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Abstract

The inward calcium current plays a central role in excitation-contraction coupling in 
smooth muscle and changes to this current will not only alter muscle contractility but 
also the electrophysiological properties of the tissue. Changes to extracellular and 
intracellular pH have profound effects on detrusor contractility and alterations to pH 
may occur in vivo as a result of changes in the urinary constituents and altered blood 
flow during bladder distension. It was the aim of this thesis to measure the effects of 
pH changes on the calcium current in order to determine if this was the site of action 
responsible for the inotropic effects of H+. Furthermore the calcium current 
characteristics may also explain previous differences in the behaviour of muscle strips 
from patients with abnormal bladders.

Experiments were performed using isolated human detrusor smooth muscle cells 
produced from the enzymic dissociation of biopsy samples. Intracellular pH was 
measured in cells loaded with the fluorochrome BCECF using epifluorescence 
microscopy and the inward calcium current was measured using the whole-cell patch- 
clamp technique with caesium chloride filled microelectrodes.

It was found that changes to extracellular pH altered the calcium current in a manner 
consistent with the effects on contractihty but the same relationship did not hold true for 
changes to intracellular pH. Although changes to either intracellular or extracellular pH 
produced significant changes to the magnitude of the calcium current no alteration to 
either the steady-state or time dependent kinetics was demonstrated. A group of 
patients was also identified with cellular hypertrophy in which the current density was 
significantly reduced and this was accompanied by significant differences to both the 
time dependent and steady-state kinetics. These findings were consistent with those 
reported in other hypertrophied tissues and with previous data from experiments on 
isolated detrusor smooth muscle strips. In a similar manner significant differences 
were also identified for a group of cells from patients with detrusor instability. Whilst 
all these experiments were performed in cells from male patients significant differences 
were also found in the current density of cells from female patients.

Such differences in the properties of calcium channels in the human detrusor may have 
important therapeutic imphcations regarding the pharmacological treatment of abnormal 
contractile states.
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INTRODUCTION

CHAPTER 1

INTRODUCTION

1.1 The Clinical Problem

Urinary incontinence is a debilitating condition which apart from causing suffering to 
those afflicted also represents an important problem in terms of cost to the nation. It 
has been estimated that the total expenditure for looking after these patients and their 
many requirements is in the order of between 3-4% of total NHS expenditure, 
approximately £1 billion (Commons written answer 4/4/89). Since the term was first 
described in 1971 the unstable bladder (Bates, 1971) has come to be recognised as an 
important cause of incontinence which is characterised by the symptoms of frequency, 
nocturia, urgency and urge incontinence, collectively known as the "urge syndrome". 
Instability occurs in 10% of persons under 50 years old but this increases to 70% of 
those over 70 (Abrams, 1987). The presence of involuntary detrusor contractions will 
lead to urgency and the other associated symptoms will depend on the ability of the 
patient to resist these contractions as well as the functional capacity of the bladder.

1.2 Aetiology

The aetiology of instability in the majority of instances remains elusive. Neurological 
disorders such as multiple sclerosis and spina bifida are associated with detrusor 
instability and in these circumstances the condition is known as detrusor hyper-reflexia. 
The only other generally recognised aetiological factor is outflow obstruction in men. 
The pre-operative incidence of instability in patients with prostatic outflow obstruction 
is probably in the region of 50% (Speakman et al., 1987). The same study found that 
the symptom duration in patients who had developed detrusor instability was 70% 
longer than in those with stable bladders thus indicating the need for prompt assessment 
and appropriate treatment in this group. Subsequent relief of the outflow obstruction 
only succeeded in obtaining a satisfactory result in 52% of those with instability whilst 
92% of those with stable bladders were improved. In the majority of patients with

2 0



INTRODUCTION

detrusor instability however, no specific cause can be identified and this group has been 

termed idiopathic.

Another approach has considered the problem to be a primary defect of urethral 

function. For instance it has been found in females with idiopathic instability that 

involuntary detrusor contractions were preceded by a fall in urethral pressure similar to 

that observed in normal voiding (Low, 1977). A subsequent study on males with 

instability confirmed the finding of urethral relaxation preceding detrusor contraction 

(H indm arsh et al., 1983). All of the patients in this study were unaware of the 
relaxation taking place but voluntary pelvic floor contraction occuiTed when the 

detrusor strarted to contract and this was sufficient to prevent urinary leakage and 

inhibit the detrusor. One suggestion to explain these findings in women is that there is 

a lack of central appreciation of bladder events. It has further been proposed that this 

occurs as a result of a psychological disorder which would then be amenable to 

treatment by psychotherapy (Frewen, 1978). Although this sequence of events may 

seem attractive in the case of female instability it appears far less convincing in males.

1.3 U rodynam ic in vestigation

In order to distinguish instability from other causes of the urge syndrome urodynamic 
assessment is required. It is also important to identify any coincident lower urinary 

tract problems as these will influence the subsequent management and outcome of 

treatment. The teiTninology defining lower urinary tract function has been standardised 

by the International Continence Society (Bates et al., 1981). Normal detmsor function 

comprises an increase in bladder volume without a significant rise in pressure and no 

involuntary detrusor contractions occur despite provocation. Normal voiding is 

achieved by a voluntarily initiated detrusor contraction that is sustained and can be 

suppressed voluntarily. The unstable detrusor is one that is shown objectively to 

contract spontaneously or on provocation during the filling phase while the patient is 

attempting to inhibit micturition. Detrusor hyper-reflexia is defined as overactivity due 

to disturbance of the nervous control mechanisms and should be confiiTned by objective 

evidence of a neurological disorder. A low compliance bladder is one in which there is 

a high pressure rise during the filling phase.

The videourodynamic study has become the mainstay investigation to distinguish the 

stable, the unstable and the low compliance bladder. However the term stable is not 

synonymous with normal as it provides no information regarding bladder sensation.

2 1



INTRODUCTION

bladder capacity or the competence of the bladder neck during filling. The first 
sensation is usually felt at a filling volume of around 150ml with a strong desire to void 
at 450ml. Regardless of the degree of filling, coughing will not produce radiological 
opening of the bladder neck and filling of the proximal urethra. In the case of the 
hypersensitive bladder there will be early first sensation and a low capacity. Bladder 
neck incompetence is more common in women and stress incontinence may be 
associated with frequency and urgency despite a stable bladder. Also of importance is 
the occasional finding that in either sex an incompetent bladder neck may be a sign of 
an underlying neuropathy.

During normal voiding the patient can interrupt the flow with a rapid 'milk back' of 
urine into the bladder and closure of the neck without an undue rise in intravesical 
(isometric) pressure. Instability is characterised by precipitant voiding and during the 
stop test isometric pressure tends to be higher than normal. The usefulness of this 
variable however is hampered by a considerable overlap in values for isometric 
pressure between stable and unstable bladders (Mundy and Stephenson, 1984). 
Outflow obstruction is characterised by high pressure/low flow voiding and it is 
important to distinguish this from the situation of low pressure/low flow voiding which 
may lie within normal limits (Tumer-Warwick et al., 1973).

If urodynamic investigation proves negative despite a high index of suspicion that the 
patient is unstable the study should be repeated and the response to greater provocation 
ascertained. An alternative method of investigation is ambulatory monitoring which 
may help in arriving at a diagnosis in difficult cases. The results of urodynamic 
investigation have to be combined with relevant information obtained from the history, 
examination and any endocopic assessment of the patient before decisions regarding 
management are taken.

1.4 Treatment of instability

The treatment of idiopathic instability is hindered by a lack of understanding regarding 
the underlying pathophysiology of the condition and added to this is the assumption 
that involuntary detrusor contractions are an abnormal expression of normal bladder 
behaviour which has yet to be proven.

2 2



INTRODUCTION

1.4.1 Bladder training
Whilst supportive psychotherapy has had its advocates there appears to be little 
objective evidence that urodynamically proven instability can be ameliorated by such 
means in the long term (Frewen, 1980). Biofeedback and bladder drill have the 
advantage of being non-invasive but clearly suffer from a high relapse rate and the need 
for regular follow-up and out-patient reinforcement (Holmes et al., 1983). Despite the 
limitations bladder training is an easy non-invasive option which may also be combined 
with drug therapy.

1.4.2 Pharmacological agents
The dependence of involuntary detrusor contractions on the release of acetylcholine 
from parasympathetic nerve terminals underlies the use of anticholinergic drugs. 
Agents such as propantheline and oxybutynin produce variable symptomatic relief 
which is coincident with side effects which may be either troublesome or severe to the 
point of patients discontinuing therapy. Other agents have exploited a dual mode of 
action combining cholinergic blockade with putative calcium antagonism but again the 
clinical benefits appear variable and one such agent, terodiline (0stergaard et al., 1980) 
has had to be withdrawn from the market on account of cardiac side effects. Success 
has also been claimed for a variety of other diverse substances including baclofen, a 
derivative of gamma-amino butyric acid (Taylor and Bates, 1979) and mazindol a 
compound with properties similar to those of dexamphetamine and marketed as an 
appetite suppressant (Woodhouse and Tiptaft, 1983). This wide anay of drugs is 
testimony to the fact that none is universally satisfactory.

A further group of drugs which promise an alternative approach are the potassium 
channel openers. Hyperpolarisation of the smooth muscle cell membrane would be 
expected to make the bladder less excitable and reduce contraction which was 
confirmed in a study on the effect of cromakalim on human detrusor muscle strips in 
vitro (Nurse et al., 1991). However despite an encouraging initial clinical experience 
following on from the muscle strip experiments it was unfortunately withdrawn 
because of an unfavourable toxicological profile in animals and whether or not a more 
satisfactory alternative will be found remains to be seen.

1.4.3 Cystodistension
The technique of cystodistension under epidural anaesthesia has been found to be 
effective in patients with detrusor instability although the mechanism by which this was
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achieved remains obscure (Dunn et al., 1974). The patients who claimed complete 
symptomatic relief all showed an increase in bladder capacity but two patients still 
demonstated involuntary detrusor contractions on filling. A further report of repeated 
bladder distension using the Cystomat (Stimpel et at., 1984) found that although 
frequency, nocturia and bladder capacity could be improved detrusor instability 
persisted in all patients. It would appear possible therefore to achieve a satisfactory 
symptomatic result despite the persistence of involuntary detrusor contractions and 
similarly symptomatic failure does not of necessity imply a urodynamic failure. When 
these options have failed and provided the symptoms warrant further intervention the 
patient must be reassessed with a view to surgery.

1.4.4 Surgery
One option for the patient who has failed to respond to the above measures is bladder 
transection. Since the technique of cystocystoplasty was described (Tumer-Warwick 
and Ashken, 1967) the procedure has undergone several modifications. More recently 
it has been reported that reducing the extent of the procedure 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 revealed that 65% were cured, 14% were improved 
and 12% were failures. Comparing these results with the initial response there was a 
10% partial or complete relapse with time. The means by which bladder transection 
produces this beneficial effect is not known but is probably related to neurological 
decentralisation.

Another approach to abolishing involuntary detmsor contractions has been to denervate 
selectively the bladder and various workers have sought to achieve this in a number of 
different ways. A report of selective sacral neurectomy (Torrens and Griffith, 1974) 
found that a satisfactory result could be obtained in some carefully selected patients. 
Although the procedure could be performed on the basis of results from sacral nerve 
blocks it was concluded that intra-operative stimulation was a more accurate means of 
localising the innervation of the bladder and should therefore be mandatory. Following 
the procedure sphincter function was found to be depressed but even though this did 
not affect continence a less destructive surgical technique was clearly desirable.

A simpler less invasive manœuvre was then found in the transvesical injection of 
phenol into the pelvic plexuses (Ewing et at., 1982). Initial results within one week of 
treatment showed that over 70% of 30 female patients became dry. A more recent
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review of the results achieved over the last ten years suggests that the benefit in 
detrusor instability is short lived (Chappie et aL, 1991). The technique is also 
contraindicated in men because of the risk of impotence and even in women is not 
without serious problems. Among the various complications reported are ureteric 
reflux and stenosis, fistulae - especially in patients who have received radiotherapy, and 
urinary retention. The authors conclude that phenol should be reserved for patients 
with refractory hyper-reflexia and highly selected cases of detrusor hypersensitivity.

Having exhausted this armamentarium of possible treatments the clinician is then faced 
with having to consider embarking on a "clam" cystoplasty (Mundy and Stephenson, 
1985). This procedure represents a quantum leap in complexity when compared to less 
invasive measures however if performed correctly it is almost invariably successful 
(Mundy, 1988). There is however a price to pay for success in that by making unstable 
detrusor contractions ineffective voluntary bladder contraction is also compromised and 
patients must be warned of the possible need for intermittent self catheterisation (ISC). 
Instead of being thought of as a cure "clam" cystoplasty should be regarded as 
exchanging one set of symptoms for another, hopefully less troublesome, set. A 
secondary procedure may also prove necessary for example in correcting voiding 
imbalance in males. Other problems may arise as a result of the fact that the gut 
segment continues to behave as such with mucus production and the possibility of acid- 
base disturbances. On the longer term there is the spectre of developing 
adenocarcinoma in the gut segment which is potentially life threatening.

In the case of obstructive instability the cause must be dealt with appropriately and if 
instability persists despite adequate surgery then treatment should proceed along the 
lines described for the idiopath. Instability as a result of neurological disorders requires 
that treatment be directed towards the patient and the natural history of the disease, 
which may for instance be likely to cause progressive disability, as well as the 
urological disorder. Detrusor sphincter dyssynergia or urethral instability may co-exist 
as well as the more common problems of benign prostatic hyperplasia in men and stress 
incontinence in women. All these factors and the degree to which they trouble the 
patient will require due consideration.

A young person may have to come to terms with ISC or any of a number of other 
complications as a result of their treatment in the knowledge that an acceptable 
pharmacological cure remains a tangible possibility.
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1.5 Normal bladder physiology

Lower urinary tract function may be conveniently subdivided by considering firstly 
bladder filling and urine storage and secondly bladder emptying. The essential features 
are bladder filling and hence distension, without an appreciable rise in intravesical 
pressure, until capacity is reached followed by the coordinated complete expulsion of 
urine at both a time and place that is socially convenient This section discusses bladder 
structure and innervation, the means by which the detrusor smooth muscle is able to 
contract and some of the various modulatory influences that may play a role.

1.5.1 Anatomy of the bladder
The bladder wall is composed of three layers: an inner mucous membrane lined by 
transitional epithelium; a smooth muscle layer; and an outer adventitium consisting 
primarily of connective tissue which is partially invested by peritoneum on its superior 
surface. The smooth muscle layer may be further subdivided into the detrusor, and the 
trigone demarcated by the ureteral orifices and the vesico-urethral junction. The 
detrusor consists of a mesh of interlacing muscle bundles loosely organised in the 
region of the bladder base into an outer longitudinal layer, a middle circular layer and an 
inner longitudinal layer. The continuity of a smooth muscle layer into the urethra 
remains a subject for disagreement and will not be discussed.

1.5.2 Micturition reflexes
Extensive investigation of normal micturition in the cat led to the classical description of 
seven micturition reflexes. The first of these was bladder contraction elicited by vesical 
distension (Barrington, 1915; 1921; 1925). Both the afferent and efferent limbs ran in 
the pelvic nerves and the central pathways necessary were located in the spinal cord and 
brain stem as high as the pons. A pontine "micturition centre" was described which 
when ablated led to vesical overdistension and the absence of contractions. The second 
and seventh reflexes concerned the excitation of afferent endings in the urethra leading 
to bladder contraction which would help maintain high detrusor pressures (Barrington, 
1931; 1941). The afferent limb was located in the pudendal or pelvic nerves and the 
efferent limb in the pelvic nerves only. The third reflex was mediated by hypogastric 
afferents and efferents whereby distension of the bladder resulted in a slight 
contraction. The operation of this reflex at low bladder pressures was envisaged to 
play a role in receptive relaxation during filling. A more doubtful pathway was 
described in the fourth reflex which was thought to be elicited by running water
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through the urethra and to be mediated via afferents running in the pudendal nerves 
(Barrington, 1931; 1941). It was proposed that this spinal reflex would produce 
relaxation of the urethral skeletal muscle however subsequent work also in the cat failed 
to confirm this hypothesis (Garry et aL, 1959). The relaxation of the external urethral 
sphincter, fifth reflex, or of the smooth muscle of the proximal urethra, sixth reflex, 
occurred during bladder distension or contraction (Barrington, 1931; 1941). These 
spinal reflexes were mediated by afferents in the pelvic nerves and efferents in both the 
pudendal and pelvic nerves.

In humans controversy exists over the existence of the second and seventh reflexes 
(Nathan, 1952) and no evidence has been found in support of the fourth (Denny- 
Brown and Robertson, 1933). However studies on patients with spinal cord injuries 
suggested that micturition was a reflex act resulting from bladder distension and that it 
was mediated by a centre in the sacral cord (Denny-Brown and Robertson, 1933). This 
basic reflex could then be modified by impulses from higher centres. Unfortunately 
more recent investigation has contributed little additional information regarding the 
inhibitory and excitatory pathways impinging on the sacral micturition centre (Kuru, 
1965).

1.5.3 Central control of micturition
Micturition is basically a function of the peripheral autonomic nervous system which 
can be facihtated or inhibited by higher centres. The micturition centre in the brain stem 
reticular formation has been localised to the nucleus tegmento lateralis dorsalis. 
Lesions above the level of the pons result in co-ordinated, involuntary voiding whilst 
those below result in unco ordinated, involuntary voiding characterised by detrusor 
sphincter dyssynergia. Stimulation studies largely performed in animals suggest that 
the voluntary control of micturition is associated with the superior frontal and anterior 
gyri. Control of the voluntary urethral sphincter is localised to the paracentral lobule 
and lesions involving this region may cause spasticity of the pelvic floor sufficient to 
precipitate retention. Efferent fibres from various parts of the reticular formation are 
probably organised into two groups, one for contraction and the other for relaxation. 
However there is probably considerable variation between individuals regarding the 
localisation of these fibres. The sacral micturition centre does not exist to simply 
transmit a spinally based detrusor reflex and cannot fully co-ordinate the 
parasympathetic, sympathetic, and somatic activities related to filling and voiding 
(Torrens, 1985) which is supported by the observation that the initial response
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following cord injuries is often bladder paralysis. It should be considered that sacral 
and supraspinal organisation are not mutually exclusive but complementary.

1.5.4 Innervation and neurotransmission
The pelvic and hypogastric nerves supply the bladder with efferent parasympathetic and 
sympathetic neurones, and both convey afferent, sensory, neurones to the spinal cord. 
The parasympathetic supply originates in the intermediolateral region of grey matter of 
the sacral cord over segments S2-4 and the preganglionic fibres emerge in the ventral 
nerve roots to run in the pelvic nerves. The ganglia lie close to or within the bladder 
wall giving rise to the concept of the urogenital short neuronal system. The 
sympathetic innervation originates in the intermediolateral nuclei of cord segments T ll-  
L2. Having traversed the lumbar sympathetic ganglia these neurones then form the 
superior hypogastric plexus in the lumbosacral region anterior to the aorta. From here 
they continue as the right and left hypogastric nerves which subsequently meet and 
branch giving rise to the pelvic, or inferior hypogastric, plexus. In addition there are 
also many interconnections that have been identified which have neccessitated 
modification of a purely bineuronal efferent autonomic model. Most vesical afferent 
axons terminate as free nerve endings there being no specialised receptors identifiable 
except for a sparse distribution of pacinian corpuscles. The predominant sensations of 
distension and pain are carried in the pelvic and hypogastric nerves to the dorsal 
columns of the lumbosacral spinal cord. The striated sphincter receives both an 
autonomic and a somatic innervation the latter being derived from the sacral cord via the 
pudendal nerve. Both the extramural and intramural striated sphincters are innervated 
exclusively through motor end plates implying a purely somatic supply although there 
is variability in opinion over which nerve trunks are responsible for conveying them.

A wide distribution of autonomic ganglia has been demonstrated in the wall of the 
human bladder (Dixon et aL, 1983), and without exception all are rich in 
acetylcholinesterase. This study also showed that the pericellular networks of 
preganglionic fibres were rich in acetylcholinesterase and therefore presumed to be 
cholinergic in nature. However the appearances associated with noradrenaline were 
never observed in any of the intramural ganglia studied. A sympathetic supply to the 
trigonal smooth muscle has been found in human tissue from both sexes but this has 
only rarely been observed in the detrusor (Gosling et aL, 1983). In the male the 
bladder neck, prostate, seminal vesicles and vas deferens also receive a sympathetic 
supply but this was scarce in the bladder neck and urethra of the female although the 
rhabdosphincter in both sexes received a scant supply.
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Muscarinic cholinergic receptors are widely distributed throughout the human detrusor 
and whilst adrenergic receptors are also present their role is less clear. This adrenergic 
contribution may be further subdivided into a i  postsynaptic, tt2 presynaptic (this 
distinction may not be strictly true) and P receptors. It is commonly held that p 
receptor stimulation of the detrusor produces muscle relaxation and as a result increases 
bladder accommodation however in view of the paucity of sympathetic innervation this 
seems unlikely. Stimulation of a i  receptors located in the bladder neck region produce 
contraction and hence a rise in outflow resistance. Adrenoceptor activity may also 
inhibit bladder contractility via a blocking effect on parasympathetic ganglionic 
transmission. The possibility that adrenergic nerves might play a role in detrusor 
contraction has also been investigated by assessing the effect of the a-b locker 
phentolamine on the frequency-response curve of muscle strips obtained from the 
bladder dome (Sibley, 1984), and no significant effect was observed in tissue obtained 
from pig, rabbit or man. Furthermore it has been observed that sympathetic 
interruption in a normal individual rarely causes a lasting voiding difficulty (Nordling, 
1983). This seems to imply a relatively minor role for this limb of the autonomic 
system in micturition.

Following its discovery in a variety of laboratory animal bladders a phenomenon that 
has received much attention is that of atropine resistance. In these preparations a 
variable but significant proportion of the contractile response to field stimulation was 
found to be resistant to the cholinergic blocking effects of atropine. The relevance of 
this in the human has been investigated in a number of studies and one of these 
demonstrated more than 95% inhibition in response to lO'^M atropine in tissue obtained 
from patients undergoing either ureteric reimplantation or cystourethrectomy (Sjogren et 
aL, 1982). A further study showed atropine to have a dose-dependent effect on the 
response to field stimulation and that maximal inhibition could be obtained with an 
atropine concentration of 5xlO‘̂ M (Sibley, 1984). It was also shown that in both 
rabbit and pig bladder atropine was only partially effective in abolishing the response to 
field stimulation and that this resistance could in turn be abolished by the addition of 
tetrodotoxin (TTX) indicating a nerve mediated response. In contrast atropine was 
effective in blocking the frequency-response curve at all frequencies in human tissue 
and this was not significantly altered by the addition of TTX. Furthermore no 
significant difference was noted in the results whether the tissue was obtained from 
patients undergoing prostatectomy or cadaver donor nephrectomy. It may be concluded 
therefore that the nerve mediated contractile response in human detrusor is entirely 
cholinergic. The lack of atropine resistance in human detrusor has since been
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reconfirmed (Speakman et a l, 1988) although this study did demonstrate non- 
adrenergic, non-cholinergic transmission in the superficial trigone.

There is now a body of evidence to favour ATP as the non-chohnergic, non-adrenergic 
neurotransmitter in the bladder to account for the atropine resistance observed in the 
smaller mammals. Whether or not ATP is either a co-transmitter or is released from a 
separate purinergic innervation is less clear. Despite the lack of atropine resistance in 
normal human bladder the adenosine nucleotides may still have a role to play. It has 
been found for instance that ATP has a calcium-dependent contractile effect on human 
detrusor muscle strips and also that it may promote the release of prostaglandins in this 
tissue (Husted et a l, 1983). ATP has also been shown to have a significant contractile 
effect on muscle strips which are atropine sensitive indicating that the purinergic 
receptor may be present in all normal human detrusor (Ruggieri et a l, 1990). However 
these results must be tempered by the knowledge that a response observed in vitro does 
not necessarily imply a role for a particular substance in the whole organ in vivo.

Amongst the various other substances that workers have sought to ascribe a 
neurotransmitter role to is vasoactive intestinal polypeptide. VIP-containing nerves 
have been found in the human bladder in association with detrusor muscle, in the 
lamina propria beneath the transitional epithelium and surrounding the blood vessels 
(Gu et a i, 1983). VIP has a relaxant effect on smooth muscle and has also been 
shown to reduce spontaneous activity in isolated human detrusor smooth muscle strips 
(Kinder and Mundy, 1985). It would not seem unreasonable then on the basis of these 
findings to ascribe a modulatory role to VIP in detrusor contractile function. Another 
substance that has received more recent attention is GABA and although it has been 
shown to have an inhibitory effect on detrusor contraction in rabbits via the GABAg 
receptor (Chen et a l, 1992) there is little evidence that it contributes significantly in the 
human bladder.

