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ABSTRACT

Bladder instability is a prevalent condition, especially in the elderly. However, despite 

its recognition as the greatest cause of urinary incontinence the aetiology is poorly 

understood.

Bladder smooth muscle (detrusor) obtained from some patients with bladder 

instability exhibit atropine-resistant nerve-mediated contractions, in contrast to detrusor 

from stable bladders. These contractions are blocked by purinoceptor antagonists 

suggesting the presence of a second neurotransmitter, ATP. This study was undertaken 

to characterise further purinergic neuromuscular transmission in human and guinea pig 

detrusor and its relationship to the development of detrusor instability in patients.

The contractile sensitivity of muscle from stable and unstable bladders to P2- 

purinoceptor agonists was measured using ATP and the non-hydrolysable analogues 

a,p-methylene-ATP and p,y-methylene-L-ATP. ATP was significantly more potent in 

detrusor from unstable or obstructed bladders than from stable bladders; a,p-methylene- 

ATP was more potent than ATP in all tissues, p,y-methylene-L-ATP was also more 

potent in guinea-pig tissue.

Ecto-ATPase activity, measured using the bioluminescent protein luciferase, 

was lower in detrusor samples obtained from unstable compared to stable bladders.

The involvement of inhibitory Pl-purinoceptors in modulating nerve-mediated 

contractions and agonist-induced contractures was also investigated. Detrusor 

preparations from unstable and obstructed bladders were less sensitive to the synthetic 

adenosine analogue, N-ethylenecycloadenosine, than those from stable bladders. The 

actions of adenosine were similar in all detrusor samples tested. In experiments using 

several PI-receptor subtype-selective agonists and the PI-receptor antagonist, 1,3- 

dipropyl-8-cyclopentylxanthine, in guinea pig detrusor the presence of a pre-synaptic Ai 

and a postjunctional A2 B receptor was identified.

In this study the role of purinergic agonists in regulating the contractility of 

detrusor muscle has been characterised. Differences were found in detrusor samples 

from patients with stable and unstable bladders. The implications of these findings in 

understanding neuromuscular transmission in the normal and unstable human bladder 

are discussed.
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1.0 INTRODUCTION

1.1  Th e  Ur in a r y  B l a d d e r , N o r m a l  F u n c t io n  a n d  I n c o n t in e n c e

The urinary bladder has to equate the dual functions of providing a reservoir for the 

storage of urine produced by the kidneys with the need to periodically expel urine from 

the body at an appropriate time and place. These requirements are fulfilled by the 

bladder in that it is both highly compliant, so that it can store sufficiently large volumes 

without generating a high rise in intravesical pressure, and also contractile, such that 

sufficient pressure can be generated to expel urine from the body and empty the bladder. 

The bladder is controlled by various neurological pathways and CNS control centres 

that provide the means by which; (i) the fullness of the bladder may be monitored 

enabling higher centres to balance the requirement to empty the bladder with 

appropriateness to do so: and (ii) the bladder may be periodically emptied by switching 

from the storage of urine function of the bladder to voiding through co-ordinated 

contraction and relaxation of the necessary muscles of the lower urinary tract. 

Additionally, continence must be maintained throughout the storage period irrespective 

of changes in posture and temporary fluctuations in intravesical pressure. In view of 

these demands and the corresponding complexity of function of the lower urinary tract 

it is unsurprising therefore to understand that abnormalities of function occur fairly 

commonly. Any abnormality of the lower urinary tract, surrounding structures or 

controlling mechanisms leads to a variety of distressing symptoms collectively termed 

urinary incontinence and which, in the majority of cases, dramatically reduce the quality 

of life of the individual.
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1.1.1 IncontinencCf the clinical problem

Urinary incontinence is a debilitating condition which apart from causing distress to 

those afflicted represents a considerable cost to the nation. It has been estimated that the 

total expenditure for looking after these patients is in the order of between 3-4% of total 

NHS expenditure, approximately £1 billion over 10 years ago (Commons written 

answer 4/4/89). Urinary incontinence is defined as involuntary loss of urine which is an 

objectively demonstrable and a social and hygienic problem (Abrams et al, 1988). 

Since the term was first described, the unstable bladder (Bates, 1971) has come to be 

recognised as an important cause of incontinence. It presents with the symptoms of 

frequency, nocturia, urgency and urge incontinence, collectively referred to as the ‘urge 

syndrome’. Bladder instability or bladder overactivity despite being the greatest cause 

of urinary incontinence is poorly understood. It is a symptomatic condition which is 

characterised by involuntary contractions of the bladder and subsequent rises in luminal 

pressure leading to a feeling of urgency and, if severe enough, urinary incontinence. In 

the UK it is one of the largest causes of morbidity in the community. Its prevalence 

increases from about 2% in men and 9% in women aged 15-64 rising to 7% and 12% 

respectively, in the over 65 years group (Thomas et al 1980; Brocklehurst, 1993). 

Before a detailed description of bladder instability is given the normal function and 

physiology of the bladder is considered.

18



1.1,2 Normal bladder physiology

Continence is partly automatic and partly under conscious control. It is automatically 

regulated until the desire to void is felt and from then on prevention of the micturition 

process is consciously inhibited. When this is no longer desirable or possible the 

sequence of urethral relaxation and detrusor contraction organised by the micturition 

reflexes automatically occur. Re-establishment of the storage phase thereafter takes 

place by conscious squeezing with striated muscles and then by external mechanical 

compression of the urethra (Klevmark and Kulseng-Hanssen, 1991). Normal bladder 

function is organised on the basis of a reflex arc, such that during filling the bladder 

remains quiescent until a certain critical bladder volume or intravesical pressure is 

reached before reflex stimulation occurs. This results in detrusor contraction to increase 

luminal pressure, relaxation of the bladder neck and urethra to lower the outflow tract 

resistance and consequent initiation of voiding. Effective voiding requires the integrated 

activity of all of the components of the lower urinary tract. In considering the 

component parts of the system the anatomy and structure of the bladder and surrounding 

structures, the efferent fibres of the autonomic and somatic nervous systems, the 

afferent fibres of the sensory nervous system, the voiding reflex pathways and the 

higher centres of control of the micturition process will be discussed.

19



LI. 3 Anatomy o f the bladder

The wall of the bladder is comprised of three principal layers, an inner mucous 

membrane lined by a transitional epithelium (the urothelium) an intermediate smooth 

muscle layer which represents over 90% of the mass of the tissue and an outer 

adventitium consisting primarily of connective tissue (the serosa). Within the main body 

of the bladder (i.e. that which is proximal to the bladder neck) the smooth muscle layer 

may be divided into the detrusor (the largest portion) and the trigone. The trigone is 

demarcated by the ureteric orifices and the vesico-urethral junction. The detrusor itself 

consists of a mesh of interlacing muscle bundles loosely arranged in the region of the 

bladder base into an outer longitudinal layer, a middle circular layer and an inner 

longitudinal layer held together within a matrix of collagen.

1 .2  N e u r o p h y s io l o g ic a l  P a  t h w a  ys  a n d  I n n e r  va t io n  o f  t h e  B l a d d e r

Control of micturition is basically a function of the peripheral autonomic nervous 

system which can be facilitated or inhibited by higher centres. The pelvic and 

hypogastric nerves supply the bladder with efferent parasympathetic and sympathetic 

neurones and both also convey afferent (sensory) neurones to the spinal cord. Figure 1.1 

depicts the major nerves supplying the bladder.
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Figure 1.1; The major afferent and efferent nerves supplying the bladder.
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1.2.1 The efferent arm

The motor neurones innervating the detrusor in the human are almost all 

parasympathetic (DeGroat, 1997). Efferent parasympathetic fibres originate from the 

sacral segments of the spinal cord and are carried in the ventral roots. These roots 

merge to form the pelvic nerve (the primary motor nerve of the bladder) and composite 

fibres extend either to the detrusor muscle itself or to the pelvic plexus. The pelvic 

plexus is also supplied by efferent sympathetic fibres fi*om the hypogastic nerves. It is 

believed that these sympathetic fibres synapse and cause inhibition of neural 

transmission from the pre- to the postganglionic parasympathetic nerves during the 

filling phase of micturition (De Groat, 1997). Most of the efferent fibres synapse in 

pelvic ganglia in or near the walls of the bladder or urethra and the postganglionic 

neurones penetrate the outer serosa and branches enter and pursue a tortuous course 

through the detrusor muscle. Because of their close proximity to the bladder, these 

peripheral ganglia have been designated the urogenital short neuron system. 

Histochemical studies have shown that the ganglia of this system are composed 

predominantly of three cell types: cholinergic, adrenergic and small intensely 

fluorescent (SIF) neurones (Elbadawi, 1985). Within the bladder wall itself a wide 

distribution of autonomic ganglia are present, all of which are rich in 

acetylcholinesterase and therefore presumed to be cholinergic (Dixon et al, 1983). This 

study also showed that pericellular networks of preganglionic fibres were also rich in 

acetylcholinesterase.
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1.2.3 Somatic nerve supply

The pudendal nerve is the primary nerve supplying the striated muscles of the pelvic 

floor and the external rhabdosphincter. Stimulation of the pudendal nerve results in 

contraction of these periurethral muscles. The cell bodies of the neurones of the 

pudendal nerve originate in O nuf s nucleus in the anterior horn of the sacral

segments of the spinal cord.

1.2.4 The afferent arm

Most afferent nerve axons terminate in the bladder wall as bare ended fibres there being 

no specialised receptors identifiable except for a sparse distribution of Pacinian 

corpuscles. These mechanosensitive afferents travel in the pelvic and hypogastric nerves 

and convey sensations of bladder fullness and pain which lead to the perceptions of 

desire and urgency. Sensory impulses reach the dorsal columns of the spinal cord and 

higher centres mainly via the pelvic nerves to sacral segments S2-S4. Some sensation 

also relays via the hypogastic nerve, running with sympathetic fibres and entering the 

spinal column at segments T10-L2. However, pelvic nerve afferents may be most 

important for the initiation of micturition. These afferents are small diameter myelinated 

AÔ-fibres and unmyelinated C-fibres. The Aô-fibres have a threshold of excitation when 

bladder pressures reach about 10-15 cm H2 O. The C-fibres however do not appear to fire 

over the normal range of intravesical pressures and have accordingly been named ‘silent 

fibres’ (De Groat. 1997). These are thought to be important in pathological conditions in 

which they become sensitised, perhaps by inflammatory mediators. Intravesically 

administered capsaicin (an extract of chilli peppers) causes partial or complete
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degeneration of some bladder afferents, especially C-fibres, which are particularly 

responsive to this noxious stimulatory agent and has been shown to increase functional 

bladder capacity and decrease urinary frequency in hyper-reflexia (De Groat 1997). 

However this treatment is of little or no benefit in cases of sensory urgency and is not 

well tolerated (Fowler 1994).

A detailed description of the anatomy of the vesical sensory system has been reported; 

Gosling, et, al. (1983) and Dixon & Gilpin (1987). These authors describe a 

suburothelial plexus of sensory nerves with dendrites without neurilemmal covering 

immediately beneath the basal lamina and ending in close proximity with urothelial 

cells. Ferguson et al. (1997) have presented evidence for a novel sensory transduction 

mechanism in the bladder in which ATP is released from the urothelium upon 

stretching. In experiments in which full thickness bladder preparations were mounted to 

act as a diaphragm in an Ussing chamber, hydrostatic pressure changes induced by 

removal of fluid from the serosal surface of the bladder membrane caused changes in 

both its transepithelial potential and short circuit current. Specifically a reduction in 

transepithelial potential difference caused by either removal of fluid from the serosal 

surface or by blockade of sodium channels with amiloride caused an increase in ATP 

released from the serosal surface of the bladder membrane. The initial transduction of 

hydrostatic pressure changes was postulated to be through mechanosensitive ion 

channels since amiloride reduced the electrical response of the membrane, when present 

on the mucosal surface, with an IC 50 of 340nM. Further experiments using bladder 

strips mounted in organ baths showed that this ATP release was from the urothelium 

and was insensitive to TTX and zero Ca^  ̂ solutions providing evidence that the ATP
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release was non-neuronal in origin and non-vesicular. In conclusion the authors 

postulated that hydrostatic pressure changes within the bladder are communicated via 

ATP release from the urothelium to the underlying sensory nerves.

Recently it has been shown (Cockayne et al., 2000) that in P2 X3 knock-out mice in 

which subepithelial plexus immunohistochemical P2 X3 staining is absent there is an 

increased bladder capacity compared with that of the wild-type P2 X3 ^̂  ̂ bladder. This 

work corroborates the Ferguson hypothesis and provides evidence to suggest that the 

receptor involved is of the P2 X3 subtype.

L2.5 Reflex pathways and central control o f micturition

Voiding is initiated once the bladder afferents are sufficiently excited as to exceed the 

stimulation threshold at the level of the ganglia so that action potentials are transmitted 

to the spinal cord. The micturition reflex is co-ordinated, not as was formerly believed, 

in the sacral spinal cord but, rather, in the rostral brain stem in a region known as the 

pontine mesencephalic reticular formation, designated the pontine micturition centre 

(see Bradley and Conway, 1966). The process of voiding, i.e. the mechanism for co

ordinating a decrease in urethral pressure with an increase in intravesical detrusor 

pressure requires an intact spinal cord and connections to the pontine area of the brain 

stem. Neurological lesions which interrupt the pontine-sacral pathways usually result in 

uncoordinated micturition in the form of detrusor external sphincter dyssynergia, a 

condition where the bladder contracts against a contracted urethra (Blaivas, 1982). 

Additionally, in order for co-ordinated voluntary voiding there needs to be an intact axis 

above the level of the pons. Voluntary control of voiding seems to require connections
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between the paracentral lobule and the brainstem as well as between the medial surface 

of the frontal lobe and the septal and pre-optic areas of the hypothalamus. Loss of these 

connections removes the inhibitory control of these cortical centres on bladder reflexes, 

interferes with the processing of sensory information from the bladder and removes 

inhibitory control of the hypothalamic area where voiding behaviour is organised. Such 

lesions reduce awareness either of urgency prior to a void or sensation of voiding. 

Motomeurones influencing the urethral sphincter can also be modulated by descending 

extrapyramidal pathways in the same way as motoneurones to the lower limbs. This can 

result in an inability of the urethral sphincter to relax and is seen in multisystem 

atrophy.

1 ,3  S m o o t h  M u s c l e  C o n t r a c t io n

Tension in bladder smooth muscle, as with other smooth muscles, is generated by 

activation of the cellular contractile machinery. The contractile machinery consists of 

thick and thin filaments that are arranged in parallel in the cell, and contraction of the 

muscle cell occurs by the formation of crossbridges and sliding of the filaments past 

each other. Thick filaments are composed of myosin type II molecules, each of which 

have double projecting ‘head’ domains which can attach to sites on the thin filaments 

forming the so-called crossbridge and ‘tail’ domains that are interconnected to form the 

polymeric filament. The myosin II molecule is a quartomeric protein consisting of two 

heavy chain subunits and two regulatory light chain subunits. The myosin head domains 

have ATPase activity and are able to utilise the energy of ATP hydrolysis to power a 

conformational change in the molecule resulting in the pulling of the two filaments past
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each other (Brading 1987). Continued cycling between crossbridge formation, ATP 

hydrolysis and crossbridge release generates tension. The thick filaments allow the thin 

filaments to slide their whole length allowing the myocyte to produce active force over 

a great range of lengths (Craig & Megerman, 1977).

The critical event in the activation of the contractile machinery in smooth muscle is 

elevation of the intracellular calcium concentration, [Câ '*']i. At rest [Ca^^]i within the 

muscle cells is maintained at around 10-100 nM and this will rise to about 1 pM or 

more to generate a contraction. Contractile proteins are sensitive to changes of [Ca^^]i in 

the range of 0.1 pM to 10 pM as demonstrated by Wu et al (1995) using guinea pig 

detrusor muscle strips permeabilised by Staphylococcus aureus alpha-toxin.

This rise in [Ca^^]i may be achieved by either the entry of extracellular Câ "̂  the release 

of Ca^  ̂from intracellular stores or a combination of the two (Bozler, 1969). This initial 

event is followed by binding of Ca^  ̂to the protein calmodulin. As a result, calmodulin 

becomes saturated with Ca^  ̂ (four Ca^  ̂ ions bind per calmodulin molecule) and 

undergoes a conformational change with exposure of hydrophobic sites that interact 

with the target enzyme, myosin light-chain kinase (MLCK) (Hartshome, 1987; Allen 

and Walsh, 1994). The interaction of Ca^^-calmodulin with MLCK activates this kinase 

which then catalyses the transfer of the terminal phosphoryl group of Mg^^-ATP to 

serine-19 of the two 20 kDa light chains of myosin. This phosphorylation reaction 

triggers cycling of myosin cross-bridges along actin filaments with concomitant ATP 

hydrolysis which leads to shortening of the muscle.
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Thus the rise in [Câ "̂ ]i does not act as a simple on/off switch but rather regulates the 

number of cycling crossbridges interacting with the thin filaments (Murphy, 1989). The 

number of crossbridges that are formed at any one time depends on the relative 

activities of two regulatory enzymes, MLCK and myosin light chain phosphatase. The 

phosphatase is independent of the [Ca^^Ji but is regulated instead by another 

phosphorylation cascade pathway initiation of which occurs by activation of PKA. 

Another inhibitory mechanism, involves the protein, caldesmon, which may act in a 

similar way to that of troponin in skeletal muscle by preventing the attachment of 

myosin to actin and thereby cross-bridge formation (Marston and Smith, 1985).

Smooth muscle contraction may be either phasic or tonic the former representing a 

transient increase in force and the latter force maintenance. Such tonic contractions are 

characteristic of the smooth muscle of hollow organs and often require less than 1 % of 

the ATP needed by skeletal muscle to sustain a comparable force (Murphy, 1988). 

Energy economy is achieved by the ability to develop the Tatch’ state which allows 

force to be maintained whilst limiting crossbridge turnover and hence energy 

consumption (Murphy, 1989).

Relaxation occurs as a result of removal of free [Ca^^]i, MLCK inactivation and myosin 

dephosphorylation. To maintain a relaxed state in smooth muscle the [Ca^^Ji has to be 

kept at submicromolar levels. This is achieved by the extrusion of Ca^  ̂ across the cell 

membrane, binding of Ca^  ̂to intracellular sites and uptake into intracellular organelles. 

Ca^  ̂extrusion out of the cell occurs against both potential and concentration gradients, 

and requires energy. There are at least two known mechanisms, an ATP-dependent Ca^^

28



pump and a Na"̂  - Câ "̂  exchange mechanism. The latter exchange uses the potential 

energy of the inwardly directed Na^ gradient to power its extrusion.

The sarcoplasmic reticulum of smooth muscle consists of vesicles often found in 

association with the calveoli at the surface of the cell, and also deeper in the cytoplasm 

(Daniel 1985). It has been shown that Ca^  ̂ can be pumped into these vesicles by an 

ATP-dependent Ca^  ̂pump that differs somewhat in its properties fi*om that found in the 

plasma membrane. The SR stores of Câ "̂  have been of increasing interest to 

investigators as it is now thought that the Ca^  ̂stored here is responsible for much of the 

transient rise in [Ca^^Ji required for activation of the contractile machinery.
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1.3.1 Intracellular stores

The ability of smooth muscle to contract repeatedly in the absence of Ca^  ̂ in 

superfusate solutions has been used to demonstrate intracellular calcium storage and 

store-release in a number of smooth muscle tissues including portal vein (Bond and van 

Wart, 1984) taenia coli and detrusor (Mostwin, 1985). In these experiments it was 

concluded that the response of bladder to depolarisation (using a high potassium 40 mM 

containing solution) depended primarily on extracellular Câ "̂ , whereas the response to 

the muscarinic agonist, carbachol, involved the release of intracellularly stored Ca^ .̂

Intracellular Ca^^ stores have been shown to release Ca^  ̂after stimulation with caffeine 

using intracellular Ca^  ̂indicators such as Indo-1 and Fura-2 (Ganitkevich and Isenberg, 

1992, Himpens and Somlyo, 1988). Subsequent applications of caffeine gave rise to 

attenuated transients suggesting that the caffeine releasable store becomes depleted. 

However the magnitude of the transient was restored by depolarisation of the myocytes 

suggesting that Ca^  ̂ influx through the voltage dependent Câ "̂  channels was able to 

replenish the stores. The plant alkaloid, ryanodine was able to block the caffeine evoked 

[Ca^^Ji transients and also the replenishment of the stores by depolarisation 

(Gantikevich and Isenberg, 1992).

Initiation of contraction involves a number of steps which culminate in the release of 

Ca^  ̂ from intracellular stores. With detrusor muscle the primary signal for initiation of 

contraction is the activation of surface membrane receptors by neurotransmitters
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released from parasympathetic nerves embedded in the muscle mass. Intracellular Ca^  ̂

stores are linked to these membrane events by coupling mechanisms.

1.3.2 Excitation-contraction coupling o f detrusor smooth muscle

The process by which an extracellular event, such as the release of a neurotransmitter, 

mediates the contraction of myocytes is known as excitation-contraction coupling. The 

object of this process is to produce a rise in free [Câ "̂ ]i. The process may be regarded as 

occurring via two distinct mechanisms as either electro-mechanical coupling associated 

with membrane depolarisation or pharmaco-mechanical coupling in which elevation of 

[Ca^^ji, is independent of surface membrane potential.
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1 ,4  E x c it a t o r y  N e r v e s  AND N e u r o t r a n s m it t e r s  o f  t h e  D e t r u s o r  

S m o o t h  M u s c l e

1,4,1 Cholinergic neurotransmission

The sacral parasympathetic outflow provides the major excitatory transmission to the 

bladder. The cholinergic preganglionic neurones of the intermediolateral region of the 

sacral spinal cord sends axons via the pelvic nerves to ganglion cells in the pelvic 

plexus in the wall of the bladder. The ganglion cells in turn excite the bladder smooth 

muscle via the release of the cholinergic neurotransmitter (acetylcholine) and, in small 

mammals non-cholinergic neurotransmitters, i.e. ATP (Fujii et al, 1988). In the human 

bladder the widely distributed autonomic ganglia are all rich in acetyl cholinesterase 

(Dixon et al, 1983). A sympathetic supply to the trigone has been found in human tissue 

from both sexes but this has only rarely been observed in the detusor. (Gosling et al,

1983). Following the demonstration of a  and p adrenergic receptors in the detrusor, 

Sibley et al (1984) investigated the possible role that adrenergic nerves might play in 

detrusor contraction. No significant effect of the a  blocker phentolamine on the nerve 

mediated contraction of muscle strips obtained from pigs, rabbits or man was observed. 

Furthermore it has been observed that sympathetic interruption in a normal individual 

does not cause voiding difficulty (Nordling, 1983). Therefore it seems unlikely that the 

sympathetic arm of the autonomic nervous system has any role in the contractile 

activation of the detrusor.

Release of acetylcholine from postganglionic fibres initiates contraction of the smooth 

muscle cells via activation of muscarine M3 receptors (Nilvebrant, 1986). In normal
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human detrusor the neuronal control of contractile activation is exclusively cholinergic 

since application of atropine, a muscarinic antagonist, completely abolishes nerve- 

mediated contractions, i.e. contractions blocked by the nerve toxin TTX (Palfrey et al,

1984). This situation contrasts with that in most non-primates, including guinea pigs, in 

which nerve-mediated contractions resistant to atropine can be demonstrated (see 

following section). These contractions are mediated by a second excitatory transmitter 

which is most probably ATP acting on post-junctional P2X receptors (Ziganshin, 1994).

Five subtypes of the muscarinic receptor have been cloned (ml-m5) but 

pharmacologically only 4 different subtypes (M1-M4) have been defined (Eglen., et al.

1996), all of which have a wide distribution within the body. The predominant receptor 

subtypes present in the human bladder as identified by receptor binding studies are the 

M2 and M3 subtypes, the ratio of M2:M3 being 3:1. However, despite the 

predominance of M2 receptors in detrusor, several investigators have found that the 

pharmacologically defined M3 receptor mediates contraction (Wang et al, 1995: 

Longhurst et al, 1995). Muscarinic receptors have been demonstrated on the 

cholinergic nerves of the rat bladder (Anderson, et al, 1993). In this preparation both 

inhibitory (Ml) and facilitatory (M2) presynaptic receptors, regulating the release of 

acetylcholine were demonstrated.

Although the detrusor contains a mixture of receptor subtypes, pharmacological 

methods have identified the muscarinic subtypes that mediate second messenger 

responses. For smooth muscles in general the M2 and M4 receptors mediate inhibition
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of adenylate cyclase, whereas Ml and M3 receptors mediate a stimulation of 

phosphoinositol hydrolysis (Yang et al, 1991). M3 stimulation of phophoinositol 

hydrolysis has been demonstrated in the guinea pig bladder (Noronha-blob, et al,

1989).

M3 receptors are G-protein coupled to phospholipase C. Phospholipase C catalyses the 

hydrolysis of membrane bound phosphoinositides with subsequent formation of 

inositolphosphates and 1,2,-diacylglycerol (DAG). Inositol 1,4,5,-trisphosphate (IP3) is 

released into the cytoplasm and this second messenger is thought to be responsible for 

the mobilisation of Ca^  ̂stores located in the sarcoplasmic reticulum (Anderson et al, 

1991). IP3 has been shown in skinned smooth muscle cells from rabbit pulmonary artery 

to release enough Câ "̂  from the SR to produce contraction (Somlyo et al, 1985). A 

further study demonstrated that muscarinic receptor stimulation could mobilise 

intracellular calcium in guinea pig detrusor via the production of IP3 (lacovou et al,

1990).

1.4.2 Purinergic neurotransmission

Subsequent to its discovery in a variety of smooth muscles from several animals, the 

phenomenon of atropine resistance has received much attention. The action of ATP as a 

neurotransmitter mediating the contraction of such atropine resistant contractions is now 

well established. Evidence to suggest that this was the case for guinea pig bladder 

smooth muscle was presented by Bumstock et al (1978). A recent report has provided 

direct evidence of release of ATP in the rat bladder (Tong, et al, 1997).
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The existence of ATP as a neurotransmitter in human detrusor is however more 

controversial. Early investigations had reported the absence of atropine resistance in 

human bladder. More than 95% inhibition in response to 1 pM atropine in tissue 

obtained from patients undergoing ureteric reimplantation or cystourethrectomy has 

been demonstrated by Sjorgren et al (1982). In rabbit and pig detrusor atropine has been 

shown to have a dose-dependent effect on the response to nerve-directed stimulation, 

having a maximum inhibitory effect a 5  x 10'  ̂ M. At this concentration atropine 

reduced the nerve-mediated response, though a substantial fraction, which could in turn 

be abolished with TTX, remained. However in human tissue samples no significant 

atropine-resistance could be found irrespective of whether the tissue was obtained from 

patients undergoing prostatectomy or cadaver donor nephrectomy (Sibley et a/., 1984). 

This lack of atropine resistance in human detrusor has since been confirmed 

(Speakmann et al, 1988). Interestingly this study also showed that atropine-resistance 

was apparent in the superficial trigone, presumably due to noradrenaline mediated 

contraction.

Recently, however, there have been a number of reports claiming the observation of 

atropine-resistant contractions in human detrusor obtained from abnormal bladders, 

(e.g. Sjogren et al, 1982; Palea et al, 1993). A quantitative study of atropine resistance 

has recently been carried out and demonstrates that in unstable and obstructed bladders 

atropine-resistant contractions are present. There was a significant atropine resistant 

contraction at frequencies of 4-40 Hz with median values all significantly different from 

zero. These TTX- sensitive contractions were also abolished by pre-treatment w itha,p- 

methylene ATP an agent which desensitises P2X purinoceptors. A further subgroup of
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patients with hyper-reflexia showed no significant atropine resistance (Bayliss et aL, 

1999). This variability of the phenomenon across different patient groups throws open 

the question as to whether ATP release plays a role in the normal human bladder. 

Indeed ATP and other purinergic agonists have been shown to have a contractile effect 

on all human muscle strips irrespective of bladder abnormalities indicating that the 

receptor is present in human detrusor (Ruggieri et al, 1990; Bayliss et al, 1999; Inoue 

et al, 1991).

A further important consideration is the possibility of the presence of ecto-ATPases in 

human bladder. These have been identified in bladders fi'om several mammalian species 

where their presence helps explain the low potency of ATP with respect to the synthetic 

ATP analogues which are resistant to hydrolysis (Brown et al, 1979).

The rapid degradation of ATP results in the production of adenosine which inhibits 

contraction of the guinea pig bladder (Bumstock et a l 1972) as well as the bladders of 

most other species studied. ATP and adenosine act on separate purinoceptors which 

have been called P2 and PI respectively (Bumstock, 1978). Thus the combined effect of 

the rapid degradation of ATP and the inhibitory actions of adenosine are believed to 

account for the low potency of ATP observed in muscle strip preparations ofdetmsor of 

all animals thus far studied.
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1 .5 .0  T h e  P h a r m a  c o l o g y  a n d  M o l e c u l a r  B i o l o g y  o f  P u r in o c e p to r s

Since the actions of ATP in the bladder were first described, significant progress has 

been made in identifying a number of ATP receptors in a variety of tissues. The 

receptors by which extracellular ATP and a number of its structural analogues exert 

their effects have been termed P2 receptors. ‘Purinergic’ receptors were first formally 

recognised by Bumstock in 1978 when he proposed that these divide into two groups, 

termed PI, at which adenosine is the principal ligand and P2 at which ATP and ADP 

are. This division still remains part of purine receptor classification, however with 

advances in the techniques available to study the molecular stmcture of receptors, 

supported by a growing amount of data concerning their pharmacological profiles a 

more elaborate system of nomenclature to describe the identified receptors has since 

been devised. It is now recognised that receptors for pyrimidines are also to be included 

within the P2 receptor family (Fredholm et al 1994). P2 receptors have been shown to 

be either ligand-gated cation channels (Benham and Tsien, 1987) or coupled to G- 

proteins (Dubyak, 1991), which forms the basis of their subdivision into two main 

groups, termed, P2X receptors (ligand-gated cation channels) and P2Y receptors (G- 

protein coupled receptors) (Abbrachio and Bumstock, 1994; Fredholm et al, 1994). 

Two further subtypes were proposed by Gordon (1986) for receptors on mast cells and 

macrophages which he classed P2Z receptors and those on platelets which he classed 

P2T receptors. This was based on the activation of these receptors by ATP"̂ ’ and ADP, 

respectively. The P2Z receptor was cloned from rat macrophages and brain by 

Surprenant et a l in 1996 and due to its ion channel stmcture has been renamed the P2X? 

receptor and this is now the preferred term (Ralevic and Bumstock, 1998). The P2T
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receptor has not yet been cloned and the recommendation of the International Union of 

Pharmacology (lUPHAR) committee is that the name of the receptor should be written 

in italics. Due to its coupling to a Gi protein the receptor has been named the P2YADP 

receptor to maintain a consistent nomenclature for all G-protein coupled P2 receptors.

Additionally, a P2 receptor at which the pyrimidine nucleotide, UTP and ATP are 

equipotent, and at which other P2 agonists were effectively inactive was termed a P2U 

receptor (Dubyak et al, 1991; O’Conner et al, 1991). Of the cloned receptors it is the 

P2 Y2 and P2 Y4  receptors that can be activated by UTP and the P2Yô that can be 

activated by UDP. However it is not at present clear which of these receptors mediates 

uridine nucleotide-mediated responses in cells and tissues (Ralevic and Bumstock, 

1998).

A P2D receptor was also proposed which is sensitive to activation by the diadenosine 

polyphosphates (Hoyle et al, 1990; Pintor and Miras-Portugal, 1993). The diadenosine 

polyphosphates (Ap„A) are a class of compounds in which two adenosine molecules are 

linked via two or more phosphate groups, such as ApgA, Ap4A and Ap$A, and have 

been suggested to mediate their effects via receptors initially classed as P2D (Hoyle et 

al, 1990; Pintor and Miras-Portugal, 1993). However, the diadenosine polyphosphates 

have been shown to activate other P2 receptors including P2X receptors in the guinea- 

pig vas deferens and human bladder (Mackenzie et al, 1988; Hoyle et al, 1989; 

Westfall et al, 1996). Also Ap4A can be degraded extracellularly in the guinea-pig 

bladder and vas deferens (Westfall et al, 1996). For these reasons the existence of a 

distinct class of P2D receptors has never gained widespread acceptance.
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The cloning of a number of P2 receptors prompted a comprehensive revision of P2 

receptor nomenclature by the lUPHAR Committee on Receptor Nomenclature 

(Humphrey and Barnard, 1998).

Subtypes are defined according to molecular structure of cloned mammalian P2 

receptors, discriminated by different numerical subscripts, giving either, P2X„ or P2Y„ 

(Fredholm et al, 1994). Seven P2X subtypes and six P2Y subtypes are currently 

recognised (Ralevic and Bumstock, 1998).

One of the earlier pharmacological investigations of the contractile effects of purine and 

pyrimidine nucleotides and related synthetic analogues in the guinea pig bladder 

revealed the following agonist potency order: p,y-me-L-ATP (P,y-me-L-ATP) > ATP > 

GTP = CTP > ADP (Lukacsko and Krell, 1982). An approximate consensus for the 

stmcture activity relationships of ATP analogues from a number of investigations since 

the 1980’s (Bumstock et al, 1984: Cusack and Hourani, 1984; Hourani et al, 1985, 

1988., Welford et al, 1987; Cusack et al, 1987; Bailey and Hourani., 1994; Bumstock 

et al 1994) define the classic P2X pattem as having an agonist potency order of: a,p- 

methylene-ATP (a,p-me-ATP), > p,y-me-L-ATP, > ATP = 2MeSATP »  UTP. 

However, as with the vas deferens it is clear that degradation significantly affects 

potency, and indeed a direct comparison of the rate of breakdown of a range of 

analogues with their potency demonstrated that only analogues more stable than ATP 

were more potent (Welford et al, 1987). In contrast, more recent studies, made possible 

by advances in molecular biology, have enabled the properties of the individual P2X
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receptor ion channels to be studied in heterologous cell expression systems. Under these 

conditions agonist and antagonist potencies and pA2 values (i.e. the negative logarithm 

of the molar concentration of antagonist required to produce an agonist dose-ratio equal 

to 2 ) can be accurately determined for the receptor of interest in the absence of 

metabolising enzymes. Recordings of membrane currents evoked by a range of agonists 

show unique morphologies and differential agonist sensitivities for each of the seven 

P2X subtypes. All of the receptor channels have EC50 values for ATP in the low 

micromolar range (1-15 pM) save the P2X? subtype for which an EC50 value of 200 

pM is reported (Evans et al, 1996c). For the human P2Xi receptor heterologously 

expressed in human embryonic kidney 293 cells (HEK 293) it has been demonstrated 

that the receptor is responsive to low micromolar concentrations of p,y-me-L-ATP and 

a,p-me-ATP and shows rapid desensitisation, particularly to a,p-me-ATP (Evans et al, 

1995). It has been shown that low micromolar concentrations of a,p-me-ATP also 

evoke currents in P2 X3 and P2 X2 /3 receptors (Evans et al, 1996c). The neuronally 

expressed P2Xi and P2 X3 receptors are however insensitive to p,y-me-L-ATP (Evans et 

al, 1995; Trezise er a/., 1995, Surprenant, 1999).

Although the structure-activity effects of ATP analogues in the bladder are similar to 

those in the vas deferens the effects of the P2 antagonist suramin in the guinea pig 

bladder are different in that here they inhibit responses to exogenously applied ATP 

rather than enhancing them (Hoyle et al, 1990; Bailey and Hourani, 1994). Why the 

tissues are so different in this respect does not appear to be due to differences in the rate 

of ATP breakdown by the two tissues (Bailey and Hourani, 1994). In the rat and human 

bladder (but not in the dog) it has been reported that there is a contractile response to the
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ADP analogue, 5’-0-2-thiodiphosphate (ADBpS) that is distinct from the P2X receptor 

at which ATP analogues such as a,p-me-ATP act (Palea et aL, 1994, 1995; Suzuki and 

Kokubun, 1994; Hashimoto and Kokubun, 1995). Contractile responses of the rat 

bladder induced by ATP were fast and transient, reaching a maximum in about 20 

seconds whereas responses to ADBpS and UTP were slower and unaffected by a,p-me- 

ATP desensitisation (Bolego et al, 1995). In the rat bladder Suzuki and Kokubun 

(1994) concluded that there were three types of purinoceptor present: PI receptors 

(mediating relaxation), P2X receptors and another type of P2 receptor (mediating 

contractions); but only a single receptor type, P2X in dog bladder.

In the rabbit bladder the response to ATP is biphasic but after pretreatment with a,P- 

me-ATP and desensitixation of P2X%/ P2Xs, the response became monophasic, 

suggesting that more than one excitatory purinoceptor was present (Chen and Brading,

1991).

1,5.1 Molecular biology and structure o f P2X receptors

The molecular structure of P2X receptors are different from all other ligand gated ion 

channels thus far identified (Valera et al, 1994) save the amiloride-sensitive 

FMRFamide peptide gated Na^ channels, FnaC, with which they are grouped as a 

family of ligand-gated ion channels (North, 1996), The P2X receptor subunits consist of 

two transmembrane (TM) domains, a large extracellular loop and intracellular N and C 

termini. The large extracellular loop is thought to contain disulphide bridges between 

the cysteine residues (North, 1996).
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A comparison of the amino acid sequences for the P2Xi-P2X6 receptors and the first 

395 amino acids of the P2X? receptor reveals that these receptor subunits form a 

homologous group of proteins. The similarity between the subunits is relatively low 

having only 36-48% sequence identity, with most of the conserved regions in the 

extracellular loop.

With the exception of P2Xy, the protein subunits are 379-472 amino acids long, with 

relatively short intracellular N- and C- termini and two hydrophobic transmembrane 

domains separated by a long extracellular region of approximately 300 amino acids. 

The putative extracellular loop of cloned receptors P2 Xi_7 has 10 conserved cysteine 

residues, 14 conserved glycine residues and 2 to 6  potential N-linked glycosylation sites 

(Ravelic and Bumstock, 1998).

The stoichiometry of functional P2X channels is unknown, but it is thought that the 

functional receptors are multimeric. The putative extracellular domain of the P2 X2 

receptor has been shown to form a stable tetramer in solution (Kim et al, 1997). 

However, Nicke et a/.,(1998) have found that the P2Xi and P2Xs receptors form stable 

trimers, using methods such as chemical cross-linking and blue native polyacrylamide 

gel electrophoresis (PAGE). A trimeric bundle of a-helices would not be expected to 

form a pore, however a hexameric bundle of a-helical units would form pores as wide 

as 2 nm. A mechanosensitive ion channel, which has P2X-like membrane topology 

exists in E.coli and has been found by chemical cross-linking to consist of 

homohexamers with a pore of 3.4-3. 6  nm (Blount et al, 1996).
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The ATP binding site of the P2X receptors is unknown. An aspartic acid residue near 

TM2 has been implicated in the ATP-binding site of the P2X] receptor (Nakazawa, 

1998). This is a highly conserved region, which when neutralised by substitution to 

valine reduced the ATP sensitivity by about 60-fold (Nakazawa et al, 1998). This 

residue appears to play an essential role in maintaining responsiveness of these 

receptors to ATP and other agonists.
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1.5.2 Pore structure

It has been postulated that the region preceding the second hydrophobic domain which 

displays high conservation among P2X receptors contributes to the ionic pore (Valera 

al, 1994; Brake et al, 1994). Helical wheel plots indicate that in the P2Xi-P2X6 

receptors there is a row of polar and small amino acids along one face of the helix and 

could therefore represent the lining of the pore (Collo et al, 1996; North et al, 1996a).

1.5.3 Permeability

In all cases thus far studied the P2X receptor channel (see Surprenant et al, 1995) is 

significantly permeable to monovalent and divalent cations. For the rat and human P2Xi 

(Valera et a/., 1994; Valera et a/., 1995), rat P2Xs (Lewis et al, 1995), rat and human 

P2 X4  (Soto et al, 1996a; Garcia-Guzman et al, 1997a) the relative permeability of Ca^  ̂

to Na^ is approximately 4:1. However, because the physiological extracellular Ca^  ̂

concentration is much lower than that of Na^ the actual fraction of the total current 

carried by Ca^  ̂is actually quite small, around 5-10% (Rogers and Dani., 1995).

From measurements of the relative permeabilities to large organic cations (eg Tris, 

glucosamine and tétraméthylammonium) the narrowest region of the pore diameter is 

estimated to be 0.9-1.0 nM (Evans et al, 1995). Studies on the single channel 

characteristics of heterogously expressed P2 X 1-P2 X4  receptors have shown unique 

properties for each of the receptors (Evans, 1996c). P2Xi and P2 X4  channels showed 

brief, flickery bursts of channel openings with conductances of 18 and 9 picoSiemens 

(pS) respectively. The P2Xi receptor conductance is not different from that recorded in 

the native smooth muscle (Evans, 1996c), indicating a probable homomeric structure of
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these native receptors. P2 X2 channels had a conductance of 21 pS; however P2 X3 

channel openings were too rapid for resolution. Recordings from macropatches showed 

strong desensitisation of the currents to ATP, similar to those observed in whole cell 

current recordings.

1.5.4 Channel activation and inactivation kinetics

As with all ion channel receptors the latency to onset of ATP-gated currents is rapid, 

occurring within a few milliseconds. The time to peak current is also, as with other 

ionotropic receptors, concentration dependent, so that higher concentrations elicit faster 

rise times. Native smooth muscle and heterogously expressed recombinant P2Xi and 

P2 X3 receptors show the fastest rise times (Xonset -  5 ms), while rat superior cervical 

ganglionic and recombinant P2 X2 receptors are slower (Xonset - 25ms). Sensory neurones 

exhibit an intermediate phenotype (Xonset -  15 ms; Surprenant 1996). The P2X? receptor 

displays the slowest rise times (Xonset -  450 ms; Chessell et al, 1998).

However the most striking difference in kinetic properties among the P2X receptors is 

that of desensitisation. The P2Xi receptor of dissociated smooth muscle cells or the 

recombinant P2Xi shows the fastest desensitisation, with a time constant, t, o f 100- 

300ms. However P2 X3 receptor desensitisation kinetics are biexponential with decay 

constants of 50 ms and 1 s (Collo et al, 1996). ATP elicits sustained currents at P2 X2 

(Evans et al, 1996) and P2Xs receptors (Collo et a/., 1996). P2 X4  and P2Xg receptors
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show an intermediate phenotype, with a slow tail off so that approximately 60% of the 

current remains after 2  s.

