequency dependent, being larger at lower 

frequencies. The purinergic component was increased in the early obstructed 

bladder. The overall electrical field stimulation-response or the response to 

KCI was unaltered in the obstructed group. There was no difference in 

responses in strips taken from the bladder neck and dome.
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In summary, the purinergic component of nerve-mediated detrusor 

contraction is increased and the cholinergic component decreased in early 

stages of bladder obstruction in this rabbit model.

2.2 Introduction

Bladder outlet obstruction is a common condition in older men, usually 

resulting from BPH, but it may also be caused by prostate cancer, urethral 

strictures or congenital anomalies. Almost 50% of all men aged 60-69 suffer 

from symptoms of BPH [Garraway et al. 1991] and as many as 88% of post

mortem examinations of men over the age of 80 reveal histological evidence 

of BPH [Napalkov at al. 1995]. Symptoms may arise from the obstruction 

itself, e.g. poor urinary stream and hesitancy, or from secondary damage to 

the bladder, e.g. frequency, urgency and urge incontinence. Detrusor 

overactivity develops in 50-75% of men with bladder outflow obstruction due 

to BPH [Abrams 1985] but 62% of this group will revert to normal cystometry 

following prostatectomy [Abrams at al. 1979]. However, 19% of patients 

continue to have an overactive bladder after adequate surgery [Gormley at 

al. 1993] and, indeed, most of the remaining patients who have had detrusor 

overactivity before surgery have a return of overactivity in the long-term 

[Thomas at al. 1999]. Patients with such problems are often prescribed 

anticholinergic medication to reduce the severity of the unstable contractions. 

However, a proportion of these patients do not respond, or respond 

incompletely to these drugs [Leach at al. 1996].

Non-cholinergic (atropine-resistant) responses of the urinary bladder to 

stimulation of the parasympathetic nerves were first recognised over 100
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years ago [Langley and Anderson 1895] and in 1972 Burnstock proposed 

that this might be due to ATP released from purinergic nerves (as discussed 

in the general introduction). It is now well established that lower mammals 

have a purinergic component amounting to approximately 20-60% of their 

nerve-mediated detrusor contraction. In contrast, this has generally been 

found to be less than 5% in the healthy human bladder [Hindmarch et al. 

1977]. Several studies have reported an increase in the non-adrenergic, non- 

cholinergic (NANC) component in the human detrusor muscle hypertrophied 

secondary to bladder outflow obstruction. Smith and Chappie [1994] reported 

a NANC response amounting to 25% of the total nerve-mediated contraction 

in human detrusor strips following bladder outflow obstruction. Bayliss at al. 

[1999] reported atropine resistant nerve-mediated contractions in 25 patients 

undergoing transurethral resection of the prostate, an unknown proportion of 

whom, may have had bladder overactivity, and additionally in five patients 

with urodynamically proven overactivity secondary to bladder outflow 

obstruction. They found that this component was abolished after 

desensitising the strips with apmeATP suggesting that it was mediated by 

neuronally released ATP acting on P2X receptors. The same group also 

provided some evidence to suggest that this increased purinergic component 

was not due to altered sensitivity of the detrusor myocyte to agonists [Wu at 

al. 1999]. They suggested that this phenomenon might be due to either 

increase in neuronal release of ATP, reduction in ecto-ATPase activity or 

alterations in gap junctions between muscle cells. Husted at al. [1983], 

however, demonstrated that biopsies from hypertrophic human bladders 

were more sensitive to ATP than control biopsies. Rat and rabbit models
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have been created in attempts to mimic the changes in the human bladder 

secondary to bladder outflow obstruction. Igawa et al. [1994] investigated the 

cholinergic and purinergic components of detrusor contraction in 

unanaesthetised rats with bladder outflow obstruction by continuous 

cystometry and concluded that both components were important. Harrison at 

al. [1990] studied detrusor strips from rabbits three months after the induction 

of bladder outflow obstruction and found a reduction in both atropine- 

sensitive and atropine-resistant contractions. Further characterisation of this 

model has indicated that at three months the bladder is likely to be to almost 

fully decompensated ie. fibrotic, dilated and poorly contractile [Gosling at al. 

2000].

The purpose of the present study was to examine the changes in cholinergic 

and purinergic signalling in the detrusor of the bladder outflow obstruction 

rabbit model at an earlier stage in the process. This would be more likely to 

correspond to the time at which human bladder outflow obstruction leads to 

secondary detrusor overactivity.

2.3 Materials and Methods

2.3.1 The rabbit model of partial bladder outflow obstruction

Bladder outflow obstruction was surgically induced in 6 adult male New 

Zealand White rabbits (3kg) as follows: general anaesthesia was induced 

using 1-2% halothane in O2 An 8 Fr paediatric urethral catheter was inserted 

(Foley, C.R. Bard International Ltd, Crawley, UK). A lower midline laparotomy 

was performed and the bladder base mobilised. A 2/0 silk ligature was tied
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around the proximal urethra and the wound incision was closed and the 

urethral catheter removed. The tension of the suture was carefully judged so 

that the animals were able to void post-operatively and had similar degrees 

of bladder outflow obstruction. The animals were recovered and fed ad 

libitum with SDS standard plain diet (SDS, Witham, UK) and allowed free 

access to water. Six age- and weight-matched, sham-operated controls 

underwent the same procedure with the omission of the silk ligature.

2.3.2 Measurement of serum biochemical indices

All 12 rabbits survived without significant morbidity and at 3 weeks blood was 

sampled, via the ear vein, and placed in serum gel bottles. Serum sodium, 

potassium, urea, creatinine, glucose, albumin, total bilirubin, alkaline 

phosphatase, aspartate transaminase (AST), alanine transaminase (ALT), 

calcium, phosphate, gamma glutamyl tranferase (yGT), creatine kinase, 

urate, total protein, cholesterol, triglycerides and high density lipoproteins 

were measured using a Hitachi 747 Autoanalyser (Boehringer Mannheim, 

Lewes, Sussex, UK).

2.3.3 Organ bath electrical field stimulation studies

The rabbits were killed and the bladders were rapidly excised, weighed and 

placed in Krebs solution (NaCI 133 mM, KCI 4.7 mM, NaHCOs 16.4 mM, 

MgS0 4  0.6 mM, NaH2P04  1.4 mM, glucose 7.7 mM, CaCb 2.5 mM) at 4°C. 

Muscle strips (approximately 0.5 mm diameter and 3-4 mm long were 

excised from the neck and dome of the bladders. One end was attached to a
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fixed hook, while the other was attached to a force transducer (FT-03C, 

Grass Instruments, Quincy, Massachusetts, USA) using a Grass Polygraph 

(model 79). The strips were bathed in Krebs solution maintained at 37°C by a 

thermoregulated circuit and bubbled with a mixture of 95% O2 and 5% CO2, 

pH 7.4. The optimum tension was found to be 2 g and this was applied to all 

strips. The muscle strips were allowed to equilibrate for 45 min after which 

contractions were induced by electrical field stimulation. The field was 

generated between two circular electrodes surrounding each end of the 

tissue in 15 s trains of 0.3 ms width pulses. In each experiment the 

contractions were measured at 0.5, 1, 2, 4, 8, 16 and 32 Hz. This was 

repeated after the addition of atropine (10‘® M) and then after the addition of 

PPADS, (3x10‘^M, a non-specific P2-receptor antagonist) and finally after the 

addition of tetrodotoxin (1 O'® M). The order of addition of atropine and PPADS 

was varied. The "purinergic component" was calculated for each frequency 

as the proportion of the total contraction inhibited by PPADS divided by the 

proportion of the total contraction inhibited by tetrodotoxin to allow for any 

directly-stimulated component of the muscle-contraction. The contractile 

response to 120 mM KCI was also measured for each tissue. At the end of 

the experiment each muscle strip was weighed to an accuracy of 

± 100 pg.
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2.3.4 Statistical Analysis

The results were initially labelled using a blinded coding technique before 

analysis. Data is expressed as mean ± standard error of the mean (s.e.m.) 

The values were compared using an unpaired Student t-test except for 

overall cholinergic and purinergic component curves which were compared 

using a 2-way analysis of variance (2-way AN OVA). The hypothesis was 

rejected if p > 0.05 . Prism V2.0 (GraphPad Software Inc.) statistical software 

was used for calculations.

2.4 Results

2.4.1 Biochemistry

There was no significant difference in serum sodium, potassium, urea, 

creatinine, glucose, albumin, total bilirubin, alkaline phosphatase, AST, ALT, 

calcium, phosphate, yGT, creatine kinase, urate, total protein, cholesterol, 

triglycerides or high density lipoproteins between the sham-operated and 

obstructed groups (results not shown).

2.4.2 Bladder mass

The mean mass of the sham-operated rabbit bladder was 3.1 ± 0.3 g. The 

obstructed rabbit bladder was significantly heavier at 8.8 ± 2.2 g (unpaired 

Student t-test, p=0.008).
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2.4.3 Bladder histology

Stained (haemotoxylin and eosin, H&E) sections cut perpendicularly through 

the bladder dome wall are shown in figure 2.1. They demonstrate marked 

hypertrophy and hyperplasia of the detrusor smooth muscle and thickening of 

the outer serosal layer in the obstructed partial bladder outflow obstruction 

group.

2.4.4 Response to electrical field stimulation and KCI

Most muscle strips (79 out of 96; 82%) produced contractions in response to 

nerve stimulation with a significant component abolished by tetrodotoxin. The 

mean contraction in response to KCI was 98.4 ± 7.5 g tension/ g tissue. 

There was no significant difference between the response of muscle strips 

taken from the neck and dome. There was no significant difference between 

the response of detrusor from the obstructed and sham-operated rabbits.
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Figure 2.1

Representative H&E sections of bladder dome 

a) sham-operated rabbit b) obstructed rabbit

U - utothelium, I - inner muscle, O - outer muscle layer
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Figure 2.2

Electrical field stimulation-induced detrusor contractions at 0.5, 1,2,4,  8, 16 
and 32 Hz, measured on a polygraph.
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The mean of the maximum contraction due to electrical field stimulation was 

calculated as 119.1 ± 10.6 g tension/ g tissue. There was no significant 

difference in the means of the mass-adjusted electrical field stimulation- 

induced contractions between strips taken from the obstructed and sham- 

operated groups or between strips taken from the bladder neck and dome. 

Typical electrical field stimulation-induced responses are seen in figure 2.2.

2.4.5 Cholinergic component of electrical field stimulation-induced 
contraction

The component of the electrical field stimulation-induced contraction that was 

inhibited by atropine was calculated for each muscle strip, at each frequency. 

A plot of "cholinergic component" against electrical field stimulation- 

frequency for both the obstructed and sham-operated detrusor strips is 

shown in figure 2.3. At 0.5 Hz the cholinergic component was 41% in the 

sham-operated group and 30% in the obstructed group, while at 32 Hz it was 

66% in the sham-operated group and 57% in the obstructed group. The 

cholinergic component was found to increase with increasing frequency (2- 

way AN OVA, p<0.0001) and to be significantly smaller in the obstructed 

muscle strips than in the sham-operated muscle strips (2-way AN OVA, 

p<0.0001). There was no significant difference in the cholinergic component 

of muscle strips from the neck compared with those from the dome.
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Figure 2.3

Cholinergic component of nerve-mediated detrusor contraction at different 
frequencies of electrical stimulation in partial bladder outflow obstruction 
(solid circles) and in sham-operated rabbits (hollow circles). (Means ± s.e.m.)
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2.4.6 Purinergic component of electrical field stimulation-induced 
contraction

Similarly, the component of electrical field stimulation-induced contraction 

that was inhibited by PPADS was also calculated for each muscle strip, at 

each frequency (figure 2.4). At 0.5 Hz the mean purinergic component was 

39% in the sham-operated group and 61% in the obstructed group, while at 

32 Hz the mean purinergic component was 20% in the sham-operated group 

compared with 31% in the obstructed group. The purinergic component was 

found to decrease with increasing frequency (2-way AN OVA, p<0.0001) and 

was also found to be significantly greater in the muscle strips from the 

obstructed bladder compared with those from the sham-operated bladder (2- 

way ANOVA, p<0.0001). Again there was no significant difference between 

the purinergic component of muscle strips from the bladder neck compared 

with those from the dome. Adding PPADS first or atropine first made no 

significant difference to the final calculated components. In some strips the 

non-specific P2 antagonist suramin (3x10'^ M) was added while in others 

desensitisation with apmeATP was performed before repetition of electrical 

field stimulation. There was no significant difference in the proportion of 

electrical field stimulation blocked by PPADS, suramin or apmeATP.
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2.5 Discussion

These results demonstrate that the cholinergic component of the nerve- 

mediated (tetrodotoxin-sensitive) detrusor contraction decreases in the early 

(three week) partially obstructed rabbit bladder, since there is a reduction in 

atropine-sensitivity. Conversely, the component which is mediated by ATP 

(PRADS-sensitive) is increased in this experimental model. Harrison et al. 

[1990] observed a decrease in purinergic innervation in the later stages (six 

months) of obstruction in this model. The rabbit model of bladder outflow 

obstruction develops functional and structural changes that elicit a pathology 

similar to human BPH [Buttyan at al. 1997]. As in the human situation this 

obstructed bladder initially becomes hypertrophic, but prolonged obstruction 

leads to a poorly compliant, dilated and atonic bladder. The fact that the 

overall electrical field stimulation-induced and KCI-induced responses are not 

significantly different from those of the sham-operated controls suggests that 

at three weeks this bladder is at the early stages of the disease process. In 

contrast, the experiments of Harrison at al. [1990] were probably conducted 

on rabbit bladders with end-stage disease. This is supported by the fact that 

36% of their animals died of complications related to urinary retention before 

the three months had passed. None of our animals died before three weeks 

and, indeed, none of them had signs of upper tract dilation on post-mortem 

examination, nor did any of them have any significant electrolyte or creatinine 

alterations.

The frequency-dependency of the purinergic component has been previously 

reported in studies which have described increased atropine-resistance at

71



lower stimulation frequencies compared with higher frequencies [Grading and 

Williams 1990].

The observation that the magnitude of the purinergic component was 

independent of the order in which PPADS or atropine were added indicates 

that little, if any, synergism occurs between these signalling systems, at least 

under these conditions. The purinergic component was not significantly 

different in muscle strips from the bladder neck and dome.

A number of other neurotransmitters may also play a role in initiating or 

modifying detrusor contraction. Histamine has been shown to potentiate 

purinergic neurotransmission in guinea-pig bladder [Patra and Westfall 1994] 

and 5-hydroxytryptamine modulates nerve-mediated purinergic responses in 

the mouse [Holt et al. 1985]. Endothelin-1 is a neuropeptide, which, acting on 

ETA-receptors can cause detrusor contraction. ETe-receptors are also 

expressed on detrusor myocytes but do not mediate contraction under 

normal circumstances. Bladder ETa- and ETe-receptors have both been 

found (using autoradiography) to be up-regulated in this model of bladder 

outflow obstruction and ETe-receptor activation is now found to mediate 

detrusor contraction. [Khan at al. 1999a]. NO is synthesised in the bladder 

and may modify detrusor contraction [Mumtaz etal. 1999]. NO synthase, was 

found to be down-regulated in this model of bladder outflow obstruction 

[Khan et al. 1999b]. Clearly, there are interactions between a number of 

neurotransmitters, and the changes which occur in pathology are complex. It 

is therefore not surprising that blocking one signalling mechanism might not 

block overactive contractions.
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An increase in purinergic signalling has also been reported in non-obstructed 

overactive bladders. Palea et al. [1993] reported an increased purinergic 

component in detrusor biopsies from patients with interstitial cystitis and 

Bayliss at al. [1999] found an increased purinergic component in biopsies 

from patients with neurogenic bladder overactivity and from patients with 

idiopathic bladder overactivity.