1.5.5 Smooth muscle contraction
The underlying event required for activation of the contractile machinery in smooth 
muscle is the elevation of the cytosol [Ca^+], and this may be achieved by the entry of 
extracellular Ca^+, the release of Ca^+ from intracellular stores or a combination of the 
two (Bozler, 1969). This rise in free [Ca^+]i does not act as a simple on/off switch but 
rather regulates the number and cycling of crossbridges interacting with the thin 
filaments (Murphy, 1989). This regulatory system has evolved in the absence of 
troponin which is one of the key features distinguishing smooth from skeletal muscle.
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The normal resting free [Ca^+Jj is probably in the region of lO'^M and this must rise to 
10‘^M to fully activate contraction. Ca^+ bind to the protein calmodulin and this 
combination activates the enzyme myosin light chain kinase (MLCK) which in turn 
phosphorylates myosin using energy from the hydrolysis of ATP. This results in actin- 
myosin crossbridge formation and then these filaments slide past each other producing 
contraction. Relaxation occurs as a result of a fall in free [Ca^+Ji, MLCK inactivation 
and myosin dephosphorylation.

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 a skeletal muscle to sustain a comparable force (Murphy, 1988). 
Energy economy is achieved by the ability to develop the "latch" state which allows 
force to be maintained whilst limiting crossbridge turnover and hence energy 
consumption (Murphy, 1989).

The process by which an extracellular event mediates muscle contraction is known as 
excitation-contraction coupling. The object of this process is to produce a rise in free 
[Ca^+Ji and may be divided into either electro-mechanical coupling associated with 
membrane depolarisation or pharmaco-mechanical coupling which is independent of 
surface membrane potential (Somlyo and Somlyo, 1968).

1.5.6 Pharmaco-mechanical coupling
The effect of carbachol on free [Ca^+Jj and tension has been investigated using the 
calcium sensitive fluorescent dye Fura-2 in thin sheets of guinea-pig ileum smooth 
muscle (Himpens and Somlyo, 1988). This study highlighted the intimate relationship 
between free [Ca^+Ji and tension development including the response to carbachol 
which was consistent with excitatory agonists acting by primarily increasing cytosol 
[Ca^+J. It was found that in depolarised smooth muscle carbachol increased free 
[Ca^+Ji both in the presence and absence of extracellular Ca^+ and the initial rapid Ca^+ 
transient was attributed to the release of intracellular Ca^+ from the sarcoplasmic 
reticulum (SR). Other experiments in guinea-pig bladder have demonstrated that 
carbachol produces contraction by the release of an intracellular calcium store 
(Mostwin, 1985). This mechanism will be dependent upon a second messenger to 
carry the signal received at the cell membrane to the interior. One such chemical is 
inositol-1,4,5-trisphosphate (IP3). IP3 has been shown in skinned smooth muscle cells 
from rabbit main pulmonary artery to release enough calcium from the SR to produce
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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 e ta l,  1990).

1.5.7 Electro-mechanical coupling
This form of excitation is dependent upon membrane depolarisation secondary to 
neurotransmitter release from nerve terminals. Depolarisation opens the voltage 
sensitive calcium channels and the resulting influx of Ca^+ produces the characteristic 
spike of the action potential. Although it is possible for enough calcium to enter the cell 
by this means to initiate contraction there is also evidence for Ca-dependent Ca-release 
probably from the SR (Itoh et a i, 1981). Experiments in guinea-pig bladder suggested 
that contraction was tightly coupled to membrane excitation in the form of action 
potentials (Mostwin, 1986) and substantiated Ca^+ as the inward charge carrier 
supporting the upstroke of the action potential.

What remains obscure is the contractile sequence by which excitation spreads 
throughout the detrusor to produce co-ordinated voiding. The classical grouping of 
involuntary muscles is into multiunit and unitary types. In the multiunit situation each 
cell does not communicate with other muscle cells through junctions and contraction is 
controlled by extrinsic innervation or hormones. In unitary muscles the cells are 
electrically coupled through cell-to-cell junctions and fairly normal contractile activity 
can be maintained without extrinsic innervation. Following work on uterine and 
ureteric smooth muscle it became clear that excitation transmission was not due to nerve 
structures but to conduction from cell to cell (Bozler, 1938). There also appears to be 
considerable variation in the longitudinal resistance between different smooth muscles 
reflecting the coupling pathway. In the guinea-pig it was ascertained that this resistance 
was four times greater in the detrusor as compared with circular smooth muscle from 
the stomach (Brading et aL, 1989). On a structural level nexuses have been identified 
between rabbit detrusor smooth muscle cells using electron microscopy (Lloyd-Davies 
et aL, 1970) but gap junctions have not been identified in the human bladder (Gabella, 
1990). The detrusor seems to share characteristics of both the multiunit and unitary 
type but the means by which cells are electrically coupled is not clear at the present 
time.
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1.5.8 Spontaneous contractile activity
It may be argued on functional grounds that spontaneous activity in the bladder would 
be counter-productive to the low pressure storage of urine, however spontaneous 
contractions have been observed in a variety of detrusor smooth muscle strips in vitro 
(Sibley, 1984) although the significance of this finding in the intact whole organ has 
been called into question. In a study to compare this phenomenon in vitro and in vivo 
in the rabbit bladder it was found that such activity was almost universal in detrusor 
strips (Levin et al., 1986). Under these conditions the contractile activity was non- 
neurogenic and not mediated by autonomic receptors. Instead this activity may be 
related to the stretch imposed on the preparation inherent in this method of 
electrophysiological recording which has been shown to increase spontaneous 
depolarisation (Ursillo, 1961). In contrast circumferential expansion failed to produce 
spontaneous activity in either a denervated whole-bladder preparation or an innervated 
in vivo bladder at low volumes. However if the whole-bladder preparation was then 
stretched longitudinally spontaneous activity could be elicited and this was not due to 
the presence of cut surfaces. Despite this apparent inability to extrapolate the in vitro 
findigs to the in vivo situation the degree of spontaneous contractile behaviour in 
muscle strips may provide interesting clues into the pathophysiology of bladder 
dysfunction and this will be discussed later.

1.6 Summary

1.6.1 The storage phase
During filling the normal bladder is very compliant ie it is able to accommodate 
relatively large increases in volume for a small rise in pressure. Despite this small rise 
in pressure tone develops in the wall of the bladder due to its physiological, elastic and 
viscoelastic properties. Little neural efferent activity is apparent until capacity is 
reached when reflex somatic efferents increase activity in the striated sphincter. 
Detrusor contractile activity is inhibited at the level of parasympathetic ganglionic 
transmission and outlet resistance increases due to active stimulation of the 
predominantly a-adrenergic receptors of the bladder neck. Voluntary micturition is 
then stimulated by the sensation of bladder distension and reflex sympathetic activity is 
inhibited.
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1.6.2 The voiding phase
Co-ordinated voiding results from parasympathetic efferent activity producing 
synchronous contraction of the detrusor with a concomitant decrease in outlet resistance 
with adaptive funneling of the bladder outlet. At the end of micturition intravesical 
pressure falls and the flow of urine stops as the urethral sphincter voluntarily contracts. 
The proximal urethra closes in a retrograde fashion so that any urine present is milked 
back into the bladder. Inhibition of reflex activity is reapplied by higher centres and the 
bladder enters another storage phase.

1.7 Pathophysiology of outflow obstruction and instability

1.7.1 Outflow obstruction
As previously stated one generally recognised cause of detrusor instability is outflow 
tract obstruction in men. It seems reasonable then to consider the pathophysiological 
consequences of obstruction and also how they might relate to the development of 
instability. Morphometric analysis has shown smooth muscle cell hypertrophy to occur 
in patients with outflow obstruction and that this was associated with connective tissue 
infiltration (Gilpin et a i,  1985). Others have investigated the effect of obstruction on 
detrusor autonomic innervation (Gosling et al., 1986) and this particular study 
demonstrated a significant decrease in the number of acetylcholinesterase positive 
nerves compared to age-matched controls, a finding that was also confirmed on electron 
microscopy. These patient studies however fail to provide information on the temporal 
sequence of the changes as it is difficult to determine the duration of the obstruction. 
Using a pig model of outflow tract obstruction it was found that there was a rapid 
reduction in the density of detrusor autonomic innervation at six weeks to three months 
which decreased further by 12 months (Dixon et at., 1989). Changes in smooth 
muscle cell morphology and connective tissue infiltration were most pronounced at 12 

and 14 months although in contrast to human studies no significant cellular hypertrophy 
was apparent after 12 months obstruction.

Following this observation it was of interest to determine what effect denervation might 
have on muscarinic receptor sensitivity. The problem has been addressed by several 
authors and muscle strip studies in patients who had developed urodynamically proven 
instability secondary to prostatic obstruction demonstrated supersensitivity to ACh with 
a significant shift to the left of the dose-response curve (Harrison et at., 1987). This 
study also found a decrease in the nerve mediated contractile response elicited by field 
stimulation in the unstable strips but no difference was apparent with direct muscle

3 4



INTRODUCTION

Stimulation. In a pig model of outflow obstruction supersensitivity to ACh was also 
demonstrated (Sibley, 1987) and nine of the fourteen animals studied were shown 
urodynamically to be 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 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 in the control group none of the donors had any recognised lower urinary tract 
dysfunction. Muscle strip studies demonstrated a significant increase in the sensitivity 
to ACh in the obstructed group and although the dose-response curve for carbachol was 
also shifted to the left this failed to reach significance. There was no difference in the 
response to high potassium solutions but nerve mediated stimulation was attenuated in 
the obstructed patients with a shift to the right of the force frequency curve. Although 
no distinction was made between obstructed stable and obstructed unstable patients in 
the other interventions further analysis on this basis showed that the changes with nerve 
mediated stimulation persisted and both were equally atropine sensitive. Direct muscle 
stimulation in the presence of TTX however revealed that the obstructed group were 
more sensitive.

More recent work has considered whether or not the changes observed in response to 
outflow obstruction are reversible when the obstruction is relieved. 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 appeared 
to be related to the duration of obstruction and there was also an improvement in the 
morphological architecture of the tissue. The previously reported altered sensitivity to 
ACh, high potassium solutions and intramural nerve stimulation all returned towards 
normal post relief but there was no significant difference between the animals that had 
reverted to stable cystometrograms and those that remained unstable. There did not 
appear to be a relationship between the duration of obstruction and either the 
development of instability or its persistence post relief. Furthermore no clear 
relationship between reinnervation and the persistence of instability could be detected.
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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).

Further electrophysiological data have been obtained from muscle strips using a guinea- 
pig model of bladder outflow obstruction (Seki et aL, 1991a). In these experiments 
conventional intracellular microelectrodes were used to record the membrane potential 
and action potential from single smooth muscle cells. The resting membrane potential 
was unchanged with obstruction but action potentials showed a decreased amplitude 
and prolonged duration compared to control. The velocity of depolarisation and 
repolarisation were also both significantly reduced following obstruction. Other data 
obtained suggested that there was a decrease in cell-to-cell propagation of electrical 
activity in the obstmcted bladders (Seki et aL, 1991b). However, it is unknown how 
these differences are mediated or what their relationship to instability might be.

The effect of mild outlet obstruction has been investigated in the rabbit using a silicone 
sleeve placed around the bladder neck (Kato et aL, 1988). The aim of this study was to 
determine the effects of obstruction without producing acute overdistension and a 
subsequent massive increase in bladder mass. Intravesical pressure and volume 
changes during emptying were measured using an in vitro whole bladder preparation. 
After one and two weeks obstruction the bladders generated a greater intravesical peak 
pressure at 20ml volume to both field stimulation and bethanechol compared to control. 
However the ability of both methods of stimulation to empty the bladders was 
significantly reduced and this was more evident in the case of field stimulation. It was 
also determined that although the muscarinic receptor density was similar to control the 
estimated number of receptors was significantly increased in the obstructed bladders. 
No significant ischaemia or anoxia appeared to occur as a result of the obstruction as 
the levels of high energy phosphates, ATP and CP, were unaltered. The discrepancy 
between the ability to develop intravesical pressure and bladder emptying suggests that 
muscle strip studies give a limited insight into the functioning of the whole organ. The 
increased pressure generation in response to bethanechol is consistent with
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postjunctional supersensitivity that has previously been observed and the 
proportionately greater reduction of bladder emptying in response to field stimulation 
may be attributed to neuronal damage. A further study on the effects of long term 
obstruction using the rabbit model showed that bladders with moderate mass increase 
emptied significantly better than those that had been obstructed for one or two weeks 
(Kato et aL, 1990). In contrast chronically obstructed bladders with a much greater 
increase in mass had a markedly reduced ability to empty. These findings seem to 
support the idea that hypertrophy starts as a compensatory mechanism to maintain 
bladder emptying but that there comes a point when decompensation occurs and 
progressive detrusor failure ensues.

The ability to draw overall conclusions from these various studies is hampered by inter 
species variations and the fact that the distinction between obstructed stable and 
obstructed unstable bladders has not always been made. However despite these 
limitations common ground appears to exist in that cellular hypertrophy, connective 
tissue infiltration and a reduction in autonomic innervation occur as a result of outflow 
tract obstruction and that these changes are at least partially reversible. Muscle strip 
studies have shown a post-junctional supersensitivity to ACh and a shift to the right in 
the force-frequency relationship which remained atropine sensitive in the human 
implying that different motor transmitters were not unmasked.

1.7.2 Idiopathic instability and hyper-reflexia
In a study to assess ultrastructural changes by electron microscopy in muscle biopsies 
from urodynamically defined groups of patients it was found that specific features 
could be ascribed to different pathologies (Elbadawi et aL, 1990). The main feature of 
patients with detrusor hyperactivity was 'protusion' cell junctions suggesting enhanced 
cell-to-cell coupling. Furthermore it was possible to group the patients on these criteria 
by blind assessment without access to clinical information. It has also been observed 
that recording with the double sucrose-gap technique was almost impossible in normal 
pig bladders but that it was relatively easy in unstable bladders again suggesting better 
cell-to-cell connections (Fujii, 1988). Muscarinic cholinergic receptors have been 
studied in the neurogenic bladder using tissue obtained from children with 
myelomeningocele and adults with neurogenic bladder undergoing augmentation 
procedures (Lepor et aL, 1989). No post-junctional supersensitivity was identified 
although a decreased density of receptors was found in the neuropathic group but this 
difference could be explained on the basis that the muscle density was also reduced due 
to the connective tissue infiltration.
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Early work on detrusor muscle strips revealed a shift to the left in the force-frequency 
relationship in unstable tissue and no difference in the response to ACh (Eaton and 
Bates, 1982). These findings however are difficult to interpret as no clear distinction 
was made between instability associated with obstruction and other possible 
pathologies. The clinical and urodynamic similarity between neuropathic and idiopathic 
instabilty was subsequently investigated in vitro using muscle strips (Kinder and 
Mundy, 1987). A high degree of spontaneous contractile activity was observed and 
this was more evident in the unstable strips as follows, 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. Atropine almost completely abolished this contractile 
response and there was no significant difference in the degree of inhibition in the 
various groups. Furthermore any residual activity was resistant to TTX indicating that 
it was not neurally mediated. The response to ACh was essentially similar in each 
group although a significantly increased sensitivity at threshold concentrations was 
associated with instability.

On the basis of these results it seems unlikely that the increased sensitivity to nerve 
mediated stimulation can be attributed to either a non-cholinergic neurotransmitter or 
supersensitivity to ACh. An alternative explanation could be that these findings were 
the result of a diminished inhibitory influence on the bladder and in this respect a 
significant decrease of VIP-immunoreactivity in the muscle layer has been found in 
unstable (Gu et al., 1983) and hyper-reflexic (Kinder et aL, 1985) bladders without a 
concomitant decrease in other neuronal elements. In another investigation into 
spontaneous activity in isolated muscle strips VIP was found to produce a significant 
reduction in amplitude, frequency and basal tension (Kinder and Mundy, 1985). 
Muscle strips from neuropathic and unstable bladders exhibited both a greater tendency 
to spontaneous contraction and greater sensitivity to VIP but these differences were not 
significant.

A model of non-obstructive instability has been produced by circumferential 
supratrigonal bladder transection in the minipig (Sethia et aL, 1990). Muscle strip 
studies in these decentralised bladders revealed no difference in the force-frequency 
relationship but an increased sensitivity to ACh despite there being no significant 
difference in the density of acetylcholinesterase nerves. It is interesting that transection 
produces instability as this procedure has previously been used in humans for 
therapeutic purposes and also that the response to ACh and the force frequency
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relationship are contrary to the results described in the human. However the usefulness 
of animal models is the ability to test hypotheses which may have been formulated from 
human experiments where the variability of the tissue and difficulty in obtaining 
adequate controls impose their own limitations. Be that as it may there do appear to be 
certain fundamental differences between obstructive and non-obstructive instability 
namely in the level of spontaneous contractility, the response to ACh and the force- 
frequency relationship. This concept is reinforced by in vivo experiments investigating 
the effects of intravesical verapamil in these two groups of patients (Mattiasson et aL, 
1989). It was found that verapamil significantly increased bladder capacity in patients 
with detrusor hyper-reflexia but had little effect on patients with instability secondary to 
outflow obstruction.

1.8 Bladder distension, ischaemia and pH

Before looking at the effects of changes in pH on smooth muscle contractility it is 
important to consider the various circumstances in which these proposed fluctuations 
might occur in the lower urinary tract. The pH of urine may vary greatly and in 
particular the PCO2 can reach values of 150mmHg (Pitts et aL, 1949). CO2 is able to 
diffuse across the urothelium and influence both extracellular and intracellular pH. 
Although the transitional epithelium lining the urinary tract is often regarded as 
impermeable it has been shown in the dog bladder that significant transfer of 
electrolytes can occur probably by a mechanism of ion exchange (Hlad et aL, 1956). 
Of further interest in this study was the finding that pH had a striking influence upon 
the degree to which this electrolyte transfer could take place. In most cases the function 
describing this transfer passed through a minimum around pH 7 with increasing values 
at low or high pH levels. It has also been demonstrated using trypan blue that 
urothelial permeability is increased in inflammatory conditions (Monson and Wein,
1989) and with bladder distension either alone or in conjunction with inflammation 
(Eldrup gf a/., 1983).

Bladder distension has been shown in animal models to influence vesical blood flow. 
In the rabbit bladder a linear relationship between intravesical pressure and bladder 
blood flow was demonstrated which it was suggested could lead to ischaemic hypoxia 
of the detrusor (Dunn, 1974). Another investigation in dogs showed that blood flow 
was reduced with bladder distension and that this occurred equally in both the mucosa 
and muscularis indicating that redistribution of flow did not occur (Finkbeiner and 
Lapides, 1974). An increase in the amount of intercellular material consisting
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predominantly of collagen has been found in the detrusor of obstructed rats (Uvelius 
and Mattiasson, 1984) and human bladders (Gilpin et a i, 1985). There is evidence that 
the muscle cells themselves are the source of this new collagen and that although the 
amount normally produced in the adult bladder is small synthesis can be resumed on a 
large scale in cells undergoing hypertrophy (Gabella, 1990). This deposition of 
connective tissue will increase the diffusion distance between vessels and muscle cells 
hindering the dehvery of nutrients and the removal of metabolic waste products. Little 
is known about the changes in blood supply that may accompany hypertrophy in the 
human detrusor but in rodents there is some reduction in the density of vascularisation 
despite the ability of the hypertrophied cells to support neoangiogenesis (Gabella,
1990). Ischaemia will also occur as a result of reduced arterial inflow and 
atherosclerosis associated with advancing age may be an important additional factor.

In an investigation into the effects of acute overdistension on the rabbit bladder it was 
found that whereas in vivo ischaemia reduced intracellular concentrations of ATP to 
less than 10% of control values within one hour (Levin et aL, 1983) overdistension for 
the same time failed to produce any reduction in the ATP level. The decrease in the 
contractile response of muscle strips to bethanechol immediately following acute 
overdistension could not therefore be explained on this basis. A study on the effects of 
chronic partial ischaemia and the ability to recover in the presence of continuing 
ischaemia was subsequently undertaken by vesical artery ligation in the rabbit (Lin et 
at., 1988). In vivo and in vitro cystometry were performed and the functional response 
of the in vitro whole bladder preparation to field stimulation and bethanechol 
determined. After the first day of ischaemia the bladders showed a marked degree of 
spontaneous contractile activity which was maximal at one week, persistent at two 
weeks and reduced again by four weeks. Intravesical capacity and compliance 
decreased and also returned towards normal over a similar period of time. Although 
there was no significant difference in the response to field stimulation or bethanechol in 
any of the groups the ability of the bladder to empty was affected. This latter 
impairment reached 50% after one day, persisted at two weeks and again returned 
towards normal by four weeks following ischaemic injury. These results paralleled the 
changes seen in spontaneous activity, capacity and compliance but the reason for this 
recovery remains unknown. It is of interest that the ability to increase peak intravesical 
pressure cannot be directly related to bladder emptying which in addition to an intact 
contractile mechanism also requires efficient cell to cell coupling. With respect to this 
latter point it has been postulated from evidence also obtained in the rabbit that 
overdistension disrupts a proportion of nexuses between muscle cells which in turn
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may hinder the spread of excitation throughout the detrusor (Lloyd-Davies et aL, 
1970).
A close relationship between pH and detrusor smooth muscle contractility has been 
demonstrated (Liston et aL, 1991). The effects of various changes in pH on field 
stimulated human and ferret detrusor muscle strips were found to be dependent upon 
the compartment in which they occurred ie extracellular or intracellular. An 
extracellular alkalosis when intracellular pH was kept constant increased the force of 
contraction whereas an acidosis had the opposite effect. Conversely a pure intracellular 
alkalosis depressed the force of contraction and an intracellular acidosis increased the 
force of contraction. These changes in contractility were independent of the means 
used to alter pH and were unchanged when the muscle was stimulated directly rather 
than via its attendant nerve network. This latter result suggests that pH is directly 
influencing muscle function rather than neuromuscular transmission. Tonic tension 
was reduced by an acidosis in either compartment and spontaneous activity in ferret 
detrusor strips was reduced by acidosis and enhanced by alkalosis.

The same study also investigated the possibility that a rise in [H+]i could mediate an 
increase in contractility by increasing [Ca2+]j via ion exchange mechanisms. Such a 
rise in [Ca^+Jj might be able to overcome any direct depressant effect produced by an 
intracellular acidosis. An increase in [Na+Ji produced via Na+-H+ exchange could in 
turn raise [Ca^+Jj via a separate Na+-Ca^+ exchanger and both these mechanisms have 
previously been demonstrated in urinary tract smooth muscle (Aickin et aL, 1987). 
Blocking Na+-H+ exchange however failed to alter the contractile response to a pure 
intracellular acidosis. An alternative ion exchange mechanism that could be invoked to 
increase [Ca^+Ji following a rise in [Na+Ji is Na+ HCOg" co-transport which has been 
described in the ureter (Aickin, 1988). Blocking this exchanger also failed to change 
contractility in the presence of an acidosis.

An alternative suggestion to explain the increased force of contraction produced by an 
intracellular acidosis is that [H+]i may affect the the Ca^+ sensitivity of myofibrils and 
this has been demonstrated in skinned rat vascular smooth muscle between pH 6.7 and
7.1 (Gardner and Diecke, 1988). The opposite effect of an acidosis has also been 
reported however in glycerinated arterial smooth muscle (Mrwa et aL, 1974), no effect 
was noted in taenia caeci (lino, 1981) and the situation in the detrusor is as yet 
unknown.

Ischaemia secondary to bladder distension wül affect cell metabolism and this in turn 
may alter contractility. In an investigation into the effects of hypoxia and metabolic

41



INTRODUCTION

inhibition using sodium azide it was found that there was an occasional initial transient 
increase in force accompanied by an extracellular alkalosis consistent with previous 
findings regarding the effects of pH (Thomas et al., 1990). The application of 2- 
deoxyglucose however produced a reduction in force without an accompanying change 
in either intracellular or extracellular pH. These results suggest that while the altered 
contractility in the first series of experiments above may be explained by changes in pH 
an alternative hypothesis is required to account for changes in contractility occurring 
independently of pH.

Although the situation in hypertrophied smooth muscle cells is not clear there is 
evidence that there is altered buffering capacity in hypertrophied cardiac myocytes. The 
evidence however is conflicting as buffering capacity has been reported to be increased 
by some workers (Oldershaw and Cameron, 1988) and decreased by others (Forbat 
and Fry, 1988). The contractile response to changes in intracellular pH has been 
observed to be greater in human detrusor smooth muscle strips from obstructed and 
unstable bladders compared to control indicating a reduced buffering capacity but this 
has not yet been verified (T G Liston, Personal communication).

