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ABSTRACT

It has been said that a technique capable of recording a urinary bladder
electromyogram could be useful in the clinical evaluation of the detrusor neuropathies
and myopathies implicated in the generation of lower urinary tract symptoms.
However, in contrast to electromyography of skeletal and cardiac muscle, detrusor
smooth muscle electromyography has remained in its infancy despite fifty years of
scientific effort. The principal problems appear to be isolation of the real signal from
artifacts, and uncertainties surrounding the existence of electromyographic activity
during parasympathetically mediated muscle contraction. The discovery of purinergic
neuromuscular transmission in overactive human bladder samples has renewed interest
in detrusor electromyography as, in contrast to cholinergic mechanisms, punnergically
mediated contractions can generate extracellular electrical activity. This thesis
describes the development and validation of a novel technique for recording electrical
activity from neurologically intact guinea-pig bladders and human detrusor in vitro.
We characterise a purinergic electromyographic signal and show that detrusor taken
from overactive human bladders has a greater propensity to generate electromyographic
activity than normal by virtue of an aberrant purinergic mechanism. We discuss the
potential role of electromyography in the clinical evaluation of a putative purinergic

detrusor myopathy.
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CHAPTER ONE. BLADDER ELECTRICAL ACTIVITY AND THE POSSIBLE
UTILITY OF RECORDING IT IN PEOPLE.
1.1 Bladder electromyography.

Electromyography is the continuous recording of extracellular electrical activity
generated during contractile activation of a muscular organ in situ. The technique rehes
on the existence of electrical currents in the milieu surrounding excitable cells, which
generate voltage potentials that can be recorded between two suitably placed electrodes.
These extracellular currents arise from i1on movements across the muscle cell
membrane during excitation contraction coupling.

In contrast to electromyography of cardiac and striated muscle, which have been
developed over many years into advanced clinical sciences, no proven extracellular
electrical activity has been recorded from human detrusor smooth muscle despite many
reported attempts. In fact no electrical recordings from any smooth muscle containing
human organ have been validated sufficiently for clinical use. By analogy to its utility
in other muscles, detrusor electromyography was initially thought likely to give rise to
detailed information into the mechanisms of excitation-contraction coupling in normal
and diseased bladders, and their role in the generation of lower urinary tract symptoms
[Corey et al, 1950]. Early experimental attempts at involved a variety of electrodes
inserted blindly into the bladders of conscious volunteers during voluntary voiding. The
increasing complexity of the methods subsequently employed reflects gradual

appreciation of the difficulties involved.

1.1.1 The history of bladder electromyography.
In the early 1950s a group of investigators produced a series of reports
describing a ‘bio-electric bladder wave’ recorded in humans using bi-polar silver ball

electrodes pushed against the urothelium of the bladder wall (figure 1.1) [Corey et al,
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1950, Boyce, 1952, Boyce et al, 1953, Vest et al, 1954]. This low frequency bi-phasic
signal that was recorded from 105 subjects with normal and dysfunctional bladders,
was several seconds in duration, coincident with intravesical pressure changes; an
observation used to support its biological origin, and was said to vary characteristically
in different bladder pathologies. The same authors also showed that a similar signal
could be recorded from the excised, perfused bladders of a variety of animals, and
increased in frequency and amplitude during pharmacostimulation of parasympathetic

pathways.

bladder

Figure 1.1 Thefirst reported bladder electromyogram recordedfrom humans during
voluntary voiding. Adapted from Corey et al. 1951. A and B denote the biphasic

electromyographic signal.

The biological nature of the ‘bladder wave’ was corroborated by showing that
the signal was independent of respiratory effort, the electrocardiogram, and surface
potentials said to reflect skeletal muscle EMG recorded from the abdomen and limbs

[Slater, 1953]. However, although initially accepted, later attempts to elicit electrical

18



signals from the exposed in situ bladders of anaesthetised cats revealed that an identical
signal could be reproduced by pressure on the electrode and non-physiological
movements ofa dead bladder (figure 1.2) [Brunsting 1958]. The bladder wave was

subsequently dismissed as artefact.

Figure 1.2 Electromechanical arterfact identical to the EMG’ recorded from the
anaesthetised cat bladder during mechanical pressure. Press’ denotes mechanical

pressure on the bladder. Adaptedfrom Brunsting 1958.

In an approach designed to minimise gross movements of the recording
electrode with relation to the bladder wall, Franksson and Petersen used bi-polar steel
needle electrodes inserted through the urothelium into the underlying detrusor and
recorded high frequency bursts of electrical activity from a number of conscious
volunteers [Frankson and Petersen, 1953]. The signals persisted for some time after
micturition, and were also evident during bladder filling. Nevertheless the authors
reasoned that mechanical artefact had been excluded from their recordings as similar
signals could be recorded using electrodes fixed to the bladder wall of an anaesthetised

cat.
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In later and more detailed clinical studies, flexible silver wire electrodes were
inserted into the bladder wall using a hypodermic needle through the insensate anterior
vaginal wall [Stanton et al, 1973, Jones et al, 1974]. Simultaneous recordings of the
electrocardiogram, urethral sphincter EMG, and intravesical pressure changes were
made in an attempt to account for extraneous physiological artefact, and to determine
the real relationship of the electrical signal to mechanical events. The resulting ‘bladder
EMG’ was dominated by high frequency background activity upon which was
superimposed an electrical signal that coincided with the intravesical pressure rise
during voluntary voiding. This component was most lkely to reflect mechanical
artefact as any real electromyographic signal generated by excitatory neuromuscular
mechanisms would be expected to precede the contraction. Other studies conducted
soon after suggested that high frequency signals originating from nearby skeletal
musculature might also contaminate any real signal [Doyle et al, 1975].

In 1976 bladder electrical activity was investigated further in a carefully
controlled study in anaesthetized cats designed to identify the ‘real bladder
electromyogram’ by minimizing, with electronic filtering, the various artefacts
contributing to the recordings (figure 1.3) [Craggs and Stephenson, 1976]. The authors
found that electrical signals recorded in response to sacral ventral root stimulation (pre-
ganglionic parasympathetic pathways) through platinum wire electrodes inserted into
the bladder wall, were most clearly detected preceding a rise in intravesical pressure
using a 10-40Hz-frequency band-pass filter. Furthermore, only activity in this same
band was consistently related to intravesical pressure rises associated with reflex
voiding [Craggs and Stephenson, 1982, 1985]. For signals above 40Hz the artefact was
predominantly from nearby striated muscles, as evidenced by its elimination using
succinylcholine. At frequencies below 10Hz the largest contaminant was movement of

the bared platinum wire electrode tips in the bladder wall, causing electromechanical
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artefact at least ten times greater in magnitude than the purported bladder EMG in the
restricted band, that was almost certainly obscuring most of the real electromyographic
signal. Interestingly, this large artefact could be replicated by artificial filling of an
isolated, perfused but dead bladder, and was probably generated by the movement of

fluid and tissue over the electrode during contraction.

0.07-1 Hz

2000 MV

0.1-1 Hz 500 pv

1-10 Hz 500 pv

10-40 Hz 100 pV
200ms

40 - 200 Hz

Stimulation of 200 ms
ventral roots in cat

Figure 1.3 The real’ bladder electromyogram. Filtered electrical recordings (lower
traces) with intravesical pressure change (upper trace). Adapted from Craggs and

Stephenson 1976.
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Using these methods clinically, Nanninga and Kaplan attempted to validate
signals recorded clinically from neuropathic bladders [Nanninga and Kaplan, 1978].
They excluded signals below 1Hz from their recordings, and found electrical activity in
a 5-150 Hz range that appeared to vary characteristically between subjects with upper
and lower motor detrusor neuropathies. In contrast to Craggs and Stephenson they
concluded that signals of over 40Hz might still represent electromyographic activity
from the detrusor not skeletal muscle, as in this case they could not be abolished by
succinylcholine. Unfortunately in this study the relationship of their electrical
recordings to the reflex-evoked bladder contractions was not described, and further
attempts to validate the signals in the restricted band as biological were not made. The
signals were likely to be artefact by virtue of the high impedence of the electrode
materials used, and contributed little to the subject of recording real bladder
electromyograms in man.

In the early 1980°s studies were conducted to investigate whether isolation of
the real signal from electromechanical artefact could be achieved by advances in
electrode design [Takaiwa and Shiraiwa, 1984, Takaiwa et al, 1983]. Low impedence
carbon electrodes mounted on a urethral catheter and pressed against the bladder
urothelium were used to record a “clinically relevant EMG’ from twenty subjects with
neuropathic bladders. Unfortunately, the signals appeared to be predominantly artefact
and were evident dunng both bladder filling and voiding. Furthermore, only limited
validation experiments were presented, and the issue of whether movement artefact was
contaminating the signals, was not conclusively addressed.

In 1996 a further methodological attempt was made in the search for the
detrusor electromyogram [Kinder et al, 1996]. This involved a novel electrode device
consisting of an octagonal array of silver wire electrodes from which propagated

spontaneous electrical activity was recorded from the serosal surface of a post-mortem



1sovolumetric rabbit bladder preparation. Although the signals recorded in a 0.7-40Hz
restricted frequency band were convincing in morphology, they were recorded from an
unstimulated preparation independently from detrusor contraction. As a result their
biological origins and relationship to mechanical events remained unclear. Furthermore,
even If recordings from such an array of electrodes were real, it is unlikely that this
device could be clinically useful.