Due to the differences during short applications of ATP native and cloned receptors are 

described as ‘desensitising’ (P2Xi, P2 X3) and ‘non-desensitising’. The mechanisms 

controlling the rate of desensitisation are not well understood, although reports suggest 

regulatory involvement of, (i) extracellular Ca^  ̂ (King et al, 1997) (ii) calmodulin- 

dependent phosphatase (calcineurin) dephosphorylation of N-terminal residues (Tong et 

al, 1995; Docherty et al, 1996), (iii) PKA and/or PKC dependent phosphorylation of 

intracellular serine residues (Collo et a/., 1996; Surprenant et al, 1996). The 

desensitisation of P2X responses may also be dependent on alternate splice forms of the 

P2X receptor and possible co-expression or heteropolymerisation of splice variants as 

has been shown to occur in somatotrophs (Koshimizu et al, 1998).
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i .5 .5  Splice variants of P2X receptors

A recent study using RT-PCR (reverse-transcriptase PCR) on human bladder smooth 

muscle preparations has identified a novel splice variant of P2Xi (Hardy et al., 2000). In 

10 out of 12 patients studied an expected product of approximately 383 base pairs (bp) 

was obtained and in eight of these a smaller band of approximately 280 bp was also 

identified. By comparison with P2Xi genomic sequence of chromosome 17 (Accession 

number AC005940) the missing 100 bp section was identified as exon 10 corresponding 

to amino acids 346-379, which includes part of the TM2. Human P2X$ and P2X2 are 

also alternatively spliced (Dhulipala et al., 1998). The alternately spliced P2 X4  loses its 

transmembrane 1 domain and hence its ability to generate ATP currents when 

transfected into Xenopus oocytes. The alternative splice variant of P2X: also shows 

differences in desensitisation from the normal receptor. Therefore the different splice 

variant of P2Xi might also have lost its ability to desensitise in response to ATP 

stimulation, or has become dysfunctional in terms of current flow, although both of 

these hypotheses have yet to be tested.
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1.5.6 Localisation o f P2X receptors

Autoradiographic localisation studies of [^H] a, p-me-ATP binding sites have been 

characterised in the bladders of guinea pigs, rabbits, cats and humans (Bo and 

Bumstock 1992; Michel et a/., 1996; Zhao et al, 1996). High affinity binding sites for 

[̂ ^S] ATPyS in the human bladder have also been described (Michel et a/., 1996). The 

first use of this method for identification and characterisation of ATP receptors was 

performed using rabbit bladder homogenates and identified high affinity sites for [^H]- 

ATP on smooth muscle membranes (Levin et al, 1983).

Immunohistochemical studies in which specific antibodies to the various P2X receptor 

subtypes are used, showed that P2Xi receptors are the dominant subtype in the smooth 

muscle cells of the rat detmsor (Lee et al, 2000).

In situ hybridisation studies have been carried out to localise messenger RNA (mRNA) 

for the different P2X receptor subtypes in the rat (see table II). For a review see Collo 

et al, (1996).
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Table II. Distribution of P2X-subtype mRNAs identified by in situ hybridisation 

studies in the rat.

P2Xi P2X2 P2X3 P2X4 P2Xs P2X6 P2X?

No. of amino acids 399 472 397 388 455 379 595

Brain - + - + - + +

Spinal cord + + - + + + +

Sensory ganglia + + + + + + +

Salivary gland - - - + - - -

Bronchial epithelium - - - + - + -

Spleen + - - + - - +

Smooth muscle + - - - - - -

(adapted from Collo et a l, 1996)

At least one of the known members of the P2X receptor family has been localised, by in 

situ hybridisation, in every tissue analysed, making the P2X family the most ubiquitous 

ligand-gated channel (Soto et al, 1997). However most localisation studies have been 

carried on rat tissue and the distribution in different species may vary.
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P2Xi mRNA has been identified in the smooth muscle of the vas deferens, bladder and 

some peripheral arteries (Collo et al, 1996). P2Xi immunoreactivity has been detected 

in the vas deferens, heart, bladder and spinal cord dorsal horn (Vulchanova et al, 1996).

More recently P2X% receptors have been detected by immunohistochemistry on detrusor 

muscle fibres of the rat and human (Elneil et al, 2001).

P2X% mRNA is detected in the thalamus, hypothalamus, preoptic area, locus coeruleus 

and oculomotor nucleus (Collo et al, 1996).

RNA transcripts for P2Xs have been reported to be exclusive to sensory ganglia, 

including dorsal root, nodose and trigeminal ganglia by both Northern blot analysis and 

in situ hybridisation techniques (Chen et a l, 1995; Collo et al, 1996) and confined to a 

subset of dorsal root ganglion neurones some of which also express nociceptor markers 

suggesting that P2 X3 receptors might be important in this modality. However, P2 X3 

receptors may also be expressed in small diameter myelinated (Ap and Aô) neurones 

suggesting an involvement in proprioception (Vulchanova et al, 1996, Cockayne et al., 

2000).

Other P2X subtypes in the lower urinary tract have been studied less intensively, 

although P2 X4  mRNA has been detected in bladder and vas deferens. (Sota et al, 

1996a, 1996b; Dhulipala et a/., 1998).
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7 .5 .7 P2Y receptors

ATP and adenosine have been shown to reduce muscle stimulated and nerve-evoked 

contractions in bladder preparations from several animals suggesting that P2Y receptors 

as well as P2X and PI receptors may be involved in purinergic neurotransmission in the 

bladder. The following is a description of the receptor pharmacology of the major P2Y 

receptor subtypes thus far identified and a review of studies in which P2Y-mediated 

responses have been observed in the detrusor.

P2Y receptors are purine and pyramidine G-protein coupled receptors, of which five 

mammalian subunits have been cloned and shown in fimctional studies to be activated 

by both adenine and uridine nucleotides (Lustig et al, 1993; Webb et al, 1993; Chang 

et al, 1995; Communi et al, 1995; Communi et al, 1997). The five receptors have 

been termed P2Yi, P2 Y2 , P2 Y4 , P2Yô and the recently cloned receptor from human 

placenta which has been designated as the P2Yn receptor (Communi et al, 1997). This 

group also includes the P 2Y adp (or P2 T) receptor as well as the uridine nucleotide 

sensitive receptors (that show pharmacological similarities with cloned P2 Y4  and P2 Yô 

receptors). Two additional G-protein coupled receptors have been suggested to be P2Y 

receptors (Akbar et al, 1996; Webb et al, 1996), namely the proposed P2Y? and p2y5 

receptors. However, the receptor originally proposed as the human P2Y? receptor has 

been removed from the current nomenclature as its primary response has been shown to 

be to leukotriene B4 and it sequence identical with that of the leukotriene B4 receptor 

cloned from HL-60 cells (Yokomizo et al, 1997). The p2y5 receptor was originally 

identified in chicken (Webb et al, 1996), by a specific nucleotide binding series. With
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the most recent update to the P2 receptor nomenclature system this receptor, and a 

possible sequence homologue in the human genome, has been designated in lower case 

since, as yet, no functional response to nucleotides has been described. Other putative 

receptors include the P2Ys, P2Yg and P2Yio but these are not included in the definitive 

P2Y receptor family after convincing evidence that these are not P2Y receptors (see 

Ralevic and Bumstock, 1998). The receptor claimed as P2Yap4a (or P2D) has not yet 

been cloned, but may belong to the P2Y receptor family (Pintor et al, 1993). A number 

of other non-mammalian P2Y receptor have been cloned but shall not be mentioned 

here. Reports of pharmacological and receptor binding studies have claimed evidence 

for the existence of a number of other P2Y receptors, however these too are considered 

outside the scope of this review. Interested readers should refer to the comprehensive 

review by Ralevic and Bumstock (1998).

1.5.8 Structure and coupling o f P2Y receptors

P2Y receptors are 308-377 amino acids in length and after glycosylation have a mass of 

41 to 53kDa. Common to that of other G-protein coupled receptors they have seven 

transmembrane spanning sequences. Based on the primary sequence of the P2Yi 

receptor and using the structural homologue rhodopsin as a G-protein coupled receptor 

template a model in which residues in transmembrane regions 3,6 and 7 may be 

involved in ligand binding has been proposed (Van Rhee et al, 1995).

As with other metabotropic G-protein coupled receptors the response time of P2Y 

receptors is longer relative to the more rapid responses of ionotropic ion channel P2X 

receptors. Most P2Y receptors are G-protein coupled to PLC activation leading to the
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formation of IP3 and mobilisation of intracellular calcium. However P2Y receptors 

might also be coupled to inhibition or stimulation of adenylate cyclase.

1.5.9 Localisation o f P2Y receptors

P2Y receptors have been demonstrated by in situ hybridisation RT-PCR and more 

directly by immunohistochemical staining to be widely distributed throughout the body 

(see Ralevic and Bumstock, 1998). In situ hybridisation has also showed the presence of 

P2Yi mRNA in rat detrusor smooth muscle and blood vessels in the bladder, but no 

positive staining was seen in urethral smooth muscle.

1.5.10 Other P2 receptors identified in the bladder

In isolated mouse detrusor ATP has been shown to elicit contraction (via P2X receptors) 

and relaxation in carbachol or pre-contracted preparations (Boland et al., 1993) The 

order of potency for relaxation was 2meSATP> ATP> p,y-me-L-ATP and was not 

antagonised by S-(sulphophenyl) theophylline (8 -SPT), indicative of a P2Y type 

receptor.

ATP mediated relaxation of rat detmsor following desensitisation of P2X receptors 

using a,p-me-ATP has been described (Bolego et al, 1995a) Furthermore the G- 

protein activator, guanosine 5 ' -0-3-thiotriphosphate (GTPyS) significantly potentiated 

and the G-protein blocker, guanosine 5 ' -O-2-thiodiphosphate (GDPyS) abolished the 

relaxant response to ATP and 2-MeS-ATP. Evidence for P2Y receptors that mediate
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excitatory responses in addition to P2X responses have also been observed in the rat 

bladder. UTP contracts the rat bladder, presumably either via UTP sensitive P2 

receptors, P2 Y2  or P2 Y4  (Bolego et al, 1995b). Evidence for a population of ADPpS- 

sensitive receptors that mediate contraction via release of calcium from intracellular 

stores and therefore likely mediated via a P2Y receptor, has also been presented 

(Naramatsu e? fl/., 1997).

In the marmoset urinary bladder evidence for multiple postjunctional P2 receptor 

subtypes has been reported (McMurray et al, 1998). A biphasic response to ATP in 

which the contractile component was abolished by desensitisation with 10 pM a,P-me- 

ATP revealed a clear relaxation phase. The potency order for the relaxation phase was 

ATP = 2-MeSATP > ADP »  a,P-me-ATP. Furthermore the relaxant response was 

unaffected by the PI receptor antagonist 8 -SPT or the nitric oxide synthase inhibitor, L- 

NOARG, but was blocked by Cibacron blue which is regarded as a P2Y antagonist, at 

least on native receptors subtypes. The relaxant response was also blocked by the G- 

protein inactivator GDPpS and was antagonised by A^tosyl-L-phenylalanine 

chloromethyl ketone (TPCK), an inhibitor of cyclic AMP-dependent protein kinase A 

(PKA) consistent with the presence of a P2Y G-protein coupled receptor that acts via 

stimulation of adenylate cyclase.
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L  6 .0  Th e  P h a r m a c o l o g y  a n d  M o l e c u l a r  B io l o g y  o f  P 1 -r e c e p t o r s

Following release, ATP is rapidly degraded in a stepwise manner by extracellular 

ATPases to ADP, AMP and finally adenosine. These three degradation products are all 

pharmacophores at purinoceptors. ADP and AMP are weakly active at P2 and PI 

receptors respectively and since they are both rapidly degraded to adenosine it seems 

unlikely that they have a major physiological effect. Adenosine, however is the 

endogenous ligand for the PI-purinoceptors, and inhibits or relaxes agonist and nerve- 

mediated contractions in detrusor smooth muscle preparations. The following section 

presents an overview of the current understanding of PI (adenosine) receptors, evidence 

for the existence of PI receptors in the bladder and the reported actions of adenosine 

and its structural analogues in detrusor smooth muscle.

Adenosine (PI) receptors were initially subdivided on the basis of whether they inhibit 

or stimulate adenylate cyclase, and therefore, decrease or increase intracellular cyclic 

AMP (cAMP) levels. Those receptors mediating the inhibition of adenylate cyclase 

were classed Ai receptors, while those mediating stimulation of adenylate cyclase were 

classed A% receptors (Van Calker et al, 1979).

It has since been discovered that adenosine can bind to numerous other effector 

systems, such as channels, Ca^  ̂channels, phospholipase C (PLC), phospholipase A 

(PLA) and guanylate cyclase (see Fredholm et al, 1994). The nomenclature system has 

therefore been amended so that the A 1/A2 classification no longer implies modulation of 

a specific effector system.
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The A2 receptor has now been further subdivided into A ia and A2 B receptors (Daly et 

al., 1983; Bruns et al, 1986; Bruns et al, 1987). On the basis of cloning and functional 

characterisation studies in the rat striatum a third adenosine receptor, the Agreceptor has 

been identified Zhou et a l (1992). Ai, A2 A and A2 B receptors have now also been 

cloned, confirming the existence of the two distinct PI receptor subtypes (see Collis & 

Hourani, 1993; Fredholm et al, 1994; Olah & Stiles, 1995).

Adenosine has been chemically modified in a number of ways which has produced a 

range of analogues which have been used to classify PI receptors in functional studies 

(Jacobson, 1990). C2-substitution of the adenine moiety results in analogues such as 2- 

chloroadenosine (2-CADO), 2-phenylaminoadenosine (CVl 808) and 2-p- 

((carboxyethyl)phenylethylamino)-5 ’ -N-ethylcarboxyamidoadenosine (CGS 21680); 

N^-substitutions of the adenine moiety gives analogues such as N^- 

(phenylisopropyl)adenosine (PI A), N^-cyclohexyladenosine (CHA) and N^- 

cyclopentyladenosine (CPA) which are potent agonists at Ai receptors. Structural 

alterations at the ribose moiety are rarely tolerated by PI receptors, however 5’-N- 

ethylcarboxyamidoadenosine (NECA) has been used as a non-selective PI receptor 

agonist (Bruns et al, 1986). The potency of adenosine can also be influenced by uptake 

and deamination, and these ‘termination mechanisms’ are discussed in detail later. 

There is no evidence, however, for the uptake or deamination of analogues such as CPA 

or NECA. For example, in the guinea-pig trachea (Brown & Collis, 1982) and the 

guinea-pig taenia caeci (Prentice et al, 1995) uptake blockers do not enhance responses 

to NECA, and NECA is known not to be deaminated (Raberger et al, 1977). CPA is
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also not deaminated and the effects of N^-substituted analogues are also not enhanced 

by uptake blockers (Brown & Collis, I 982).

1.6.1 AI -Receptors

The adenosine Ai receptor is present predominantly in neurones, located pre- 

synaptically and plays an important role in the central and peripheral nervous systems. 

It inhibits the release of a variety of neurotransmitters, including acetylcholine (ACh), 

dopamine, noradrenaline (NA), y-amino, butyric acid (GABA) and 5- 

hydroxytryptamine (5-HT), (Harms et al, 1978; Stone, 1981 ; Williams et al, 1984). 

The Ai receptor has also been demonstrated postjunctionally on smooth muscle 

preparations, including rat colon, guinea-pig aorta and guinea-pig trachea mediating 

contractions of the tissue (Farmer et al, 1988; Stoggali & Shaw, 1990; Bailey et al,

1992). Al receptors are also present in the heart, for example in the guinea-pig atria Ai 

receptors have been shown to mediate cardiac depression (Collis, 1983).

The second messenger system linked to Ai receptors was originally considered to be 

solely the inhibition of adenylate cyclase activity (Van Calker et al, 1979; Londos et 

al, 1980). However, more recently this receptor has been shown to be linked to many 

other effector systems in addition to adenylate cyclase (for a review see Fredholm, 

1994).
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The Ai receptor selective agonists have been predominantly derived from chemical 

substitution at the position of the adenine moiety, which has been demonstrated to 

markedly increase Ai potency (see figure 1.2). These analogues include CHA, PIA and 

CPA, as have been previously described (Bruns et al, 1986). PIA exists as two isomers, 

R-PIA and S-PIA, and the Ai receptor shows stereoselectivity for the R-PIA isomer, 

which is 100-fold more potent at the Ai receptor than S-PIA (Collis, 1983). R-PIA has 

an affinity of 1.2 nM whereas S-PIA has an affinity of only 0.53 pM at the Ai receptor. 

CPA is used as a potent agonist at Ai receptors with an affinity of 0.6nM. CPA is 

approximately 700-fold selective for the Ai receptor over the A2 receptor and is also 

about 440-fold selective for the Ai receptor over the A3 receptor (Bruns et al, 1986; 

Van Galen et al, 1994). NECA has an affinity of 6.3nM at Ai receptors and binds to 

both Ai and A2A receptors, although it is approximately 400-fold selective for Ai over 

A2 B receptors, but only 10-fold selective for Ai over A3 receptors (Bruns et al, 1986; 

Van Galen et al, 1994). NECA has been widely used as a non-selective PI agonist in
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m an y  tissu es.

The naturally occurring xanthines, caffeine and theophylline, were first proposed as PI 

receptor antagonists by Sattin & Rail (1970). Caffeine and theophylline are both non- 

selective, weak, competitive antagonists and caffeine has affinities at the Ai, A2A and 

A2 B receptors of 44, 45 and 30 pM, respectively, whereas theophylline has affinities of 

14, 22 and 32 pM at those same subtypes (Bruns et al, 1986; Van Galen et al, 1994).

Structural changes to the methyl groups of theophylline has led to the development of 

the Ai selective antagonist, 1,3-dipropyl-8 -cyclopentylxanthine (DPCPX) (Bruns,

1990). The affinity of DPCPX at Ai, A2 A and A2 B receptors is 0.9nM, 0.36pM and 

0.47pM, respectively (Bruns et al, 1987; Collis et al, 1989; see Collis & Hourani, 

1993; see Coates et al, 1994; see Fredholm et al, 1994).

The 8 -phenyl analogues of theophylline have also been used as Ai receptor antagonists. 

8 -phenyltheophylline (8 -PT) is a non-selective antagonist with affinities in the 

micromolar range for both Ai and A2  receptors (Bruns & Fergus, 1989). The addition of 

a sulphur group to the 8 -PT structure has produced 8 -(sulphophenyl)theophylline (8 - 

SPT) which is also a non-selective antagonist at Ai and A2 receptors, with affinities of 

approximately 5 pM at both receptors.

Recently, molecular biology studies have confirmed the existence of Ai receptors in 

many tissues. Libert et a l (1989) have cloned two orphan receptors, RDC7 and RDC8  

from a canine cDNA library. They identified the RDC7 as the A% receptor and showed
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that it was expressed in a number of systems, including canine thyroid gland, brain, 

kidney, heart and testes (Libert et al, 1991; Libert et al, 1992). The Ai receptor has 

been cloned from a number of other species, including rat and bovine tissues (Repert et 

al, 1991; Mahan et al, 1991; Tucker et al, 1992; Olah et al, 1992). The rat Ai receptor 

shows 91% sequence homology with the canine receptor. The bovine Ai receptor also 

has a greater than 90% sequence homology with both the canine and the rat Ai receptor, 

but shows a different agonist potency order. In the dog and rat, the agonist potency 

order is R-PIA> NECA > S-PIA, which is more similar to the classically recognised 

agonist potency order at Ai receptors, whereas at the bovine Ai receptor the agonist 

potency order is R-PIA > S-PIA > NECA (Tucker et al, 1992; Olah et al, 1992). The 

human Ai receptor has also been cloned and shows a 94% sequence homology to the 

bovine, canine and rat Ai receptors and displays the classical Ai receptor agonist 

potency order (Salvatore et al, 1992).

h  6.2 A  2A andÂ2B Receptors

A% receptors are thought to be mainly present postjunctionally, mediating relaxation of 

smooth muscle preparations such as in the guinea-pig taenia coli (Bumstock et al, 

1984), guinea-pig trachea (Brown & Collis, 1982), guinea-pig aorta (Collis & Brown, 

1983) and the rat aorta (Lewis et al, 1994; Prentice & Hourani, 1996). However, the 

presence of A] receptors prejunctionally in the central nervous system mediating 

excitatory actions has also been suggested (Corrieadesa & Ribeiro, 1994; Fredholm, 

1995). For example, A2  receptors are present on cholinergic striatal nerve terminals 

stimulating acetylcholine release (Kirk & Richardson, 1994).
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The A2  receptor exists as two recognised subtypes (Daly et al, 1983), A%A and A2 B 

receptors. A2A receptors are high affinity for adenosine whilst the A2 B are low affinity 

adenosine receptors, both are linked to adenylate cyclase activation.

Substitution at the C2 position of the adenine moiety has been shown to increase 

potency at the A2 A receptor. CGS 21680 has an affinity of 15 nM at the A2 A receptor 

while it is effectively inactive at the A2 B receptor up to a concentration of 100 pM, and 

has micromolar affinity at both the Ai and A3 receptors. Therefore, CGS 21680 is 

considered to be the standard A2A receptor selective agonist and is used to distinguish 

between subtypes (Bruns et al, 1986; Hutchinson et al, 1989; Van Galen et al, 1994). 

CVl 808 has also been used as a potent agonist at A2 A receptors, showing nanomolar 

affinity at A2 A receptors compared to micromolar affinity at A2 Breceptors. There are as 

yet no selective A2 B receptor agonists, though the identification of such a compound 

would prove useful in the pharmacological separation of A2 A and A2 B receptor-mediated 

responses. The non-selective ligand, NECA, is also used as an A2 receptor agonist 

(Bruns et al, 1986; Van Galen et al, 1994), and has an affinity of 10 nM at the A2 A 

receptor compared with 1.9 pM at A2 B receptors (Bruns et al, 1986).

The N^-substituted analogues, R-PIA, S-PIA and CPA have low potencies at the A2  

receptors. The affinities of R-PIA, S-PIA and CPA at the A2A receptor are 0.12, 0.22 

and 0.46pM, respectively (Bruns et al, 1986).

A number of non-xanthine A2 receptor antagonists have been synthesised and the ligand 

which has been demonstrated to show the highest degree of selectivity is 4-(2-[7-
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amino-2-(2-furyl)-[l,2,4]-triazolo[2,3-a]-[l,3,5]-triazin-5-yl)amino] ethyl)phenol or ZM 

241385 (Poucher et al, 1995). This compound has nanomolar affinity at the A2A 

receptor with a pA2 value of 8.57 and is between 400- and 1000-fold selective for A ia 

compared to A2 B receptors, 30-80-fold selective for A2 A versus A2 B receptors and 6700- 

fold selective for A2A compared to A3 receptors (Poucher et al, 1995).

A2 A and A2 B receptors have been cloned fi*om a number of sources. The RDC8  receptor 

has been cloned fi’om the canine thyroid gland and this led to the identification of the 

A2 A receptor (Schifftnan et al, 1990). The clone, when expressed in Afiican green 

monkey kidney (COS) cells exhibited characteristics of the high affinity A2 A, with a Kd 

of 26 nM for CGS 21680 and an agonist potency order of NECA > 2-CADO> 

adenosine > CPA (Maenhaut et al, 1990). A rat A2A receptor has also been cloned firom 

brain cDNA libraries (Chem et al, 1992; Fink et al, 1992). A human A2 A receptor has 

also been cloned from heart and brain cDNA libraries (Salvatore e/ al, 1992) and has 

been found to have 93% sequence homology with the canine A2 A receptor but only 82% 

sequence homology with the rat A2A receptor. This receptor, expressed in COS cells 

also exhibits the generally accepted A2 A receptor potency order of agonists observed in 

the rat, and CGS 21680 also has a Kd in the nanomolar range (17 nM).

In contrast to the A2A receptors, which are largely localised in the striatum, A2 B 

receptors are found throughout the brain (Daly et al, 1983; Bruns et al, 1986). A rat 

A2 B receptor, originally designated as RFL9, was cloned from a rat brain cDNA library 

and when expressed in COS cells, no binding of the A2 A selective ligand CGS 21680 

was detected and only binding of NECA was observed (Stehle et al, 1992). A human
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AzB receptor has also been cloned and shows 8 6 % sequence homology with that cloned 

from the rat (Salvatore et al, 1992).

1.6.3 A 3-Receptors

The existence of a prejunctional A3 receptor present in the frog neuromuscular junction, 

was originally proposed by Ribeiro & Sebastiao (1986), due to the observation that the 

potency order of agonists did not follow the classical A 1/A2 receptor division. However, 

this receptor failed to gain widespread acceptance and later studies (Kennedy et a l ,

1992) have shown this receptor to be an Ai receptor. The unexpected potency order of 

agonists was explained on the basis of the presence of both Ai and A2  receptors in this 

tissue. In the rat vas deferens the potency order of agonists mediating inhibition of 

nerve-mediated contraction is NECA = CPA > adenosine, and as there are known to be 

both inhibitory prejunctional Ai and postjunctional receptors in this tissue, the observed 

agonist potency order can be explained by the fact that CPA can activate A% receptors, 

whereas NECA and adenosine activate A2 receptors (Hourani et al, 1993).

However, a new A3 receptor has since been identified. This A3 receptor was identified 

from cloning from the rat by Zhou and co-workers (1992). Selective agonists at the A3 

receptor are formed by the N-benzyl substitution of NECA, giving compounds such as 

N^-(iodobenzyl)-5’-(N-methyl-carboxamido) adenosine (IB-MECA). This compound 

has a nanomolar affinity (0.33 nM) at the A3 receptor and is used as a selective A3 

receptor agonist (Gallo-Rodriguez et al, 1994). IB-MECA is also active at Ai and A2 A 

receptors with affinities of 54 nM and 56 nM, respectively, having 50-fold selectivity
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for A3 receptors compared to Ai and A2 A receptors (Van Galen et a/., 1994). The N^- 

substituted ligand, N^-2-(4-amino-3-phenyl)-ethyiadenosine (APNEA) is also used as 

an A3 receptor agonist, although it is considered non-selective as it has nanomolar 

affinity at both the Ai and A3 receptor (Van Galen et al, 1994).

A3 receptor selective antagonist ligands do exist but their definition is complicated by 

the fact that the A3 receptor is not highly conserved between species. This may be an 

indication of the existence of A3 receptor subtypes, but it has been more widely 

accepted that the underlying reason for these observations is differences between 

species. Antagonists at the A3 receptor include acidic substituted 8 -phenylxanthines 

such as 3-(3-iodo-4-aminobenzyl)-8-(4-oxyacetate)-l-propylxanthine (BW-A522, also 

known as I-ABOPX), and has nanomolar affinity at the human and sheep A3 receptors, 

1.8nM and 3nM, respectively, (Linden et al, 1993; Salvatore et al, 1993).

When expressed in COS and CHO cells the transfected rat A3 receptor bound the 

ligands i?-PIA, 5-PIA and APNEA, all of which are also A3 receptor agonists. NECA 

was also active at this receptor and the potency order was R-PIA = NECA > S-PIA > 

adenosine. The rat A3 receptor has been shown to be insensitive to the xanthine 

antagonists DPCPX and 8 -SPT (Zhou et al, 1992).

The highest expression of the rat A3 receptor is in the testes, with lower levels of 

expression in the lung, kidney, heart, cerebral cortex, striatum and the olfactory bulbs 

(Zhou et al, 1992). The tissue distribution of A3 receptors appears to exhibit species 

differences. In the sheep higher levels are expressed in the lung, spleen, pars tuberalis

64



and pineal gland with only moderate levels in the testes, kidney and brain (Linden al,

1993). However, in humans the highest levels of A3 receptor expression are observed in 

lung and liver, moderate levels in the aorta and brain and the lowest levels in the testes 

and heart (Linden et al, 1993; Salvatore et al, 1993). The human and sheep A3 

receptors show 72% sequence homology with the rat A3 receptor, whereas they show 

85% sequence homology with each other.

The agonist potency order for both the human and sheep A3 receptors is the same as that 

previously reported for the rat subtype, namely R-PIA = NECA > S-PIA > adenosine. 

However, the xanthine antagonists, DPCPX, 8 -PT and BW-A522, have been shown to 

bind to the human and sheep A3 receptors, but not the rat A3 receptor (Linden et al, 

1993; Salvatore et al, 1993). The rat A3 receptor mRNA has been shown to be present 

in the central nervous system and a number of peripheral tissues with a similar 

distribution to that of the human and sheep A3 receptors, suggesting that the rat A3 

receptor also has a wide tissue distribution (Linden et al, 1994; Dixon et al, 1996).

Human, rat and sheep A3 receptors are linked to the inhibition of forskolin-stimulated 

adenylate cyclase activity. In contrast, A3 receptors in cultured rat mast cells are 

positively coupled to phospholipase C (PLC) leading to the production of inositol 

triphosphate (IP3) and an increase in intracellular Ca^  ̂(Ramkumar et al, 1993).

65



1.6.4 The adenylate cyclase P-site

High (millimolar) concentrations of adenosine in vitro, inhibit the activity of adenylate 

cyclase via the “P site” (Londos & Wolff, 1977), which is an intracellular site within the 

catalytic site of adenylate cyclase. This site binds adenosine to inactivate the enzyme. 

The other adenosine receptor agonists, NECA, R-PIA and CHA are not active at the P 

site, nor is it sensitive to antagonism by 8 -SPT (Daly, 1982; Collis & Brown, 1983). 

Since a high concentration of adenosine is required to cause inhibition of the adenylate 

cyclase catalytic site, and since intracellular adenosine is regulated by adenosine 

deaminase, the P site is not thought to play a significant physiological role.

1.6,5 A TP as a Pl-receptor agonist

ATP is widely thought to act at PI receptors following its extracellular metabolism by 

nucleotidase enzymes to adenosine. In the guinea-pig atrium and ileum, responses to 

ATP and the ATP analogue, a,p-me-ATP have been shown to be antagonised by the PI 

receptor antagonist 8 -SPT (Collis & Pettinger, 1982; Moody et al, 1984). In these 

tissues responses to both ATP and a,P-me-ATP are not reduced in the presence of 

adenosine deaminase, which converts adenosine to inosine, which is inactive in this 

tissue, suggesting a direct action of ATP and a,p-me-ATP at PI receptors. Similarly a 

direct action of a,p-me-ATP at PI receptors in the rat colon and duodenum has also 

been proposed as a,P-me-ATP is relatively stable in these tissues and responses were
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insensitive to antagonism by P2 receptor antagonists, such as suramin, but were 

antagonised by the PI receptor antagonist, 8 -SPT (Bailey & Hourani, 1990; Hourani et 

al, 1991). It must be noted, however, that in these same tissues other ATP analogues 

such as p,y-me-ATP, a,p-me-ATP and 2-MeSATP are known to activate P2 receptors 

(Bailey and Hourani, 1990, Hourani et al. 1991)

1 ,7  O t h e r  N o n -C h o l in e r g ic  N e u r o t r a n s m it t e r s  i n  t h e  B l a d d e r

It is widely accepted that excitatory neurotransmission in the bladder is mediated 

predominantly via the excitatory post-junctional effects of acetylcholine and ATP 

released from parasympathetic nerves embedded in the detrusor.

A sympathetic supply to the trigone has been found in human tissue from both sexes but 

this has only rarely been observed in the dome of the bladder. (Gosling et a l 1983). 

Following the demonstration of a  and p receptors in the detrusor Sibley et al, (1984) 

investigated the possible role that adrenergic nerves might play in detrusor contraction. 

No significant effect of the a  blocker phentolamine on the nerve mediated contraction 

of muscle strips obtained from pigs, rabbits or man was observed. It seems unlikely, 

therefore, that the sympathetic innervation of the detrusor plays an important role. 

Despite the relatively sparse sympathetic innervation of the detrusor and the absence of 

evidence to ascribe a physiological role to it, the presence of functional adrenoceptors in 

the detrusor has received attention, p-adrenoceptors have been shown to dominate over 

a-adrenoceptors, and their response to activation is relaxation of the muscle (Amark et
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al, 1986). In muscle preparations from the human bladder, non-selective agonists such 

as isoprenaline have a pronounced inhibitory effect (Anderson et al, 1993). 

Consequently these receptors have generated interest as a potential target for the 

development of drugs for the treatment of bladder overactivity. Human detrusor P- 

adrenoceptors have functional characteristics atypical of either Pi or p2  -adrenoceptors 

as they were blocked by propranolol but not by practalol or metoprolol (Eaton and 

Bates 1982; Nergârdh, et al, 1977). However binding studies using receptor subtype 

selective ligands have provided evidence that the p-adrenoceptors of human detrusor are 

predominantly of the P2 subtype. In support of this, favourable effects on the reversal of 

bladder overactivity with selective P2 -adrenoceptor agonists, such as terbutaline and 

clenbuterol have been demonstrated (Wein, 1995; Andersson, 1988a). Treatment with 

these agents has been limited by side effects. Both normal and neurogenic human 

detrusor have been shown to express Pi, P2 but also P3 mRNA. Thus it seems that the 

atypical p-adrenoceptor of the human detrusor may be the P3 subtype.

Another neurotransmitter that relaxes detrusor muscle is vasoactive intestinal 

polypeptide (VIP). VIP-containing nerves have been found in the human bladder in 

association with the lamina propria beneath the urothelium as well as within the 

detrusor muscle itself. VIP has been shown to relax electrically stimulated contractions 

in isolated muscle preparations of rabbit, pig and human detrusor (Klarskov et al, 1984; 

Klarskov et al, 1987a,b). However in another study no effect of VIP on electrically 

stimulated contractions in muscle preparations from the human bladder was observed 

(Sjogren et al, 1985). In human samples from diseased and normal bladders VIP
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inhibited spontaneous contractions but again, no effect on electrically stimulated 

contractions was seen (Kinder and Mundy, 1985a). The role of VIP in diseased bladders 

has been investigated more specifically in the rat, but there was found to be no 

difference in the relaxant effect of VIP in detrusor muscle strips from normal rats 

compared with those from infi*avesically obstructed rats (Andersson et <3 /., 1988b).

Another inhibitory neurotransmitter, gamma-amino butyric acid (GABA) has been 

shown to exert a relaxant effect on electrically stimulated preparations of human 

detrusor and is thought to act via pre-junctional GABAb receptors (Chen et al 1994).

Possible other non-cholinergic excitatory neurotransmitters include several small 

proteins including substance P, neurokinin A and arginine-neurokinin which have all 

been demonstrated to induce contraction of human detrusor muscle (Maggi et al, 1988).

1 .8  I n  A CTIVA TION OF N e u r o t r a n s m it t e r s

The actions of most neurotransmitters are limited by their removal firom the 

extracellular compartment via one of two processes. For amines and amino acids, such 

as glutamate, 5-HT and noradrenaline and nucleosides such as adenosine, specific, high- 

affinity transporters mediate their reuptake back into the nerves or their surrounding 

support cells (Amara & Kuhar, 1993). Acetylcholine, noradrenaline and ATP are all 

degraded by extracellular enzymes. Acetylcholine is hydrolysed by acetylcholinesterase 

within the synaptic cleft and choline is taken back up into the nerve so that 

acetylcholine can be resynthesised. As has already been described, extracellular
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membrane-bound nucleotidase enzymes sequentially dephosphorylate ATP to ADP, 

AMP and adenosine, and it has generally been assumed that these enzymes are 

primarily responsible for the termination of the action of ATP in the brain (Edwards et 

ah, 1992) and the periphery (Bumstock, 1990; Westfall et al., 1996). However, it has 

also been reported that in some tissues, most notably the guinea-pig vas deferens, 

innervated by non-adrenergic, non-cholinergic, NANC nerves that when these nerves 

are stimulated, they release not only neuronal ATP but also soluble nucleotidases which 

are capable of degrading ATP to adenosine (Todorov et al., 1997).

1 ,9  E c t o n u c l e o t id a s e s

The receptor-mediated effects of adenine and uridine nucleotides are attenuated by their 

sequential hydrolysis catalysed by ectonucleotidases, plasma membrane-bound enzymes 

which have their active site orientated to the extracellular surface.

Hydrolytic degradation of nucleotides occurs by four separate enzymatic reactions, 

collectively termed nucleotidase reactions (where N represents the nucleotide): NTP-> 

NDP, N D P ^  NMP, NMP-> N and NTP-» NMP. The enzymes which are responsible 

for catalysing each of these reactions are reviewed in the following sections ( 1 .2 .1 . 1  

through 1.2.1.6.) and is summarised for adenosine metabolism in figure 1.3. The 

activity of ectonucleotidases is highly dependent on the presence of the divalent cations 

Ca^^ and/or Mg^^, and different forms of ectonucleotidases exhibit different sensitivities
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towards these cations. Other cations are able to activate ectonucleotidases with a much 

lower potency (Pearson, 1985; Ziganshin et al, 1994).

There are a number of additional enzyme activities which are well documented, but 

which are not believed to be involved in the degradation of extracellular nucleotides in 

most tissues, including ATP-pyrophosphatase and other non-specific phosphatases 

(Pearson, 1985; Ziganshin et al, 1994) and ecto-protein kinases which utilise ATP as a 

substrate for the phosphorylation of specific membrane proteins (Ehrlich et a/., 1986).

Ectonucleotidases are widespread and have been shown to be present on most 

cells, including arterial endothelial cells, smooth muscle cells of blood vessels and the 

gastrointestinal tract, synaptosomes, cardiac myocytes, hepatocytes and a number of 

blood cells (Pearson, 1985; Meghji, 1992a; Ziganshin et al, 1994). In pig aortic 

endothelial cells distinct ecto-ADPase and ecto-ATPase activities have been 

demonstrated by their abilities to selectively dephosphorylate the non-terminally 

substituted phosphorothioate analogues of ATP (adenosine-5’-0-(2-thiotriphosphate); 

ATP-p-S) and ADP (adenosine-5’-O-(l-thiodiphosphate); ADPa-S), respectively. In 

addition, ATP-p-S and ADP-a-S exist as Rp and Sp diastereoisomers and ectoATPases 

and ecto-ADPases show stereospecificity between the two forms. In contrast, the 

terminally substituted phosphorothioate analogues of ATP (adenosine-5’-0-(3- 

thiotriphosphate); ATP-y-S) and ADP (adenosine 5-0-(2-thiodiphosphate); ADP-P-S) 

are resistant to degradation. Similarly, while AMP is degraded by ecto-5’-nucleotidase, 

resistance to degradation is seen for the terminally substituted analogue, adenosine 5’- 

O-monophosphorothioate (AMPS). Stereoselectivity of ectoATPases, ecto-ADPases
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and ecto-5’nucleotidase is shown for the naturally occurring D-enantiomers of ATP, 

ADP and AMP, respectively, although to different extents. L-ATP and L-ADP are 

dephosphorylated at one fifth and one fifteenth the rates of their respective D- 

enantiomers, whereas L-AMP is not dephosphorylated to any quantifiable degree 

(Cusack e ta l,  1983; Pearson & Cusack, 1985; Pearson, 1986).
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Figure L3  Schematic Diagram of Adenosine Metabolism
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1.9.1. Ecto-ATPases (EC3.6.1.15.)

Ecto-ATPase, or E-type ATPase catabolises nucleotide triphosphates with broad 

specificity for adenine and uridine nucleotides and are distinct from the intracellular 

ion-pump ATPases and the mitochondrial ATPases which selectively dephosphorylate 

ATP as their substrate. In addition the classical inhibitors of intracellular ATPases, 

vanadium ions, ouabain or oligomycin have no effect on the activity of extracellular 

ATPases. It is believed that this is the major enzyme responsible for degradation of ATP 

in the bladder and hence inactivation of the contractile effects of this neurotransmitter 

(Hourani and Chown, 1988 ; Ziganshin et a/., 1994).

The ecto-ATPase protein has proved difficult to purify and characterise, partly due to 

the low abundance of the protein on the cell surface and partly due to its susceptibility 

to inactivation by many detergents commonly used in enzyme purification methods 

(Plesner, 1995). In spite of these difficulties. E-type ATPases have been purified from 

numerous tissues including rat liver (Lin, 1985; Lin, 1990), rabbit skeletal muscle 

(Treuheit et al., 1992), chicken gizzard (Stout et al., 1995) and activated NK cells 

(Dombrowski et al., 1993). Rather than ecto-ATPase activity being due to a single 

enzyme, it is much more probable that a family of related proteins exists. For example, 

the rat liver plasma membrane ecto-ATPase is a 57kDa glycoprotein consisting of 519 

amino acids (Lin & Guidotti, 1989), the rabbit skeletal muscle and chicken gizzard 

enzymes are monomers of 6 6 kDa.
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Dombrowski et al. (1997) demonstrated that ecto-ATPase is a marker of B cell 

activation expressed by immortalised human and murine B cells. Characterisation of the 

kinetic parameters of the B cell ecto-ATPases and immunological crossreactivity of 

antibodies generated against the chicken gizzard ecto-ATPase demonstrated that there 

was significant interspecies conservation of the enzymic and immunological molecular 

characteristics in this class of enzymes (Stout et al., 1995).

Ecto-ATPase activity has also been demonstrated on visceral smooth muscle cells. The 

structure-activity relationships for these enzymes have been determined in the guinea- 

pig taenia caeci and urinary bladder (Welford et al, 1986; 1987) and ATP, ADP and 

AMP are degraded to adenosine. Purine ring-substituted analogues, such as 2- 

methylthioadenosine triphosphate (2-MeSATP) had a similar rate of dephosphorylation 

to ATP. Stereoselectivity was observed for the D- over the L-enantiomer, in a manner 

similar to that of pig aortic endothelial cells (Pearson et al, 1980; 1985). In addition, 

the purine nucleoside triphosphates ATP and guanosine 5’-triphosphate (GTP), and the 

pyrimidine nucleoside triphosphates uridine 5’-triphosphate (UTP) and cytidine 5’- 

triphosphate (CTP) were all degraded at a similar rate to their corresponding 

nucleosides. Non-terminally substituted phosphorothioate analogues, such as ATP-p-S 

and ADP-a-S also showed stereoselectivity between the two diastereoisomeric forms, 

whereas the terminally substituted analogues ATP-y-S and ADP-p-S, were resistant to 

degradation (Welford gr a/., 1986; 1987).