This study supports the evidence that purinergic signalling has a heightened 

role in the generation of detrusor contractions in the obstructed human 

bladder during the early hypertrophic stage. This may, in part, explain why a 

number of patients with detrusor instability have a poor response to 

anticholinergic medication. An “antipurinergic” agent, i.e. a P2X-receptor 

antagonist, might further improve the efficacy of such therapy, perhaps in 

combination with an anticholinergic agent. However, selective receptor- 

subtype-specific antagonists that work in vivo, do not yet exist. The 

mechanisms causing this plasticity in neurotransmission are still not clear 

and an insight into this might provide other therapeutic targets.
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Chapter 3

Immunohistochemical characterisation and function 
of P2-receptors in benign prostatic hyperplasia and 

PC-3 prostate cancer cells.
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3.1 Abstract

Extracellular nucleotides are known to control a variety of biological 

processes by activating P2-receptors. The purpose of this chapter is to 

immunohistochemically characterise the expression of P2-receptor subtypes 

on benign human prostatic tissue and in the PC-3 prostate cancer cell line, to 

study of the effects of ATP on prostate smooth muscle tone and to gather 

more information about how ATP inhibits the growth of the PC-3 prostate 

cancer cell line. Immunofluorescent staining demonstrated the expression of 

P2Xi-, P2X2- and P2Yi-receptors on human prostate smooth muscle. 

Evidence was found for synergism between purinergic and adrenergic 

signalling in the control of prostate smooth muscle tone involving P2X- 

receptors.

P2X5-, P2Xt- and P2Y2-receptors were localised on benign prostatic 

epithelium, while P2X3-, P2X4-, P2Xs-, P2X%- and P2Y2-receptors were found 

on the PC-3 prostate cancer cell line. The addition of ATP and ADP inhibited 

the growth of PC-3 prostate cancer cells, but DTP and agmeATP had little 

effect. Growth inhibition was reversed by the non-specific P2-receptor 

antagonists PPADS and suramin. Daily addition of ATP increased growth 

inhibition although maximum growth inhibition was seen by the single 

application of 1 mM ATP. In studies of ATP breakdown, the concentration of 

ATP in the culture medium had returned to baseline before 24 hours if the 

initial concentration of ATP was < 100 pM, but the concentration of ATP 

remained high if its initial concentration was 1 mM. Quantitative analysis of 

cell death showed that 1 mM ATP increased the proportion of PC-3 cells 

undergoing apoptosis from 0.27% (± 0.04%) to 5.28% (± 0.77%). In
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summary, ATP inhibited the growth of prostate cancer PC-3 cells and this 

effect was reversed by P2-receptor antagonists. ATP increased apoptosis of 

PC-3 cells.

3.2 Introduction

The prostate gland is vital for normal male reproductive function, but is 

responsible for much morbidity and mortality particularly in later life. Benign 

prostatic obstruction affects most men over the age of 60 to some degree 

[Garraway et al. 1991] and can be the source of significant symptoms. 

Hypertrophy and hyperplasia of the glandular and stromal components of the 

prostate gradually compress the urethra as it exits the bladder resulting in 

bladder outlet obstruction.

Malignant transformation of the epithelial cells of the prostate leads to 

adenocarcinoma of the prostate, which is the second most common 

malignancy is European and North American men with more than 100,000 

new cases and 35,000 deaths annually from the disease in the European 

Union [Hamdy and Thomas 2001]. About 20% of patients present with 

advanced disease and approximately 50% of patients who receive treatment 

for localised disease ultimately fail treatment [Crawford at a/. 1999].

The extracellular signalling molecule, ATP mediates a variety of biological 

functions including synaptic neurotransmission, neuromuscular transmission 

leading to contraction or relaxation of smooth muscle, and exocrine or 

endocrine secretion [Abbracchio and Burnstock 1998]. There is now 

increasing awareness that ATP, acting through specific receptors (P2-
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receptors) can exert trophic actions on a variety of cells including induction of 

cell proliferation, differentiation, migration and death [Neary et al. 1996; 

Burnstock 2002a], The P2-receptor family is subdivided into P2X-receptors, 

which are ligand-gated ion channels (P2 X1.7), and P2Y receptors which are 

coupled to G-proteins (P2Yi,2 .4 ,6 ,11 ,12 ,13 ,14 )  [Burnstock 2003],

Northern blot analysis has demonstrated mRNA for P2Xi-receptors 

[Longhurst et al. 1996] and P2Yi-receptors [Janssens et al. 1996] in the 

human prostate. Slater et al. [2000] found immunohistochemical evidence of 

the expression of P2Xi-, P2Xs-, P2Xe- and P2X7-receptors on rat prostate 

epithelium and P2X2 receptors on the prostate smooth muscle, with some 

quantitative differences in immunostaining seen in old and young rats. Lee et 

al. [2000b] also found P2X7-receptor immunostaining on the rat prostate 

epithelium and observed P2Xi immunostaining mainly on the prostate 

smooth muscle cells. Janssens and Boeynaems [2001] performed RT-PCR 

on human prostate cancer cell lines using probes for all seven P2X receptor 

subtypes. They found RNA for P2X4-, P2Xs- and P2X7- receptors in the PC-3 

cell line and RNA for P2X<- and P2Xs-receptors in the DU-145 cell lines. The 

same group performed northern blotting on prostate cancer cell lines using 

probes for P2Yi-, P2Y2-, P2Y4-, P2Ye- and P2Yn-receptors. P2Y2-receptor 

RNA was detected in both of these cell lines and LNCaP cells, although the 

DU-145 cell line also contained RNA for P2Yi-, P2Ye- and P2Yn-receptors. It 

is not yet clear whether P2-receptors are expressed in protein form in the 

human prostate and prostate cancer cell lines. The first part of this chapter is 

an immunohistochemical study of P2-receptor expression in human prostatic 

tissue in the presence of BPH and in the PC-3 prostate cancer cell line.
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Activation of P2-receptors on smooth muscle cells often leads to contraction 

or relaxation of the smooth muscle. ATP is known to be released as a 

sympathetic co-transmitter with NA and ATP mediates smooth muscle 

contraction in other parts of the urinary tract [Burnstock 2001c]. In the guinea 

pig prostate, suramin (a P2-receptor antagonist) reduces electrical field 

stimulation nerve-mediated contractions [Haynes and Hill 1997, Lau et al. 

1998]. However, in rat prostate smooth muscle, adenine nucleotides and 

adenosine inhibit electrical field stimulation-mediated smooth muscle 

contraction [Preston at a i 1999]. 8-SPT (a PI-receptor antagonist) inhibited 

the effects of both ATP and adenosine indicating that this effect is probably 

mediated largely by PI-receptors. The second part of this chapter is a 

pharmacological study of the effects of ATP on human prostate smooth 

muscle tone in the presence and absence of adrenergic tone.

The anticancer activity of adenine nucleotides was first reported by Rapaport 

[1983]. The addition of ADP or ATP caused growth arrest of human tumour 

cell cultures. Intraperitoneal injection of AMP, ADP or ATP but not adenosine 

into murine tumour models caused inhibition of tumour growth and reduced 

host weight loss [Rapaport 1988]. Intravenous infusion of ATP has been 

tested in patients with advanced malignancy. A randomised control trial 

demonstrated that ATP has beneficial effects on weight, muscle strength, 

and quality of life in patients with advanced non-small-cell lung cancer 

[Agteresch at al. 2000].

Fang at al. [1992] demonstrated that ATP inhibits the growth of prostate 

cancer cell lines in vitro. The term "growth inhibition" has been used to 

indicate a reduction in the normal increase in cancer cell numbers that occurs
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with time [Fang et al. 1992; Janssens and Boeynaems 2001]. This definition 

for the term "growth inhibition" is used in this chapter. Growth inhibition may 

be due to inhibition of proliferation or stimulation of differentiation (which 

leads to inhibition of proliferation) or to apoptosis. Activation of P2-receptors 

on prostate cancer PC-3 cells by ATP induced a dose-dependent increase in 

intracellular calcium [Fang at al. 1992]. In other cell types a substantial 

increase in intracellular calcium via large pores associated with P2Xy- 

receptors is known to induce apoptosis [Surprenant et al. 1996]. Activation of 

putative P2Y2-receptors on the PC-3 cells by ATP or DTP also caused an 

increase in intracellular IP3 [Fang et a/. 1992], but this does not appear to be 

linked to the growth inhibition because, although ATP inhibited cell growth, 

DTP had no effect [Jansenns and Boeynaems 2001].

ATP reduced pH^-thymidine incorporation into PC-3 cells (an indication of 

inhibition of proliferation)[ Jansenns and Boeynaems 2001]. However, this 

effect was delayed and not seen until after 4 days treatment of cells with 

ATP. The ethidium bromide assay (a qualitative indicator of apoptosis) was 

positive in PC-3 cells cultured with ATP whilst controls were negative. 

Although these authors [Fang et al. 1992; Janssens and Boeynaems 2001] 

have concluded that prostate cancer cell P2-receptors mediate trophic effects 

on the basis of the study of agonists, inhibition of the trophic effects by P2- 

receptor antagonists has not yet been demonstrated. In addition, ATP is 

known to be broken down rapidly in biological systems by active ecto- 

ATPase enzymes. Fang et al [1992] applied ATP every 2 days to their cell 

cultures and Janssens and Boeynaems [2001] applied ATP daily. I 

investigated how rapidly exogenously added ATP is broken down in the
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culture medium and whether a single application of ATP will replicate the 

growth inhibition. Finally, the TUNEL apoptosis stain (Roche) was used with 

cell counting techniques on prostate cancer cells grown on coverslips to 

provide a quantitative measure of apoptosis. In the final part of this chapter 

preliminary studies are carried out, using these techniques, to attempt to 

gather more information about how ATP inhibits the growth of the PC-3 

prostate cancer cell line.

3.3 Materials and methods

3.3.1 Cell culture

The hormone-refractory prostate cancer cell-line, PC-3, was obtained from 

the European Collection of Cell Cultures (Salisbury, Wilts.). Cells were grown 

in 25 cm^ sterile culture flasks in Minimum Essential Medium containing 7.5% 

foetal calf serum (GIBCO-BRL) and 0.5% gentamycin and 0.5% ampicillin 

(Sigma, Dorset). Incubation was in a humidified atmosphere at 37°C 

containing 5% CO2. Cells were passaged 1 : 4-8 at confluence by pipetting 

off the culture medium and resuspending cells using 0.25% trypsin EDTA 

(Sigma, Dorset) for 5 minutes with gentle aggitation. Cells were diluted in 

medium, centrifuged, and the pellet resuspended and diluted accordingly to 

the required concentration.

80



3.3.2 Immunohistochemistry

Immunohistochemistry was performed on prostatic chippings from men 

undergoing transurethral resection of the prostate for BPH using antibodies 

to P2Xi-7- and P2Yi-, P2Y2- and P2Y4-receptors. Ethical approval and 

consent were obtained.

Tissues were sectioned at 12pm on a cryostat (Reichert Jung CM1800) and 

collected on gelatin-coated slides and air-dried at room temperature for 30 

minutes. For amplification a primary and secondary antibody with an avidin- 

biotin complex technique (ABC) was used as follows:

The sections were fixed in 4% buffered formaldehyde for two minutes and 

then washed three times (each for five minutes) in phosphate buffered saline 

(PBS). The sections were then incubated for 20 minutes at room temperature 

in 10% normal horse serum (NHS) in PBS + 0.05% merthiolate (Sigma, 

Poole, UK). Following this, sections were incubated overnight in primary 

antibody diluted 1:200 in 10% NHS in PBS + merthiolate. Incubation was 

performed in moisturised air-tight incubation chambers at room temperature. 

Incubation was also tried at 4°C for three days, with differing NaCI levels in 

the diluents, and with altered concentrations of primary antibody, but binding 

was not found to be more specific.

The following day the sections were initially washed three times in PBS. They 

were then incubated for one hour at room temperature in biotinylated donkey 

anti-rabbit immunoglobin (Jackson Immunoresearch, Luton, UK). This was 

diluted 1:500 in 1% NHS in PBS and merthiolate. Following three further 

washes in PBS the sections were incubated in Streptavidin FITC (fluorescein 

isothiocyanate: Jackson Immunoresearch, Luton, UK) diluted 1:200 in PBS
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and merthiolate. This was performed at room temperature in the dark. The 

sections were then mounted under coverslips in a glycerol mountant (Citifluor 

Ltd, London) and viewed using a Zeiss Axioplan (Germany) microscope with 

a dark field linked to a Leica DC200 digital camera (Switzerland).

Primary antibodies against P2X1.7-, P2Yi-, P2Y2- and P2Y4-receptors were 

used. The anti-P2X antibodies were obtained through a collaboration with 

Roche Bioscience (Palo Alto, CA) and prepared according to methods 

described by Lee et al. [2000a]. Antibodies to P2Yi-, P2Y2- and P2Y4- 

receptors were obtained from Alamone Labs (Jerusalem). Controls were 

performed on adjacent ureteric sections by omitting the primary antibody and 

also by pre-adsorbing the primary antibody using the corresponding cognate 

peptides.

3.3.3 Immunocytochemistry

Immunocytochemistry was performed on PC-3 cell cultures using a Cy-3 red 

fluorescent stain as follows;

Cells were grown on Permanox chamber slides. Cells were fixed for 10 

minutes in 4% formaldehyde in 0.1 M PBS. The coverslips were then carefully 

washed three times (each for five minutes) in PBS. Next, the coverslips were 

incubated for 40 minutes at room temperature in 10% NHS in PBS + 0.05% 

merthiolate (Sigma, Poole, UK). Then the coverlips were incubated overnight 

in primary antibody diluted 1:200 in 10% NHS in PBS + merthiolate. 

Incubation was performed in moisturised air-tight incubation chambers at 

room temperature. Incubation was also tried at 4°C for three days, with
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altered NaCI levels in the diluents, and with altered concentrations of primary 

antibody, but binding was not found to be more specific.

The following day the coverslips were initially washed three times in PBS. 

They were then incubated for one hour at room temperature in donkey anti

rabbit immunoglobin Cy-3 (Jackson Immunoresearch, Luton, UK). This was 

diluted 1:300 in 1% NHS in PBS and merthiolate. Following three further 

washes in PBS, the sections were then mounted under coverslips in a 

glycerol mountant (Citifluor Ltd, London) and viewed as before.

3.3.4 Organ bath studies

Prostate strips were dissected from the prostatic chippings, removing any 

charred tissue (due to electrocautery) with a margin of normal tissue, within 

30 minutes of collection. The strips were mounted in organ baths and one 

end was attached to a fixed hook, while the other was attached to a force 

transducer (FT-03C, Grass Instruments, Quincy, Massachusetts, USA using 

a Grass Polygraph, model 7D). The strips were bathed in Krebs solution 

maintained at 37°C by a thermoregulated circuit and bubbled with a mixture 

of 95% O2 and 5% CO2, pH 7.4. The optimum tension was found to be 2 g 

(for NA-induced contractions) and this was applied to all strips. The muscle 

strips were allowed to equilibrate for 45 min before experiments were 

commenced. The effect of adding exogenous ATP (100 nM to 10 mM) on the 

smooth muscle tone was measured. Strips were then pre-contracted using 

0.1 mM phenylephrine (phenylephrine was found to produced a more 

sustained contraction than NA). The effects of ATP (0.1 nM to 10 mM) on
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pre-contracted prostatic strips was observed and further studies were then 

carried out using the P2-purinergic antagonist PPADS (30 pM) and the P2Yi- 

receptor agonist 2-meSADP.