Interestingly, a reversible mono-polar suction electrode incorporated into a
urethral catheter was used by Shafik to record electrical signals from the dome and
trigone of human bladders referenced an electrode fixed to the abdominal wall during
voluntary voiding [Shafik, 1998]. ‘Pacesetter potentials’ and ‘action potentials’ were
recorded from the dome at rest, and increased in frequency during voiding in contrast to
trigonal action potentials, which did not change. From this work, a passive role for the
trigone during micturition was inferred. Unfortunately, no effort to confirm the nature
of the supposed EMG or to control for mechanical artefact, which was likely to be a
major contributor to the recordings, was made. Furthermore, the duration of the
monophasic ‘action potentials’ recorded was approximately four seconds, a
significantly long component likely to be far in excess of any real biological electrical
event, and the signals bore an inconsistent relationship to detrusor contractions. The
potentials were almost certainly a direct reflection of gross bladder movements rather
than detrusor smooth muscle depolarisation, and interestingly were not dissimilar in
nature to the ‘ureterogram’ [Shafik, 1997a], ‘vasogram’ [Shafik, 1996],
‘electrorenogram’  [Shafik, 1997b] ‘cholecystogram’ [Shafik, 1998a] and
‘electroorchidogram’ [Shafik, 1998b] descrnibed by the same author.

In 1998 detrusor electromyography was further investigated in a more careful
study [Scheepe et al, 1998]. Gold-plated needle electrodes attached to the exposed in

situ bladders of anaesthetised rats were used to record electrical activity generated



during pharmacologically evoked isovolumetric detrusor contractions. Studies designed
to identify and minimise physiological artefacts arising from diaphragmatic and
intestinal muscle activity were conducted, and an electrical signal, that increased in
amplitude and frequency on bladder filling, was identified as a likely real detrusor
EMG. However, the signal could also be recorded preceding carbachol-evoked
contractions, a finding contradicting their biological origin as cholinergic analogues
probably initiate detrusor contractions without generating an EMG (see below).
Furthermore, although the need for further investigation into the influence of local
bladder contractions on the signal was recognised, the recordings appeared
overwhelmed by artefact, undoubtably exacerbated by the use of high impedence gold
electrodes, and bore an uncertain relationship to mechanical events.

In comment, Craggs emphasised the need to isolate the probably very small
real electromyographic signal from the large electromechanical artefact generated as
the tissue contracts [Craggs, 1998]. Furthermore, he described a series of criteria
designed to validate any future electromyographic recordings as biological. These were;
proof of elimination of, and accounting for all possible extraneous artefacts such as
electrical activity generated by contracting striated and cardiac muscle, demonstration
that the electrical changes always precede rather than coincide with the mechanical
event, demonstration that the electrical signal reflects neuromuscular transmission, ie. 1s
evoked by nerve-mediated stimulation rather than pharmacostimulation, and is not the
neuronal action potential, and proof that the signals are not electromechanical in ongin.

In response, a further attempt to record bladder electrical activity used low
impedence Ag/AgCl electrodes implanted into the bladders of anaesthetised dogs
[Scheepe et al, 1999]. Detrusor contractions were evoked by sacral anterior root
stimulation, and attempts were made to correlate the evoked electrical signal with

detrusor contractions. Electrical activity was recorded during isovolumetric bladder



contractions, and the signals ‘spectral density’ was analysed in an attempt to identify a
frequency band that consistently preceded the onset of mechanical activity. This
approach produced a high frequency ‘real’ electrical signal that preceded rises in
intravesical pressure, contaminated by a constant lower frequency signal that was
presumed to be artefact. Unfortunately no evidence of the biological nature of this high

frequency signal other than its temporal relationship to the contraction was presented,

and the recordings remained overwhelmed by artefact.

AUTHORS SUBJECT ELECTRODE CONTROL SIGNAL
EXPERIMENTS
Corey & Boyce. Slater, 1950-53 humans silver ball none mechanical artefact
(urothelial)
Frankson 1953 humans steel needle none mechanical artefact
(embedded) (evident during filling)
Stanton 1973 humans silver wire ECG, striated EMG mechanical artefact
Jones 1974 humans silver wire respiratory movement movement artefact
(respiratory)
Craggs & Stephenson 1976 cat platinum wire filtered, striated EMG  possible real signal
artefact
N'annmger & Kaplan 1978 humans platinum wire none mechanical artefact
Takaiwa& Shiraiwa 1984 humans carbon wire none mechanical artefact
(evident during filling)
Kinder etal. 1996 unstimulated silver multi-needle filtered uncertain (no nerve-

live rabbit

electrode

mediated contraction)

Shafik 1998 humans reversible suction, none movement artefact (long
(abdominal wall) signals)
Scheepe et al. 178 gold needle skeletal EMG, movement artefact
carbacho!
Scheepe etal. 1999 live dogs reversible silver spectral analysis uncertain (high artefact)

Table 1.1 Summary o fpreviously reported attempts at bladder electromyography.
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1.1.2 The problem with detrusor electromyography.

Human detrusor has only been presumed to generate electromyographic
activity by analogy to striated muscle, which in accordance with its more excitable
function contracts by a different mechanism. Thus in contrast to striated muscle in
which the tightly coupled relationship between electrical and mechanical events had
been fully elucidated before the development of electromyography, the
electrophysiological basis of detrusor smooth muscle contraction remains unclear.

The striated muscle EMG is a large readily recordable signal that reflects the net
potentials generated by transmembrane sodium currents in geometrically aligned
muscle fibres. These are arranged within discreet motor units and therefore depolarise
synchronously leading to temporal summation of currents and a larger extracellular
signal [Brading, 1987]. In contrast, the human detrusor smooth muscle action potential,
which has only been recorded using intracellular electrodes in isolated single cells, is
calcium dependent [Filo et al. 1965, Montgomery and Fry, 1992]. If action potentials
are generated during detrusor contractions in situ, the resultant extracellular currents
would be expected to be much smaller than those arising from striated muscle, as the
detrusor cell membrane expresses a much lower population of calcium channels than
striated muscle does sodium channels [Brading, 1987]. Furthermore, as detrusor fibres
appear to be arranged randomly and activated asynchronously by en passant neuronal
connections [Brading, 1987], extracellular currents would be less likely to summate and
therefore smaller and more vulnerable to contamination by the relatively large
electromechanical artefact generated at the tissue-electrode interface as the muscle
contracts (figure 1.4). This artefact consists of fluctuating potentials caused by
disturbance of the electrical double layer that develops around any pure metal electrode
by movement at the tissue-electrode interface, and generates artefact in the recording

[Cooper and Binnie, 1995].
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Figure 1.4 Schematic diagram showing anatomical arrangement and pattern of
innervation in smooth and striated muscle with summed currents in striated muscle

producing an extracellularly recordable electrical signal.

1.1.3 Does the bladder electromyogram exist?

That contraction of animal detrusor generates electrical activity was first shown
by Ursillo, who described spontaneous and electrically evoked intracellularly recorded
potentials from isolated rabbit detrusor smooth muscle strips [Ursillo, 1961]. Both
intracellular and extracellular signals (using the double sucrose gap) were subsequently
recorded in the guinea-pig in vitro. These contained an initial component comprising the

excitatory junction potential (EJP) onto which was superimposed an action potential that
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was later shown to be dependent on Ca” availability and Ca®" channel activity [Creed et
al., 1983, Mostwin 1986].

No extracellular electrical signals have been recorded from human bladder
samples, and intracellular recordings from detrusor have proved technically very
difficult due to the large amounts of connective tissue dispersed between myocytes, and
problems maintaining microelectrode stability within moving detrusor cells
[Montgomery and Fry, 1992]. As a result microelectrode recordings have only recently
been made possible by the advent of single cell isolation techniques enabling isolation
and perfusion of single detrusor myocytes [Inoue and Brading, 1991, Montgomery and
Fry, 1992].

Under voltage clamp, 1t is possible to evoke an action potential from an 1solated
human detrusor myocyte and to show that it onginates from transmembrane inward
Ca”" currents [Montgomery and Fry, 1992]. However, although action potentials can be
evoked under experimental conditions they are unlikely to be important during
generation of detrusor tension initiated by neuromuscular transmission in the neurally
intact bladder; Action potentials cannot be recorded during stimulation of detrusor
myocytes by the muscannic analogue carbachol, and the carbachol-induced
intracellular Ca®" rise is unaffected by membrane Ca®" channel blocking agents but
sensitive to inactivation of the ryanodine receptors that regulate intracellular Ca®™
stores. This implies that the cytosolic Ca” needed for parasympathetically mediated
contractile activation and that generates intracellularly recorded currents i1s mobilised
from intracellular stores in the absence of membrane depolarisation rather than
extracellularly [Wu et al., 1999]. If the same is true of cholinergic mechanisms in intact
detrusor, contractions of normal human detrusor, which are exclusively generated by
cholinergic neuromuscular transmission, are unlikely to be accompanied by membrane

depolarisation or an EMG.