It has been reported that intravesical lignocaine produces a beneficial response in 
patients with detrusor instability (Higson et at., 1979). In this study it was appreciated 
that the effect was enhanced at an alkaline pH and this was attributed to the fact that 
under these conditions more lignocaine is in a form which can readily diffuse through 
the mucosa. A subsequent study focussed on the clinical impression that alkalinisation 
of the urine often improves symptoms of frequency and urgency. The effect of 50mM 
NaHCOg on the cystometrogram was investigated in patients with known detrusor 
instability (Sethia and Smith, 1987). It was found that the use of 50mM NaHCOg as 
the filling solution increased bladder capacity which could be interpreted as a reduction 
in detrusor tone. In contrast to previous work it was found that this effect was 
independent of the presence or absence of lignocaine. The mechanism by which this 
effect might occur however is not clear as high [NaHCOg] will affect [Ca^+J as well as 
pH in the extracellular space and it has been shown using EGTA to chelate extracellular 
calcium that an 80% increase in bladder volume can be produced (Levin et at., 1984).

The morphological changes occurring in conjunction with some types of detrusor 
instability together with altered blood flow and the possibility of reduced buffering 
capacity in hypertrophied smooth muscle may give rise to significant fluctuations in pH 
within the bladder wall. The relative magnitude of this change in the intracellular and 
extracellular compartments will be of fundamental importance and having established
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the relationship between pH and detrusor contractility it still remains to be determined 
how these effects are mediated.

1.9 The single cell preparation

The use of muscle strips to study the electrical properties of smooth muscle has a 
variety of drawbacks. The syncytial nature of the multiceUular preparation prevents the 
uniform spatial and temporal control of membrane potential and the presence of 
spontaneous activity makes it difficult to obtain stable intracellular recordings. Other 
difficulties arise from local extracellular ion depletion or accumulation and the 
possibility of nerve mediated effects. For these reasons recordings using isolated cells 
help to provide further insight into the basic electrophysiological properties of smooth 
muscle.

1.9.1 The voltage clamp
The first voltage clamp experiments were performed on the giant axon of the squid 
Loligo (Hodgkin et aL, 1952 a) and from this work ensued the classical description of 
membrane conductance changes during the action potential. Voltage clamp allowed the 
potential difference across a membrane to be controlled at various levels. The 
consequent current flow was then a direct measure of ionic movements across a known 
membrane area of uniform potential.

The measured current under voltage clamp conditions has two components. Firstly that 
due to ions crossing the conductance pathway through the membrane, lî  and secondly 
that carried by ions moving to charge or discharge the membrane capacity, Ic- The 
total membrane current, Im» may be expressed as shown in equation [1].

dE
Im  =  li + I c  =  li +  Cm - ^  [1]

Where Cm =membrane capacitance and ^  =the rate of change of membrane potential.

It follows from this expression that if the membrane potential is stepped from one 
constant level to another then except during the transition time dE/dt = 0. Under these 
conditions Ic = 0 and the recorded current consists only of the ionic component. It also 
follows that measurement of li will be facilitated by systems able to change the
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membrane potential in as short a time as possible and Ic can be compensated for using 
a feedback circuit

Hodgkin and Huxley were able to separate the total ionic current into separate and 
independent components namely an inward sodium current and an outward potassium 
current and each ion moved passively down its electrochemical gradient through 
channels in the membrane as determined by equation [2] (Hodgkin and Huxley, 
1952b).

w t e  HI

Where ENa=equilibrium potential for sodium, E=membrane potential, gNa=sodium 
conductance, R=gas constant, T=absolute temperature, F=Faraday constant, 
[Na+]o=extracellular Na+ concentration, [Na+]i=intracellular Na+ concentration, 
z=valency of ion.

When the membrane potential, E, equals the equilibrium potential, E^a, the current in a 
pore goes to zero. The net driving force on Na+ is given by E-E]sfa and this relationship 
will also determine the direction of current flow. The permeability of the membrane to 
these ions is in turn voltage and time dependent.

A semi-empirical description of these kinetic properties was formulated by Hodgkin 
and Huxley (Hodgkin and Huxley, 1952 d). Two kinetic processes control gNa in that 
Na+ channels activate then inactivate. Activation is the rapid process that opens Na+ 
channels during membrane depolarisation and inactivation is a slower process that 
closes the channel also during depolarisation. Once inactivation is complete the 
membrane must be repolarised or hyperpolarised to remove the inactivation and until 
this has been achieved the channel cannot be activated to the conducting state again.

Steady-state activation and inactivation were described by two parameters m and h 
which exhibited a strong dependence on membrane potential. The time dependence 
was described by rate constants a  and P which quantified the rate and voltage 
dependence of the m and h variables.

gNa = gNa-'W^^ [4]
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A similar description of ix was also formulated in which only an activation vaiable (n) 
was necessary (Hodgkin and Huxley, 1952 d), ie;

gK = [7]

[8]

Thus equation [7] can be written for each ionic current as shown below;

Ik = «" .̂Ik.CE-Ek) [9]

iNa = "i3/i.gNa.(E-ENa) [10]

A similar description may also be applied to other ionic currents so that;

ICa = ^^ /̂gCa(E-Eca) [ 11]

The terminology regarding the steady-state kinetics of ica has been modified since the 
above description for I^a so that the activation variable is denoted by d, and the 
inactivation variable by /(Reuter, 1973).

1.9.2 Smooth muscle ionic channels
The electrical properties of excitable cells - such as action potential initiation, 
configuration and conduction - are determined by changes to the ionic permeability of 
the cell membrane. These in turn are determined by the time- and voltage-dependent 
behaviour of ionic channels. Such behaviour can be calculated using the above analysis 
from data obtained using the voltage clamp technique. This method enables the 
transmembrane ionic currents to be measured during controlled changes to membrane 
potential (Hodgkin et aL, 1952). The direct application of this analysis to complex 
multiceUular preparations such as cardiac and smooth muscles is difficult due to the 
inability to control adequately membrane potential (Johnson and Lieberman, 1971).
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Two advances have facilitated the application of this technique to such tissues. Firstly 
the preparation of viable isolated single cells from the tissue mass by enzymic 
disaggregation based on the use of collagenase (Bagby et aL, 1971). Secondly the 
introduction of the patch electrode which facilitates the recording of ionic currents in 
these small cells (Neher and Sakmann, 1976; Hamill et aL, 1981). The patch electrode 
provides a relatively low resistance access to the cell interior. This enables the small 
ionic currents to be faithfully measured and amplified by specifically designed 
electronic systems. The particular techniques employed in this thesis are described in 
the methods section.

The first experiments on bladder smooth muscle provided a detailed description of the 
membrane currents of guinea-pig detrusor myocytes (Klockner and Isenberg, 1985a) 
and this study also set out to compare the electrophysiology of isolated cells with the 
data already published for multiceUular bladder tissue. The extrapolation of results 
from the single cell preparation to the intact organ requires caution. The enzymes used 
in the disaggregation procedure may alter membrane proteins linked to either channel or 
receptor function. Therefore a comparison was made between the resting potential and 
action potentials of single cells with those for multiceUular preparations. The resting 
potential for isolated cells was found to be significantly more negative than that 
recorded in muscle strips. This 15mV discrepancy however could be explained on the 
basis that isolated cells rest unstretched in the superfusion chamber whereas muscle 
strips are stretched to some degree which in turn can be linked to membrane 
depolarisation (Ursillo, 1961). In addition the muscle strip is subject to a steady release 
of ACh from its attendant nerve terminals which is able to depolarise the 'true' resting 
potential (Sibley, 1984). It was also found that isolated cells rarely fired spontaneous 
action potentials but this is consistent with the more negative resting potential already 
discussed and they were also able to conclude that observed differences in the 
configuration of the action potential could be attributed to the altered resting potential. 
In a second paper from the same authors the inward calcium current was investigated 
using CsCl filled microelectrodes to block the outward potassium current (Klockner 
and Isenberg, 1985b). The voltage dependence, the threshold, the potential at which 
maximal current occurred as well as the reversal potential of ica were equivalent in 
single and multiceUular preparations. It was also apparent that the biophysical 
properties of ica of smooth muscle resembled those of the L-type ica of heart muscle 
(McDonald and Trautwein, 1978).

Using these techniques Ca channels have since been found to be ubiquitously 
distributed in both vertebrate and invertebrate tissues in which they subserve a wide
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variety of functions. At least two clearly defined classes of Ca channel have emerged 
so far from the experimental data available. These have been characterised on the basis 
of their threshold, inactivation, sensitivity to dihydropyridine antagonists and unitary 
conductance. T-channels have a low threshold of activation, rapid inactivation, low 
unitary conductance and are relatively insensitive to block by the dihydropyridines 
(Bean, 1985). These properties make the T-channel well suited to a pacemaking 
function although they may also play a role in secretion and contraction. The L-channel 
has a larger unitary conductance, higher threshold, is sensitive to the dihydropyridines 
and inactivates more slowly although there is a much wider variation in kinetics 
between different tissues than for T-channels (Bean, 1989). Despite reports of both 
these channels in smooth muscle the predominant current described in visceral muscles 
is of the L-type.

1.9.3 Ionic currents in human detrusor smooth muscle
The first description of ica in human detrusor smooth muscle cells followed the 
development of a successful isolation procedure and the application of the whole-cell 
patch-clamp technique to this tissue (Montgomery and Fry, 1992). This section 
summarises the basic electrical properties described for these cells and the calculation of 
the variables concerned is discussed in detail in the Results section.

The resting membrane potential, determined using 3M KCl filled microelectrodes, was 
-47.2±16.7mV (mean±SD, n=10). The mean whole-cell capacitance using the patch- 
clamp technique was 44±9pF (n=24) giving a mean surface area of 4400±900|im^, 
assuming a specific membrane capacitance of l|xF .cm '2 . Action potentials were 
recorded during current clamping and were either elicited by short pulses of 
depolarising current or occurred spontaneously. The reliance of the upstroke of the 
action potential on ica was also apparent as they could not be recorded in the presence 
of agents known to block the calcium channel.

Net membrane currents were recorded using 3M KCl filled microelectrodes and were 
assumed to represent the superimposition of an inward calcium current (ica) and an 
outward potassium current (ijc) as described for the guinea-pig detrusor (Klockner and 
Isenberg, 1985 a). The magnitude of the inward current was dependent on the [Ca^+Jo 
and was reversibly abolished by the addition 5mM NiCl2 to the superfusate, an agent 
known to block the calcium channel. This intervention also reduced Ik at positive 
potentials and similar results were obtained using lOpM verapamil. Further 
experiments using CsCl filled microelectrodes to block Ik confirmed the calcium
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dependence of ica and no evidence was obtained to suggest that Na+ contributed to the 
inward current. The time and voltage dependence of ica were described and revealed 
the calcium channel to be of the L-type. Ik was dependent on both voltage and ica but 
independent of time.

The reversal potential of ica calculated from the current-voltage relationship was 
4-60mV. The steady-state kinetics of ica were investigated and the voltage of half 
maximal activation was -4mV with a slope factor of 15mV. The voltage of half 
maximal inactivation was -36.4mV and the slope factor 13mV. Little information was 
obtained concerning the time course of current activation but the process of current 
decay followed a single exponential process.

1.9.4 The measurement of intracellular ions
In addition to the measurement of ion fluxes across the membrane of single cells it is 
also possible to measure intracellular ion concentrations using epifluorescence 
microscopy. This technique employs the use of fluorescent dyes which once having 
crossed the membrane are hydrolysed to a form that retains them within the cell. The 
magnitude of the fluorescence is dependent upon the intracellular ion concentration and 
the wavelength of the exciting light. This technique has also been applied to human 
detrusor smooth muscle cells to measure intracellular Ca^+ and H+ concentrations and 
is described in the Methods section (Montgomery, 1991).
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1.10 Outline of the thesis

The pathophysiology of detrusor instability remains unknown. There is evidence to 
suggest that significant fluctuations of pH may occur in the bladder wall during filling 
as a result of ischaemia and which may be enhanced by an increased barrier to the 
diffusion of nutrients. The mechanism by which pH exerts its effect on detrusor 
muscle strip contractility is also unknown and suggests an underlying difference 
between bladder and other smooth muscle types. pH may play a significant role in 
determining detrusor contractility in both hypertrophy and instability, and the aim of 
this thesis was to investigate the effect of H+ on ica* Having demonstrated that the 
depolarising phase of the action potential in the human detrusor is dependent upon the 
inward calcium current (Montgomery and Fry, 1992) alterations to this current could be 
expected to produce profound effects on detrusor contractility. If such a relationship 
could be demonstrated and if it was also found that there were fundamental differences 
between the bladder and calcium channels in other tissues then there would exist the 
possibility for developing a specific detrusor calcium channel antagonist. It was also 
envisaged that sufficient data could be obtained in order to investigate the characteristics 
of ica of detrusor smooth muscle from different pathological bladders. If specific 
differences in ica exist then it might be possible to relate these to previous 
electrophysiological experimental data and further improve understanding of the basic 
mechanisms underlying detrusor hypertrophy and instability. The experiments have 
been performed on isolated human detrusor smooth muscle cells using epifluorescence 
microscopy and the whole-cell patch-clamp technique.
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CHAPTER 2

METHODS

2.1 G eneral P rotocol

All experiments were performed in vitro on viable isolated human detrusor myocytes 

produced using tissue obtained from endoscopic cold-cup biopsies or open bladder 

procedures, ica was measured using the whole-cell patch-clamp technique with CsCl 

filled micro-electrodes. Interventions were performed to investigate the effects of 

changes to extracellular and intracellular pH on ica- The effect of these interventions on 

intracellular pH was also measured in isolated cells loaded with the fluorochrome 

BCECF using epifluorescence microscopy.

2.2 S o lu tions and C hem icals

2.2.1 Normal Tyrode's 6
The preparations were superfused with a sodium bicarbonate based modified Tyrode's 

solution (Tyrode’s) at 37±0.5°C equilibrated with a 95% 02/5% CO2 gas mixture pH 

7.33±0.02. The composition of Tyrode's is shown in Table M l and was made up in 

double glass distilled water. Solids were weighed on an ultrafine balance (Mettler H54; 

Mettler Instruments AG., Switzerland), and the other reagents (KCl, M gCl2 , CaCl2 

and NaH2 P0 4 ) added from IM stock solutions, prepared in ultra-pure AnalaR® water, 
using fixed or variable volumetric pipettes (Sealpettes; Jencons Ltd., Leighton Buzzard, 

Beds., U.K.). All reagents used, including the ultra-pure water, were obtained from 

BDH Laboratory Supplies (Poole, Dorset, U.K.).

2.2.2 Alteration of extracellular pH
Extracellular pH was altered by varying the [NaHCOg] in Tyrode's at constant PCO2 

and Ca^+ activity (pCa). An extracellular acidosis was produced by reducing the 
[NaHCOg] from 24mM to 6mM, pH 6.78±0.03. An extracellular alkalosis was
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produced by increasing the [NaHCOg] to 48mM, pH 7.62±0.04. Changes to the 
[NaHCOg] were compensated for by the equimolar removal or additon of NaCl.

Table M l. The Composition of Normal Tyrode's.

Compound Concentration
(mM)

NaCl 118.0

NaHCOg 24.0

KCl 4.0

MgCl2.6H20 1.0

NaH2P0 4 .2H20 0.4

CaCl2.6H2 0 1.8

Glucose 6.1

Na pyruvate 5.0

2.2.3 Alteration of intracellular pH
An intracellular acidosis was produced by equilibrating 48mM NaHCOg Tyrode's with 
a 10% C02/90% O2 gas mixture. The pH of this solution remained unchanged at 
7.34±0.03, however CO2 is able to diffuse across the cell membrane and produce an 
intracellular acidosis. Intracellular alkalinisation was produced by the addition of 
ammonium chloride to Tyrode's at a concentration of lOmM, and the solution was 
gassed with 95% 0 2 /5% CO2. The ammonia is able to diffuse across the cell 
membrane and bind with H+ to produce ammonium ions thereby increasing pH. 
Increasing the PCO2 of normal Tyrode's alone by equilibration with 10% €02/90% O2 

promoted an acidosis in both the extracellular and intracellular compartments.

2.2.4 Alteration of [Ca^+]g
Experiments were performed to investigate the effect of changes in [Ca^+Jo on ica by 
varying the [CaCl2] of Tyrode's. The following [CaCl2] were used: 0.9, 2.7, 3.6, 5.0
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and lO.OmM; The other constituents remained unchanged and the solutions were 
gassed with 95% 02 /5% CO2.

Table M2. The composition of Ca^^-free Tyrode's.

Compound Concentration
(mM)

NaCl 105.4

NaHCOg 20.0

KCl 3.6

MgCl2.6H2 0 0.9

NaHP0 4 .2H2 0 0.4

Glucose 5.5

Na pyruvate 4.5

HEPES 4.9

2.2.5 Calcium-free Tyrode's for tissue transport and cell production
In order to prevent calcium loading the tissue was transported and incubated in an 
ungassed HEPES buffered Tyrode's solution which was essentially Ca^+-free. The 
solution was made in ultra-pure AnalaR® water and titrated to pH 7.1 by the addition of 
IM NaOH, the composition is shown in Table M2.

2.2.6 Measurement of pH
The pH of the various superfusates was measured by first equilibrating them with the 
appropriate gas mixture at 37±0.5°C and then withdrawing a 2ml sample into a gas- 
tight syringe. The pH was then measured immediately using an acid-base analyser 
(ABL 30; Radiometer A/S, Emdmprej 72, DK-2400, Copenhagen, Denmark). During 
the titration of HEPES buffered Tyrode's with 1 M NaOH pH was measured using a 
standard glass electrode (Coming Model 12 Research pH Meter; Evans Electroselenium 
Ltd., Halstead, Essex, U.K.). The calibration of this electrode was regularly checked 
using standard reference solutions of pH 4 and 7.
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2.2.7 Measurement of calcium activity
Alterations in [NaHCOg] will produce changes in the solution pCa and in order to 
maintain pCa constant the [C aC y must be altered accordingly (Fry and Poole-Wilson, 
1981). pCa was measured using a dip-cast ion selective macro-electrode (ISE) (Band 
et al., 1977). The electrode was calibrated using a range of [CaCl2] standards between 
0.4 and 2.4mM which were then related to a given electrode voltage. The 
measurements were made with reference to a standard Ag/AgCl electrode with a 3M 
KCl bridge and the electrode was allowed to stabilize until the drift was <0.5mV.h*l. 
A typical calibration in the presence of 150mM NaCl as the major interfèrent ions is 
shown in Figure M l. The electrode exhibited Nemstian characteristics over the range 
of values tested.

I

6 0 n

S . :

4 0 -

r~
0.1
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1
[Ca] (mM)

1 0

Figure M l. Calibration of Ca^+-1SE at 20®C, [Ca] (mM) is plotted on a log scale as a function of 

electrode potential (mV), in the presence of 150mM NaCl. The slope of the line was 28.4mV per 

decade which is close to the value of 29.1mV expected if the electrode exhibited perfect Nemstian 

characteristics.

The pCa of Tyrode's was measured as the reference voltage and the procedure repeated 
for 6 mM and 48mM NaHCOg Tyrode's whilst varying the [CaCl2]. Once the most 
likely range had been identified, the [CaCl2] was altered in 0.01 mM increments until
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the test solutions achieved the same pCa as normal Tyrode's. The solutions were 
gassed with 95% 0 2 /5% CO2 throughout the procedure. The results obtained were 
similar to those previously reported (Band et al., 1977) and are summarised in Table 
M3.

Table M3. Composition of 6mM and 48mM NaHCOg Tyrode's.

NaHCOg
(mM)

NaCl
(mM)

CaCli
(mM)

pH
(M ean±SD)

n>10

6.0 136 1.5 6.78±0.04

24.0 118 1.8 7.34+0.03

48.0 94 2.3 7.62±0.04

2.3 Cell Isolation Procedure

2.3.1 Tissue collection and transport
Human detrusor biopsy samples were obtained from patients undergoing both 
endoscopic and open bladder procedures. Informed consent was given by the patients 
and ethical approval had been obtained from St Thomas' Hospital Ethical Committee. 
Endoscopic biopsies were taken using cold-cup biopsy forceps from the extrapeiitoneal 
bladder at least 1cm away from the trigone. Biopsies taken at open operation were 
from the dome of the bladder as were those dissected from cystectomy specimens. The 
trigone was avoided because of the known physiological differences of this region 
(Speakman et al., 1988). The tissue was then placed in Ca^+-free Tyrode's and taken 
directly to the laboratory. Patient details, including urodynamic results where available, 
were also recorded.

2.3.2 Cell production
Isolated detrusor myocytes were produced as previously described (Montgomery and 
Fry, 1992). The mucosa was first dissected from the tissue and the muscle then 
minced into cubes just less than 1mm in size with sharp scissors taking care not to
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cause any damage by crushing. The muscle fragments were then suspended in Ca^+- 
free Tyrode's and placed into polypropylene vials. Six to eight pieces of tissue in
0.4ml of Ca2+-free Tyrode's were introduced into each vial using a glass pipette. The 
tissue was incubated overnight with a collagenase based enzyme mixture at 4°C. This 
procedure had been found to be convenient as often tissue was received late in the 
afternoon. The enzyme mixture was made up in Ca^+-free Tyrode's and the 
composition is shown in Table M4. 0.1ml of the enzyme mixture was added to each 
vial and care taken to exclude any air that might have been trapped at the bottom.

The following morning the supernatant was removed with a glass pipette and the tissue 
washed twice with Ca^+-free Tyrode's. The tissue was then incubated at 37°C in fresh 
Ca2+-free Tyrode's for 20 minutes by placing the vials in a pre-warmed heater block 
(Grant Instruments Ltd., Cambridge, Cambs., U.K.). The fragments were washed 
again with Ca^+-free Tyrode's and then gently triturated with a fire polished glass 
pipette with an internal diameter of 1mm. Care was again taken to exclude any air as 
the cells were released from the tissue. The supernatant was then drawn up into the 
glass pipette and two drops placed on the cover slip in the perfusion chamber. If cells 
were present the vials were then stored at room temperature. If there were no cells and 
the tissue appeared under-digested it was re-incubated at 37°C following the addition of 
0 .1ml of enzyme mixture for a further 20 minutes and the steps outlined above 
repeated.

Table M4. Composition of enzyme mixture for cell dissociation. The collagenase had an activity of 

239u.mg*l (Batch number F9S4444, Worthington Biochem Corp., New Jersey, U.S.A.). All the 

other compounds were obtained from Sigma Chemical Co. Ltd. (Poole, Dorset, U.K.).

Com pound C oncentration
(m g/m l)

Collagenase 2.0

Hyaluronidase
Type I-S 0.5
Type in 0.5

Antitrypsin
Type II-S 0.9

Bovine albumin 5.0
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2.3.3 Cell yield and viability
The cell yield using this technique was extremely variable although the results were 
generally better using tissue obtained at open operation. This was probably due to the 
increased proportion of muscle that tended to be present in these specimens. Cell 
viability was judged on the appearances under phase contrast microscopy. Those with 
clear cytoplasm and a distinct halo were found to be suitable for experimentation as 
reported previously (Montgomery and Fry, 1992).

2.4 Electrophysiological Recording

2.4.1 Manufacture of Ag/AgCl electrodes
Electrical connection of the patch electrode and reference bridge to the recording 
apparatus was made using conventional Ag/AgCl electrodes. This system had the 
advantages of low resistance, reversibility and a tendency not to polarise thereby 
reducing drift. The electrodes were made from Trimel coated silver wire (Johnson 
Matthey Metals Ltd., London, U.K.) the insulating material of which was removed 
from 4cm lengths by scraping with a blunt scalpel blade. A thicker length of silver rod 
was also prepared for the electrolysis process. The silver wires were first cleaned by 
connecting the silver rod to the positive terminal of a 9V battery and several of the wires 
to the negative terminal. They were then placed in a lOOmM KCl solution which 
caused a stream of bubbles to emanate from the wires and a whitish deposit of AgCl to 
be formed on the silver rod. Following removal from the solution the silver rod was 
cleaned with fine emery paper and the polarity of the connections reversed. Before they 
were replaced in fresh KCl solution a 33KQ resistor was connected in series to limit the 
current through the circuit. The wires were left in the solution for 30 minutes during 
which time they became evenly coated with a blackish deposit of AgCl.

2.4.2 Manufacture of reference electrodes
The reference electrodes were manufactured from 2mm PVC tubing (Portex Ltd., 
Hythe, Kent, U.K.) with a ceramic plug (Frequentite rod, Morgan Matroc Ltd., 
Stourport-on-Severn, Worcs., U.K.) in one end, into which the Ag/AgCl electrode 
was introduced with 3M KCl as the bridge solution. The plug allowed excellent 
electrical contact while at the same time preventing excessive leakage of the bridge 
solution. 3M KCl was used as the bridge solution in order to reduce junction potentials 
which will be discussed later in this chapter. In order to prevent the loss of AgCl from 
the Ag/AgCl electrode the KCl stock solution was kept saturated with AgCl by storing
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it in the presence of the solid form. The reference electrode was mounted in a recess at 
the rear of the superfusion chamber next to the suction outlet to minimise contamination 
of the perfusate by leakage of KCl.