3.3.5 Measuring the effect of P2-agonists and antagonists on cell 

growth

PC-3 cells were seeded at a density of 40,000 cells/ml in 24 well multi-well 

plates in medium as described above. After 24 hours cell numbers in control 

wells recorded directly. Cells were resuspended using trypsin treatment and 

after staining with trypan blue to assess viability, were counted using a 

haemocytometer. ATP in increasing concentrations (10 nM, 100 nM, 1 pM, 

10 pM, 100 pM, 1 mM and 5 mM) was added to different wells. At 96 hours 

from seeding (i.e. after 72 hours of incubation with ATP) the cells were 

resuspended and counted. The effects of a single addition of ATP and daily 

additions of ATP were compared. Experiments were repeated in the 

presence of the following antagonists: 30 pM 8-SPT (PI-receptor 

antagonist), 100 pM suramin and 100 pM PPADS (non-specific P2-receptor 

antagonists). Experiments were again repeated using the agonists ADP, 

UTP, and agmeATP instead of ATP.

3.3.6 Measuring the ATP breakdown in the cell culture medium

Cell cultures experiments were repeated as above with ATP added at 10 pM, 

100 pM, 1 mM and control. 15 minutes after the application of ATP and daily
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thereafter 50 |liI samples of medium were carefully pipetted off each well 

taking care not to remove or disturb any cells. The samples were immediately 

frozen at minus 20°C so the [ATP] in all samples might be measured in one 

batch using the luciferin-luciferase assay. The samples and ATP standards 

were pipetted into a white, non-phosphorescent 96-well plate. The plate was 

placed in a luminometer (Lucy 1, Anthos Labtec, Salzburg, Austria) and 

processed automatically by injection of 100 [l\ of luciferin-luciferase reagent 

(ATP monitoring reagent, Bio-Orbit, Turku, Finland) into each well and 

measured for 10 seconds. The ATP concentrations were calculated from a 

calibration curve constructed from the ATP standards. The detection limit 

was approximately 5 fmol per sample.

3.3.7 Measuring ATP-mediated apoptosis in PC-3 prostate cancer cells

PC-3 prostate cancer cells were grown on coverslips designed to fit in the 

wells of the 24-well chambers, and 1 mM ATP was added to 5 wells, with 5 

controls without ATP. After a further 72 h an in-situ cell death detection kit 

stain (TUNEL, Roche) was carefully applied to the coverslips according to the 

manufacturers protocol. This is an immunofluorescence marker which stains 

cells with DMA strand breaks. Care was taken when applying reagents to 

minimize the loss of poorly adherent cells undergoing apoptosis. The 

coverslips were mounted on slides with a blinded code. The proportion of 

cells with positive staining was counted in 5 representative high powered 

fields on each coverslip.
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3.3.8 Statistical analysis

Cumulative response curves were plotted and compared using a 2-way 

AN OVA. The mean proportions of apoptotic cells in the ATP and control 

groups were compared with a Student t-test. The hypotheses were rejected if 

p > 0.05. Prism V2.0 (GraphPad Software Inc.) statistical software was used 

for calculations.

3.4 Results

3.4.1 Immunofluorescent localisation

The histological diagnosis of BPH was confirmed with an H&E stain. P2Xi 

immunoreactivity was seen on prostatic smooth muscle cells (confirmed by 

smooth muscle myosin positive immunostaining on adjacent sections; figure 

3.1). Anti-P2Yi-receptor antibodies also produced strong staining on smooth 

muscle while anti-P2X2-receptor antibodies produced weaker staining. 

Negative controls either omitting the primary antibodies or preadsorbing the 

primary antibody with nascent peptide substantially reduced the intensity of 

staining. No smooth muscle immunoreactivity was seen using antibodies to 

P2X3-7-, P2Y2- or P2Y4-receptor subtypes.
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a) b)

c) d)

100|im

Figure 3.1

Immunofluorescent staining of human prostate smooth muscle

a) P2Xi-receptors b) smooth muscle myosin

c) P2Xi-receptor preadsorption control d) no primary antibody control
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Antibodies to P2Xs-, P2X7- and P2Y2-receptors showed immunofluorescent 

staining on the prostatic epithelial cell of men with BPH (figure 3.2). 

Preadsorption of primary antibody substantially reduced the amount of 

immunofluorescence in each case and omission of primary antibody likewise 

resulted in reduced immunofluorescence. Immunfluorescent staining using 

antibodies to P2X1-4-, P2Xe-, P2Yi- and P2Y4-receptors did not result in 

staining of the prostatic epithelial cells.

The PC-3 prostate cancer cells showed immunoreactivity for P2 X3-, P2X4-, 

P2X5-, P2Xy- and P2Y2-receptors (figure 3.3). P2Xi-, P2X2-, P2Xe- P2Yi- 

and P2Y4-receptors were not detected. Again negative controls and 

confirmed the specificity of staining.



50 |im

a)

b) c)

Figure 3.2
Immunofluorescent staining of human prostate epithelium

a) P2X5-receptors

b) P2X5-receptor preadsorption control c) no primary antibody control
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a) b)

c) d)

50|xm

e)
Figure 3.3

Imnunofluorescent staining of human prostate cancer cell line PC-3

a) P2X5-receptors b) P2Xs-receptor preadsorption control

c) P2X7-receptors d) P2X7-receptor preadsorption control 

e) no primary antibody control
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3.4.2 Effects of ATP on prostate smooth muscle tone

ATP was found to have no effect on prostatic smooth muscle tone at rest. 

The prostate strips were then precontracted with phenylephrine to determine 

if adding ATP would relax the smooth muscle. However, in precontracted 

prostate strips further contraction was induced by the addition of ATP. This 

was found to be dose-dependent and amounted to 38% mean potentiation of 

the phenylephrine-mediated contraction at 1 mM ATP. The response was 

inhibited by the P2-antagonist, PPADS (p=<0.05, see figure 3.4). The specific 

P2Yi-agonist 2meSADP had no effect.
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Figure 3.4

The effect of ATP and the P2-receptor antagonist, PPADS (30pM) on 
prostatic smooth muscle precontracted with phenylephrine (PE, 0.1 mM).
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3.4.3 The effects of P2-agonists and antagonists on prostate cancer 
cell growth

At 24 hours there was a mean cell concentration of 50,000 cells/ml in the 

control wells. After a further 72 hours the cell numbers in control wells 

increased to 206,000 cells/ml (i.e. the cell doubling time was approximately 

36 hours). This increase in cell numbers was inhibited by 88% (±2%) by daily 

application of 100 pM ATP (see figure 3.5). This was a concentration- 

dependent action. Single addition of 100 pM ATP also inhibited cell growth 

by only 45% (±1%) (see figure 3.6a). However, the single addition of 1 mM 

ATP inhibited cell growth by 91% (±1%). The addition of 8-SPT had no effect 

on ATP-mediated growth inhibition. The addition of PPADS (p=0.01) and 

suramin (p=0.02) partially inhibited the action of ATP (see figure 3.6b). ADP 

was equipotent to ATP, but UTP and apmeATP had little effect.
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Figure 3.5

The effect of the daily addition of lOOplVI ATP on the growth of PC-3 prostate 
cancer cells (2-way AN OVA p<0.001 ).
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a)
300-1

200 -

100 -

Daily ATP 0.1 mM Single ATP 0.1 mM Single ATP Im MControl

b)
400-,

300-

100 -

Control ATP ATP+8SPT ATP+suraminATP+PPADS UTP ap meATP

Figure 3.6

a) The daily addition of 100 fiM ATP inhibits the PC-3 prostate cancer cell 
growth more than a single addition of 100 pM, but the single addition of 1 mM 
ATP produces the maximum effect.

b) ATP-mediated growth inhibition of PC-3 prostate cancer cells is not 
affected by the PI-receptor antagonist 8SPT, but is reversed by the P2- 
receptor antagonists, PPADS and suramin. UTP and apmeATP had little 
effect. Agonist concentrations all were 100 pM.
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3.4.4 ATP breakdown in the culture medium

Figure 3.7 demonstrates [ATP] in the cell culture medium at daily intervals 

following the application of ATP. The baseline [ATP] was 60 nM. At 15 

minutes [ATP] was not significantly different to the anticipated dose added at 

time=0. After 24 hours [ATP] was not significantly different to baseline except 

in the wells which had 1 mM ATP added initially. In these wells [ATP] 

remained abovelO pM even at 72 hours.

3.4.5 Induction of apoptosis in PC-3 prostate cancer cells by ATP

The mean proportion of control cells that exhibited positive staining for 

apoptosis was 0.27% (± 0.04%). The mean proportion of cells which had 

been incubated with 1 mM ATP that exhibited positive staining for apoptosis 

was 5.28% (± 0.77%). This difference was highly significant (Student t-test

p<0.001).

96



10 ATP added

IQ-^ATP added

10" ATP added

Control

320 1

Time (days)

Figure 3.7

ATP breakdown in PC-3 prostate cell culture following addition of 10 juM, 
100 |iM, 1 mM ATP and control.
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3.5 Discussion

The immunohistochemical data presented here, showing the expression of 

P2Xi- (to a lesser extent P2X2-) and P2Yi-receptor protein, is consistent with 

the data from previous Northern blotting analysis [Longhurst et al. 1996; 

Janssens at al. 1996] which indicated that both P2Xi- and P2Yi-receptor 

mRNA are found in the human prostate gland. These receptors are localised 

on long slender cells in the prostate stroma, which also stain for smooth 

muscle myosin, confirming that they are smooth muscle cells. Staining was 

negative for P2X3.7-, P2Y2- and P2Y4-receptor proteins in the stroma. ATP 

was not found to have any contractile effect on prostate smooth muscle 

strips, but when the strips were precontracted with the adrenoceptor agonist, 

phenylephrine, the tone was increased in a concentration-dependent 

manner. This action was reduced by the P2-receptor antagonist, PPADS, 

and the specific P2Yi-receptor agonist, 2-meSADP, had no effect. Taking 

account of the immunohistochemical data it seems likely that the purinergic 

synergism is largely mediated by P2Xi-receptors. This is consistent with the 

demonstration that a P2-receptor antagonist (suramin) inhibits nerve- 

mediated prostate smooth muscle contractions [Haynes and Hill 1997, Lau at 

al. 1998].

High concentrations of ATP were required to produce an effect (EC50 0.81 

mM). This may be because the prostate strips used were relatively large 

(>100 mg), perhaps reducing the tissue penetration of ATP.

Excitatory junction potentials (EJP's) recorded in smooth muscle cells in 

response to the purinergic component of sympathetic cotransmission 

[Sneddon at al. 1982] allow the opening of voltage-dependent Câ "" channels
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and entry and contraction. Binding of NA to ai-adrenoceptors also 

causes an increase in intracellular calcium (released from sequestered stores 

via IP3) so there is a potential synergistic augmentation of the response by 

postjunctional interactions. Other examples of smooth muscle systems which 

have significant purinergic and adrenergic synergism have been 

demonstrated including the rodent vas deferens, portal vein and mesenteric 

arterial bed [Hoick and Marks 1977; Kennedy and Burnstock 1986; Ralevic 

and Burnstock 1990].

The immunofluorescence study also provides evidence that P2Xs, P2Xy and 

P2 Y2-receptors are expressed on benign prostate epithelial cells. P2X3-5-, 

P2X7- and P2Y2-receptors were found on the hormone refractory prostate 

cancer cell line, PC-3. This is consistent with the northern blotting and RT- 

PCR evidence of P2-receptor mRNA subtypes found by Jansenns and 

Boeynaems [2001]. The cell growth studies were consistent with the findings 

of Fang et al. [1992] demonstrating that ATP given every 2 days inhibits the 

growth of this prostate cancer cell line. In the present study, the effect of ATP 

was enhanced if it was added daily to the cell culture, however adding a 

single high concentration of ATP produced a comparable effect This raises 

the question of whether ATP has a triggering effect on cell growth rather than 

requiring sustained action. Analysis of ATP breakdown showed that when 

ATP was added to achieve a concentration of 100 pM or less, the [ATP] in 

the culture medium had reached background levels before 24 hours. If 1 mM 

of ATP was added, the [ATP] in the medium is maintained well above 

background concentrations for at least 72 hours and above the EC50 for 

grov\4h inhibition for more than 48 hours. It is not clear whether ATP
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breakdown was inhibited or whether there was increased release of ATP, 

either due to cell death or due to ATP-induced ATP release from the PC-3 

cells which has been shown for other cell types [Trams et al. 1980; Bodin and 

Burnstock 1996]. Although the clinical relevance of this in vitro finding is 

uncertain, ATP-induced ATP release from erythrocytes in mouse tumour 

models has been described which enhanced the purine-mediated anticancer 

effect [Rapaport and Fontain 1988].

The demonstration that the P2-receptor antagonists, PPADS and suramin 

reverse ATP-mediated growth inhibition provides further evidence that this 

phenomenon is mediated by P2-receptors. ATP-mediated growth inhibition is 

not affected by the PI-receptor antagonist, 8 -SPT, and the P2Y2- receptor 

agonist, UTP has poor efficacy [Janssens and Boeynaems 2001]. These 

results were confirmed in the present study. The poor response to a(3meATP 

indicates that P2Xi- or P2X3-receptors are also unlikely to be involved.

As mentioned in the discussion, the term "growth" has been used to 

represent the increase in number of viable cells during the period of the 

study. The change in cell number depends on a balance between 

proliferation and cell death. Additionally, any cells which might have 

differentiated will effect this equilibrium since it is known that, in prostate 

epithelium, only the relatively undifferentiated basal epithelial cells proliferate. 

The quantitative apoptosis experiments indicate that an increase in apoptosis 

contributes to the growth inhibition effect. This experimental technique is 

likely to underestimate the amount of apoptosis because the adherence of 

dying cells to the coverslip is reduced, resulting in some being lost during 

staining. Janssens and Boeynaems [2001] demonstrated ATP-induced
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inhibition of proliferation only after 4 days of exposure to ATP. The 

thymidine incorporation assay does not distinguish whether inhibition of 

proliferation is due to an increase in the doubling-time of proliferating cells or 

due to an increased proportion of cells differentiating and leaving the cell 

cycle. The fact ATP did not cause an early change in the [^H'"]-thymidine 

incorporation assay indicates that the sum effect of differentiation and cell 

proliferation was unchanged at this time and the early growth inhibition effect 

is likely to be due to increased apoptosis. It would be desirable to repeat 

these experiments on other prostate cancer cell-lines.

Although a role for P2Y receptors in mediating the trophic effects of ATP is 

widely recognised [Neary et al. 1996; Abbracchio and Burnstock 1998], P2X 

receptors are still largely viewed as mediators of short-term, fast cell-cell 

communication. However, recent studies demonstrating P2Xy-dependent 

apoptosis [Coutinho-Silva at si. 1999; Humphreys at a i 2000] and P2Xs 

expression in the differentiating cell layers of stratified squamous epithelial 

cells [Groshel-Stewart at ai. 1999], suggest that P2X receptors could also 

mediate trophic effects, including cell proliferation, differentiation and 

apoptosis. In addition, Ryten at ai. [2002] demonstrated that the activation of 

P2X5-receptors inhibits proliferation of mammalian myoblast cells and 

stimulates the expression of markers of muscle cell differentiation.