1.1.4 Summary.

In contrast to electromyography of skeletal muscle, which has been developed
over many years into an advanced clinical science, detrusor smooth muscle
electromyography has remained in its infancy. Many attempts to record an
electromyogram from the bladders of conscious volunteers and animal bladders have
been reported, however an artefact-free electromyogram has yet to be verified as real.
The problems appear to be two fold: The anatomical differences between smooth and
striated muscle indicate that any detrusor extracellular electrical activity is likely to be
far smaller than that which can readily be recorded from striated muscle, and therefore
vulnerable to contamination by the electromechanical artefact generated as the tissue
contracts. Furthermore, normal human detrusor contracts solely as a result of
cholinergic neurotransmission and if the implications of intracellular electrical
recordings are applicable to the in situ organ, would not be expected to generate an

electromyogram.



1.2 Purinergic activity in the bladders of guinea-pig and man.
1.2.1 Purinergic neuromuscular transmission in animal bladders.

In contrast to healthy human detrusor, bladder contractions in many small
animals are normally co-mediated by purinergic (ATP acting on membrane bound Po
receptors) and cholinergic neurotransmission [Langley and Anderson 1895, Ambrache
and Zar 1970, Bumstock et al. 1972, Burnstock et al. 1978]. There is substantial
evidence to suggest that acetylcholine and ATP are co-released by detrusor motor
nerves; Small ATP-containing agranular vesicles have been visualised alongside the
large acetylcholine-containing opaque vesicles in the same parasympathetic neurones
[Hoyes et al. 1975], and detrusor excitatory neurotransmission can be completely
abolished by the selective parasympatholytic agent botulinum toxin, an agent that only
affects cholinergic nerves [MacKenze et al. 1982].

However ATP appears to be more readily released than acetylcholine, and the
ratio of the cholinergic to purinergic response to nerve stimulation increases with the
intensity of the evoking stimulus in vitro [Brading and Williams 1990, Sibley 1984,
Brading and Mostwin 1989]. As a result, a marked temporal separation of the post-
synaptic effects of purinergic and cholinergic excitation occurs, resulting in a bi-phasic
response to nerve stimulation. The initial response is fast acting, transient and mediated
by ATP, the later phase slower, more tonic, and cholinergic [Chancellor et al. 1992,
Krell et al. 1981, Levin et al. 1986, Bolegro et al. 1995]. The timecourse of these
responses corresponds to the duration of the intracellular Ca®” rise produced by the two
transmitters [Oike et al. 1998, Hashitami et al. 2000], and may have functional
relevance.

In small amimals, purinergic neurotransmission is thought to initiate bladder
contractions, while cholinergic mechanisms regulate their duration [Chancellor et al.

1992, Craggs et al. 1986, Maggi et al. 1987]. However, in the baboon and rhesus
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monkeys (Old World primates) bladder contractions are mediated purely by cholinergic
mechanisms (figure 1.5) [Craggs et al. 1986]. It has been proposed that this difference
relates to the territorial marking behaviour displayed by many small animals, which
requires a rapid, transient bladder contraction, in contrast with the tendency of more
socially advanced Old World primates to practice urinary continence and more

sophisticated methods of territorial marking [Craggs et al. 1986].

Non-prlmata Naw World prlmata Old World prlmato
Cat Marmoaat Rhaaua
15a

Figure 1.5 Putative non-cholinergic neuromuscular transmission in the bladders o fnew
world but not old worldprimates. Adaptedfrom Craggs et al. 1986. Traces represent:
Total intravesical pressure (1), atropine-sensitive contraction (a) and atropine-
resistant, presumed purinergic response (hatched area) evoked by sacral nerve

stimulation. Bars represent stimulus.

Interestingly, changes in the relative contribution of purinergic and cholinergic
neurotransmitter to the total bladder contraction in association with experimentally

induced disease states have been observed in animal models. In detrusor taken from the
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bladders of chronic spinal rats, an increase in the cholinergic and decrease in the
purinergic components of the nerve-mediated contraction when compared with controls
has been demonstrated, and a post-synaptic mechanism for this plasticity discounted as
there was no difference in the responses to exogenous agonists [Yokota and Yamaguchi
1996]. In contrast, an increase in purinergic and associated decrease in cholinergic
components has recently been reported in detrusor taken from partially obstructed

guinea-pig bladders [Calvert et al. 2001].

1.2.2 Electrophysiology of purinergic transmission in guinea-pig detrusor.

Studies employing the sucrose-gap technique, which involves extracellular
recording from mechanically arrested multicellular tissue sample and is not applicable
to the intact organ, have shown that extracellular electrical activity is generated during
nerve-mediated contractions of guinea-pig detrusor. The signal can be consistently
abolished by o, B-mATP, a non-hydrolysable ATP analogue that desensitises
purinoceptors to subsequent applications of ATP [Kasakov et al. 1991, Hoyle et al.
1989], showing that it is generated by a purinergic mechanism, and the signal is
coupled to the early transient phase of the associated detrusor contraction. Atropine has
no effect on the electrical signal, but abolishes the later phase of the contraction [Hoyle
and Bumnstock 1985, Fujin 1988, Brading and Mostwin 1989, Bramich and Brading
1996, Hashitani and Suzuki 1995, Hashitam et al. 2000]. Furthermore, microelectrode
studies show that activation of guinea-pig detrusor purinoceptors by ATP initiates a
voltage-gated transmembrane Ca® current and membrane depolarisation, while
pharmaco-stimulation of muscarinic receptors triggers Ca’* release from intracellular
stores, independently from changes in membrane potential [lacovou et al. 1990, Bo and

Bumstock 1990, Nakayama, 1993, Wu et al. 2002].



1.2.3 Purinergic neuromuscular transmission in human derusor.

Although nerve-mediated contractions of human detrusor samples are reliably
abolished by atropine, indicating their exclusively cholinergic origin [Hindmarsh et al.
1977, Sibley 1984, Palfrey et al. 1984, Kinder and Mundy 1985, Speakman et al. 1988,
Bayliss et al. 1999], human detrusor strips contract vigorously in response to
applications of ATP [Hustead et al. 1983, Palea et al. 1993, Sjorgren et al. 1982,
Bayliss et al. 1999]. Human detrusor therefore appears equipped with the necessary
apparatus to respond to purinergic neurotransmission, but which is presumably
redundant under physiological conditions.

However, nerve-mediated atropine resistant contractions have recently been
demonstrated in detrusor samples taken from overactive human bladders by several
groups [Sjorgren et al. 1982, Palea et al. 1993, Bayliss et al. 1999, O’Reilley et al,
2000]. Indirect evidence is accumulating to suggest that these are mediated by
purinergic neuromuscular transmission, and are likely to be important in the
pathogenesis of detrusor overactivity. However, purinergic activity is not always found
under experimental conditions [Kinder and Mundy 1987, Mills et al, 2000], has been
disputed [Tagham et al, 1997], and has only been demonstrated indirectly during
tension generation experiments.

Atropine-resistant detrusor contractions were first recorded in detrusor samples
taken from cystometrically characterised overactive bladders [Sjogren et al, 1982]. The
same group suggested a purinergic mechanisms as the cause [Hustead et al. 1983], and
this was supported by showing that atropine-resistant activity could be abolished by a,
B-mATP. The existence of a purinergic contractile mechanism in dysfunctional human
detrusor was further supported by recordings of atropine-resistant, o, B-mATP-
sensitive nerve-mediated contractions in detrusor samples taken from patients with

interstitial cystitis [Palea et al, 1993]. This was corroborated by a larger study that
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compared contractile responses of small detrusor strips taken from obstructed,
neurogenic and idiopathically overactive bladders, with tissue from functionally normal
controls [Bayliss et al, 1999], Although the samples from both groups contracted with
similar magnitude in response to exogenous ATP, a nerve-mediated atropine-resistant
component that could be consistently abolished by a, p-mATP was found contributing
up to a third of the total in the overactive but not the control groups (figure 1.6). With
further analysis it was found that these experimentally evoked purinergically mediated
contractions occurred only in the samples of idiopathically overactive and obstructed,

but not neurogenic overactive detrusor.

Contraction
nerve-mediated T )

100
Control

Atropine
sensitive

Atropine
resistant

Atropine
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Figure 1.6 Atropine resistant a, fl-mA TP-sensitive contractions in overactive human

detrusor. Adaptedfrom Bayliss et al. 1999.
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Excitatory purinergic neurotransmission has also been reported in aged human
bladders in which the contribution of ATP-mediated contractions to the nerve-mediated
total has been reported to increase significantly between the ages of forty and eighty,
and is accompanied by an associated decrease in cholinergically mediated activity

[Yoshida et al. 2001].