2.4.3 Manufacture of patch electrodes
Micro-pipettes were made from 15cm lengths of borosilicate glass capillary tubing (GC 
150F; Clark Electromedical, Pangbourne, Berks, U.K.). This tubing contained a 
glass fibre fused to the lumen which was preserved during pulling. This allowed the 
electrodes to be back filled as the solution tracked down the channels either side of the 
fibre down to the tip. The glass was first cut in half using a file and the ends of each 
piece fire polished, using a Bunsen burner, to prevent damage to the Ag/AgCl wire 
when the pipettes were mounted on the headstage. The micro-pipettes were pulled 
from this polished glass using a two stage pull on a horizontal micro-pipette puller 
(Brown-Flaming Model p-80; Sutter Instrument Co., San Francisco, California, 
U.S.A.). The settings on the machine were adjusted by trial and error in order to 
obtain electrodes with a short shank and a tip diameter of l-2pm. Once the correct 
settings had been found good reproducibility was easily achieved. For a 3mm box 
platinum filament the settings were found to be; Pull 0; Velocity 45; Heat 620; 
Vernier gas setting 2.0.

The glass wall at the tip of the pipette was then polished on a microforge using a 
V-shaped nichrome filament which had been coated with a layer of borosilicate glass 
and which was heated by a variable current source. The electrodes were mounted on a 
micro-manipulator (Prior Instrments Ltd.) and the tips brought to within 1mm of the 
filament for five seconds. The process was observed at 40x magnification using a 
binocular microscope (Nikon AL5; Nikon Corp., Tokyo, Japan) mounted on the 
apparatus.

2.4.4 Micro-pipette filling solutions
iCa was measured using a CsCl filling solution of similar composition to that used by 
Klockner and Isenberg (Klockner and Isenberg, 1985 b) and is shown in Table M5. 
The solution was HEPES buffered and titrated to pH 7.1 by the addition of IM NaOH. 
After filtering through a pore size of 0.45|im (Sartorius Ministart, Sartorius Ltd., 
Epsom Surrey, U.K.) the electrode tip was filled by sucking up a small amount of 
solution. The remainder was then back filled using a fine extruded PVC tube
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introduced into the lumen. It was important to minimise noise by filling the electrodes 
to a level just sufficient to cover the end of the Ag/AgCl wire.

Table M5. Composition of CsCl filling solution.

Com pound C oncentration
(mM)

CsCl 130.0

Na pyruvate 5.0

Na oxaloacetate 5.0

Na succinate 5.0

HEPES 10.0

EGTA 1.0

2.5 The Experimental Set-up

2.5.1 The voltage-clamp system
Whole-cell voltage clamp experiments were performed using the Axopatch-lC (Axon 
Instruments, Inc., Burlingame, California, U.S.A.). ica was measured using patch 
electrodes and a CsCl filling solution to block any outward current. Voltage step 
protocols were run using an I.B.M. compatible PC with 2Mb of RAM and a 20Mb 
hard disc (Dell System 200; 3M, St Paul, Minnesota, U.S.A) and Patch Clamp CED 
software package (Cambridge Electronic Design Ltd., Cambridge, Cambs., U.K.). 
The PC was linked to the Axopatch-lC via an A-D converter (CED 1401; Cambridge, 
Cambs, U.K.). The current traces were displayed on a storage oscilloscope (Model 
5111; Tectronix, Beaverton, Oregon, U.S.A.) and the data digitized for storage on the 
computer hard disc.
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2.5.2 The headstage amplifier and micro-electrode mounting
The headstage amplifier (CV-3; Axon Instruments, Inc., Burlingame, California, 
U.S.A.) is a current to voltage converter, that is, the voltage output is proportional to 
the current input. It was mounted on a micromanipulator (Narishige Co. Ltd., 
Setagaya-Ku, Tokyo, Japan) which allowed movement in three planes with an accuracy 
of l|im. The micromanipulator was in turn mounted on a second manipulator (Prior 
Instruments Ltd.) for coarse adjustment and which was also pivoted to allow rotation in 
and out of the microscope field. A support was provided near the superfusion chamber 
which reduced the moment between the headstage and the pivot. The micro-pipettes 
were mounted in a holder as shown in Figure M2. They were introduced over the 
Ag/AgCl electrode and held in place by a screw cap. A rubber "o" ring in the cap 
formed a gas-tight seal around the electrode and allowed either positive or negative 
pressure to be applied via a side port attached by 2mm PVC tubing to a 5ml syringe. 
The reference electrode was connected to the headstage by an insulated lead long 
enough to allow free movement.

2.5.3 Microscope and superfusion chamber
The cell-rich supernatant from the isolation procedure described above was placed in a 
superfusion chamber custom made from a Perspex block and with a working volume of 
approximately 250|il. To promote cell adhesion the bottom of the central well was 
formed by a glass cover-slip which had been cemented in place with epoxy resin. The 
central well was surrounded by a channel within the block which was irrigated with 
water at 37±0.5°C to maintain the temperature of the preparation. The superfusion 
chamber was mounted on the stage of an inverted phase contrast microscope (Zeiss IM; 
Zeiss, Germany) within the field viewing apparatus and the experiments were 
performed using a combination of lOOx and 200x magnification. In order to reduce 
interference from any extraneous vibration the microscope was mounted on an air table 
(U-frame vibration isolator; Ealing Optics, Watford, U.K.) so that the whole apparatus 
was supported on a cushion of compressed nitrogen. A Faraday cage made of 
aluminium mesh had been built up from the air table to shield the microscope and 
working area leaving one side open for the operator. A shelf was provided on this side 
to prevent inadvertant pressure being placed on the air table. The right side of the 
microscope stage was extended to mount the headstage am plifier and 
micromanipulators.
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Figure M2. Micro-electrode holder.

2.5.4 The perfusion system
This consisted of a gravity fed system from two reservoirs outside the Faraday cage. 
Both the reservoirs and lines were jacketted and maintained at 37±0.5°C by a water 
thermostat and circulator (Type VTS13; Radiometer Ltd.). The solutions then passed 
to a two-way tap with no dead space mounted just above the microscope stage and 
thence by a common route to the superfusion chamber. The outlet was via a small glass 
tube at the rear of the chamber attached to a low pressure suction pump (Hyflo pump; 
Medcalf Bros. Ltd., Potters Bar, Herts, U.K.). When both reservoirs were in use one 
solution went to the chamber and the other ran to waste via the two-way tap.

2.5.5 Electrical stability
Electrical noise or artifacts may arise from earth loops or from movement within static 
electrical fields, generated by electrical cabling and equipment. Earth loops were 
avoided by connecting all the electrical equipment to a single star earth point and static 
fields were minimised by shielding the recording setup with a Faraday cage as outlined 
above.

2.5.6 Calibration
The calibration of the Axopatch-lC was verified using the model cell attached to the 
headstage amplifier. The electrode was modeled by a lOMQ resistor, the cell by
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500MQ in parallel with a 33pF capacitor and the patch by a lOGQ resistor. Following 
compensation of the series resistance, electrode and whole-cell capacitance (see 
Experimental Procedure for further discussion) a standard protocol of twelve lOmV 
steps was run from a holding potential of -60mV. Figure M3 shows "membrane" 
potential plotted against current for a typical calibration.
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Figure M3. Calibration of the Axopatch-lC using the model cell. The slope of the line is 2.0IpA per 

mV which is very close to the expected value of 2.0pA predicted by Ohm’s Law for a 500MO resistor.

Thus no adjustments were made to the values of the current data obtained using the 
Axopatch-lC.

2.5.7 Sources of potential
When the micro-electrode entered the superfusate the electrical circuit was completed 
and consisted of the following interfaces:

I Reference electrode | | Patch electrode |
Ag / AgCl / 3M KCl / superfusate / filling solution / AgCl / Ag

Each (/) represents a junction in the system where a potential may develop. It is 
important during the recording procedure that these other sources of potential remain 
constant. In the reference electrode the electrode potential will depend upon the activity
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of the Cl" in solution. In order to keep the [Cl"] relatively constant 3M KCl was used 
and retained within the PVC tubing by a ceramic plug. By using such a high 
concentration of KCl diffusion from the salt bridge predominates and the potential 
change due to alterations in salt concentration in the bath is small. The use of a salt 
bridge introduces a hquid junction potential with the superfusate but because KCl forms 
an equitransference solution this is minimised. Another liquid junction potential will 
exist between the superfusate and the filling solution which is compensated for on the 
Axopatch-lC and is discussed further in the next section. This hquid junction is altered 
by properties of the micro-electrode tip such that there also exists a tip potential which 
is abolished when the tip is broken.

2.6 Experimental procedure

The filled micro-electrode was mounted on the headstage and a small amount of 
positive pressure was applied using the syringe attached to the side port. This allowed 
a steady stream of filling solution to emanate from the electrode which prevented any 
foreign material from adhering to the tip. In order to monitor seal formation a 20mV 
step-voltage was applied at lOOHz, and the headstage gain switched to 6=0.1. The 
headstage was then swung into position over the superfusion chamber and the electrode 
lowered into the superfusate using the micromanipulator. The potential required to null 
the junction potentials was set manually and then switched to auto track mode. This 
allowed the junction potential to be continuously tracked and the electrode current to be 
maintained at zero. The oscilloscope was set on IV / division and 2ms / division to 
view the rectangular waveform produced by the 20mV test potential. The amplitude of 
this wave was inversely proportional to the electrode resistance and in general the 
electrodes used had a resistance of between 5 and lOMQ.

2.6.1 Seal and patch formation
The electrode was manoeuvred until just touching the cell membrane at which point the 
positive pressure was released. Occasionally this was sufficient to promote the 
formation of a gigaseal but if not further suction was applied using the syringe. 
Satisfactory seal formation was monitored on the oscilloscope and became apparent 
when the square waveform reverted to a nearly straight line. The seal resistance was in 
the order of lOGQ as previously described (Hamill et al„ 1981). At this stage 
compensation for capacitive errors from the following sources was carried out using a 
feedback circuit adjusted by the fast and slow Mag. controls:
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1. Stray capacitance from the micro-electrode and amplifier inputs to ground.

2. Transmural capacitance due to the thickness of the electrode wall and the level of 

perfusate in the chamber. These were minimised by limiting the glass thickness and 

keeping the perfusate level as low as possible thereby reducing the effective transmural 

area.

The oscilloscope setting was then changed to 0.2V / division and pulses of suction 

applied using the syringe in order to rupture the cell membrane at the tip of the electrode 

without disturbing the seal. Patch formation was evident when the membrane 

capacitive current transient appeared on the oscilloscope and the suction was then 
released. This is known as the whole-cell patch-clamp configuration. At this stage the 

membrane potential was clamped at -60mV by the passage of a holding current.

2.6.2 Series resistance
In practice there is also a resistance in series with the membrane, the series resistance, 

so that when a current flows across the membrane there is a discrepency between the 

measuied membrane potential and the true potential difference. This is compensated for 
using a potentiometer and forms the series resistance conti ol.

2.6.3 Whole-cell capacitance
The cell membrane behaves in a similar manner to the dielectric of a capacitor so that a ^

change in potential across the membrane after the patch has been formed will cause a j

capacitive cuiTent to flow. The WCC was compensated for by applying negative 

capacitance and the value in pF recorded from the control dial. This measurement was 
used to ascertain the individual cell surface area as a lipid bilayer can be assumed to 

have a specific capacitance of IpF.cm-^.

2.6.4 Clamp speed and isopotentiality
The patch-clamp protocols depolarised the membrane and activated the voltage sensitive 

iCa- The clamp system allowed the membrane potential to be changed in a square 

waveform rapidly enough for the capacitive current transient to be over in time for it not 

to impinge significantly on ica- During the clamp steps it is important that all of the 

membrane experiences the same potential, ie achieves isopotentiality. It has previously 

been shown that the length constant for single smooth muscle cells may be four to
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sixteen times greater than their length, (Singer and Walsh, 1980). Under these 
conditions the membrane can essentially be considered as an isopotential surface.

2.7 Patch-clamp protocols

Patch-clamp protocols were designed and run using the pulsed sampling module of the 
CED software package. The sampling frequency was 4KHz and the signals were 
filtered at 2KHz using a Bessel filter on the Axopatch-lC. All protocols were of a 
squarewave form and run from an initial holding potential of -60mV as it has 
previously been found that 80% of the current is available from this potential 
(Montgomery and Fry, 1992).

The gain settings of the Axopatch-lC were: Voltage IV /  mV and Current 0.01 V /  pA. 
The following voltage-clamp protocols were used during the course of the experiments:

1. Current-voltage relationship (CVR).
2. Steady-state inactivation (INACT).
3. Peak inward current (PIC).

2.7.1 CVR Protocol
Current-voltage relationships were determined using a series of twelve clamp steps 
increasing by lOmV each time from a holding potential of -60mV. Each step was 
100ms long and ica was sampled 5ms before the start of each step for 120ms. The 
protocol is summarised in Figure M4 and the steps were repeated at 5s intervals.

^ (m V ) .60

60
40
20

0
-20
-40

lOOms

Sampling Window
120m s

Figure M4. Current-voltage relationship protocol.
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2.7.2 INACT Protocol
The voltage dependence of inactivation involved a two pulse protocol. The first 
preconditioning pulse depolarised the membrane from -60mV to 0 mV for 2s and was 
immediately followed by a 100 ms depolarising pulse to +10mV. The latter step has 
previously been shown to elicit the peak ica (See Results). This sequence was repeated 
at 5s intervals for seven preconditioning steps decreasing each time by 10 mV and is 
summarised in Figure M5.

(mV)

0 ■ 

-20 : 
-40 : 

-60'

10

100ms

10

2s

Sampling Window

120ms

Figure M5. Steady-state inactivation protocol.

The time constant of the reactivation process, Treact, was determined by varying the 
interval between two clamp steps from -60mV to +10mV as shown in Figure M6 . 
Treact was found to be 138ms and it can be seen from Figure M7 that under these 
conditions the reactivation process is complete after an interval of Is. For other clamp 
steps at smaller voltages Xreact will be shorter and so the preconditioning pulse was 
maintained for 2s in order to ensure that the time dependent processes were complete in 
all cases. This was important because if ica was still inactivating then it would not be 
possible to elicit another maximal response.

2.7.3 PIC Protocol
The peak inward current protocol was designed as a series of 100ms depolariations 
from -60 to +10mV at 15s intervals and a 120ms sampling window was used for each 
step.
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Figure M6. Two pulse protocol for determining the time constant of reactivation. At short time 

intervals a single sampling window was used to encompass both pulses, at longer intervals two 

separate windows were used, each 120ms long.
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Figure M7. Time interval between test and prepulse depolarisations to lOmV, plotted against test 
pulse ica±SD expressed as a percentage of the prepulse value, 4<n<7. The curve was fitted using the 

equation y= 1 - e where t is the time interval and Xreact the time constant of reactivation.

2.8 Controls

Patch-clamp experiments were performed with each individual cell acting as its own 
control, ica in isolated human detrusor myocytes exibited the phenomenon of 
rundown, that is the peak ica became progressively smaller in any one cell with

66



METHODS

succeeding patch-clamp protocols. This effect is illustrated in Figure M8 and is 

discussed further in the results chapter.

1 min

%
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- 100 -
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Figure M8. Segment of calcium current rundown elicited using the PIC protocol.

This rundown however was noted to be extremely variable between different cells and 

in order to assess the effect of any given intervention the CVR protocol was run in 

groups of seven, as shown in Figure M9, at two minute intervals. Peak ica for the 

intervention (CVR 4) was then compared to the mean of the values obtained in 
Tyrode's namely CVR's 3 and 5. If this mean value was an accurate estimate of the 

value that would have been obtained had there not been an intervention then this should 

also hold true for the CVR's performed before and afterwards. The mean value of peak 

iCa in CVR's 1 and 3 was therefore compared to CVR 2 and similarly for CVR's 5, 6 
and 7. This assumed a linear relationship in each segment of the rundown process 

examined and only those experiments in which the rundown could be predicted in this 

way are included in the results section. All control values referred to in the text 

represent the mean of two results as just described unless otherwise stated. This 
method was also used to compare all the other values that were subsequently derived 
from the i-v relationship.
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Figure M9. Graphical representation on an exaggerated scale of the method for running intervention 

protocols based on a series of seven CVR's.

2.9 Signal storage and analysis

Current data was converted to digital format using the 1401 A-D converter and stored 
on the PC hard disc. The current traces were then analysed using the voltage clamp 
analysis module of the CED software package. Peak ica was measured for each clamp 
step by manual placement of the cursor which was formatted to give the mean value of 
three points, namely the position of the cursor and the data points immediately before 
and after. Automatic cursor placement was avoided because of possible difficulties in 
interpreting the capacitive artifact. The data was then logged into a separate ASCII file 
for each protocol. Due to limited space on the hard disc these files were regularly 
backed-up onto l/4inch tape (3M DC2000; 3M, St Paul, Minnesota, U.S.A.) using the 
tape streamer facility (Archive™ Corp., Costa Mesa, California, U.S.A.). The data 
could then be restored onto the hard disc at a later date if further analysis was required.

2.10 Data handling

Further data analysis was carried out on an Apple Macintosh Microcomputer (SE/30; 
Apple Computer Inc., Cupertino, California, U.S.A.) and the ASCII files were 
transferred from the DELL using Maclink Plus software (DataViz, Trumbull, 
Connecticut, U.S.A.). These data files were then converted to text files using MS 
Word 4 word processing package (Microsoft Corp.). Mathematical functions, 
graphical presentation of data and curve fitting were all performed using Kaleidograph 
software package (Synergy Software {PCS Inc}, Reading, U.K.). This programme
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provided the facility for an iterative curve fit once the general form of the equation had 
been defined. The correlation coefficient of the fits (r) was used to determine the 
significance of the relationships.

2.11 Statistics

All values in the text are quoted as the mean ± one standard deviation (mean±SD) and n 
relates to the number of different cells in which the observations were made. In order 
to determine whether or not the various groups of data were normally distributed the 
normality test of StatView™ statistics software package was used (Brainpower Inc., 
Calabasas, California U.S.A.). Two-tailed Students t-tests were used to test for 
significance between all normally distributed sets of data using the same software and 
the null hypothesis was rejected when p ^ .05 .
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2.12 Epifluorescence Microscopy

Epifluorescence microscopy was used to measure intracellular pH (pHi) in isolated 
myocytes using the fluorochrome BCECF. The experiments were performed in order 
to demonstrate that those interventions designed to alter extracellular pH (pHo) did so 
without producing a significant effect on the intracellular compartment and similarly it 
was important to ascertain that pHj could be manipulated whilst maintaining pHg 
constant.

2.12.1 The fluorescent indicator
BCECF a fluorescent [H+] indicator was used to measure intracellular pH (Rink et al., 
1982). The pH dependence of the fluorescence is a function of the exciting wavelength 
and two wavelengths were employed in a manner similar to that previously described 
(Eisner et al., 1989). A reference wavelength of 430nm was used at which changes in 
pH produced only minor alterations in the fluorescence output. The cells were also 
excited with a wavelength of 500nm, and it can be seen from Figure MIO that at this 
wavelength changes of pH produced maximal changes to the fluorescence signal. The 
ratio of these two signals was measured to prevent artifacts that might otherwise arise 
from bleaching of the indicator or changes in background fluorescence.

8.5

7.0
Fluorescence (a.u.)

5.5

500450

Excitation wavelength (nm)

Figure MIO. The relationship between the exciting wavelength of light and BCECF fluorescence at 

pH 5.5, 7.0 and 8.5.
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BCECF was supplied as the acetoxymethyl ester (BCECF-AM, Molecular Probes Inc., 

Eugene, Oregon, U.S.A.). The ester form was dissolved in dimethyl sulphoxide 

(DMSG, Sigma Chemical Co. Ltd.) to a concentration of ImM and frozen at -20°C for 

storage purposes. The AM ester was lipophilic and hence readily entered the cells 
where it was hydrolysed and trapped within the cytoplasm.

2.13 The E xp erim ental Set-up

2.13.1 The microscope and superfusion chamber
The experiments were performed using an inverted stage microscope (Nikon Diaphot- 

TMD, Nikon C orp ., Tokyo, Japan) mounted on an anti vibration table (Ealing Optics 

Ltd.) and enclosed within an aluminium frame which was covered with blackout 

material. This arrangement meant that during the course of an experiment the apparatus 

was completely enclosed preventing interference from extraneous light sources. A 
custom made perspex superfusion chamber, similar to that used for the patch-clamp 

experiments, was mounted on the moveable stage. The solutions were fed to the 

chamber using a gravity fed system mounted outside the enclosure and the reservoirs 
and tubing were water jacketed and maintained at 37±0.5°C using the same heater 

apparatus described in the patch-clamp section. The flow of solutions was controlled 
using a specially designed tap mounted with the reservoirs which permitted switching 
between four different sources (A gift from Professor J A S McGuigan). The same 

suction pump and outlet as described previously was used to remove solutions from the 
superfusion chamber.

2.13.2 Light source, transmission and collection
The high intensity, wide band width, white light source was provided by a xenon short 

arc light bulb (70W XBO; Osram Ltd., Wembley, U.K.) mounted transversely in an 

HMX housing (Nikon Coip.). This was focussed so as to pass through six filters of 

differing wavelengths, (340, 360, 380, 400, 430 & 500nm) mounted in a spinning 

wheel. As only two of these were of interest the others were blacked out and the wheel 

was driven at 22rps.

The exciting light was then transmitted via a quartz fibre-optic cable into the microscope 

and reflected onto the superfusion chamber by a 510nm dichroic minor. (A dichroic 

mirror will reflect a certain wavelength of light whilst allowing others to pass freely). 

The fluorescence emission was then directed through a variable diaphragm to another
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dichroic mirror so that light from cell fluorescence could be directed to a photomultiplier 
tube (PMT) and ordinary light for viewing the cells could be directed to a CCD camera 
(Heimann CCD; supplied by Alrad Instuments Ltd., Newbury, Berks., U.K.) and the 
image displayed on a monochrome monitor. The cell could then be viewed and the 
diaphragm adjusted to exclude as much of the background signal as possible. A 530nm 
high-pass Wratten gel filter (No. 23A; Eastman Kodak, Rochester, N.Y. 14650, 
U.S.A.) was interposed in the photomultiplier limb to prevent overlap of exciting and 
emitted light so that sampling of fluorescence was between 530 and 580nm. Figure 
M il shows a schematic diagram of the apparatus.

2.13.3 Signal sampling and display
The intensity of the emitted light at the two exciting wavelengths was measured using 
two sample and hold amplifiers synchronised to the filter wheel by an internal high 
frequency clock. This allowed sampling to occur during passage of the specific filter. 
The magnitude of the signal could be varied by adjusting the potential difference across 
the PMT but high voltages, (>-1000V) were found to produce unacceptably high levels 
of noise. The ratio of the two outputs was obtained by an analogue division circuit and 
as this was optimised when signals of approximately equal size were generated a ten
fold gain was applied to the 430nm output. This apparatus was specifically designed 
and supplied by Cairn Research Ltd. (Sittingboume, Kent, U.K.).

The raw signals were displayed on a storage oscilloscope (Type 1425; Gould Ltd.) and 
a hard copy of the amplified signals and their ratio was obtained on a Gould moving 
pen recorder. These signals also underwent analogue to digital conversion (PCM 4/8; 
Medical Systems Corp., Greenvale, New York, U.S.A.) and stored on conventional 
videotape using a Saisho VR3400 video recorder. This facility allowed subsequent 
playback and display on the chart recorder.
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Figure M il. Schematic diagram of epifluorescence apparatus.
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2.14 Experimental procedure

Once detrusor myocytes were isolated in Ca^+-free Tyrode's 0.5ml of the cell rich 
supernatant were incubated with 2.5|il of ImM BCECF at room temperature for 20 
minutes. The cells were then placed on the glass cover slip at the bottom of the 
superfusion chamber where they were allowed to settle before superfusing with gassed 
Tyrode's. A suitable cell was positioned in the field of view and the microscope light 
source switched off to assess the cell for fluorescence. During this procedure the 
blackout material was draped over the operator to exclude extraneous light. When a 
fluorescent cell had been found the light was directed from the eye-pieces to the PMT 
and camera. The diaphragm was then adjusted and the microscope light source 
switched off. Having previously saturated the PMT the voltage was steadily increased 
whilst monitoring the signals on the oscilloscope. The signals were then recorded and 
tlie cell allowed to stabilise before beginning the interventions.