The present experiment has identified the expression of P2X-receptors on 

prostate epithelial cells and a prostate cancer cell line. Evidence has been 

provided that the activation of these receptor inhibits the growth of the 

prostate cancer cell line, an effect which may be caused by the induction of 

apoptosis.
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These experiments have immunohistochemically characterised the 

expression of P2-receptor protein subtypes on benign prostatic tissue and 

the PC-3 prostate cancer cell line. Synergism between purinergic and 

adrenergic signalling has been demonstrated in controlling prostate smooth 

muscle tone. The reversal of ATP-mediated growth inhibition of prostate 

cancer PC-3 cells by P2-receptor antagonists has been demonstrated. The 

breakdown of ATP in culture medium has been studied and correlated to 

frequency of adding ATP. A quantitative analysis has shown that ATP 

increases apoptosis in the prostate cancer cells. Clearly, more experiments 

are required to precisely determine the biological mechanisms involved in 

these processes. The identification of pharmacological targets is a vital 

process in the development of new treatments for benign and malignant 

prostatic diseases.
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Chapter 4

A functional study of purinergic signalling In the 
normal and pathological rabbit corpus cavernosum

103



4.1 Abstract

The control of cavernosa! smooth muscle tone is central to the physiology of 

erectile function and erectile dysfunction may be treated by 

pharmacologically manipulating the cavernosa! smooth muscle tone. The aim 

of this study was to functionally characterise ATP-mediated cavernosa! 

smooth muscle relaxation in the rabbit and to determine whether it is altered 

in models of conditions which pre-dispose to erectile dysfunction. ATP and 

UTP caused equipotent, dose-dependent relaxation of rabbit cavernosa! 

smooth muscle, pre-contracted with phenylephrine. Adenosine diphosphate 

was more potent. This effect was inhibited by RB2, but not by suramin, 8- 

SPT or L-NAME. Erectile dysfunction occurs in as many as 50% of men with 

diabetes mellitus. Erectile dysfunction is also common in men with bladder 

outlet obstruction and there is now increasing recognition that bladder outlet 

obstruction may be an independent risk factor for erectile dysfunction. 

Diabetes mellitus was induced in six male rabbits with six controls. After six 

months ATP-mediated cavernosa! smooth muscle relaxation was lower in the 

diabetic animals compared with the controls (p<0.001). Partial bladder outlet 

obstruction was surgically induced in six male rabbits with six sham-operated 

controls. After six weeks ATP-mediated cavernosa! smooth muscle relaxation 

was lower in the obstructed animals compared with the controls (p<0.001). 

The characterisation experiments provide evidence to indicate that purine- 

induced cavernosa! smooth muscle relaxation may be mediated by P2Y4- 

receptors as well as P2Yi-receptors in the rabbit. Alteration in cavernosa! 

smooth muscle purinergic signalling, as demonstrated in these models, may
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be implicated in the pathophysiology of erectile dysfunction associated with 

diabetes mellitus and bladder outlet obstruction.

4.2 Introduction

The flow of blood into the corpus cavernosum dictates the rigidity of the 

penis. This flow is controlled by the cavernosal smooth muscle, which is 

contracted in the normal flaccid state. The ability to attain and maintain a 

penile erection depends on the ability to adequately relax the cavernosal 

smooth muscle. The tone of the cavernosal smooth muscle can be altered by 

a many different neurotransmitters but the local release of NO appears to be 

critical in relaxing cavernosal smooth muscle [Burnett et a i 1992]. Alteration 

in the ability to control and relax the cavernosal smooth muscle leads to 

erectile dysfunction. Importantly, erectile dysfunction can be treated by 

pharmacologically manipulating the cavernosal smooth muscle tone.

The purine, ATP is a cotransmitter released by sympathetic and 

parasympathetic nerves which can induce smooth muscle contraction or 

relaxation in a various organs via specific receptors [Burnstock 1972, 1976, 

1999a], Alterations in purinergic signalling have been implicated in the 

pathophysiology of vascular diseases [Abbracchio and Burnstock 1998] and 

urological diseases [Burnstock 2001c], In 1983 Bowman and Gillespie 

reported that isolated canine and bovine penile arteries dilated in response to 

ATP, Electron-microscopic study of the human penis by Benson et a i [1980] 

revealed neural varicosities with large opaque vesicles, which, although not 

specific for, fitted the early descriptions of purinergic nerves [Burnstock 

1972],
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Broderick et al. [1991] found that ATP caused a dose-dependent relaxation of 

isolated precontracted rabbit cavernosal smooth muscle strips. In different 

vascular beds ATP can either relax vascular smooth muscle directly via 

postganglionic P2Y receptors, or indirectly via the stimulation of endothelial 

release of NO [Abbracchio and Burnstock 1998]. Tong at si. [1992] found that 

rubbing the rabbit cavernosal smooth muscle strip to disrupt the endothelium 

(histologically confirmed) blocked the electrical field stimulation-induced 

cavernosal smooth muscle relaxation but had no effect on the ATP-induced 

relaxation. In 1995 Levin et a i reported that ATP caused a dose-dependent 

relaxation in precontracted human cavernosal smooth muscle strips. In 1999 

Filippi et ai. found that the NO-synthase inhibitor L-NAME did not effect ATP- 

induced human cavernosal smooth muscle relaxation supporting the earlier 

evidence that the response is endothelium-independent. They also found that 

the response was partially blocked by the A2A-antagonist CGS 15943 and 

that the order of agonists was:

2-meSATP > ATP > apmeATP 

The non-specific P2 antagonist, PPADS, which has some preference for P2X 

receptors in vivo, had no effect [Burnstock and Kennedy 1985]. Taken 

together, this suggests an effect mediated partly by P2Y and partly by PI 

receptors.

Shalev et ai. [1999] found that ADPpS (a relatively selective P2Yi-agonist) 

caused relaxation in cavernosal smooth muscle strips taken from men with 

erectile dysfunction at the time of prosthesis implantation. This action was 

blocked by the non-specific P2-receptor antagonist, RB2 which has some 

preference for P2Y receptors in vivo. Unlike the ATP response, the ADPpS-
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mediated relaxations were reduced by 70-80% by physical disruption of the 

endothelium and by L-NAME. Obara et al. [1998] detected P2Yi-receptor 

mRNA by RT-PCR and northern blotting in the rat penis and in-situ 

hybridisation located the mRNA on the endothelial cells of the corpus 

cavernosum.

In vivo studies of the effects of ATP on penile erection were performed by 

Takahashi at al. [1992], who found that intracavernosal injection of ATP into 

dogs increased the intracavernosal pressure and induced erection. This 

effect was not due to changes in systemic blood pressure. Champion at al. 

[1997] presented work showing that adenosine 5'-0-(3 thiotriphosphate) 

(ATPyS) induced penile erection in the cat.

The role that different neurotransmitters play in the pathophysiology of 

erectile dysfunction is inferred from observed changes in neurotransmitter 

signalling in animal models of conditions predisposing to erectile dysfunction. 

Some such evidence of a role for purinergic signalling in the pathophysiology 

of erectile dysfunction already exists: alterations in cavernosal purinergic 

signalling have been documented in the rat diabetes mellitus model [GCir and 

Ôztürk 1999], ageing rabbits [Ragazzi at al. 1996], rabbit chronic steroid 

abuse model [Kaya at al. 1997] and castrated rabbits [Itoh at al. 1996].

The first part of this chapter is a pharmacological study of normal rabbit 

cavernosal smooth muscle which attempts to determine more precisely the 

receptor subtypes mediating the ATP-induced cavernosal smooth muscle 

relaxation in the rabbit. Although ATP-mediated cavernosal smooth 

relaxation has been studied in streptozocin-induced diabetic rats [GCir and
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ôztürk 1999], functional purinergic characterisation studies have not yet been 

performed in this species. The role that purinergic signalling plays in 

controlling erectile function has been much more extensively studied in the 

rabbit than the rat or human, although the rabbit diabetes model has not yet 

been tested. The purpose of the second part of this chapter was to determine 

whether the ATP-mediated cavernosal smooth muscle relaxation is altered in 

the alloxan-induced diabetic rabbit model. In the final part of this chapter we 

tested whether there is any alteration in purinergic signalling in the corpus 

cavernosum of rabbits with experimentally-induced bladder outlet obstruction. 

There is increasing evidence from human studies that bladder outflow 

obstruction is an independent risk factor for erectile dysfunction [Jing et al. 

2001; Richard et ai. 2000]. Alterations in the expression of endothelin 

receptors have been identified in the corpus cavernosum of a rabbit model of 

bladder outflow obstruction [Khan et al. 1999c] but other neurotransmitter 

systems have not yet been studied in this context.

4.3 Materials and methods

4.3.1 The disease models

A. Diabetes Mellitus

Animal models were ethically approved and under licence of the Home 

Office. Diabetes was induced in a group of rabbits as follows: age- 

matched, 3kg male adult New Zealand White rabbits (n=6 ) were 

intravenously injected with alloxan (65mg/kg) via the ear vein. Six age- 

matched rabbits were used as controls. The animals were fed ad libitum
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with SDS standard rabbit plain diet (SDS, Witham, UK) and allowed free 

access to water. Serum glucose estimations were made to confirm the 

induction of diabetes mellitus. Experiments were performed 6  months 

after the induction of diabetes.

B. Bladder outflow obstruction

Bladder outflow obstruction was surgically induced in 6  adult male New 

Zealand White rabbits (3 kg) according to the methods described in 

section 2.3.1. Special care was taken to avoid contact with the pelvic 

nerves. The rabbit bladder protrudes more into the peritoneal space than 

in the human, allowing this procedure to be performed with minimal 

dissection or disruption of tissues. The animals were recovered and fed 

ad libitum with SDS standard plain diet (SDS, Witham, UK) and allowed 

free access to water. Six age- and weight-matched, sham-operated 

controls underwent the same procedure with the omission of the silk 

ligature. Experiments were performed 6  weeks after surgery.

Characterisation experiments were carried out on bladders from healthy adult 

3kg New Zealand White rabbits. The animals were sacrificed and their 

penises were immediately excised placed in chilled Krebs solution. 

Cavernosal smooth muscle strips were dissected out and experiments 

carried out as detailed below.
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4.3.2 Measurement of biochemical indices

Blood was sampled at monthly intervals via the ear vein in the diabetic 

rabbits and their control group. This was placed in serum gel bottles and 

serum sodium, urea, creatinine and glucose concentrations were determined 

using the standard methodology on a Hitachi 717 Automatic Autoanalyser 

(Boehringer Mannheim, Lewes, Sussex).

In the partial bladder outlet obstruction rabbits and their control group blood 

was also sampled via the ear vein at six weeks and analysed as above.

4.3.3 Organ bath studies

Following sacrifice, the penile tissue was removed and placed in cold 

oxygenated Krebs solution. The tunica albuginea was opened and the corpus 

cavernosum was dissected out and cut in strips approximately 1x1x5 mm. 

The size and weights of the strips were similar throughout the studies. The 

strips were mounted vertically in organ baths and bathed in Krebs solution at 

pH 7.4, maintained at 37°C by a thermoregulated circuit and bubbled with a 

mixture of 95% O2 and 5% CO2. This solution also contained atropine (10 '® 

M), guanethidine (5x10'^ M) and indomethacin (10'^ M) to inhibit the 

cholinergic, adrenergic and cyclo-oxygenase pathways and reveal NANC 

signalling. An initial tension of 2 g was applied to strips. Tension was 

subsequently measured by a force transducer (FT-03C, Grass Instruments, 

Quincy, Massachusetts, USA) using a Grass Polygraph (model 7D). Strips 

were equilibrated for at least 1 hour and then challenged with KCI (124 mM).
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Two reproducible contractions varying in magnitude by less than 10% were 

consistently obtained.

Characterisation experiments were carried out in cavernosal smooth muscle 

strips from the non-diabetic, non-obstructed group as follows: strips were 

precontracted with phenylephrine (IC'^M). They were then relaxed with ATP 

alone (10'^-10'^ M), or in the presence of 8 -SPT (10'^ M; PI-receptor 

antagonist), suramin (lO'"  ̂ M; non-specific P2-receptor antagonist), RB2 

(SxlO'^^M) or L-NAME (10'^ M). As a positive control the efficacy of the same 

batch of L-NAME was checked by assessing its effect on electrical field 

stimulation- induced relaxation of precontracted rabbit corpus cavernosum 

according the techniques described by Thompson et al. [2001]. The effect of 

ATP on non pre-contracted tissue and the relative potencies of ADP and DTP 

compared to ATP were also investigated. Chemicals were all obtained from 

Sigma (Poole, Dorset).

In the disease model rabbits and their control groups cavernosal smooth 

muscle strips were initially pre-contracted with phenylephrine (10'"  ̂ M). 

Cumulative response curves were then obtained for ATP (1 O'® M- 5x1 O'® M).

4.3.4 Statistical analysis

Data is expressed as mean ± s.e.m. Biochemical indices were compared 

using unpaired Student t-tests. Cumulative response curves were plotted and 

were compared using a 2-way AN OVA. The hypothesis was rejected if p > 

0.05. Prism V2.0 (GraphPad Software Inc.) statistical software was used for 

calculations.
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4.4 Results

4.4.1 Characterisation experiments

ATP had no effect on non-precontracted tissue, however ATP produced a 

concentration-dependent relaxation of pre-contracted cavernosal smooth 

muscle strips (figure 4.1a). These relaxations were not inhibited by the 

addition of L-NAME (figure 4.1a). The positive controls confirmed the 

biological efficacy of this batch of L-NAME at the same concentration (results 

not shown). 8 -SPT did not reduce ATP-mediated relaxation (results not 

shown). RB2 significantly reduced ATP-mediated relaxation (p<0.0001, 2- 

way ANOVA, figure 4.1b). However, suramin had no effect on ATP-mediated 

relaxations (results not shown). ADP was significantly more potent that ATP 

(p=0.005, 2-way ANOVA, figure 4.2a). UTP was equipotent to ATP (figure 

4.2b).
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Cumulative dose response curves for ATP-mediated cavernosal smooth 
muscle relaxation, pre-contracted with 100 )iM phenylephrine.
a) in the presence and absence of 10 pM L-NAME.
b) In the presence and absence of 500 pM RB2.
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a) ADP is more potent than ATP in relaxing cavernosal smooth muscle (pre
contracted with 100 pM phenylephrine). 2-way ANOVA, p=0.005.
b) UTP is equipotent to ATP in relaxing cavernosal smooth muscle
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4.4.2 Corpus cavernosum of the diabetic model

There was no significant difference in the baseline serum glucose 

concentrations (non-fasting) in either group of rabbits. At 6 months the mean 

serum glucose was higher in the diabetic animal compared with the control 

group (26.3 of. 7.5 mM). Likewise there was no significant difference in the 

animal weights at the outset, but after 6 months the control animals had 

gained weight normally while the diabetic rabbits had lost some weight (see 

table 4.1). The diabetic animals had a significantly reduced serum [Na^ and 

increased serum [urea] and [creatinine] compared with the control group (see 

table 4.1).