In addition, the methylene-substituted derivatives of ATP and ADP, a,P-me-ATP, p,y- 

me-L-ATP and adenosine 5’-(a, p-methylene)diphosphonate (AMPCP), were found to
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be completely resistant to degradation from the point at which the methylene group 

replaces the oxygen in the phosphate chain (Welford et al, 1986; 1987). However, the 

guinea-pig taenia caeci was unable to dephosphorylate adenosine 5’-0-(l- 

thiotriphosphate (ATP-a-S) (Welford et al, 1986) whereas the guinea-pig urinary 

bladder could degrade this analogue (Welford et al, 1987), although at a much slower 

rate than for ATP.

Smooth muscle cells and endothelial cells have been shown to dephosphorylate ATP via 

ecto-ATPase with similar activity, although in smooth muscle cells the production of 

adenosine occurs rapidly, whereas in endothelial cells adenosine is produced much 

more slowly. (Gordon et al, 1986; 1989).

Ecto-ATPase activity in primary cultures of guinea-pig vas deferens smooth muscle 

cells has been demonstrated by measurement of the production of inorganic phosphate 

(Pi) from ATP. The ecto-ATPase activity was found to be insensitive to a number of 

inhibitors, including ouabain, oligomycin, sodium azide, p-nitrophenol and (3- 

glycerophosphate. The enzyme activity was found to be Ca^^- and Mĝ "̂  -dependent. 

The same study revealed that antagonists of P2X receptors suramin, pyridoxal- 

phosphate-6-azophenyl-2,4’-disulphonic acid (PPADS), 4,4’-diisothiocyanostilbene- 

2,2’-disulphonic acid (DIDS) and pyridoxal-5-phosphate significantly inhibited ecto- 

ATPase activity, whereas the PI receptor antagonists DPCPX and 8 -SPT had no effects 

on the activity of the enzyme (Ziganshin et al, 1995).

Xenopus laevis folliculated oocytes have been widely used in the expression cloning of
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a number of foreign membrane receptors and ion channels (Snutch et a l, 1988). In 

addition, Xenopus oocytes possess native receptors for ATP on their enveloping follicle 

cell layer (Lotan et al, 1986). Ziganshin et a l (1994a) demonstrated the presence of an 

oocyte ecto-ATPase which limits the potency of agonists at the native receptor and set 

about characterising the properties of the enzyme activity. They described an ecto- 

enzyme with a broad substrate specificity for ATP, ADP and AMP, which was highly 

dependent on extracellular Ca^  ̂and Mg^^. Further, the ecto-ATPase activity of the 

oocyte was inhibited by the P2 receptor antagonists suramin, PIT and TNP-ATP 

(Ziganshin et al, 1995). The inhibitory action on extracellular ATP degradation of some 

P2 receptor antagonists, such as suramin, DIDS and Reactive blue 2 (or Cibacron blue), 

had previously been reported in smooth muscle cells, endothelial cells and hepatocytes 

(Knowles, 1988; Hourani & Chown, 1989; Yagi et al, 1994). The PI receptor 

antagonist 8 -SPT had no effect on the rate of degradation of either ATP or ADP.

A recently identified selective inhibitor of ecto-ATPase, FPL 67156 (6 -N,N-diethyl-D- 

P,y-dibromo-methyleneATP) now known as ARL 67156 is a structural analogue of ATP 

(Beukers et al, 1994). Studies have shown that in some tissues ARL 67156 caused a 

leftward shift of the concentration effect curves to the hydrolysable agonists ATP and 

UTP (Crack et al, 1995). In the rabbit ear artery the potency order for agonists at P2X 

receptors was p,y-me-ATP »  ATPyS > 2MeSATP> ATP> UTP, whereas in the 

presence of ARL 67156 the potency order for these same agonists was altered to: p,y- 

me-ATP > 2MeSATP = ATP> ATPyS > UTP. In the same study it was found that the 

potency order for agonists at P2Y receptors on guinea-pig aortic rings was: 2MeSATP
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»  ATPyS > ATP »  AMPCPP = UTP. However, in the case of P2Y receptors the 

potency order of agonists were unchanged in the presence of ARL 67156 (Crack er al, 

1995). In both the rabbit ear artery and the guinea-pig aorta leftward shifts in the agonist 

concentration-effect curves together with the alterations in the agonist potency orders at 

P2X receptors may indicate that there are different levels of ecto-ATPase activity in the 

two tissues.

The P2 receptor agonists ATP-y-S, a,p-MeATP and AMPPNP have been reported to 

inhibit the ecto-ATPase activity of bovine artery endothelial cells. The p/Cjo values for 

these ligands were found to be 5.2, 4.5 and 4.0 respectively (Chen & Lin, 1997). In 

addition, the selective ecto-ATPase inhibitor ARL 67156 inhibited ecto-ATPase activity 

in these cells with a p/Cjo value of 4.0. Each of the above agonists also exhibited high 

agonist potency for causing increased phosphoinositide (PI) turnover in these cells and 

the authors concluded from this that their action as ecto-ATPase inhibitors accounted 

for their high agonist potency.

The release of specific ectonucleotidases represents an as yet novel mechanism for the 

termination of neurotransmitter action (Todorov et al, 1997). On superfusion of the 

guinea-pig vas deferens with exogenous ATP almost no detectable degradation 

occurred. However, on stimulation of the sympathetic nerves the exogenous ATP was 

almost all degraded. Furthermore, when neurotransmission was inhibited by the 

addition of Cd^  ̂ or omission of Ca^  ̂ no appreciable breakdown was observed. In 

addition, superfusate collected during nerve stimulation was able to degrade ATP when 

added latterly. This effect was lost on addition of tetrodotoxin, guanethidine or omission
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of from the perfusate during nerve stimulation. Further evidence that nerve 

stimulation was the mechanism by which ectonucleotidases were being released from 

the nerves was that exogenously added ATP, AMPCPP, noradrenaline, methoxamine 

and phenylephrine all caused the guinea-pig vas deferens to contract but failed to 

produce release of soluble ectonucleotidases into the bathing medium. Finally, soluble 

ectonucleotidase activity was not inhibited by known inhibitors of intracellular 

ATPases, such as vanadium, oligomycin or sodium azide, whereas ARL 67156 (lOOpM) 

reduced the soluble ATPase activity by approximately 50% (Todorov et al, 1997).

Soluble ectonucleotidases are believed to be stored within vesicles in the nerve endings, 

since their release is Ca^^-dependent and TTX sensitive. It is assumed that ATP and 

nucleotidase enzymes are not co-stored since this would be likely to result in vesicular 

breakdown of ATP and that a heterogeneous population of synaptic vesicles exist in 

sympathetic nerves (Todorov et al, 1996). However, it has been suggested that the ATP 

and nucleotidases are co-stored, but that the enzymes are in an inactive state due to the 

acidic pH environment within the vesicles (Schuldiner et a l, 1995). On release into the 

less acidic extracellular compartment the soluble ectonucleotidases become activated. 

Electrical stimulation of the guinea-pig vas deferens (Todorov al, 1997), guinea-pig 

urinary bladder, rat vas deferens, mouse vas deferens and rabbit vas deferens (Westfall 

et al, 2000a; b), but not the guinea-pig taenia coli (Westfall et al, 2000a) results in the 

release of ATP and NA as cotransmitters and also ectonucleotidase enzymes which 

degrade ATP to adenosine, with the greatest enzyme activity observed on stimulation of 

the guinea-pig vas deferens. It is not clear whether these differences in activity reflect 

differences in the density of innervation of these tissues or if other factors may be
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involved. The molecular identity of this ecto-ATPase activity is yet to be elucidated, 

although it has similar characteristics to ectonucleoside triphosphate 

diphosphohydrolases (Westfall eta l, 2000a).

The vertebrate ectoATPases, present in muscular tissues and reported in rat skeletal 

muscle (Beeler et al 1983), rabbit skeletal muscle (Hidalgo, et al, 1983), chicken 

gizzard smooth muscle (Stout and Kirley, 1994) and guinea pig bladder (Hourani and 

Chown, 1988 ; Ziganshin et a/,,1994) have now been renamed eNTPDase2 in a recent 

work by Zimmermann et al, 1999. In this nomenclature eNTPDase2 is a member of the 

eNTPDase (ecto-nucleoside triphosphate diphosphohydrolase) family which includes 

not only the integral membrane ecto-ATPases but also ectoATPDases [ecto-apyrases] 

and the soluble, excreted exo-ATPases. The rabbit enzyme was the first vertebrate 

eNTDPase purified to homogeneity (Treuheit et a l 1992) and exhibits Michaelis- 

Menton enzyme kinetics and is stable, like the other subfamilies of the E-type ATPases 

(eNTPDases) including eNTPDase 1 (CD39) and eNTPDase3 (also known as CD39L3 

and HB6 ). The chicken, rat and human ectoATPases (eNTPDase2), do not, however 

follow these kinetics and show time dependent inactivation in the presence of ATP 

substrate (Hicks-Berger and Kirley, 2000). This inactivation was blocked by the lectin 

concanavalin A and the chemical cross-linker disuccinimidyl suberate, agents that 

stabilise monomer-monomer interactions, suggesting that the native state is oligomeric, 

presumably tetrameric (Hicks-Berger and Kirley, 2000). These authors also showed that 

the human ecto-ATPase depends on glycosylation for its activity and concluded that 

glycosylation is needed for formation and maintenance of the correct tertiary and 

quaternary structure of the enzyme. In this study chimeras of the protein with human
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CD39 (eNTDPase 1) were constructed and the two chimeras produced demonstrated that 

it is the N-terminal half of the protein that determines the relative activities of the 

nucleoside di- and triphosphatases.

1.9.2, Ecto-ADPases (EC 3,6. L 6,)

The following nucleotidases (sections 1.9.2-1.9.4) have not been well characterised in 

the bladder and are included solely to complete this description of the metabolism of 

ATP to adenosine.

Ecto-ADPases have been characterised in vascular endothelial cells and have been 

shown to be inhibited by nucleotides such as AMPPCP and ATP-y-S (Pearson et al, 

1986). In these cells their physiological role is to counteract the thrombotic response to 

vascular injury by metabolising the platelet released agonist ADP and thereby oppose 

platelet activation (Marcus et al, 1991).

1.9.3. EctoATP-diphosphohydrolases (EC3.6.1.5.)

Extracellular ATP diphosphohydrolase (ATPDase) has been variously described as 

ecto-diphosphohydrolase, ectoapyrase, ecto-ATPase, ecto-ADPase, nucleotide 

phosphohydrolase or ATP pyrophosphohydrolase (Plesner, 1995), and is a plasma 

membrane-bound enzyme which hydrolyses extracellular ATP and ADP to AMP. 

Membrane-bound ectodiphosphohydrolases are capable of hydrolysing extracellular di- 

and tri-phosphates with equal affinities. Two isoforms have so far been identified, type I
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a 54kDa protein and type II a 78kDa protein found in pig kidney cortex. Recently it has 

been shown by N-terminal amino acid sequencing that the type II mammalian 

membrane associated ATPDase is homologous to human CD39, a lymphoid cell 

activation antigen (Lemmens et al, 1998) and in the recently revised nomenclature all 

members of the CD39-ATP diphosphohydrolase family belong to the E-NTPDase 

family (Zimmermann et al, 2000). Several functions for these ectonucleotidases have 

been proposed which are mainly related to the regulation of P2-signalling systems by 

the combined action of E-NTPDases and ecto-5’-nucleotidase (Plesner, 1995).

1.9.4 Ecto 5 ̂ -nucleotidase (EC 3,1.3.5.)

Ecto 5’-nucleotidase activity has been functionally characterised as being related to the 

cell surface antigen CD73. CD73 has been identified as a mature B lymphocyte cell 

marker and has been cloned from a number of species, including rat, human and 

Torpedo tissues (Zimmermann, 1996).

Other CD73/ecto 5’-nucleotidase positive tissues and/ or cell types include cardiac 

pericytes and fibroblasts (Mlodzik et al, 1995), vascular endothelial cells (Gordon et 

al, 1986) and mammary gland epithelial cells (Kruger et al, 1991). Clifford et a l 

(1997) reported that expression of CD73/ecto 5’-nucleotidase in human myeloid 

leukocytes is restricted to cells pre-committed to the macrophage phenotype.

Studies using the visceral smooth muscle preparations, the guinea-pig taenia caeci and 

urinary bladder demonstrated that only the guinea-pig bladder had the ability to
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dephosphorylate AMPS (Welford et al, 1986; 1987). This indicates a similarity 

between the ecto 5’-nucleotidase on guinea-pig urinary blader to that on pig aortic 

smooth muscle cells (Pearson et al, 1985).

1.9.5 Ecto-adenosine deaminase (EC3.5.4.4.)

Andy & Kronfeld (1982) first described an extracellular adenosine deaminase activity 

which was linked to an intrinsic membrane protein, which they termed adenosine 

deaminase binding protein. Franco et a l (1986) have demonstrated a specific 

localisation of adenosine deaminase activity in the vicinity of ecto 5’-nucleotidase (EC 

3.1.3.5).

EHNA and deoxycoformycin are potent and specific inhibitors of adenosine deaminase 

(Henderson et al, 1977; Agarwal, 1982) which result in a potentiation of the relaxant 

effects of adenosine in the rat duodenum (Franco et al, 1988). It has recently been 

demonstrated in the guinea pig ileum that inhibition of adenosine deaminase activity 

causes inhibition of acetylcholine mediated contractions via activation of inhibitory pre- 

synaptic receptors (Lee et al, 2001).

Adenosine deaminase has been described on the surface of haematopoietic cells (Aran 

et al, 1991) and this discovery has led to the suggestion that ecto-adenosine deaminase 

has a role in regulating the extracellular levels of adenosine.

1.9.6 Nucleoside transporters
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Nucleoside transporters mediate the transfer of nucleosides across biological 

membranes and are critical to the salvage pathways for the synthesis and storage of 

purine and pyrimidine nucleotides. At present, three nucleoside transporter subtypes 

have been cloned (Huang et al, 1994; Che et al, 1995; Yao et al, 1996; Griffiths et al, 

1997) and functional assays have revealed at least seven subtypes.

Recently two cDNA sequences encoding Na^ -dependent nucleoside transporters have 

been cloned from the rat and have been termed rat concentrative nucleoside transporter 

1 (rCNTl) (Huang et al, 1994) and rat concentrative nucleoside transporter 2 (rCNT2) 

or sodium/purine nucleoside transporter (Che et al, 1995). A cDNA encoding an 

equilibrative (Na^-independent) transporter has been cloned from human placenta and 

has been called human equilibrative nucleoside transporter 1 (hENTl) (Griffiths er al, 

1997). Interestingly, there is no significant amino acid identity between hENTl and 

rCNTl or rCNT2, indicating that hENTl belongs to a separate gene family.

Owing to their widespread tissue distribution, equilibrative nucleoside transporters, 

such as hENT 1, are considered to be critical components of nucleotide salvage 

pathways. In contrast, Na^-dependent transporters have more limited tissue distribution 

(for review see Jennings et al, 1998).

The role of the adenosine transporter mechanism as a regulator of neuronal activity is 

supported by the wide distribution of adenosine receptors in the central nervous system 

(Snyder, 1985).
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L IO  Ur in a r y  In c o n t in e n c e  AND D e tr u so r  In st a b il it y

1,10,1 Urodynamics and diagnosis o f incontinence and bladder instability

In the 1960’s Hodgkinson noticed abnormalities of detrusor contraction in aurodynamic 

study of a group of patients who had failed to benefit from incontinence surgery in 

whom the detrusor and urethral muscles contracted simultaneously, a condition which 

he described as detrusor dyssynergia (Hodgkinson et al, 1963). Another major study by 

Bates (1971) on an investigation of 1400 patients by video-urodynamics proposed that a 

possible reason for some post-operative failures of incontinence surgery was due to an 

underlying pathology which he described as the ‘unstable bladder’. Since the first use of 

this term, the unstable bladder is recognised as an important cause of incontinence and 

is clinically characterised by a set of symptoms comprising, frequency, nocturia, 

urgency and urge incontinence, collectively called the ‘urge syndrome’ (see also 1.1.1). 

The presence of involuntary detrusor contractions will lead to urgency, and the presence 

of the other associated symptoms will depend on the ability of the patient to resist these 

contractions and the functional capacity of the bladder.

Diagnosis of the condition uses cystometry, which measures bladder luminal pressure 

changes during filling and emptying of the bladder and has provided valuable 

information about the function of the lower urinary tract. The terminology defining 

lower urinary tract function and the use of such urodynamic measurements has been 

standardised by the International Continence Society (Abrams et al, 1988).
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Conventional urodynamics involves the simultaneous measurement of vesical and 

abdominal pressure to calculate detrusor pressure by subtraction, during both bladder 

filling and voiding. Bladder filling may be physiological or by the introduction of fluid 

(either sterile water or normal saline) through a urethral catheter. The findings may be 

subdivided into those occurring during filling and those during voiding. Urodynamic 

filling or storage phase disorders are more common in women, whereas voiding 

dysfunction has a higher prevalence in men (Abrams 1997).

Normal detrusor function comprises an increase in bladder volume without a significant 

rise in intravesical pressure with no evidence of involuntary detrusor contractions even 

on provocation. Normal voiding is achieved by a voluntary initiated contraction of the 

detrusor that is sustained and can be suppressed voluntarily. The unstable bladder on the 

other hand demonstrates spontaneous contractions or provocable contractions during 

filling of the bladder while the patient is attempting to inhibit micturition. In accordance 

with the ICS definition a patient may be diagnosed unstable if  an ‘unstable’ contraction 

of pressure amplitude greater than 15cm H2 O can be recorded or provoked during the 

filling phase of cystometry.
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A number of definitions and terms associated with abnormal bladder function have been 

described and those relating to storage and voiding problems of incontinence are 

summarised below.

a) Stress Incontinence

The term stress incontinence describes both a lower urinary tract symptom and a clinical 

sign. The patient suffers from leakage of urine during episodes of increased abdominal 

pressure e.g. during coughing, sneezing, lifting and during sexual intercourse. Weakness 

of the urethral sphincter with ineffective transmission of intra-abdominal pressure to the 

urethra results in urinary leakage without concomitant detrusor pressure rise and is 

termed genuine stress-incontinence

b) Sensory urgency

Sensory urgency is a symptom complex and describes a syndrome, of as yet unknown 

aetiology, characterised by the sensation of pain during bladder filling leading to 

frequency of micturition and a reduced functional bladder capacity. There are by 

definition, no phasic detrusor contractions during the filling phase of urodynamics.

c ) Urgency and urge incontinence -  idiopathic detrusor instability and detrusor hyper- 

reflexia.

Urgency and urge incontinence are symptoms with incontinence as a clinical sign. The 

underlying urodynamic abnormality is an involuntary rise in intravesical pressure due 

either to reduction of the pressure-volume relationship (compliance) of the bladder or an 

uninhibited phasic rise in pressure. Such phasic increases were termed detrusor

87



instability (Bates, 1971) in the absence of neurological disease. If neurological disease 

is present it is termed detrusor hyper-reflexia (Bates et al, 1981).

d) Hypotonic detrusor activity

This term describes the failure of the detrusor muscle to generate sufficient intravesical 

pressure to overcome urethral resistance to initiate, sustain and complete bladder 

emptying. Its clinical significance is dependent on the activity of the urethral sphincter 

ranging from poor flow and mild incomplete emptying in the incompetent sphincter to 

urinary retention if present in association with urinary sphincter dyssynergia.

e) Increased outflow resistance

Voiding disturbances may arise from an increase in the bladder outflow resistance. This 

resistance may be anatomical or physiological. An anatomical example is prostatic 

hypertrophy in men, increased outflow resistance occurs less commonly in the female as 

the urethra is shorter (Masters & Ramsden 1997). A rare cause of urethral sphincter 

hypertrophy in some women with polycystic ovarian syndrome has also been described 

(Fowler et al 1988) characterised by continuous discharges of skeletal muscle in the 

external sphincter on E.M.G. testing. Physiological obstruction may occur due to 

repeated conscious attempts to inhibit leakage by prolonged pelvic floor contractions.

f) Uncoordinated voiding- detrusor-sphincter dyssynergia

An aberration of the neuronal control of voiding may result in failure of the urethral 

sphincter to relax when detrusor pressure is consciously elevated to allow the emptying 

of the bladder. This deviation is a feature of multiple sclerosis and spinal cord injury



and can lead to bladder overdistension.

In clinical practice lower urinary tract symptoms are often multiple, and a single 

diagnosis may be difficult. It has been argued that the term detrusor instability merely 

describes a urodynamic observation and may not imply underlying pathology (Griffiths 

1998). The ICS defines the unstable detrusor muscle as ‘one that is shown objectively to 

contract, spontaneously or on provocation, during the filling phase while the patient is 

attempting to inhibit micturition’, (Abrams et al 1988). Such contractions may be 

associated with a feeling of urgency and cause incontinence or they may be 

asymptomatic and of no clinical significance. Ambulatory urodynamics has 

demonstrated asymptomatic detrusor contractions during physiological bladder filling in 

69% of clinically normal women (Van Waalwicjk-van Doom et al 1991) and 72% of 

men with benign prostatic hypertrophy (Robertson et al 1996). The diagnosis of 

detmsor instability should therefore be used with reference to the clinical significance 

of the patients symptoms and signs and should not rest with the demonstration of phasic 

detmsor contractions on urodynamic studies alone (Zinner 1998).

It has been stated that “the subject of detmsor instability is arguably the single most 

notable development of the urodynamic era” (Mundy 1988). However the interest in 

this condition has not yet produced effective medical management based at the 

prevention of the pathophysiological processes that underlie its development. The 

medical management of disorders of micturition is still far fi-om satisfactory (Harriss 

1995) and may be due to the difficulties in accurately categorising the different types of 

detmsor instability as the clinical condition itself is heterogeneous.
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1.10.2 Aetiology of detrusor instability

The aetiology of instability is in the majority of cases unknown. However, neurological 

disorders, such as multiple sclerosis and spina bifida are associated with detrusor 

instability (detrusor hyper-reflexia) and an increase of bladder outflow resistance is also 

associated with detrusor instability and this is especially prevalent in men due to the 

age-related hypertrophy of the prostate gland which surrounds the urethra. The pre

operative incidence of instability in patients with prostatic outflow obstruction has been 

estimated to be about of 50% (Speakman et al, 1987). In the majority of patients with 

detrusor instability where no specific cause or associated condition can be identified the 

condition is termed idiopathic detrusor instability.

Abnormal urethral function has also been implicated as involuntary contractions are 

often preceded by urethral relaxation (Low, 1977; Hindmarsh et al, 1983). However, it 

is still considered that involuntary bladder contraction is the primary defect.

1.10.3 Treatment o f instability

Pharmacological treatment is the main approach for alleviating bladder overactivity 

(Wein, 1995) and several drugs with different modes and sites of action have been tried. 

Apart from the common problem of unwanted side effects, epitomised by that of the 

calcium channel antagonist terodoline which had to be withdrawn from use on account 

of its cardiac side effects (0stergaard et al, 1980) a major problem is of how to 

eliminate overactivity without disturbing normal micturition.
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The release of acetylcholine from transmural parasympathetic nerve terminals mediates 

contraction of the human bladder via activation of post-junctional muscarinic receptors. 

Antimuscarinic agents thus effectively dampen down the main excitatory drive to the 

detrusor and thereby alleviate the symptoms of bladder overactivity. The most 

commonly used antimuscarinic agent for the treatment of bladder instability is 

oxybutynin, which has been proven effective in controlled clinical studies. (Ouslander, 

et al 1986). However the usefulness of oxybutynin is limited by its side-effects, 

particularly dry mouth which is of sufficient severity to result in poor patient 

compliance or even discontinuation of treatment (Andersson, 1988; Kelleher et al., 

1994). Tolterodine is a new competitive muscarinic receptor antagonist that causes less 

dry mouth side effects than oxybutynin when compared at their maximum licensed 

dose. (Appel, 1997). Despite these findings oxybutynin remains the most commonly 

used drug mainly on account of its lower cost.

Potentially drugs affecting G ABA, opioid, 5-HT, noradrenaline, dopamine or 

glutamergic receptors could be developed as these receptors exist in the pathways 

involved in the CNS control of micturition. (Andersson, 1998). However, the perceived 

difficulty of obtaining a selective action on the CNS pathways of the lower urinary tract 

(LUT) has meant that the tradition of drug development has focused on peripheral 

targets, mainly the efferent neurotransmission of the detrusor itself.

Antimuscarinic drugs, p-adrenoceptor agonists, a-adrenoceptor antagonists, drugs 

affecting membrane channels (K^-channel openers and Ca^  ̂ channel blockers), 

prostaglandin synthetase inhibitors and several other agents have all been used. None of
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these has been developed specifically for use in treating the overactive bladder and their 

efficacy in clinical trials, is often poor (Andersson, 1998).

In patients who find the side-effects of these drugs intolerable the clinician will have to 

consider alternative therapies or a more invasive approach. Cystodistension under 

epidural anaesthesia is effective in alleviating detrusor instability although the 

mechanism by which it does so is not understood (Dunn et al, 1974). Repeated bladder 

distension improves fi*equency, nocturia and bladder capacity but not bladder instability, 

with an overall satisfactory symptomatic relief of incontinence (Stimpel et al, 1984).

More conservative treatments include habit retraining in the form of bladder drill, 

biofeedback or hypnotherapy. The aim of these approaches is to increase the length of 

time between voids. These treatments have been reported to improve symptoms in 80% 

of patients, but they are time consuming and require a high degree of motivation 

(Cardozo, 1991).

Patients with chronic problems of urge incontinence, urgency/frequency and voiding 

dysfunction refractory to medical treatment may benefit from electromodulation of the 

sacral nerve. Improved urodynamic parameters and relief of symptoms occur in up to 

80% of patients (Van Kerrebroeck, 1998). Sacral root stimulation has been reported to 

be more successful in the treatment of patients with idiopathic detrusor instability 

compared to patients with multiple sclerosis (Bristow et al, 1988).
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For patients with severe instability who are not amenable to conservative treatment or 

drug therapy, surgery is often the only alternative. Bladder transection (cysto- 

cystoplasty) was first described by Tumer-Warwick and Ashken (1967). The procedure 

has since undergone several modifications and reducing the extent of the surgery to the 

posterior and posterolateral aspects of the bladder produces comparable results to those 

obtained by transecting the entire wall (Mundy, 1983). The three to five year follow up 

for patients who had undergone this procedure showed that 65% were cured, 14% were 

improved and 12% were failures. The means by which bladder transection improves 

bladder instability is unknown by may be due to neurological decentralisation.

Augmentation cystoplasty is more invasive and complex that involves the incorporation 

of a segment of bowel into bladder, usually ileum or occasionally the sigmoid colon 

(Mundy et al, 1985). This procedure has been assessed over the last 15 years and long 

term results indicate a 78% continence rate in patients with neuropathic disease and a 

93% continence rate in patients with detrusor instability (Venn and Mundy, 1998). 

Though this technique is invariably successful at preventing incontinence it is by no 

means a satisfactory treatment. By dampening the contractility of the bladder voiding is 

also compromised and patients must be warned of the possible need for intermittent 

self-catheterisation (ISC). Other problems arise from gut segments producing mucus 

and acid, bacteruria, absorption disorders, stones and a potential risk of malignancy 

from carcinogenic nitrosamines produced by the bacteria that colonise the cystoplasty.

At present therefore there are a number of treatments for detrusor instability and the 

disease may be considered curable provided the patient can sustain or prefers the side
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effects associated with the treatment to the symptoms of instability. However none of 

the current treatments reverses the effects of or prevents the processes that underlie the 

disease condition itself

1 .11  O v e r v ie w  o f  t h e  C u r r e n t  H y p o t h e s e s  R e g a r d in g  t h e  

A e t io l o g y  OF Un s t a b l e  D e t r u s o r  C o n t r a c t io n s

Several hypotheses have been proposed to explain possible factors in the development 

of the disease. Unstable bladder contractions may occur in the presence of neurological 

disease, in the presence of obstruction or may be idiopathic. Information has been 

collected in the study of the pathophysiology from clinical studies. Observations can be 

drawn from the clinical picture, with data obtained from clinical investigations and used 

to formulate hypothesise regarding the aetiology of instability. Experiments have been 

conducted using animal models as well as tissue obtained from patients with clinical 

instability and used to test these hypothesise either in vivo (eg whole animal models) or 

in vitro using isolated multicellular or isolated single cell preparations.

The core themes in the study of the pathophysiology include: a) an abnormality of the 

nervous control of the lower urinary tract, b) an obstruction to urinary flow c) a disease 

process which causes an alteration of the excitability or contractility of the detrusor 

smooth muscle and d) a change in the metabolism of the detrusor smooth muscle.
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1.11.1 Unstable detrusor contractions in the presence o f neurological disease

The aetiology of involuntary contractions in the presence of neurological disease, 

detrusor hyper-reflexia, depends on the anatomical position of the neurological defect. 

Cerebral cortex abnormalities can lead to uninhibited bladder contractions with the 

micturition reflex remaining intact because the lesion is above the pontine micturition 

centre. In this case voiding, even when completely involuntary, is physiologically co

ordinated (Amis et al 1991). Lesions in the suprasacral spinal cord disrupt the 

micturition reflex as the lesion is below the level of the pons. Voiding in these patients 

is largely uncoordinated and may co exist with urethral sphincter dysynergia.

The rapid development of incontinence and its severity in these patients is due to a 

number of factors including detrusor hyperreflexia and loss of parasympathetic 

innervation of the detrusor muscle which causes poor contractility, and incomplete 

emptying.

1.11.2 Unstable bladder contractions in the absence o f neurological disease

(i) Detrusor instability in the presence o f urethral obstruction

The incidence of detrusor instability in men with benign prostatic hypertrophy is 60% 

prior to transurethral resection of the prostate falling to 25% following treatment 

(Abrams et al 1979 ; Speakman et al, 1987 ; Pope et al, 1990). The same response to 

relief of outflow obstruction in the experimental pig model is also observed (Speakman 

et al 1991). Outflow obstruction also occurs following endoscopic bladder neck
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procedures (colposuspension) for female stress incontinence (Pope et al 1990) with 

reduced urinary flow rates and higher micturating detrusor pressures measured after 

surgery. Unstable detrusor contractions with associated symptoms were recorded in 

15% of thee patients with previously stable bladders. Despite the acceptance that in men 

urethral obstruction is an aetiological factor in the development of detrusor instability 

the cellular mechanisms that occur to cause changes in detrusor function are unknown.

(it) Detrusor instability in the absence o f urethral obstruction

Detrusor instability in the absence of either outflow obstruction or neurological disease 

has no known aetiology and hence has been termed idiopathic. Experimental 

investigation of the pathophysiology of this condition has relied mostly on studies of 

human tissue. Devising animal models which accurately exhibit this condition is more 

difficult than models of obstruction. One model has been attempted using 

circumferential supratrigonal bladder transection in minipigs (Sethia et al 1990) and 

resulted in the development of detrusor instability in all pigs within the study. However, 

this is unlikely to be a accurate model as the development of instability in these animals 

is clearly different to that observed in humans. Indeed transection in the human does not 

cause instability and the procedure has been previously used therapeutically.

Theories concerning the development of detrusor instability may be broadly subdivided 

into neurogenic (concerning changes in the nerves which innervate the detrusor or 

participate in the micturition reflex and/or associated pathways) and myogenic (ie 

originating in a change in the property of the detrusor muscle itself). There is agreement
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that the pathophysiology of detrusor instability includes a change in the contractility of 

the detrusor muscle as this is evident in the clinical presentation of the disease. The 

various factors that may contribute to increased contractility and, as such, have been 

implicated in the development of detrusor instability, may be subdivided as follows :

i) Detrusor muscle excitability.

ii) Hypertrophy.

iii) Denervation.

iv) Supersensitivity to neurotransmitters.

v) Atropine resistance.

1.11.3 Detrusor muscle excitability

Unstable detrusor contractions may result from an increase in the bladder’s response to 

nervous stimulation or its excitability. The excitability of a smooth muscle preparation 

may be investigated by exposing an isolated smooth muscle strip to electrical field 

stimulation in an organ bath and measuring the force of contraction. The response to 

nerve-mediated (tetrodotoxin-sensitive) or muscle-mediated (tetrodotoxin-insensitive) 

stimuli can be assessed.

Early work on detrusor muscle strips revealed a shift to the left in the force-frequency 

relationship in unstable tissue with no difference in the sensitivity of the contractile 

response to ACh (Eaton and Bates, 1982). These findings suggested that either the nerve 

cells or detrusor myocytes were more excitable but that this was not consequent to an
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increase in the expression of muscarinic receptors by the myocytes. No clear distinction 

was made between instability associated with obstruction and other pathologies. The 

clinical and urodynamic similarity between neuropathic and idiopathic instabilty was 

subsequently investigated in vitro using muscle strips (Kinder and Mundy, 1987). A 

higher incidence of spontaneous contractile activity was observed in preparations from 

unstable bladders : 47% stable, 61% unstable and 80% hyper-reflexic. This activity was 

not inhibited by TTX indicating a myogenic rather than a neurogenic origin. Nerve 

mediated field stimulation demonstrated a significant increase in contractility in both 

types of instability with a left shift of the force-frequency relationship. However it has 

also been reported that in patients with urodynamically proven detrusor instability there 

is a rightward shift in force/frequency compared to tissue from stable bladders (Harrison 

1987). It was implied that such a decrease of excitability was a feature of detrusor 

instability alone. The presence of obstruction may be the only identifiable difference to 

account for these discrepancies.

The effect of obstruction on human detrusor physiology has been investigated in a 

group of 28 patients undergoing transvesical prostatectomy and compared to controls 

obtained at cadaver donor nephrectomy (Sibley, 1984). In the prostatectomy group 14 

patients were urodynamically assessed of which 4 were stable and 10 were unstable, 

whilst the control group had no recognised lower urinary tract dysfunction. Muscle strip 

studies demonstrated a significant increase in the sensitivity to ACh in the obstructed 

group although dose-response curves for carbachol were not significantly different (see 

1.11.6). A shift to the right in the nerve mediated force-frequency response curve of 

muscle strip preparations from the obstructed patients compared with those from the
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stable group was also observed. Direct muscle stimulation in the presence of TTX also 

revealed that the obstructed group were more sensitive.

Animal models of obstruction have been described in the pig, guinea-pig, rat, rabbit and 

cat. The presence of obstruction is associated with urodynamic instability in the pig 

(Sibley 1985, Speakman et al 1987), in the rabbit (Harrison et al 1990) and the rat 

(Malmgren et d 1990), and with increased voiding pressures in the cat (Kato 1990) but 

no cystometric studies were reported in the rabbit and rat comparison (Levin al 1993) 

or the guinea-pig studies (Seki et al 1992).

Studies using obstructed rabbit bladders have also revealed a right shift of the 

force/frequency relationship (Levin et al 1993, Harrison et al 1990). The obstructed pig 

model exhibiting detrusor instability also showed such a decreased excitability (Sibley

1985) to nerve-mediated stimulation. In the pig model of outflow obstruction super

sensitivity to ACh was also demonstrated (Sibley, 1987) and nine of the 14 animals 

studied were urodynamically unstable. The contractile response to field stimulation was 

decreased and in addition there was an increased sensitivity to high potassium solutions. 

One possible explanation of this latter result is that the cell membrane has to be 

depolarised to a lesser extent to reach threshold. The rat (Levin al 1993, Malmgren et 

al 1990), and cat studies (Kato et al 1990) all showed no alteration in the excitability of 

the isolated muscle strips from obstructed bladders compared to a control, unobstructed 

group. These conflicting results illustrate the importance of species differences and the 

need for careful interpretation of the findings of animal studies.
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It appears then that obstruction is associated with a shift to the right of the force- 

ffequency response in contrast to the increased nerve-mediated excitability of instability 

in the absence of obstruction. This may reflect differences in the pathophysiology of 

instability between these two groups. A possible explanation to account for this 

difference is that obstruction is also strongly associated with a relative denervation of 

the detrusor (see later section 1.11.5) and consequently a reduction in the nerve- 

mediated force frequency response.

1.11.4 Hypertrophy

Cellular hypertrophy has been observed in all types of human detrusor instability. 

(Gallegos and Fry, 1994). Samples from patients with partially obstructed bladders 

show the greatest degree of hypertrophy but samples from patients with hyper-reflexic 

and idiopathic detrusor instability showed a similar enlargement. Morphometric 

analysis has shown that connective tissue infiltration occurs in association with 

hypertrophic changes in patients with outflow obstruction and that the amount of 

infiltration is proportional to the extent of the hypertrophy (Gilpin et al., 1985). In 

general, obstruction causes hypertrophy as a compensatory response (Gosling et al 

1986). The change in cell size is associated with a change in cyto-skeletal make-up, i.e. 

an increase in the actin/myosin ratio in both human and rat models of urethral 

obstruction. There is also a decrease in the percentage volume of mitochondria in 

hypertrophied cells from obstructed rats (Gabella & Uvelius 1990).

Increases in contractility as a consequence of hypertrophy, aside from the obvious
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increase in muscle tissue may may be associated with ischaemic changes. Tissue 

hypoxia occurs during stretching of the bladder as it fills, with reduced blood flow, and 

reduced PO2  and pH in the bladder wall (Behringer et al, 1994; Azadzoi et al, 1996; 

Batista et a l 1996). Such changes are greater in obstructed bladders, presumably 

because muscle hypertrophy is not accompanied by a corresponding increase in blood 

supply. The intracellular acidosis that results from the hypoxia has a positive inotropic 

effect in detrusor muscle by enhancing the calcium content of intracellular stores and 

consequent rises in sarcoplasmic [Ca^^] following stimulation (Wu and Fry, 1998).

1.11,5 Denervation

A reduction in contractility as demonstrated by a rightward shift in the nerve-mediated 

force-frequency response of tissue samples obtained from diseased bladders could be 

consequent to a relative denervation of the detrusor. As mentioned, previous studies 

have shown variable shifts in the force frequency response in human samples from 

obstructed or unstable bladders, although differences in the methodology make it 

difficult to draw an overall conclusion (Tong et al, 1997 ; Harrison et al, 1987 ; Eaton 

et al, 1982 ; Saito et a/., 1993). Nevertheless, muscle fi*om unstable bladders tended to 

show a left-shift to the response, while tissue from obstructed samples was right shifted. 

Our research group has found that tissue from both obstructed and neuropathically or 

idiopathically unstable bladders demonstrates a significant rightward-shift of the nerve- 

mediated force frequency response (Bayliss et al, 1999).

Autonomic denervation has also been demonstrated in patients with instability
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secondary to obstruction and in animal models of obstruction using histological 

techniques. Gosling et al (1986) investigated the effect of outflow obstruction on 

autonomic innervation and found a significant decrease in the number of 

acetylcholinesterase positive nerves compared to age-matched controls.

Another study has looked at reinnervation following TURP (Gumming and Chisholm, 

1992). A urodynamically defined group of patients with prostatic outflow obstruction 

were compared to controls and innervation assessed using a polyclonal antibody to 

Protein Gene Product 9.5. No significant difference in the mean muscle area was found 

between the two groups but the degree of innervation was significantly reduced in the 

obstructed patients. Following TURP there was significant reinnervation of the muscle 

although it was not possible to repeat the cystometrograms in all these patients. This 

finding is consistent with the observation that although axonal damage occurs the cell 

bodies remain intact with the attendant possibility of regeneration (Gosling et al,

1986). Others have also shown that denervation in obstructed bladders is partly 

reversible after relief of the obstruction (Gumming and Chisholm 1992; Seki et al 

1992). Such regeneration of nerves is also apparent following denervation of the bladder 

from rectal excision (Neal et al, 1982).

Autonomic denervation also occurs in animal models of obstruction. Using a pig model 

of outflow tract obstruction it was found that there was a rapid reduction in the density 

of detrusor innervation at six weeks to three months, which decreased further by 1 2  

months (Dixon et al, 1989). Changes in smooth muscle cell morphology and 

connective tissue infiltration were most pronounced at 12 and 14 months although in
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contrast to human studies no significant cellular hypertrophy was apparent after 1 2  

months obstruction. In a continuing study using the pig model it was found that 10 of 15 

animals became unstable and this persisted in three following the removal of the 

urethral rings used to induce the obstruction (Speakman et al, 1991). There was a 

moderate reinnervation that was related to the duration of obstruction and there was also 

an improvement in the morphological architecture of the tissue.

1.11.6 Supersensitivity to neurotransmitters

Several reports have described an increased sensitivity to muscarinic agonists and 

depolarisation with high potassium solutions in muscle strips from unstable bladders 

and the phenomenom has been termed supersensitivity. Sibley (1984) found that 

detrusor strips from pigs or humans with detrusor instability secondary to outflow 

obstruction showed an increased sensitivity to agonist stimulation. Supersensitivity has 

also been reported by several other workers in detrusor muscle strip preparations from 

the obstructed human (Harrison et al, 1987 ; Yokoyama et al, 1991), pig (Speakman et 

al, 1987) rabbit (Harrison et al, 1990 and rat (Malmgren et al, 1990) bladder.

Hyper-reflexic bladders are described by some authors to exhibit increased sensitivity 

(German et al 1993; Saito et al 1993), but others describe no difference with respect to 

control (Fry & Palfrey 1986 ; Kinder & Mundy 1987; Nurse et al 1991). Detrusor from 

bladders with idiopathic instability shows no increase in muscarinic agonist sensitivity 

(Kinder & Mundy 1987; Bayliss et al, 1999).
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The results of these studies, in particular the findings of partial denervation and 

supersensitivity to agonists have led to attempts to identify a common feature present in 

cases of instability from whatever cause, such as the myogenic based hypothesis of 

‘denervation supersensitivity’ (Brading & Turner 1994, Brading 1997). At the core of 

this hypothesis is the belief that the cause of increased coupling between smooth muscle 

myocytes and changes in their excitability and therefore increased contractility of the 

detrusor, is a reduction in the normal excitatory input of the detrusor. The concept of 

‘denervation supersensitivity’ where loss of neurones and therefore neuronal input 

provides the trigger for the changes observed in detrusor from unstable bladders 

remains an attractive hypothesis.

However detrusor instability cannot be completely explained by this “denervation 

supersensitivity” as it has been shown that supersensitivity to muscarinic stimuli is not 

demonstrated by non-obstructed human bladder samples (Bayliss et al, 1999).
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1.11.7 Atropine resistance

Several authors have demonstrated the presence of atropine resistant contractions and it 

is held that these atropine-resistant, TTX-sensitive contractions are due to the action of 

the neurotransmitter, ATP (see section 1.4.2). The observation has been described in 

detrusor samples from both normal and diseased bladders (Ruggieri et al, 1990; Saito 

et al, 1993). Other authors have reported no significant atropine resistance (Sibley al 

1984; Speakmann et al 1988), reasserting the commonly held dogma that the 

parasympathetic excitatory drive to the bladder in humans, in contrast to that of other 

non-primates, is entirely cholinergic. However a number of reports claim that the 

presence of atropine resistant contractions is associated with detrusor obtained from 

abnormal bladders only (Sjogren et al, 1982; Palea et al, 1993 ; Bayliss et al, 1999). 