2.14.1 Calibration
Calibration was performed in a manner similar to that described by Eisner et al (1989). 
At the end of an experiment the cell was superfused with a solution containing (in mM) 
KCl 140, MgS0 4  1.2, KH2PO4 1.2, HEPES 10 and 10|xM nigericin to effectively 
render the membrane permeable to H+. The pH of this solution was altered by the 
addition of IM KOH or HCl to 4.0, 7.0 and 9.0. The cell was superfused with each in 
turn and the fluorescence (F) measured. The relationship between pHj and the 
fluorescence ratio (R) is given by equation [12].

I"'

Where Rmin is the ratio at extreme acid pH and Rmax that at extreme alkaline pH. F430 is 
the fluorescence at 430nm.
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CHAPTER 3

Measurement of intracellular pH

Intracellular pH was measured in isolated detrusor cells loaded with the fluorochrome 
BCECF using epifluorescence microscopy and the calculations were performed as 
previously discussed in the Methods section. Figure R1 shows a typical trace from a 
single smooth muscle cell demonstrating the effect of three different interventions on 
pHi. The first intervention (A) shows the effect of increasing PCO2 at constant 
[NaHCOg] which promoted an acidosis in both the extracellular and intracellular 
compartments. This produced a significant decrease of pHi compared to control 
(6.9510.36 and 7.2810.62 respectively, p=0.007, n=12). The next intervention (B) 
demonstrates that if both PCO2 and [NaHCOg] are increased in order to maintain pHg 
constant a similar change of pHi to that seen in (A) can be produced (6.7810.28 and 
6.5910.27 control and intervention respectively, p=0.004, n=5). The last intervention 
(C) shows that an extracellular alkalosis, produced by increasing the [NaHCOg] of 
Tyrode's at constant PCO2, had no significant effect on pHj compared to control 
(6.9010.20 and 6.9710.14 respectively, n=6).

7.1-1

pHj 6 .9 -

6.7"

5mins

B

Figure Rl. Trace showing the change of pHi during three separate interventions on the same cell. 

A=10%C02 / 24mM NaHCOg, B=10%CO2 / 48mM NaHCOg, C=5%C02 /  48mM NaHCOg.

Table R l summarises the results obtained for all the interventions employed to 
manipulate intracellular and extracellular pH. From these results it can be seen that 
alteration of pHg, by changing the [NaHCOg] of Tyrode's, was achieved without 
producing a significant effect on pHi. Furthermore it was confirmed that interventions
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designed to alter pHi did produce a significant effect and Table R2 shows the change of 
pHj produced by each of the superfusates.

Table Rl. The effect of various interventions on pHj. Control pH in 5%C02/24mM NaHCOg. 

p=paired Student's t-test.

In terven tion  Control pH; Intervention pH; n
M ean±SD

P

lOmM NH4CI 7.08±0.28 7.23±0.28 9 <0.001

10%CO2/48mM 6.78+0.28 
NaHCOg

6.59±0.27 5 0.004

10%CO2/24mM 7.28±0.62 
NaHCOg

6.95±0.36 12 0.007

5%C02/48mM 6.74±0.19 
NaHCOg

6.78±0.12 6 NS

5%C02 /6mM 6.97±0.14 
NaHCOg

6.90±0.20 6 NS

Table R2. The change of pH;, ApH;̂  produced by each intervention calculated from the data in Table 

Rl.

In tervention ApH;
M eaniSD  (pH units)

P

lQmMNH4Cl +0.14±0.05 <0.001

10%CO2/48mM
NaHCOg

-0.19±0.07 0.004

10%CO2/24mM
NaHCOg

-0.33±0.35 0.007

5%C02/48mM
NaHCOg

+0.05±0.14 NS

5%C02 /6mM
NaHCOg

-0.07±0.11 NS
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CHAPTER 4

ica and the controls used for the pH experiments

The inward calcium current was elicited using the CVR protocol which consisted of 12 
lOmV clamp steps from a holding potential of -60mV. The maximum current was 
measured in each clamp trace. Figure R2, and plotted as a function of membrane 
potential to produce the i-v relationship as shown in Figure R3. This i-v relationship 
was characteristic of the L-type calcium channel with maximum ica elicited at a 
membrane potential of +10mV. The maximum value of ica derived from the i-v 
relationship has been termed peak ica and time dependent kinetic parameters have been 
calculated from the clamp trace yielding this value.

400-1
Time (ms) 100200-

- 200—

■I*
-400-

-600-

-goo-"

Figure R2. Typical clamp traces elicited by a CVR protocol from a holding potential of -60mV to a 

Vm of a=-30mV, b=OmV, c=30mV, d=60mV, For the purposes of clarity only four traces have been 

shown. Experiment at: Temperature=37*C, pH=7.34, [Ca]=1.8mM.
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40-60 -40 -20 0 20 60
(mV)

- 200-

-4 0 0 -

-6004

-800^

Figure R3. Typical i-v relationship showing the maximum value of ica for each clamp trace plotted as 

a function of membrane potential,

A nother feature o f the L-type calcium  channel is its susceptib ility  to block by 

extracellular Ni+ and Figure R4 shows the effect of superfusing a cell with 5mM NiCl2 

added to normal Tyrode's.

ica(PA)

Time (min)

2 4 _  I «  6

- 200^

Figure R4. Peak ica elicited using the PIC protocol (See Methods). The black bars represent the time 

when 5mM NiCl] was added to normal Tyrode’s solution.
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The cell was stimulated using the PIC protocol as described previously and it can be 
seen that there was a reversible blockade of the inward calcium current with the 
appearance of a small outward current during some of the clamp steps. The apparent 
lag time in the effect of NiCl2 was due to the perfusion characteristics of the system. 
This experiment confirms that the L-type calcium channel contributes the inward current 
observed in human detrusor smooth muscle cells over the range of potentials -50mV- 
+60mV.

4.1 The variability of cell size
The surface area of individual cells was determined from the whole-cell capacitance so 
that it was important to test the variability of these values measured for cells from a 
single muscle sample. There were six samples in which the whole-cell capacitance had 
been measured for nine or more cells and the mean values ±SD are shown in Table R3. 
The variance of these mean values was then calculated and compared with the variance 
of the values from each sample using Fisher's exact test. From the results obtained it 
was apparent that the scatter within each group was no different from the scatter 
between the groups. This implied that there was no significant cell selection occurring 
in individual experiments.

Table R3. The whole-cell capacitance measured for nine or more cells in six muscle samples.

Patient Whole-cell capacitance 
Mean±SD (pF)

n

1 62.8±14.4 10

2 57.8±17.0 11

3 78.1±16.1 9

4 52.5±12.0 10

5 60.8+8.0 11

6 76.5±16.7 11

Mean±SD (pF) 64.8±10.3 6
M ean±SE (pF) 64.8±4.2 6
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4.2 Controls
Every cell acted as its own control and each variable was compared with the mean of 

the values obtained immediately before and after an intervention. Only those cells in 

which peak ica was found to be running down in a predictable manner (See M ethods) 

were deemed suitable for analysis. An example o f the effect o f an intervention on peak 

iCa is shown in Figure R5. The same protocols and controls were used throughout in 

the experiments investigating the effects of pH on ica-

ica(PA)

Time (min)

-4 0 0 -

-5 0 0 -

Figure R5. Peak ica elicited using the PIC protocol. The black bars represent the response to an 

intracellular acidosis produced by superfusing the cell with 48mM NaHCOg Tyrode's equilibrated with 

10%C02/90%02.

The current rundown was such that there was a significant decrease in between the 

start and finish o f  each group o f seven i-v relationships (See Methods). The rundown 

process however had no significant effect on either the steady-state or time dependent 

kinetics as summarised in Table R4.

The interexperimental variability can be assessed by considering the mean results 

obtained for the kinetic variables o f interest obtained from six control i-v relationships 

in each o f the seven cells considered in Table R4. The mean values for each group of  

six i-v relationships were then averaged for the seven cells. The result obtained for the 

voltage o f  half m aximal activation was -2 .1±1.0m V , and x^ecay was 11 .7±0.6m s
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(MeantSE). These values are also comparable to those previously obtained for human 
detrusor smooth muscle cells, (Montgomery and Fry, 1992).

Table R4. The effect of current rundown on the magnitude of ica over a series of seven i-v 

relationships and its effect on kinetics. p=paired Student's t-test.

Variable Start
MeaniSD

Finish
(n=7)

P

Peak ica 323±176pA 148±98pA 0.002

Activation V0.5 -2.8±5.3mV -0.8±4.0mV NS

'Cdecay 12.7±1.4ms 11.6±2.7ms NS

4.3 Cells used for the experiments
Plate R l shows a field of freshly dissociated detrusor myocytes in a superfusion 
chamber under phase contrast microscopy. The cells have a characteristic cigar shape 
with a well defined plasma membrane and clear cytoplasm. Plate R2 shows a single 
cell at higher magnification and Plate R3 shows a patch-clamp experiment with a 
myocyte and pipette in the whole-cell configuration (See Methods for details).
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' '^  /' i  -M A

Plate R l. A field of freshly dissociated human detiusor cells under phase contrast microscopy.

Plate R2. A single human detmsor myocyte.

Plate R3. An isolated myocyte and patch pipette in the whole-cell configuration.
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CHAPTER 5

The effect of pH on ica

5.1 The effect of extracellular pH changes on ica

5.1.1 The effect of an extracellular alkalosis on peak ica
Figure R6 shows the effect of an extracellular alkalosis on peak ica- An increase of pH 
from 7.35 to 7.62, induced by increasing the superfusate [NaHCOs], at constant 
PCO 2, produced a significant increase of peak ica as determined from the i-v 
relationships compared to control, 228±89pA and 211±84pA respectively, (n=6 , 
p=0.001 paired Student's t-test). There was no difference in the value of Vm at which 
peak ica was elicited being 4-lOmV in all cases. The mean increase of ica expressed as 
a percentage of the control value for six cells was 109.0±3.1%.

0
Time (ms) 

50 100
0 -

ica(PA)

-TOO—

-200

-300-

-400-

-500^ 

10

— I— I— I— I— I—I— I—I—L

V„(m V)
-60]J

Figure R6 . Current traces showing the effect of an extracellular alkalosis on peak ica- a=control, 

b=48mM [NaHCOg]. The bottom trace represents a 100ms clamp step from a holding potential of 

-60mV to lOmV.
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5.1.2 The effect of an extracellular alkalosis on the reversal potential 
(Er) and on maximal conductance (gca)
Ej- was calculated by extrapolating the linear portion of the i-v relationship to the 
intercept with the voltage axis as shown in Figure R7. The three points after peak ica 
were used in all cases and Er calculated from the equation of the straight line.

lOOq

-60 -40 -20
V,m

-150-

-200

Figure R7. Calculation of Er by extrapolation from the linear portion of the i-v relationship.

An extracellular alkalosis produced no significant change to Er compared to control 
(51.2±10.5mV and 49.3±14.7mV respectively). The maximal conductance, gCa, was 
determined by calculating gca for each clamp step of the CVR protocol using equation 
[13].

[13]

W here gCa=oalcium  conductance, ica = ca lc iu m  current, V m =m em brane p oten tia l, 

Er=reversal potential.

gCa was not significantly altered by an alkalosis compared to control (6.8±2.4nS and 
6.2±2.1nS respectively).
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5.1.3 The effect of an extracellular alkalosis on the activation variable
The activation variable (doo) was calculated by plotting the normalised conductances 
derived from the i-v relationship against the membrane potential in mV. The curve was 
then fitted using the Boltzman equation, [14], and is illustrated in Figure R8.

doo(V) =
Kd

-1

[14]

Where, doo(V)=activation variable, Vo.5=voltage of half maximal activation, Kj=slope 
factor.

The voltage of half maximal activation (V0.5) was not significantly changed when the 
cells were subjected to an extracellular alkalosis compared to control (-3.8±5.3mV and 
-5.7±3.9mV respectively) and similarly there was no significant change in K(j 
(8.6±2.2mV and 7.2±0.5mV respectively).

5.1.4 The effect of an extracellular alkalosis on the inactivation  
variable
The inactivation variable (foo) was calculated in the control and test solutions using the 
INACT protocol. A control protocol was run before and after the intervention which 
was then compared to the mean obtained from the two controls. The current 
normalised to the maximal value obtained was plotted as a function of the prepulse 
potential and the curve fitted with the Boltzman equation, [15], Figure R9.

foo(Vp) =
Kf

-1

[15]

Where, foo(Vp)=inactivation variable, Vo.5=voltage of half maximal inactivation, 
Kf=slope factor.

An extracellular alkalosis had no significant effect on either the V0.5 of inactivation, 
(-32.9±4.1mV and -32.1±3.8mV) or the slope factor, (5.0±1.4mV and 5.3±1.4mV); 
test and control respectively.
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Figure R8 . The activation variable, (Lo, plotted as a function of membrane potential, V^; •=control, 

[^extracellular alkalosis. Mean data ± SD, n=6 . Curves derived from equation [14].
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Figure R9. The inactivation variable, foo, plotted as a function of membrane potential, Vm; e=control, 

D=extracellular alkalosis. Mean data ± SD, n=6 . Curves derived from equation [15].
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5.1.5 The effect of an extracellular alkalosis on the time course of 
current decay
The time constant of current decay (Xdecay) was determined from the maximal inward 
current trace. The value of peak ica was measured using the cursors provided in the 
CED voltage-clamp analysis module and taken as time zero. Subsequent values during 
its decay were determined every 1ms for the first 10ms, then every 2ms for the next 
10ms, every 4ms for the next 20ms and finally every 10ms to the end of the clamp 
step. This regime usually produced 26 points which were then plotted as a function of 
time as shown in Figure RIO.

It was found in all cases that the time course of decay followed a mono-exponential 
function and Xdecay was calculated using the following curve fit:

iCa = Ao+A.exp(-t /  Xdecay) [16]

The term Aq is the asymptote of the curve and is not necessarily at zero current. 
(A+Ao) represents the maximal value of ica-
Xdecay derived from this function was not significantly altered by an extracellular 
alkalosis compared to control (14.4±4.3ms and 13.8±3.4ms respectively).

0

Time (ms)
0 20 40 60 80

_ l I I I I ■ 1 I I I I I I «___ I___ I_ _ L

100

ica(pA)
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-2 0 0 -j 
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#  #
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/
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0.5
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Figure RIO. The time course of peak inward current decay as determined from a typical clamp trace. 

The inset shows a semilog plot of the same data, the slope of the line is given by (-1 / Xdecay)-
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5.1.6 The time course of current activation
In order to calculate the time course of current activation (Xact) the capacitive artifact 
must be carefully compensated. Although this was not possible in sufficient numbers 
of interventions to draw any statistical conclusions regarding their effect, Tact was 
calculated for 15 cells. As very little data has been reported regarding %act the method 
of calculation and the results from a variety of cells is dealt with in this section.

5.1.7 Method of calculation
Tact was calculated for the maximal inward current trace and only those traces in which 
the capacitive artifact was resolved within 2ms of the start of the clamp step were 
deemed suitable. The current was then measured at 0.5ms intervals to peak ica as 
shown in Figure R l l  (osymbol). The time course of current decay was separately 
measured as described above and Xdecay calculated with the modification that time zero 
was taken to be the beginning of the clamp step and not at peak ica- Once Xdecay was 
determined ica was extrapolated back to t=0 by calculating values at 0.5ms intervals by 
substituting back into equation [16] and is illustrated in Figure R ll  (osymbol). This 
extrapolated portion of the curve then represented the theoretically maximal available 
gCa at each time increment.

0
0 -

ica(pA)

- 100-  

- 200-  
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Time (ms) 
4 6

 I I I I I I I I I I U

8 10

•  O

8 f t

□

Figure R ll. Plot showing the first 10ms of a clamp step. o=extrapolated ica from the time course of 

current decay, o=measured activating ica» #=estimated ica from the proportion of available gCa-
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The current values during the activation of ica were then normalised to peak ica and the 
product of these with the extrapolated ica gave an estimate of the activating current 
independent of the time dependent current decay as shown in Figure R ll  («symbol).

0.8

0.6

0.4

0.2

0 2 3 4 51
Time (ms)

Figure R12, Plot showing a typical curve fit for the time course of activation using equation [17]. 

r>0.9

Tact was then obtained from the curve fit using equation [17] and an example is shown 
in Figure R12. A third power exponential function was used in accordance with the 
Hodgkin, Huxley model (Hodgkin and Huxley, 1952 d) and as previously employed 
by Lang, (Lang, 1990). A constant, C, was introduced to improve the curve fit 
because analysis of the best traces. Figure R13, revealed that current activation was not 
instantaneous but rather there appeared to be a variable initial lag phase.

iCa = [l-exp(-{t-cyXact)]- [17]

Where Tact= activation time constant.

Tact as calculated in this manner was found to be 0.63±0.16ms, with an initial lag of 
1.53±0.30ms (n=15).
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Figure R13. Superimposed current traces from two different cells with minimal capacitive artifacts 

reconstructed from digital data to illustrate the variable lag phase of the activation process. The inset 

shows an expanded portion of the trace over the first 2 0 ms, and the arrow marks the beginning of the 

clamp step. The bottom trace represents a 100ms clamp step from a holding potential of -60mV to 

lOmV. Experiment at: Temperature=37’C, pH=7.34, [Ca]=1.8mM.

5.1.8 Sum m ary
An extracellular alkalosis significantly increased the magnitude of peak ica by 
109.0±3.1% of control but did not produce any significant alteration of its kinetics. 
The results are summarised in Table R5.
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Table R5. The effect of an extracellular alkalosis on ica-

Variable Control
Mean±SD

48mM NaHCOg 
(n=6)

P

Peak ica (pA) 211±84 228189 0.001

Er(mV) 49.3±14.7 51.2110.5 NS

g(nS) 6 .2±2.1 6.812.4 NS

Activation V0.5 (mV) -5.713.9 -3.815.3 NS

Activation (mV) 7.210.5 8.612.2 NS

Inactivation V0.5 (mV) -32.113.8 -32.914.1 NS

Inactivation Kf (mV) 5.311.4 5.011.4 NS

T-decay (ms) 13.813.4 14.414.3 NS

5.1.9 The effect of an extracellular acidosis on ica
An extracellular acidosis, produced by reducing the [NaHCOg] of Tyrode's from 
24mM to 6mM at constant PCO2, decreased peak ica to 90.2±5.2% of control (n=6) 
and examples of typical current traces are illustrated in Figure R14.

The effect of an extracellular acidosis on the kinetic parameters described in the 
previous section are summarised in Table R6 . Despite the significant reduction of peak 
iCa there was no significant alteration of the kinetics, similar to the situation observed 
for an extracellular alkalosis. From the results presented so far it can be seen that 
alterations of extracellular pH produce significant changes to peak ica and that these can 
be related to the previously reported effects of similar interventions on phasic tension 
recorded from field stimulated detrusor smooth muscle strips (Liston et al., 1991).
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Figure R14. Current traces showing the effect of an extracellular acidosis on peak ica- a=control, 

24mM [NaHCOg] Tyrode’s, b=6 mM [NaHCOg] Tyrode's. The bottom trace represents a 100ms clamp 

step from a holding potential of -60mV to 10mV.

Table R6 . The effect of an extracellular acidosis on ica-

V ariable C ontrol
Mean+SD

6mM NaHCOg 
(n=6 )

P

Peak ica (pA) 286±141 259±132 0.024

Er(mV) 53.5±14.3 54.9±19.6 NS

g(nS) 7.6±3.4 7.1±3.4 NS

Activation V0.5 (mV) -4.2±5.7 -3.3±6.6 NS

Activation (mV) 7.2±0.8 7.6±1.8 NS

Inactivation V0.5 (mV) -31.7±3.8 -29.6±4.1 NS

Inactivation Kf (mV) 3.8±1.4 3.911.2 NS

^decay (rns) 18.1±2.03 18.511.6 NS
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5.2 The relationship between ica  and tension during 
extracellular pH changes

Previous experiments have demonstrated the relationship between changes of 
extracellular pH and isometric tension recorded from field stimulated isolated human 
detrusor smooth muscle strips (Liston et al., 1991). The same interventions have been 
used in this study to alter pH and Figure R15 shows the linear relationship between 
isometric tension and peak ica- Although this suggests that the inotropic effects of pH 
are mediated via changes to ica both interventions produced greater changes to tension 
than to ica- A possible explanation for this is that amplification of the response could 
be mediated via calcium induced calcium release. This linear relationship also holds for 
the alteration of other extracellular ions and in particular Ca^+ and Mg^+ (Montgomery, 
1991).
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Figure R15. The relationship between ica and isometric tension during changes of extracellular pH. 

•=extracellular alkalosis, m=extracellular acidosis, o=control.
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5.3 The effect of in tracellu lar pH on ic a

5.3.1 The effect of an intracellular acidosis on ica
An intracellular acidosis was produced by superfusing the cells with 48mM [NaHCOg] 

Tyrode's equilibrated with 10% 002/90%  O]. This intervention increased peak ica to 
107.6±4.9% of control and has been illustrated previously in Figure R5. Table R7 

summarises the characteristics of ica during this intervention and it can be seen that 

there was no effect on the kinetics of ica similar to the situation observed with changes 
of extracellular pH.

Table R7. The effect of an intracellular acidosis on ica-

Variable Control 48mM NaHCO3/ 10% CO 2 p
Mean±SD (n=7, *n=5)

Peak ica (pA) 232±128 2471128 0.004

Er (mV) 52.6±7.3 55.816.8 NS

g (nS) 6.6±3.1 6.613.3 NS

Activation V0.5  (mV) -3.1±3.1 -2.314.0 NS

Activation IQj (mV) 7.7±0.9 8.111.7 NS

Inactivation V0 .5 * (mV) -32.013.6 -31.213.8 NS

Inactivation Kf* (mV) 4.710.7 4.411.0 NS

^decay (m s) 11.811.9 11.711.9 NS

5.3.2 The effect of an intracellular alkalosis on ica
An intracellular alkalosis was produced by the addition of lOmM NH4 CI to normal 

Tyrode's at constant PCO2 . This produced a mean increase of ica to 114.4±13.7% of 
control (n=9). In only one cell ica was reduced during the intervention by 32.2% and 

this result has been omitted from the group. Although the application of NH4 CI 

produces an intracellular alkalosis its removal causes a transient intracellular acidosis. 

From the preceding section this would be expected to produce a transient increase in ica 

and this effect is illusuated in Figure R16. As in previous experiments investigating the
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effects of pH there was no alteration to the kinetics of ica and the individual variables 

are shown in Table R8 .

0 1
Time (min)

2 3 4 5 6

ica(PA)

-2 5 0 -

Figure R16. Peak ica elicited using the PIC protocol. The black bars represent the response to an 

intracellular alkalosis produced by superfusing the cell with lOmM NH4CI Tyrode’s equilibrated with 

5%C02/95%02.

Table R8. The effect of an intracellular alkalosis on ica-

Variable Control lOmM NH4CI 
M eaniSD (n=9, *n=6 )

P

Peak ica (pA) 2951116 3371112 0 . 0 0 2

E r (m V ) 54.6115.7 56.1112.7 NS

g (nS) 7.812.9 8.413.1 NS

Activation V0.5 (mV) -6.015.2 -5.516.3 NS

Activation K j (mV) 7.611.4 7.212.0 NS

Inactivation V0 .5 * (m V ) -31.216.2 -31.215.9 NS

Inactivation Kf* (mV) 4.610.9 4.711.6 NS

^decay (tns) 10.712.9 13.113.1 NS
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5.4  T he effect o f  a com bined in tracellu lar  and ex tra ce llu la r  
acid osis  on ic a

Figure R17 shows the effect of a combined intracellular and extracellular acidosis 
which was produced by superfusing the cells with normal Tyrode's equilibrated with 
10% C02/90% O2. This intervention should produce predictable results on the basis of 
those obtained for an acidosis occurring separately in each of these compartments. A 
combined acidosis failed to produce a significant change to the magnitude of ica which 
was 101.6±6.7% of control and this result was consistent with previous findings that 
an acidosis produced separately in each compartment had an opposite effect on ica of 
similar magnitude. The lack of a significant alteration to ica might then be due to a 
simple cancelling out of these opposing actions. In agreement with other experiments 
altering pH there was no change to the kinetics of ica and the results are summarised in 
Table R9.

ic,(pA)

Time (min)
2 3 4

-300-

-350-

Figure R17. Peak ica  elicited using the PIC protocol. The black bars represent the response to a 

combined intracellular and extracellular acidosis produced by superfusing the cell with normal Tyrode's 

equilibrated with 10%C02/90%02.
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Table R9. The effect of a combined intracellular and extracellular acidosis.