1.2.4 Electrophysiology of purinergic transmission in human detrusor.

Although no extracellular electrical recordings have been made from human
smooth muscle, intracellular recordings in voltage-clamped isolated human detrusor
myocytes show that applications of ATP generate large inward Ca** currents. These
appear very similar in time course and intensity to the purinergic transients evoked in
the gumea-pig [Inoue and Brading 1991], and are accompanied by membrane
depolarisation [Wu et al. 1999]. Similarly, pharmacostimulation of muscarinic
receptors mobilises sufficient Ca® for contraction from intracellular stores
independently from primary membrane depolarisation, although in the human a small
Ca®’ current often follows cholinergic activation and is thought to reflect refilling of

these stores from extracellularly available Ca®* (figure 1.7) [Wu et al. 1999].
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Figure 1.7 Cholinergic andpurinergic effects on action potential generation in isolated

human detrusor myocytes. Adaptedfrom Wu et al. 1999.

These findings suggest that whereas normal human detrusor activated solely by
muscarinic receptor excitation is likely to be electromyographically inert, the
emergence of purinergic neuromuscular transmission in dysfunctional human detrusor
may be associated with the generation of extracellular electrical activity, and therefore
an electromyogram. Figure 1.8 shows a schematic representation of the probable
mechanisms of cholinergic and purinergic detrusor contractile activation through Ca2t+

mobilisation.
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Figure 1.8 Schematic diagram showing probable mechanisms of cholinergic and

purinergic excitation contraction-coupling in detrusor. Adaptedfrom Wu et al. 1999.

1.2.5 Summary.

Purinergic neuromuscular transmission contributes to bladder emptying in small
animals, and initiates a rapid transient contraction that may be important during
territorial marking behaviour. In contrast, normal human detrusor is activated
exclusively by a cholinergic mechanism, but is equipped with the cellular apparatus
necessary to respond to ATP. Indirect evidence is accumulating to suggest that
purinergic neurotransmission becomes pathologically expressed in the idiopathically
and obstructed but not neuropathic overactive human bladder, and this may represent a
vestigial mechanism. In animal bladders purinergic detrusor activation generates

extracellular electrical activity wheras cholinergic mechanisms do not. If the results of
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microelectrode recordings suggesting that the same occurs in humans apply to intact
detrusor, extracellular electrical recordings from overactive human bladders could
provide direct electrophysiological evidence for aberrant purinergic mechanisms, and

enable their clinical evaluation by electromyography.
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1.3 The basis for a purinergic myopathy in the overactive bladder.
1.3.1 Detrusor overactivity.

Detrusor overactivity is currently defined as the presence of involuntary bladder
contractions detected during cystometric bladder filling [Abrams et al. 2002].
Overactive bladder contractions are associated with the symptom complex of urinary
urgency, frequency and nocturia with or without urge incontinence, termed the
overactive bladder syndrome (OAB) [Abrams et al. 2002], but may also occur in
asymptomatic subjects [Van Doorn et al. 1990, Neal 1994, Digesu et al. 2003,
Bradshaw et al., 2005]. There is evidence that no bladder is actually stable and that
spontaneous low amplitude contractions of isolated areas of detrusor wall
(micromotions) with coordinated relaxation of adjacent segments resulting in no overall
pressure change normally exist, with contractions of higher amplitude and frequency
associated with OAB symptoms [Van Duyl 1985, Coolsaet and Blaivas 1985, Drake et
al. 2005]. In the absence of sensory disturbance, detrusor overactivity may be
secondary to central neuropathy, bladder outflow obstruction, or as yet unknown insults
when it is termed 1diopathic.

The overactive bladder syndrome is one of the largest causes of morbidity in the
community [Brocklehurst, 1993], affecting up to 2% of men and 9% of women under
the age of 65, and 7% and 12% respectively in the older age group [Thomas et al.1980].
Urinary urgency is the principal symptom associated with treatment seeking behaviour
and 1s probably caused by activation of detrusor stretch receptors during bladder wall
micromotions [Kuru, 1965, Coolsaet and Blaivas 1985, Coolsaet et al. 1993].
Behavioural modification and anti-muscarinic pharmacological agents form the
mainstay of treatment. However, these have limited efficacy and anticholinergic drugs

are poorly tolerated due to systemic side effects [Herbison et al. 2003]. Surgical bladder
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augmentation 1s available for drug refractory severe cases, but carries high morbidity
and 1s generally not suitable in the elderly.

Although indirect in vitro evidence suggests that aberrant purinergic
neurotransmission 1s important in the pathogenesis of detrusor overactivity, the
mechanisms involved remain unclear. No increase in the force or time-course of nerve-
evoked contractions occurs in overactive detrusor in vitro, as would be expected if an
additional neurotransmitter were contributing to them [Bayliss et al. 1999].
Furthermore the troublesome contractions of the in situ overactive bladder occur during
urine storage in the apparent absence of motor nerve activity. The physiological
changes that occur in samples of overactive detrusor and the possible role of purinergic

mechanisms in its pathogenesis are discussed below.

1.3.2 Spontaneous detrusor activity.

A higher incidence of spontaneous contractile activity in vitro from anmimal
models of bladder outflow obstruction [Speakman et al. 1987, Sibley 1987, Buckner et
al. 2002], and human detrusor smooth muscle strips taken from neuropathic [Kinder
and Mundy 1987, German et al. 1995], obstructed [Brading 1997}, and idiopathically
overactive [Kinder and Mundy 1987, Mills et al. 2000] bladders has been reported. This
takes the form of fused tetanic contractions that are rarely seen in normal tissue
[Brading 1997], and has obvious analogy to overactive bladder contractions in situ.
However, Levin found that no amount of filling of whole, intact rabbit bladders
produced spontaneous contractile activity which only occurred when the bladder wall
was longitudinally stretched, and suggested that spontaneous activity in vitro was
experimental artefact and unlikely to occur in situ [Levin and Ruggieri 1986].

Spontaneous detrusor contractions appear to be a myogenic phenomenon, as

they are resistant to neurotoxins and to pharmacological blockade of muscarinic
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receptors and adrenoceptors [Buckner et al 2002, Levin et al. 1986]. However, although
independent of neuromuscular transmission, spontaneous detrusor contractions are
sensitive to selective blockade of both membrane-bound L-type Ca®* channels, and the
ryanodine-sensitive receptors on the sarcoplasmic reticulum that control Ca®’ release
from intracellular stores. This implies that Ca”* mobilisation from both extracellular and
intracellular stores is important in their generation [Buckner et al. 2002]. In guinea-pig
at least, spontaneous contractions are generally associated with electrical potentials
[Bramich and Brading 1996, Hashitani et al. 2000].

The relationship between spontaneous mechanical and electrical activity in
human detrusor has yet to be determined and will require a technique that enables
extracellular electrical recordings from intact moving detrusor samples. However,
spontaneous Ca®" transients have been recorded from single cell preparations, and are
seen 1n a significantly greater numbers of cells isolated from samples of overactive
human bladders compared to those from functionally normal controls. This suggests
that abnormalities of Ca®" signalling and spontaneous membrane electrical activity may
be important in the genesis of overactive bladder activity [Wu et al. 1997, Fry and Wu
1998].

The human detrusor cell membrane potential normally exhibits small
spontaneous fluctuations [Sui et al. 2001]. These probably reflect interaction between
an inward Ca®" current, and an outward K~ current through Ca®" -activated channels
(BK channels). These are normally opened under conditions of raised intracellular Ca**
[Wu et al. 2002]. BK channels are therefore likely to function as part of a negative
feedback mechanism to limit Ca®" influx [Herrera et al. 2000, Wu et al. 2002]. The
frequency of spontaneous transient outward currents generated by BK channel
activation appear to mirror increases in intracellular [Ca®"], and also levels of stored

Ca” [Wu et al. 2002]. Intracellular Ca®’ store levels in tumn are probably regulated via
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L-Type Ca”™ channels, and also reflect changes in extracellular and intracellular [Ca®']
[Ganitkevich and Isenburg 1992, Wu et al. 2002]. A dynamic equilibrium between
levels of cytosolic, extracellular and stored Ca”" therefore appears to exist.

It has been proposed that spontaneous detrusor electrical and mechanical
activity may result from disruption of this equilibrium under conditions that predispose
to increased intracellular [Ca®'] such as an aberrant Ca®'- mobilising neuromuscular
transmitter such as ATP [Fry 1997]. The rapid and relatively large Ca®" transients
generated by purinoceptor activation would tend to saturate Ca’" storage mechanisms
and predispose to small abnormal intracellular [Ca®'] movements. These could activate
voltage-gated membrane Ca™ channels in the absence of a neuronal stimulus allowing
further Ca™ influx, and thereby generate spontaneous contraction of the affected cell
[Fry 1997]. In support of this theory, spontaneous detrusor contractions are particularly
evident under experimental conditions likely to raise intracellular [Ca*'] such as
intracellular acidosis [Gallegos and Fry 1994], and a single application of either ATP or
carbachol to cells taken from unstable bladders can initiate prolonged intracellular Ca**
transients, which are not seen in normal cells [Wu et al. 1997]. Interestingly, a similar
mechanism occurs in guinea-pig jejunal smooth muscle, in which increases in cytosolic
Ca” initiate Ca” influx via a voltage-gated mechanism, and in cardiac muscle where
Ca” overload induced by the administration of glycosides results in irregular electrical

activity and arrythmias [Pacaud and Bolton 1991, Wendt 1989, Fry 1997].