Cavernosal smooth muscle strips from diabetic and control groups were pre

contracted by phenylephrine. There was no significant difference in tension 

produced by lO '* M phenylephrine in either group. ATP produced dose- 

dependent cavernosal smooth muscle relaxation in both diabetic and control 

tissues (see figure 4.3). The relaxation was reduced in the diabetic 

cavernosal smooth muscle strips compared with the control group (p<0 .0 0 1 ).
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Control Diabetic

Initial weight (kg) 3.40 ± 0.02 3.51 ±0.05

Final weight (kg) 
(6 months)

4.70 ± 0.04 ® 3.2810.10*’

Initial serum [glucose] 
(mM)

7.7 ±0.31 7.310.54

Final serum [glucose] 
(mM)

7.5 ±0.39 26.311.51 °

Final serum [Na""] (mM) 142 ±0.38 1 32 11 .0 "

Final serum [urea] (mM) 6.3 ±0.3 11.1 1 0 .6 "

Final serum [creatinine] 
(mM)

93 ±2.4 1 1 6 1 2 .1  "

Table 4.1

Diabetic and control animal weight and serum glucose concentrations before 
an after 6 -month time period. Values are expressed as mean ± s.e.m.
 ̂Control animals gain weight over 6  months (p<0.001 )
 ̂Diabetic animals lose weight over 6  months (p=0.04)
 ̂Final serum [glucose] is higher in diabetic animals than in controls

(p<0 .0 0 1 )
 ̂Diabetic animals have a lower serum [Na'"] and a higher serum [urea] and 

[creatinine] at 6 months (p<0.001 for each)
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Figure 4.3

ATP-mediated cavernosal smooth muscle relaxation is impaired in the 
alloxan-induced diabetic mellitus rabbit model at 6 months, 2-way ANOVA,
p<0.001
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4.4.3 Corpus cavernosum of the partial bladder outlet obstruction 

model

There was no significant difference in animal body weight in the obstructed or 

control groups, at day 0 or after 6  weeks. Although all animals were able to 

void spontaneously, the masses of the excised bladders had increased 

several-fold in the obstructed animals compared with controls (see table 4.2,

p=0 .0 0 2 ).

Cavernosal smooth muscle strips from the obstructed and control animals 

were pre-contracted with phenylephrine. There was no significant difference 

in the contractions produced. ATP produced dose-dependent relaxation of 

the cavernosal smooth muscle strips (see figure 4.4). The relaxation was 

reduced in the cavernosal smooth muscle from the rabbits with partial 

bladder outflow obstruction strips compared with the control group (p<0 .0 0 1 ).
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Control Obstructed

Initial animal weight (kg) 3.12 ±0.07 3.09 + 0.06

Final animal weight (Kg) 
(6 weeks)

3.2 + 0.11 3.15 + 0.09

Final bladder weight (g) 3.1 ±0.4 11.8 + 2.3"

Final serum [Na^] (mM) 144 + 1.6 142 + 2.3

Final serum [urea] (mM) 5.8 ±0.9 5.7+ 0.6

Final serum [creatinine] 
(mM)

92 + 8.3 92 + 5.8

Table 4.2

Animal and bladder weight and serum biochemistry in obstructed and control 
animals. Values are expressed as mean ± s.e.m.
 ̂final bladder weight was greater in the obstructed group than in the control

(p=0 .0 0 2 ).
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Figure 4.4

ATP-mediated cavernosal smooth muscle relaxation is impaired in the rabbit 
partial bladder outlet obstruction model at 6 weeks, 2-way ANOVA, p<0.001
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4.5 Discussion

The present study confirms that ATP induces rabbit cavernosal smooth 

muscle relaxation via P2 receptors, as the addition of the P1 antagonist had 

no effect on the response. The addition of L-NAME had no effect on ATP- 

mediated cavernosal smooth muscle relaxation which is consistent with the 

earlier reports that, in the rabbit and human being, ATP-mediated cavernosal 

smooth muscle relaxation is endothelium-independent [Tong et al. 1992; 

Filippi at al. 1999]. ATP and UTP were shown to be equipotent, suggesting 

that P2Y2- or P2Y4-receptors were involved, but since the addition of RB2, 

reduced the response, this indicated that it is likely to be a P2Y4-receptor- 

mediated effect [Bogdanov at al. 1998]. ADP was more potent than ATP, also 

implicating P2Yi- and possibly P2Y i2- and P2Yis- receptors and making P2X 

and P2Y2,- P2Ye- and P2Yn-receptors less likely. Suramin had no effect, 

confirming that the response is unlikely to be mediated by P2X-receptors or 

by a P2 Y2-, P2Yn- or P2Yi2-receptors which are suramin sensitive. Obara at 

al. [1998] found P2Yi mRNA in the rat corpus cavernosum and the relatively 

selective agonist ADPpS is known to potently relax human cavernosal 

smooth muscle [Shalev at al. 1999]. Taken together, this implies that both 

P2Yi- and P2Y4-receptors are involved. A possible explanation why all 

studies (including the present study) have found ATP-mediated relaxation to 

be endothelium- and NO-independent in contrast to Shalev and co-workers 

[1999] who reported that ADPpS-mediated relaxation was endothelium and 

NO-dependent is that ADPpS acts primarily on P2Yi-receptors on the 

endothelium to release NO, whilst the predominant ATP action is on smooth 

muscle P2Y4-receptors. Immunohistochemistry data is required to support or
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refute this hypothesis, but the currently available P2Y-subtype specific 

antibodies have been grown in rabbits and therefore cannot be used in this 

species.

Increasing age is an independent risk factor for erectile dysfunction. Ragazzi 

et al. [1996] found that corpus cavernosum strips from 24-month old rabbits 

were more sensitive to ATP than 3- and 7-month old rabbits.

Chronic steroid abuse predisposes to erectile dysfunction. Kaya at al. [1997] 

observed that rabbits which had undergone 2 months of testosterone 

injections had enhanced ADP-mediated cavernosal smooth muscle 

relaxation, but the ATP-mediated response was unaltered.

Castration (i.e. removal of circulating testosterone) also strongly predisposes 

to erectile dysfunction. Itoh at al. [1996] found that both medical castration 

(using the luteinizing hormone-releasing hormone analogue, leuprolide) and 

surgical castration impaired electrical field stimulation-mediated cavernosal 

smooth muscle relaxation and sodium nitroprusside-mediated cavernosal 

smooth muscle relaxation (a NO donor). Castration, however had no effect 

on ATP-mediated cavernosal smooth muscle relaxation.

Erectile dysfunction is a common consequence of diabetes mellitus and may 

affect as many as half of diabetic men [McCulloch at al. 1980]. In the second 

part of the present study the serum glucose data in the rabbits injected with 

alloxan confirms the successful induction of diabetes. Previous data from this 

model has confirmed impaired electrical field stimulation-mediated and SNP- 

mediated cavernosal smooth muscle relaxation [Khan at al. 2001]. The 

present data demonstrated that ATP-mediated relaxation is also impaired. 

The precontractions induced by phenylephrine were no different in the
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diabetic and control groups. Downgrading of P2Y-receptor expression or 

alterations in 2 "  ̂ messenger pathway signalling function could be 

responsible.

Much attention has focused on whether prostatectomy for bladder outflow 

obstruction is associated with an increased risk of erectile dysfunction. 

However, a number of recent studies have indicated that symptomatic 

patients with untreated bladder outflow obstruction also have an increased 

risk, even when correcting for other risk factors including age. [D'Alisera et 

a/. 1998; Baniel et al. 2000; Richard et ai. 2000; Jing et al. 2001]. Khan et al. 

[1999a] have reported alterations in endothelin receptor distribution in the 

cavernosal smooth muscle of rabbits with bladder outflow obstruction. The 

data from the final part of the present study indicates that purinergic 

signalling may also be implicated in the pathogenesis of erectile dysfunction 

associated with bladder outflow obstruction.

Why abnormalities occur in the corpus cavernosum secondary to bladder 

pathology is not clear. It is unlikely that the penis sustained physical damage 

during the process of placing the silk ligature because this occurs at a 

distance. Both sham and control animals are catheterised during surgery so 

this does not account for the changes. It might be explained by the extra 

weight of the hypertrophied and distended bladder in the pelvis, compressing 

the blood or nerve supply to corpora cavernosa and thus causing a 

prolonged ischaemia or nerve damage. Although there is, as yet, no 

evidence to support this hypothesis, the combination of a bulky prostate and 

a hypertrophied, distended, poorly emptying bladder might have the same 

effect in men with benign prostatic obstruction.
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In summary, functional evidence has been provided to indicate that purine- 

induced cavernosal smooth muscle relaxation may be mediated by P2Y4- 

receptors as well as P2Yi-receptors in the rabbit. In addition, alterations in 

purinergic signalling in two animal models have been demonstrated which 

may be implicated in the pathophysiology of erectile dysfunction associated 

with diabetes mellitus and bladder outlet obstruction.
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Chapter 5

ATP release from the human ureter on distension and 
P2X3-purinoceptor expression on suburothelial

sensory nerves
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5.1 Abstract

It is not clear how the increase in intraluminal pressure behind an obstructing 

ureteric calculus causes an increase in action potential frequency in ureteric 

sensory nerves so that the pain messages might be transmitted to the brain. 

It has been proposed that ureteric distension causes urothelial release of 

ATP which activates purinoceptors on suburothelial nociceptive sensory 

nerves. The purpose of this study was to determine whether distension of the 

human ureter results in the release of ATP and whether the nociceptive 

purinoceptor, P2Xs, is expressed on suburothelial sensory nerves in the 

human ureter.

Human ureter segments were perfused with Krebs solution and intermittently 

distended to a range of pressures. Samples of perfusate were collected 

throughout and the [ATP] was determined using a luciferin-luciferase assay. 

[ATP] rose to more than 10 times baseline levels after distension beyond a 

threshold of 25-30 cmH2 0 . Immunofluorescence studies on consecutive 

frozen sections showed that suburothelial nerves stained positively using 

P2X3-receptor antibodies and capsaicin-receptor antibodies (VR1), with no 

staining in controls.

These findings are consistent with the hypothesis that purinergic signalling 

may be involved in human ureteric mechanosensory transduction which may 

lead to nociception.
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5.2 Introduction

Pain due to a calculus causing an acute obstruction in the ureter can be 

severe and treatment with NSAID's or opiate analgesia does not always 

result in adequate pain relief.

Human studies have shown that, following obstruction, continued urine 

production gradually increases the intraluminal pressure behind the 

blockage. The onset of pain occurs once the pressure reaches a mean 

threshold of 33 mmhg^[Risholm 1954]. The pressure rise results in distension 

of the proximal ureter and renal pelvis, but it is not clear how this leads to 

neuronal activity so that pain messages might be transmitted to the brain. 

Local inflammation caused by the calculus releases inflammatory mediators, 

such as bradykinin or neurokinin A, which may sensitize afferent neurones 

via specific receptors [Edyvane et al. 1994; Amann et a/. 1988; Roza et al. 

1998]. However, the clear on-off link between pressure and nerve activity in 

animal studies and pressure and pain in human studies strongly indicates 

that the release of inflammatory mediators is not the principal 

mechanosensory transduction mechanism [Ammons 1989; Risholm 1954]. 

There is a rich plexus of suburothelial afferent nerves in the ureter [Sann et 

al. 1995] and the afferent pathways from here via the splanchnic plexi, lower 

lumbar dorsal nerve roots and spinothalamic tracts have been well 

documented and studied [Schulman 1981; Ammons 1989].

Extracellular adenosine 5'- triphosphate (ATP) mediates a variety of 

biological functions including synaptic neurotransmission, neuromuscular 

transmission leading to contraction or relaxation of smooth muscle, and 

* 1 mmHg = 1.36 cmH2 0
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exocrine or endocrine secretion; cell proliferation, differentiation, migration 

and death [Abbrachio and Burnstock 1998]. The first description of pain 

produced by ATP was when ATP was introduced into human blister base 

preparations [Bleehan and Keele 1977]. ATP was then found to be a 

nociceptive mediator in the spinal cord [Jahr and Jessel 1983]. Following the 

cloning of purinoceptor subtypes, the P2X3-receptor was found to be 

expressed in a proportion of dorsal root ganglion sensory neurones [Chen et 

al. 1995]. Signs of overt nociception (i.e. hindpaw lifting and licking) were 

apparent following subplantar injection of the P2X3-agonist apmeATP into 

conscious rats [Bland-Ward and Humphrey 1997]. This was dose-related and 

inhibited by selective desensitisation of the P2X3-receptor. Studies in the 

same model have shown that endogenous concentrations of ATP can reach 

concentrations capable of exciting nociceptors in inflamed skin. [Hamilton at 

ai. 1999]. P2X3-receptor deficient mice show significantly reduced pain- 

related behaviour in response to intraplantar injections of ATP and formalin 

but normal responses to noxious mechanical or thermal stimuli [Souslova at 

ai. 2 0 0 0 ].

ATP release from non-neuronal sources has been described. Release from 

vascular endothelial cells in response to shear stress may play a role in the 

autocrine regulation of vascular tone [Bodin at al. 1991] and the release of 

ATP from red blood cells in response to mechanical deformation may 

contribute [Grygorczyk and Hanrahan 1997; Sprague at al. 1998]. Ferguson 

at al. [1997] has shown that ATP is released from the urothelial cells of the 

rabbit bladder in response to changes in hydrostatic pressure. Burnstock 

[1999b] has proposed that in tubes (e.g. ureter, salivary duct, bile duct,
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vagina and intestine) and in sacs (e.g. urinary bladder, gall bladder and lung), 

nociceptive mechanosensory transduction occurs where distension releases 

ATP from the epithelial cells lining these organs, which then activates P2X3 

and/or P2 X2/3 receptors on subepithelial sensory nerve plexuses to relay 

messages to the CNS pain centres (see figure 5.1).

Evidence to support the mechanosensory role of ATP in the bladder already 

exists [Burnstock 2001b]. P2X3-like immunoreactivity has been found on 

nerves in the suburothelial plexus in the rat bladder [Lee et al. 2000a]. 

Increased electrical activity was recorded in the afferent pelvic nerves of rats 

during slow distension of the bladder and this activity was inhibited by 

desensitising the P2X3-receptor with apmeATP and also by receptor 

antagonism with suramin [Namasivajam at al. 1999]. P2X3-receptors were 

immunohistochemically identified on the bladder suburothelial plexus of mice, 

but not in P2X3-receptor genetically deficient mice [Vlaskovska at al. 2001]. 

ATP was released during distension of the mouse bladder, proportionate to 

the degree of distension and corresponding to the activity of multi-fibre pelvic 

nerve afferents. The distension-induced afferent nerve activity was 

attenuated in the P2X3-receptor knock-out mice, but in the wild-type mice 

was augmented by P2X-receptor agonists and attenuated by P2X-receptor 

antagonists or capsaicin. P2X3-deficient mice also exhibit marked urinary 

bladder areflexia during cystometric evaluation and have decreased voiding 

frequency with increased bladder capacity and voiding volumes with normal 

pressures [Cockayne at al. 2000].
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Smooth muscle

Subepithelial 
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Figure 5.1

Hypothesis that ATP is released from the urothelium of the ureter on 
distension and acts on P2X3 nociceptors on the suburothelial sensory nerve 
plexus to relay message to the CNS pain centres, (from Burnstock 1999b).
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Further nerve-recording studies of ATP-sensitive afferent nerves arising from 

the mouse bladder have identified both high-threshold fibres which may be 

involved in nociception and low-threshold fibres which may be involved in 

normal physiological feedback during the filling phase of the micturition cycle 

[Rong et al. 2002].

Knight at al. [2002] found that distending guinea pig ureters caused a 

pressure-dependent release of ATP, approximately 10 times the basal 

release levels. Lee at al. [2000a] have demonstrated P2X3-like 

immunoreactivity in the nerves in the suburothelial plexus in rats.

In this chapter experiments were designed to investigate whether ATP is 

released from the human ureter on distension and whether human ureteric 

suburothelial nerves express P2 X3-receptors.