The quantitative study of atropine resistance carried out by Bayliss et a l (1999) 

demonstrates that the magnitude and preponderance of atropine resistant contractions 

increases in idiopathic detrusor instability and outflow tract obstruction. In these 

patients the proportion of the atropine-resistant contractions was approximately 10-15% 

of the the total nerve-mediated contractions whereas in samples derived from stable or 

hyper-reflexic bladders the atropine resistant response was not significantly different 

from the baseline resting tension. These differences highlight that the underlying 

pathology of detrusor instability is probably multifactorial. The increased contribution 

of ATP neurotransmission evident in samples from these patients may therefore 

represent an important aspect of the pathophysiological changes occuring in the 

development of non-neurogenic detrusor instability.
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1,12  A im s  OF Th e sis

The main overall aim of this project was to investigate further the role of purinergic 

neurotransmission in the human bladder and why it appears that atropine-resistance is 

associated with detrusor instability. The neuromuscular junction was studied at the three 

main levels of, (i) the neuronal release of transmitters (at the presynaptic site), (ii) the 

extracellular modification and inactivation of neurotransmitters (at the synaptic cleft) 

and (iii) the postjunctional smooth muscle membrane receptor. Detrusor muscle strip 

preparations were characterised in terms of contractility and sensitivity by nerve- 

directed field stimulation and sensitivity to muscarinic and purinoceptor agonists. 

Muscle strip preparations were also used to investigate the rate of degradation of ATP. 

Detrusor myocytes were assessed for their responsiveness to purinoceptor agonists.

Experiments were undertaken to address the following questions regarding the role of 

purinergic neurotransmission in the bladder and its involvement in bladder instability.

1, To determine whether there is any difference between detrusor muscle strip 

preparations from stable and unstable bladders in their responsiveness to ATP.

2, To determine whether there is any difference between detrusor muscle from stable 

and unstable bladders in their ability to hydrolyse extracellular ATP.

3, To characterise the actions of the two non-hydrolysable P2 receptor agonists, a,p- 

methylene-ATP (a,p-me-ATP) and p,y-me-L-ATP (P,y-me-L-ATP) on human detrusor 

muscle strips and compare them with their effects on guinea pig detrusor.

4, To establish the effects of adenosine and other PI-receptor agonists in modulating the 

contractile response to nerve-stimulation and excitatory agonists.
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2.0 MATERIALS AND METHODS

2 ,L 1  S o l u t io n s  AND Ch e m ic a l s

The physiological saline solution used in the experiments was a modified Tyrode’s 

solution gassed with 95% O2 ; 5% CO2 maintaining a pH of 7.33 ± 0.02. The 

composition is shown in table M l. Fresh Tyrode’s solution was made up daily in 

deionized water from Milli-RO 10 plus (Millipore, Croxley Green, Watford, UK). 

The constituents were added in solid form or from IM stock solutions (KCl, 

MgCb, CaCl2 and NaHP0 4 ). The stock solutions were made up in Analar grade 

water and stored at 4°C and used within 4 weeks except CaCl2 which was 

purchased as a IM solution (BDH Chemicals Ltd, Poole, Dorset, UK). The 

compounds in Tyrode’s solution were Analar grade agents from BDH Chemicals 

Ltd. Solids were weighed using a Sartorius balance. (Sartorius Ltd. Epsom, Surrey) 

and liquids were measured using variable volumetric pipettes.

An ungassed, nominally Ca^^-free HEPES buffered Tyrode’s solution (Ca^^-free 

HEPES-Tyrode’s, table M2) adjusted to pH 7.6 with IM NaOH was used for the 

collection and transportation of bladder specimens from the operating theatre to the 

laboratory. If necessary, samples were stored overnight at 4°C in this medium.

A high-calcium Tyrode’s solution gassed with 95% O2 ; 5% CO2 (thereby 

maintaining a pH of 7.33 ± 0.02) was used as the medium for the ATP degradation 

experiments to measure detrusor ATPase activity. The CaCl2  concentration was 

raised from 1.8mM to 6 . 8  mM. This was because in pilot studies the velocity of 

ATP breakdown decreased at the higher ATP substrate concentrations of 2000pM
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and SOOO^M when the CaCb concentration was 1.8mM. This reduction of rate at 

1.8 mM CaCl: was probably due to significant chelation of Ca^^ by ATP. The first 

stability constant (log Ki) of Ca^  ̂ binding to ATP at physiological pH is 3.60 

(Sillen et a l, 1964). Therefore at the highest [ATP] of 5000 pM there was still 

excess Ca^  ̂ in solution available for activation of ectoATPases in the high-Ca 

solution.

A Ca^^-ffee Tyrode’s containing EDTA (5mM) solution (see table M3) gassed with 

95% O2 ; 5% CO2 (thereby maintaining a pH of 7.33 ± 0.02) was used in the ATP 

degradation experiments to demonstrate the Ca^^-dependence of ATP degradation 

by detrusor muscle samples. This solution was also used ice-chilled for the dual 

purpose of diluting and ensuring termination of ATP breakdown.

A Tris-Acetate buffer adjusted to pH 7.75 with IM acetic acid (table M4) was used 

for dilution of 1 0  pi sample aliquots prior to the addition of luciferin-luciferase 

reagent for luminometric determination of ATP concentration (see section 2.3 for a 

description of the ATPase assay procedure).
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Table M l. Composition of normal Tyrode’s solution.

Chemicals Concentration, mM

NaCl 118.0

NaHCOs 24.0

KCl 4.0

MgClz.ôHzO 1 . 0

NaHz PO4 .2 H2 O 0.4

CaClz.ôHzO 1 . 8

Glucose 6 . 1

Na pyruvate 5.0

Table M2. free N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid]- 

(HEPES) Tyrode’s solution.

Chemicals Concentration, mM

NaCl 105.4

NaHCOs 22.3

KCl 3.6

HEPES 19.5

MgClz.ôHiO 0.9

NaHz PO4 .2 H2 O 0.4

Glucose 5.4

Na pyruvate 4.5

109



Table M3. free Tyrode’s containing ethylene diamine tetra acetic acid 

(EDTA, 5mM) solution

Chemicals Concentration, mM

NaCl 118.0

NaHCOs 24.0

KCl 4.0

MgClz.bHzO 1 . 0

NaHz PO4 .2 H2 O 0.4

EDTA 5.0

Glucose 6 . 1

Na pyruvate 5.0

Table M4. Tris-acetate EDTA containing solution (pH 7.75, adjusted with acetic 

acid)

Chemicals Concentration, mM

Tris-Acetate 1 0 0

EDTA 2 . 0
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2.1,2 Chemicals and drugs

Changes to the Tyrode’s solution formed the basis of the interventions performed 

in the experiments. These changes were made by the addition of relevant reagents.

Potassium chloride (50mM) solutions were prepared by addition of samples of a 

stock solution (IM) to Tyrode’s solution. No correction by removal of other ionic 

compounds was made for the resulting change of osmotic strength of the solution.

Carbachol, atropine, tetrodotoxin (TTX), a,p-methylene-ATP (a,p-me-ATP), p,y- 

me-L-ATP (P,y-me-L-ATP), N-ethylenecycloadenosine (NECA), l,3-dipropyl-8- 

cyclopentylxanthine (DPCPX), N^-cyclopentyladenosine (CPA), 2-p- 

((carboxyethyl)phenethylamino)-5 ’ -carboxyamidoadenosine (CGS 21680), and 1- 

deoxy-l-[6-[[(3-iodophenyl)methyl]amino]-9H-purin-9-yl]-N-methyl-P-D- 

ribofuranuronamide (IB-MECA) were added to Tyrode's solution from 10 mM 

stocks to form the required concentrations. 6 -N,N-diethyl-p-y-dibromomethylene- 

D-adenosine-5’-triphophate trisodium (ARE 67156) was added to Tyrode's solution 

from 30 mM stocks to form the required concentration. Adenosine and diNa- 

adenosine triphosphate (Na:ATP) were added from solid powder to Tyrode’s 

solution on the day of use for the highest concentrations of 1 mM adenosine and 10 

mM ATP. Lower concentration solutions were made by dilution. Ouabain and Na"̂ - 

azide, were kept as 50 mM stock solutions, oligomycin as a 2mg/ml stock solution. 

All drugs were from Sigma-Aldrich, Inc. All stocks were made from dry solid and 

dissolved in Analar grade water except for NECA, DPCPX, IB-MECA, CPA and 

CGS 21680 which were dissolved in DMSO. Stocks were kept at -5 °C and thawed 

for use.
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2.1.3 Tissue collection and patient groups.

Biopsy samples of human detrusor were obtained from patients undergoing open 

operations or endoscopic procedures. In all cases samples taken endoscopically 

were taken from the dome of the bladder using biopsy forceps. The trigone area of 

the bladder was avoided because of the known physiological differences of this 

region to the dome (Speakman et al, 1988). Samples of detrusor taken from 

sections of tissue during open surgery (i.e. ileocystoplasty) or from the isolated 

organ (i.e. after a cystectomy) were also taken from either the dome or bladder 

wall. Bladder samples were placed immediately into Ca^  ̂ free HEPES-Tyrode’s 

for transportation to the laboratory. All samples were obtained with patient consent 

and after approval of the local Ethics Committee.

Guinea pigs (Dunkin-Hartley) were sacrificed by cervical dislocation. Detrusor 

strips were cut from the walls of the bladder, placed in Ca^^ free Tyrode’s solution 

and prepared for experimentation.

2.1.4 Transportation and storage o f samples.

Biopsy samples were transported to the laboratory in a Ca^^ free Tyrode’s solution 

and prepared for experimentation either within 1 hr of isolation or alternatively 

stored overnight at 4°C. In some cases portions of the specimens were also frozen 

in liquid Ni-cooled isopentane and stored in liquid N2 for later use for the ATP 

degradation studies. Sections of the biopsy samples were cut into segments 

(approximately 4x4x8 mm dimensions) with fine dissection scissors before storage 

in liquid N2 .
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2.1.5 Division of biopsy samples from patients into 3 groups:

(i) From a 'control' group with stable bladders. These samples were derived from 

patients having a cystectomy or undergoing follow-up examination for bladder 

cancer or removal of a localised bladder tumour. Detrusor samples from whole 

bladders removed by cystectomy for cancer were dissected from unaffected tissue. 

A smaller proportion of samples were obtained from women undergoing 

colposuspension for stress incontinence.

(ii) From an ‘obstructed’ group. These samples were obtained from patients 

undergoing transurethral resection of the prostate (TURP). None of these patients 

had had urodynamic examination although an estimated 50% will have bladder 

instability (Speakman et al, 1987). When instability is demonstrated the condition 

is then referred to as instability secondary to obstruction.

(iii) From an ‘unstable’ group. These samples were obtained from patients with 

urodynamically proven bladder instability (according to ICS definitions, see 

Artibani, 1997) and undergoing either ileocystoplasty or cystectomy. These 

patients are described as suffering primary instability or idiopathic detrusor 

instability as the cause of the disease is unknown.

A summary table of details of the patients is shown in table M5.
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Table M5. Summary table for patients used in this study

Stable Unstable Obstructed

Total number (n) 39 26 2 2

Males 26 7 2 2

Females 13 19 —

Age 62.9 ±11.2 46.5 ±10.4 67.4 ± 5.7

2 .2  Is o m e t r ic  Te n s io n  M e a s u r e m e n t .

2.2,1 Muscle strip preparation

Bladder samples were transferred to a dissection dish containing Tyrode’s solution 

and fixed to the base of the dish with fine syringe needles. In the case of full 

thickness human bladder samples, the mucosa and serosa were dissected away 

using fine dissecting scissors. Dissection was performed with the occasional use of 

a binocular microscope (Nikon AL5; Nikon Corporation, Tokyo, Japan) to aid in 

identifying the orientation of detrusor muscle bundles (Nikon AL5; Nikon 

Corporation, Tokyo, Japan). The appearance of the detrusor muscle layer in human 

bladder specimens was of bundles (around 0.5mm diameter) of a pearly white 

colour with a slightly translucent quality. It was possible in most cases to dissect 

along a longitudinal arrangement of muscle bundles to form strips. The appearance 

of the detrusor muscle layer in guinea pig was of densely packed bundles of a 

greyish white colour with a slightly translucent quality. Longitudinally arranged

114



bundles running in the wall of the bladder aligned from the base to the dome were 

selected for dissection to form muscle strips.

Detrusor muscle bundles were dissected to form strips of muscle approximately 1- 

1.5mm in diameter and 3-4 mm in length. However, strips from small biopsies 

were often shorter than this.

Dissected detrusor muscle strips were tied with surgical suture thread (Persalls 

sutures, cornea silk, US 7/0) and transferred to the superfusion trough of a 

horizontal organ bath 4mm x 4mm in cross-section.

2.2.2 Tissue mounting and equipment set up

Tyrode’s superfusate solutions were continually gassed with 95% O2 ; 5% CO2 , 

warmed in a water tank at 37°C and delivered to the preparation in the superfusion 

trough via a gravity-fed, water-jacketed system via tubing of 2 mm diameter 

(Thermoflow, MEDIC 471, Coniar Churchill Scientific supplies Ltd, Middlesex, 

UK). The superfusate had a flow rate of approximately 6  ml/minute, a solution 

change taking about 1 minute to reach the preparation. The organ bath volume 

surrounding the muscle was about 0.064 cm  ̂ and therefore the time for exchange 

of solution in the trough would take approximately 0 . 6  seconds.
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Gravity-fed 
superfusate inlet
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Superfusate flow

Superfusate waste 
outlet

Figure 2.1; Diagram o f the horizontal micro-perfusion organ bath used for measurement 

o f isometric tension development in detrusor muscle strips. The organ bath trough 

dimensions were 4mm (width) x 4mm (depth) x 25mm (length).

The horizontal micro-perfusion organ bath apparatus (See figure 2.1) was mounted 

on a heavy metal frame, standing in tubs of sand to minimise interference by 

external vibrations. The muscle strips were mounted in the superfusion trough of 

the organ bath by tying them at one end to a static hook and at the other to an 

isometric force displacement transducer (Model FT.03, Grass instrument Co. 

USA). The position of the force transducer was adjusted using a micro-manipulator 

mount (Prior Instruments Ltd, Bishop’s Stortford, Hertfordshire, U.K) such that
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the muscle strip was not touching the sides of the superfusion trough and was 

completely immersed in the flow of the superfusate.

The output of the tension transducer was connected to a bridge amplifier with 

variable gain and high frequency cut-off at 5 Hz (ORMED Amplifier 5000 Series; 

ORMED Ltd. Welwyn Garden City, Hertfordshire, UK). The output of the 

amplifier was connected to a chart recorder with a low-pass filter of comer 

frequency lOHz (Multitrace 2; ORMED Ltd, Hertfordshire, UK).

Stimulation pulses were generated by a stimulator (Stimulator Model 200, Palmer 

Bioscience, Sheemess, Kent) gated by a programmer (Model 150, Palmer 

Bioscience, Sheemess, Kent) and delivered to the preparation via platinum 

electrodes in the walls of the superfusion trough. The length of the muscle strip was 

adjusted to obtain the maximum tension on electrical stimulation, which was at 

8Hz for guinea pig detrusor and at 20 Hz for human detmsor.

At the end of the experiment the muscle dimensions were recorded so that muscle 

force could be normalised per mm^ cross section area of muscle.
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2.2.3 Calibration

The tension transducer was calibrated by hanging weights vertically from the force 

transducer tip. The deflection was then plotted as a function of the force exerted by 

gravity (see figure 2.2). The force, F, in Newtons (N) being:

F = m.g where; m = mass of weight (kg), g = acceleration due to Earth’s gravity, 

i.e. 9.81 m.s'^

Force, mN

4.0

3.5

3.0

2.5

2.0

0.5

0.0
1200 20 40 60 80 100

Deflection, mm

Figure 2.2; Tension transducer calibration showing the relationship between 
deflection on the chart recorder and force. Linear regression, r value = 0.9998, y 
intercept = -0.02mN
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2.2,4 Experimental Protocols

Once the strip had been secured in the horizontal bath, it was stretched to 

approximately 1.2 times its relaxed length using the micromanipulator. Phasic 

contractions were elicited by field stimulating the preparation fi*om the constant 

current stimulator via the platinum electrodes in the walls of the trough, with 3.5 

second pulse trains (0.1msec pulse width) every 90 seconds. The stimulation 

parameters were chosen to be about 1.5-times threshold by adjusting the output 

voltage (25 to 30V) of the stimulator.

The preparation was stimulated for 30 minutes at 8Hz for guinea pig preparations 

and 20Hz for human preparations until a stable response was attained.

Force-frequency curves were generated by varying the stimulation fi*equency from 

1 to 40 Hz incrementally. Once completed the strip was then returned to its 

‘resting’ stimulation frequency of either 8Hz (guinea pig) or 20Hz (human) until a 

steady response was regained before proceeding with the next stage of the protocol. 

To obtain the non-cholinergic portion of the nerve-mediated response the tissue 

was superfused with IpM atropine. Once the tissue had settled to a ‘steady-state’ 

the force-ffequency curve was repeated. To obtain the non-cholinergic, non- 

purinergic portion of the response the preparation was superfused with IpM 

atropine and lOpM a,p-me-ATP. a,p-me-ATP evoked a large transient contracture 

of the tissue indicating activation of P2X receptors. Atropine resistant contractions 

were abolished consequent to the desensitisation of P2X receptors by a,p-me- 

ATP. The neurotoxin TTX (IpM) was then applied to determine the proportion of 

any residual contraction due to direct muscle stimulation. Under these conditions

119



direct muscle stimulation was only observed at frequencies of 24 and 40 Hz, and at 

40Hz did not exceed 5% of the maximum nerve-mediated response. As a control, 

in some experiments TTX (IpM) was applied before atropine in the protocol and 

similar results were obtained.

Carbachol, ATP, a,P-me-ATP and p,y-me-L-ATP dose-response curves were 

performed non-cumulatively with a minimum of 30 minutes wash out for 

concentrations below 1 pM and 45 minutes for concentrations of 1 pM and above. 

Exposure to the agonist was for 1-3 minutes, to ensure a steady-state response was 

achieved.

To determine the effect of PI receptor-mediated inhibition, on nerve-mediated 

contractions, dose-inhibition curves to the endogenous agonist adenosine, the 

A 1/A2  purinoceptor synthetic agonist, NECA and the Ai-selective synthetic agonist, 

CPA, dose-inhibition curves were generated by superfusing with the agonist whilst 

field-stimulating the preparation. The preparation was field-stimulated at a near 

Ki/2  frequency of 8Hz for guinea pig detrusor preparations or 20Hz for human 

detrusor preparations. The peak contraction attained in the presence of the agonist 

was expressed as a percentage of the control contraction in the absence of the 

agonist. The control contraction magnitude was obtained by averaging 3-5 

contractions before exposure to the agonist and 3-5 contractions on removal of the 

agonist. Under most conditions the interventions were completely reversible. 

Exposure to each concentration of agonist was therefore followed by return to 

Tyrode’s solution, cumulative dose-response curves were not generated in these 

experiments.
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For the experiments in which adenosine and NECA were tested for inhibition of 

carbachol-stimulated (IpM) and KCl-stimulated (50mM) contractions the control 

level of contraction was determined by taking the mean of at least 3 carbachol or 

KCl induced contractions prior to testing the drug. The test response was 

determined by superfusing the required concentration of either adenosine or NECA 

for 5 minutes prior to stimulating the preparation with carbachol or KCl in the 

presence of the appropriate inhibitory agent.

For the Ai-selective receptor antagonist DPCPX studies, the tissue was pre- 

equilibriated with the required concentration of antagonist for 10 minutes prior to 

the addition of either NECA (IpM) or CPA (3pM) agonist. Antagonism of the 

inhibitory effect of the PI agonists on the nerve-directed field stimulated response 

was then expressed as a percentage of the full inhibitory effect of either NECA 

(1 pM) or CPA (3pM) in the absence of antagonist.

2,2.5 Data presentation and analysis

T
Empirical fits to force-frequency data, T = — ------ , and dose response curves

« M 2 +  f "  

T [Af^j  _ — 03â2S--------  were performed by least squares analysis. Tmax is the estimated
GC5o"+[/\f

maximum effect at high frequencies or concentrations, K 1/2 and ECso the frequency 

and concentration respectively yielding half the maximal response,/ and [A] the 

frequency of stimulation and the agonist concentration respectively and « is a 

constant. For dose response curves n is also known as the Hill coefficient.
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For dose-response curves EC50 and IC50 values are expressed as pEQo and p/Qo 

(pECso = -logECso) values.

Force frequency curves are plotted as median values with 25% and 75% 

interquartiles, because the magnitude of the atropine-resistant contraction, as a 

percentage of the total nerve-mediated contraction, in guinea-pig or human detrusor 

was not a normally distributed variable (see Results). K 1/2 values have also been 

shown previously to be non-normally distributed (Bayliss et al., 1999) and are 

similarly quoted. The significance of differences between these data sets from the 

experiments was compared using a non-parametric Mann-Whitney CAtest.

The estimated peak tension values, Tmax, from the dose-response curves and other 

tension data were however not distinguishable from a normal distribution based on 

a Kolmogorov-Smimoff test and have been quoted as mean values ± s.d. Data sets 

compared using the F-test to test for equivalence of variance and then either a 

homoscedastic (equal variance) or a heteroscedastic (unequal variance) Student’s t- 

test.

I  .[AV
Empirical fits to dose-inhibition response curves I  = — — --------  were performed

/ c „ ” + M "

by least squares analysis, /max is the estimated maximum percentage inhibition of 

nerve or carbachol stimulated contraction at high concentrations of the inhibitory 

agonist. IC50 the concentration of agonist yielding /max/2 and n is a constant. /Cso’s 

are expressed as p/Cso (-log/Cso) ± standard deviations.
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To estimate the affinity of the PI receptor antagonist DPCPX for the PI receptor 

sites when activated by CPA and NECA a S child analysis of the data, as described 

below, was performed.

The effect of adding an antagonist on the response to a fixed concentration of 

agonist will be to reduce it. In a competitive system where both the agonist and 

antagonist bind to the same receptor-site, the concentration of agonist {xa)  will have 

to be increased (to x ’a say), to restore the magnitude of the response to the value 

achieved in the absence of the antagonist. The ratio r {= x  ’J  xa) by which the 

concentration will need to be increased, is given by:

r = ^  + l

This equation is known as the Schild equation after its originator. It shows that the 

dose ratio r depends only on the concentration (%g) and equilibrium constant {Kb) 

of the antagonist. The dose ratio achieved should increase linearly with xb, and the 

slope of a plot of (r-1) against xg is equal to MKb. Alternatively the Schild equation 

can be expressed logarithmically in the form;

Logio(r-l) = logioxg -  logioX^.

Therefore a plot of Logio(r-l) against logiox^, should give a straight line and an 

abscissal intercept equal to -  logioAT̂  (commonly referred to as thepA2 value). The 

pAi value is defined as the negative logarithm o f the molar concentration o f  

antagonist required to produce an agonist dose-ratio equal to 2.

Dose-ratios for DCPCX antagonism of CPA (3pM) and NECA (IpM) evoked 

inhibitory-responses were calculated fi*om the values obtained from the 

experimentally determined agonist and antagonist dose-response curves. Agonist
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ICsQ values were calculated for each concentration of DCPCX tested (0.03nM -  

3^iM) using the following rearranged form of the standard agonist dose-response 

equation:

Where /max is the estimated maximum percentage inhibition of nerve-stimulated 

contraction at high concentrations of the inhibitory agonist, I  the percent inhibition 

of the agonist effect, [A] the concentration of agonist used in the experiment, n the 

slope constant for the respective agonist dose-inhibition curve and ICso the 

concentration of agonist yielding /max/2.

The calculated / C 5 0  values for each concentration were used to calculate the dose- 

ratios (calculated / C 5 0  in the presence of antagonist/ / C 5 0  in the absence of 

antagonist) for Schild plots of log [Antagonist] against log (dose-ratio -  1). Linear 

regression of the Schild plots were then performed to obtain the affinity constant, 

Kb fi*om the intercept on the log (dose-ratio -  1) axis.
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2.3  A T P  D e g r a d a t io n  S t u d ie s

2.3.1 Muscle preparation

Liquid N2 frozen bladder samples (see previous section) were transferred to a 

dissection dish containing high calcium Tyrode’s solution, allowed to thaw at room 

temperature and fixed to the base of the dish with fine syringe needles. In the case 

of full thickness human bladder samples, the mucosa and serosa were dissected 

away using fine dissecting scissors. Detrusor tissue was cut to form strips 

approximately 2 x 4 x 6mm in size.

2.3.2 Equipment

Incubating solutions were maintained at 37°C and gassed with 95% O2 ; 5% CO2 

maintaining a pH of 7.33 ± 0.02 using a Driblock DB-3 Sample Concentrator 

(Techne). The gas supply was delivered to the incubation vials via downwardly 

projecting wide gauge syringes connected to the headstage of the equipment. 

Luminometric analysis of the samples was performed using a Victor2 1420 

Multilabel counter (Wallac).

2.3.3 Experimental procedure

Strips of detrusor muscle were prepared as described above and placed into 

incubation vials and equilibriated in 3.5 ml of gassed high calcium Tyrode’s 

maintained at 37°C on the Driblock sample concentrator for 20 minutes. The pre

wash buffer was then exchanged for 1.75 ml of fresh buffer alone, or buffer 

containing one of the potential inhibitors, and pre-incubated for 5 minutes prior to 

the addition of ATP. For each assay run a control vial with no muscle strip added
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was set up to correct for changes to sample concentration due to evaporation. 

Aliquots (7.5-30 pi) of ATP stock solutions of 10 mM, 100 mM and 500 mM ATP 

were then added to the incubations vials for final concentrations of 100 -  5000 pM. 

Assays were performed in order of sample concentration (from low to high) to 

minimise subsequent assays firom ATP contamination.

10 pi aliquot samples of the incubations vials were taken at time intervals of 2 ,5 , 

10, 15 and 25 minutes fi*om the addition of ATP. Each 10 pi sample was 

immediately diluted 100-fold in ice-cold Ca^  ̂ free Tyrode’s containing EDTA 

(5mM) solution to terminate breakdown.

A clear bottomed, opaque sided 96 well plate (Packard) was previously prepared by 

aliquoting lOOpl of Tris-Acetate Buffer into each well. 50pl aliquots of the diluted 

samples/ ATP standards were transferred to wells on the plate. 40pl of the 

luciferin-luciferase ATP monitoring reagent (Labsystems, Helsinki, Finland) was 

then added to the wells and the plate immediately transferred to the Victor 

luminometer. The luminometer was set to collect the total light emitted fi"om each 

well over a 5 second period. The plate reading chamber thermostat was set at 20°C.

The effect of 100 pM ectoATPase inhibitor, ARL 67156, was tested for its ability 

to inhibit degradation of ATP by detrusor samples at concentrations of 100-5000 

pM. ARL 67156 was added firom a 30 mM stock to a final concentration of 100 

pM and incubated for 5 minutes prior to the addition of ATP. In a study of 

ectoATPase activity in human blood cells ARL 67156 caused inhibition of ATP 

degradation by approximately 70-80% (Crack et a l, 1995). ARL 67156 at a 

concentration of lOOpM also caused significant enhancement of neurogenic and
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exogenous ATP evoked contractions without significantly affecting contractions 

evoked by exogenously applied a,p-me-ATP in guinea-pig bladder muscle strips 

(Westfall, e ta l, 1997).

To determine the ectoATPase component of total ATPase activity several other 

ATPase inhibitors, such as ouabain, oligomycin and Na azide, were added to the 

assay medium. The dependence of enzyme activity on Ca^  ̂ and Mĝ "̂ , and its 

insensitivity to the above agents, all inhibitors of intracellular ATPases, are 

characteristics for ectoATPases (Pearson, 1985). The effect of removing calcium 

on the rate of degradation of 1000 pM ATP was tested by using a Ca^^-fi-ee 

Tyrode’s solution containing EDTA (5mM). Each strip was pre-incubated in the 

Ca^^-ffee EDTA Tyrode’s solution for 10 minutes prior to the addition of ATP.

The effect of ouabain (ImM), a specific inhibitor of the Na^/K^ -ATPase 

transporter, sodium azide (ImM), an inhibitor of ATP-ADP diphosphohydrolase 

and oligomycin (SOpg/ml), an inhibitor of mitochondrial ATPase on the rate of 

degradation of lOOOpM ATP was tested by adding each drug firom stocks to the 

required final concentration. After these inhibitors had been added the detrusor 

strip was incubated for 5 minutes prior to the addition of ATP.
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2,3,4 Calibration,

Calibration of the system to establish the relationship between the number of 

relative light units (RLU’s) counted by the luminometer and the concentration of 

ATP present in the well was performed prior to each assay run. ATP stocks were 

diluted in Tyrode’s containing EDTA (5mM) solution to provide standards over the 

concentration range ICT* -  10"̂  M. This procedure defined a curve described by a 

rectangular hyperbola which was then used to calculate the concentration of ATP 

present in the test samples (figure 2.3). The lower limit of detection of ATP 

claimed by the manufacturers (assuming use of a Labsystems luminometer) was 10" 

M. Despite following the manufacturers guidelines, calibration of the reagent 

determined a lower limit of detection of ATP of approximately 10‘* M. The reason 

for this discrepancy is unknown but was not considered a methodological 

constraint as calibration of the system was reproducible. Test samples were diluted 

for luciferin-luciferase luminometric determination of ATP to a concentration of 

between 0.1 and lOpM ATP.
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Figure 2.3; C a lib ra tion  o f  lu c ife r in - lu c ife r a se  A T P  m o n ito r in g  rea g en t  
sh o w in g  the re la tio n sh ip  b e tw e e n  th e  co n cen tra tio n  o f  A T P  p resen t and th e  
R e la t iv e  L igh t U n its  (R L U ) record ed  b y  th e lu m in o m eter . V a lu e s  p lo tted  

are m ea n s  ±  standard d ev ia t io n s , n =  10. E stim a ted  m a x im u m  =  4  4 6 0  0 0 0  
R L U , h a lf-m a x im a l substrate co n cen tra tio n  =  1 .38  p M  A T P , s lo p e  
c o e f f ic ie n t  =  1.2 , r v a lu e  =  0 .9 9 9 4 .
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2 .3 .5  D a ta  P r e s e n ta t io n  AND A n a ly s is

From the calibration curve the concentration of ATP present in the well was 

determined. This value was then corrected for dilution and used to calculate the 

number of moles of ATP present in the incubation vial. The initial velocity was 

then calculated by linear regression of a graph of the number of moles of ATP 

degraded against the time from addition of ATP at which the sample was taken. 

Kinetic reaction curves were first plotted to check the linearity of the decline in 

[ATP] with time. From these graphs it was determined that an approximate 

measure of the initial rate vq (obtained from the slope of the tangent to the reaction 

curve at zero time) could be derived from a linear regression to the number of 

moles of ATP remaining at time points 0, 2, 5 and 10 minutes for initial [ATP] of 

100, 200 and 500pM and by linear regression to time points 0, 2 ,5 , 10, 15 and 25 

minutes for initial [ATP] of 1000, 2000 and 5000 pM. Each velocity was then 

normalised to the samples weight and Michaelis-Menton plots of nanomoles ATP 

min* mg'^ consumed at each initial [ATP] produced. A more detailed explanation 

of this data treatment is given below.

2.3.6 Determination of the initial rate

Degradation was followed at several initial concentrations of ATP from 100 to 

5000pM for 25 minutes at fixed time points of 2, 5, 10, 15 and 25 minutes. The 

progress of the reaction gave a curvilinear decline in [ATP] with time (see figure 

2.4).

The curvilinear nature of the decay of ATP substrate with time was consequent on 

a slowing of the reaction rate as the substrate concentration fell. To establish a
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rea ctio n  rate for th e in itia l substrate co n cen tra tio n  th e u su a l m eth o d  is  to  d eterm in e  

th e in itia l rate (o fte n  referred  to as the in itia l v e lo c ity , vo) b y  m ea su r in g  th e s lo p e  o f  

th e rea ctio n  rate at ear ly  tim e s . For th e data ob ta in ed  from  an in itia l [A T P ] o f  100  

p M , as illu strated  in  fig u re  3, th e  d egrad ation  b y  h u m an  d etru sor from  stab le  

b lad d ers (n = 1 0 )  g a v e  a m ea n  rate o f  5 .5  n m o le s  A T P  m in ' \

[ATP] pM

100

0 5 10 15 20 25

Time (mins)

Figure 2.4; D eg ra d a tio n  o f  A T P  (lO O p M ) b y  A T P a se  a c t iv ity  o f  h u m an  
detru sor. T h e  d egrad ation  o f  A T P  substrate fo llo w s  a c u rv i-lin e a r  d e c a y  
cu rve . T h e  in itia l v e lo c ity  o f  d egrad ation , vq ca n  b e  e s tim a ted  b y  m ea su r in g  
th e  in itia l lin ear rate o f  A T P  d egrad ation  as sh o w n  b y  th e so lid  lin e . V a lu e s  

p lo tted  are m ea n s  ±  standard d ev ia tio n s . S lo p e  o f  th e in itia l v e lo c ity , vo =  
5 .4  n m o le s  min"^

In p ra ctise  th e in itia l v e lo c ity  w a s  e s tim a ted  b y  lin ea r  re g r e ss io n  o f  su bstrate  

co n ce n tr a tio n s  d eterm in ed  at 2 , 5 and 10 m in u te  t im e  p o in ts  for  in itia l A T P  

co n ce n tr a tio n s  o f  1 00 , 2 0 0  and 5 0 0  p M . F ig u re  2 .5  p lo ts  th e d ata  for  100  p M  A T P
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su bstrate in  fig u re  2 .4  fo r  th o se  o n ly  at 2 , 5 and 10  m in u tes; a lin ea r  r e g re ss io n  o f  

th e se  data p o in ts  y ie ld e d  at m ea n  in itia l v e lo c ity  o f  5 .3  n m o le s  m in  (n =  10). 

T h e se  data w e r e  n o rm a lise d  to  th e w e ig h t  o f  ea c h  sa m p le  to  o b ta in  a m ea n  in itia l 

v e lo c ity  at lOO pM  A T P  o f  0 .1 4  n m o l m in '^ m g '\ A ll  d ata  u se d  to  g en era te  

M ic h a e lis -M e n to n  p lo ts  w e r e  n o rm a lised  to sa m p le  w e ig h t  and  h a v e  u n it  

d im e n s io n s  m in '^ m g '\

T h e  15 and 2 5  m in u te  t im e  p o in ts  w e r e  thus o m itted  from  th e lin ea r  r e g r e ss io n  at 

th e lo w e r  A T P  co n ce n tr a tio n s  o f  100 , 2 0 0  and 5 0 0 p M  as th e  e f f e c t  o f  su bstrate  

d e p le tio n  ca u se d  rea ctio n  rate v a lu e s  to  b e  m o re  than  5%  d iffer en t fro m  th e v a lu e  

ob ta in ed  u s in g  th e in itia l lin ea r  v e lo c ity  m eth o d  ( s e e  fig u re  2 .5 ) .

[ATP] pM

8 0 -

6 0 -

4 0 -

2 0 -

120 2 4 6 8 10
Time (mins)

Figure 2.5; D eg r a d a tio n  o f  A T P  (lO O p M ) b y  A T P a se  a c t iv ity  o f  h u m an  
d etru sor. T h e  d eg ra d a tio n  o f  A T P  su bstrate at co n ce n tr a tio n s  1 0 0 , 2 0 0  and  
5 0 0  p M  w a s  a cc u r a te ly  d esc r ib ed  b y  a lin ear r e g r e ss io n  to  th e A T P  
co n ce n tr a tio n  at 0 , 2 , 5 and 10 m in u te  t im e  p o in ts  (c .f . f ig u r e  1). V a lu e s  

p lo tted  are m ea n s ±  standard  d ev ia tio n s . S lo p e  o f  lin ear  r e g r e ss io n  =  5 .2  
n m o le s  m in'*; r =  0 .9 9 2
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For h ig h e r  co n ce n tr a tio n s  o f  A T P , i.e . 1 0 0 0 , 2 0 0 0  and 5 0 0 0 |a M , th e  in itia l v e lo c it y  

o f  d egrad ation  w a s  e s tim a ted  b y  lin ear  r e g r e ss io n  o f  a ll t im e  p o in ts  (2 , 5 , 10 , 15 

and 2 5  m in u tes) . U s in g  th is  m eth o d  th e  e s tim a ted  in itia l v e lo c ity  w a s  le s s  than 5%  

d ifferen t from  th e  v a lu e  o b ta in ed  u s in g  th e  t im e  p o in ts  up  to  10 m in u te s  as w ith  

lo w e r  in itia l [A T P ] o f  1 0 0 , 2 0 0  and 5 0 0 p M  ( s e e  fig u r e  2 .6 ) .

[ATP]

1000

8 0 0

6 0 0

4 0 0

200

0
3 00 5 10 1 5 20 2 5

Tim e (mins)

Figure 2,6; D eg r a d a tio n  o f  A T P  (lO O O pM ) b y  A T P a se  a c t iv ity  o f  h u m an  
d etrusor. T h e  e f fe c ts  o f  su b strate d e p le tio n  on  th e rate o f  d eg ra d a tio n  o f  
A T P  su bstrate at h ig h e r  co n ce n tr a tio n s  o f  1 0 0 0 , 2 0 0 0  and 5 0 0 0  p M  for up  
to  2 5  m in u tes  w e r e  sm a ll. A c c o r d in g ly  th e in itia l v e lo c it y  e s tim a ted  b y  
m ea su r in g  th e in itia l lin ea r  rate, vq d o e s  n ot d iffer  s ig n if ic a n t ly  from  th e  rate  

d eterm in ed  b y  a lin ea r  r e g r e ss io n  o f  th e  data. V a lu e s  p lo tted  are m e a n s  ±  
standard d e v ia tio n s . S lo p e  o f  lin ea r  r e g re ss io n  =  2 8 .4  n m o le s  m in ‘* 
(co r resp o n d in g  to  a n o rm a lise d  m ea n  v e lo c ity  o f  0 .6 4  n m o l min*' m g'^) r =  
0 .9 9 2
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Michaelis-Menton plots were produced from the initial velocities of reaction, Vq, as 

a function of [ATP] and fitted to the equation:

KAmsr
k :+[SV

Where;

kcat ' ^max

and,

Vmax is the maximal velocity that is attained at high saturating concentrations of 

substrate [*S].

Km = [iS] at which velocity is half-maximal.

Therefore velocity is directly proportional to enzyme concentration, [E\ and 

intrinsic catalytic activity, kcat and follows saturation kinetics with respect to 

substrate [S].

Since the initial velocity of the reaction is proportional to the amount of ATP 

degrading enzymes present and hence sample size, all such velocities were 

normalised to the fresh weight of the samples. Therefore differences in the rate of 

ATP degradation at a fixed ATP concentration should depend on differences in the 

Kcat and or [E] of ATP degrading enzymes in the sample.

Differences between dose-response curves in different tissue groups were tested by 

analysis of variance.
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2.4 MEASUREMENT OF INTRACELLULR BY 

EPIFLUORESENCE MICROSCOPY

2,4.1 Solutions and chemicals

A variety of methods have been described to isolate smooth muscle cells from 

animal tissue (Benham et al 1985; Klockner & Isenberg 1985a; Lang 1989) and a 

method based on aspects of these protocols was devised (Montgomery & Fry 1992) 

to produce viable isolated detrusor myocytes. The enzyme digestion mixture used 

for this purpose contains a mixture of collagenases to break down the collagen 

matrix of the detrusor. The constituents are shown in table M6. The collagenase 

had an activity of 239 U.mg'* (Worthington Biochem Corp, New Jersey, USA).

The enzyme constituents were added in solid form to Ca^^-free HEPES Tyrode’s 

solution to produce stock solutions that were stored at -4°C and used within 4 

weeks.

The Ca^  ̂ concentration of the digestion mixture is minimised by the use of Ca^^- 

free HEPES buffered Tyrode’s solution (see table M2) to reduce the activity of the 

calcium dependent collagenases to avoid over-digestion and consequent poor cell 

viability.
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Table M6. Composition of enzyme digestion mixture. Constituents were added to 

Câ "̂  free HEPES-Tyrode’s solution (see table M2, p i 15).

Compound Concentration, mg/ml

Collagenase 2.0

Hyaluronidase type I-S 0.5

Hyaluronidase type III 0.5

Antitrypsin type II-S 0.9

Bovine albumin 5.0

2.4,2 Preparation o f isolated detrusor myocytes

Isolated detrusor myocytes were prepared for the measurement of intracellular 

[Câ ]̂ changes in response to the P2 agonists, a,P-methylene-ATP (a,p-me-ATP) 

and p,y-me-L-ATP (P,y-me-L-ATP). The technique involves the enzymatic 

digestion of detrusor muscle to obtain viable single cell myocytes and the protocol 

followed was established in this laboratory (Montgomery and Fry, 1992).

Detrusor muscle was dissected from bladder samples in the same way as previously 

described for muscle strip preparations. Strips of muscle 5mm x 0.5mm were 

dissected and placed in 1 ml centrifuge tubes (Sarstedt, Microfuge; Germany) 

containing a 1:4 (for human tissue) or 1:5 (for guinea pig tissue) dilution of enzyme 

solution solubilised and diluted with Ca^^-free HEPES-Tyrode’s solution (Table 

M3). Two strips were added to each tube. The tubes were transferred to the 

refrigerator for use the following day. As many samples were not obtained before 

late in the afternoon this was mainly for convenience. Samples stored in this way 

would produce viable cells up to 30 hours later.
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The following morning the vials were incubated in a heating block (Grant 

Instruments Ltd., Cambridge, U.K.) at 37°C for 30 minutes. The supernatant was 

discarded, the strips washed in Ca^^-free HEPES-Tyrode’s solution and placed in 

1ml fresh Ca^^-free HEPES-Tyrode’s solution in a microfuge tube. The digested 

tissue was chopped into pieces by repeated bisection using fine dissecting scissors 

and triturated using a fire polished tipped glass pipette to separate further and to 

disperse the myocytes. After triturating for approximately 5 minutes a small 

volume of cell suspension (0.1 ml) was placed onto the glass cover-slip secured to 

the base of the superfusion bath on the microscope stage and left to settle for 20-30 

minutes. Superfusion of the bath was then commenced and the slide checked for 

adherent viable cells using a lOx objectives and a xlO magnification eyepiece.
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2.4.3 Intracellular Câ  ̂fluorescent indicator.