1.3.3 Pathophysiology of purinergic activity in overactive detrusor.

Applications of ATP generate significantly greater contractions in detrusor
strips taken from i1diopathically unstable and obstructed human bladders than in stable
controls indicating a myogenic mechanism [Harvey et al. 2002]. However, the half-

maximal concentrations of ATP and carbachol required to generate the intracellular



Ca”" transients necessary for contraction do not differ significantly in single myocytes
orniginating from normal and overactive bladders [Wu et al. 1999]. This suggests that
cells from healthy and overactive detrusor are equally sensitive to agonists acting at
purinoceptors and muscarinic receptors, and implicates a pre-synaptic mechanism in the
generation of purinergically-mediated contractions. Whether increased proportional
pre-synaptic release of ATP, or reduced ATP breakdown in the synaptic cleft is
responsible remains unclear. However evidence 1s accumulating to suggest that the
latter 1s true.

Neurally released ATP in detrusor is rapidly hydrolysed in the synaptic cleft by
a group of plasma membrane-bound ATPases (ecto-ATPases). Reduced activity of
these enzymes in detrusor taken from overactive bladders compared with controls has
recently been shown and may result from changes in the extracellular matrix in unstable
detrusor [Harvey et al. 2002]. Detrusor from both obstructed and idiopathically
overactive bladders and in animal models of obstruction exhibits marked structural
abnormalities. These are found 1n a patchy distribution, and characterised by muscle
cell hypertrophy, connective tissue infiltration between muscle bundles and reduced
density of cholinergic intramural nerves [Gosling et al. 1986, Sibley 1987, Elbadawi
1995, Harnison et al. 1997, Harrison et al. 1990, Charlton et al. 1999]. These changes,
in the absence of a corresponding increase in detrusor blood supply predispose to
cellular hyopxia and extracellular acidosis [Gallegos and Fry 1994, Fry 1997, Nielsen
1995], and have been associated with reduced activity of cellular enzymes necessary for
metabolism [Uvelius and Amer 1997, Kato et al. 1990]. Ecto-ATPase activity in vitro 1s
pH dependent so that extracellular acidosis would tend to impair ATP hydrolysis
[Tuana and Dhalla 1988, Harvey et al. 2002]. Any cellular hypoxia would be likely to
be exacerbated by stretch of the bladder wall and compression of intramural blood

vessels during urine storage [Kato et al. 1990].
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1.3.4 Neural plasticity in detrusor.

Changes in detrusor that may predispose to increased ATP release from motor
nerves in response to bladder outflow obstruction have also been reported.
Experimentally induced bladder outflow obstruction in animal models 1s associated
with an increase in the cross-sectional area of afferent and efferent neurons of the spinal
mictunition reflex [Steers et al. 1990], and shortening of its latency suggesting
hypersensitivity [Steers and De Groat 1988]. This plasticity 1s independent of pre-
ganglionic motor nerve activity [Steers et al. 1990], and has been attributed to increased
local production of nerve growth factor (NGF) by detrusor myocytes [Steers et al.
1991]. Intramural excitatory post-ganglionic nerves have been shown to respond to
NGEF [Tuttle et al. 1994a, Tuttle et al. 1994b], and increased NGF levels correlate with
the degree of increased urinary frequency that accompanies expenmental bladder
outflow obstruction [Steers et al. 1991]. Nerve growth factor secretion and up
regulation of NGF mRNA in response to stretch has also been shown in cultured
detrusor smooth muscle cells [Steers et al. 1996].

Nerve growth factor levels in detrusor are closely regulated by a number of
smooth muscle mitogens, and there 1s evidence that these in tum may be influenced by
levels of intracellular Ca®". Calcium channel antagonists reduce the NGF-dependent
growth of pelvic nerves following experimental outflow obstruction [Steers et al.
1994c), and experimentally raised intracellular Ca® levels in nerve glioma cells
induces binding of an activator protein to the NGF promotor and subsequent gene
transcription [Colangelo et al. 1996]. Nerve growth factor production by smooth muscle
cells appears to be more closely linked to the basal levels of intracellular Ca®™" rather
than agonist associated Ca® transients [Sherer et al. 2000]. This gives rise to the

possibility that intracellular Ca®* overload could predispose to neural plasticity.
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Hypersensitivity of the mictuntion reflex would tend to enhance the likelthood
of reflex bladder contractions during filling, and a change in conduction properties of
motor nerves could affect pre-synaptic neurotransmitter release mechanisms causing
increased proportional ATP release to a level at which synaptic breakdown mechanisms
are saturated allowing purinoceptor activation. However no studies comparing motor

nerve ATP release in normal and overactive detrusor have been reported.

1.3.5 Propagation of spontaneous detrusor activity.

Ultrastructural changes within overactive detrusor suggest a mechanism by
which localised spontaneous electrical activity could be propagated through the tissue.
Normal detrusor muscle cells are interconnected predomunantly by intermediate
junctions. These conduct mechanical not electrical activity, which together with
evidence suggesting that only a small proportion of detrusor cells are actually
innervated, suggests mechanical rather than electrical conduction may coordinate
generalised bladder contractions. In overactive detrusor, two other types of intracellular
junctions not normally seen predominate: protrusion and ultra-close abutment
junctions. It has been postulated that intercellular electrical coupling could be altered in
overactive detrusor, and affect the spread of spontaneous electrical activity through the

tissue [Elbadawi 1995, Fry 1997, Sui et al. 2003].

1.3.6 Summary.
Evidence from morphological, electrophysiological and tension generation
studies of human detrusor muscle in vitro suggest that a purinergic detrusor myopathy

may be important in the pathogenesis of overactive bladder contractions.



1.4 Aims of Thesis.

The importance of purnergic mechanisms in the generation of overactive
bladder contractions can only be speculated on in the absence of a method with which
to detect them in situ. The contrasting electrophysiological properties of purinergic and
cholinergic detrusor activation in animal bladders, and the results of microelectrode
studies on isolated myocytes indicating that human detrusor may be similar, suggest
that the emergence of purinergic neuromuscular transmission in overactive human
detrusor may generate extracellular electrical activity that could be detected clinically
by electromyography. However, the only method by which extracellular electrical
recordings from detrusor smooth muscle have been made is the sucrose-gap technique.
This involves needle electrode recordings from mechanically isolated sections of
bladder strips suspended in a multi-compartment organ bath and is not applicable to the
intact organ.

The aims of this thesis were to develop and validate a new technique for
recording punnergically generated extracellular electrical activity from neurally intact
contracting detrusor smooth muscle, and using it to test the hypothesis that samples of
overactive bladders have a greater propensity to generate extracellular electrical activity
than normal by virtue of a purinergic mechanism. In doing so we aim to provide direct
electrophysiological evidence of the expression of purinergic neurotransmission in
overactive human detrusor, and to prove in principal a new technique for evaluating
clinically the role of punnergic mechanisms in the generation of overactive bladder

contractions.

1.4.1 Theoretical basis of methodology.
Analysis of the numerous attempts at detrusor electromyography suggested that

no amount of electronic filtering or data processing, but only innovations in electrode
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designs were likely to enable i1solation of extracellular currents from electromechanical
artefact and yield a real electromyographic signal [Ballaro 2000]. A possible solution is
the use of bi-reversible suction electrodes. These comprise an active recording
electrode enclosed within a field of suction, and a reference electrode positioned on the
tissue outside the field. A small bleb of tissue is drawn into the lumen of the device by
the suction force, and mechanically isolated from the remainder of the contracting
organ. The suction force therefore both stabilises the electrode against the contracting
tissue, minimising the movement of the tissue from which electrical recordings are
made while allowing tension measurements from the rest. Suction electrodes have been
used to record the cardiac action potential from the surface of the beating heart [Lab
and Wollard 1978, Vigmond and Leon 1999] and, more relavently have also been used
to record excitatory junction potentials initiated by sympathetic excitatory nerves in
isolated guinea-pig vas deferens [Brock and Cunnane 1987, Cunnane and Manchanda
1989].

A reversible electrode system consists of a pure metal coated with a sparingly
soluble salt of this metal, in contact with a conducting solution of a soluble salt of the
same anion. In the case of electrodes for biological use platinum coated with platinum
chloridde immersed in the predominantly sodium chloride extracellular solution (Pt <>
PtCl <> Na'Cl’). The interface between the sodium chloride and the electrode consists
of platinum chloride 1ons at equilibrium with both the platinum electrode and the
sodium chloride solution. When an external current passes such that the platinum
electrode becomes positively charged, platinum atoms become 1onised but immediately
combine with chloride 1ons from the solution, producing neutral molecules of insoluble
platinum chlonide, which are deposited on the platinum. Platinum chloride 1ons
therefore act as a bridge, helping the current to flow either way with minimum

impairment. Reversible electrodes have lower impedence at low frequencies than pure
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metal electrodes, and therefore reduce the degree of contamination by movement

artefact [Cooper and Binnie 1995].

1.4.2 Objectives of thesis.

1. To design and construct a bi-polar reversible suction electrode and using it to
test the hypothesis that the extracellular electrical activity known to accompany
contraction of guinea-pig detrusor smooth muscle can be recorded from the intact organ
stimulated through its nerve supply, in 1solation from all artefacts.