5.3 Materials and methods

5.3.1 Tissue

Following ethical approval and consent, 3 cm segments of ureter (of the 

proximal or mid third) were taken from patients undergoing radical 

nephrectomy for renal cell carcinoma. The ureteric segments were each cut 

into a 1 cm and a 2 cm length. The 1 cm segments were mounted on labelled 

cork squares in OCT embedding compound (BDH Laboratory supplies, Poole 

UK) and frozen in isopentane pre-coo led in liquid nitrogen. 

Immunohistochemical analysis was subsequently performed on these 

samples as described below. The remaining segments were orientated for 

use in the ATP release experiments so that perfusion might be isoperistaltic.
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5.3.2 Immunofluorescence

Immunofluorescence was performed using antibodies against the P2X3- 

purinoceptorand the capsaicin receptor (also known as the vanilloid receptor 

-VR1) on adjacent sections. Negative controls were performed in the 

absence of primary antibody and also with pre-adsorption of primary antibody 

with nascent peptide.

Tissues were sectioned at 12 lum on a cryostat (Reichert Jung CM1800) and 

collected on gelatin-coated slides and air-dried at room temperature for 30 

minutes. The ABC technique was again used as outlined in section 3.3.2.

A significant amount of autofluorescence originated from the collagen fibres 

in the sections. This was dampened by a five minute incubation of all 

sections in pontamine sky blue before mounting in glycerol mountant 

(Citifluor Ltd, London). The sections were viewed in a Zeiss Axioplan 

(Germany) microscope using a dark field linked to a Leica DC200 digital 

camera (Switzerland).

5.3.3 Measurement of ATP release from the human ureter during 
distension

The 2 cm ureteric segments were catheterised at each end with a 6  French 

paediatric feeding tube and securely tied with 5/0 silk. They were placed in a 

Petri dish embedded with dental wax, into which non-corrodible metal staples 

had been previously positioned to keep the ureters straight and prevent 

excessive movement. The Petri dish was filled with Krebs solution, bubbled 

continuously with 95% O2 and 5% CO2. All experiments were carried out at
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room temperature because the logistics of including a thermoregulated circuit 

at 37°C were significantly more complicated. In preparation to her published 

work on ATP release during distension of the guinea pig ureter Knight found 

and no difference was observed at room temperature compared with 37°C 

[Knight et al. 2002 and personal communication].

The feeding tube at proximal end of the ureter was connected via a Luer lock 

to a 3 way tap. A diaphragm pressure transducer (model P23 ID, Gould Inc, 

Oxnard, CA) was connected to one outlet and to the other (via further tubing) 

a peristaltic pump (Watson-Marlow Ltd, Fainmouth, UK). The feeding tube 

attached to the distal end of the ureter was cut short to minimize dead-space 

and allowed to drain into a collecting container (see figure 5.2). Pressure was 

monitored using a Grass polygraph (model 7D). Pressure readings were 

calibrated and zeroed by altering the height of the preparation against a ruler. 

The segments were perfused in an isoperistaltic direction at a constant flow 

rate of 0.6ml/min with Krebs solution. Ureters were allowed to equilibrate for 

at least 45 minutes with perfusion before the experiment commenced. The 

experimental set up allowed collection of 30 second perfusate aliquots in 0.5 

ml Eppendorf tubes at various points during the experiments. Distensions 

were performed by clamping the feeding tube at the distal end of the ureter 

with a clip while continuing the pump flow until the desired pressure was 

achieved. The pump was switched off at this point. The haemostat was 

released after one minute, the pump immediately restarted and the perfusate 

collected.
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Figure 5.2

Experimental arrangements to allow perfusion of ureter, controlled distension 
with pressure monitoring and collection of perfusate in aliquots.
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After equilibration, three baseline aliquots of perfusate were collected without 

distension. Distensions were performed in varying sequences to pressures in 

the range of 10-250 cmH20. For each distension 30 second perfusate 

aliquots were colected for immediately before distension and at release + 30 

seconds, + 60 seconds, + 90 seconds, + 150 seconds, + 270 seconds. 

Distensions were separated by 12 minutes. Each sample was sealed in an 

Eppendorf tube and immediately frozen to -20°C for analysis as a batch.

The amount of ATP in the perfusate was quantified using the luciferin- 

luciferase assay. The perfusate samples (50 pi of each) and ATP standards 

were pipetted into a white, non-phosphorescent 96-well plate. The plate was 

placed in a luminometer (Lucy 1, Anthos Labtec, Salzburg, Austria) and 

processed automatically by injection of 100 pi of luciferin-luciferase reagent 

(ATP monitoring reagent, Bio-Orbit, Turku, Finland) into each well and 

measured for 10 s. The ATP concentrations were calculated from a 

calibration curve constructed from the ATP standards. The detection limit 

was approxiamately 5 fmol per sample.

5.3.4 Statistical analysis

The concentration of ATP measured in each aliquot was plotted against time 

for each series of distensions. The [ATP] in perfusate was also plotted 

grouping data into 30 cmH20 pressure ranges. At each pressure range a 

Student t-test was performed to compare mean [ATP] in control and following 

distension. [ATP] in perfusate following each distension was then plotted
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against distension pressure and a best-fit line plotted using linear regression. 

An F-test was performed to test whether the gradient of the line was 

significantly different from zero (i.e. whether the ATP release was pressure 

dependent). The hypothesis was rejected if p>0.05.

5.4 Results

5.4.1 Immunofluorescence

Nerves bundles were identified running immediately under the urothelium. 

These demonstrated immunoreactivity for both the anti-P2X3 and anti-VR1 

receptor. Staining was significantly reduced by pre-adsorbing the anti-P2X3 

antibody with nascent peptide. No staining was seen in the absence of 

primary antibody (figure 5.3).
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a) b)

c) d)
50

Figure 5.3
Immunfluorescent staining of the sub-urothelial ureteric nerves 

a) P2X3-receptors b) capsaicin receptor (VR1 )

c) P2X3-receptor preadsorption control d) no primary antibody control

U - urothelium, S - submucosa
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5.4.2 ATP release studies

The mean baseline [ATP] was 1.4 ± 0.18 nM. Increased concentrations of 

ATP were found in the perfusate following distension beyond a pressure 

threshold of 25-30 cmH20 in all ureter specimens. [ATP] rose to more than 

10 times the baseline concentrations on distension. A typical experiment is 

demonstrated in figure 5.4 showing ATP concentrations as sequentially 

higher distension pressures (N.B. The order of pressures was varied in 

different ureteric preparations).

Figure 5.5 shows the [ATP] in perfusate immediately before and after 

distension grouped in pressure ranges. The mean [ATP] after distension was 

significantly greater than before distension in each pressure range paired 

Student t-test, p<0.01. Beyond the threshold there was a trend of increasing 

[ATP] release with higher pressures but this difference was not statistically 

significant.
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Figure 5.4

A plot of [ATP] measured in aliquots of perfusate taken throughout a typical 
experiment with sequentially increasing ureteric distension pressures.
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Figure 5.5

[ATP] in perfusate immediately before and after distension grouped in 
pressure ranges. The mean [ATP] after distension is significantly greater than 
before distension in each pressure range p<0.01. 
n=7, error bars represent s.e.m.

140



5.5 Discussion

The immunofluorescence study has shown that nerve bundles under the 

urothelium which demonstrated VR1-like immunoreactivity (indicating that 

they are sensory afferent nerves) also demonstrate P2X3-like 

immunoreactivity. The specificity of the staining has been confirmed by the 

absence of staining in the absence of primary antibody and also when the 

primary antibody has been pre-adsorbed using nascent peptide. This data is 

consistent with the findings that P2X3-receptors may be expressed on nerves 

in the suburothelial plexus in rats [Lee et al. 2000a]. Knight at al. [2002] has 

shown that, in the guinea-pig, ATP is released from the urothelium in 

response to ureteric distension. The present distension experiments have 

shown that the human ureter also releases ATP in response to distension, in 

excess of 10 times the basal releases rate. Knight at al. [2002] demonstrated 

in the guinea pig that the release of ATP was abolished by removal of the 

urothelium and significantly reduced by monensin, brefeldin A or calcium 

depletion. Monensin is an inhibitor of vesicle formation from the Golgi 

apparatus [Cecchelli at al.] and brefeldin A disrupts vesicular trafficking by 

inhibiting protein transport from the endoplasmic reticulum to the Golgi 

apparatus [Fujiwara at al. 1988]. This indicates that ATP is probably released 

from the urothelium by vesicular exocytosis (a calcium-dependent process). 

The release of ATP only occurred above a threshold of approximately 25-30 

cmH20. This is similar to the ureteric pressure threshold for pain measured 

by Risholm in 1954. He inserted ureteric catheters with an inflatable balloons 

close to their tips into 69 women undergoing cystoscopy for unrelated 

indications (using only urethral local anaesthetic gel as analgesia). The
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balloons were inflated in various parts of their ureters to simulate obstructing 

calculi and the pressures behind the obstructions were monitored. Inflation of 

the balloon was generally not painful but, as normal diuresis caused the 

pressures to gradually rise behind the obstruction, the patients experienced 

pain similar to renal colic once a mean threshold of 33 mmHg (range 21-58 

mmHg). This is also consistent the threshold for inducing a reflex fall in blood 

pressure in spinally injured cats was a ureteric pressure of 25-30 mmHg 

[Beacham and Kunze 1969]. Additionally, Sann and Cervero [1988] found 

that approximately half of the units in the guinea pig afferent ureteric nerves 

which responded to ureteric pressure changes had a threshold of over 20 

mmHg. It was suggested that these nerves are more likely to conduct pain 

messages, whilst the nerves with lower pressure thresholds responded to the 

lower pressures generated by normal peristalsis and may be involved in a 

peristalsis feedback control mechanism.

Knight et al. [2002] demonstrated in the guinea-pig ureter that, beyond the 

threshold, ATP release was clearly pressure-dependent. We found that 

although the mean [ATP] in the perfusate was higher at higher pressures, the 

differences were not statistically significant. Knight at al. distended the 

ureters up to non-physiological pressures (700 cmH20) and tested larger 

numbers of ureters.

This data supports Burnstock's hypothesis that ATP may be involved in 

mechanosensory transduction in the ureter. Recent electrophysiological 

recordings from guinea pig ureteric afferent nerves indicate that distension- 

induced increases in nerve activity are mimicked by the addition of 

exogenous ATP in a dose-dependent fashion and inhibited by P2X3-receptor
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antagonists [Rong and Burnstock 2003]. The importance of purinergic 

mechanosensory transduction in the experience of ureteric pain in humans 

will ultimately be determined by clinical trials of pharmacological agents in 

patients with renal colic. We await the development of a potent, selective 

P2X3-receptor antagonist which is effective in vivo.
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Chapter 6

General Discussion
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In this section I have selected several broad themes to discuss from the 

detailed findings of the experimental chapters. Firstly, I will address how far I 

have succeeded in testing the hypothesis proposed in the preface: 

"Purinergic signalling has biological roles in the pathophysiology of conditions 

affecting the bladder, prostate, penis and ureter". The advantages and the 

disadvantages of the techniques used will also be discussed. Secondly, I will 

highlight the questions arising from this research and suggest further 

experiments which might be undertaken to explore these problems. Finally, I 

will discuss what is the realistic therapeutic potential of purinergic agents in 

the treatment of disease of the urinary tract.

In chapter 2 I studied the biological roles of purinergic signalling in the 

pathophysiology of conditions affecting the bladder. To test the hypothesis I 

selected a rabbit model of partial bladder outflow obstruction to investigate 

the relative importance of cholinergic and purinergic effector mechanisms in 

the generation of detrusor contraction and how this balance changes in the 

presence of urinary obstruction. The study of detrusor changes in bladder 

outflow obstruction in the human bladder is severely limited by the ability to 

obtain adequate tissue samples. The common technique is to take a cold-cup 

biopsy of the bladder during transurethral resection of the prostate for benign 

prostatic obstruction. This method has limitations for several reasons. Firstly, 

the samples taken are tiny and consist mostly of urothelium. This technique 

frequently results in biopsies that do not contain muscle. To take routine 

deep biopsies may expose the patients to higher risks of bleeding or bladder 

perforation. Secondly, these patients do not necessarily have urodynamic
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confirmation of bladder outflow obstruction. There are many causes of lower 

urinary tract symptoms although in this group of men bladder outflow 

obstruction is the most common. In addition, there are inevitably a number of 

other factors that may affect detrusor function, that cannot be controlled for in 

a human population without increasing the samples sizes dramatically (e.g. 

age, diabetes mellitus, hypertension, hypercholesterolaemia, alcohol 

consumption, other medications, previous surgery). Several animal models of 

bladder outflow obstruction have been developed to attempt to circumvent 

some of these problems including in the pig [Guan etal. 1995], cat [Radzinski 

et al. 1991], guinea pig [Mostwin at al. 1991], rat [Malmgren at al. 1987] and 

rabbit [Harrison at al. 1990]. The rabbit model of partial bladder outflow 

obstruction is thought to be representative of BPH in humans [Buttyan at al.

1997] with the development of hypertrophy and hyperplasia of detrusor 

smooth muscle and urodynamic overactivity. Despite these advantages there 

remains the problem of species differences in baseline purinergic 

components mentioned in section 1.2. The purinergic component of detrusor 

contraction in the normal primate bladder is less than 5% compared to 20- 

60% in the normal non-primate bladder. In view of this species difference the 

results must be interpreted in the context of similar experiments in the human 

bladder. Bayliss at al. [1999] demonstrated that the purinergic component 

was increased in cold-cup biopsies taken from bladder of men undergoing 

TURP for presumed (but not all urodynamically proven) bladder outflow 

obstruction. The in vivo experiments highlighted in section 1.2 provide further 

supporting evidence. When these findings are taken together, one might 

conclude that there is now stronger evidence that bladder outlet obstruction

146



results in an increase in the purinergic component of nerve-mediated 

detrusor contraction, which supports the overall hypothesis with respect to 

the bladder.

The relationship between bladder overactivity and lower urinary tract 

symptoms is, however, uncertain. Urodynamic overactivity is defined as the 

observation of detrusor contraction during the filling phase of a urodynamic 

study but urodynamic overactivity can be demonstrated in a proportion of 

patients with no symptoms and otherwise normal bladders. Urodynamic 

studies are invasive procedures and the technique and environment can 

have dramatic effects on results. Despite this, the finding of urodynamic 

overactivity does coincide with the symptoms of urge in many patients and 

the consensus of the International Continence Society is that reducing 

detrusor contractions may benefit patients with a diagnosis of bladder 

overactivity. This is validated by the improvement of symptoms of a 

proportion of the patients during treatment with anticholinergic agents 

[Herbison et al. 2003]. In this context, the finding that purinergic 

neurotransmission has an increased role in causing contraction of obstructed 

detrusor muscle has importance.

Since the experiments in chapter 2 were performed, more data has been 

published supporting the present conclusions and some evidence has been 

provided to explain why the purinergic component of nerve-mediated 

contraction may be increased. A quantitative RT-PCR technique has shown 

an increase in mRNA for P2Xi-receptors in the bladders of men with detrusor 

overactivity secondary to bladder outflow obstruction [O'Reilly at al. 2001]. 