In principle, an ion-specific fluorescent indicator was loaded into isolated myocytes 

and the fluorescent output of a single cell monitored. The fluorescent output was 

obtained fi*om two exciting wavelengths, chosen so that at one exciting wavelength 

the output changed little with variation of intracellular Ca^  ̂concentration whereas 

at the other the change was large.

The fluorescent indicator Fura-2 (Grynkiewicz et al, 1985) was used as an index of 

the intracellular flree Ca^  ̂ concentration, ([Ca^^Ji). Fura-2 has a high affinity and 

selectivity for Ca^  ̂ and the measured Kd (224 nM) lies within the physiological 

range of intracellular [Ca^^]. During recording Fura-2 was excited at wavelengths 

of 340 ± 1 0  nm and 380 ± 10 nm and the emitted light at wavelengths between 

400-510 nm was collected. The fluorescence excitation spectrum of Fura-2 shifts 

progressively to a shorter wavelength as [Câ "̂ ]i increases and as a result the 

recorded emission intensity at 340 nm excitation increases while the emission 

intensity at 380 nm decreases. The isofluoresence wavelength is approximately 360 

nm. The emission spectrum is unaltered by Ca^  ̂ binding and has a maximum at 

about 510 nm (Grynkiewicz et al 1985). Measuring the ratio of the emission 

intensity at the two exciting wavelengths ensures that the signal is independent of 

fluorochrome concentration variation that may arise from loading or leakage from 

the cell or an uneven distribution of the dye throughout the cytosol.
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2.4,4 Intracellular loading o f indicator

The commonest approach for the loading of fluorescent indicators is as their 

acetoxymethyl (AM) esters (Thomas & Delaville 1991). These AM esters are 

lipophilic and therefore freely pass through the lipid bilayer cell membrane. Once 

within the cell the ester is cleaved by intracellular esterases releasing the 

hydrophilic acid, which is then trapped within the cell.

Fura-2 AM (Molecular Probes Inc, Eugene, Oregon, USA) was dissolved in the 

organic solvent dimethyl sulphoxide (DMSO; Sigma Chemical Co. Ltd) to a 

concentration of 1 mM and stored at -20°C in 50pl aliquots.

Isolated detrusor myocytes were loaded at room temperature by incubation for 30 

minutes in Ca^^-free HEPES- Tyrode’s containing 3jaM of Fura-2 AM.

2,4.5 Experimental set-up,

A Perspex superfusion chamber with a heated water jacket was situated on an 

inverted stage microscope (Diaphot-TMD, Nikon Corporation, Tokyo, Japan) 

which was mounted on an air table (Ealing optics Ltd., Watford, UK) and enclosed 

in a Faraday cage covered with a black blanket. Tyrode’s superfusate solutions 

were continually gassed with 95% O2 ; 5% CO2 , warmed in a water tank at 37°C 

and delivered to the preparation in the superfusion trough via a gravity-fed, water- 

jacketed system via tubing of 2mm diameter (Thermoflow, MEDIC 471, Coniar 

Churchill Scientific supplies Ltd, Middlesex, UK). The superfusate had a flow rate 

of approximately 3 ml/minute, a solution change taking 20 seconds to reach the
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preparation. The total chamber volume was 0.1 ml and therefore the time for 

exchange of solution in the trough would take approximately 2 seconds. The 

solution in the chamber was drawn to waste by suction to ensure a constant level of 

fluid.

The epifluorescence system was supplied by Cairn Research Ltd., (Sittingboume, 

Kent, UK). A Xenon short arc light (75W XBO; Osram Ltd., Berlin, Germany) was 

used to provide a light source, which provided a focused, high intensity, wide 

band-width, white light. This was directed via six band-width (± 10 nm) 

interference filters of differing wavelength (340, 360, 380, 400, 420 and 500 nm) 

housed in a spinning wheel, to provide light of specific wavelengths. The rate of 

rotation of the wheel was variable and was typically 20-30rps. For excitation at the 

two wavelengths of 340 and 380 nm, the other four filters were redundant and were 

blacked out. The excitation light was transmitted via a quartz fibre optic cable into 

the substage of the microscope and was reflected onto the cells in the superfusion 

trough by a dichroic mirror (400 nm). Emitted light was focused in the light tube 

using a X 40 objective magnification oil immersion lens before a variable 

rectangular diaphragm which was closed around the cell chosen for experiment to 

limit the extracellular light signal, and passed down through a dichroic mirror. The 

microscope light source (halogen 40 W, with an optional red filter) was used to 

position the cell and adjust the diaphragm before the experiment. A second dichroic 

mirror (510 nm) acted as a beam splitter. The higher wavelengths, obtained mainly 

from the microscope light source, were directed to a CCD camera (Heiman CCD: 

Alrad Instruments Ltd., Newbury, Berks, UK.) and the image displayed on a 

monitor to facilitate adjustment of the diaphragm prior to recording. The lower
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wavelengths 400-510 nm were transmitted to the photomultiplier tube (PMT) as the 

fluorescence signal from Fura-2.

The intensities of the emitted light at the two exciting wavelengths were recorded 

by two sample-and-hold amplifiers incorporated into the spectrophotometer 

system. The frequency of switch between these two amplifiers was synchronised 

to the rotation of the spinning filter wheel by an internal high frequency time clock 

so that sampling occurred only during the passage of the specific filter. The 

magnitude of the output could be adjusted by changing the voltage applied to the 

PMT. An analogue division circuit was also incorporated into the 

spectrophotometer system to produce a simultaneous ratio of the two signals which 

was displayed onto an oscilloscope (Model DSO 1604; Gould Inc., Essex, UK). 

This was facilitated by signals of similar size and therefore a ten-fold gain was 

applied to the signal at 340nm excitation. The emitted light intensities and ratio 

from the two excitation wavelengths were recorded onto a chart recorder (EasyGraf 

TA240: Gould Electronics Ltd., Hainault, Essex, UK) or displayed and printed out 

on a storage oscilloscope for subsequent analysis.

A block diagram of the system is shown in figure 2.7
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Figure 2,7; A sc h e m a tic  d iagram  o f  th e  e p if lu o r e sc e n c e  m ic r o sc o p y  sy s te m  u sed  

for  th e m ea su re m e n t o f  in trace llu lar  [Ca^^j w ith  F ura-2.
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2.4.6 Calibration o f the fluorescence ratio

The determination of the apparent dissociation constant IQ of Fura-2 for Câ '*’ used 

the following equation (Grynkiewicz et al, 1985).

[Ca'1 = IQ p [(R -R n n n )/ (Rmax-R)]

Where R is the ratio of 340/380 nm fluorescence signal for a given [Ca^^], Rmin the 

ratio in the absence of Ca^^, Rmax the ratio in the presence of saturating Câ '*’ and p = 

Fsgomin/ Fsgomax,, i-G. the ratio of fluorescence intensities at 380 nm in the absence of 

Ca^  ̂(Fggomin) and in the presence of saturating Câ "̂  (Fsgomax). (determined to be 

224 nM) is the dissociation constant for Câ "̂ , with fura-2.

For experimental traces in which individual raw 340 and 380 nm signals could be 

measured the above equation with the Kd value of 224 nM was used to calculate the 

absolute intracellular Câ "̂  concentration.

2.4.7 Experimental protocol

A small drop (0.2 ml) of Fura-2 loaded cell suspension was taken and placed in the 

superfusion trough. This drop was left unperfused for between 15-25 mins to allow 

viable healthy cells to settle and adhere to the coverslip attached to the base of the 

superfusing chamber. Many of these cells became dislodged once superfusion had 

commenced but some viable cells remained for experimentation. Viable cells were 

recognisable under light microscopy as appearing to be surrounded by a bright halo 

and having a clear cytoplasm, whereas damaged cells appeared granular and more 

dull by comparison. Once superfusion with Tyrode’s solution had begun, viable
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cells where selected from their appearance under phase contrast and positioned 

using the monochrome monitor image, the diaphragm was then adjusted to reduce 

background fluorescence.

The microscope cage was then blacked out by drawing over the covers and the 

main room light switched off. The PMT voltage was then increased until an 

adequate signal was obtained.

All solutions were continually gassed with 95% O2 : 5% CO2 . Solutions were stored 

in 4 water- jacketed chambers connected to the water-jacketed system that 

maintained the solutions at 37°C. Solution flow from the chamber was controlled 

by the means of a tap system that enabled rapid switching from one solution to 

another.

Experiments were undertaken principally to assess the relative sensitivity of human 

and guinea pig detrusor myocytes to a,p-methylene-ATP (a,P-me-ATP) and p,y- 

me-L-ATP (p,y-me-L-ATP). Each cell under experimentation was first tested for its 

responsiveness to carbachol (IpM) to assess the viability of the cell. Exposure to 

10 |iM a,P-me-ATP and p,y-me-L-ATP was then tested. Exposure to each agonist 

was for 15-20 seconds and followed by a 30 minute wash out prior to a subsequent 

exposure.
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3.0 RESULTS

3 .1  C o n t r a c t il e  A c t iv a t io n

3.1.1 Base-line tension values o f guinea pig and human detrusor

Prior to experimental protocols the preparations were field stimulated using a 

frequency of 20Hz for human detrusor and 8Hz for guinea pig detrusor for a 

period of between 45-60 minutes to equilibrate the tissue to the experimental 

conditions. These particular frequencies were chosen as they approximate to the 

half-maximal, K 1/2 frequency in each tissue (see section 3.1.2) and as such 

should not put unnecessary metabolic demand on the preparation.

For human detrusor samples peak nerve-mediated tension values at 20Hz were 

7.32 (± 5.03, n= 20), 6.94 (± 5.32, n= 10) and 7.08 (± 5.58, n= 10) mN/mm^, for 

the control, TURF and unstable groups respectively. These values were not 

significantly different from each other. For guinea pig strips stimulated at 8Hz 

the value was 8.39 (± 3.78, n=18) mN/mm^, which was not significantly 

different from the tension values at 20Hz obtained from human detrusor 

preparations.

The peak tension generated by human and guinea pig detrusor strips after direct 

muscle stimulation with lOpM carbachol was recorded at the end of the 

experimental protocols. For human strips the values were 21.0 (± 7.48, n= 10),

24.8 (± 9.06, n= 10) and 23.5 (± 6.87, n= 10) mN/mm^, for the control, TURF
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and unstable groups respectively. For guinea pig strips the value was 18.9 (± 

4.43, n=8) mN/mm^.

The peak tension generated by human and guinea pig detrusor strips after direct 

muscle stimulation with lOpM a,p-me-ATP was recorded at the end of 

experimental protocols. For human strips the values were, 6.56 (± 3.16, n= 10),

7.08 (± 3.74, n= 10) and 10.1 (± 4.81, n= 10) mN/mm^, for the control, TURP 

and unstable groups respectively. For guinea pig strips the value was 5.86 (± 

1.94, n= 8) mN/mm^.

The peak tension (mN/mm^) generated by either electric field stimulated, lOpM 

carbachol stimulated or lOpM a,P-me-ATP stimulated contractions did not 

differ significantly between the 3 patient groups. The tension generated by 

guinea pig strips for these interventions did not differ significantly from the 

tension values for the control human data set.

The peak tension generated by human detrusor strips from stable bladders after 

direct muscle stimulation with lOOpM ATP was 1.44 (± 0.72, n= 24) mN/mm^. 

The sensitivity of the response to ATP differed between the patient groups (see 

later in this chapter). For guinea pig strips the value was 3.37 (± 1.39, n= 10) 

mN/mm^ (greater than that for human detrusor strips, p< 0.001)

A summary of the base-line data is shown in table R1.
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Table RI. Summary of peak tension values (mN/ mm^) of human and guinea 

pig detrusor preparations stimulated by different conditions. Electrical field  

stimulation parameters were 0.1ms pulse width. Values are means ±  standard 

deviations. * indicates values greater than for human control data (p<0.001).

Control TURP Unstable Guinea Pig

Field
stimulation

7.32 (± 5.03) 6.94 (± 5.32) 7.08 (± 5.58) 8.39 (± 3.78)

Carbachol
(lO^M)

21.0 (± 7 .4 8 ) 24.8 (± 9.06) 23.5 (± 6.87) 18.9 (± 4 .4 3 )

a,P-m e-ATP
(lO^iM)

6.56 (± 3 .16 ) 7.08 (± 3.74) 10.1 (± 4.81) 5.86 (± 1 .5 4 )

ATP
(lOO^iM)

1.44 (± 0 .72 ) 3.37 (± 1 .39)*

3.1.2 Force-frequency curves o f  guinea pig and human detrusor

Plates 1 and 2 show sample isometric tension recordings for guinea pig and 

human detrusor respectively. These illustrate nerve-mediated contractions 

generated at a range of increasing frequencies to obtain force frequency response 

curves and sample recordings of the effect of 1 pM atropine on nerve-mediated 

contractions.

Force frequency curves were performed to determine, (i) the proportion of 

nerve-mediated tension that was atropine resistant and (ii) the frequency, K1/2 

yielding half maximal tension. For each strip the maximum nerve-mediated 

tension at high frequencies (Tmax) was estimated from least-squares fits to the 

data using the formula for the curve fit as described in the methods (section
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2.5.5). Nerve-mediated tension values as well as non-cholinergic and non- 

cholinergic, non-purinergic components are plotted as a percentage of Tmax- 

Figures 3.1 and 3.3 show the force-frequency response curves for guinea pig (n= 

9) and human detrusor (n= 13) respectively. The human preparations were a 

combined group from patients with stable bladders (n= 6), obstructed bladders 

(n= 3), and those with idiopatic detrusor instablity (n= 4).

The 3 data sets plotted are (i) the total nerve-mediated (filled circles) response 

(ii) the non-cholinergic, atropine resistant component (open circles) of the 

response and (iii) the non-cholinergic, non-purinergic component (filled 

triangles) of the response as median values and interquartiles. The values plotted 

are the TTX-sensitive values, i.e. those derived after deduction of any residual 

contractile response in the presence of IpM TTX measured at the respective 

frequency.
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Plate 1, Force Frequency Response and Atropine-Resistance o f
Guinea Pig Detrusor

5m N

Part A. Force frequency response o f  
guinea p ig  detrusor at 1, 2, 4, 8, 16, 24  
and 40  H z stim ulating for 3s periods at 
0 . 1ms every 90s.

5
mN

— N —

t
Atropine

Part B. Effect o f  1 pM  atropine on contractions evok ed  by nerve-m ediated  
stim ulation o f  guinea p ig detrusor contractions. E lectric field  stim ulation  
parameters were 8 H z, 0 .1m s pulse width at 25 vo lts  for 3s trains stim ulating 
for 3s periods at 0 .1m s every 90s. Bar indicates duration o f  agonist exposure.
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Plate 2. Force Frequency Response and Atropine-Resistance o f
Detrusor from  Stable and Unstable Ffuman Bladders

5
mN

Part A. Force frequency response o f  
detrusor from stable human bladder at 1,
2, 4, 8, 16, 24 and 40H z stim ulating for 3s 
periods at 0 .1m s every 90s.

A tro p in e

I 5
m N

uu

A tro p in e

5
mN

itoxou
Part B. Effect o f  1 pM  atropine on contractions evoked by nerve-m ediated  
stim ulation of; (/) detrusor from stable human bladder and {ii) detrusor from  
unstable human bladder contractions. E lectric field stim ulation parameters were 
8 H z, for 3s trains stim ulating at 0 .1m s pulse width every 90s. Bars indicate 
duration o f  agonist exposure.
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Figure 3.1; The force frequency response o f guinea pig detrusor showing the TTX 
sensitive contractions for (i) the total nerve-medaited response (filled circles), (ii) the 
response after superfusion with IpM atropine (open circles) and (iii) the response after 
superfusion with IpM atropine and lOpM a,(3-Me-ATP (filled triangles). Stimulation 
parameters were 0.1ms pulse width at 25 volts for 3 second trains every 90 seconds. 
The data sets plotted are median values and interquartiles.

In b o th  g u in e a  p ig  and h u m an  detru sor th e to ta l and n e r v e -m e d ia te d  (T T X -  

se n s it iv e )  cu rv es w e r e  su p e r im p o sa b le  as th ere w a s  n e g lig ib le  d irect m u sc le  

stim u la tio n .

F or g u in e a  p ig  d etru sor K 1/2 m e d ia n  v a lu e s  for th e n erv e -m e d ia te d  and a trop in e- 

resistan t cu rv es w e r e  1 2 .6  H z  (q u artiles , 10 .2  to  16.1 H z )  and 7 .9  H z  (5 .5  to  1 0 .9  

H z ) r e sp e c t iv e ly  (n =  9 ). T h e s e  v a lu e s  w e r e  s ig n if ic a n t ly  d iffe r e n t from  each  

oth er (p <  0 .0 5 ) .
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The proportion of the contraction abolished by atropine was greater at the higher 

frequencies of 16, 24 and 40 Hz where the cholinergic contractile component 

was significantly less than the total nerve-mediated response (p< 0.01), than at 

the lower frequencies of 1, 2, 4 and 8Hz where atropine did not significantly 

reduce the contractile response.

At 40 Hz the non-cholinergic, non-purinergic response was significantly greater 

than the response in the presence of TTX (p<0.01), suggesting either incomplete 

block or the release of other contractile neurotransmitters.

When the data was replotted as the atropine-sensitive fraction (total nerve 

mediated -  atropine resistant values) to obtain an estimate of the cholinergic 

contractile component the K 1/2 median value was 19.1 Hz (12.9 to 25.3 Hz ), see 

figure 3.2. This was significantly greater than the K 1/2 value for the total nerve- 

mediated curve (p<0.01).
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Figure 3.2; The force frequency response o f  guinea pig detrusor showing the TTX 
sensitive contractions for (i) the total nerve-medaited response (filled circles), (ii) the 
recalculated atropine-sensitive or cholinergic component (total nerve-mediated response 
-  atropine resistant response; open circles). Stimulation parameters were 0.1ms pulse 
width at 25 volts for 3 second trains every 90 seconds. The data sets plotted are median 
values and interquartiles.

F igu re  3 .3  sh o w s  th e  fo r c e -fr e q u e n c y  r e sp o n se  cu rv e  for h u m an  detru sor  

ob ta in ed  from  a m ix e d  grou p  o f  13 h u m an  sa m p le s  c o n s is t in g  o f  6  co n tro ls  

(s ta b le ), 3 T U R P ’s (o u t f lo w  o b stru cted ), and 4  u n sta b les . A  K 1/2 m ed ia n  v a lu e  

for  n erv e -m e d ia ted  ( f i l le d  c ir c le s )  o f  1 9 .0  H z  (1 5 .9  to  2 2 .6  H z ) w a s  ob ta in ed .
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Figure 3.3; The force frequency response o f human detrusor showing showing the 
TTX- sensitive contractions for (i) the total nerve-mediated response (filled circles), and 
(ii) the response after superfusion with IpM atropine (open circles). Stimulation 
parameters were 0.1ms pulse width at 25 volts for 3 second trains every 90 seconds. 
The data sets plotted are median values and interquartiles.

T h e  resu lts  in d ica te  that n eu ra lly -d ep en d en t detru sor co n tra c tio n s  in  sa m p les  

from  h u m an  b lad d ers w e r e  m ed ia ted  a lm o st en tire ly  b y  a c e ty lc h o lin e , as 

atrop in e a b o lish ed  th em  a lm o st c o m p le te ly . S lig h t a tro p in e -res is ta n ce , h o w e v e r ,  

w a s  o b se r v e d  in  1 in 6 o f  th e stab le , 2  in  3 o f  th e T U R P  and 3 in  4  o f  the  

u n sta b le  sa m p les .

F igu re  3 .4  sh o w s  th e m ea n  v a lu e s  o f  a trop ine resistan t co n tra c tio n s  at 4 0 H z  as a 

p erc en ta g e  o f  th e  m a x im u m  n erv e -m e d ia ted  con traction . T h e  m e d ia n  p ercen ta g e  

v a lu e s  w e r e  0  %, (in terq u artile  ran ge , 0  to  2 .1 4  % ) in  con tro l d etru sor (n =  6). 

O b stru cted  (n =  3 ) and u n sta b le  (n =  4 )  grou p s y ie ld e d  h ig h e r  v a lu e s  o f  4 .6 3  %, 

(2 .3 1  to  6 .4 5  % ) and 6 .3 7  %, (4 .3 3  to  9 .5 4  %) r e sp e c tiv e ly . W h en  th e ob stru cted
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and u n sta b le  grou p s w e r e  c o m b in e d  a m ed ia n  v a lu e  o f  5 .7 9  % (2 .3 1  to  7 .6 2  %) 

w a s  ob ta in ed . T h e  v a lu e s  from  th e sta b le  b la d d ers w e r e  s ig n if ic a n t ly  le s s  than  

th e v a lu e s  o f  th e c o m b in e d  T U R P  and u n sta b le  grou p  (p <  0 .0 5 ) .

C on traction
(%  n e r v e -m e d ia te d  T  )

25 n

2 0 -

1 0 -

TURP Unstable CombinedControl

Figure 3.4; Atropine-resistant contractions at 40 Hz as a percentage o f  maximum 
nerve-mediated contraction, T̂ ax- The data sets plotted are control (stable), TURP 
(outflow obstructed) and unstable (idiopathically unstable) groups as well as a 
combined TURP/ unstable group. Values are medians ± interquartiles. * indicates 
values are significantly different from control values (p< 0.05).
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3,1.3 Agonist mediated contractions and sensitivity to carbachol in guinea-pig 

and human detrusor

Exposure of guinea-pig or human detrusor to carbachol, ATP, a,P-me-ATP and 

P,y-me-L-ATP generated a transient contracture, the peak of which was recorded 

as the contractile response. See plates 3 and 4, for sample recordings of 

responses to these agonists in guinea pig and human detrusor respectively.

To establish the sensitivity of guinea-pig and human detrusor to muscarinic and 

P2 purinoceptor activation, dose-response curves to ATP, the methylated 

analogues a,P-me-ATP and p,y-me-L-ATP and to the acetylcholine analogue, 

carbachol were constructed.

In the human, for carbachol induced contractions, a pE'Cjo {-\ogEC5 0) of 6.30 ± 

0.42 was obtained (mean EC50  = 0.50pM, n= 8). The mean Hill coefficient value 

tfom the dose-response curves was 1.53 ± 0.40. The 8 specimens were obtained 

from 5 stable bladders, 2 idiopathically unstable bladders and 1 hyper-refiexic 

bladder. See figure 3.5.

In the guinea-pig, carbachol contractions yielded a value for pEQo of 6.23 ± 

0.40 (mean EC50 = 0.59pM, n= 6). The mean Hill coefficient value firom the 

dose-response curves was 1.51 ± 0.40. See figure 3.6. Neither the pECjo value 

nor the Hill coefficient value differed significantly between the guinea pig and 

the human preparations.
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Plate 3. Agonist mediated contractile responses o f  detrusor from  
guinea pigs.

I

t
1 carbachol

mN

1 min

t
50mM KCl

Part A. Contractile responses to IpM  carbachol (A) and 50mM KCl (B) in 
guinea pig detrusor. Bars indicate duration o f  agonist exposure.

II

Î
lOOpM ATP

t

I I I

mN

1 min

t
ImM ATP lOpM a,P-me-ATP

PartB.  Contractile responses to lOOpM ATP (C), ImM ATP (D) and lOpM 
a,p-m e-ATP in guinea-pig detrusor samples. Bars indicate duration o f  agonist 
exposure.
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Plate 4. Agonist mediated contractile responses o f  detrusor from  
stable human bladders.

i

t
1 fiM carbachol

10
mN

1 min

t
50mM KCl

Part A. Contractile responses to IpM  carbachol (A) and 50niM KCl (B) in 
detrusor from stable human bladders. Bars indicate duration o f  agonist 
exposure.

II I I I

t
lOOpM ATP

Î

mN
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f
ImM ATP

lOjiM a,(3-me-ATP

PartB.  Contractile responses to lOOpM ATP (/), ImM ATP {ii) and lOpM a,p- 
me-ATP {Hi) in detrusor samples from stable human bladders. Bars indicate 
duration o f agonist exposure.
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Figure 3.5; Human detrusor carbachol dose-response curve. The ordinate is the 
percentage of maximum (T âx) force estimated from least squares fits to the data. Non- 
cumulative dose- response curves were performed with a minimum of 30 minutes wash 
out for concentrations below IpM and 45 minutes for concentrations o f IpM and 
above. The data are plotted as mean values and standard deviations.
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Figure 3.6; Guinea pig detrusor carbachol dose-response curve. The ordinate is the 
percentage of maximum (T^ax) force estimated from least squares fits to the data. Non- 
cumulative dose- response curves were performed with a minimum of 30 minutes wash 
out for concentrations below IpM and 45 minutes for concentrations of IpM and 
above. The data are plotted as mean values and standard deviations.
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3,L4 Sensitivity to P2-purinoceptor agonists in guinea-pig and human 

detrusor

In view of the greater prevalence of atropine-resistant contractions in detrusor 

specimens from obstructed or unstable bladders, dose-response curves to ATP 

and the two non-hydrolysable agonists, a,P-me-ATP and p,y-me-L-ATP were 

performed to characterise the purinoceptors present and to test whether muscle 

strips obtained from abnormally functioning human bladders were more 

sensitive to ATP than those from stable bladders.

Guinea pig detrusor yielded a pEQo value for ATP of 3.86 ± 0.40 (mean EC50 = 

135pM, n= 8). For a,P-me-ATP a ^ECso of 5.26 ± 0.37 (mean EC50 = 5.45pM, 

n= 7) was obtained; this was significantly higher than that obtained for ATP 

(p<0.001); see figure 3.7. The Hill coefficient values from the dose-response 

curves were also significantly lower for ATP (mean = 0.51 ± 0.14, n= 8) than for 

a,p-me-ATP (mean = 0.82 ± 0.18, n= 7) in the guinea pig. (p<0.01) These 

findings are consistent with the hypothesis that ATP hydrolysis by this tissue is 

one reason for the reduced potency of ATP compared to a,p-me-ATP.
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Figure 3.7; Guinea pig detrusor ATP (filled circles) and a,P-me-ATP (open circles) 
dose-response curves. The ordinate is the percentage o f  maximum (T^ax) force 
estimated fi-om least squares fits to the data. Non-cumulative dose-response curves were 
performed with a minimum o f 30 minutes wash out for concentrations below lOpM and 
40 minutes for concentrations o f  lOpM and above. The data are plotted as mean values 
and standard deviations. Arrows indicate mean ECso values.

For (3,y-me-L-ATP, an agonist reported to activate P2Xi receptor at low 

micromolar concentrations but not neuronal P2%  ̂and P2 X3 subtypes (Evans, et 

al, 1995; Trezise et al, 1995; Surprenant, 1999) a pÊ Cjo of 4.85 ± 0.24 (mean 

EC50 = 14.1pM, n= 6 ) was obtained (see figure 3.8). This mean value was not 

significantly different from that obtained for a,p-me-ATP. The mean Hill 

coefficient value from the dose-response curves to p,y-me-L-ATP (mean= 1.53 ± 

0.43, n= 5) was significantly larger than to a,p-me-ATP (mean= 0.82 ±0.18, n= 

7), p<0 .0 1 .
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Figure 3.8; Guinea pig detrusor Pj-me-L-ATP (filled circles) and a,P-me-ATP (open 
circles) dose-response curves. The ordinate is the percentage o f maximum (T^ax) force 
estimated from least squares fits to the data. Non-cumulative dose-response curves were 
performed with a minimum o f 30 minutes wash out for concentrations below lOpM and 
40 minutes for concentrations o f  lOpM and above. The data are plotted as mean values 
and standard deviations. Arrows indicate mean EC5 0  values.
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Dose response curves to ATP and a,P-methylene-ATP in human detrusor are 

shown in figure 3.9. ATP gave a pÆ'Cso value of 3.86 ± 0.99 (mean ECso = 

137|iM, n= 16) in human detrusor samples from a mixture of patients. The large 

s.d. of the pECso values reflects the variability of the response to ATP among 

preparations. For a,p-methylene-ATP a pi^Cso value of 5.56 ± 0.24 (mean ECso 

= 2.8pM, n= 7) was obtained. This was significantly higher than that obtained 

for ATP (p<0.001), consistent with the breakdown of ATP by the tissue. When 

paired experiments with ATP and a, P-methylene-ATP on the same preparation 

were performed, the maximum contractile responses at high concentrations of 

the agonists were no different. The Hill coefficient values from the dose- 

response curves were not significantly different for ATP (mean= 0.96 ± 0.42, n= 

16) than those for a,P-me-ATP (mean= 1.06 ± 0.40, n= 7). The pÆ'Cso values for 

ATP in the human were no different from those in the guinea pig. The pECgo 

values for a,p-methylene-ATP were also no different from those for the guinea 

pig-
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Figure 3.9; Human detrusor ATP (filled circles) and a,P-Me-ATP (open circles) dose- 
response curves. The ordinate is the percentage o f  maximum (T^ax) force estimated 
from least squares fits to the data. Non-cumulative dose-response curves were 
performed with a minimum o f 30 minutes wash out for concentrations below 1 OpM and 
40 minutes for concentrations o f  lOpM and above. The data are plotted as mean values 
and standard deviations. Arrows indicate mean ECso values.

The variance of the pECgo values for ATP was greater in human (variance = 

1.055) than in guinea pig detrusor (variance = 0.157; F-test, p< 0.05) suggesting 

that the contractile response to ATP is a less homogeneous phenomenon within 

detrusor samples from the human population than in those from guinea pigs.

In human detrusor the variance of the pEC^o values for ATP (variance = 1.055) 

relative to a,P-me-ATP (variance = 0.06) was significantly greater (F-test, p < 

0.005), whereas in guinea pig detrusor it was not. The variability of the pEC$o 

values for ATP and a,p-me-ATP were significantly different in the human (F- 

test, p < 0.005) samples yet the variances of the pECgo values for a,p-me-ATP
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between guinea pig and human were similar (0.14 compared with 0.60, F-test, 

p= 0.33). Thus one cause of the variability of the response to ATP in human 

preparations may be related to the agents responsible for breakdown of ATP to 

ADP, AMP, adenosine and inorganic phosphate and possibly the 

pharmacological actions of ADP, AMP and adenosine themselves. This will be 

examined in greater detail later in section 3.4.

In contrast to guinea-pig detrusor human detrusor was much less responsive to 

p,y-me-L-ATP compared to a,P-me-ATP, with a threshold concentration for a 

measurable contraction around 10-30pM. At lOpM the potency of p,y-me-L- 

ATP relative to a,p-me-ATP was significantly different between the two tissues 

(p<0.001), see figure 3.10.

The ^ECso values of purinoceptor agonists in human and guinea pig detrusor 

preparations are summarised in table R2.
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Figure 3.10; The potency o f  lOpM P,y -L-me-ATP (BGMA) relative to lOpM a,(3- 
me-ATP (ABMA) in guinea pig and human detrusor. The upper-plot shows the absolute 
tension generated after stimulation with each agonist. In the lower plot the ordinate is 
the percentage o f  maximum force [(P,y -L-me-ATP/ a,P-me-ATP) x 100] generated 
after exposure to each agonist. After exposure to each agonist the preparation was 
superftised with Tyrode’s for at least 40 minutes before the next agonist was applied. 
The data are plotted as mean values and standard deviations.
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Table R2. Summary table of pEQo values of purinoceptor agonists in human 

and guinea pig detrusor preparations. Values are means ±standard deviations.

Human Guinea Pig

ATP

a,P-me-ATP

P,y-me-L-ATP

3.86 (±0.99) 

5.56 (± 0.24)

3.86 (± 0.40) 

5.26 (± 0.37) 

4.85 (± 0.24)
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3,1,5 ATP sensitivity and ecto-ATPase activity in human detrusor

To determine if the sensitivity of the response to ATP differed between the 

patient groups their mean pECgo values were compared (see figure 3.11). In 

order to do this, because of the large inherent variability in the pEQo values, the 

ATP dose response curve data presented here comprises pooled data from 

experiments performed by Dr. Mark Bayliss (formerly Clinical Research 

Associate at the Institute of Urology, UCLH Medical School) and myself. The 

number of experiments performed by Dr. Mark Bayliss are indicated after each 

total number of experiments (n) in italics. The for ATP was 3.34 ± 0.98 

in stable detrusor (n= 13, 6). Unstable (n=12, 7) and obstructed (n= 10, 6) 

groups yielded higher pÆ'Cso values of 4.14, ± 0.75 (p<0.05) and 4.07 ±1.18 (not 

significantly different from stable group) respectively. The pÆ'Cso values of the 

unstable and obstructed groups are similar and are not significantly different 

from each other. When the obstructed and unstable groups were combined a 

mean pECgo value of 4.11 ± 0.93, significantly higher than stable contols 

(p<0.05), was obtained. The a,p-methylated-ATP pECgo was 5.56 ± 0.24, 

significantly higher than the pECso values for ATP in any of the groups (n= 7, p< 

0 .0001).

The Hill coefficient values of n calculated from the equation used for curve fits 

to dose response data (see section 2.2.5) were: a,P-methylene-ATP; 1.06 ± 

0.08; ATP; 0.85 ± 0.22 (stable group); 0.94 ± 0.28 (unstable/obstructed group). 

These values were significantly less than unity (Mann-Whitney) only in the ATP 

values of the stable group.
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Figure 3.11; ATP pECso values o f  detrusor from control (stable) obstructed (TURP) 
and unstable (D.I.) bladders. The mixed data set consists o f  values from the obstructed 
and unstable groups. a,P-methylated-ATP pECso  values are shown for comparison. 
The data are plotted as mean values ± sd. * indicates mean values significantly different 
from ATP control (stable group) pECso  values (p< 0.05).

To test whether the rate of degradation of ATP may be related to its differential 

potency (as a contractile agonist) between the normal and abnormally 

functioning bladder patient groups, the peak contractile responses to lOOpM 

ATP and lOpM a,|3-me-ATP were compared in subsequent experiments where 

samples were exposed to both agents, (see figure 3.12). These concentrations are 

near the ECsq values for each agonist so that differences in the sensitivity to 

ATP and a,p-me-ATP can be most effectively compared. The response to 

lOOpM ATP was 24.1% (± 9.6%) of that to lOpM a,p-me-ATP in a combined 

unstable (n= 4) and obstructed (n= 2) group but in the control group (n= 6) was 

significantly less 8.5% (± 4.9), p<0.01.

169



Contraction, %T 

40 -1 

3 5 ^

30-:

25 i  

2 0 %

15%

1 0 %

5%

0 -

A B M A

Control Unstable/Obstructed

Figure 3.12; The potency o f ATP (lOOpM) relative to a,P-me-ATP (lOpM) in 
detrusor from control (stable) and a combined group o f unstable (idiopathically 
unstable) and obstructed (TURP) bladders. The ordinate is the ratio o f  maximum force 
(ATP/ a,P-me-ATP) generated after exposure to each agonist. After exposure to each 
agonist the preparation was superftised with Tyrode’s solution for at least 40 minutes 
before the next agonist was applied. The data are plotted as mean values and standard 
deviations.

3.1.6 Effect o f ecto-A TPase inhibitor ARL 67156

T o  d eterm in e  th e e f fe c t  o f  e c to -A T P a se  a c t iv ity  in  r e d u c in g  th e  re sp o n se  to  A T P  

r e la tiv e  to  that o f  a ,P -m e -A T P , th e e c to -A T P a se  in h ib ito r  A R L  6 7 1 5 6  at a 

co n ce n tr a tio n  o f  lO O pM  w a s  u sed . lOOpM  A R L  6 7 1 5 6  h as b e e n  sh o w n  to  

s ig n if ic a n t ly  p o te n tia te  th e re sp o n se  to  A T P  and a trop in e-res istan t n erv e -  

m ed ia te d  co n tra c tio n s  in  th e g u in e a  p ig  d etru sor (W e stfa ll, et al.,\991). T h e  

e f fe c ts  o f  th e a g en t o n  th e  p ea k  co n tra c tio n s e v o k e d  b y  n e r v e -s tim u la tio n  and  

a p p lica tio n  o f  p u r in o cep to r  a g o n is ts  w er e  m easu red .

170



In guinea pig detrusor ARL 67156 (lOOpM) enhanced nerve-mediated (8 Hz) 

contractions to 129 ± 15.9% of control response (n= 6 , p= 0.1734). Atropine- 

resistant contractions were significantly enhanced to 141 ± 41% of control 

response (n= 4, p< 0.005). The enhancement of IpM atropine resistant nerve- 

mediated contractions by ARL 67156 was significantly greater than the 

enhancement of total nerve-mediated contractions (p< 0.01). ARL 67156 also 

caused enhancement of ATP (lOOpM) evoked contractions to 144 ± 46.5% of 

control response (p< 0.05). Contractions evoked by the non-hydrolysable ATP 

analogue, a,p-me-ATP at a near EC5 0  concentration of 3pM, were significantly 

inhibited by 23% (77 ± 11.1% of control response, n= 6 , p< 0.01) suggesting 

that ARL 67156 may additionally bind to and antagonise the P2X receptor in 

guinea pig detrusor. See figure 3.13.
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Figure 3.13; The effect o f ARL 67156 (lOOpM) on the peak contraction evoked by; 
EPS, nerve-stimulation (stimulation parameters were 8Hz, 0.1ms pulse width at 25 
volts for 3 s trains every 90 s), AR, 1 pM atropine-resistant nerve- mediated contractions 
(8Hz), ATP (lOOpM), and ABMA, a,(3-Me-ATP (3pM) in guinea pig detrusor 
preparations. Initially, three reproducible control responses were obtained prior to 
testing the effect o f  ARL 67156. Values plotted are percentage values (o f the mean 
control response) ± s.d.

Enhancement of nerve-mediated and ATP (lOOpM) evoked contractions were 

also observed in human detrusor. The data set consists of a mixed group of 

samples, 2 from stable bladders and 2 from unstable bladdes. ARL 67156 

(lOOpM) enhanced nerve-mediated contractions (20Hz) to 112 ± 10.2 % of the 

control response (n= 4, p< 0.084). ARL 67156 (lOOpM) caused enhancement of 

ATP (lOOpM) evoked contractions to 294 ± 149 % of the control response (n= 

4, p< 0.071), see figure 3.14. The enhancement was not significantly different to 

that observed in the guinea pig due to the small number of samples and large 

variability of the enhancement.
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Figure 3.14; The effect o f  ARL 67156 (lOOfiM) on the peak contraction evoked by; 
EPS, nerve-stimulation (Stimulation parameters were 20Hz, 0.1ms pulse width at 25 
volts for 3 s trains every 90 s) and exogenous application o f  ATP (lOOpM) in human 
detrusor preparations. Initially, three reproducible control responses were obtained prior 
to testing the effect o f ARL 67156. Values plotted are percentage values (of the mean 
control response) ± s.d.
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3 .2  M e a s u r e m e n t  OF I n t r a c e l l u l a r  Ca^'^ C h a n g e s  i n  I s o l a t e d  

G u in ea  P ig  a n d  H u m a n  D e t r u s o r  M y o c y t e s

The measurement of intracellular [Câ "̂ ], [Câ "̂ ]! was undertaken principally to 

assess the relative sensitivity of human and guinea pig detrusor myocytes to a,p- 

methylene-ATP (a,p-me-ATP) and p,y-methylene-L-ATP (p,y-me-L-ATP). In 

experiments on muscle strips in which isometric tension was measured as the 

variable, the two agonists activated guinea pig detrusor with comparable 

efficacy whereas in human detrusor lOpM P,y-me-L-ATP had little or no 

contractile effect (see section 3.1.4). These experiments aimed to identify 

whether this difference between the tissues was consequent to differential 

sensitivity at the cellular membrane receptor level or to differences prior to the 

agonist reaching the receptor, for example, in the rate of degradation of the 

compound. Each cell under experimentation was also tested for its 

responsiveness to carbachol (IpM) to compare the relative magnitude of the 

responses to a,p-me-ATP and p,y-me-L-ATP. Cells which did not respond to 

carbachol were not used for analysis.

Figure 3.15 shows the fluorescence ratio signal change of an isolated guinea pig 

detrusor myocyte during application of lOpM a,P-me-ATP for 15 seconds. 

Resting [Ca^^Ji in Tyrode’s solution was 92 ± 32 nM (n= 3). In guinea pig 

detrusor lOpM a,p-me-ATP induced a transient rise of the intracellular [Ca^^] of 

887 ± 227 nM (n= 3). Application of lOpM p,y-me-L-ATP induced a transient 

rise of the intracellular [Ca^^] of similar magnitude to that induced by lOpM 

a,p-me-ATP of 729 ±183 nM (n= 3).
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Figure 3.16 shows the fluorescence ratio signal change of an isolated detrusor 

myocyte from a stable human bladder during application of lOpM a,p-me-ATP 

for 15 seconds. Resting [Ca^^]i in Tyrode’s solution was 108 ± 42 nM (n= 3). In 

similar isolated detrusor myocytes, lOpM a,P-me-ATP induced a transient rise 

of the intracellular [Câ "̂ ] of 835 ± 218 nM (n= 3). Application of lOpM p,y-me- 

L-ATP induced a transient rise of the intracellular [Ca^^] of similar magnitude to 

that induced by lOpM a,p-me-ATP of 518 ± 172 nM (n= 3).
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Figure 3.15; transients in response to stimulation with lOpM a,P-me-ATP (A) 
and lOpM P,y-L-me-ATP (B) in a guinea pig detrusor myocyte. The transient rise o f  
the ratio o f fluorescence intensity from Fura-2 at 340/380nm represents a rise o f  [Câ Ĵj. 
The agonists were applied for 15 seconds. After exposure to each agonist the 
preparation was superfused with Tyrode’s for at least 25 minutes before the next 
agonist was applied.
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Figure 3.16; Câ  ̂ transients in response to stimulation with lOpM a,P-me-ATP (C) 
and lOpM P,y-L-me-ATP (D) in a human detrusor myocyte from a stable bladder. The 
transient rise o f the ratio o f  fluorescence intensity from Fura-2 at 340/380nm represents 
a rise o f [Ca^ ]̂,. The agonists were applied for 15 seconds. After exposure to each 
agonist the preparation was superfused with Tyrode’s for at least 25 minutes before the 
next agonist was applied.
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To assess the relative sensitivity of human and guinea pig detrusor myocytes to 

lOpM a,p-methylene-ATP (a,p-me-ATP) and lOpM p,y-me-L-ATP (P,y-me-L- 

ATP) the ratio of the responses (lOpM p,y-me-L-ATP/ lOpM a,p-me-ATP) 

were compared. Isolated human detrusor myocytes were slightly, though not 

significantly, less responsive to lOpM p,y-me-L-ATP (mean ratio, 62 ± 14%, n= 

3) compared to guinea pig detrusor myocytes (mean ratio, 82 ± 13%, n= 3). See 

figure 3.17.
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Figure 3.17; The potency o f  P,y -L-me-ATP (lOpM) relative to a,(3-me-ATP (lOpM) 
in guinea pig and human isolated detrusor myocytes. The ordinate is the ratio o f  the 
peak rise in [Ca^ ]̂i (P,y -L-me-ATP/ a,|3-me-ATP) after exposure to each agonist. After 
exposure to each agonist the preparation was superfused with Tyrode’s for at least 25 
minutes before the next agonist was applied. The data are plotted as mean values and 
standard deviations.
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3.3  A T P  D e g r a d a t io n  S t u d ie s

3,3,1 Determination o f ATPase activity in detrusor and the effect o f the ecto- 

A TPase inhibitor ARL 6 7156

To test the hypothesis from the tension data that ecto-ATPase activity is lower in 

muscle strips from unstable bladders compared to those from stable bladders the 

rate of ATP degradation by strips of detrusor (40-80mg) was measured using the 

bioluminescent protein, luciferase. To measure more specifically the 

ectoATPase component of ATPase activity the ecto-ATPase inhibitor ARL 

67156 was used. For comparison the rate of degradation of ATP by strips of 

guinea pig detrusor was also measured.