2. To test the hypothesis using a more readily quantifiable detrusor strip
preparation that this electrical signal is generated by purinergic and not cholinergic
neurotransmission, and is coupled to atropine-resistant tension generation. By doing so
we aim to validate an apparatus for recording purinergic extracellular electrical activity
from human detrusor strips.

3. To perform simultaneous suction electrode and mechanical recordings from
clinically characterised human detrusor samples, and to test the hypothesis that detrusor
taken from overactive bladders has a greater propensity to generate extracellular

electrical activity by virtue of a purinergic mechanism.
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CHAPTER TWO: SUCTION ELECTRODE RECORDINGS FROM THE
WHOLE EXCISED GUINEA-PIG BLADDER.
2.1 Introduction.

Guinea-pig detrusor 1s known to generate electrical activity during purinergic
contractions that can be recorded extracellularly. The first part of this thesis describes
the construction of a bi-polar reversible suction electrode and tests the hypothesis that
this can be used to record biological electrical activity in i1solation from all artefacts.
Adaptation of the apparatus for evoking and recording an electromyographic signal
from the mucosal aspect of the bladder using a catheter-mounted combined intravesical

stimulation-recording device is also described.

2.2 Methods.

2.2.1 Suction electrode design and construction.
Serosal recordings.

Stagel: Active electrode.

A platinum/iridium needle electrode (1.5cm length, 0.4mm diameter, RS
components, UK) connected to a length of insulated wire was placed within the lumen
of a 1.5 cm length of polypropylene sheath (1.5mm diameter) and stabilised using three
1.2cm lengths of smaller polypropylene sheath (0.4mm diameter) glued to the inside
wall of the larger sheath around the needle (figure 2.1). A 3mm length of needle was
left exposed at its pointed end. This arrangement allowed the needle electrode to be
mounted in the centre of the larger sheath, surrounded by the smaller sheaths through

which a suction force could be applied.
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Figure 2.1. Schematic diagram showing stage 1 of the suction
clectrode construction.



Stage 2: Reference electrode.

Teflon-coated platinum wire (0.1mm diameter) was bared at one end and the
uninsulated part wound around a 3mm length of silicone tubing (1.5mm internal
diameter) to form a solenoid-type structure. The wire was secured by crimping, and the
resulting structure was attached to the end of the stage 1 structure housing the pointed

end of the needle, so that it was level with the needlepoint.

Stage 3: Electrode housing.

The stage 2 structure was secured inside a 3cm length of silicone tubing. The
two portions of insulated wire attached to the two electrodes were brought out of the
structure at the junction of the catheter and silicone tubing, and soldered to electric

terminals. Figure 2.2 shows the completed suction electrode.

Intravesical recordings.

For intravesical electromyography the suction electrode was adapted to enable
its passage into the guinea-pig bladder through the bladder neck. The stage 2 suction
electrode structure was secured to a 12Fr Foley catheter so that the suction force could
be delivered through the lumen of the catheter. A ngid polypropylene cannula (10cm
length, 1.5 mm external diameter) was attached along side this structure to transmit the
intravesical pressure, and attached to a pressure transducer. A tri-polar stimulation
electrode was constructed by securing three loops of bared platinum wire (0. 1mm diam)
to the catheter/electrode structure at equal distances from each other (1mm), so that the
middle wire was 1.5cm from the tip of the electrode. This formed a catheter mounted
suction electrode with an incorporated bladder neck stimulator and intravesical pressure

monitor (figure 2.3).
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Figure 2.2. Schematic diagram showing A, longitudinal cross-section
of suction electrode, B end view showing relationship between active
and reference electrodes.



i od
suction electrode — 1

stimulation electrode _—— |

12Fr Foley catheter /

canula

—>

to pressure
transducer

Figure 2.3. Schematic diagram showing
mtravesical catheter —mounted suction electrode.

W
)



A second ntravesical electrode was constructed incorporating a platinum ball in
place of the needle active electrode. The ball active electrode was fashioned by heating
an insulated platinum wire using an oxyacetylene torch, resulting in a platinum sphere
of 0.5mm diameter attached to insulated wire. The wire was inserted through the lumen
of a 14 Gauge hypodermic needle, and crimped in place so that the platinum ball was
secured against the end of the needle. The electrode was platinised as described below.
The bared end of a length of Teflon-coated platinum wire was crimped within the other
end of the needle, and the needle stabilised as before (figure 2.4). The reference

electrode was constructed as previously described.

Electrode coating.

The active and reference electrodes were made reversible by coating with PtCl
by electrolysis using a 9-volt battery and a platinum cathode in Kohlrausch solution
(Appendix 1). The electrolysis circuit is shown in figure 2.5. The optimum resistance
through which the electrolysing current was applied, and the opttmum duration of
electrolysis was determined by measuring the in series impedance of the electrode
before and after electrolysis (Precision Component Analyser, Wayne Kerr Instruments).
Electrolysis for 2 hours using a 10K resistor was found to be optimum. Figure 2.6A
shows a representative graph of electrode impedance to recording signals at frequencies
of 20Hz to 300KHz before, and after coating demonstrating reduced impedance,
particularly to signals of low frequency, of the reversible electrodes. The impedance of

the reversible electrode structure stabilised at 235Q (figure 2.6B).
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Suction Apparatus.

Suction force was provided by a mains-driven vacuum generator that generated
a force of 100KPa. The generator was connected via non-collapsible tubing to the end
of the electrode support tube (see figure 2.2) via a regulator (SMC-regulator, RS

components).

2.2.2 Organ bath design and construction.
Serosal recordings.

No examples of an organ bath for the perfusion of a whole excised guinea-pig
bladder preparation were found in the literature. A novel organ bath was therefore
designed to enable mounting and superfusion of an intact guinea-pig bladder,
stabilisation of the suction electrode on to the bladder, electrical stimulation of the
bladder through its intrinsic nerves, and simultaneous recordings of the evoked
electromyographic and mechanical activity. The organ bath was constructed from a

standard polypropylene 50ml syringe.

Stage 1: Intravesical pressure monitor.

A ngid polypropylene canula (10cm length, 1.5mm external diameter) was
inserted through the centre of the rubber washer of the syringe plunger. The end of the
canula inside the organ bath, that was to be inserted into the bladder was blunted to
prevent damage to the bladder wall. The canula was attached via non-distensible tubing

to a standard electronic pressure monitor (figure 2.7A).
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Stage 2: Stimulation electrode.

A tn-polar stimulation electrode was used so as to minimise spread of the
stimulus artefact. The electrode was constructed by embedding three lengths of bared
platinum wire (0.1mm diameter), Imm apart, into a circular cast of silicone adhesive
(RS components). Care was taken to ensure that no bared wire protruded from the
silicone nng, and that the three wires were equidistant throughout their circumference.

The tri-polar electrode was mounted on two supports that were secured to the
syninge washer, and suspended approximately 2cm above it so that the open ends of the
silicone ring lay in the honzontal plane (figure 2.7B). The insulated platinum wires
leading from the three electrode wires were soldered to electric terminals so that the
two outside wires were connected to a common terminal (anode) and the centre wire to
another (cathode). The terminals were secured into the syringe washer so that they
could be accessed from outside the perfusion chamber. The organ bath was electrically
grounded using a mass of twisted platinum-chloride coated platinum which was secured
to the washer on its inside surface and connected to a third silver terminal secured into

the washer.

Stage 3: The perfusion chamber.

Inflow and outflow pipes were connected to the cylinder of the syringe, and the
Luer nozzle removed. A hole of the same diameter as the silicone tubing housing the
suction electrode was made in place of the nozzle, so that the suction electrode could be
positioned through 1t. The washer section of the organ bath, containing the pressure
monitoring canula, the stimulation electrode and electrical ground was inserted into the

syringe to give the finished structure.
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Intravesical recordings.

The organ bath for intravesical recordings was again fashioned from a 50ml
polypropylene syringe. Inflow and outflow pipes were secured to the chamber of the
syringe. The rubber washer of the syringe was removed from the handle and a hole of
the same diameter as that of the suction electrode cut in its centre. The catheter
mounted suction electrode was carefully inserted through the hole so that i1t extended
into the chamber side of the washer by 2cm, and sealed in position with silicone

adhesive.

2.2.3 Bladder excision and mounting.
Serosal recordings.

Male guinea-pig weighing 300-500grams were humanely killed with approval
from the local ethical committee using section 1 methods. Their bladders were exposed
via a midline abdominal incision and removed, after dividing the vasa differentia and
vascular pedicles, with a small portion of the urethra. The ureters were ligated and
divided close to the bladder wall, and the bladder immersed in warmed, gassed (95%
0., 5% CO,) Tyrode’s solution (appendix 2) in a dissecting dish.