Studies using inhibitors of ecto-ATPase have also provided some evidence
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that the breakdown of ATP may be reduced in the overactive bladder [Harvey 

et al. 2002]. Study of these two phenomena simultaneously in the same 

model may provide some indication of the relative contributions of each to the 

increase in purinergic component of nerve-mediated detrusor contraction in 

bladder outflow obstruction. Alterations in second messenger signalling may 

also contribute. Further analysis of the factors controlling the transcription 

and expression of purinoceptors and extracellular ATP-breakdown enzymes 

may provide more therapeutic targets [Zimmerman 1996].

In chapter 3 the hypothesis that purinergic signalling plays biological roles in 

the pathophysiology of conditions affecting the prostate is tested. Although 

the mRNA of many P2-receptor subtypes have been found in human prostate 

tissue [Longhurst at al. 1996; Janssens at al. 1996; Janssens and 

Boeynaems 2001], there has been no study of the expression of P2-receptor 

subtype proteins. The first part of this chapter is an immunohistochemical 

analysis of P2-receptor protein expression on human BPH tissue. The 

findings were largely consistent with the mRNA studies (see section 3.2). The 

antibodies have been raised against 20 amino acid oligopeptides and may 

therefore have slightly differing three-dimensional structure to the in vivo 

epitopes. The specificities of the antibodies have been verified by 

immunoblotting with membrane preparations from CH0-K1 cells expressing 

the cloned P2Xi_7 receptors [Xiang at al. 1998]. Preadsorption of the 

antibodies with excess of the appropriate synthetic peptide used for the 

generation of the antibodies eliminated the immunoreactivity. Further 

confirmation might be obtained with a western blotting study in human
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prostatic tissue. The availability of prostate tissue from men with BPH 

allowed the study of the pathophysiology of BPH directly without having to 

use a model. Nevertheless, the studies were in vitro and the behaviour of the 

prostatic smooth muscle away from its normal environment may have been 

different and the tissue had been exposed to heating during transurethral 

resection. The identification of synergism between purinergic and adrenergic 

signalling systems has been reported in other tissues [Hoick and Marks 

1977; Kennedy and Burnstock 1986; Ralevic and Burnstock 1990] although 

the mechanisms of such interactions are uncertain. Experiments to measure 

intracellular Ca^^ or to inhibit the second messenger enzymes such as PLC 

may provide more insight into this. What conclusions might be drawn if ATP 

does not cause any effect on prostate smooth muscle in the absence of 

adrenergic tone? In vitro pharmacology experiments on corpus cavernosum 

are routinely carried out in the presence of phenylephrine as this is thought to 

imitate the adrenergic tone present in vivo in the normal flaccid state 

[Andersson and Wagner 1995]. Likewise, the prostate smooth muscle 

undoubtedly has a degree of normal adrenergic tone: witness the response 

to alpha-blockers [Akcttuman and Crawford 2001]. The addition of 

phenylephrine to a "denervated" in vitro preparation may, therefore, more 

closely resemble the in vivo scenario. The finding that the P2-receptor 

antagonist, suramin, reduced the nerve-mediated contractions provides 

evidence that there may also be endogenous purinergic tone in the prostate 

smooth muscle (in the guinea pig, at least) [Haynes and Hill 1997, Lau etal.

1998]. The present data supports a biological role for purinergic signalling in 

BPH, which might be pharmacologically targeted.
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The expression of P2-receptors on the epithelium of benign prostatic tissue 

does not provide a reliable guide to which P2-receptors may be involved in 

the possible trophic effects of ATP on prostate cancer. Unfortunately, 

insufficient prostate cancer tissue was available to study this directly, so the 

prostate cancer cell line, PC-3 was utilized. This PC-3 cell line was derived 

from a hormone-refractory prostate cancer lumbar metastasis in a 62 year- 

old Caucasian [Kaighn et al. 1979]. This cell line has been well characterized 

and along with several other cell lines (e.g. LNCaP, DU-145) has provided 

one of the most extensively studied in vitro models for prostate cancer. The 

studies of the effects of ATP on prostate cancer have relied heavily on this 

model [Fang at al. 1992; Janssens and Boeynaems 2001]. Therefore, it is 

logical that the further characterization of this effect should be performed on 

this cell line. In spite of this, cell culture models frequently do not reflect the in 

vivo reality but should be viewed as a convenient starting point for the 

understanding of cancer cell biology. Even the behaviour of in vivo animal 

tumour models may not predict the response of human tumours to new 

anticancer agents and the ultimate test will be the clinical trial. Previous 

authors have concluded that ATP inhibits the growth of prostate cancer cell 

lines via P2-receptors on the basis of the study of receptor agonists [Fang at 

al. 1992; Janssens and Boeynaems 2001]. The demonstration of the reversal 

of this phenomenon by P2-receptor antagonists is important in attributing this 

effect to P2-receptor activation and in supporting the hypothesis. Apoptosis 

was found to be increased and a previous study found the inhibition of 

proliferation to be delayed in this model [Janssens and Boeynaems 2001]. 

Dissecting the relative contributions of increased apoptosis, differentiation
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and inhibition of apoptosis to the overall reduction of cell growth might be 

achieved by simultaneous study using double labelling for 

bromodeoxyuridine incorporation and TUNEL apoptosis staining with a flow 

cytometer [Darzynkiewicz et al. 2001]. ATP may mediate these differing 

biological functions through different receptors, so further characterisation 

experiments are required and will, no doubt, be aided by the advent of more 

selective P2-receptor agonists and antagonists and inhibitors of second 

messengers systems.

There are very few indications to surgically remove human cavernosal tissue 

and it is difficult ethically to justify biopsy of volunteers as a Trucut biopsy of 

the penis is painful and does not yield much tissue. In light of the poor 

availability of human cavernosal tissue, particularly normal cavernosal tissue, 

animal models have provided us with much of our current knowledge of the 

pathophysiology of erectile dysfunction. The role that different 

neurotransmitters play in the pathophysiology of erectile dysfunction is 

inferred from observed changes in neurotransmitter signalling in animal 

models of conditions predisposing to erectile dysfunction.

Although erectile dysfunction has a high prevalence in diabetes [McCulloch 

at al. 1980], we have not directly assessed the erectile function of the 

diabetic rabbits compared to control rabbits. A number of studies have tried 

to assess erectile function in rodents, but results have been notoriously 

unreliable and difficult to replicate [Steers 1990]. The number of attempts at 

mating does not necessarily correspond with erectile dysfunction in rodents, 

and observational studies are difficult.

151



It is well established that ATP causes cavernosal smooth muscle relaxation, 

and there is now evidence through several different experimental techniques 

that this is mediated by P2Yi and there is now functional evidence that P2Y4 

receptors are involved, at least in rabbits. Further support for these findings 

might be obtained by in situ hybridisation studies or immunohistochemistry, 

when antibodies are available for use in this species. It is not yet clear 

whether purinergic signalling constitutes a proportion of the nerve-mediated 

response. Current data suggests that the nerve-mediated cavernosal smooth 

muscle relaxation is initiated primarily by cholinergic nerves causing local 

release of NO or by direct release of NO from parasympathetic nerves 

[Andersson and Wagner 1995]. Alterations in the ATP-mediated cavernosal 

smooth muscle relaxation in models of conditions which pre-dispose to 

erectile dysfunction may indicate a role for purinergic signalling in the 

pathophysiology of erectile dysfunction. In any case, treatments do not have 

to be truly physiological to be effective. The most effective available 

pharmacological agent for erectile dysfunction, intracavernosal injection of 

alprostadil, initiates erection independent of nerve-signalling and, indeed, 

nerve signalling is often lost in erectile dysfunction. P2Yi- and P2Y4- receptor 

agonists may also have efficacy in the treatment of erectile dysfunction. 

Although some information has been gathered to support the hypothesis, it is 

still not certain that purinergic signalling plays a role in the pathophysiology of 

erectile dysfunction. Nevertheless, it is becoming clearer that purinergic 

signalling might be manipulated in the treatment of erectile dysfunction.
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Does purinergic signalling play a role in nociceptive mechanosensory 

transduction in ureteric colic? Risholm's studies [1954] of the close 

relationship between intraluminal ureteric pressure and the experience of loin 

pain in conscious human volunteers provides clear evidence that it is the 

pressure building up behind an obstructing ureteric calculus that causes the 

pain. Nerve-recording studies in cats [Astrom and Craaford 1968; Beacham 

and Kunze 1969], rabbits [Niijima 1971], guinea pigs [Sann and 

Cervero1988] and monkeys [Ammons 1989] have shown that distending the 

renal pelvis or ureter causes increased neuronal activity in afferent nerve 

pathways that lead to the CNS pain centres and that many of these nerves 

have a pressure threshold similar to that which caused pain in Risholm's 

subjects. The strong evidence that pressure-dependent urothelial release of 

ATP provides mechanosensory feedback via suburothelial P2X3-receptors in 

the bladder is reviewed and the initial studies on the rodent ureter are 

reviewed in chapter 5. The demonstration of ATP release in response to 

distension of the human ureter with a threshold similar to the above studies 

and finding that P2X3-receptors are expressed on suburothelial nociceptive 

nerves in the human ureter indicates that purinergic signalling may play a 

role in nociceptive mechanosensory transduction in ureteric colic. The recent 

finding that distension-induced increases in guinea pig ureteric afferent nerve 

activity are mimicked by the addition of exogenous ATP in a dose-dependent 

fashion and inhibited by P2X3-receptor antagonists [Rong and Burnstock, 

2003] provides further important evidence. The experimental technique 

involves the measurement of intraluminal ATP. It is not certain whether the 

[ATP] is increased in the suburothelial space to a sufficiently high
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concentration to activate P2X3-receptors on nociceptive nerves. In addition, 

the immunohistochemistry has identified P2X3-receptors on nerve bundles. 

The fine nerve fibres that constitute most of the suburothelial plexus were not 

visualized even with the VR-1 antibodies in these frozen sections. Confocal 

micropscopic or electron microscopic techniques might be employed to 

identify them.

Although the pressure increase is primarily responsible for pain, there is 

increasing evidence that the inflammation caused by the calculus may 

sensitise the ureter to increases in pressure [Roza et al. 1998]. The issue of 

inflammation has not been addressed in respect to purinergic 

mechanosensory transduction. Electrophysiological studies on the model of 

ureteric colic which uses an experimental dental cement stone might be 

useful. Study of the interaction between ATP and inflammatory mediators, 

such as bradykinin, and their effects on ureteric afferent nerve responses 

may also provide information. Ultimately, one cannot fully prove or disprove 

this hypothesis until the efficacy of specific P2X3-antagonists has been tested 

in the clinical situation.

What is the realistic therapeutic potential of purinergic agents?

As discussed in section 1.1.4, several purinergic agents are already in clinical 

use for non-urological conditions. Some of these agents such as theophylline 

have been in use for many years and their mechanisms of action has been 

realised retrospectively [Vassallo and Lipsky 1998]. The cloning of P2- 

receptor subtypes has occurred only recently (e.g. P2Yi3 [Communi at al. 

2001]) and it is likely that other P2-receptor subtypes remain, as yet.
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undiscovered. At the present time, knowledge of the binding site(s) for ATP 

on both P2X and P2Y receptors is limited, as is knowledge related to the 

sites at which allosteric modulators like KN-62 and avermectin interact. 

Emerging data on P2X heteromers and their functional interactions with other 

ligand-gated ion channels, e.g. neuronal nicotinic cholinergic receptors, add 

an additional layer of complexity in understanding P2 receptor function. 

Interactions between signalling systems do not just occur at the receptor 

level and in the course of this thesis interactions with cholinergic, adrenergic 

and NO-signalling have been studied. More-detailed analysis of these 

interactions and of those with adenosine, endothelins, opioids and other 

signalling molecules may also increase our understanding. Nevertheless, it is 

clear that purinergic signalling plays a role in a wide range of biological 

processes and potential therapeutic targets have been identified for a variety 

of diseases. Much of this work is still at the preclinical stage and preclinical 

work, by its very nature, involves making assumptions about how your model 

behaves and what relevance this might have to the disease process in 

human subjects. Ethics and logistics necessitate this compromise but it is 

also inevitable that sometimes the assumptions will prove to be wrong and 

that the model's behaviour will then not relate to the clinical scenario.

As is evident from the present work, there are few specific P2-receptor 

subtype specific agonists or antagonists available for in vitro work and even 

fewer that are effective in vivo. However, the situation is improving and 

several of the compounds listed in table 1.1 have been discovered in the last 

1-2 years. Increasing interest has been aroused in the pharmaceutical 

industry and new techniques of high throughput screening for lead
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compounds and optimisation are beginning to yield some results e.g. 

INS37217, a long-lasting P2Y2-receptor agonist (Inspire Pharmaceutical Inc.) 

and A-317491, a potent, selective P2X3- and P2X2/3-receptor antagonist 

(Abbott Labs, IL, USA [Jarvis et al. 2002]). Such techniques include 

automated fluorescent intracellular Câ "" assays in recombinant cells in multi

well plates to screen large chemical libraries. Roche Bioscience (CA, USA) 

have screened more than 500,000 compounds looking for a specific P2X3- 

receptor antagonist [Ford 2002, personal communication]. The discovery of 

new specific agonists and antagonists which are effective in vivo will herald a 

number of animal based and human clinical trials. The advent of genetic 

knockout models of P2-receptor subtypes and the use of gene array 

technology also provide new investigational tools. The increased 

understanding of the molecular biology of purinergic signalling has also 

identified non-receptor therapeutic targets. These include ATP transport 

enhancers and inhibitors, ectoATPase inhibitors or the development of 

agents that control the expression of P2-receptors. In view of the rate of 

progress, it is likely that we will see purinergic agents in our urological 

formulary in not too many years.
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ABSTRACT

Purpose: There is increasing evidence that purinergic signaling may have a role in the 
generation of detrusor contractions in the pathologically unstable human bladder. However, 
study of the rabbit model of partial bladder outlet obstruction showed a loss in cholinergic and 
purinergic innervation after 3 months. We examined changes in the cholinergic and purinergic 
components contributing to nerve mediated detrusor contraction in a rabbit model of detrusor 
instability secondary to bladder outlet obstruction during the early hypertrophic stage.

Materials and Methods: Partial bladder outlet obstruction was surgically induced in adult male 
rabbits. At 3 weeks detrusor strips were obtained and contractions were produced by electrical 
field stimulation in the presence of 1 jxM. atropine and/or 30 pM. of the P2-purinoceptor 
antagonist pyridoxalphosphate-6-azophenyl-2'4'-disulfonic acid, and after adding 1 p,M. tetrodo- 
toxin. Purinergic and cholinergic components were calculated and compared with those from 
sham operated controls.

Results: The cholinergic or atropine sensitive component was frequency dependent, that is 
smaller at lower frequencies. The cholinergic component was decreased in the early obstructed 
bladder. The pyridoxalphosphate-6-azophenyl-2'4'“disulfonic acid sensitive purinergic compo
nent was firequency dependent, that is larger at lower frequencies. The purinergic component was 
increased in the early obstructed bladder. The overall electrical field stimulation response or the 
response to KCl was unaltered in the obstructed group. There was no difference in the response 
in strips from the bladder neck and dome.

Conclusions: The purinergic component of nerve mediated detrusor contraction is increased 
and the cholinergic component is decreased in early stages of bladder obstruction in this rabbit 
model.