In the following plots and analyses of data, ATP degradation velocities for each 

experiment were normalised to the fresh weight of the detrusor sample. 

Therefore, velocity values at fixed ATP concentrations were a fimction of the 

activity {Kcat) and concentration of the ATP degrading enzymes in the sample. 

See methods section 2.3.6 for a detailed explanation.
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3.3.2 ATPase activity o f guinea pig detrusor

The velocity of ATP breakdown by guinea pig detrusor was determined at initial 

ATP concentrations of 100, 200, 500, 1000, 2000 and SOOOpM. Guinea pig 

detrusor strips degraded ATP in a concentration dependant manner with 

estimated parameters derived from the curve fit to the mean data forpKm of 2.73 

± 0.33 (mean= 1.86 mM) and a Vmax of 2.98 ± 0.83 nmoles min mg (n= 6). 

See figure 3.18. The mean velocity of ATP degradation was lower in the 

presence of lOOpM ARL 67156 at all tested concentrations of 100, 500, 1000, 

2000 and 5000pM ATP. Mean values of ATP degradation in the presence and 

absence of 100 pM ARL 67156, at different concentrations of ATP, were 

compared using unpaired r-tests, as paired experiments were not carried out at 

every ATP concentration with guinea pig detrusor strips.

ARL 67156 inhibition was statistically significant at 500, 1000 and 2000pM 

(p<0.05). Analysis of variance showed that the concentration-velocity curves 

were significantly different in the absence and presence of ARL 67156 

(p<0.0001). The ARL-resistant pKm and Vmax values are tabulated in table R3.

The mean velocity of degradation of ATP in the presence of the inhibitor was 

74% of the control value at lOOpM ATP, 45% of the control value at lOOOpM 

ATP, 46% of the control value at 2000pM and 69% of the control value at 

5000pM ATP. This blockade of ecto-ATPase activity in guinea-pig detrusor is 

consistent with the potentiation of lOOpM ARL 67156 on the contractile 

response to lOOpM ATP (see section 3.1.6).
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Figure 3.18; Michaelis-Menten plots o f total ATP degradation by ATPase activity o f  
strips o f  guinea-pig detrusor in the absence (filled circles) and presence o f  lOOpM ARL 
67 156 (open circles). Values are means ± standard deviations. Analysis o f  variance 
showed that the concentration-velocity curves were significantly different in the 
absence and presence o f ARL 67156 (p<0.0001).

To determine the portion of enzyme activity affected by ARL 67156 inhibition 

the ARL 67156 sensitive portion (calculated as total velocity -  velocity in the 

presence of lOOpM ARL 67156) of the total activity was also plotted. The 

parameter values from the curve fitted to the mean ARL-sensitive data for the 

pKm value was 3.04 ± 0.29 (mean Km = 0.9ImM) and Vmax value was 0.87 ± 

0.48 nmoles min"  ̂ mg“  ̂ (n= 6), see figure 3.19. Again, analysis of variance 

showed that the total concentration-velocity and the ARL 67156 curves were 

significantly different (p<0.0001). Table R3 shows mean values, standard 

deviations and n numbers for guinea pig detrusor ATP degradation velocities.
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Figure 3.19; Michaelis-Menton plot of ATP degradation (filled circles) and ATP 
degradation sensitivity (open circles) to lOOpM ARL 67156 inhibition (calculated as 
total velocity -  velocity in the presence of ARL 67156) by ATPase activity of strips of 
guinea pig detrusor. Values are means ± standard deviations. Analysis of variance 
showed that the total concentration-velocity and the ARL 67156 curves were 
significantly different (p<0.0001).
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Table R3. Velocity of ATP degradation by detrusor from guinea pigs, "^denotes 

values are significantly lower than those in the absence o f  lOO/iM ARL 67156 

(unpaired t-test). § denotes difference in the calculated ARL 67156 sensitive 

values and total activity. Values are means ±  s.d. and n= number o f  

experiments.

[ATPJpM Velocity (nmoles min rng-‘)

Total activity ARL 67156 resistant ARL 67156 sensitive

Mean SD (n) Mean SD (n) Mean SD (n)

100 0.14 0.05 9 0.10 0.06 9 0.042§ 0.076 9

200 0.18 0.08 6

500 0.41 0.09 6 0.29* 0.03 5 0.15§ 0.09 5

1000 1.28 0.32 6 0.58* 0.20 5 0.62§ 0.15 5

2000 1.54 0.35 9 0.71* 0.20 6 0.72§ 0.26 6

5000 2.15 0.49 6 1.47 0.78 6 0.66§ 0.40 6

Vmax 2.98 0.83 6 2.39 0.87 6 0.87 0.48 6

(nmoles

min'^mg'^)

2.73 0.12 6 2.50 0.17 6 3.04 0.29 6
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3.3,3 ATPase activity o f human detrusor from stable bladders

Human detrusor strips from stable bladders (n= 11) rapidly degraded ATP in a 

concentration dependant manner. From Michaelis-Menten curve fits to the mean 

data an estimated pKm of 2.77 ± 0.25 (mean Km = 1.69mM) and Vmax of 2.54 

nmoles min mg (n= 10) was obtained.

For detrusor from stable bladders the mean velocity of ATP degradation was 

significantly lower in the presence of lOOpM ARL 67156 at initial ATP 

concentrations of 100 (p< 0.005), 200 (p< 0.05), 500 (p< 0.005) and 5000pM 

(p< 0.05) (see figure 3.20). Analysis of variance showed that the concentration- 

velocity curves were significantly different in the absence and presence of ARL 

67156 (p<0.0001). From Michaelis-Menten curve fits to the mean ARL- 

resistant data an estimated pKm of 2.80 ± 0.32 (mean Km = 1.58 mM) and Vmax 

of 1.22 ± 0.54 nmoles min mg (n= 10) were obtained. The Vmax value for 

the ARL-resistant curve was significantly lower than for the total ATPase curve 

(p<0.05).

The mean velocity of degradation of ATP in the presence of the inhibitor was 

52% of the control value at lOOpM ATP, 68% of the control value at lOOOpM 

ATP and 44% of the control value at 5000pM ATP indicating that about one- 

half of the ATPase activity of this tissue was blocked by lOOpM ARL 67156.
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Figure 3.20; Michaelis-Menton plot of ATP degradation by ATPase activity of 
detrusor samples from stable bladders in the absence (filled circles) and presence of 
lOOpM ARL 67156 (open circles). Values are means ± standard deviations. Analysis of 
variance showed that the concentration-velocity curves were significantly different in 
the absence and presence of ARL 67156 (p<0.0001).

To determine the portion of enzyme activity affected by ARL 67156 inhibition 

the ARL 67156 sensitive portion (calculated as total velocity -  velocity in the 

presence of ARL 67156) of the total activity was also plotted, see figure 3.21. 

Analysis of variance showed that the total concentration-velocity curves and 

ARL sensitive curves were significantly different (p<0.0001). From Michaelis- 

Menten curve fits to the mean ARL-sensitive data estimated values of pKm of 

2.82 ± 0.32 (mean= 1.5ImM) and Vmax of 0.94 ± 0.54 nmoles min mg (n= 

8) were obtained. The Vmax value for the ARL-sensitive curve was significantly 

lower than for the total ATPase activity.
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This blockade of ecto-ATPase activity in human detrusor is also consistent with 

the potentiation of lOOpM ARL 67156 on the contractile response to lOOpM 

ATP observed in the organ bath studies (See section 3.1.6).

Table R4 shows mean values, standard deviations and n numbers for ATP 

degradation by detrusor from stable bladders.
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Figure 3.21; Michaelis-Menten plot o f  ATP degradation (filled circles) and ARL 
67156-sensitive ATP degradation (inhibition calculated as total velocity -  velocity in 
the presence o f lOOpM ARL 67156) by ATPase activity o f  detrusor samples from 
stable human bladders. Values are means ± standard deviations. Analysis o f  variance 
showed that the total concentration-velocity curves and ARL sensitive curves were 
significantly different (p<0.0001).
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Table R4. Velocity of ATP degradation by detrusor from stable bladders. 

"^denotes values are significantly lower than those in the absence o f lOOjuMARL 

67156 (unpaired T-test). § denotes difference in the calculated ARL 67156 

sensitive values and total activity. Values are means ±  s.d. and n= number o f  

experiments.

fATPJjuM Velocity (nmoles min " m g " ;

Total activity ARL 67156 resistant ARL 67156 sensitive

Mean SD (n) Mean SD (n) Mean SD (n)

100 0.14 0.05 11 0.07* 0.03 7 0.054§ 0.079 7

200 0.21 0.04 5 0.13* 0.09 4

500 0.44 0.14 10 0.24* 0.13 8 0.16§ 0.25 8

1000 0.64 0.22 7 0.44 0.28 6 0.21§ 0.13 6

2000 1.19 0.44 10 0.78 0.36 7 0.43§ 0.26 7

5000 1.71 0.89 11 0.82* 0.48 8 0.80§ 0.60 8

Vmax 2.54 1.50 10 1.22 0.54 8 0.94 0.41 8

(nmoles

min'^mg'^)

pK-m 2.77 0.25 10 2.80 0.32 8 2.82 0.34 8
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3.3.4 ATPase activity of human detrusor from unstable bladders

For unstable detrusor 5 of the 10 specimens used for determination of total 

ATPase activity were also used for determination of the effect of lOOpM ARL 

67156. From Michaelis-Menten curve fits to the mean total ATPase data an 

estimated pKm of 2.72 ± 0.25 (mean Km = 1.90mM) and Vmax of 1.37 ± 0.46 

nmoles min mg (n= 9) was obtained. In paired experiments, the mean 

velocity of ATP degradation by detrusor from unstable bladders was lower in 

the presence of lOOpM ARL 67156 at all concentrations tested (n= 5), see figure 

3.22. The inhibition was statistically significant at 100 and lOOOpM ATP (paired 

r-test, p< 0.05). Analysis of variance showed that the concentration-velocity 

curves were significantly different in the absence and presence of ARL 67156 

(p<0.005). From Michaelis-Menten curve fits to the mean ARL-resistant data an 

estimated pKm of 2.50 ± 0.23 (mean Km= 3.16mM) and Vmax of 1.38 ± 0.59 

moles min mg'^ (n= 5) was obtained and were not significantly different from 

the total ATPase values.

The mean velocity of degradation of ATP in the presence of the inhibitor was 

approximately 58% of the control value at lOOpM ATP, 71% of the control 

value at lOOOpM ATP, and 76% of the control value at 5000pM ATP.
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Figure 3.22; Michaelis-Menton plot o f ATP degradation by ATPase activity o f  
detrusor samples from unstable bladders in the absence (filled circles) and presence o f  
lOOpM ARL 67156 (open circles). Paired data. Values are means ± standard deviations. 
Analysis o f variance showed that the concentration-velocity curves were significantly 
different in the absence and presence o f ARL 67156 (p<0.0001).

Again, to determine the portion of enzyme activity affected by ARL 67156 

inhibition the ARL 67156 sensitive fraction of the total activity was also plotted, 

see figure 3.23. Analysis of variance showed that the total concentration- 

velocity and the ARL 67156 sensitive curves were significantly different 

(p<0.0001). From Michaelis-Menten curve fits to the mean ARL-sensitive data 

an estimated pKm of 3.14 ± 0.45 (mean Km= 0.72mM) and Vmax of 0.36 ± 0.26 

nmoles min mg~̂  (n= 5) were obtained. The Vmax value for the ARL-sensitive 

curve was significantly lower than for the total ATPase activity.

Table R5 shows mean values, standard deviations and n numbers for ATP 

degradation by human detrusor from unstable bladders.
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Figure 3.23; Michaelis-Menten plot o f  ATP degradation (filled circles) and ARL 
67156-sensitive ATP degradation (inhibition calculated as total velocity -  velocity in 
the presence o f lOOpM ARL 67156) by ATPase activity o f  detrusor samples from 
unstable human bladders. Values are means ± standard deviations. Analysis o f  variance 
showed that the concentration-velocity curves were significantly different in the 
absence and presence o f  ARL 67156 (p<0.0001).
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Table R5. Velocity of ATP degradation by detrusor from unstable bladders. 

"^denotes values are significantly lower than those in the absence o f  lOOjuMARL 

67156 (unpaired t-test). § denotes difference in the calculated ARL 67156 

sensitive values and total activity. Values are means ±s.d. and n= number o f  

experiments.

[ATPJpM Velocity (nmoles min "/Mg";

Total activity ARL 67156 resistant ARL 67156 sensitive

Mean SD (n) Mean SD (n) Mean SD (n)

100 0.09 0.05 10 0.07* 0.05 5 0.054§ 0.025 5

200 0.14 0.04 8

500 0.25 0.08 9 0.22 0.03 5 0.05§ 0.06 5

1000 0.42 0.13 10 0.31* 0.06 5 0.12§ 0.06 5

2000 0.80 0.28 9 0.50 0.10 5 0.15§ 0.22 5

5000 1.30 0.40 9 0.77 0.19 5 0.24§ 0.32 5

Vmax 1.37 0.46 9 1.38 0.59 5 0.36§ 0.26 5

(nmoles

min'^mg'^)

pK-m 2.72 0.25 9 2.50 0.23 5 3.14 0.45 5
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3.3. s Comparison o f A TP degradation velocities and ARL 67156 sensitivity in 

stable and unstable detrusor samples

T h e m ea n  v e lo c ity  o f  A T P  d eg ra d a tio n  w a s  lo w e r  in  d etru sor  strips o b ta in ed  

from  u n sta b le  b la d d ers (n =  10) co m p a red  w ith  strip s fro m  sta b le  b lad d ers (n =  

11) at a ll A T P  co n ce n tr a tio n s  tested  ( s e e  f ig u r e  3 .2 4 ) . T h is  d iffe r e n c e  w a s  

s ig n if ic a n t  at co n ce n tr a tio n s  o f  1 0 0 , 2 0 0  (p < 0 .0 5 ) , 5 0 0  (p < 0 .0 0 5 ) , 1 0 0 0  and  

2 0 0 0 p M  (p < 0 .0 5 ) . T h e  Vmax o b ta in ed  from  u n sta b le  b la d d ers 1 .3 7  ±  0 .4 6  (n =  9 )  

co m p a red  w ith  strip s fro m  sta b le  b la d d ers 2 .5 4  ±  1 .5 0  n m o le s  m in  m g~' (n =  

10) w a s  a lso  s ig n if ic a n t ly  lo w e r  (p < 0 .0 5 ) . C o m p a riso n  o f  th e  en tire  data se ts  

u sin g  a n a ly s is  o f  v a r ia n c e  sh o w e d  that th e c o n c e n tr a tio n -v e lo c ity  cu rv es w er e  

s ig n if ic a n t ly  d ifferen t (p < 0 .0 5 ) .

Velocity (nmol m in'V g‘*)
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[ATP] |l iM

Figure 3.24; Michaelis-Menton plot o f  ATP degradation by ATPase activity o f  
detrusor samples from stable bladders (filled circles) and from unstable bladders (open 
circles). Values are means ± standard deviations. Analysis o f  variance showed that the 
concentration-velocity curves were not significantly different.
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100|iM ARL 67156 had a greater inhibitory effect on ATP degradation in 

detrusor strips obtained from stable bladders (n= 8) than in detrusor strips 

obtained from unstable bladders (n= 5) at all concentrations tested (see figure 

3.25). This difference was not significant at individual concentrations of ATP 

but when the entire ARL 67156 sensitive data sets were compared using analysis 

of variance the two curves were significantly different (p<0.005). For the 

unstable group the ARL sensitive curve had a Vmax value of 0.36 ± 0.26 nmoles 

min mg“* (n= 5) significantly lower than that obtained for the stable group, 

0.94 ± 0.41 nmoles min mg'* (n= 8, p< 0.05). Again, the pKm values of the 

two groups were not significantly different from one another.

Velocity (nmol m in'V g’*)
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Figure 3.25; Michaelis-Menton plot o f  the ARL 67156-sensitive ATP degradation 
(inhibition calculated as total velocity -  velocity in the presence o f  lOOpM ARL 
67156) by ATPase activity o f detrusor samples from stable bladders (filled circles) and 
from unstable bladders (open circles). Values are means ± standard deviations. 
Analysis o f variance showed that the ARL sensitive concentration-velocity curves were 
significantly different from each other.
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The ARL 67156 resistant ATPase activity of detrusor from stable bladders and 

detrusor from unstable bladders was similar and not significantly different at any 

of the individual ATP concentrations (see figure 3.26). However, comparison of 

the entire data sets over all concentrations tested using analysis of variance 

showed that the ARL 67156 resistant concentration-velocity curves were 

significantly different from one another (p< 0.05). Since the proportion of 

ATPase activity blocked by the ectoATPase inhibitor ARL 67156 was greater in 

detrusor strips obtained from stable bladders than in detrusor strips from 

unstable bladders yet the residual ARL 67156 resistant ATPase activity of the 

two groups was similar the lower sensitivity of detrusor from unstable bladders 

to ARL 67156 inhibition suggests that ARL 67156 sensitive ecto-ATPases are 

less abundant and/or less active in unstable bladder samples than in samples 

from stable bladders.

Velocity (nmol min’*mg*')
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Figure 3.26; Michaelis-Menton plot o f the ARL 67156 resistant proportion o f ATP 
degradation by ATPase activity o f detrusor samples from stable bladders (filled circles) 
and from unstable bladders (open circles). Values are means ± standard deviations. 
Analysis o f variance showed that the ARL 67156 concentration-velocity curves were 
significantly different from each other (p< 0.05).
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When EDTA (5mM) was added to a Ca^^-free buffer the ATPase activity of 

detrusor from stable bladders was less at 0.18 nmoles /mg/ml compared with 

the control value of 0.64 nmoles /mg/ml, demonstrating that most (i.e. 72%) of 

the ATPase activity of the tissue was due to a divalent cation dependent 

ATPase (n= 6, p<0.001). A cocktail of ouabain (ImM), a specific inhibitor of 

transport Na^, K^-ATPase, soduim azide (ImM), an inhibitor of ATP-ADP 

diphosphohydrolase and oligomycin (50 pg/ml), an inhibitor of mitochondrial 

ATPase, had no significant effect on ATP hydrolysis at lOOOpM ATP (n= 6). 

See figure 3.27.

Velocity at lOOOpM ATP (nmol min mg*")

0.8

0 . 6 -

0.4
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0.0
EDTA ARLControl Inhibitors

Figure 3.27; Comparison o f ATP degradation by ectoATPase activity o f  detrusor 
samples from stable bladders in the absence and presence o f  inhibitors {ouabain 
(ImM), soduim azide (ImM), and oligomycin (50 pg/ml)}, a calcium free EDTA 
(5mM) containing buffer and lOOpM ARL 67156. Values are means ± standard 
deviations.
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3 .4  P I-R e c e p t o r  S t u d ie s

3.4.1 Sensitivity to adenosine and adenosine analogues

It was previously proposed that the contractile effect of ATP on detrusor smooth 

muscle, and its variable effect on human detrusor in different patient groups, 

could be modulated by both its extracellular breakdown and by the 

pharmacological actions of its breakdown products, such as adenosine. 

Experiments were undertaken to characterise the actions of adenosine and to 

investigate whether PI-mediated inhibition is altered in detrusor muscle from 

unstable or obstructed bladders. Experiments in sections 3.4.3- 3.4.6 also used 

the stable adenosine analogue 5 '-N-ethylenecarboxyamidoadenosine (NECA). 

The PI receptor pharmacology of guinea pig detrusor was subsequently 

characterised for comparison. Plate 5 shows sample recordings of responses to 

these agonists in guinea pig and human detrusor respectively.
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Plate 5. P I receptor mediated inhibition o f  nerve-mediated
contractions in detrusor from  guinea pigs and from  stable and
unstable human bladders

Adenosine

NECA

5
mN

10
mN

Part A. The effect o f  Im M  adenosine (/) and lOjiM N E C A  {it) on  nerve- 
m ediated contractions in guinea p ig  detrusor. Stim ulation parameters: 8 Hz, 
0.1m s pulse width for 3s trains every 90s. Bars indicate duration o f  agonist 
exposure

Adenosine

i
z

5
mN

II

I

10
mN

t t
NECA NECA

Part B. The effect o f  Im M  adenosine (z) and lOpM  N E C A  (zz) on nerve- 
m ediated contractions in detrusor sam ples from stable (low er left-hand trace) 
and unstable (low er right-hand trace) human bladders. Stim ulation parameters 
were 8 Hz, 0 .1m s pulse width for 3s trains every 90s. Bars indicate duration o f  
agonist exposure
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To establish the potency of adenosine at inhibiting contractions to electrical field 

stimulation (nerve-mediated contractions) and to carbachol stimulation (post

junctional muscarinic receptor mediated contractions) strips of guinea pig and 

human detrusor were exposed to several concentrations of adenosine ( 1 0  -  

lOOOpM). In the plots the ordinate is the percentage inhibition, I, relative to the 

control response in the absence of adenosine. IC50 values were obtained by least 

squares fits to the data using the formula;

I ^ l ^ g o n i s t Y
[/Cso]" + [Agonist^

Imax is the estimated maximum percentage inhibition of nerve or carbachol 

stimulated contraction at high concentrations of the agonist. IC50 the 

concentration of agonist yielding ImœJ'̂  and n is a constant. IC50 values are 

expressed as p/Cjo (-log /C 5 0) ± s.d.

3,4,2 Effects o f adenosine and NECA on contractile responses o f guinea pig  
detrusor

Nerve-mediated electric field stimulated contractions from guinea pig detrusor 

(3 second pulse trains of 8 Hz, 0.1 ms pulse width every 90 seconds) were 

inhibited by exogenously applied adenosine in a dose-dependent manner to a 

maximum of about 55% of the control response at the highest concentration 

used (Vmax= 60 ± 21%, n= 11). The inhibition curves gave a p/Cjo value of 3.86 

± 0.33 (mean/C 5o= 139pM, n= 1 1 ).

The synthetic adenosine analogue NECA, a well-characterised PI receptor 

agonist, caused inhibition of the nerve evoked response to a similar maximum of 

around 55% of the control response at the highest concentration used (Vmax= 67
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± 18%, n= 9). NECA had a greater potency than adenosine yielding a p/Cjo 

value of 6.27 ± 0.49 (mean 0.54pM, n= 9; p <0.0001), consistent with the 

presence of PI receptor-mediated inhibition of the contractile response (see 

figure 3.28). The Hill coefficients for the inhibition curves were 1.04 ± 0.33 for 

adenosine and 1.00 ± 0.50 for NECA.
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Figure 3.28; The effect o f NECA (open circles) and adenosine (closed circles) on 
nerve-mediated contractions in guinea pig detrusor. Stimulation parameters were 8Hz, 
0.1ms pulse width, for 3 second trains every 90 s. The data plotted are mean values ± 
s.d.

NECA also inhibited contractions elicited by direct muscle stimulation with 

carbachol (IgM) to a maximum extent of around 55% of the control response 

(mean Vmax= 55.3 ± 6.4 %, n= 5), confirming the presence of a post-junctional 

PI receptor, see figure 3.29. A similar p/Cso of 6.41 ± 0.32 to the action on 

nerve-mediated responses was obtained (mean ICso= 0.38pM, n=5). A Hill 

coefficient value of 1.04 ± 0.27 was obtained, also similar to that obtained for 

the NECA inhibition of nerve stimulated contraction experiments.
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Figure 3.29; The effect o f NECA on l)j,M carbachol induced contractions in guinea 
pig detrusor. Non-cumulative dose-response curves were performed with a 30 minute 
wash-out between repeated exposures to carbachol and a 10 minute pre-incubation with 
the respective concentration o f NECA. The data plotted are mean values ± s.d.

The effect of a maximal dose of adenosine (ImM) on a high potassium (50mM 

KCl) induced contraction was tested and compared to the effects of adenosine on 

nerve-mediated and carbachol induced contractions to examine the possible 

mechanism of inhibition (see figure 3.30). ImM adenosine caused a similar 

magnitude of inhibition of; nerve-mediated contractions at 8Hz (mean= 55.3 ± 

11.6%, n= 11), IpM carbachol stimulated contractions (mean= 43.5 ± 16.2%, 

n= 3) and 50mM KCl stimulated contractions (mean= 49.3 ± 17.3%, n= 9).

The maximum level of inhibition of adenosine was similar and independent of 

the mode of contractile activation of the tissue. This is consistent with a post-
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junctional PI receptor coupled to a signalling pathway that acts downstream of 

the Ca^^-releasing processes.

The inhibitory effects of NECA on nerve-mediated and carbachol induced 

contractions were also compared. From the adenosine and NECA curves for 

inhibition of nerve-mediated contractions it was established that the inhibitory 

effects of the two agents are equivalent at concentrations of ImM adenosine and 

lOpM NECA. lOpM NECA caused a similar magnitude of inhibition of nerve- 

mediated contractions at 8Hz (mean= 59.4 ± 4.4%, n= 8), IpM carbachol- 

stimulated contractions (mean= 49.0 ± 2.53%, n= 5) and in a single preparation 

a 50mM KCl stimulated contraction (26,0%, n= 1). See figure 3.30.

The inhibitory effects of NECA therefore mirrored those of adenosine. The 

maximum level of inhibition of NECA was also similar and independent of the 

mode of contractile activation of the tissue. This is also consistent with a post

junctional PI receptor coupled to a signalling pathway that acts downstream of 

the Ca^^-releasing processes.
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Figure 3.30; The effect o f ImM adenosine (white bars) and lOfiM NECA (hatched 
bars) on nerve-mediated contractions (8Hz), carbachol (l|xM ) and the effect o f ImM 
adenosine on KCl (50mM) induced contractions in guinea pig detrusor. Each bar 
represents the mean percentage inhibition ± s.d.
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3.4.3 Effects o f adenosine and NECA on nerve-mediated contractions o f  
human detrusor

Similarly, in human detrusor exogenously applied adenosine caused dose- 

dependent inhibition of nerve-mediated contractions (electric field stimulation 

parameters; 20Hz, 0.1ms, for 3 second trains every 90s) yielding ap/Cjo value 

of 3.63 ± 0.53 (mean /C j(t= 281pM, n= 11). The human preparations were a 

combined group from patients with stable bladders (n= 5), obstructed bladders 

(n= 4), and those with idiopatic detrusor instablity (n= 5). These values were not 

significantly different from those obtained from guinea pig detrusor. See figure 

3.31.
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Figure 3.31; The effect o f adenosine on nerve-mediated contractions in human 
detrusor. Stimulation parameters were 20Hz, 0.1ms pulse width, for 3 s trains every 
90 s. Each bar represents the mean percentage inhibition ± s.d. for each respective 
concentration o f adenosine.
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However, the inhibitory effect of 10|tM NECA on the nerve-mediated (TTX- 

sensitive) response in human detrusor was only by 17.7 ± 18.4% (n=14), 

significantly less than for guinea pig; 60 ± 4.6% (n= 6 , p< 0.001). The large s.d. 

of the values reflects the variability of the response among the human 

preparations. The variance, as determined by an F-test, of the values was greater 

in human (variance = 338.3; normalised variance, variance-r mean, = 19.1) than 

in guinea pig detrusor (variance =21.4; normalised variance = 0.35) F-test p< 

0.05.

Sensitivity to NECA correlated with the patient groups from which the 

specimens were obtained. Specimens obtained from the control patient group 

(stable bladders) showed significantly greater sensitivity to NECA (mean value 

of 36.0 ± 15.3%, n= 6 ) than those samples from unstable (4.6 ± 3.2%, n= 5, 

p<0.005) or obstructed bladders (6 . 8  ± 7.5%, n= 4, p<0.05). In contrast 

sensitivity to a maximal (ImM) adenosine dose against the nerve-mediated 

response did not differ between the groups. The mean percentage inhibition 

values were 50.1 ± 17,6 % (n= 5), 60.1 ± 18 (n= 5) and 45.5 ±3.1 (n= 4) for the 

control, unstable and obstructed groups respectively. See figure 3.32.
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Figure 3.32. The effect o f  ImM adenosine (white bars) 10|iM NECA (hatched bars) 
on EPS (20Hz, 0.1ms, 25V) M) in human detrusor. Each bar represents the mean 
percentage inhibition ± s.d. * indicates NECA inhibition values are significantly less (p 
< 0.05) than for the inhibition o f  NECA in the control (stable) group.

3.4.4 Effect o f NECA and adenosine on agonist induced contractions in 

human detrusor

NECA (10 i^M) had only a small, but significant, effect on contractions elicited 

by direct muscle stimulation with carbachol (IfiM) in either specimens from 

control, stable bladders (mean reduction of 4.4 ± 4.0 %, n= 6 ) or unstable 

bladders (mean reduction of 3.7 ± 4.8%, n= 3, p< 0.0001) see figure 3.33. The 

NECA (lOpM) sensitivity of the carbachol (IpM) stimulated response of 

detrusor from stable bladders (mean reduction of 4.4 ± 4.0%, n= 6 ) was 

significantly less than the nerve stimulated response (mean reduction of 36.0 ± 

15.3%, n= 6 ), p< 0.001. However the NECA (lOpM) sensitivity of the carbachol
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(IpM) stimulated response of detrusor from unstable bladders (mean reduction 

of 3.7 ± 4.8%, n= 3) was not significantly different from the nerve-stimulated 

sensitivity (mean reduction of 4.6 ± 3.2, n= 5). Therefore, unlike guinea pig 

detrusor, the inhibitory effector of the NECA response does not appear to be 

located on the muscle cells and may be at a pre-junctional site. Loss of this 

inhibitory effect is associated with clinical symptoms of bladder instability.
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Figure 3.33; The effect o f lO^iM NECA on nerve-mediated contractions (electric field 
stimulation parameters; 20Hz, 0.1ms, 25V; white bars) and IpM carbachol induced 
contractions (hatched bars) in detrusor samples from stable and unstable human 
bladders. Each bar represents the mean percentage inhibition ± s.d. The star indicates 
values are significantly different from control (stable group) values (p< 0.05).

The effect of a maximum dose of adenosine (ImM) against a high potassium 

(50mM KCl) induced contraction was tested and compared to the effects of 

adenosine against nerve-mediated and carbachol induced contractions to 

examine the possible mechanism of inhibition, (figure 2.7). ImM adenosine 

caused a similar magnitude of inhibition of; nerve-mediated contractions at
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20Hz (mean= 51.8 ± 14.3%, n= 12), IpM carbachol stimulated contractions 

(mean= 35.2 ± 8.2%, n= 4) and 50mM KCl stimulated contractions (mean= 31.6 

±21.2%, n= 4).

The maximum level of inhibition of adenosine was similar and independent of 

the mode of contractile activation of the tissue (figure 3.34). This is consistent 

with an adenosine receptor coupled to a signalling pathway that acts downstream 

of the Ca^^-releasing processes. However, a second NECA sensitive pre

junctional site is evident in detrusor obtained from stable bladders.

% inhibition
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20HzEFS 1pM Carbachol 50mM KCl

Figure 3,34; The effect o f  ImM adenosine (white bars) and lOjaM NECA (hatched 
bars) on EPS (8Hz), carbachol (l|iM ) and KCl (50mM) induced contractions in human 
detrusor. Each bar represents the mean percentage inhibition ± s.d.
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3,4,5 PI receptor-subiyping in guinea pig detrusor

Pl-purinoceptors mediating the action of extracellular adenosine were originally 

divided into two major subclasses on the basis of their differential selectivity for 

adenosine, adenosine analogues and on their coupling to adenylate cyclase, with 

Ai inhibiting and A% stimulating the activity of the enzyme (Van Calker et al, 

1979). The antagonist l,3-dipropyl-8-cyclopentylxanthine (DPCPX) has 

nanomolar affinity at Ai and Azs receptors and micromolar affinity at A2 A and 

A3 receptors. For a review of adenosine-receptor pharmacology see Poulsen, 

S.A. & Quinn, R.J. (1998). The suggestion that there are two types of A2 - 

receptors based on the presence of a low-affmity adenosine -sensitive site (A2 b) 

in cells from the brain, and a high-affinty site (A2A) localised in straital 

membranes was made by Daly et al 1983. The agonist 2-/?- 

((carboxyethyl)phenethylamino)-5 ’ -carboxyamidoadenosine (CGS 21680), 

stimulates adenylate cyclase in striatal tissue but not other brain regions (Jarvis, 

M.F., et al 1989; Lupica, C.R., et al 1990) and is used as an A2 A receptor- 

selective agonist. An A3 receptor that inhibits adenylate cyclase and stimulates 

phosphoinositide turnover has also been characterised (Ali et al, 1990) and is 

activated by the selective-agonist 1 -deoxy- 1 -[6 -[[(3-iodophenyl)methyl]amino]- 

9H-purin-9-yl]-N-methyl-p-D-ribofuranuronamide (IB-MECA).

To determine the functional PI receptor subtypes responsible for the adenosine 

mediated inhibition of nerve stimulated and carbachol stimulated contractions in 

guinea pig detrusor, further experimentation with selective agonists and the PI 

receptor antagonist, 1,3-dipropyl-8-cyclopentylxanthine (DPCPX) was 

undertaken.
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The A l-selective synthetic agonist N^-cyclopentyladenosine (CPA) caused 

inhibition of the nerve-evoked response yielding a p/Cso value of 6.54 ± 0.22 

(mean= 0.28pM, n= 5). The Hill coefficient for the inhibition curves was 1.19 ± 

0.51. Neither the mean p/Cso value nor the mean Hill coefficient value differed 

significantly from those obtained for NECA. The degree of inhibition reached a 

maximum at around 3 pM. However the inhibitory effect of a maximal (3pM) 

CPA dose against the nerve-mediated response was 30.5 ± 4.2% (n= 5), 

significantly less than for NECA (3pM) at 51.8 ± 6.3% (n=9), p< 0.001. See 

figure 3.35.
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TABLE R6 . p/Cso and Hill coefficient values for NECA and CFA in guinea pig 

detrusor. Values are means ±standard deviations.

p/Cso Hill coefficient n

NECA 6.27 ± 0.49 1.00 ±0.50 9

CPA 6.54 ± 0.22 1.19±0.51 5

I, % inhibition

6 0

NECA4 0

CPA

0.01 0.1 10 1001
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Figure 3.35; The effect o f NECA (open circles) and CPA (closed circles) on EPS in 
guinea pig detrusor. Stimulation parameters were 8Hz, 0.1msec pulse width, for 3 
second trains every 90 seconds. Each point represents the mean percentage inhibition ± 
s.d. for each concentration o f agonist.
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The selective A2A (high affinity for adenosine subtype A2 receptor) agonist, 2-p- 

((carboxyethyI)phenethylamino)-5’-carboxyamidoadenosine (CGS 21680) at 

concentrations 0.1 -  30 pM did not cause dose-dependent inhibition of nerve- 

mediated contractions (data not shown). At 1- 30pM CGS 21680 a slight 

inhibitory effect was observed. The inhibitory effect of a high (3pM) CGS 

21680 dose against the nerve-mediated response was 6.1 ± 5.2% (n= 4) and not 

significantly different from control responses; see figure 2.8. It therefore appears 

that A2A type receptors do not have a significant role in the modulation of nerve- 

mediated contraction in guinea pig detrusor.

The A3 selective agonist, l-deoxy-l-[6-[[(3-iodophenyl)methyl]amino]-9H- 

purin-9-yl]-N-methyl-P-D-ribofuranuronamide (IB-MECA) also did not 

significantly affect nerve-mediated contractions at concentrations 0.03 -  10 pM. 

The effect of a high (3pM) IB-MECA dose against the nerve-mediated response 

was 5.6 ± 11.2% (n= 4); see figure 3.36. No consistent modulation of the nerve- 

mediated contraction by IB-MECA was observed. It therefore appears that A3 

type receptors do not have a significant role in the modulation of nerve mediated 

contraction in this tissue.

The greater inhibitory effect of the non-selective PI receptor agonist, NECA 

over the Ai-selective agonist CPA, at least at the highest concentraton of the 

agonists that were used, is therefore most likely due to the activation of A2 B 

receptors in addition to Ai receptor.
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Figure 3.36; The effect of NECA, CPA, IB-MECA and CGS 21680 at a concentration 
of 3^M on nerve-mediated contractions in guinea pig detrusor. Stimulation parameters 
were 8Hz, 0.1msec pulse width, for 3 second trains every 90 seconds. Each point 
represents the mean percentage inhibition ± s.d. for each concentration of agonist.
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3.4,6 Antagonism of Pl-receptor mediated responses in guinea pig detrusor

Further in v e s t ig a t io n  o f  P I recep to r  p h a r m a c o lo g y  w a s  u n d ertak en  w ith  th e  PI  

recep to r  a n tagon ist, l ,3 -d ip r o p y l-8 -c y c lo p e n ty lx a n th in e  (D P C P X ), a  P I  

a n ta g o n ist, sh o w n  to  b e  10 0  to  1 0 0 0 -fo ld  s e le c t iv e  for A i {K  ̂ =  0 .3 -2 n M ) o v e r  

A 2 A and A 3 a d e n o s in e  recep to rs  (P o u lse n , S .A . &  Q u in n , R .J ., 1 9 9 8 )  and  1 9 -fo ld  

s e le c t iv e  for A i o v e r  A 2 B a d e n o s in e  re ce p to rs  (D a ly , J .W ., 1 9 9 0 ).

F ig u re  3 .3 7  s h o w s  that C P A  (3 p M )- in d u c e d  in h ib it io n  o f  th e  n erv e -m e d ia te d  

re sp o n se  w a s  d o se -d e p e n d e n tly  a n ta g o n ise d  b y  D P C P X . T h e  in h ib it io n  cu rv e s  

y ie ld e d  a p /C jo  v a lu e  o f  6 .9 5  ±  0 .3 3  (m e a n =  1 2 0 n M , n =  4 )  and a H ill c o e f f ic ie n t  

v a lu e  o f  0 .9 0  ±  0 .2 8 .
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Figure 3.37; Antagonism o f the action o f CPA (3|iM ) by DPCPX by recording the 
attenuation o f  the nerve-evoked response o f EPS in guinea pig detrusor. Stimulation 
parameters were SHz, 0.1msec pulse width, for 3 second trains every 90 seconds. Each 
point represents the mean percentage inhibition ± s.d. for each concentration o f  
DPCPX.
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NECA (3|iM)-induced inhibition of the nerve-mediated response was also dose- 

dependently antagonised by DPCPX. The inhibition curves yielded a p/Cjo value 

of 7.22 ±0.317 (mean= 59nM, n= 4) and a Hill coefficient value of 0.64 ± 0.18. 

The p/Cjo values and Hill coefficient values for DPCPX antagonism of NECA 

were not significantly different from those for CPA. See figure 3.38.
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Figure 3.38; Antagonism o f the action o f NECA (3|iM ) by DPCPX by recording the 
attenuation o f the nerve-evoked response o f  EPS in guinea pig detrusor. Stimulation 
parameters were 8Hz, 0.1msec pulse width, for 3 second trains every 90 seconds. Each 
point represents the mean percentage inhibition ± s.d. for each concentration o f  
DPCPX.

To estimate the affinity of the antagonist for the PI receptor sites activated by 

CPA and NECA, Schild analyses of the data were performed. Dose-ratios were 

calculated from the values obtained from the agonist and antagonist dose- 

response curves. See methods section for a detailed explanation.
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The Schild plot of DPCPX antagonism of CPA (3pM)-induced inhibition of the 

nerve- mediated response fitted to a straight line with a slope value of 0.44 and 

regression value of 0.86 (see figure 3.39). The pAz value given by the abscissa 

intercept was 9.86 (Kb = 0.14 nM).
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Figure 3.39; Schild plot o f DCPCX antagonism o f CPA (3|xM) induced inhibition o f  
nerve-evoked response o f  EPS in guinea pig detrusor. Stimulation parameters were 
SHz, 0.1ms pulse width, for 3s trains every 90s.

The Schild plot of DPCPX antagonism of NECA (3pM) induced inhibition of 

the nerve-mediated response fitted to a straight line with a slope value of 0.71 

and regression value of 0.97 (see figure 3.40). The pÂ2 value given by the 

abscissa intercept was 8.5 (Kb = 3.5 nM).
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Figure 3.40; Schild plot o f DCPCX antagonism o f  NECA (3pM) induced inhibition 
o f nerve-evoked response o f EPS in guinea pig detrusor. Stimulation parameters were 
8Hz, 0 .1msec pulse width, for 3 second trains every 90 seconds.
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4.0 DISCUSSION

4.1. Tension values

Electrical field stimulation and stimulation with muscarinic and P2 receptor 

agonists were performed to assess the characteristics and contractility of the 

detrusor preparations and to check that the tension values recorded agree with 

previously reported values. In guinea pig and human detrusor preparations 

stimulation with a near maximal concentration (lOpM) of carbachol produced 

the most powerful contractions producing a peak tension force of approximately 

22-23 mN/mm^. Half-maximal nerve stimulation and stimulation with lOjaM 

a,p-methylene-ATP (a,p-me-ATP) produced contractions approximately one- 

third of the peak tension produced by lOpM carbachol.