A 2lguage plastic Venflon sheath attached to a synnge containing warmed
Tyrode’s solution was inserted into the bladder. The bladder was then carefully washed
out with the Tyrode’s solution so that no urine remained. The intravesical pressure
monitor canula was inserted into the bladder through the bladder neck, and secured
with silk ties so that a watertight seal was created. The canula and bladder was then
quickly inserted through the washer, through the stimulation electrode ring, and the
whole structure inserted into the perfusion chamber. The connecting line was filled with
Tyrode’s solution to enable accurate transmission of the intravesical pressure to the

transducer. The organ bath was then mounted on a stand and warmed gassed Tyrode’s
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solution pumped (H.R Flow inducer, Watson-Marlow Ltd, Falmouth, Comwall)
through the organ bath at a rate of 3-5ml per minute. The bladder was filled with
Tyrode’s solution through a three-way tap, and pulled down until the bladder neck area
was within the stimulation ring. The bladder was then filled with Tyrode’s solution (1-
3ml) until the outside bladder wall was in contact with the internal wall of the ring. The

bladder was allowed to equilibrate.

Intravesical recordings.

The suction electrode was passed through the neck of excised guinea-pig
bladders so that the electrode tip was in contact with the urothelium of the bladder
dome, and the tri-polar stimulator was in contact with the mucosal aspect of the bladder
neck. The bladder was then secured to the structure with a silk tie. Suction (60-80kPa)
was applied through the catheter to cause the electrode to be sucked on to the dome
urothelium. The whole structure was then inserted into the chamber of the organ bath,
the bladder carefully filled with Tyrode’s solution through the canula, and perfused

with warmed gassed Tyrode’s solution (figure 2.8).

2.2.4 Bladder stimulation protocol.

The tn-polar electrodes of both the serosal and intravesical recording apparatus
were connected to a stimulator (SD-5 Stimulator, Grass, Quincy Mass. USA). The
positive terminal of the stimulator was connected to the terminal connected to the two
outside rings of the stimulation electrode, and the negative stimulation terminal to the
inside ring. The bladder was stimulated using 2-10 electrical pulses of 200us pulse

width, at a frequency of 100 pulses s, 40 — 80V, at 90 s intervals. The number of
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pulses was adjusted within these limits to optimise the amplitude of the suction

electrode recordings, and separation of the signal from the stimulus artefact.

2.2.5 Suction electrode attachment.

For serosal recordings, the organ bath was emptied and the bladder deflated.
The suction electrode was inserted into the chamber through the hole in its top and
applied to the serosa of the bladders dome. The suction electrode was placed as distant
from the stimulation electrode as possible in order to further mimmise the stimulus
artefact (figure 2.9). A controlled suction force was gradually applied to a maximum of
80KPa. The bladder was then carefully refilled, taking care to move the suction
electrode in tandem with the rising bladder dome to prevent loss of the suction seal.
The effect of different levels of suction on evoked electrical signals recorded from the
bladder was investigated by stimulating the bladder during graded increases in the

suction pressure from 40 to 80 KPa by means of the suction regulator.

2.2.6 Signal processing.

The signals recorded from the suction electrode were filtered (1.6 Hz — 1 KHz),
and amplified (x 10") (Preamp 50, Palmer Bioscience, Washington. USA). The active
electrode was attached to the positive input of the amplifier, the reference electrode to
the negative input, and the mass of platinum wire was connected to ground. The
amplified signals were digitised (Pico ADC-11/22 driver, 10bits, 13 kilo-samples s,
Picotechnology Ltd), and displayed in real time, along with the digitised signals from
the intravesical pressure monitor on a standard personal computer (Pentium III
450MHz processor, 64Mbytes RAM, 6 G-Byte hard drive) using proprietary
(Picoscope for Windows, 1.6bits, copyright 1995-1998 Picotechnology Ltd) software.

Figure 2.10 shows the experimental set-up for serosal recordings.
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2.2.7 Characterisation of the electrical signal.

To investigate the nature of the suction electrode recordings, and their
relationship to stimulus and electromechanical artefact, experiments involving changes
in stimulation and pharmacological interventions were conducted. Pharmacological
agents were dissolved in gassed modified Tyrode’s solution (37°C) and pumped into
the organ bath at 3-5ml min"'. The bladder was stimulated at interval of 90 s during
experiments, and three recordings of the signals at each stage of the experiment were

made. Post washout signals were recorded after each intervention.

Stimulation experiments.

The effect of increasing stimulus intensity on the evoked electrical signal was
investigated by varying the numbers of stimulating pulses. The frequency and pulse
width of stimulation was constant throughout the experiment. A real evoked
electromyographic signal would be expected to increase in amplitude to a maximum in
proportion to the stimulus intensity, and its temporal relationship to the stimulus
artefact would also be expected to vary with the stimulus- signal interval expected to
reduce with stimuli of increased intensity. The effects of repetitive stimulation at
approximately 1 s intervals was also investigated. A biological electrical signal of equal
amplitude would be expected to be evoked by each stimulus, and not change in
morphology or parameters, in contrast to electromechanical artifact which would be
expected to be accentuated during summed contractions resulting from repetitive

stimulation.

Pharmacological interventions.
The sensitivity of the signals to tetrodotoxin 1uM (TTX), a neurotoxin that

deactivates Na' channels on motor nerves, was determined. A biological electrical
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signal originating from the transmembrane ion currents generated by neuromuscular
transmission would be expected to be completely abolished, independently of the
stimulus artefact, in the presence of TTX. In contrast, stimulus artefact and signals
resulting from direct depolarisation of the muscle cell membrane by the stimulating
current independently of neuromuscular transmission would not.

The effect on the evoked electrical signal of graded reduction in the CaCl,
concentration of the superfusate was also investigated. As previously described, the
detrusor smooth muscle action potential is completely dependent on the influx of Ca*'
alone, therefore a true extracellular recording, unlike any artefact, would also be
expected to be Ca” dependent, and affected independently from the stimulus artefact
by this intervention.

To investigate the origins of the signal in terms of the neuromuscular transmitter
involved, the effects of bladder stimulation in the presence of atropine, o, B-mATP, and
atropine and o, B-mATP together were determined. The ease with which atropine and
o, B-mATP were likely to diffuse through the tissue from the serosal surface of the
bladder alone was unknown. Increasing concentrations of atropine (1-100uM) and o, 3-
mATP (10-100uM) were applied until the maxium reduction in intravesical pressure
evoked by electrical stimulation had stabilised, or the expected effect on the electrical

signal had been observed.

2.2.8 Intravesical suction electrode recordings.

The bladder was stimulated using the same range of stimulation parameters as
those used for the serosal recordings. The number of pulses was again varied to
optimise the amplitude and separation of the suction electrode signal from stimulus
artefact. The signals from the suction electrode were processed and displayed in real

time with changes in intravesical pressure using the same experimental set-up that was
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used for serosal recordings in the same manner as with the serosal recordings. The
parameters of the signals were compared with those recorded from the bladders serosal
surface. The stimulation parameters used to evoke the two sets of signals were also
compared to control for differences in stimulation intensity. The parameters of the
signals recorded from the bladders mucosa with needle and ball active electrodes were
also compared. In one experiment the bladder was perfused with o, B-mATP to

determine the sensitivity of the signal to purinergic desensitisaion.

2.2.9 Statistical analysis.

The two-tailed Student’s t-test was used for all comparisons. Statistical

significance was determined at 95% confidence limits (P < 0.05).
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2.3 Results.

2.3.1 General observations.

The bladders remained viable in the organ bath for long periods (3-5 h), and
simultaneous recordings of evoked detrusor electrical activity and intravesical pressure
were consistently recorded. Spontaneous contractions appeared localised to sections of
the bladder wall, rather than generalised, and were not associated with any electrical
activity. A predominantly bi-phasic electrical signal was recorded from the serosal
surface of six guinea-pig bladders in response to electrical stimulation (figure 2.11).
The amplitude of the signal was constant over long periods in the absence of
pharmacological intervention or temperature change, and the signal could be recorded
from different sites on the same bladder provided that the platinum chloride coating
remained intact. The amplitude of the signal did not vary according to the magnitude of
the suction force applied through the electrode, but was lost when the suction seal with

the bladder wall was broken.

2.3.2 Signal parameters.

The parameters of the electrical signals recorded from the bladders serosal
surface are shown in table 2.1. The mean latency between the electrical signal and
associated change in intravesical pressure was 279 + 24ms. Both the evoked electrical
signal and associated intravesical pressure rise were completely abolished by TTX
(1uM) indicating that they were generated by stimulation of motor nerves. The
electrical signal was clearly separate from the stimulus artefact and preceded any

change in intravesical pressure in all cases.
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Figure 2.11. Representative trace of evoked electrical signal (e) and
intravesical pressure rise (p) recorded from the serosal surface of the whole
excised guinea-pig bladder. St denotes stimulus artefact. Broken lines show
measurement points for: a= amplitude, d=duration, t=time to maximum
depolarisation.
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Signal parameters 1 2 3 4 5 6 Mean £SD

Amplitude (pV) 620 363 1130 533 342 830 647+301
Duration (ms) 320 283 369 304 220 260 293 £51
Depolarisation time (ms) 51 96 100 50 29 43 62 + 29

Table 2.1. Table showing parameters of evoked electrical signal recorded from the
serosal surface of six whole guinea-pig bladders.