V ariable C ontrol 1 0 % C O 2 Tyrode's 
Mean±SD (n=6 )

P

Peak ica (pA) 230±70 235±83 NS

Er(mV) 58.1±13.2 59.3±11.0 NS

g(nS) 5.8±1.5 5.2±1.8 NS

Activation V0 .5  (mV) -3.6±5.8 -6.5±3.1 NS

Activation (mV) 8.0±1.4 7.1±1.1 NS

Inactivation V0 .5  (mV) -31.9±6.6 -33.0±6.4 NS

Inactivation Kf (mV) 4.0±1.3 4.1±2.2 NS

^decay (ms) 16.0±5.6 16.1±5.5 NS

5.5 The relationship between ica and tension during pH; 
changes

The response of isometric tension to changes of intracellular pH has also been 
determined previously using the same interventions as employed during this study 
(Liston et al., 1991) and Figure R18 shows the relationship between isometric tension 
and peak ica- It can be seen that while there appears to be a relationship during an 
intracellular acidosis and a combined intracellular and extracellular acidosis this does 
not hold for an intracellular alkalosis. An increase in pH; produced a significant 
reduction of isometric tension and a significant increase of ica- The implications of 
these findings will be considered further in the discussion.
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Figure R18. The relationship between tension and ica for changes to intracellular pH. A=intracellular 

alkalosis, ■=intracellular acidosis, #=combined intracellular and extracellular acidosis, o=control. The 

straight line has no special significance.
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CHAPTER 6

The relationship between [Ca2+]o and ica

6.1 Background to the experiments
In order to measure the effect of changes to pH on ica great care was taken to maintain 
constant the pCa of the solutions used (See Methods). Experiments were performed to 
determine the relationship between ica and [Ca^+Jo to ascertain the magnitude of the 
effect that any slight variations in pCa might produce. Alteration of [Ca^+]o is known 
to alter the magnitude of ica io other tissues so these were also investigated 
(Ganitkevich et aL, 1988). In view of the fact that the changes in the magnitude of ica 
should be predictable the CVR protocol was only run in groups of three. All the 
statistical analysis in this section has been performed using a paired two-tailed Students 
t-test.

6.2 The effect of [Ca^+]g on peak ica
The [Ca^+Jo was varied between 0.9mM and lOmM and the CVR protocol run at two 
minute intervals. Raising the [Ca^+Jo produced an increase of ica as shown in Figure 
R19, and vice versa. The peak ica in the test solution was expressed as a percentage of 
the control value and Table RIO summarises the results obtained.

6.3 The relationship between [Ca^+Jo and ica
This was determined by plotting the data from Table RIO and Figure R20 shows that 
the relationship obeyed first order kinetics. The curve was fitted with equation [17] and 
the coefficient of correlation for the fit was 0.98. This gave a maximal value for ica of 
164% and a half maximal [Ca^+Jo of l.OmM.

• _  iCa(max) > [Ca^+]p
'C '-  K + [C a2+ ]o  

Where K=[Ca^+]o at half maximal ica-
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Figure RI9. Current traces showing the effect of lOmM [Ca '̂"']o on peak ica- a=control, l.SmM 

[Ca^'"']o, b=10mM [Ca^"'‘]o. The bottom trace represents a 100ms clamp step from a holding 

potential of -60mV to lOmV.

Table RIO. The effect of [Ca^+]o on peak ica-

[C a2+]o
(mM)

iCa
(% controltSD )

n P

0.9 85±7 8 0.003

1.8 100 44 -

2.7 117±9 7 0.023

3.6 133±15 9 0.001

5.0 135±19 10 0.002

10.0 152±23 10 0.016
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Figure R20, The relationship between ica and [Ca^+Jo- The control value of 100% is plotted at a 

[Ca^+Jo of l.SmM for normal Tyrode's.

6.4 The effect of [Ca^+Jo on the i-v relationship
The effects of 0.9mM and lOmM [Ca^+Jo on the i-v relationship were investigated 
using the CVR protocol and Figure R21 shows the results obtained from a single cell. 
The differences in current magnitude are clearly visible and in the case of lOmM 
[Ca^+lo the peak inward current occurred at 20mV indicating that ica was activated at 
more positive potentials. This was found to be the case in five out of the ten 
interventions performed in lOmM [Ca^+Jo. The membrane potential at which peak ica 
was elicited was unaltered in all of the interventions using 0.9mM [Ca^+]o.

6.5 The effect of [Ca^+]o on the reversal potential of ica
The reversal potential was calculated as described above by extrapolation of the linear 
segment of the i-v relationship. Raising the [Ca^+Jo would be expected to increase the 
electrochemical gradient driving Ca^+ into the cell and thereby increase Er in the 
positive direction. From equation [13] it follows that as Er increases ica will also 
increase for a given value of gca-
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Figure R21. Three consecutive i-v relationships recorded from a single cell in the following [Ca^^Jo; 

♦=0.9mM, 0 = l.SmM, A=10mM.

iCa -  gCa(Vm-Er) [13]

Increasing the [Ca^+Jo from l.SmM to lOmM produced a significant increase of Er 
from 54.4±5.8mV to 72.2±13.3mV respectively (n=10, p=0.001). A reduction of 
[Ca^+Jo from l.SmM to 0.9mM produced no significant change to Er (54.5±4.6mV 
and 50.8±4.9mV respectively, n=8).

6.6 The effect of [Ca^+Jo on membrane conductance
The membrane conductance for ica was determined from the i-v relationships derived 
from the previous interventions. Neither 0.9mM nor lOmM [Ca^+Jo produced any 
significant difference in gca (10.4±2.3nS and 9.3±2.5nS, control and 0.9mM [Ca^+Jo 
respectively, n=8 ; 8.6±4.0nS and 10.7±7.3nS, control and lOmM [Ca^+Jo
respectively, n=10).

6.7 The effect of [Ca^+Jo on the activation variable
The effects of 0.9mM and lOmM [Ca^+Jo on the activation variable were determined 
from the i-v relationships. 0.9mM [Ca^+Jo produced a significant shift to the left of the 
Vo.5 of activation compared to control, ie it became more negative (-6.2±3.6mV and 
-4.4±3.2mV respectively, n=8, p=0.042). lOmM [Ca^+jo had the opposite effect and 
produced a significant shift of the V0.5 to the right compared to control (0.1±5.5mV 
and -2.8±4.5mV respectively, n=10, p=0.020). Figure R22 shows the activation
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curves from consecutive i-v relationships recorded in a single cell and illustrates the 
effect of alterations of [Ca^+jg.

The slope factors were not significantly changed by either of these interventions 
compared to control (7.2±0.5mV and 7.1±0.5mV respectively for 0.9mM [Ca^+]g ; 
8.8±1.2mV and 8.1±1.0mV respectively for lOmM [Ca^+Jg).

It was also determined whether or not a similar shift of the activation curve was 
produced by 5mM [Ca^+]g which significantly increased peak ica from 289±127pA to 
386±181pA (n=10, p=0.002), a mean increase of 35±19%. However despite this 
increase of peak current there was no significant effect on the V0.5 of activation 
(-4.3±3.5mV and -3.9±3.3mV, control and 5mM [Ca^+]g respectively, n=10).

0 .8 -

0 .6 -

0 .4 -

0 .2 -

40-40 -20 200
V„(mV)

Figure R22. Activation variable calculated from three consecutive i-v relationships; ♦=0.9mM, 

0=1.8mM, A=10mM [Ca^+Jg.

6.8 The effect of [Ca^+Jg on the inactivation variable
The effect of 0.9mM and lOmM [Ca^+Jg on the inactivation variable was investigated 
using the INACT protocol. Contrary to their effect on activation neither of these 
interventions produced any significant alteration to the V 0.5  of inactivation
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(-26.7±3.4mV and -28.1±5.6mV, control and 0.9mM [Ca^+Jo respectively, n=7; 
-28.3±2.2mV and -29.4±3.9mV, control and lOmM [Ca^+Jo respectively, n=9). The 
slope factor, Kf, was not significantly altered in 0.9mM [Ca^+]o compared to control 
(6.4±1.0mV and 5.7±1.0mV respectively), however Kf was significantly greater in 
lOmM [Ca^+Jo compared to control (7.0±0.6mV and 5.7±0.5mV respectively,
p<0 .001 ).

6.9 The effect of [Ca^+]g on the time constant of current decay
The time constant for the decay of the peak inward current elicited using the CVR 
protocol was determined using the method described above. 0.9mM [Ca^+Jo 
significantly prolonged Xdecay compared to control (18.1±7.3ms and 14.9±6.0ms 
respectively, n=7, p=0.002). Conversely lOmM [Ca^+Jg significantly decreased Xdecay 
compared to control (10.2±3.0ms and 12.1±4.0ms respectively, n=8, p=0.024).

6.10 The effect of [Ca^+]o on the time constant of current activation
Due to difficulties in minimising the capacitive artifact it was not possible to formally 
investigate the effect of changes in [Ca^+Jo on Xact- However a single result was 
obtained for lOmM [Ca^+]o and in this case Xact was 0.63ms compared to a control 
value of 0.77ms.

6.11 The effect of not maintaining pCa constant
Alterations of extracellular pH produced by varying the [NaHCOg] of Tyrode's 
required that the [CaCl2] was also altered in order to maintain pCa constant (see 
Methods). The effect that would be expected by changing the [NaHCOg] without 
altering the [CaCl2] is illustrated in Figure R23. The observed relationship between 
pHg and ica is shown by the open symbols, and the closed symbols represent the 
change to ica that would occur at each [NaHCOg] if [CaCl2] was maintained constant 
and are calculated using equation [17]. It can be seen that under these conditions 
changes to ica produced by alterations of pHg would be masked.

6.12 Summary
Table R11 summarises the effect of 0.9mM and lOmM [Ca^+Jo on ica and its kinetics.
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Figure R23. The relationship between pHg and ica whilst maintaining pCa constant (□) and the 

relationship that would be expected without maintaining pCa constant (•), at constant [CaCl2].

Table R11. The effect of 0.9mM and lOmM [Ca^+]o on ica-

V ariable 0.9mM [Ca^+]o
M eaniSD

n lOmM [Ca^+lo 
M ean lS D

n

Peak ica (% control) 85+7 8 152123 10

Er(mV) 50.8+4.9 8 72.2113.3 10

g(nS) 9.3±2.5 8 10.717.3 10

Activation V0.5 (mV) 0.1+5.5 8 -6.213.6 10

Activation (mV) 7.210.5 8 8.811.2 10

Inactivation V0.5 (mV) -28.115.6 7 -29.413.9 9

Inactivation Kf (mV) 6.411.0 7 7.010.6 9

'[decay (ms) 18.117.3 7 10.213.0 8
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CHAPTER 7

The characteristics of ica of cells from male and 
female patients

A group of 20 cells from five male patients with a mean age of 57 years and no outflow 

tract symptoms were compared with a group 2 1  cells from six female patients with a 

mean age of 43 years and with no evidence of outflow tract obstruction. None of the 

patients in either group had received radiotherapy. Although the cells from female 

patients were slightly larger the change was not significant but of particular interest it 

can be seen from Figure R24 that the mean peak ica was significantly less in cells from 
female patients than from male patients (271±109pA and 385±140pA respectively, 
p=0.006, unpaired Student's t-test). Figure R25 shows that the mean peak inward 

current density was also less in these cells from female patients compared to cells from 
male patients, (4.6±2.2|iA.cm-2 and 7.4±2.5|iA.cm-2 respectively, p<0.001). The 

mean reversal potential, maximal conductance and steady-state kinetics were not 
significantly different between the two groups and are summarised in Table R12.

p=0.006
5 5 0 -

4 5 0 -
4 0 0 -
3 5 0 -

Female Male

Figure R24. Mean peak ica for female and male patients.
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p < 0 .0 0 1

Female Male

Figure R25. Mean peak inward current density for female and male cells.

Table R12. Comparison of ica between cells from female and male patients.

Variable Female
Mean±SD

n Male
Mean±SD

n P

WCC (pF) 62.7±15.4 2 1 53.6±15.2 2 0 NS

Peak ica (pA) 271±109 2 1 385+140 2 0 0.006

iCa density (|dA.cm-2) 4.6±2.2 2 1 7.4±2.5pA. 2 0 <0 . 0 0 1

Er(mV) 48.3±10.6 2 1 53.0±9.5 2 0 NS

I  (nS) 8 .2 ± 2 . 6 2 1 10.1±3.8 2 0 NS

Act. Vo.5 (mV) -2.9±5.2 2 1 -5.1±3.7 2 0 NS

Act. Kd (mV) 6.7±1.0 2 1 6.9±1.0 2 0 NS

Inact. Vo,5 (mV) -30.3±5.8 13 -28.3+3.7 2 0 NS

Inact. Kf (mV) 5.3±2.1 13 6.0±1.3 2 0 NS
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CHAPTER 8

Analysis of ica in relation to patient pathology

8.1 Background

Data regarding ica was obtained from a large enough number of cells to permit an 
analysis in relation to different patient pathologies. Previous work on isolated muscle 
strips has demonstrated specific differences in their properties as a result of outflow 
tract obstruction, when compared to controls; which appeared to be similar whether or 
not instability was also present (Sibley, 1984; Harrison et al., 1987). It has also been 
shown that the characteristics of muscle strips from patients with idiopathic instability 
and hyper-reflexia were not only different from control but also from those obtained 
from patients with outflow tract obstruction again regardless of the presence or absence 
of instability in this latter group (Kinder and Mundy, 1987). It was hoped that by 
selecting similar groups to previous studies it might then be possible to begin to 
distinguish specific electrophysiological characteristics associated with the cellular 
changes occurring in different bladders and relate these to results from muscle strip 
experiments. Sufficient numbers of cells were obtained to identify the following 
groups of patients:

1) Those with outflow tract symptoms.
2) Those with idiopathic instabihty or hyper-reflexia.
3) Those who had received radiotherapy.

8.2 Changes to ica associated with outflow tract symptoms

8.2.1 The patient groups
A group of 18 cells was obtained from seven patients undergoing TURP with a mean 
age of 68 years. 11 cells were from five patients who presented in acute retention of 
urine and the others were from patients who were being operated on as a result of their 
symptoms and a flow rate estimation. These were compared to a control group of 20 
cells from five male patients undergoing endoscopic procedures for transitional cell
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carcinoma of the bladder, with a mean age of 57years, who had no symptoms of 
outflow tract obstruction and who had not been irradiated. No pressure studies had 

been performed on the patients in either group but despite this limitation an initial 

analysis of cell size was performed. The statistical analysis in this section has been 

performed on the same groups of cells, ie hypertrophied n=18 and con&ol n=20, using 

a two-tailed unpaired Student's t-test.

8 .2.2 Measurement of cell size
Cell surface area was determined from the whole-cell capacitance as described in the 
M ethods section. The cells obtained from patients undergoing TURP were 

significantly larger than the control group (737011550|im2 and 536011520|im2, n=18 

and 20 respectively, p<0.001) and are shown in Figure R26. The TURP patients 
therefore represented a group with cellular hypertrophy although it could only be 

infeiTed that this was as a result of outflow tract obstruction. Previous work using a 

feline model of right ventricular hypertrophy has demonstrated changes to the kinetics 

of the L-type Ca^+ channel (Kleiman and Houser, 1988) so it was therefore of interest 

to determine if any similar changes were apparent as a result of detrusor cellular 
hypertrophy.
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Figure R26. Mean cell surface area for hypertrophied and control cells.
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8.2.3 The effect of hypertrophy on Er and gca
There was no significant difference in Ep between the hypertrophied and control cells, 
56±6mV and 53±10mV respectively, and similarly there was no difference in gca 
9.4±4.0nS and 10.1±3.8nS. Figure R27 shows that hypertrophy did not alter the 
configuration of the i-v relationship with peak ica occurring at a membrane potential of 
4-lOmV in both groups. In order to normalise the data peak ica for each i-v relationship 
was taken as unity and all other values were expressed as a fraction of this. The mean 
values for each group of cells were then calculated and plotted as a function of 
membrane potential.

Mean normahsed i Ca

V„(mV)

0 .2  —I
-60 -40 -20

f t  -0 .2

- 0.6  —

- 0.8  —

-1  —

Figure R27. The mean i-v relationships calculated from the normalised current data. •=hypertrophied, 

i3=control. The error bars have been omitted for clarity.

8.2.4 The effect of hypertrophy on peak ica and current density
Figure R28 shows that peak ica was not significantly altered in the hypertrophied cells 
compared to control (370±171pA and 385±140pA respectively). However if ica was 
expressed as a function of individual cell surface area, as shown in Figure R29, then 
this current density was significantly reduced in the hypertrophied cells compared to 
control (5.1±2.1|iA.cm'2 and 7.4±2.5|iA.cm'2 respectively, p=0.004).
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Hypertrophied Control

Figure R28. Mean peak ica for hypertrophied and control cells.

p=0.004

Hypertrophied Control

Figure R29. Mean current density for hypertrophied and control cells.

8.2.5 The effect of hypertrophy on the activation variable
The mean V 0 .5  for activation was calculated as described previously and found to be 

significantly shifted in the positive direction for the hypertrophied cells compared to
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control (-1.8±3.2mV and -5.1±3.7mV respectively, p=0.007). The slope factors of 
the activation curves were not significantly altered (6.9±1.3mV and 6.9±1.0mV, 
hypertrophied and control respectively). The curves for the mean data are shown in 
Figure R30.

8.2.6 The effect of hypertrophy on the inactivation variable
The Vo.5 for inactivation was also determined as described above and was found to be 
significantly shifted in the positive direction in the hypertrophied group compared to 
control (-22.9±5.0mV and -28.3±3.7mV respectively, p=0.001) and the curves for the 
mean data are shown in Figure R31. As with the activation curves the slope factors 
were not significantly altered (6.2±1.4mV and 6.0±1.3mV, hypertrophied and control 
respectively). The inactivation curve was shifted in the positive direction by a 
proportionately larger amount compared to activation so that when the activation and 
inactivation curves are superimposed, as shown in Figure R32, there is an increased 
range of potentials, or window, over which ica will remain activated in the 
hypertrophied cells. This increased capacity for a so-called window current is more 
clearly demonstrated in Figure R33 which highhghts the foot of each curve.
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Figure R30. The activation variable, •=hypertrophied, nwontrol.
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Figure R31. The inactivation variable, •=hypertrophied, o=control.
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Figure R32. Superimposed activation and inactivation curves, •=hypertrophied, □=control. The error 

bars have been omitted for clarity.
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The window current is represented by the area of overlap between the activation and 
inactivation curves as shown in Figure R33. This area can be seen to be increased over 
the range of potentials from OmV to -15mV and the effect of this is that as the 
membrane repolarises over these values current will continue to flow and tend to 
prolong the action potential.

0.4

0.3

^  0.2

-30-40 -10

Figure R33, Detail of Figure R32 showing the increase in the window between the activation and 

inactivation curves. The bold lines represent the curves for the hypertrophied cells and the thin lines 

the control curves. The error bars and data points have been omitted for clarity.

8.2.7 The effect of hypertrophy on the time course of current decay
Figure R34 shows that Xdecay was significantly prolonged in the hypertrophied group 
compared to control (21.4± 10.2ms and 13.9±4.3ms respectively, p=0.005). The 
difference in current decay is illustrated in Figure R35 where it can also be seen that 
there is still an inward current in the hypertrophied cell at the end of the clamp step.
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p=0.005

Hypertrophied 

Figure R34. Mean Xdecay for hypertrophied and control cells.
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Figure R35. Superimposed current traces reconstructed from digital data showing the difference in 

current decay between an hypertrophied and a control cell. The lower trace represents a 100ms clamp 

step from a holding potential of -60mV to lOmV.
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The area under each current trace represents the net amount of positive charge entering 
the cell which under these conditions is predominantly due to Ca^+. The integrals for 
the cuiTent traces were measured for a 90ms period except where this was precluded by 
interference from the capacitive artifact and these traces have been omitted. There was 
no significant difference between the values obtained for the two groups as shown in 
Figure R36 (588±286pC and 514±257pC, n=17 and 16, hypertrophied and control 
respectively).

900 1

Hypertrophied Control

Figure R36. Mean charge derived from the integrals of the peak inward current traces for hypertrophied 

and control cells (n=17 and 16 respectively).

It could be further argued that this change in ica represents a compensatory mechanism 
in hypertrophy to maintain the quantity of Ca^+ entering the cell as expressed as a 
function of cell size. It would be expected that if compensation was effective there 
would be no significant difference in this value and again this was confirmed as shown 
in Figure R37 (8.0±3.4C.F*i and 9.9±4.3C.F‘ l, hypertrophied and control 
respectively).
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^  10

Hypertrophied Control

Figure R37. Mean charge density for hypertrophied and control cells.

8.3 C hanges to ic a  associated  with in stab ility

8.3.1 The patient groups
Due to difficulties in obtaining tissue and the subsequent production of cells the 

numbers available for analysis in this group are smaller than for hypertrophy. The 

presence of involuntary detrusor contractions was demonstrated urodynamically in all 

patients in the group which consisted of nine cells from four male patients, two with 

spina bifida and two with idiopathic instability. The mean age was 28 years and all 

patients undei*went clam ileocystoplasty. The same control group has been used in this 

section as for comparing the hypertrophied cells.

8.3.2 The effect of instability on cell size, Er and gca
Figure R38 shows that cells from unstable patients were significantly larger than 

control (8460±2150pm2 and 5360±1520|im2, n=9 and 20 respectively, p<0.001). 

This increase of surface area was greater than that observed for hypertrophied cells but 

the difference was not significant. Similar to the hypertrophied situation neither Er nor
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gCa were significantly altered in the unstable group (45± llm V  and 53±10mV, 

10.7±4.5nS and 10.1±4.5nS, unstable and control repectively).
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Figure R38. Mean cell surface area for unstable and control cells.

8.3.3 The effect of instability on peak ica and current density
Peak ica was not significantly different between the two groups as shown in Figure 

R39 (361±168pA and 385±140pA, unstable and control respectively) however as seen 

in the case of hypertrophy when the current density was considered this was 
significantly reduced for the unstable cells compared to control (4 .5 ± 2 .0 |iA .c m -2  and 
7 .4 ± 2 .4 |j .A .c m * 2 , p=0.006) and is shown in Figure R40.
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Figure R39. Mean peak ica for unstable and control cells.
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Figure R40. Mean current density for unstable and control cells.

1 1 9



RESULTS

8.3.4 The effect of instability on the activation variable
The activation curve for the unstable cells was displaced towards more negative 
potentials with a significant shift of the mean V0.5 as illustrated in Figure R41 
(-8.3±2.5mV and -5.1±3.7mV, unstable and control respectively, p=0.026), and this 
was in contrast to the hypertrophied group. The slope factors however were not 
significantly different (7.4±1.5mV and 6.9±1.0mV, unstable and control respectively).

1 n 
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Figure R41. The activation variable, A=unstable, o=control.

8.3.5 The effect of instability on the inactivation variable
Unfortunately information regarding the inactivation variable was only obtained for 
three cells preventing statistical analysis however no obvious shift of the V0.5 or slope 
factor was apparent (-28.6±5.8mV and 5.1+1.OmV respectively, n=3). If it is 
assumed that the inactivation curve remains unaltered in instability a plot showing the 
range of potentials over which window current is likely to flow may be constucted and 
is shown in Figure R42. This demonstrated a relatively large increase in window 
current but the result is somewhat speculative due to the incomplete inactivation data, 
although the V0.5 obtained compares closely with that for the control group 
(-28.3±3.7mV).
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Figure R42. Superimposed activation and inactivation curves for unstable cells (bold line) and control 

cells (thin line). The data points and error bars have been omitted for clarity.

p = 0.033
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Figure R43. Mean charge density for unstable and control cells.
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8.3.6 The effect of instability on the time course of current decay
It was only possible to calculate the time constants of current decay for six cells 
however there was no significant difference in the mean Xdecay between unstable and 
control cells (13.8±5.2ms and 13.9±4.3ms respectively). The integrals were also 
calculated for the peak inward current traces and although the mean charge was not 
significantly different between the unstable and control cells (418±369pC and 
514±257pC respectively) the mean charge density was significantly reduced for the 
unstable cells as shown in Figure R42 (5.4±3.5C.F'i and 9.9±4.3C.F‘l respectively).

Table R12 summarises the characteristics of ica of cells from patients with outflow tract 
symptoms, and patients with idiopathic instability and hyper-reflexia.
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Table R13. Summary of the characteristics of ica of cells from patients with outflow tract symptoms, and patients with idiopathic instability and hyper-reflexia. 

The control group has been compared to each of these groups and the p-values are shown in the table.