With human detrusor the absolute peak tension (mN/mm^) generated by either 

electrical field stimulation, lOpM carbachol stimulated or lOpM a,p-me-ATP 

stimulated contractions did not differ significantly between the 3 patient groups. 

This implies that these pathologies were not associated with a reduction of force 

generation by the detrusor muscle. The tension generated by guinea pig strips for 

these interventions were similar and did not differ significantly from the tension 

values obtained with muscle preparations fi"om control human bladders. These 

mean values are similar also to those reported for human and animal 

preparations in the literature (for example, Liston et al, 1991, Bayliss et al 

1999).
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The mean peak tension generated by human detrusor strips after direct muscle 

stimulation with lOOpM ATP was less than one-sixth of that obtained after 

stimulation with lOpM a,p-me-ATP. The sensitivity of the response to ATP 

differed between the groups and the reasons for these differences were 

investigated in this study. The P2 receptor pharmacology of the guinea pig and 

human detrusor is discussed in greater detail later in this chapter.

In experiments where it was possible to stimulate with both a maximal 

concentration of ATP (lOmM) and a,P-me-ATP (lOOpM), as judged from the 

dose-response curve, the peak contractile response was similar.

4.2 Force-frequency response curves and atropine resistance o f guinea pig  

detrusor

The results show that for guinea pig detrusor cholinergic blockade by 

application of IpM atropine reduced the total nerve generated tension, 

particularly at the higher frequencies. Atropine reduced the contractile force 

proportionately more at the higher frequencies (16-40Hz), where the peak 

tension was reduced to around one-third of the total nerve-mediated response. It 

is inferred that once the antagonist has bound to and blocked the receptor, any 

remaining response must be mediated by a different, non-cholinergic 

neurotransmitter. The major fraction of the atropine-resistant, TTX-sensitive 

response could be abolished by pre-treatment with the ATP analogue a,P-Me- 

ATP which desensitises the P2X receptors, more specifically the P2Xi and P2 X3 

subtypes, indicating that this fraction was mediated by neuronally released ATP.
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This compound has been shown to block purinergic responses in bladder 

preparations from several animals. (Fujii, 1988).

In the guinea pig detrusor the mean K 1/2 value for the atropine-resistant fraction 

was significantly less (7.9 Hz, quartiles 5.5 to 10.9 Hz) than the K 1/2 for the total 

nerve-mediated response (12.6 Hz, quartiles 10.2 to 16.1 Hz). Furthermore, 

when the data were replotted as the atropine-sensitive fraction (total nerve 

mediated -  atropine resistant values) to obtain an estimate of the cholinergic 

contractile component the K 1 /2 median value was 19.1 Hz (quartiles, 12.9 to 25.3 

Hz), Since the atropine resistant (purinergic-mediated) response curve yielded a 

smaller K 1 /2 value and the atropine sensitive (cholinergic-mediated) response 

curve a significantly larger K 1/2 value than that for the total nerve-mediated 

response it appears that ATP is released in greater proportion than ACh at lower 

frequencies.

The smaller K 1/2 of the atropine-resistant fraction in guinea pig may imply that 

ACh and ATP are released from separate populations of nerves with different 

excitatory thresholds or that they are differentially released from the same nerve. 

Frew and Lundy (1995) have shown evidence that in the rat bladder ATP and 

ACh are released from the same nerve but that their release is modulated via 

separate types of calcium channels. The same may be true of guinea pig 

detrusor. This would be consistent with the present findings on the a priori 

assumption that the Ca^^ channels involved, as is the case for the rat bladder, 

have different activation and inactivation characteristics upon invasion by the 

motor nerve action potential.
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A further observation in guinea pig detrusor was that a small yet significant 

atropine and a , p-Me-ATP resistant contraction was apparent at 40Hz. Evidence 

for the presence of other excitatory neurotransmitters in the bladder, including 

Substance P and neurokinin A have been reported (Maggi et al, 1988). However 

the present results indicate that their role in the neuronally mediated contractile 

activation of the bladder is small.

4,3 Force-frequency response curves and atropine resistance o f human 

detrusor

The results show that from the mixed group of 13 detrusor samples consisting of 

6 controls (stable), 3 TURP’s (outflow obstructed), and 4 unstables a K 1 /2 value 

for the nerve-mediated, TTX-sensitive curve of 19.0 Hz (quartiles 15.9 to 22.6 

Hz) was obtained. This value is similar to the K 1/2 values previously reported in 

a large quantitative study of atropine-resistant contractions in human detrusor 

from stable, unstable and obstructed bladders carried out in this laboratory 

(Bayliss et al, 1999). In this study samples from unstable and outflow 

obstructed bladders gave significantly higher K 1/2 values for the nerve-mediated, 

TTX-sensitive frequency curve (19.9 ± 6.1Hz and 21.3 ± 6.4 Hz), respectively 

(p< 0.05) than for samples from control bladders (16.0 ± 5.6 Hz). Previous 

studies have shown variable shifts in the electrically stimulated force-frequency 

response in human samples from obstructed or unstable bladders, with samples 

from unstable bladders tending to be left-shifted, i.e. more easily excited at low 

frequencies, while tissue from obstructed bladders was right shifted (Harrison et 

al, 1987; Eaton and Bates, 1982; Saito et a/., 1993). The contradiction in these 

findings may be consequent to the differing methodologies used, in particular
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that these investigators did not use TTX- sensitivity to derive the nerve mediated 

response and that longer pulses (0.5 ms) were used to elicit contractions. A 

possible explanation as to why the nerve-mediated TTX sensitive and 

cholinergic sensitive curves are right shifted in detrusor samples from unstable 

and obstructed bladders may arise from the fact that in these patients denervation 

of the bladder is evident. Evidence for denervation in these patients comes from 

the observation that there is a reduced contractile strength when stimulated via 

the efferent nerves compared with stimulation by a muscarinic agonist. These 

findings have been summarised and interpreted as evidence for denervation 

supersensitivity of the smooth muscle by Brading and Turner, (1994). This 

hypothesis was corroborated by micrographie studies that showed a reduction in 

the density of smooth muscle innervation in tissue obtained from patients and 

animal models with obstructed bladders (Speakman et al, 1987). The cause of 

such denervation is unknown but might be chronic tissue hypoxia, explicable in 

the case of outflow obstruction in that stretching of the bladder during filling 

with urine is associated with reduced blood flow as well as reduced PO2 and pH 

in the bladder wall (Bellringer et al, 1994; Azadzoi et al, 1996; Batista et al, 

1996). Alternatively, the reduced responsiveness to nerve-stimulation may be 

explained as a result of a reduced ability of the nerve to release the excitatory 

transmitter(s). For reasons that will be discussed later such alterations in 

responsiveness are not however, consequent to changes at the postjunctional cell 

membrane level.
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4.4 The nature o f atropine-resistant contractions

For human detrusor the results indicate that neurally-dependent (TTX-sensitive) 

detrusor contractions in samples from human bladders were mediated almost 

entirely by acetylcholine, as atropine abolished them almost completely. Slight 

atropine-resistance, however, was observed in one of the stable, two of the 

TURP and three of the unstable samples, and when the six samples from the 

stable group were compared to a combined TURP (n= 3) and idiopathically 

unstable (n= 4) group the proportion of atropine resistance at 40Hz stimulation 

was found to be significantly greater in the latter. Increased atropine resistance 

in detrusor samples obtained from urodynamically proven unstable bladders 

including idiopathic instability and instability secondary to obstruction (i.e. from 

TURP) patients is a finding consistent with a previous study conducted within 

this laboratory (Bayliss et al, 1999). The atropine-resistant fraction is likely to 

be due to the neuronal release of ATP as it was abolished by either TTX or by 

pre-treatment with a,p-me-ATP, the latter desensitising the purinergic receptors 

to subsequently applied ATP. The phenomenon of atropine resistance has been 

reported by other groups from a variety of clinical conditions, including 

interstitial cystitis (Palea, et al, 1993), detrusor bladder instability and hyper- 

reflexia (King, et al 1998; Sjogren, et al, 1982). From this evidence therefore it 

appears that atropine-resistance is a general feature of many types of 

dysfunctioning bladder.

To address the question as to whether atropine-resistant contractions were 

associated with all aspects of bladder pathology, Bayliss et a l (1999), 

subdivided their unstable data group into three, one with neurological origins (ie
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detrusor hyper-reflexia), one where the origin was idiopathic and one in which 

instability was secondary to obstruction. From this analysis the hyper-reflexic 

group showed little atropine-resistance whereas the other two subsets both 

showed a significant amount. Other investigations have also contested the 

observation of atropine-resistance in detrusor hyper-reflexia, (Fry and Palfrey, 

1995; Kinder and Mundy, 1987). It is concluded, then, that some but not all 

causes of bladder instability are associated with atropine resistance. Whether it is 

associated exclusively with bladder instability, however, is unknown, but since it 

has been observed in patients with interstitial cystitis it seems unlikely. It would 

be of interest to study further the ‘TURP’ group in more detail to determine 

whether atropine-resistant contractions are associated with the presence of 

bladder instability or whether it is a general feature of obstructed bladders.

One group have suggested that the atropine-resistant contractions do not result 

from neuronal release of ATP, as others have either inferred, through 

comparison with other animals or by using a,P-me-ATP, but that are due to the 

fact that detrusor muscle itself is more excitable in these preparations (Tagliani, 

et al, 1997). We could find no evidence to support this hypothesis. The 

atropine-resistant contractions observed here and in the previous study (Bayliss 

et al, 1999) could be abolished by TTX suggesting they had a nervous origin. 

Furthermore K 1/2 values for direct-muscle stimulation of human detrusor muscle 

preparations using 1ms pulse width and continuous superfusion with TTX were 

similar for all groups (Bayliss et al, 1999).
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4,5 P2X receptor subtypes

Despite atropine resistance being an occasional feature of pathological human 

detrusor, all samples studied were responsive to ATP and the two non- 

hydrolysable P2 agonists, a,p-me-ATP and p,y-me-L-ATP. Human detrusor 

myocytes, like the detrusor smooth muscle of most animals thus far studied, are 

responsive to ATP and possess functional cell-surface P2 receptors. (Bumstock 

and Kennedy 1985: Inoue & Brading, 1991). After P2 receptors for extracellular 

ATP were originally postulated by Bumstock (1985) the receptors were divided 

on the basis of agonist selectivities using various smooth muscle preparations 

considered to exhibit prototypical P2X or P2Y pharmacological phenotypes, the 

former being responsive to a,p-me-ATP the latter to 2-me-S-ATP. More 

recently molecular-pharmacological ion channel studies using cDNA 

purinoceptor transfected cell lines, such as HEK293 ox Xenopus oocytes have 

identified major differences among the properties of P2 receptor subtypes (North 

and Barnard, 1997). Seven P2X receptor subunits have been cloned and when 

expressed assemble into ATP-activated ion channels either as homomers or 

heteromers. At the functional level only one subgroup, comprising P2Xi and 

P2Xs homomeric or P2 X2 /3 heteromeric channels, are activated by both ATP and 

a,p-me-ATP at similar concentrations ( E C 5 0  about 3pM) showing a rapid 

inward current which desensitises exponentially with a time constant of about 

200ms (Evans et al, 1996). However, HEK293 cells transfected with rat PC-12 

purinoceptor cDNA and the rat isolated vagal nerve preparations were both 

shown to be irresponsive to micromolar concentrations of p,y-me-L-ATP 

whereas HEK293 cells transfected with human bladder P2X% and the rat isolated 

vas deferens were activated (Trezise, et a l, 1995; Evans et al, 1995). Rat PC-12
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cells and the vagus nerve are known to express the P2 X2  receptor (Brake et al 

1994, North & Barnard, 1997). P2 X3 homomeric channels also do not respond to 

micromolar concentrations of p,y-me-L-ATP (Surprenant, 1999). In this study it 

has been demonstrated that isolated detrusor myocytes, in which intracellular 

concentration was measured as the variable, were responsive to both a,p- 

me-ATP and p,y-me-L-ATP. Furthermore tissue distribution studies determined 

by in situ hybridisation detection of mRNA have localised P2Xi mRNA to 

smooth muscle and immune cells whereas P2Xs mRNA is expressed by sensory 

ganglionic neurones (Valera et al., 1994, Collo et al., 1996). In summary the 

evidence suggests that the functional receptor responsible for contraction of 

guinea pig and human detrusor smooth muscle is of the P2Xi subtype.

The lower sensitivity to contractile activation with p,y-me-L-ATP of human 

detrusor muscle strips compared with that of guinea pig detrusor is unlikely to 

be consequent to differences in the structure-activity relationships of the species 

homologues of the P2X receptor since isolated detrusor myocytes were equally 

sensitive to the two agonists. An investigation to determine the rate of 

breakdown of p,y-me-L-ATP by the two tissues might explain this difference.

4,6 Sensitivity to P2-purinoceptor and muscarinic agonists

One possibility for explaining the appearance of purinergic contractions in 

detrusor samples from abnormally functioning human bladders is that the 

excitatory nerve terminals always release ATP and acetylcholine but that the
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sensitivity of the detrusor itself to ATP is increased and/or the sensitivity to 

acetylcholine is decreased.

For carbachol, the ^ECso values measured here correspond to a half-maximal 

sensitivity to carbachol of less than IpM, a much smaller concentration than that 

measured by some other authors (Sibley, 1987). Care was taken to ensure that 

the diameter of the muscle strip preparation was less than 1mm which would 

allow better penetration of the agonist to all parts of the preparation. This ^ECso 

value is similar to that obtained in single cells (Wu, et al. 1999) where diffusion 

problems are minimal so that one can be confident that the ^ECso values here are 

accurate. Some authors have claimed that detrusor samples from unstable and 

obstructed bladders show a supersensitivity to muscarinic agonists, including 

carbachol supersensitivity in experimental bladder outflow obstruction in the pig 

(Sibley, 1987) and acetylcholine supersensitivity in patients with bladder 

outflow obstruction (Harrison et al 1987). However work carried out here 

(Bayliss et al, 1999) and by others; (Eaton and Bates, 1982) contradict these 

findings, finding no variation in carbachol sensitivity between patient groups.

The ^ECso values for ATP, especially in the human detrusor were more difficult 

to obtain and the response, even at the highest concentration used commonly did 

not show saturation. This precluded estimation of EC50 values in a small number 

of preparations so that the actual values reported here are an underestimate of 

the actual value (pEQo overestimated), especially in samples from stable 

bladders. However, this would tend to underestimate the differences between 

^ECso values from the stable and unstable groups, and also between the ATP 

and a, P-me-ATP values and so would not invalidate the conclusions here (and
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discussed below) concerning the variable potencies of ATP in muscle samples 

from different patient groups.

The low potency of ATP reported here is consistent with reports by other 

workers of ATP sensitivity of detrusor from humans (Hoyle et al, 1989; Palea, 

et al, 1994) and animals (rabbit, Kishii, et al, 1992; marmoset, McMurray, et 

al, 1998; guinea pig, Inoue and Brading, 1991; Welford, et al, 1987; rat, 

Nicholls et al, 1990; mouse, Acevedo and Contreras, 1985). However the stable 

ATP analogue a,p-Me-ATP in detrusor muscle strips is approximately 50-fold 

more potent. This together with the observation that ATP dose response curves 

are shallower than those for a,p-Me-ATP, having a Hill coefficient value less 

than unity, are consistent with the hypothesis that detrusor smooth muscle 

preparations have an ability to hydrolyse extracellular ATP via ectoATPases. In 

isolated detrusor cells, where diffusion to receptor sites cannot be limited by 

ecto-ATPase, ATP and a,P-Me-ATP are equipotent in raising the intracellular 

[Ca^^], with an EC$o (<1 pM) nearer to that for the action of a,p-Me-ATP on 

generating force. (Wu, et al, 1999).

The effective potencies of the two agonists in guinea pig detrusor were similar to 

those obtained in human detrusor. However one noteworthy difference was that 

the variance of the ATP data was significantly greater than that for the guinea 

pig detrusor. It therefore appears that the rate of breakdown of ATP and/or the 

effects of ATP’s breakdown products on human detrusor differ markedly among 

the specimens.
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In summary then, these observations are consistent with the presence of an 

ATPase capable of hydrolysing and therefore limiting the potency of ATP at 

eliciting contractions. Evidence for the presence of an active extracellular ecto- 

ATPase in guinea pig detrusor has been reported (Ziganshin et al., 1995), 

although this has not been carried out in human detrusor preparations, prior to 

this study.

4,7 ATP sensitivity and ectoATPase activity in human detrusor

To determine whether the sensitivity of the response to ATP differed between 

the patient groups their mean ^ECso values were compared. These experiments 

showed that ATP is more potent in evoking contractures in isolated human 

detrusor from unstable or obstructed bladders compared to those from stable 

bladders. However, with isolated detrusor cells from stable or unstable bladders, 

ATP and a, p-Me-ATP were equipotent showing no difference in potency in 

cells from the two groups (Wu et al, 1999). When the contractile responses to 

lOOpM ATP and lOpM a,p-Me-ATP were compared in experiments where 

samples were exposed to both agents the response to lOOpM ATP was 24.1% (± 

9.6%) of that to lOpM a,p-Me-ATP in samples derived from unstable or 

obstructed bladders, but was significantly less, 8.5% (± 4.9%) in samples 

derived from stable bladders. These observations are consistent with the 

possibility that the ectoATPase activity is less in tissue samples from patients 

with unstable or obstructed bladders. It is noteworthy also that, even within 

these experimental groups there is a considerable variability of activity as judged 

by the wide scatter of ATP EC50 values obtained for each group as compared to
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the small range using a,P-Me-ATP. This ATPase must therefore be relatively 

ineffective at hydrolysing a,P-Me-ATP and this may in part be due to an 

inhibitory action of the analogue on the enzyme itself (Chen & Lin, 1997).

4.8 EctoATPase activity in detrusor samples

The lower potency and shallower dose-response curves seen with ATP as 

compared with a,p-Me-ATP implies that the contractile response to this agonist 

is complicated by a second process different from that responsible for 

developing tension. This process is postulated to be extracellular ATP hydrolysis 

by ectoATPases. EctoATPase (EC 3.6.1.3), the presence of which has been 

shown in a wide variety of tissues (Zimmerman, 1996) including guinea pig 

detrusor (Hourani and Chown, 1988), is one of the enzymes that could 

contribute to the inactivation of external ATP at P2 receptors (Ziganshin et al, 

1994a). Some inhibitors of ectoATPase including suramin (Hourani and Chown, 

1988) and CPA (Ziganshin et al, 1994b) have been shown to enhance the 

response of guinea pig detrusor to ATP but these are non-specific also having 

antagonistic actions at P2 receptors. In a later study, ARL 67156 was identified 

as a potent ecto-ATPase inhibitor (Crack et al, 1995), which at a concentration 

of lOOpM, potentiates the response to ATP and atropine resistant nerve- 

mediated contractions but not to those evoked by a,p-Me-ATP (Westfall et 

a/., 1997).

To determine the effect of ecto-ATPase inhibition on contractile responses in 

detrusor samples, the ecto-ATPase inhibitor ARL 67156 (lOOpM) was studied
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by quantifying the effect on the peak contraction evoked by nerve-stimulation 

and application of purinoceptor agonists. These experiments demonstrated that a 

reduced ectoATPase activity could, indeed, enhance the contractile potency of 

exogenously applied or neuronally released ATP. In human detrusor, a limited 

study showed that nerve-mediated and ATP (lOOpM) evoked contractures were 

not significantly enhanced by ARL 67156, and the effect was very variable. 

Only 4 samples, two from stable bladders and two from unstable bladders were 

tested. Clearly more samples need to be tested to establish whether the extent of 

enhancement of ATP-stimulated or nerve-mediated contractures is significant 

and varies concordantly with the hypothesis that ecto-ATPase activity is less in 

unstable bladder samples. It also remains to be determined, whether the 

inhibition of ecto-ATPase activity, in human detrusor from stable bladders, can 

produce atropine-resistance.

The equivalent study in guinea pig detrusor was, however, investigated more 

fully. A similar degree of enhancement of the half-maximal nerve-mediated 

response (8Hz) to that observed in human detrusor of 12.9% was recorded. After 

cholinergic blockade the enhancement of atropine resistant nerve-mediated 

contractions was 41% of the control response. lOOpM ARL 67156 also 

significantly enhanced the contractile response to lOOpM ATP. The 

enhancement of 44.2% was similar to the enhancement of atropine resistant 

contractions.
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These experiments have demonstrated then that reduced ectoATPase activity 

could, indeed, enhance the contractile potency of exogenously applied or 

neuronally released ATP. The breakdown of ATP and the pharmacological 

action of ATP on the target cell must therefore occur at comparable rates, such 

that the ectoATPase is able to functionally modulate purinergic 

neurotransmission. ARL 67156 enhanced contractions of guinea pig detrusor 

smooth muscle evoked by ATP, but not those evoked by the stable analogue 

a,p-me-ATP. This confirms that its enhancing effect is due to the inhibition of 

breakdown and not by non-selective effects on the smooth muscle cell, since if 

the latter were the case it would be expected that responses to a,P-Me-ATP 

would also be enhanced. The opposite was in fact the case, with responses to 

a,p-me-ATP being slightly yet significantly inhibited by ARL 67156 by 23%, 

suggesting that ARL 67156 is weakly antagonistic at the P2X purinoceptor.

The reduced potency of ATP, compared to the non-hydrolysable analogue, a,p- 

methylene-ATP, is consistent with the hypothesis that detrusor preparations 

hydrolyse extracellular ATP before it is able to bind to smooth muscle 

purinoreceptors. Furthermore, such degradation is greater in samples from stable 

bladders compared to those from unstable and obstructed bladders, as ATP is 

least potent in the stable group. This hypothesis was tested more directly by 

measuring ATP hydrolysis by detrusor samples obtained from stable and 

unstable human bladders. Extracellular ectoATPase activity was measured as the 

fraction of total ATPase activity that was sensitive to the agent ARL 67 156.

The rate of total ATP degradation, and more particularly the ARL 67156- 

sensitive fraction, were both significantly less in preparations from unstable
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bladders. In each case the Vmax was significantly less in the unstable group 

compared to the stable group although the pKm values were not statistically 

different. The half-maximum [ATP] for total ATPase and ecto-ATPase activity 

was between 1 and 2 mM in the two tissue sample groups which is similar to 

ectoATPase activities in other tissues (Ziganshin et a/., 1994; Schwarzbaum et 

al, 1998; Vlajkovic, et al, 1998a). Therefore reduced ATPase activity in the 

unstable group is due to a loss of maximum activity, rather than a reduced 

sensitivity towards ATP. The Vmax of the total ATPase activity was about 2.5-3.0 

nmol.min'\mg protein'^ which is comparable to that reported in guinea-pig 

urinary bladder by other workers (Ziganshin, et al, 1994b) and much greater 

than that in tissues such as skeletal muscle (Manery, et a/., 1984). The data fi"om 

guinea pig detrusor provide a useful comparison to that from human tissue. The 

potency of a,p-me-ATP was similar to that of human detrusor, but the ATP 

potency was closer to that for human detrusor from unstable bladders. A 

component of the contraction in guinea pig detrusor, like that from unstable 

human bladders is purinergic and therefore the higher potency of ATP is 

compatible with the incomplete breakdown of ATP released fi'om excitatory 

nerves. However, the ecto-ATPase activity (i.e. the ARL 67156-dependent 

fraction) of guinea pig detrusor was similar to that fi'om stable human bladders 

and significantly higher than that fi’om unstable human bladders. This implies 

that the relative amount of ATP released fiom guinea pig detrusor upon 

excitation must be greater than in human tissue.

EctoATPases are plasma membrane-bound enzymes responsible for 

extracellular hydrolysis of nucleotides. They are insensitive to cardiac

232



glycosides, oligomycin or low concentrations of sodium azide, which 

differentiates them from the Na^ pump enzyme or intracellular transport 

ATPases (Vlajkovic, et al, 1998a; Manery, et al,\9^A). Their rapid hydrolysis 

of ATP provides a mechanism for short-lived excitatory events, as has been 

observed in animal detrusor preparations which have a purinergic component to 

contractile activation (Brown, et al, 1979). The absence of a purinergic 

component to contractile activation in the stable human bladder may be 

explained by a high enzymatic activity which prevents ATP from reaching the 

muscle membrane. The significant reduction of ATPase activity in tissue from 

unstable human bladders is consistent with the hypothesis that reduced activity 

permits some purinergic activation of the detrusor muscle as demonstrated by 

a,p-me-ATP-sensitive, atropine-resistant contractions in these preparations. This 

hypothesis is supported by the demonstrated enhancement of atropine-resistant 

nerve-mediated contractions by inhibition of ectoATPase activity with ARL 

67156 in guinea pig detrusor. It would be of interest to perform the equivalent 

experiment in human detrusor samples to see if  atropine-resistant contractions 

can be enhanced in preparations from unstable bladders or even produced de 

novo in preparations from stable bladders.

The reduction in ATPase activity may, in part, be due to a reduced muscle 

content of tissue samples from unstable bladders as evidenced by microscopy 

(Harrison et al, 1987; Gosling et al, 1986; Elbadawi et al, 1993) but the near 

three-fold reduction in the Vmax suggests that this cannot be the sole reason. This 

decrease in muscle content is unlikely to be of significance as the magnitude of 

the contractile responses to agonists and nerve-medited stimulation are not
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statistically different. Furthermore the similarity of the ARL-insensitive fraction 

in the two groups also suggests that non-specific ATPase activity was not 

different in the two groups

The reason for the reduced ATPase activity is unknown but could be due to 

altered conditions in the extracelluar space; expression of a less active form of 

the enzyme or reduced production of the enzyme itself. The ectoATPase is 

activated by millimolar concentrations of Mg^^ and Câ "̂  (Vlajkovic et al, 1998; 

Heine et al, 1999) but it is unlikely that these would be significantly different in 

the extracellular space of the preparations from stable and unstable bladders. The 

pH-dependence of the ectoATPase activity is broad but tends to increase at more 

alkaline pH values (Hohmann et al, 1993; Tuana et al, 1988), so that acidosis 

would decrease activity. In vivo extracellular acidosis is more likely to develop 

in the obstructed bladder, especially during filling due to the greater reduction of 

blood flow and tissue PO2 , compared to the equivalent situation in normal 

bladders (Greenland et a l, 2000). It is unknown whether such a change in 

ATPase activity would persist in isolated tissue. Several reports have also shown 

splice variants of the mRNA coding for ectoATPases in different preparations 

(Vlajkovic et al, 1999) which may influence the overall activity and sensitivity 

of the enzymic reaction. Whether such variants exist in human detrusor, 

especially from pathological bladders and is the basis of their reduced ATPase 

activity also remains to be determined.

Reduced expression of ectoATPase may also account for the attenuated ATPase 

activity. EctoATPases have been shown to be associated with cell adhesion 

molecules in a number of cell types (Stout et al, 1995) and reduced expression
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of cell adhesion molecules or ectoATPase itself have been described in several 

tissues (Cheung et a l ,1996), including urothelium obtained from patients with 

interstitial cystitis (Liebert et al, 1993). Whether such changes are reflected in 

detrusor from unstable bladders also remains to be investigated.

These experiments have shown that ATP is a more potent contractile agonist in 

human detrusor obtained from patients with unstable or obstructed bladders and 

that ectoATPase activity in these samples is reduced. It can be proposed that 

atropine-resistant, purinergic contractions which have been reported in such 

samples and demonstrated here, may also result from such reduced activity. An 

alternative explanation to account for the appearance of atropine-insensitive 

nerve-mediated contractions would be an increased relative density or sensitivity 

of the purinergic receptors, relative to their cholinergic counterparts in detrusor 

myocytes from unstable bladders. However it has been previously shown that 

dose-response curves to ATP and carbachol obtained from isolated detrusor 

myocytes from stable and unstable bladders were not different (Wue^ al, 1999). 

This finding is corroborated by the similarity of dose-response curves to the 

non-hydrolysable agonists carbachol and a,p-me-ATP obtained from muscle 

strip experiments. It is concluded that in the unstable detrusor muscle strips 

released ATP is broken down less readily in the neuromuscluar cleft and is 

therefore able to exert a more profound action on the detrusor cell. The greater 

access of ATP to the detrusor cell has further consequences. In particular 

contractile activation will be associated with transmembrane cation flux through 

the ATP-gated ion channel. Experiments have shown that in human detrusor 

myoctes the ATP (lOpM) induced transient inward current has a mean peak 

current density of about 14pa/pF. If human detrusor myocytes have a similar
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membrane resistance to that reported for guinea pig myocytes of 135kQ.cm^ 

(Sui et a l 1997) this magnitude of current would be sufficient to depolarise the 

cell and thereby open L-type Ca^  ̂channels. This will provide additional Ca^  ̂

influx and enhance the likelihood of cellular Câ "̂  overload. Increasing 

intracellular [Ca^ ]̂ in cardiac myoctes produces oscillations of [Ca^^]i and 

tension and increases the frequency of both stimulated oscillations and 

spontaneous oscillations with associated changes in tension (Allen et al, 1983). 

Such an increase in intracellular free [Câ "̂ ] has also been demonstrated to 

activate several Ca^  ̂ -activated ion channels in several smooth muscle cells 

generating either further depolarising or hyperpolarising currents (Hogg et al, 

1993). In human detrusor myocytes, if the depolarisation itself initiated further 

Ca^  ̂ influx, a cyclical chain of events would occur having the appearance of 

spontaneous activity. Therefore a more active purinergic system would permit 

greater Ca^  ̂ entry into the cell and enhanced contractile activity and may 

underlie the development of detrusor instability and urinary urge incontinence. 

A schematic diagram which illustrates both cholinergic activation and the 

possible consequences of purinergic activation are shown (see fig 4.1).
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Figure 4.1; Schematic diagram showing the role o f  cholinergic and purinergic agonists in 
raising intracellular [Câ ""] in detrusor myocytes. Abbreviations: ACh, acetylcholine; M3  

muscarinic M3 receptor; g-prot, G-protein complex; PLC, phopholipase C; DAG, diacylglycerol; 
IP3 , inositol trisphosphate; P2Xi, purinergic P2X| receptor; X"”", non-specific cations.
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4,9 Pl-purinoceptors

In purinergic neurotransmission the contractile effects of ATP are inactivated by 

its extracellular breakdown by ATPases and opposed by some of its breakdown 

products themselves. AMP and in particular the completely dephosphorylated 

end product, adenosine are the endogenous ligands for the Pl-purinoceptors.

The presence and role of PI receptors in the regulation of neurotransmitter 

secretion means they occupy an integral part of the purinergic neuromuscular 

pathway. They act to oppose further transmitter release and regulate post- 

synaptic cell activation, where they can cause inhibition or excitation of the 

effector cell. This scheme has been demonstrated in the periphery in tissues 

receiving a mixed cholinergic and purinergic neuro-excitory input, such as the 

mouse bladder (Acevedo et al, 1992) and guinea-pig ileum (Lee., et al 2001) 

where pre-synaptic A% receptors activated by either released adenosine or 

derived extracellularly as an ATP metabolite modulate suppression of 

cholinergic neurotransmission.

In the bladder it appears that the main role of PI receptors is to limit 

contractions and/or to relax contracted muscle. In attempting to establish why 

the purinergic neuromuscular system appears altered in the unstable and 

obstructed human bladder a consideration of the state and possible variability of 

PI-mediated inhibition was deemed necessary. A decrease in the amplitude and 

sensitivity of the response to PI-agonists would be expected to increase the 

contractility of the muscle and may lead to the enhancement of the excitatory 

effects of ATP as observed in detrusor samples from abnormally functioning
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bladders. A further reason for an interest in PI receptors in the detrusor resides 

in the relative lack of understanding of the role of adenosine in the function of 

detrusor muscle cells themselves.

4.10 P  1-receptor pharmacology o f guinea pig detrusor

The mean / C 5 0  value obtained for the inhibition of the nerve-evoked response 

for adenosine in the guinea pig detrusor of 139 pM is less than that reported for 

mouse, 9.7mM (Acevedo et al, 1992) but similar for the inhibition of carbachol- 

induced contractions in rat detrusor 92pM (Nicholls et al, 1992). The relatively 

high concentrations of adenosine required to cause inhibition of contraction in 

detrusor are even higher than the potency of adenosine observed in other smooth 

muscle preparations, such as rat duodenum, / C 5 0  = 28.5pM (Nicholls et al, 

1992), guinea pig ileum, / C 5 0  values in the low pM range (McKenzie, S.G. et 

al, 1977; Hayashi, E., et al, 1982) and rat thoracic aorta, / C 5 0  ~10pM (Hourani 

et al, 2001). This discrepancy in potencies among tissues may have its origin in 

a combination of structural differences, biological impedance barriers and 

abundance of available receptors (Rubinstein et al, 1998). The relatively low 

potency of adenosine is thought mainly to be due to its rapid metabolism and 

uptake into neuronal and non-neuronal cells, via the adenosine transporter, 

thereby removing adenosine from the synaptic cleft. Adenosine is converted to 

inosine by the first enzyme in the adenosine degradation pathway, adenosine 

deaminase. Inosine is also removed fi'om the synaptic cleft by uptake via the 

transporter and, like adenosine is recycled by the cell (Thom and Jarvis, 1996; 

Poulsen and Quinn, 1998).
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A number of studies have reported the effects of adenosine in the rat (Parijae^ 

al, 1991), guinea pig (Cusack and Hourani, 1984), mouse (Acevedo et al, 

1992) and human bladder (Rubinstein et al, 1998). In the rat and human bladder 

adenosine caused inhibition of exogenously applied muscarinic agonists 

implicating the presence of post-junctional PI receptors. In the guinea pig 

adenosine (100p,M) was shown to have a significant yet small inhibitory effect 

on EPS stimulated tissue at frequencies of 0.2 -  50Hz (0.3ms pulse width). The 

more rigorous study of PI receptors in the mouse concluded that two PI 

receptors were present, with the Ai receptor present presynaptically and the Ai 

subtype post-junctionally.

In guinea pig detrusor the 5’-substituted adenosine analogue, NEC A was 

approximately 250 times more potent than adenosine. This analogue has been 

extensively used to define tissue responses mediated by A% receptor activation 

but is however non-selective in its interactions being approximately equipotent 

in radioligand binding studies (Ki = lOnM) at both A% and A2 receptor subtypes 

(Bruns et al, 1986). It also has a higher potency than adenosine on A2 B 

(approximately 1 0 -fold) and A3 (approximately 1 0 0 -fold) adenosine receptor 

subtypes (Poulsen & Quinn, 1998). Its greater potency is thought to be mainly 

attributable to its metabolic stability, being resistant to deamination and uptake 

via the adenosine transporter.

Three stable adenosine receptor selective agonists were also tested in the guinea 

pig detrusor for the purpose of identifying the PI-receptor subtype(s) present. 

The selective A2A (high affinity for adenosine subtype A2  receptor) agonist, 1-p-
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((carboxyethyl)phenethylamino)-5’-carboxyamidoadenosine (CGS 21680) at 

concentrations 0.1 -  30 fxM did not cause dose-dependent inhibition of nerve- 

mediated contractions. The A3 selective agonist, l-deoxy-l-[6-[[(3- 

iodophenyl)methyl]amino]-9H-purin-9-yl]-N-methyl-p-D-ribofuranuronamide 

(IB-MECA) also did not significantly affect nerve-mediated contractions at 

concentrations 0.03 -  10 pM. However the Ai-selective synthetic agonist N^- 

cyclopentyladenosine (CPA) did cause inhibition of the nerve-evoked response 

yielding a p/Cso value of 6.54 ± 0.22 (mean= 0.28pM), but the inhibitory effect 

at maximal concentrations of this agonist was approximately half that at 

maximal concentrations of NECA or adenosine. From these studies it is 

concluded therefore that the inhibitory actions of adenosine in these tissues must 

be mediated through Ai and, by default, A2 B Pl-purinoceptors. The limited 

effect of the Ai-selective agonist relative to that of adenosine and NECA could 

therefore be due to its inability to activate the A2 B receptor at the concentrations 

used. No specific A2B agonists were investigated in this study and would be an 

important future experiment.

Further evidence that both these receptor subtypes are present in the guinea pig 

detrusor came from the studies using DPCPX, a PI antagonist, shown to be 100 

to 1000-fold selective for Ai (Kb= 0.3-2nM) over A ja and A3 adenosine 

receptors (Poulsen.& Quinn, 1998) and 19-fold selective over A2 B adenosine 

receptors (Daly, 1990). Schild analysis for the antagonism of CPA (3pM)- 

induced inhibition of nerve-mediated contractions yielded a^B value of 0.18 nM 

consistent with the reported affinity of this antagonist at A% receptors in receptor 

binding studies. The low slope value of 0.48 obtained is probably consequent to
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DPCPX being bound, in part, to the Azs receptor. Schild analysis for the 

antagonism of NECA (3pM)-induced inhibition of nerve-mediated contractions 

yielded a Kb value of 3.5 nM consistent with the reported affinity of this 

antagonist at A2B receptors in receptor binding studies. The low slope value of 

0.71 obtained is probably consequent to DPCPX being bound, in part, to the Ai 

receptor. In summary then these experiments provided evidence that the 

adenosine receptors responsible for mediating the inhibition of nerve-evoked 

contractions in guinea pig detrusor are of the A2 B and Ai subtypes.

In many of the aforementioned studies the inhibitory actions of adenosine and its 

analogues were demonstrated when the muscle was stimulated directly through 

application of a muscarinic agonist. The experiments on guinea pig detrusor 

presented here show that adenosine (ImM) and NECA (lOpM) both have 

similar inhibitory actions when the muscle is stimulated via the nerves or 

directly via exogenous application of carbachol (IpM) or a high (SOmM)- 

containing solution. The results suggested that a major portion of the inhibitory 

response was mediated by a post-junctional PI receptor. Contractions elicited 

via carbachol and high containing solutions do so via different mechanisms. 

Carbachol activates muscarinic receptors that are G-protein coupled to 

phospholipase C, activation of which generates the second messenger molecule 

IP3. Accumulation of IP3 in detrusor cells leads to the release of Ca^  ̂ from 

intracellular calcium stores, which triggers a transient rise in calcium and 

consequent activation of the contractile machinery. High K^-containing 

solutions cause contraction by depolarisation, leading to the opening of voltage 

sensitive L-type Ca^^ and consequent Câ "̂  influx generating sarcoplasmic Ca^  ̂

transients. Since contractions elicited via either method were inhibited by
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adenosine or NECA it is concluded that the intracellular effector of the muscle 

PI receptor agonists must act downstream of [Ca^^]i rise in the sarcoplasm, i.e. 

on the contractile proteins themselves. The cellular actions may be investigated 

by measuring the action of adenosine receptor agonists on carbachol or KCl- 

evoked intracellular Ca^^ transients and also on the sensitivity of the contractile 

proteins to Ca^ .̂

Most smooth muscle preparations that relax in the presence of adenosine appear 

to contain receptors (Collis and Hourani, 1993). Both Ai and A2 receptors 

can occur in the same smooth muscle preparation, the former mediating 

contraction, the latter relaxation (Stoggall et <3/ .,  1990; Bailey et al, 1992; 

Nicholls et al, 1992), although in some cardiac preparations they both mediate 

the same response (Nicholls et <3 / .,  1992; Collis & Hourani et a l, 1993). Initially 

the actions of adenosine were related to their modulation of adenylate-cyclase 

activity. This first subdivision was based on the observation that the purine 

could either inhibit (via the Ai subtype) or stimulate (via the A2  subtype) 

adenylate-cyclase activity (Van Calker et a/., 1979). It is now known that these 

receptors are G-protein linked and can act through effectors other than adenyl- 

cyclase, including channels, Câ "̂  channels, phospholipases A2  or C and 

guanylate-cyclase (Olsson and Pearson, 1990). Stimulation of adenyl-cyclase 

activity leads to the formation of cAMP from ATP which then activates a 

protein kinase pathway that terminates in the phosphorylation and inactivation 

of myosin kinases such that crossbridge formation with actin is prevented. A2  

receptors are known to interact with adenylate cyclase through a Gs protein, but 

it is not known whether they are capable of interacting with other G-proteins,
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and if the Gg protein can interact with entities other than adenylate cyclase 

(Fredholm et al, 1994).

In conclusion these observations are consistent with the hypothesis that in 

guinea pig detrusor there is a post-junctional A2 B adenosine receptor that couples 

to adenylate cyclase to inhibit contraction of the muscle, but direct proof 

remains to be found.

In the rat bladder, similar conclusions may be drawn, adenosine and NECA 

cause inhibition of contractions induced by carbachol. Since NECA was much 

more potent than CPA and adenosine, the PI receptor subtype involved was 

likely to be A2 (Nicholls et al 1992). It is noteworthy also that high levels of A2 B 

receptor mRNA have been detected in the detrusor of rat by Northern blot 

analysis (Stehle et al, 1992) and RT-PCR (Dixon et al, 1996).

From the experiments with the A %-receptor selective agonist CPA and A 1/A2  

antagonist DCPCX there is strong evidence for an Ai-receptor that inhibits 

nerve-evoked contractions. As was previously mentioned Ai-receptors that are 

located on the cell surface in muscle tissues couple negatively to adenylate 

cyclase, and other second messengers, such that their stimulation leads to 

contractile activation. However neuronal Ai-receptors have been shown to 

couple via Gi and Gg G-proteins to a variety of effectors. In summary, the 

activation of Ai receptors has been shown to be accompanied by; an inhibition 

of adenylate cyclase in cultured brain cells (Van Calker et al, 1978), an increase 

in conductance in cultured striatal neurones (Trussel and Jackson, 1985) and
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an inhibition of Câ "̂  currents by modulation of an N-type Câ "̂  channel in 

mammalian central neurones (Greene, R.W. and Haas, H.L. 1991). The principal 

effects of adenosine, then, on the nervous system result in a hyperpolarization of 

cells in the CNS and peripheral nervous cells, as in the neurones of cat vesical 

parasympathetic ganglia, where adenosine has been demonstrated to cause an 

increase in conductance (Akasu et al, 1984). Therefore it is expected that 

adenosine would cause inhibition of release of neurotransmitters from the pre- 

synaptic nerve terminal. The inhibitory effect on nerve-mediated contractions in 

guinea pig detrusor to the Ai-selective receptor agonist CPA, and the evidence 

for the existence of two DCPCX-sensitive sites, one with a Kb in the range 

expected for an Ai receptor, another with a Kb close to that expected for A2 B 

receptor sites, supports the presence of a pre-synaptic A 1-receptor.