Key Words: bladder; rabbits; bladder neck obstruction; receptors, purinergic

Bladder outlet obstruction is a common condition in older 
men that usually results from benign prostatic hyperplasia 
(BPH) but it  may also be caused by prostate cancer, urethral 
stricture or congenital anomalies. Almost 50% of all men 60 
to 69 years old have symptoms of BPH^ and as many as 88% 
of autopsy examinations of those older than 80 years reveal 
histological evidence of BPH.̂  Symptoms may arise from 
obstruction, such as poor urinary stream and hesitancy, or 
from secondary damage to the bladder, such as fi'equency, 
urgency and urge incontinence. Detrusor instability develops 
in 50% to 75% of cases of bladder outlet obstruction due to 
BPH^ but 62% of this group revert to normal cystometry after 
prostatectomy.^ However, 19% of patients continue to have 
an overactive bladder after adequate surgery.® In most of the 
remaining patients who have had detrusor instability before 
surgery instability returns in the long term.® Men w ith such 
problems are often prescribed anticholinergic medication to 
reduce the severity of unstable contractions. However, a pro
portion of these patients do not respond or respond incom
pletely to these drugs.^

The noncholinergic or atropine resistant response of the 
bladder to stimulation of the parasympathetic nerves was 
firs t recognized more than 100 years ago.® In  1972 Burnstock
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et al proposed that it  may be due to adenosine triphosphate 
released from purinergic nerves.® I t  is now well established 
that lower mammals have a significant purinergic compo
nent of the nerve mediated detrusor contraction. In contrast, 
it  has generally been found to be less than 5% in the healthy 
human bladder. Others have reported an increase in the 
nonadrenergic noncholinergic component in the human de
trusor muscle hypertrophied secondary to bladder outflow 
obstruction. Smith and Chappie reported a nonadrenergic 
noncholinergic response of 25% of the total nerve mediated 
contraction in human detrusor strips after bladder outflow 
obstruction.il Bayliss et al reported atropine resistant, nerve 
mediated contractions in 25 patients undergoing transure
thral resection of the prostate, of whom an unknown propor
tion may have had bladder instability, in addition to 5 w ith 
urodynamically proved instability secondary to bladder out
flow obstruction. 12 They found that this component was abol
ished after desensitizing the strips w ith a, |8-methylene 
adenosine triphosphate, suggesting that it  was mediated by 
neuronally released adenosine triphosphate acting on ligand 
gated purinergic receptors. Wu et al also provided some evi
dence to suggest that this increased purinergic component 
was not due to altered sensitivity of the detrusor myocyte to 
agonists.i® They suggested that this phenomenon may be due 
to increased neuronal release of adenosine triphosphate, re
duced ecto-adenosine triphosphatase activity or alterations 
in the gap junctions between muscle cells.
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However, Husted et al demonstrated that biopsies from 
hypertrophic human bladders were more sensitive to adeno
sine triphosphate than control biopsiesA^ Rat and rabbit 
models have been created to mimic changes in the human 
bladder secondary to bladder outflow obstruction. Igawa et al 
investigated the cholinergic and purinergic components of 
detrusor contraction in  unanaesthetized rats w ith bladder 
outlet obstruction by continuous cystometry and concluded 
that each component was important. Harrison et al studied 
detrusor strips from rabbits 3 months after the induction of 
partial bladder outflow obstruction and found a reduction in 
atropine sensitive and resistant contractions.^® Further char
acterization of this model has indicated that at 3 months the 
bladder is likely to he almost completely decompensated, that 
is fibrotic, dilated and poorly contractile.^^ We examined the 
changes in cholinergic and purinergic signaling in  the detru
sor of the partial bladder outflow obstruction rabbit model at 
an earlier stage in  the process, which would like ly correspond 
w ith the time at which human bladder outflow obstruction 
leads to secondary detrusor instability.

MATERIALS AND METHODS

Bladder outlet obstruction was surgically induced in 6 
adult male New Zealand White rabbits weighing 3 kg. Gen
eral anesthesia was induced using 1% to 2% halothane in Og 
and an 8Fr pediatric urethral Foley catheter was inserted 
(C. R. Bard International, Ltd., Crawley, United Kingdom). 
Lower midline laparotomy was performed and the bladder 
base was mobilized. A 2-zero silk ligature was tied around 
the proximal urethra and the wound incision was closed. The 
animals were allowed to recover w ith free access to a plain 
standard diet (SDS, Witham, United Kingdom) and water. 
Six age and weight matched sham operated control rabbits 
underwent the same procedure w ith the omission of the silk 
ligature.

A ll 12 rabbits survived without significant morbidity. A t 3 
weeks blood was obtained via the ear vein and placed in 
serum gel bottles. Serum sodium, potassium, urea, creati
nine, glucose, albumin, total bilirubin, alkahne phosphatase, 
aspartate transaminase, alanine transaminase, calcium, 
phosphate, y-glutamyl transferase, creatinine kinase, urate, 
total protein, cholesterol, triglycerides and high density l i 
poprotein were measured using a Hitachi 747 Autoanalyzer 
(Boehringer Mannheim, Lewes, Sussex, United Kingdom). 
The rabbits were sacrificed and the bladders were rapidly 
excised, weighed and placed in  Krebs solution composed of 
133 mM. NaCl, 4.7 mM. KCl, 16.4 mM. NaHCOg, 0.6 mM. 
MgSO^, 1.4 mM. NaHgPO^, 7.7 mM. glucose and 2.5 mM. 
CaClg at 4C. Muscle strips approximately 0.5 mm. in diam
eter and 3 to 4 mm. long were excised from the bladder neck 
and dome. An end was attached to a fixed hook and the other 
was attached to an FT-03C force transducer (Grass Instru
ments, Quincy, Massachusetts) using a Model 79 polygraph 
(Grass Instruments). The strips were bathed in Krebs solu
tion maintained at 37C by a thermally regulated circuit and 
bubbled w ith a m ixture of 95% Og and 5% COg, pH 7.4. The 
optimum tension of 2 gm. was applied to all strips. The 
muscle strips were allowed to equilibrate for 45 min after 
which contractions were induced by electrical field stimula
tion. The field was generated between 2 circular electrodes 
surrounding each end of the tissue in 15-second trains of 0.3 
millisecond pulses. In each experiment the contractions were 
measured at 0.5,1,2, 4, 8,16 and 32 Hz. This maneuver was 
repeated after adding 10“ ® M. atropine or 3 X  10“ ® M. 
pyridoxalphosphate-6-azophenyl-2'4'-disulfonic acid (PPADS) 
(a nonspecific P2 receptor antagonist), again after adding atro
pine and PPADS, and then after adding 10“ ® M. tetrodotoxin. 
The purinergic component was calculated per frequency as the 
proportion of the total contraction inhibited by PPADS divided 
by the proportion of the total contraction inhibited by tetrodo

toxin to allow for any directly stimulated component of the 
muscle contraction. The contractile response to 120 mM. KCl 
was also measured in each tissue. A t the end of the experiment 
each muscle strip was weighed to an accuracy of 100 pg.

Data were in itia lly  labeled using a blinded coding tech
nique before analysis. Data are expressed as the mean plus 
or minus standard error (SE). Data were compared using the 
unpaired Student t  test except for overall cholinergic and 
purinergic component curves, which were compared by 2-way 
analysis of variance (ANOVA). The null hypothesis was re
jected when p <0.05. Prism V2.0 statistical software (Graph- 
Pad Software, Inc., San Diego, California) was used for cal
culations.

RESULTS

Biochemistry. There was no significant difference in serum 
sodium, potassium, urea, creatinine, glucose, albumin, total 
bilirubin, alkaline phosphatase, aspartate transaminase, 
alanine transaminase, calcium, phosphate, y-glutamyl trans
ferase, creatinine kinase, urate, total protein, cholesterol, 
triglycerides or high density lipoprotein in  sham operated 
and obstructed rabbits (results not shown).

Bladder mass. The mean mass of the sham operated rabbit 
bladders was 3.1 ± 0.3 gm. The obstructed rabbit bladder 
was significantly heavier at a mean of 8.8 ± 2.2 gm. (un
paired Student t test p = 0.008).

Bladder histology. Hemotoxylin and eosin stained sections 
were cut perpendicularly through the bladder dome wall (fig. 
1). They demonstrated hypertrophy and hyperplasia of the 
detrusor smooth muscle as well as thickening of the outer 
serosal layer in  the partial bladder outlet obstruction group.

Response to electrical fie ld stimulation and KCl. O f the 96 
muscle strips 79 (82%) produced contractions w ith a signifi
cant component abolished by tetrodotoxin. Figure 2 shows a 
representative polygraph tracing of detrusor contractions in 
duced by increasing the frequency of stimulation. Mean mass 
of the muscle strips was 35.4 ± 3.7 mg. The mean contraction 
in  response to KCl was 98.4 ± 7.5 gm. tension per gm. tissue. 
There was no significant difference in  the response of muscle 
strips from the bladder neck and dome or in  detrusor from 
obstructed and sham operated rabbits. The mean maximum 
contraction due to electrical field stimulation was 119.1 ± 10.57 
gm. tension per gm. tissue. There was no significant difference 
in the mean mass adjusted, electrical field stimulation induced 
contractions in strips from obstructed and sham operated rab
bits or those from the bladder neck and dome.

Cholinergic component o f electrical fie ld  stimulation in 
duced contraction. The component of the electrical field stim
ulation induced contraction that was inhibited by atropine 
was calculated for each muscle strip at each frequency. A plot 
of the cholinergic component against electrical field stimula
tion frequency for obstructed and sham operated detrusor 
strips was constructed (fig. 3). A t 0.5 Hz. the cholinergic 
component was 41% in  the sham operated and 30% in the 
obstructed group, while at 32 Hz. it  was 66% and 57%, 
respectively. The cholinergic component increased w ith in 
creasing frequency (2-way ANOVA p <0.0001) and was sig
nificantly smaller in  obstructed than in  sham operated mus
cle strips (2-way ANOVA p <0.0001). There was no difference 
in the cholinergic component of muscle strips from the blad
der neck and dome.

Purinergic component o f electrical fie ld stimulation in 
duced contraction. Sim ilarly the component of electrical field 
stimulation induced contraction that was inhibited by 
PPADS was also calculated for each muscle strip at each 
frequency (fig. 4). A t 0.5 Hz. the mean purinergic component 
was 39% in the sham operated and 61% in the obstructed 
group, while at 32 Hz. it  was 20% and 31%, respectively. The 
purinergic component decreased w ith increasing frequency 
(2-way ANOVA p <0.0001) and was also significantly greater
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Fig. 1. Representative sections of bladder dome. A, sham oper
ated rabbit. B, obstructed rabbit. U, urothelium. I, inner muscle 
layers. 0, outer muscle layers. Scale bar indicates 500 pm. H & E, 
reduced from X90.
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Fig. 3. Cholinergic component of nerve mediated detrusor con
traction at various electrical stimulation frequencies in rabbits with 
partial bladder outflow obstruction and sham operation. Whiskers 
indicate mean plus or minus SE.
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Fig. 2. Electrical field stimulation induced detrusor contractions 
at 0.5, 1, 2, 4, 8, 16 and 32 Hz. measured on polygraph.

in muscle strips from obstructed than from sham operated 
bladders (2-way ANOVA p <0.0001). Again there was no 
significant difference in the purinergic component of muscle 
strips from the bladder neck and dome. Adding PPADS or 
atropine first made no significant difference to the final cal
culated components. In some strips 3 X 10“ ® M. of the non
specific purinergic antagonist suramin were added, while in 
others desensitization was achieved w ith a, /3-methylene 
adenosine triphosphate before electrical field stimulation 
was repeated. There was no difference in the proportion of 
electrical field stimulation blocked by PPADS, suramin and 
a, /3-methylene adenosine triphosphate.

DISCUSSION
i  / .  i

These results show that the cholinergic component of the 
nerve mediated, tetrodotoxin seh^ltive detrusor contraction

0.25 0.50 1.00 2.00 4.00 8.00 16.00 32.00 64.00

Frequency of stimulation (Hz)

Fig. 4. Purinergic component of nerve mediated detrusor contrac
tion at various electrical stimulation frequencies in rabbits with 
partial bladder outflow obstruction and sham operation. Whiskers 
indicate mean plus or minus SE.

decreases in the early 3-week partially obstructed rabbit 
bladder since there was a reduction in atropine sensitivity. 
Conversely the PPADS sensitive component mediated by 
adenosine triphosphate was increased in this experimental 
model. Harrison et al observed a decrease in purinergic in
nervation in the later stages (6 months) of obstruction in this 
model.i® The rabbit model of partial bladder outlet obstruc
tion develops functional and structural changes that elicit a 
pathology sim ilar to that of human BPH.i® As in the human 
situation, this obstructed bladder in itia lly  becomes hypertro
phic but prolonged obstruction leads to a poorly compliant, 
dilated and atonic bladder. The fact that the overall electrical 
field stimulation and KCl induced responses were not signif
icantly different from those in sham operated controls sug
gests that at 3 weeks this bladder is at the early stages of the 
disease process. In contrast, the experiments of Harrison et 
al were probably done on rabbit bladders w ith end stage 
disease. 16 This supposition is supported by the fact that 36% 
of their animals died of complications related to urinary 
retention before 3 months had passed. None of our animals 
died before 3 weeks, or had signs of upper tract dilatation on 
post-mortem examination, or any electrolyte or creatinine 
alterations.

The frequency dependency of the purinergic component 
has been previously reported in studies of increased atropine
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resistance at lower compared w ith higher frequencies of 
stimulation. The observation that the magnitude of the 
purinergic component was independent of the order in which 
PPADS and atropine were added indicates that little  i f  any 
synergism occurs between these signaling systems, at least 
under these conditions. The purinergic component and 
changes w ith obstruction were also no different in  muscle 
strips from the bladder neck and dome.

A number of other neurotransmitters may also have a role 
in  in itia ting or modifying detrusor contraction. Histamine 
has been shown to potentiate purinergic neurotransmission 
in the guinea pig bladder̂ ® and 5-hydroxytryptamine modu
lates nerve mediated purinergic responses in the mouse.^i 
Endothelin-1 is a neuropeptide acting on endothelin-A and B 
receptors, which may cause detrusor contraction. Autora
diography has shown that bladder endothelin-A and B recep
tors are up-regulated in this model of partial bladder outlet 
obstruction and endothelin B mediated detrusor contraction 
is i n c r e a s e d . 2 2  N itric oxide is synthesized in the bladder and 
may modify detrusor c o n t r a c t i o n . ^ ^  The enzyme producing 
n itric oxide, n itric  oxide synthase, was found to be down- 
regulated in this model of bladder outlet o b s t r u c t i o n . ^ ^  

Clearly there are interactions among a number of neuro
transmitters and the changes that occur in  pathology are 
complex. Therefore, it  is not surprising that blocking 1 sig
naling mechanism may not block unstable contractions.

An increase in purinergic signaling has also been reported 
in nonobstructed unstable bladders. Palea et al reported an 
increased purinergic component in  detrusor biopsies from 
patients w ith in terstitia l cystitis.^s Bayliss et al found an 
increased purinergic component in  biopsies from patients 
w ith neuropathic hyperreflexia and from those w ith idio
pathic instability. 12

CONCLUSIONS

This study supports the evidence that purinergic signaling 
has a heightened role in  the generation of detrusor contrac
tions in the obstructed human bladder during the early hy
pertrophic stage. This finding may partia lly explain why a 
number of patients w ith detrusor instability have a poor 
response to anticholinergic medication. An antipurinergic 
agent, that is a ligand gated purinergic receptor antagonist, 
may further improve the efficacy of such therapy, perhaps 
combined w ith an anticholinergic agent. However, to our 
knowledge selective receptor subtype specific antagonists 
that are effective in  vivo do not yet exist. The mechanisms 
causing this plasticity in  neurotransmission are s till not 
clear and insight into this matter may provide other thera
peutic targets.
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