N>
CO

Variable Outflow tract 
symptoms 
M eanlSD

n P Control
M eanlSD

n P Idiopathic instability 
and hyper-reflexia 

M eanlSD

n

Age (years) 68110 7 5718 5 28112 4

Cell surface area 737011550 18 <0.001 536011520 20 <0.001 846012150 9

Er(mV) 5616 18 NS 53110 20 NS 45111 9

gCa (nS) 9.414.0 18 NS 10.113.8 20 NS 10.714.5 9

Peakica(pA) 3701171 18 NS 3851140 20 NS 3611168 9

iCa density (fiA.cm-2) 5.112.1 18 0.004 7.412.5 20 0.006 4.512.0 9

Activation V0.5 (mV) -1.813.2 18 0.007 -5.113.7 20 0.026 -8.312.5 9

Activation (mV) 6.911.3 18 NS 6.911.0 20 NS 7.411.5 9

Inactivation V0.5 (mV) -22.915.0 18 0.001 -28.313.7 20 - -28.615.8 3

Inactivation Kf (mV) 6.211.4 18 NS 6.011.3 20 - 5.111.0 3

Xdecay (rns) 21.4110.2 18 0.005 13.914.3 20 NS 13.815.2 6

Total charge (pC) 5881286 17 NS 5141257 16 NS 4181369 6

Charge density (C.p-I) 8.013.4 17 NS 9.914.3 16 0.033 5.413.5 6
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8.4 The effect of bladder irradiation on ica

8.4.1 The patient groups
In view of the differences between the characteristics of ica of cells from male and 
female patients only male patients are considered in this section. Insufficient data was 
obtained to permit an analysis of the effects of irradiation on cells from female patients. 
A group of nine cells was obtained from two male patients aged 65 and 74 years who 
had both undergone salvage cystectomy following radical radiotherapy for transitional 
cell carcinoma (TCC). All these cells were obtained from tissue which had been taken 
from the dome of cystectomy specimens as soon as the bladder had been removed from 
the patient. This method of tissue collection carried with it a variable obligatory 
ischaemic time. Although this was relatively short it might be argued that any 
differences observed between these cells and a control group obtained from biopsy 
specimens were due to ischaemia. For this reason the control group comprised 14 cells 
from three male patients aged 63, 55 and 63 years who had undergone primary radical 
cystectomy for TCC and who had no significant outflow tract symptoms. Statistical 
analysis has been performed on these same groups throughout using an unpaired 
Student's t-test.

8.4.2 The effect of irradiation on cell size and Er
The mean surface area of irradiated cells was not significantly different from control 
(6200±800pm^ and 6300±2000|im^ respectively) and there was also no difference in 
Er as derived from the i-v relationships (47±1 ImV and 48±9mV respectively).

8.4.3 The effect of irradiation on peak ica and current density
The magnitude of peak ica was not significantly different in the irradiated cells 
compared to control (255±82pA and 352±173pA respectively). In view of the 
similarity in cell size it would be predicted that the current density would therefore also 
not be different in the irradiated cells and this was indeed the case, 4.1±1.2pA.cm-^ 
compared to 6.1±3.3p,A.cm-2.

8.4.4 The effect of irradiation on gca
The maximal conductance was not significantly reduced in the irradiated bladders 
compared to control, 7.3±1.5nS and 10.3±4.5nS respectively.
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8.4.5 The effect of irradiation on the steady-state kinetics of ica
No significant difference was found between the V0.5 of activation in the irradiated and 
control groups (-6.4±4.5mV and -4.1±3.9mV respectively). The slope factor of the 
activation curve was similarly unaltered between the two groups (7.1±0.6mV and 
6.9+1. ImV irradiated and control respectively). Unfortunately insufficient data was 
obtained to assess the effect of irradiation on the inactivation variable, however there 
were no obvious differences in the few experiments performed.

Table R14. Summary of characteristics of ica of cells from irradiated bladders.

V ariable Control 
Mean +SD

n DXT
M eanlS D

n P

Age (years) 60 3 70 2 NS

Cell surface area (jim^) 6300±2000 14 62001800 9 NS

E r(m V ) 48+9 14 47111 9 NS

g(nS) 10.3+4.5 14 7.311.5 9 NS

Peak ica (pA) 352±173 14 255182 9 NS

iCa density (fiA.cm-2) 6.1+3.3 14 4.111.2 9 NS

Activation V 0.5 (m V) -4.113.9 14 -6.414.5 9 NS

Activation (mV) 6.911.1 14 7.110.6 9 NS
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CHAPTER 9

DISCUSSION

9.1 Methods

9.1.1 Production of single cells
Inherent in the method of employing enzymes to dissociate smooth muscle into single 
cells is the problem of cell damage. The cells used for these experiments retained a 
clearly defined plasma membrane under phase contrast microscopy however this does 
not exclude the possibility of protein dénaturation. It has previously been shown for 
instance that enzyme dispersion can abolish adrenoceptor mediated responses although 
it is not clear if this was via a direct effect on receptors or whether some process 
subsequent to the agonist-receptor interaction was impaired (Tokuno and Tomita,
1987). As discussed earlier however, there does appear to be close agreement between 
the electrical properties of single cells and multicellular preparations. A question that is 
more difficult to answer is whether or not the isolation procedure favours cell selection. 
It is possible for example that only certain sizes of cell remain viable and further 
selection may also occur on the basis of their ability to adhere to the glass cover slip at 
the bottom of the superfusion chamber. An alteration of surface charge could be 
envisaged which would either promote or hinder cell adhesion. In support of the use of 
relatively small numbers of cells to draw conclusions regarding overall bladder function 
is the morphological observation that in hypertrophy at least the response seems to 
affect all the cells of the muscle uniformly (GabeUa, 1981).

9.1.2 Measurement of cell size
Cell surface area was calculated from the whole-cell capacitance measured during the 
patch-clamp experiments and by assuming a specific membrane capacitance of 
l|iF .cm '2 (Cole, 1968). Values for cell surface area calculated by this means are 
considerably larger than those derived from geometric measurements as the latter fail to 
take into account the many infoldings or caveolae present in the membrane (Gabella, 
1981). The mean whole-cell capacitance calculated for a group of 20 cells from five
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male patients with no recognised evidence of outflow obstruction was similar to that 
found in a group of 16 cells from guinea-pig bladder (Klockner and Isenberg, 1985b) 
(54±15pF and 50±6pF respectively).

9.1.3 The calcium curren t
iCa was measured using CsCl filled microelectrodes to block the outward potassium 
current so that no information regarding i^  was obtained during the experiments 
although net membrane currents have previously been described for isolated human 
detrusor myocytes using electrodes filled with 3M KCl (Montgomery and Fry, 1992). 
The values obtained for the various kinetic parameters used to describe ica were similar 
to those previously reported for human detrusor myocytes (Montgomery and Fry, 
1992) and indicate the reproducibility of the patch-clamp technique. Additional 
information however was obtained concerning the time dependence of current 
activation. Little information is available regarding T̂ ct in smooth muscle cells and 
presumably this is due to the difficulties in analysing the initial part of the current trace 
without interference from the capacitive artifact. To overcome this problem Ba^+ have 
been used as the charge carrier in cells from guinea-pig ureter (Lang, 1990) but the 
values obtained cannot be compared directly with those measured in l.SmM [Ca^+lg. 
The Hodgkin-Huxley model predicts a sigmoid shape for the activation process 
however it was found that this did not fully describe the observed currents in human 
detrusor myocytes and this necessitated the introduction of an additional variable. This 
variable (C) was used to describe the initial lag phase that was apparent during current 
activation and although no data is available from other tissues for comparison it will be 
interesting to see if similar observations are reported in the future.

9.1.4 M easurem ent of pH;
Epifluorescence microscopy has proved to be a reproducible technique for the 
measurement of pHi using the fluorochrome BCECF. The results demonstrate that 
either intracellular or extracellular pH may be manipulated with minimal alteration of pH 
in the other compartment. However this situation is altered during the whole-cell 
configuration of the patch-clamp technique as the microelectrode filling solution, 
buffered to pH 7.1, dialyses and equilibrates with the cytosol. Interventions designed 
to alter pHi therefore have to overcome this buffering capacity in order to assert their 
effect and although the cell represents a large surface area to volume ratio its contents 
will remain in continuity with the filling solution in the pipette throughout the 
experiment. As a result of this situation it is likely that changes to pHi will be smaller
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under gatch-clamp conditions than when isolated cells are investigated on their own. If 
no change to ica had been observed during these interventions it could be argued that 
this was because no appreciable change to pHi was occurring, however this was not 
found to be the case. In order to quantitate the change to pHi during whole-cell patch 
clamp it will be necessary to perform simultaneously epifluorescence microscopy but 
such experiments have not yet been performed.

9.1.5 The controls
In all of the cells studied rundown of ica was a constant feature and for this reason it 
was necessary to compare patch-clamp interventions with the mean of the results 
obtained in normal Tyrode's immediately before and after. It was also found that in 
some cells current rundown was variable and hence series of seven CVR’s were 
employed so that only those cells in which rundown was occurring in a predictable 
manner were included in the results section. Although this increased the difficulty of 
performing the experiments it was essential in order to distinguish the relatively small 
changes to ica in response to alterations of pH.

9.2 The effect of [Ca^+]o on ica

9.2.1 The effect of [Ca^+lo on the magnitude of ica
These experiments were performed to determine the relationship between [Ca^+]o and 
iCa, and also to investigate their effect on its kinetic characteristics. In order to vary pH 
the [NaHCOg] of Tyrode's was altered and this necessitated changes to the [CaCl2] in 
order to maintain pCa constant. This was achieved by titration using a Ca^+ ion 
selective electrode (See Methods). The relationship between [Ca^+Jo and ica obeyed 
first order kinetics so that a 0. ImM change in [Ca^+Jo either side of l.SmM for normal 
Tyrode's would produce a 2.5% difference in ica- If the pCa of the superfusates was 
not carefully controlled spurious results could easily be obtained. The relationship 
between ica and [Ca^+]o revealed a maximum increase in current to 164% of control 
and a half-maximal value of l.OmM. These results are similar to those reported for the 
L-type calcium channel in guinea-pig taenia caeci which gave a maximum of 153% and 
a half-maximal value of 1.2mM (Ganitkevich et al., 1988). It was also apparent that in 
both tissues little increase in ica occurred at [Ca^+Jo greater than lOmM.

There are several possibilities that might explain the saturation of calcium channel 
currents in smooth muscles with increasing [Ca^+]o. These include the existence of
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saturable binding sites within the calcium channel, saturation of the Ca^+ concentration 
near the external mouth of the calcium channel due to the existence of negative surface 
charges or a combination of both these effects. Attempts to determine the relative 
importance of these two mechanisms employing other divalent cation charge carriers 
such as barium and strontium indicate that both mechanisms are probably operating 
(Ganitkevich et a i, 1988).

9.2.2 The effect of [Ca^+]o on the kinetics of ica
The i-v relationship was found to be shifted towards more positive potentials by lOmM 
[Ca^+Jo and it was also found that the steady-state activation curve was similarly 
displaced. The Vq.5 of activation was significantly shifted by 2.9mV more positive by 
lOmM [Ca2+]o and the opposite effect occurred when [Ca^+Jg was reduced to 0.9mM 
with a significant shift of the V0.5 to 1.8mV more negative. This phenomenon of 
cations on the activation curve was originally observed during experiments on the 
sodium current in the squid giant axon and was similar in nature to that described here 
for ica in smooth muscle (Frankenhaeuser and Hodgkin, 1957). This effect may be 
explained on the basis of surface charge screening. Increasing concentrations of 
divalent cations may screen negative charges especially in the region of the external 
mouth of the channel thereby making it more difficult for Ca^+ to enter. Ca^+ at the 
external membrane surface may also produce conformational changes within the 
membrane which in turn could affect the distribution of charge within the channel itself 
producing a similar effect. A reduction in [Ca^+Jg will have the opposite effect freeing 
negative charges making it easier for Ca^+ to enter the channel (Frankenhaeuser and 
Hodgkin, 1957). It was also of interest that 5mM [Ca^+]g did not produce a significant 
shift in the V0.5 of activation despite increasing peak ica to 135±19% of control. This 
finding may have implications for different interventions that bring about an increase in 

iCa-

In contrast to the relationship between [Ca^+Jg and steady-state activation the 
inactivation curves were unaltered by such changes. This was in keeping with previous 
observations of a disproportionate effect on sodium conductance and that the effect on 
the inactivation curve appeared much less (Frankenhaeuser and Hodgkin, 1957). 
Although no effect was seen in human detrusor smooth muscle a shift in the 
inactivation curve has been reported for L-type calcium channels in ventricular 
myocytes (Lee et al., 1985). The time course of peak inward current decay, described 
by a monoexponential function, however was found to be significantly shortened when 
[Ca2+]g was increased to lOmM and conversely significantly prolonged in 0.9mM
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[Ca2+]o. Similar observations have been made in smooth muscle cells from guinea-pig 
taenia caeci (Ganitkevich et al., 1987) and suggest that there is Ca^+ dependent 
inactivation of the Ca^+ conductance. Three possible mechanisms for this inactivation 
might be suggested, firstly purely potential dependent, secondly purely Ca^+ dependent 
and thirdly a combination of the two. The evidence accumulated so far indicates that 
inactivation is influenced both by Ca^+ entry and membrane potential but the precise 
mechanisms involved remain unknown. Despite the use of EGTA in the electrode 
filling solution to buffer calcium it is possible that a local accumulation of Ca^+ on the 
inner aspect of the membrane could influence current decay. Another suggestion is that 
the inhibitory effect of Ca^+ may be mediated via intracellular enzymes although this 
cannot yet be substantiated.

9.2.3 Sum m ary
The data presented so far indicate that L-type calcium channels in isolated human 
detrusor smooth muscle cells share properties in common with similar channels in other 
tissues. The relationship between i^a and [Ca^+Jo affirms that the currents recorded 
behaved in a manner consistent with previous findings and that these interventions 
could alter the kinetics of ica» an effect that was probably mediated via surface potential.

9.3 Changes to ica associated with pH

9.3.1 The relationship between pHg and ica
The extracellular [H+] ([H+]q) was found to play an important role in determining the 
magnitude of peak ica which was significantly increased by an alkalosis and decreased 
by an acidosis (109±3% and 90±5% of control respectively). Figure D1 shows the 
relationship between pHo and peak ica- [H+]o had no significant effect on either the 
steady-state or time dependent kinetics of ica although an effect on the steady-state 
kinetics has previously been reported (Irisawa and Sato, 1986). The results of this 
study might be related to the magnitude of the change in peak i^a as there was similarly 
no alteration in these variables in response to 5mM [Ca^+Jo despite an increase of peak 
iCa to 135±19% of control. A threefold increase in the magnitude of the pHg change to 
IpH unit, as employed in these previous studies, however might have been sufficient to 
alter the steady-state kinetics but this will require further investigation.

130



DISCUSSION

Io
&
Û
+\

120

115

110

105

100

T— I— r T— I— r T------- i— r T— I— r T—r
6.6 6.8 7.2 7.4 7.6 7.8

pH +SD

Figure Dl. The relationship between pHg and peak ica-

Similar effects of pHg have been reported previously in guinea-pig gastric smooth 
muscle cells (Katzka and Morad, 1989). In this preparation it was found that between 
pH 8 and 6 peak ica also decreased linearly with decreasing pH and that the time course 
of current decay was unaltered.

Possible explanations for the effect of pHg on peak ica revolve around alterations of 
surface charge as discussed earlier for changes of [Ca^+Jo. These mechanisms have 
been specifically investigated to determine the effect of changes of pHg on Ca channels 
in a hybridoma cell line (mAb-7B) using the whole-cell patch-clamp technique (lijima et 
al., 1986). In this study alteration of pHg between 6 and 9 had similar effects on the 
magnitude of peak ica as already described above. The data obtained were consistent 
with the idea that an increase of pHg will shift the surface potential in the positive 
direction which is sensed by the channel so that a decrease of the [Ca^+J at the mouth of 
the channel will produce a reduction of the inward current. It was also postulated that 
Ca channels have two internal binding sites for this ion and that if neither site was 
occupied the channel would become permeant to monovalent cations. The binding of 
Ca2+ to these sites is voltage-dependent so that large positive membrane potentials 
would expel Ca^+ and create Ca^+-free channels permeable to univalent cations. 
Although this would provide a means by which pH could influence the permeability of

131



DISCUSSION

channels as well as their gating properties no alteration in the permeability to 
monovalent cations was observed to support this view. The permeability of the L-type 
channel to Na+ has been used to investigate the effect of H+ on the single channel 
properties in guinea-pig ventricular myocytes (Prod’hom et al., 1987). As a result of 
this study it was suggested that there was a single ionizable site near the external 
entrance of the channel. The channel conductance would then depend on the 
protonation state of this site because its protonation-dependent charge sets up a local 
potential which wiU alter the attraction of ions into the channel.

9.3.2 The relationship between pHo, ica and tension
The effects of changes of pHg on isometric tension recorded from isolated human 
detrusor smooth muscle strips have already been discussed in the introduction and the 
results of this study show that there is a linear relationship between tension and ica over 
a range of pHg. The slope of the line demonstrates that the magnitude of the effect on 
iCa is smaller compared to that for tension suggesting an amplification of the response 
during E-C coupling and one possible mechanism for this is calcium induced calcium 
release from the SR. The change of free [Ca^+J in the cytosol will then alter the 
response of the contractile machinery producing the observed inotropic responses. 
Support for pHg altering the [Ca^+Jj comes from epifluorescence experiments using 
cells loaded with the fluorochrome Fura-2 to measure intracellular Ca^+ (Montgomery, 
1991). In these experiments it was shown that an extracellular alkalosis increased 
[Ca2+]j compared to control in response to membrane depolarisation with a high 
potassium solution. It was also found that the rate of rise was similarly increased and 
this was consistent with the increase of action potential upstroke velocity also observed 
in response to an extracellular alkalosis. An extracellular acidosis had the opposite 
effect reducing [Ca^+Jj, its rate of rise and the action potential upstroke velocity.

Further evidence for the inotropic effects of pHg being mediated by changes of ica is 
available from experiments on the human ureter (Cole et al., 1990). In this tissue 
contraction of muscle strips in response to field stimulation can be maintained for some 
20 minutes in the absence of Ca^+ in the superfusate implying a greater dependence on 
intracellular calcium stores. The detrusor on the other hand will cease to contract 
rapidly if Ca^+ are removed from the Tyrode's solution. This implies that the ureter is 
not reliant on ica for E-C coupling and as a result would be expected to be unaffected 
by changes of pHg. The experiments confirmed that although changes of pHi produced 
the same inotropic responses to those observed in the detrusor, phasic tension was 
unaffected by changes of pHg alone.
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9.3.3 Summary
It has been shown that ica plays an important role in E-C coupling in the human 
detrusor, that this current underlies the upstroke of the action potential and that there is 
also a linear relationship between phasic tension and ica over a range of [Ca^+Jo and 
[Mg2+]^ (Montgomery and Fry, 1992). This relationship can be extended to 
encompass the effects of changes of pHg which appear to exert their inotropic action by 
directly influencing i^a-

9.3.4 The relationship between pH, and ica
An intracellular acidosis was found to increase significantly peak ica to 108±5% of 
control contrary to previous reports that an acidosis reduces ica through the L-type Ca 
channel (Irisawa and Sato, 1986; Kaibara and Kameyama, 1988; Isenberg and 
Klockner, 1989). It was also found that an intracellular alkalosis similarly increased 
iCa to 114±13.7% of control although this result was in keeping with the previous 
studies cited. This effect of an intracellular acidosis on ica was further supported by 
the results from experiments in which pH was reduced in both the extracellular and 
intracellular compartments simultaneously. As each of these interventions produced 
opposite effects of similar magnitude it would be expected that the two would cancel 
each other out. This was indeed found to be the case as no significant alteration of peak 
iCa occurred during the intervention.

Little attention has been focussed on the effects of intracellular H+ on ica in smooth 
muscles so that of necessity a discussion of the possible mechanisms involved has to be 
based on work studying the L-type Ca channel of other cells. One such study 
investigated the effects of H+i on single channel currents of guinea-pig ventricular 
myocytes (Kaibara and Kameyama, 1988). In these experiments after the giga-seal had 
been formed one end of the cell was disrupted with a second microelectrode to produce 
the open-cell-attached patch configuration. This arrangement allows current to be 
measured only from the channels in that portion of the membrane that takes part in the 
formation of the giga-seal and also allows the ionic environment on the inner surface of 
the membrane to be manipulated. In order to increase the amplitude of the current Ba2+ 
were used as the charge carrier. The currents recorded using this technique were 
reversibly'reduced by lowering pHi and the slope conductance was unaltered by pHi 
between 8.2 and 6.2.

The reduction of the amplitude of the averaged Ba2+ cunent induced by intracellular H+ 
was attributed mainly to a reduction of the open-state probability of the channel as there
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was no effect on the number of channels and only a small decrease in the unitary Ba^+ 
current. The steady-state activation and inactivation curves were shifted towards more 
negative potentials consistent with the idea that surface charge also exists on the internal 
side of the membrane near the Ca channel. This might also provide an explanation for 
the small reduction of unitary current that was also observed. Cyclic AMP-dependent 
phosphorylation of the Ca channel prolongs the lifetime of the available state resulting 
in a marked enhancement of the availability of the channel (Ochi et al., 1986). The 
effect of intracellular H+ might be mediated by an inhibition of cyclic AMP-dependent 
protein kinase activity. However this seems unlikely as the optimum pH for the kinase 
is 6.0-6.5 (Reimann et at., 1971), so that an acidosis would be expected to enhance 
rather than depress channel availability consistent with the findings in this study. 
Possible mechanisms to explain the effect of pHi on the channel gating properties 
would then include the promotion of dephosphorylation or masking of the effects of 
phosphorylation.

The dose-response relationship between pHi and the open-state probability suggested 
that there might be a site within or close to the Ca channel at the inner surface of the 
membrane to which one proton binds thereby affecting the open-state probability. The 
pk' value of this relationship suggested an involvement of histidine residues, a 
contention supported by the finding that photo-oxidation of carboxyl groups with Rose 
Bengal abolished the efffect of pHj in some patches (Kaibara and Kameyama, 1988). 
In other experiments this intervention caused the channel activity to disappear which 
could be attributed to either the oxidation of other histidine residues essential for 
channel function or alternatively to a non-specific effect of the dye itself.

The finding in human detrusor smooth muscle cells that an intracellular acidosis 
increases ica is clearly contrary to experiments in other tissues. Although the pH 
sensitivity of cyclic AMP-dependent protein kinase activity could be invoked as an 
explanation of this result there still remains the problem of how an intracellular alkalosis 
produces a similar increase of ica- Further evidence has been obtained for Ca channel 
modulation by the protonation of histidine residues (Isenberg and Klockner, 1989) and 
modification of the channel structure could be expressed as an alteration of its pH 
dependence although this is entirely speculative.

9.3.5 The relationship between pH,, ica and tension
Earlier work has shown that an intracellular alkalosis depresses contractility and that an 
intracellular acidosis increases contractility in isolated human detrusor smooth muscle
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strips (Liston et al., 1991). Whilst it seems likely that the effects of changes of pHg on 
contractility are mediated by an effect on ica the relationship does not hold for changes 
of pHi as both an acidosis and an alkalosis increased peak ica- It was also previously 
found that reducing pHg and pH| simultaneously produced a positive inotropic 
response although in this study there was no net effect on ica- These results suggest 
that an alternative mechanism must be responsible for determining the inotropic actions 
of pHi in detrusor smooth muscle. There also appear to be fundamental differences 
between various muscle types. In cardiac muscle for example acidosis depresses 
function and it is likely that pHj changes are predominantly important (Fry and Poole- 
Wilson, 1981). As already discussed intracellular H+ similarly depress ica in this 
tissue and the opposite finding in the detrusor may represent an important modification 
of the L-type Ca channel.

9.3.6 Possible mechanisms mediating the effect of pH; on force 
production
There are many points during the process of E-C coupling at which pH; could alter 
force development in smooth muscle. In particular the following steps may be pH 
sensitive:

1) The rate of myosin ATPase activity.
2) The sensitivity of the contractile unit to Ca^+.
3) The fluxes of Ca^+ into the cell.
4) Competition at Ca-binding sites.
5) Interference with energy production.

1) There have been reports that acidity inhibits arterial actomyosin ATPase activity 
(Mrwa et aL, 1974) reducing the splitting of ATP and consequently reducing force. 
Such a mechanism would be unlikely to play a significant role in the detrusor, however 
more recent work has shown that tropomyosin, from pulmonary artery, seems to 
stimulate rather than inhibit the activity of the actomyosin ATPase (Yamaguchi et at., 
1984). Increasing pH was found to reverse the stimulatory effect of tropomyosin so 
that the stimulation seen at pH 6.5 was lost at pH 7.5. This study predicts that 
alkalosis would inhibit the actomyosin ATPase which is consistent with the effects of 
pH; on contractility in the human detrusor.

2) There is evidence in cardiac and skeletal muscle that the sensitivity of the 
myofilaments to Ca^+ is pH dependent and although the [Ca^+J; required to activate
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actomyosin ATPase is within a similar range in smooth muscle as these other tissues it 
may not be valid to extrapolate directly from one to the other. It has been found that the 
ability of calmodulin to bind Ca^+ is pH dependent and it has been calculated that a 
change of pHi from 7.0 to 7.5 will cause an increase in Ca-complexed calmodulin from 
50% to 80% (Busa and Nuccitelli, 1984). As it is this Ca-calmodulin complex that 
activates myosin light chain kinase it would be expected that force would increase in 
response to an intracellular alkalosis and this is contrary to the findings of muscle strip 
experiments.