In conclusion it is proposed from the basis of these experiments and evidence 

drawn from other studies that there exists two adenosine receptors that mediate 

inhibitory actions in the guinea pig detrusor. A postsynaptic A2 B receptor that 

couples to adenylate cyclase to cause inhibition of contraction downstream of 

excitatory stimuli that raise intracellular calcium and a pre-synaptic Ai receptor 

that couples to an unknown system to cause inhibition of neurotransmitter 

release. This overall scheme of adenosine metabolism and action in the guinea 

pig bladder neuromuscular junction is represented in figure 4.2 and is similar to 

the hypothetical model presented for the actions of adenosine in the mouse 

bladder (Acevedo et al, 1992). The combined final result o f adenosine receptor 

activation is a reduction in detrusor excitability and it is reasonable therefore to
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p r o p o se  that a d e n o s in e  ex e r ts  an im p ortan t p h y s io lo g ic a l to n ic  in flu e n c e  o n  

b lad d er  n eu ro tra n sm iss io n  in  th e g u in e a  p ig .
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Figure 4.2; Hypothetical model for the organisation o f  and inhibitory role o f  adenosine 
receptors in the guinea pig bladder. Although the nature o f  neuronal ATP release 
remains to be determined, inactivation is via ectoATPase hydrolysis which generates 
adenosine that interacts with pre- (A ,) and postsynaptic (A ie) receptors
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4,10 Pl-receptors in detrusor from stable and unstable human bladders

The inhibitory actions of adenosine were similar in guinea pig and human 

detrusor having equivalent sensitivities (i.e. similar mean p/Cso values), and 

similar Hill coefficient values and magnitudes of inhibition when challenged 

with high (ImM) concentrations of the agonist. No evidence for a variation in 

the responsiveness to this agent in unstable or obstructed bladders was observed. 

Similarly adenosine (ImM) also inhibited contractions elicited by direct 

stimulation of the muscle with carbachol (IpM) or a high K^(50mM)-solution to 

a comparable magnitude (-40%) as that for nerve-evoked contractions. An 

adenosine receptor is therefore located postjunctionally and is coupled to a 

second messenger pathway, possibly to cAMP generation and able to inhibit the 

contractile pathway downstream of Ca^^-mediated activation of contraction. 

Unlike guinea pig detrusor however, lOpM NECA did not cause significant 

inhibition of direct muscle stimulation with carbachol. Since NECA causes 

activation of all well characterised PI receptors thus far identified the 

postjunctional adenosine-sensitive mediator of these responses is unknown.

However, recently there is increasing evidence for an additional mechanism(s), 

distinct from the four currently cloned adenosine receptors, by which adenosine 

and some of its analogues induce relaxations in smooth muscle preparations (rat 

aorta, Lewis et al, 1994; Prentice and Hourani, 1996; rat mesenteric artery, 

Prentice, et a l, 1997; frog aorta, Knight and Bumstock, 1996; guinea pig aorta, 

Prentice and Hourani, 2000; rat renal artery, Martin and Potts, 1994, mouse 

aorta, Prentice et al, 2001). Of particular interest is the evidence for an 

adenosine- sensitive mechanism that is activated by micromolar concentrations
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of the Al receptor-selective agonist N 6 -/?-phenyl-isopropyladenosine (i?-PIA) 

that is insensitive to DPCPX and the A 1/A2  antagonist 8 - 

sulphophenyltheophylline, unaffected by endothelium denudation or of nitric 

oxide synthase inhibition by L-NAME (rat aorta, mesenteric artery and renal 

artery; Prentice and Hourani, 1996; Prentice et al, 1997; Martin and Potts, 1994; 

hamster aorta; Prentice and Hourani, S.M.O., 2000). It has recently been 

observed in mouse isolated aorta (Prentice et al, 2001) that after blockade of A% 

receptors with 30nM DPCPX, relaxations to adenosine and low micromolar 

concentrations of/?-PIA {EC50= 25pM) were unaffected. Under these conditions 

NECA also caused relaxations but only at concentrations greater than 30pM. IB- 

MECA, an A3 receptor selective agonist also caused relaxations at relatively low 

concentrations (E'Cjo= 16pM) but were not blocked with the A3 receptor 

antagonist MRS 1191. In the light of these recent investigations then, it would be 

of interest to see if, like the mouse aorta, the adenosine sensitive, NECA 

insensitive post-junctional relaxant mechanism observed in the human detrusor 

is also activated by R-?IA and IB-MECA and insensitive to PI antagonists.

Although the sensitivity of nerve-mediated contractions stimulated at near Km  

values to inhibition by adenosine were similar in the guinea pig and human 

detrusor, the responsiveness to NECA in human detrusor samples differed 

markedly. Since the sensitivity of the response to NECA was less and showed a 

desensitisation with length of exposure IC50 curves were not obtained. From an 

early stage it was noted that certain human detrusor specimens were insensitive 

to NECA, even at a concentration of lOpM. Specimens obtained from stable 

bladders showed greater sensitivity to lOpM NECA (mean= 36.0% inhibition) 

than those samples from unstable (4.6%) or obstructed bladders (6 .8 %). Loss of
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NECA sensitivity is indicative of a change in the PI-receptor pharmacology in 

these specimens such as the loss of a functional PI-receptor. The physiological 

consequence of such a change, would, on the assumption that PI-mediated 

inhibition has an important regulatory role in this tissue, be an increase in the 

contractile activity of the detrusor. It is possible that the loss of this inhibitory 

signal is, together with a decline in ecto-ATPase activity, contributory to the 

unmasking of the purinergic pathway (evident from atropine-resistant 

contractions) in these specimens.

The effect of NECA (lOpM) on contractions elicited by direct muscle 

stimulation with IpM carbachol was negligible in both the stable and unstable 

group and therefore the inhibitory receptor sensitive to NECA is not located on 

the muscle cells but rather is confined to the pre-synaptic site.

Further evidence in support of the view that there exists a pre-synaptic inhibitory 

PI-receptor that becomes dysfunctional in detrusor from unstable bladders has 

recently been observed in the experimental work of Deborah Skennerton 

(unpublished observations). Force-frequency relationships (2-40Hz) of the non- 

purinergic component of contraction obtained after pre-treatment with a,p-me- 

ATP in detrusor samples from stable bladders showed a decrease in peak 

contraction magnitudes at frequencies 4-40 Hz, whereas samples from unstable 

bladders were relatively unaffected (unpublished data). This result was 

unexpected since unstable bladders, on the basis of the presence of atropine- 

resistant contractions, were predicted to show a greater decrease in contraction 

magnitude after purinergic blockade with high concentrations of a,P-me-ATP. 

This result might, however be explained by the current hypothesis that detrusor
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samples from unstable bladders are lacking a pre-synaptic PI receptor. Neuronal 

release of ATP, acetylcholine and possibly adenosine would be inhibited in 

stable detrusor samples by the action of adenosine at the pre-synaptic receptor, 

so that muscarinic-receptor mediated contraction of the detrusor is lessened. In 

the presence of a,p-me-ATP however P2X receptors and other ATP binding 

sites might be blocked whereas that of the ATPase might be unaffected, thereby 

resulting in a greater metabolism of ATP to adenosine. An increase in synaptic 

adenosine concentrations would then cause a greater inhibition of nerve-released 

acetylcholine mediated contractions in stable detrusor samples whereas unstable 

detrusor samples would be relatively unaffected.

Whatever underpins this alteration, be it a reduction in receptor expression or a 

genetic mutation of the receptor encoding gene, the resultant increase in 

contractility of the detrusor may be another contributory factor in the 

development of detrusor instability.

4.11 Overall Conclusions

In this study differences in the purinergic neuromuscular pathway of in vitro 

detrusor preparations from patients with bladder instability and those without 

were identified. The key findings of this study were that:

(i) Detrusor muscle preparations from obstructed or unstable bladders were more 

sensitive to the endogenous P2 receptor agonist, ATP than detrusor specimens 

from stable bladders.
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(ii) The ratio of the contractile response to ATP as a proportion of that to the 

non-hydrolysable ATP analogue, a,p-me-ATP was greater in detrusor samples 

from obstructed or unstable bladders than in those from stable bladders 

consistent with the hypothesis that the differential sensitivity of the detrusor 

samples to ATP in the unstable/obstructed group is due to a lower ATPase 

activity.

(iii) The rate of total ATP degradation, and more specifically the ARL 67156- 

sensitive (ectoATPase) fraction, were both significantly less in preparations 

from unstable bladders than in those from stable bladders confirming that the 

total ouabain and oligomycin-insensitive ATPase activity and particularly the 

ectoATPase activity is lower in these specimens.

(iv) Adenosine receptors (of unknown subtype) are present and PI-mediated 

inhibition can modulate nerve-mediated contractions in the human detrusor. A 

more detailed investigation of the PI pharmacology of guinea pig detrusor was 

undertaken and evidence was obtained supporting the view that 2  adenosine 

receptors are present, an Ai receptor subpopulation located presynaptically and 

an A2B receptor subpopulation on the detrusor myoctes.

(v) Nerve-evoked contractions in detrusor muscle preparations from stable 

bladders were inhibited by the synthetic adenosine analogue NECA by 

approximately 35% whereas those from unstable or obstructed bladders were 

relatively unaffected. This may suggest that bladder instability is associated with 

the loss of a functional NECA sensitive PI-type receptor.
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These observations suggest that detrusor instability is associated with changes in 

the purinergic neuromuscular pathway. Specifically: i) degradation ofneuronally 

released ATP is impaired and ii) adenosine mediated inhibition of the neurally 

released transmitters, ATP and acetylcholine is lessened. These findings depict a 

situation in which the excitatory drive to the bladder is enhanced, presumably 

causing or contributing to the unstable contractions observed in these patients. 

Parallel experiments were performed on guinea pig detrusor and the similarities, 

especially to the unstable human bladder described. Results to demonstrate the 

subtype and location of adenosine receptors in the guinea pig detrusor neuro

effector junction were also obtained.
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Ca^^ by Câ "̂  stores in myocytes from guinea-pig urinary bladder. J. Physiol, 458, 

99-117.

Ganitkevich, V.Y. & Isenberg, G. (1992) Contribution of Ca^^-induced Ca^  ̂release 

to the [Ca^^]i transients in myocytes from guinea-pig urinary bladder. J. Physiol 

458, 119-137.

Garcia-Guzman, M., Soto F., Gomezhemandez, J.M., Lund, P.E. & Stuhmer, W.

(1997) Characterization of recombinant human P2X4 reveals pharmacological 

differences to the rat homologue. M ol Pharmacol, 51,109-118

Gordon, J.L. (1986) Extracellular ATP: Effects, sources and faXQ. Biochem. J., 233, 

309-319

Gordon, J.L., Pearson, J.D., Dickinson, E.S., Moreau, D. & Slakey, L.L. (1989).

The hydrolysis of extracellular adenine nucleotides by arterial smooth muscle ceils: 

regulation of adenosine production at the celi surface. J. Biol Chem., 264, 18986- 

18992.

Gosling, J.A., Dixon, J.S. & Humpherson, J.R. (1983) Functional anatomy of the 

Urinary Tract: An integrated text and colour atlas. Churchill Livingstone, 

Edinburgh. UK.

Greene, R.W. and Haas, H.L. (1991) The electrophysiology of adenosine in the 

mammalian central nervous system. Prog. Neurobiol, 36, 329-341.

Greenland, J.E., Hvistendahl, J.J., Andersen, H., Jorgensen, T.M., McMurray, G., 

Cortina-Boija, M., Brading, A.F. & Frokiaer, J. (2000) The effect of bladder outlet 

obstruction on tissue oxygen tension and blood flow in the pig bladder. BJUInt., 85, 

1109-1114.

265



Grynkiewicz, G., Poenie, M., & Tsien, R.Y. (1985) A new generation of 

indicators with greatly improved fluorescent properties. J. Biol Chem., 260, 3440- 

3450.

Harms, H.H, Wardeh, G. & Mulder, A.H. (1978). Adenosine modulates 

depolarization-induced release of ^H-noradrenaline from slices of rat brain 

neocortex. Eur. J. Pharmacol, 49, 305-308.

Harrison, S.C.W., Ferguson, D.R. & Doyle, P.T. (1990). Effect of bladder outflow 

obstruction on the innervation of the rabbit urinary bladder. Br. J. Urol, 6 6 , 372- 

379.

Harrison, S.C.W., Hunnam, G.R., Farman, P., Ferguson, D.R. & Doyle, P.T. (1987) 

Bladder instability and denervation in patients with bladder outflow obstruction. Br. 

J. Urol, 60, 519-525

Harriss, D.R. (1995). Smooth muscle cell culture: a new approach to the study of 

human detrusor physiology and pathphysiology. Br. J. Urol 75, (suppl. 1.) 18-26.

Hashimoto, M. & Kokubun, S. (1995) Contribution of P2-purinoceptors to 

neurogenic contraction of rat urinary bladder smooth muscle. Br. J. Pharmacol, 

115, 636-640.

Hayashi E, Maeda T, Shinozuka K. (1982) Sites of actions of adenosine in intrinsic 

cholinergic nerves of ileal longitudinal muscle from guinea pig. Eur. J. Pharmacol, 

84, 99-102.

Heine, P., Braun, N., Heilbronn, A. & Zimmermann, H. (1999) Functional 

characterization of rat ecto-ATPase and ecto-ATP diphosphohydrolase after 

heterologous expression in CHO cells. Eur. J. Biochem., 262, 102-107.

Hicks-Berger, C.A. & Kirley, T.L. (2000) Expression and characterization of human 

ecto-ATPase and chimeras with CD39 ecto-apyrase. lUBMB Life, 50,43-50.

266



Hodgkinson, C.P., Ayers, M.A. & Drukker, B.H. (1963). Dyssynergic detrusor 

dysfunction in the apparently normal female. Am, J. Obstet. Gynaecol, 87, 717-728.

Hogg, R.C., Wang, Q., Helliwell, M. & Large, W.A. (1993) Properties of 

spontaneous inward currents in rabbit pulmonary artery smooth muscle cells. 

Pflugers Arch., 425, 233-240.

Hobmann, J., Kowalewski, H., Vogel, M. & Zimmermann, H. (1993) Isolation of a 
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A possible cellular mechanism for atropine resistance in human detrusor
Harvey, R A  and Fry CH

Introduction

Atropine resistant contractions mediated by ATP neurotransmission are present in 

detrusor samples from abnormal human bladders^* .̂ This study compared the 

sensitivity of detrusor specimens from normal and unstable bladders to ATP. 

Materials and methods.

Bladder biopsies were obtained with approved consent. Detrusor strips (1-1.5mm 

diameter) tied to an isometric force transducer were superfused with Tyrode's at 5- 

10 ml/min. a,p-Methylene-ATP (ABMA) was added from lOmM stock, ATP as a 

powder. Results are expressed as median (± interquartiles). The null hypothesis was 

tested with the Mann-Whitney [/-test.

Results

Dose-response curves for ATP and its non-degradable analogue, ABMA were 

constructed. The pECso (-log EC5 0) for ATP was 3.18, (+0.39 -0.5) in control 

detrusor (n=13). Obstructed (n=10) and unstable (n=10) groups yielded /?ECjos of 

3.89, (+1.04 -0.76; p>0.05) and 4.03, (+0.13, -0.23; p<0.05) respectively. The 

ABMA pECso was 5.44 ±0.16 (mean, ± SD, n=6), less than for ATP (p<0.001). 

The variances of the pECsos were different between groups (p<0.01, F-test). The 

response to lOOpM ATP was 26% (± 11) of that to lOpM ABMA in a combined 

unstable and obstructed group (n=5) but in the control group was significantly less 

8.9% (±5.3), p<0.05.

Conclusions

The low potency and greater variability of the response to ATP compared with 

ABMA suggests the presence of ecto-ATPase in detrusor. The larger ratio of the 

ATP:ABMA response and lower pECso in the unstable group suggests that ecto

ATPase activity is less than in control specimens.
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The mode of action of adenosine and adenosine analogues on human 
detrusor contractile function
Harvey, RA and Fry CH

Introduction. Motor fibres innervate detrusor smooth muscle and release the excitatory transmitters 

acetylcholine and ATP, whose lifetime is limited on their removal by extracellular enzymes. The 

breakdown products o f these transmitters may exert modulatory pre- and post-synaptic actions 

providing feedback pathways that influence the overall ability o f the motor nerves to regulate 

contractile function. Experiments in other cellular systems have shown that adenosine (derived fi’om 

ATP hydrolysis) can decrease transmitter release and may also effect post-synaptic targets 

Adenosine binds to yf-receptors that have been divided into four subtypes (Aj, À2a, A21,, Aj) 

However, there has been relatively little work pertaining to the action o f adenosine on detrusor 

function. The objective o f this study was to characterise such an action and identify the predominant 

receptor subtypes.

Methods. Strips o f human detrusor obtained fi-om patients with either stable or unstable bladders were 

superfused with Tyrode’s solution at 37°C, ethical permission and patient consent was obtained. 

Guinea-pig preparations were used for comparison. Preparations were either field-stimulated to evoke 

nerve-mediated contractions or exposed to the excitatory agonist carbachol (10 pM). Data are shown 

as mean ± S.D., Student’s /-test was used to compare data sets, the null hypothesis was rejected at 

p<0.05.

Results. Adenosine reduced the nerve-mediated contraction in guinea-pig and human detrusor by 

60±12% (n = ll)  and 61±15% (n=9) respectively with plCgg (= -logioIQo) values o f 3.86±0.33 and 

3.63±0.53. The relatively non-selective adenosine analogue NECA was more potent on guinea- 

pig tissue (pIC5o= 6.27±0.49, n=9) and produced a similar maximum reduction o f 67±18%. By 

contrast NECA was less effective in human tissue; in samples fi-om stable bladders force was reduced 

by 36±15% (n=6 ), but in those fi-om unstable bladders by only 5±3% (n=5). With respect to carbachol 

contractures, in guinea-pig detrusor adenosine (1 mM) and NECA (10 pM) reduced force by 44±16% 

(n=5) and 49±2% (n=3), similar to reduction o f nerve-mediated contractions. In human tissue 

adenosine reduced force by 35±8% (n=4) but again NECA had no effect in detrusor from either stable 

(4±4%, n=6 ) or unstable (4±5%, n=3) bladders. A more^i selective agonist (CPA) reduced tension in 

guinea-pig tissue with a similar pICso to NECA (6.54±0.22, n=5). The A2a and Aj  selective agonists 

COS 21680 and IB-MECA produced only trivial effects on nerve-mediated contractions. The 

inhibition by NECA and CPA was abolished by the .<4; receptor antagonist DPCPX -  Schild analyses 

yielded pA values o f 10.5 and 8.5 respectively.

Conclusion. Adenosine-induced depression o f force is present in both human and guinea-pig detrusor 

but with fundamental differences. In guinea-pig reduction o f carbachol-mediated force by NECA 

implies the presence ofv4 receptors on the smooth muscle membrane. The absence o f such an effect in 

human detrusor implies that A receptors (mainly .4;) are more likely at a pre-synaptic site. In detrusor 

fi-om unstable bladders the loss o f this effect implies that even pre-synaptic inhibition is absent. The 

difference in actions o f adenosine and NECA in some circumstances might be interpreted in that 

adenosine may also act independently ofAj  receptor activation.
References 1. Rubinstein et al. J  Auton Pharmacol 1998; 18: 99-104. 2. Oliet & Poulain, J  Fhysiol 

1999; 520: 815-825. 3. Pahner & Stiles. Neuropharmacology 1997; 36: 1141-1147.
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Abstract

T he p o te n c y  o f  A T P  and its analogue a -P -m e th y le n e  A T P  in  generating contractions in  hum an  

detrusor sm ooth  m u sc le  from  patients w ith  stable, unstable and obstructed bladders w as m easured. 

A T P  generated  contractions w ith  an m ean EC 50 o f  933 pM  in  tissu e from  stable bladder, but w a s  

sig n ifica n tly  m ore p otent in  tissu e from  unstable or obstructed  bladders, E C 50 va lu es 141 and 172  

pM  resp ec tiv e ly , a -p -m e th y le n e  A T P  w as about 3 0 0 -tim es m ore potent than A T P  in  tissu e from  

stable bladders (m ean EC 50 =  2 .8  p M ). W ith guinea-pig detrusor the E C 50 va lu es for A T P  and 

a -p -m e th y le n e  A T P  w ere 138 and 5.5 pM  resp ective ly . A T P  breakdow n b y  detrusor sam ples  

w as also  m easured, u sin g  a luciferin-luciferase assay , in the p resen ce and absence o f  the  

ectoA T P ase  inhibitor A R E  6 7 1 5 6 . T otal A T P ase activ ity  in  b io p sies  from  unstable bladders w a s  

about 50%  o f  that in  stable bladder b iop sies  (2 .5 4  ±  1.50 vs 1 .37 ± 0 .4 6  n m o l.s '\m g  protein"^). 

The A R E  6 7 1 5 6 -sen sit iv e  fraction w as also sign ifican tly  less in  sam ples from  unstable com pared  

to stable bladders (0 .9 4  ±  0.41 vs 0 .3 6  ±  0 .2 6  n m o l.s '\m g  protein'^) although the A T P a se  

in sen sitive  fractions w ere similar. It m ay  be p rop osed  that the greater p o te n c y  o f  A T P  in  

generating contractions in  detrusor from  unstable bladders is due to reduced  extracellular h y d ro ly s is  

a llow in g  the purine greater access to the detrusor sm ootii m u scle. T h is m ay exp lain  the p resen ce o f  

atropine-resistant purine-based  contractions in detrusor from  u nstable bladders.



Introduction.

Nerve-m ediated contraction o f  the stable human bladder is exclusively under cholinergic motor 

control, as they are abolished by atropine. H owever, in detrusor from a number o f  bladder 

pathologies an additional atropine-resistant contraction is measured. They are mediated by A TP as 

prior treatment w ith a ,p  m ethylene-A TP abolishes them^’̂ . a ,P  m ethylene-A TP is a non- 

hydrolysable ATP analogue and high concentrations desensitise purinergic (P2X ) receptors. A T P  

elicits detrusor contraction by generating an inward current that opens L-type Ca^^ channels, 

whereas acetylcholine acts independently by generating intracellular inositol trisphosphate^. 

Therefore the appearance o f  a second transmitter, acting via a different mechanism, w ould increase 

detrusor contractile activity and may contribute to bladder overactivity, as w ell as to sym ptom s o f  

increased urge and frequency.

W hy ATP appears as a contractile activator in these bladders is unknown but there are in principle 

several possibilities: i) the sensitivity o f  the detrusor sm ooth m uscle cell to ATP is increased (or to  

acetylcholine is decreased); ii) there is increased proportional release o f  ATP from the m otor 

nerves; iii) ATP is com pletely hydrolysed in the synaptic cleft o f  stable bladders but incom pletely  

so in pathological bladders. The first option can be excluded as the increase o f  intracellular [Ca^^] 

evoked by ATP and acetylcholine in isolated detrusor cells from stable and unstable bladder 

biopsies is similar and occurs over the same range o f  agonist concentrations in the tw o groups^. 

Evidence regarding the latter tw o hypotheses is lacking and w e have examined the possib ility  that 

ATP is more potent in evoking contraction in tissue from unstable bladders due to a reduced 

extracellular breakdown by ectoATPases.



An ectoA TPase has been demonstrated in the extracellular space o f  sm ooth muscle, including 

I detrusor and vas deferens"*’̂ . En2ym e inhibition with the ATP analogue 6 -N ,N -diethyl-D -p,7 -Br2 -
I

I m ethylene-A TP (ARL 67156)^ increases the effectiveness o f  motor nerve stimulation or 

exogenously added ATP in evoking a detrusor contraction^’̂ , suggesting that ATP breakdown is 

indeed a limiting step in its action.



M eth od s

Preparations. Human detrusor samples were obtained w ith local Ethical Committee approval and 

patient consent. Samples were placed in a Ca-free HEPES-buffered Tyrode’s solution at room  

temperature and used immediately after removal o f  m ucosa and serosa. Portions (2mm^) were 

stored in liquid N 2 for ATPase assays. Patients were divided into three groups: i) those w ith stable 

bladders generally undergoing cystectom y for bladder carcinoma, they had no urodynamic tests but 

lacked sym ptom s o f  urge and fi*equency (age 60±10 years; 8  men, 1 1  women); ii) urodynamically- 

demonstrated idiopathic bladder instability (46±17 years; 6  men, 7 women); iii) m en w ith  

obstructed bladders, w ho did not undergo urodynamic testing, (79±10 years).

Guinea-pigs w ere killed by cervical dislocation according to U K  Hom e O ffice specifications. 

Bladders were removed immediately and placed in Ca-free HEPES-buffered solution, the m ucosa  

rem oved and a portion stored in liquid N 2 for subsequent ATPase assays.

Tension measurement and solutions. T issue strips (< lm m  diam) were tied to an isometric force 

transducer (Statham UC2, Oxnard, Ca) and super fused at 37°C  w ith Tyrode’s solution (mM): 

NaCl, 118; KCl, 4.0; NaHCO], 24; M gCl2 , 1.0; CaCl2, 1.8; N aH 2P0 4 , 0.4; glucose, 6.1; Na  

pyruvate, 5.0; 95% 0 2 :5 % CO2 (pH 7.4). N a2ATP or a ,p  m ethylene-A T P was added to the 

superfusate from 1 or lOOmM aqueous stock solutions. Exposures to the agonists were alw ays 

preceded and fo llow ed  by control solution.



The agonist concentration, S, eliciting a half-maximum effect, EC50, w as fitted by a least-squares 

m ethod to a plot o f  contracture magnitude, T, as a function o f  S.

T  c”J  _   ̂max^ 2

£C5o” +S"

n is a constant and T^ax the contracture magnitude at high S. EC50 values were transformed to 

pECso (-logioECso) for analyses.

ectoATPase measurement. Frozen tissue sam ples were thawed into Ca-free T yrode’s solution  

containing 5m M  ED TA  for 10 minutes, placed in a high-Ca solution ( 6 .8 mM , no EDTA) and cut 

into strips w eighing 50-70 m g and equilibrated at 37°C for 20 minutes. T hey were then transferred 

to 1.75ml o f  the same solution, also containing ouabain (Im M ), Na azide (Im M ) and oligom ycin  

(50pg/m l) to m inim ise ATP hydrolysis by N a-K  ATPase or intracellular transport A TPases. ARL  

67156 was added from a 30m M  aqueous stock to a final concentration o f  lOOpM. Na%ATP w as 

added from a 175m M  stock after 5 minutes to a final concentration o f  betw een 0.1-5.0m M .

The [ATP] w as assayed in lOpl aliquots w hich were diluted 100-fold in ice-cold Ca^^-free 

Tyrode’s to terminate the reaction. A liquots were taken at 0, 2, 5, 10, 15 and 25 minutes after 

addition o f  ATP. A  clear-bottomed, opaque-sided 96-w ell plate (Packard) w as prepared b y  

adding lOOpl Tris-acetate buffer (lOOmM Tris-acetate, 2m M  EDTA, pH 7.75 with acetic acid) to  

each w ell, to w hich was added 5 0 |il o f  the diluted samples. ATP was assayed by adding 40p l o f  a 

luciferin-luciferase reagent (Labsystem s, Helsinki, Finland) and the plate im m ediately placed in a 

luminometer (Victor 1420 Multilabel counter, PerkinElmer, Cambridge, UK). Total light w as



collected from each w ell over 5 minutes at 20°C. Signals were compared to a standard curve o f  

[ATP] from InM  to lOOpM w hich exhibited a half-maximum signal at 1 ,4 |liM  ATP. The rate o f  

ATP hydrolysis was linear for the first five minutes and used as the initial velocity. For each 

sample a control was performed with no m uscle added, to correct for evaporation o f  fluid during 

the incubation period.

The initial velocity  o f  ATP hydrolysis w as plotted as a function o f  [ATP] and equation 1 used to  

estimate maximum velocity  at high [ATP], V^ax (equivalent to T^ax) and the half-maximum  

concentration, (equivalent to EC50). The value o f  n was near unity.

Statistics. Values are expressed as median values [25%, 75% interquartiles]. Data transformed 

using a logarithmic operator (pECso and pKm values) are shown as m ean±S.D . Significance o f  mean 

or median values betw een data sets used parametric Student’s t- or M ann-W hitney tests  

respectively. Tests o f  the sim ilarity o f  population variances betw een data sets used an F-test.



Results

Contractile responses to ATP and a ,P  methylene-ATP, ATP and a ,p  m ethylene-A TP generated 

transient contractures. Figure 1 show s the concentration-dependent effect o f  ATP on peak  

contracture height in detrusor samples from patients w ith either stable bladders or from a combined  

groups o f  patients w ith unstable or obstructed bladders. The latter groups were combined as their 

data were not significantly different, and each w as significantly different from that using stable 

bladder biopsies (Table 1 and below ). A  response curve to a ,p  m ethylene-A T P for sam ples from  

human bladders is also shown. The a,p  m ethylene-ATP data o f  sam ples from stable and unstable 

bladders have also been pooled as the tw o groups were not significantly different (see table 1 ). 

Several features are noteworthy: i) a ,p  m ethylene-A TP generates force at lower concentrations 

than ATP; ii) the variability o f  the ATP data is greater than w ith  a ,p  m ethylene-ATP; iii) the 

slopes o f  the mean response curves are shallower for ATP than for a ,p  m ethylene-ATP; iv) the 

ATP response curve for sam ples from unstable and obstructed bladders is intermediate betw een  

the a,p  m ethylene-A TP curve and that for ATP from stable bladders.

FIGURE 1 N E A R  HERE

To quantify the effects o f  ATP and a ,p  m ethylene-A TP on contraction in the different sample 

groups, Tmax> and EC50 (expressed as pECso’s =  -logioEQo) values for each tissue sample were 

calculated and mean data are shown in table 1. For sam ples from stable bladders the mean pECgo 

was 3.03 (mean EC50 = 9 3 3 pM ). The mean pECgo values for the unstable (3.85, mean EC50 =



141^M ) and obstructed bladder sam ples (3,88, mean EC 50 =  132pM ) were not significantly  

different fi-om each other, but both w ere different fi-om stable bladder sam ples, thus these groups 

have also been combined to a single group in table 1. Table 1 also show s that a ,p  m ethylene-A T P  

w as m ore potent than ATP in eliciting contractions in sam ples firom stable and unstable bladders; 

mean pECso’s were 5.56 (EC50 =  2 ,8 pM ) and 5.49 respectively (EC50 = 3 .2pM ). When paired 

experiments were possib le the maximum responses at high concentrations o f  A TP or a ,p  

m ethylene-A TP were not different.

The distribution o f  ATP and a ,p  m ethylene-A TP pEC^o values is show n in figure 2, the unstable 

and obstructed bladder data have again been combined. A  test o f  the difference in variance o f  the 

pECso values obtained in ATP and a ,p  m ethylene-A TP show ed that the A TP data were 

significantly (F-test, p<0.01) more scattered in both the stable and unstable/obstructed groups. 

The values o f  n calculated firom equation 1 were: a ,P  m ethylene-ATP; 1.06 ±  0.08; ATP; 0.84 ±  

0.22 (stable group); 0.92 ±  0.28 (unstable/ obstructed group). These values were significantly less 

than unity (M ann-W hitney) only in the ATP values o f  the stable group giving a shallower dose- 

response curve in figure 1 .

Equivalent dose-response curves to ATP and a ,p  m ethylene-A TP w ere constructed for guinea-pig 

detrusor. For ATP the pECfo value w as 3 .86±0.40 (n =  8 , mean EC50 =  138|liM) and for a ,p  

m ethylene-A TP w as 5.26±0.40 (n =  7 , mean EC50 =  5.5|liM). Similarly the n values fi-om equation 

1 w ere 0.51 ±  0.14 and 0.82 ±  0.18 for ATP and a ,p  m ethylene-ATP respectively (p<0.05).



TABLE 1 N E A R  HERE FIGURE 2 N E A R  HERE

ectoATPase activity in detrusor samples. The reduced potency o f  ATP, compared to the non- 

hydrolysable analogue, a ,p-m ethylene-A T P , is consistent w ith the hypothesis that detrusor 

preparations hydrolyse extracellular ATP before it binds to sm ooth m uscle purinoreceptors. 

Furthermore, such degradation is greater in sam ples from stable bladders compared to those from  

unstable and obstructed bladders, as ATP is least potent in the stable group. This hypothesis w as 

tested by measuring the extracellular A T Pase activity o f  detrusor sam ples obtained from stable, 

and unstable bladders. Extracellular ATPase activity was measured as the fraction o f  total A T Pase  

activity sensitive to ARE 67156.

Figure 3A  show s the initial velocity  o f  ATP breakdown as a function o f  [ATP] betw een 0.1- 

5.0mM . For each detrusor specim en Vmax and Km value were estimated. Table 1 show s that Vmax 

was significantly greater in the samples from stable bladders, w hilst Km values (expressed as pKm) 

were not significantly different in the two groups.

Parallel measurements were made in the presence o f  lOOpM A R E 67156. The residual fraction o f  

ATPase activity, regarded as non-ectoA TPase activity, is show n in figure 3B. Table 1 show s that 

the estimated Vmax and pKm values were not significantly different in the stable and unstable 

groups.
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Figure 3C and table 1 show  the corresponding data for the AR L 67156 sensitive fraction o f  

A TPase activity. V^ax w as significantly less in the unstable group compared to the stable group 

although the pK^ values were again not significantly different. In all groups the values o f  the 

constant n (equation 1, M ethods) were not significantly different from unity.

In a subset o f  samples from six stable and five unstable bladders both contractile responses to A T P  

and ATPase activity were measured. pEC^oS were 2 .95±0.87  v.s 3 .87± 0 .26  (p<0.05) respectively  

and ARL-sensitive Vmax ATPase activities were 0.82±0.48 and 0 .36± 0 .26  n m o l.s '\m g  prot'\

FIGURE 3 NEAR HERE

ATPase activity was also measured in guinea-pig samples and the Vmax and Km values o f  the total, 

ARL-resistant and A R L-sensitive com ponents are show n in table 1. These were not significantly  

different from those for stable human detrusor. About 30% o f  total A TPase activity w as AR L  

sensitive, which compares to a figure o f  about 40% for human detrusor from stable bladders.

11



D isc u ss io n

A TP is more potent in evoking a contracture in isolated human detrusor sm ooth m uscle from  

unstable or obstructed bladders compared to that from stable bladders. Samples from patients w ith  

either urodynamically-demonstrated bladder instability or m en w ith obstructed bladders were 

indistinguishable statistically and both were different from sam ples from stable bladders and 

therefore these data were combined for quantitative analysis. With sam ples from stable bladders 

a ,p  m ethylene-A TP w as nearly 1000-fold more potent and the data less variable than with ATP.

Such different contraction dose-response curves to ATP and a ,p  m ethylene-A TP are not mirrored 

in isolated cells. W hen measuring Ca^  ̂transients, the EC50 for ATP in cells from stable or unstable 

bladders  ̂ w as <1|liM, similar to that for a ,p  m ethylene-A TP in generating force. These overall 

observations are consistent w ith the hypothesis that detrusor sm ooth m uscle hydrolyses  

extracellular ATP and such ATPase activity is greater in detrusor from stable bladders. However, 

even w ithin these experimental groups there is considerable variability o f  activity as judged by the 

w ide range o f  EC50 values in comparison to the small range using a ,p  m ethylene-A TP. The 

A TPase must be ineffective in hydrolysing a,p  m ethylene-ATP and this m ay in part be due to an 

inhibitory action o f  the analgoue on the enzym e itse lf* ’̂ .

This hypothesis w as given weight by measuring directly ATP hydrolysis b y  detrusor b iopsies, 

and in particular the fraction sensitive to the ectoA TPase inhibitor ARL 67156. The total A T P  

degradation rate, and in particular the ARL 67156-sensitive fraction, were significantly less in

12



preparations from unstable bladders. In part, this m ay result from a reduced m uscle content o f  

tissue sam ples from these samples, how ever the near three-fold reduction o f  Vmax (table 1 ) suggests 

that this is not the sole reason. M oreover the similar A R L-insensitive fraction in the tw o groups 

also show s that non-specific A TPase activity w as not different.

The half-m axim um  [ATP] for total A TPase and A R L-sensitive ecto-A T Pase activity was 1 -2m M  

in the two tissue sample groups, similar to ectoATPase activities in other tissues'*’ Therefore, 

reduced A TPase activity in the unstable group can be attributed to a loss o f  maximum activity, 

rather than reduced sensitivity to ATP.

The data from guinea-pig detrusor provide a useful comparison to human tissue, as ATP p oten cy  

in evoking a contracture w as similar to that for human unstable detrusor. A  com ponent o f  the 

guinea-pig and unstable human detrusor contraction is purinergic, therefore the relatively high 

potency o f  A TP is compatible w ith incom plete breakdown o f  transmitter ATP. H owever, the 

ARL 67156-dependent ectoA TPase activity o f  guinea-pig detrusor w as similar to that o f  stable 

human detrusor, and significantly higher than that o f  unstable human bladders. This im plies that 

relatively more ATP is released in guinea-pig than in human detrusor.

EctoA TPases are plasma membrane-bound enzym es that hydrolyse extracellular nucleotides. 

T hey are insensitive to cardiac glycosides, oligom ycin or low  Na azide concentrations which  

differentiates them  from the Na-pump enzym e or intracellular transport ATPases** permitting a 

more specific measurement o f  their activity. Their rapid hydrolysis o f  ATP ensures short-lived

13



excitatory events, as observed in animal detrusor preparations w ith a purinergic fraction o f  

contraction^^. The reason for reduced A TPase activity is unknown but could be due to altered 

conditions in the extracellular space; expression o f  a less active form o f  the en iym e or reduced 

production. EctoATPases are activated by m illim olar and Ca^  ̂ but it is unlikely that these  

w ould be different in preparations from stable and unstable bladders. The pH -dependence o f  

ectoA TPase activity is broad but tends to increase at higher pH values^^, so acidosis w ould  

decrease activity. In vivo, extracellular acidosis is more likely to develop in the obstructed bladder 

during filling, due to a greater reduction o f  blood flow  and tissue PO 2 compared to the normal 

bladder^^. It is unknown whether such a change o f  ATPase activity w ould persist in isolated  

tissue. Several reports have also show n splice variants o f  ectoA TPase mRNA^^ w hich m ay  

influence the overall activity and sensitivity o f  the enzym e, but the situation in human detrusor 

from pathological bladders is unknown. Reduced ectoATPase expression w ill also attenuate 

A T Pase activity. EctoATPases are associated w ith cell adhesion m olecules in several cell 

types^^’̂ * and their reduced expression or o f  ectoATPase itse lf  occurs in several t i s s u e s in c lu d in g  

urothelium  obtained from patients w ith interstitial cystitis^®.

These experiments have show n that ATP is a more potent contractile agonist in human detrusor 

from patients w ith  unstable or obstructed bladders and that ectoA TPase activity in unstable 

bladder is reduced. We proposed that atropine-resistant, purinergic contractions m ay result from  

reduced ATPase activity. The greater access o f  ATP to the detrusor cell w ould  permit greater Ca^^ 

entry and enhance contractile activity and m ay therefore contribute to the overactivity in these  

bladders.
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Figure Legends

Figure 1 D ose-response curves for the effect o f  ATP or a ,p -m ethylene ATP on tension  

developm ent in detrusor sm ooth muscle. Data are show n for the effect o f  ATP on strips from  

stable human detrusor (closed  circles) or from unstable or obstructed bladders (open circles). The 

closed squares show the effect o f  a,(3-m ethylene ATP on strips from stable bladders. M ean data ±  

S.D. The lines are best fit through the data points using a least squares m ethod according to  

equation 1 (M ethods).

Figure 2. pECfo (= -log EC50) values for the effect o f  ATP and a,|3-m ethylene ATP on  

contractures elicited in human detrusor sm ooth m uscle. EC50 values for ATP were calculated from  

data obtained in strips from stable bladders or from the combined group o f  unstable or obstructed 

bladders. EC50 values for a,p-m ethylene were calculated from strips from stable bladders. 

Calculated values for individual strips o f  tissue and the corresponding mean ±  S.D. o f  the group 

data are shown; * p <  0.05 ATP stable vs unstable/ obstructed, ** p < 0.01 stable ATP vs  stable 

a,p -m ethylene ATP.

Figure 3 ATPase activity in human detrusor sam ples A: Total A TPase activity (nmol A T P  

hydro lysis.s'^m g prot'^) in detrusor sam ples from stable bladders (open circles ) or unstable / 

obstructed bladders (closed circles). B: A R L resistant A TPase activity. C: A TP sensitive 

A TPase activity. The lines are best fit through the data using Vmax and Km values show n in table 1, 

m edian values +  75% quartiles (open circles) and 25% quartiles (closed  circles). The arrows in each 

plot show  the mean Km values from the pKm values show n in table 1 .
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Figure 1 D o se -re sp o n se  curves for th e effec t o f  A T P  or a ,P -m e th y le n e  A T P  on te n s io n  

d ev elo p m en t in d etru so r  sm o o th  m u scle .

Data are shown for the effect o f  ATP on strips from stable human detrusor (closed circles) or from 

unstable or obstructed bladders (open circles). The closed squares show the effect o f  

a,p -m ethylene ATP on strips from stable bladders. Mean data ± S.D. The lines are best fit 

through the data points using a least squares method according to equation 1 (Methods).
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Figure 2. pECso (= -log EC50) values for the effect o f ATP and a ,p -m eth y len e  ATP on 

contractures elicited in hum an detrusor sm ooth m uscle.

EC50 values for ATP were calculated from data obtained in strips from stable bladders or from the 

combined group o f unstable or obstructed bladders. EC50 values for a,p-methylene were calculated 

from strips from stable bladders. Calculated values for individual strips o f tissue and the 

corresponding mean ± S.D. of the group data are shown; * p < 0.05 ATP stable vs unstable/ 

obstructed, ** p < 0.01 stable ATP vj stable a,p-methylene.
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Figure 3 A T P ase activity in human detrusor sam ples

A: Total A T P ase activity (nmol ATP hydro lysis, s '‘.m g p r o f ‘) in detrusor sam ples from stable 

bladders (open circles) or unstable / obstructed bladders (closed  circles). B; A R L  resistant A T P ase  

activity. C: A T P  sensitive A T P ase activity. The lines are best fit through the data using Vmax and 

Km values show n in table 1, m edian values +  75%  quartiles (open circles) and 25% quartiles (closed  

circles). The arrows in each plot show  the m ean Km values from  the pKm values show n in table 1.
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