3) The possible effect of various ion transport systems was considered in the 
introduction. Previous experiments have demonstrated that the effects of pHi on 
human detrusor contractility were unaltered by the selective blocking of either Na+-H+ 
exchange or Na+ HCOg- co-transport (Liston et al., 1991).

4) H+ and Ca^+ are both cations and may therefore compete for intracellular binding 
sites. The displacement of Ca^+ bound to myofilaments when [H+]j is increased would 
decrease contractility. However Ca^+ will also be displaced from other binding sites 
within the cell. This could lead to an increase of [Ca^+Jj sufficient to overcome the 
reduced affinity of the myofibrils to bind Ca^+ and may explain the increase of force 
associated with an intracellular acidosis in human ureter and bladder (Cole and Fry, 
1987; Liston et at., 1991). The effect of pHj on [Ca^+Jj has been demonstrated in the 
smooth muscle of isolated rat tail arteries loaded with Fura-2 (Bamosa and Spurway, 
1990). An intracellular alkalosis, produced by the application of NH4CI, reduced 
[Ca^+Ji and conversely an intracellular acidosis, produced by the application of either 
propionate or L-lactate, increased [Ca^+]i. These results add further support to the idea 
that Ca^+ and H+ compete for binding sites within the cell.

5) Muscle contraction requires ATP so that if its production is inhibited by H+ obvious 
consequences will ensue, although it should be remembered that a lack of ATP leads to 
rigor and not relaxation. An extracellular or an intracellular acidosis has been observed 
to inhibit glycolysis in a number of tissues (Cohen and lies, 1975) but H+ also take part 
in the creatine kinase reaction and will help maintain ATP production during increased 
demand. In smooth muscle there appears to be little change in phosphogens during 
contraction so that this effect is unlikely to be of any paramount importance (Wray,
1988).
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9.3.7 Sum m ary
Both an intracellular acidosis and an alkalosis produced a significant increase of ica, 
effect not previously reported in smooth muscle. As a result it would appear unlikely 
that this effect is the primary link between pHi and the force of contraction. pH may 
affect a multiplicity of intracellular processes and the observed effects on contractility 
may represent the complex interplay of several factors simultaneously. However the 
most likely mechanism at present would appear to be H+ altering contractility by 
competing at Ca-binding sites.

9.4 Changes to ica associated with hypertrophy

9.4.1 Patient selection
The selection of patients studied in this section was primarily on the basis of the 
operative procedure performed. Of the patients undergoing TURF those who had 
presented in acute urinary retention were not investigated urodynamically and although 
the incidence of instability is less in patients presenting in retention (Sibley, 1984) it 
nonetheless could not be excluded in this group of cells which will be of importance 
when interpreting the results. The other cells in this group were from patients who 
were deemed to be obstructed on the basis of their symptoms and a flow rate estimation 
and may have included patients with detrusor failure. Those patients in the control 
group who underwent endoscopic procedures for superficial transitional cell carcinoma 
had similarly not been assessed urodynamically and an element of outflow obstruction 
could not be excluded.

9.4.2 Cell size
Despite the limitations imposed by the patient groups the mean surface area of cells 
obtained from patients undergoing TURF, as determined from the whole-cell 
capacitance, was significantly larger than control. This result is consistent with 
previous morphometric analysis which has demonstrated an increase in cell size as a 
result of proven outflow tract obstruction (Gilpin et al., 1985). The mean age of 
patients undergoing TURF was greater than for those undergoing procedures for TCC 
however age related differences regarding cell size have not previously been observed 
(Gilpin et at., 1985). It is unlikely that the observed increase in cell size seen in these 
experiments resulted from any cause other than obstruction but what remains 
unequivocal is that a group of significantly hypertrophied cells was identified.
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9.4.3 The effect of hypertrophy on the membrane resting potential
No information regarding the resting potential in detrusor hypertrophy was obtained as 
all the experiments were performed using CsCl filled microelectrodes. However 
measurements of resting potential have been made in a guinea-pig model of outflow 
tract obstruction (Seki et al., 1991b). In this study no change in the resting potential 
was found in association with hypertrophy which is in contrast to the hyperpolarisation 
seen in hypertrophied cat ventricular cells (Kleiman and Houser, 1988). The unaltered 
resting potential seen in a guinea-pig model of left ventricular hypertrophy (Ryder, 
1992) suggests that the resting potassium conductance of these cells is unaffected by 
hypertrophy but the situation in human detrusor will have to be determined using 
conventional 3M KCl filled microelectrodes.

9.4.4 Magnitude of peak ica and current density
Unfortunately no relevant electrophysiological data regarding hypertrophy in other 
smooth muscles is available but the effects of hypertrophy on the L-type calcium 
channel in ventricular myocytes have been studied and this data has been used to make 
comparisons regarding the magnitude of ica and its kinetics. No difference in the 
configuration of the i-v relationship was found in the hypertrophied detrusor cells and 
this is similar to the situation described using a feline model of right ventricular 
hypertrophy (Kleiman and Houser, 1988). Although there was no difference in the 
mean peak ica between hypertrophy and control, when these values were corrected for 
individual cell surface area the mean current density was significantly reduced for the 
hypertrophied cells. This result is in contrast to that seen in ventricular hypertrophy 
where no significant difference was found in either the magnitude of peak ica or current 
density (Kleiman and Houser, 1988).

One possible explanation for the reduction in current density is that as the cells 
hypertrophy and the membrane surface area increases the number of calcium channels 
remains constant. This argues against a changing population of channels which would 
be exposed to different stimuli at different times. However if the synthesis of new 
channel proteins accompanies cell enlargement the availability of the channels would 
have to be reduced in hypertrophy. Modulators of channel opening such as G-proteins 
or phosphorylation may have a role to play in this respect but further work will be 
required to either confirm or refute this suggestion. Another possibility under these 
circumstances is that the single channel properties are different.
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9.4.5 Alteration of the steady-state kinetics
The activation curve was displaced towards more positive potentials in the 
hypertrophied cells with a significant shift of the mean Vq.s by 3.2mV. This implies  ̂ ^  
that the membrane must be depolarised to a greater extent to activate ica which wilî 
reduce the excitability of the muscle. The inactivation curve was also displaced towards 
more positive potentials with a proportionately greater shift of the mean V0.5 by 5.4mV 
(-28.3±3.7mV and -22.9±5.0mV, control and hypertrophy respectively). Similar 
shifts of the inactivation curve but not the activation curve have been reported in 
hypertrophied cat (Kleiman and Houser, 1988) and hypertrophied guinea-pig (Ryder, 
1992) ventricular myocytes. It is interesting to note that the mean values obtained were 
of similar magnitude in cat and guinea-pig heart as in human detrusor (-26.0+1.6mV 
and -22.3+3.5mV, n=9 and 12; -27.7±1.8mV and -16.2+1.2mV, n=26 and 34, 
control and hypertrophy respectively). Explanations for the cause of the observed 
shifts of the activation and inactivation curves can only be speculative but again may 
relate to changes in structure, fixed charges or the effects of either G-proteins or 
phosphorylation.

When these two sets of curves are superimposed the range of potentials over which a 
window current can be predicted becomes apparent. From Figure R33 it can be seen 
that this window current is increased in detrusor hypertrophy and mirrors the situation 
seen in ventricular hypertrophy. Such an increase gives rise to a greater range of 
potentials over which Ca^+ continue to enter the cell and this will have important 
consequences regarding the action potential configuration (See below).

9.4.6 Time course of current decay
The time course of current decay, described by a monoexponential function, was found 
to be prolonged by 50% in the hypertrophied cells. A single exponential decay process 
would support a single population of calcium channels in this tissue. The situation 
however, is different for L-type calcium channels in cardiac myocytes in which current 
decay is biexponential with fast and slow components. In the cat model of ventricular 
hypertrophy the fast component remained unchanged but the slow component was 
found to be significantly prolonged. Although current decay in guinea-pig ventricular 
myocytes was also biexponential no change in either component occurred as a result of 
hypertrophy.

The integrals derived from the peak inward current traces provide an estimate of the net 
positive charge entering the cell which under the experimental conditions was
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predominantly due to Ca^+. Although there was no significant difference in the mean 
charge entering the cells in hypertrophy there was also no difference in the charge 
density. This latter result is in contrast to the significant reduction of mean peak current 
density found in this group of cells and supports the concept that changes to the kinetics 
of ica are an adaptive process designed to maintain the entry of Ca^+ into the cell which 
are necessary for E-C coupling. In the bladder this appears to be achieved by two 
mechanisms, a prolongation of current decay and an increase in window current.

9.4.7 The action potential configuration in hypertrophy
Action potentials were not recorded as part of this study and although data is available 
from previous work on normal cells (Montgomery and Fry, 1992) no experiments have 
been performed using hypertrophied human detrusor smooth muscle. Previous 
recordings of the outward potassium current have enabled its voltage and calcium 
dependence to be determined (Montgomery and Fry, 1992) and combining this data 
with that for ica allows the action potential to be reconstructed using Hodgkin-Huxley 
equations (Hodgkin and Huxley, 1952 d). The configuration of the control action 
potential obtained is very close to that measured using 3M KCl filled electrodes and is 
shown by the thin line in Figure D2. By assuming that the potassium current remains 
unaltered the effect of hypertrophy on the action potential can be predicted from the 
observed changes to ica and is shown by the bold line in Figure D2. The slowed 
upstroke velocity, reduced amplitude and prolonged duration are very similar to those 
reported for detrusor hypertrophy in the guinea-pig (Seki et aL, 1991a).

The reduced upstroke velocity and amplitude can be explained on the basis of the 
significant fall in mean current density associated with hypertrophy whereas the 
prolonged duration is predicted by the increase in window current and prolonged 
current decay that is also seen in these cells. The increase in window current in 
ventricular cells became manifest as a prolongation of the plateau phase of the action 
potential which is calcium dependent. Although the action potential of detrusor smooth 
muscle does not have a plateau a 'shoulder’ appears at a membrane potential 
corresponding to the range of voltages over which the window current is enlarged.
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0 mV
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Figure D2. Reconstructed action potentials for control (thin line) and hypertrophy (bold line).

9.4.8 Relationship between single cell and multicellular preparations
A shift of the activation curve to more positive potentials will mean that the cell has to 
be depolarised to a greater extent to reach threshold. This is inconsistent with previous 
experiments using muscle strips from obstructed patients which showed no alteration in 
the sensitivity to depolarisation using high potassium solutions (Sibley, 1984). 
However this may not be suiprising in view of the relatively small shift of the activation 
cuiwe observed. On the other hand an increased sensitivity to high potassium solutions 
has been shown in two studies using a pig model of obstruction (Sibley, 1987; 
Speakman et ai, 1991) and these results are the opposite to what would be predicted by 
the observed changes to the activation curve, however the discrepancies may be related 
to species variations. In all three studies it was also found that the force frequency 
relationship for obstructed bladders was displaced to the right so that the strips had to 
be stimulated at higher frequencies to produce the same change in tension as in 
unobstructed muscle. As the activation curve is shifted to more positive potentials a 
greater charge is required for the membrane potential to reach threshold and this can be 
achieved by increasing the frequency of stimulation. The results from single cell 
experiments therefore appear to be in general agreement with previous muscle strip
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studies and this has also been found to be the case for experiments on ventricular 
muscle.

9.4.9 Summary
The changes to ica associated with hypertrophy provide a basis for the explanation of 
previous findings in muscle strip experiments. These changes will alter excitability and 
conduction of the action potential and may result in uncoordinated excitation and 
mechanical activity in the muscle mass. In the heart these effects have been linked to 
the increased incidence of arrythmias in hypertrophy and by analogy may contribute to 
detrusor instability. It is also of interest that a mechanical stimulus can produce similar 
changes in the behaviour of the L-type calcium channel in such diverse tissues.

Further work on urodynamically defined populations would be appropriate as it is 
likely that some cells in the hypertrophied group were from unstable patients. It would 
be very difficult to obtain data on the time course of the development of these changes 
to ica in the human bladder and in this respect the similarity between species would 
lend support for experiments being performed in animal models of outflow tract 
obstruction. Such studies might also be able to investigate the reversability of the 
changes once obstruction had been relieved. Further data is required to ascertain 
whether or not the potassium current is altered in hypertrophied cells and also to 
discover if the predictions regarding the action potential configuration are correct.

9.5 Changes to ica associated with detrusor instability

9.5.1 Patient selection
The tissue obtained only permitted an analysis of cells from patients with either 
idiopathic instability or hyper-reflexia and these were combined into a single group. 
Unfortunately no data concerning instability secondary to outflow obstruction was 
obtained. The mean age of the unstable group was approximately half that of the 
control group being 28 years as opposed to 57 years. The difficulty of obtaining age 
matched controls from normal bladders is difficult to overcome without access to 
material from cadaver donor nephrectomies which has been used by other workers 
(Sibley, 1984). In this study no age related differences have been observed regarding 
either the magnitude of ica or its kinetics.
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9.5.2 Cell size, peak ica and current density
It was interesting that the unstable cells were significantly enlarged compared to control 
despite the relatively young mean age of the patients. One possible explanation is that 
there was an element of outflow obstruction, especially in the two neuropaths in whom 
detrusor sphincter dyssynergia may have been present. However the urodynamic 
studies in all these patients failed to establish any significant outflow obstruction so that 
either there was a failure of detection or some other factor was responsible. There was 
no difference in the magnitude of the mean peak ica similar to the situation 
accompanying hypertrophy alone but the current density was reduced and the possible 
reasons for this have already been discussed in the section dealing with hypertrophy.

9.5.3 The effect of instability on the kinetics of ica
Despite the similarities between the unstable and hypertrophied groups which have been 
outlined above the activation curve for the unstable cells was displaced in the opposite 
direction, that is towards more negative potentials. A negative shift will tend to 
increase the excitability of the tissue as a smaller depolarisation is required to activate 
the same amount of ica- This result suggests that if stretch is related to depolarisation 
(Ursillo, 1961) then a greater degree of spontaneous activity would be expected in 
muscle strips from a similar group of unstable bladders. An increase in spontaneous 
activity has been observed in muscle strips obtained from patients with hyper-reflexia 
and idiopathic instability in agreement with the findings of this study (Kinder and 
Mundy, 1987). Furthermore the activity seen in these muscle strips was resistant to 
TTX which is also consistent with the hypothesis that the phenomenon is mediated at 
the cellular level.

Limited data concerning the inactivation variable was obtained but suggested that there 
was no alteration associated with the unstable cells. If this is indeed the case then there 
will be an increase in the window current during which Ca^+ will continue to enter the 
cell and this may contribute to an increased inotropic response. In contrast to the 
hypertrophied cells the time course of current decay was unaltered but the integrals of 
the peak ica traces showed that the charge density of these cells was significantly 
reduced. In the light of this latter finding it is possible that the inactivation curve is also 
displaced towards more negative potentials leaving the window current unchanged.

As already discussed for the case of hypertrophy changes to the window current will 
affect the configuration of the action potential but there is no comparative data and no 
recordings were made during this study. The reduced current density will tend to slow
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the upstroke of the action potential and reduce its amplitude. An increase in window 
current may prolong the action potential however this effect is likely to be less than that ; 
predicted for hypertrophied cells as there was no alteration of the time course of current 
decay. It would also be of interest to investigate the resting potential of cells from 
unstable bladders as it is conceivable that they might be depolarised which would 
contribute further to increasing excitability.

9.5.4 Relationship between single cell and multicellular preparations
The relationship between the level of spontaneous activity seen in muscle strips and ica 
has already been discussed but further information is also available regarding the 
response to nerve mediated field stimulation. In both idiopathic instability and hyper- 
reflexia the force frequency relationships were shifted to the left, that is in an opposite 
direction to that seen in hypertrophy (Kinder and Mundy, 1987). This data is also 
consistent with the shift of the activation curve as less charge is then required to 
depolarise the membrane and activate ica- The need for less charge is reflected by the 
increased response to lower frequencies of stimulation.

9.5.5 Summary
The fundamental change expected as a result of the differences to the calcium current 
observed in idiopathic instability and hyper-reflexia is an increase in excitability. This 
reflects the clinical features of the condition and the results obtained from muscle strip 
studies. It must be remembered that spina bifida is not associated with detrusor 
instability all of the time and the sequence of events in its development remain obscure. 
The observed shift of the activation curve is likely to represent a basic feature of these 
cells and instability may be a secondary event. While this is speculative three cells were 
obtained from a patient with spina bifida with no evidence of instability in which the 
activation curve shared the same characteristics as those seen in the unstable cases. It is 
also appai'ent that alteration of the activation kinetics cannot be purely related to cell size 
as opposite effects occurred as a result of either instability or hypertrophy. In addition 
the presence of instability cannot be excluded in the hypertrophied group presented in 
this study. The evidence available from single cells supports previous findings in 
multicellular preparations that there is a basic underlying difference between detrusor 
instability secondary to obstruction and that seen in idiopaths and hyper-reflexics. 
Such a difference has also been demonstrated by investigating the effects of the 
intravesical instillation of verapamil (Mattiasson et aL, 1989).
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9.6 C hanges to ica  related to patient sex and irrad iation

The only significant sex differences found were a reduced peak ica and current density 
in the female group. The implication of this result is a reduction of muscle contractility 
however no data from muscle strip experiments are available to either confirm or refute 
this suggestion. Furthermore there was insufficient data to determine whether or not 
this reduction of the magnitude of ica was related to patient age although it has been 
reported, for instance, that the amount of connective tissue in female bladders does 
increase with age (Lepor et aL, 1992). The surface area of cells from female patients 
was larger than for the male group and although this was not significant one possibe 
cause for the changes described above may be that female bladders are subjected to 
overdistension as a result of delayed intervals between voiding. Other alternatives 
might include unrecognised outflow obstruction or hormonal status. It was also found 
that irradiation had no significant effect on either the magnitude of ica or its kinetics. 
Once again no data regarding contractility studies for this group of patients is available 
for comparison.

9.7  P roposa ls for the pathophysiology o f detrusor in stab ility

From the evidence available it seems unlikely that detrusor instability results from a 
single disorder of either excitation or E-C coupling and this is typified when idiopathic 
instability and hyper-reflexia are compared with instability secondaiy to outflow tract 
obstruction. This section puts forward a schema of how various factors known to 
influence detrusor contractility may operate to give rise to different clinical pictures.

Detrusor smooth muscle hypertrophy as a consequence of outflow tract obstruction will 
be associated with increased intravesical pressures. Blood flow will be compromised 
on account of the increased pressures in the wall of the bladder, the increased muscle 
mass that has to be supplied and the deposition of connective tissue increasing the 
diffusion distance for the delivery of nutrients. These events could then promote 
anaerobic metabolism leading to alterations of pH in both the extracellular and 
intracellular compartments. Muscle strip studies have demonstrated a reduced 
parasympathetic innervation to the detrusor in these patients with postjunctional 
supersensitivity to cholinergic agonists. However these field stimulated muscle strips 
show a right shift of the force-frequency curve compatible with reduced rather than 
increased excitability. It seems more probable that post junctional supersensitivity 
represents an adaptive process to maintain detrusor function, in the presence of reduced

1 4 5



DISCUSSION

innervation, as opposed to being the primary cause of instability. Data concerning ica 
in hypertrophied tissue not only supports the finding of reduced excitability but also 
reveals an adaptive process to maintain the entry of Ca^+ into the cell for E-C coupling 
via an increase of the window current and a prolongation of current decay.

Intracellular acidosis during detrusor contraction could increase the force of contraction 
as manifested by unstable behaviour. Alterations of the kinetics of ica will also affect 
the configuration of the action potential possibly resulting in unco-ordinated conduction 
through the muscle mass thereby promoting instability. The effect of changes of pHi 
will further be exacerbated by reduced cellular buffering capacity associated with an 
increase of cell size and altered protein synthesis.

This study has demonstrated an increase of cell size in patients with idiopathic 
instability and hyper-reflexia which may or may not be due to outflow obstruction. A 
similar increase in muscle mass will produce pH changes which again may be enhanced 
by altered buffering capacity. In addition to this effect is the finding that detrusor 
muscle strips from these patients are more excitable. This observation has also been 
confirmed by data relating to the kinetics of ica in this tissue which show that the cells 
have to be depolarised to a lesser extent to activate ica- As the bladder fills its wall 
stretches, this in turn may depolarise the cells sufficiently to activate ica giving rise to 
unstable contractions during filling. Once contraction starts the effects of pH will be 
superimposed on the response. These contractons could then be further enhanced by 
better cell to cell coupling because of the increase of intercellular communications. In 
this way the mechanism of instability associated with hypertrophy would become 
additive to an already abnormal situation in idiopaths and hyper-reflexics. It is 
envisaged that a possible common factor between patients with idiopathic instability or 
hyper-reflexia and those with instability as a result of outflow tract obstruction is a 
similar alteration of the action potential configuration accompanied by the sequelae 
already discussed.

9.8 Proposals for further experiments

In addition to the work presented in this thesis a number of further experiments would be 
appropriate to investigate the effects of pH on ica and to elucidate the patho- 
electrophysiology of bladder disease.
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In order to assess further the effect of H+ on ica it would be desirable to perform 
simultaneous epifluorescence microscopy during patch-clamp recordings. This would 
enable changes of pHj to be quantified and related to the magnitude of ica- It would also 
be possible to investigate the effects of changes of pHj on [Ca^+Ji using epifluorescence 
miroscopy and isolated cells loaded with the fluorochrome Fura-2.

With regard to the finding of a reduced current density in irradiated, hypertrophied and 
unstable cells it would be of interest to ascertain if there are any changes to the population 
of calcium channels present in the membrane or if there is an alteration to the single 
channel properties. The number of channels could be measured using a calcium channel 
antagonist linked to suitable marker and the single channel properties could be determined 
using cell free patches as opposed to the whole-cell configuration of the patch-clamp 
technique. These latter experiments would permit the measurement of the single channel 
conductance which if reduced would provide one possible explanation for a decreased 
current density. In addition to the changes to the action potential configuration predicted 
by the Hodgkin-Huxley model it would be of interest to confirm this by measuring action 
potentials in single cells in current clamp mode using KCl filled microelectrodes. During 
the course of these experiments it would also be possible to measure the resting membrane 
potential which has been found to be altered in ventricular hypertrophy in the cat but not in 
detrusor hypertrophy in the guinea-pig. It also remains to be determined whether or not 
the characteristics of ix are altered in disease states. Although there appears to be 
circumstantial evidence supporting an increase of intercellular communications in unstable 
bladders the degree of electrical coupling could be determined by measuring the 
longitudinal impedance of detrusor muscle strips. Furthermore there are no reports of 
measurements to determine the contractility of detrusor muscle strips from male and 
female bladders or in different disease states. The data presented in this thesis would 
suggest a possible difference between the contractility of male and female bladders as well 
as a result of hypertiophy, idiopathic instabihty, hyper-reflexia and irradiation.
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9.9 Conclusions

This thesis has achieved the objectives outlined in the initial proposals, namely to measure 
the effects of pH changes on the inward calcium current and to identify differences in 
current characteristics in cells from various abnormal bladders. The inotropic effects of 
changes to extracellular pH may be explained by alterations to the inward calcium current 
An extracellular alkalosis increases both contractihty and the calcium current whereas an 
acidosis has the converse effect. A similar relationship, however, was not found for 
changes to intracellular pH. Both an intracellular acidosis and an alkalosis produced a 
significant increase in the magnitude of the inward calcium current although only the 
former intervention is associated with an increase of detrusor contractility. Additional 
mechanisms must therefore be investigated to explain the effects of intracellular pH on 
contractility observed in vitro. The effects of pH on detrusor contractility also have 
important implications when considering results obtained during filling cystometry. It 
may be possible either to enhance or to suppress abnormal contractile behaviour 
depending on the pH of the filling solution employed and this may have some bearing on 
the apparent diagnostic superiority of ambulatory urodynamics that is now beginning to 
emerge.

There also appear to be fundamental differences between patients with either idiopathic 
instability or hyper-reflexia and those with instability secondary to outflow tract 
obstruction. Changes to the calcium current may underlie the differences in spontaneous 
contractility, the response to ACh and the force-frequency relationship previously 
observed between these groups. The common feature conferring the property of 
instability in these groups may be an alteration of the action potential configuration and its 
propagation within the muscle mass.

Specific differences in calcium channel behaviour suggest that it may be possible to 
develop antagonists that would not only be more selective in their site of action but also 
for diseased detrusor muscle thereby reducing the incidence of side effects which to date 
have presented major disadvantages to this line of therapy.
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