2.3.3 Effect of stimulus intensity on the electrical signal.

The amplitude of the evoked electrical signal, and its latency vanied with the
number of pulses used (figure 2.12). The amplitude was at a maximum when evoked
using 20 pulses and decreased with increasing numbers of pulses. This decrease may
have resulted from muscle fatigue, or because of nerve or muscle refractoriness. The
latency of the signal decreased with an increasing stimulus intensity. Clear separation
of the signal from the stimulus artefact was evident using lower numbers of pulses,
whereas at higher stimulation intensities the artefact overwhelmed the signal. Repetitive
stimulation evoked summated contractions and an electrical signal associated with each
stimulus (figure 2.13). The parameters and morphology of the signal were unchanged in

the presence of increased intravesical pressure.

2.3.4 Effect of CaCl, depletion of the perfusate on the electrical signal.

The amplitude of evoked electromyographic signals in the presence of
superfusates containing reduced [CaCl;] were attenuated in a graded manner (figure
2.14). The latency of the signal increased with lower [CaCl,]. Stabilisation of the effect
of the intervention occurred after vanable periods, generally between 20 and 40
minutes of exposure to the solutions. An electrical signal could still be evoked after

prolonged exposure to calcium-free media.

2.3.5 Effect of atropine and o, B-mATP on the electrical signal.
Bladder stimulation in the presence of neuromuscular blockade with atropine
100um and a, B-mATP 60um together resulted in complete abolition of both the signal

and the contraction (n=2) (figure 2.15). Bladder stimulation in the presence of atropine
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Figure 2.12. Representative traces showing electrical signal evoked
by increasing numbers of electrical pulses recorded from the
serosal surface of the whole guinea-pig preparation. Numbers
indicate number of stimulating pulses of 0.1ms duration.
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Figure 2.13. Trace of electrical signal (e) and intravesical pressure
(p) recorded from the serosal surface of the whole guinea-pig
bladder with repetative stimulation (arrows). Note no change in
morphology of the electrical signal with summated contractions.
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Figure 2.14. Representative traces of evoked electrical signals
recorded from the serosal surface of the whole guinea-pig bladder
perfused with CaCl,- depleted solutions. Note reduced amplitude
and increased latency of the signal.
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Figure 2.15. Evoked electrical (e¢) and intravesical pressure (p) traces
recorded from the serosal surface of the whole guinea-pig bladder. A,
control, B, with atropine + o, B-mATP, C, after washout.
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100pm alone resulted in attenuation of the amplitude of the electrical signal and the
contraction (figure 2.16). Continuous perfusion with a, B-mATP alone initially resulted
in an intravesical pressure rise. Electrical stimulation of the bladder shortly after
attenuation of the contraction evoked an attenuated mechanical response. Stimulation
after prolonged exposure to the agent (1-2 h) resulted in the evoked electrical signal
being almost completely abolished (n=2) (figure 2.17). Bladder stimulation in the
presence of lower concentrations of atropine and o, B-mATP had variable effects on the
bladder, with sub-maximal attenuation of the contraction, and bladder contraction could
still be evoked in the presence of lower doses of neuromuscular blocking agents in

combination, suggesting incomplete penetration into the detrusor.

2.3.6 Intravesical suction electrode recordings.

The catheter-mounted electrode-stimulation device enabled simultaneous
recordings of electrically evoked contractile and electromyographic activity from the
whole bladder preparation. Stimulation of the bladder by the intravesical bladder neck
electrodes caused visible generalised bladder contractions that could be abolished by
TTX 1pM. A predominantly bi-phasic electrical signal was consistently recorded from
the mucosal aspect of six guinea-pig bladders in association with evoked contractions
using the intravesical suction electrode (figure 2.18). The suction electrode containing
the needle active electrode was used to record from four bladders, the electrode
containing the ball active electrode was used to record from a further two different
bladders.

The parameters of the signal recorded from all six bladders were (mean + SD):
amplitude 359 + 430uV, duration 254 + 22ms, time to depolarisation 46 + 6ms (table

2.2). There was no statistical difference between the mean parameters of the signals
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Figure 2.16. Evoked electrical (e) and intravesical pressure (p)
signals recorded from the serosal surface of the whole guinea-pig
bladder. A=control, B= superfused with atropine.
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Figure 2.17. Evoked electrical signal (e) and intravesical pressure trace (p)
recorded from the serosal surface of the whole guinea-pig bladder. A,
control, B, with a, B-mATP, C, after washout. Note abolition of electrical
signal with residual intravesical pressure rise, presumably cholinergic.
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Figure 2.18. Representative electrical signal (¢) and intravesical
pressure (p) traces recorded from the urothelial surface of the whole
guinea-pig bladder with intravesical suction electrode. Arrow marks

stimulus artefact.
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Signal parameter 1 2 3 4 5 6 Mean + SD

Amplitude (pV) 78 502 40 1170 133 230 359+430
Duration (ms) 201 296 202 324 292 209 209+ 56
Depolarisation time (ms) 46 43 40 75 32 39 46 +£15

Table 2.2 Table showing parameters of electrical signal recorded from the mucosal
aspect of six whole guinea-pig bladders using the intravesical electrode.



recorded from the bladders mucosal aspect using ball or needle electrodes: P=0.32,
P=0.86, P=0.31 respectively. There was no difference either in the means of the
parameters of the electromyographic signals recorded from the bladders serosal and
mucosal aspects using needle electrodes (table 2.3), or in the mean number of pulses
used to generate them P=0.38. There was no obvious difference either in the
morphology of the signals recorded from the bladders serosal or mucosal surface with
ball or needle active electrode (figure 2.19). As with the serosal recordings, the signal
recorded from the bladders urothelial surface preceded any intravesical pressure rises,
was separate from the stimulus artefact and could be abolished during perfusion with

solutions containing o, B-mATP 60pM, (n=1).
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Signal parameters Mucosa Serosa P- value

Amplitude (pV) 359+ 176 647+ 123 0.21
Duration (ms) 254+ 22 293 +£20 0.24
Depolarisation time (ms) 46+ 6 62+ 12 0.27

Table 2.3. Table showing comparison between parameters of electrical signal
recorded from the whole guinea-pig bladders serosal and mucosal surfaces. Mean +
SEM, P value refers to unpaired t- test.



bladder

500ms

C B
Ly fydiyy /M i SRRREY
500ms

Figure 2.19. Morphology of electrical signal recorded from, A the
whole guinea-pig bladdes serosal aspect, B the whole bladders
mucosal aspect, C the whole bladders mucosal aspect using a ball
active electrode. Different voltage scale but same time-scale used
for all.
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2.4 Discussion.
2.4.1 Summary of results.

The apparatus allowed consistent simultaneous electrical and mechanical
recordings from a nerve-stimulated whole excised guinea pig bladder preparation. A
predominantly bi-phasic electromyogaphic signal was recorded that varied with
stimulus intensity, preceded the onset of contraction in all cases, and was independent
of stimulus artefact. The signal was sensitive to reductions in the CaCl, of the
superfusate, and to exposure to the neurotoxin TTX. Both the signal and contraction
were abolished by combined muscarinic receptor and purinoceptor blockade. The signal
was almost abolished, although the associated contraction was only attenuated, during
prolonged exposure to high doses of o, B-mATP, but was also unexpectedly reduced in
the presence of a high dose of atropine (100uM). The signal could also be recorded
from the bladders mucosal aspect using an intravesical device, and did not differ
obviously in morphology or significantly in parameters from that recorded from the

serosa.

2.4.2 The origins of the electrical signal.
Several lines of evidence showed that the electrical signal was a reflection of

biological electrical activity and not artefact.

Independence from electromechanical artefact.

The signal always preceded associated rises in intravesical pressure (eg. Figure
2.11). If the signal were electromechanical artefact it would be expected to coincide
with the contraction. Recorded changes in intravesical pressure do not necessarily
correlate with local detrusor tension, and the temporal relationship between the

electrical and mechanical events in a whole bladder preparation may not always be
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constant and reliable. However as the suction electrode was always placed at a
maximum distance from the bladder neck stimulator in these experiments, any
inaccuracy was likely to be in favour of recording an intravesical pressure rise before
the electrical signal. Furthermore, repetitive stimulation resulting in summation of
contractions caused no change in amplitude or morphology of the electrical signal as
would be expected if an electromechanical contribution to the signal by virtue of
movement artefact were present. Independence of the signal from electromechanical
artefact was further shown by its consistent abolition, and dissociation from the

contraction, during perfusion with o, B-mATP (see figure 2.17).

Independence from stimulus artefact.

The artefact in the recordings generated by the electrical stimulation was clearly
identifiable and separate from the biological signal. This separation was increased with
low numbers of stimulating pulses (see fig. 2.12) and during perfusion with CaCl,-
depleted solutions (see fig 2.14) showing independence of the two. Furthermore, the
biological signal could be abolished independently of any change in the stimulus
artefact by combined muscarinic receptor and purinoceptor blockade, exposure to o, 3-

mATP, and by exposure to solutions containing TTX.

Dependence on extracellular [CaCl,].

Attenuation of the evoked signals amplitude in the presence of CaCl; - depleted
solutions was evidence that the signal i1s a biological event, as the detrusor smooth
muscle action potential, unlike any artefact, is completely dependent on extracellular
Ca”' [Filo et al. 1965, Montgomery and Fry 1992]. However, pre-synaptic release of
neurotransmitters is also a Ca>" dependent process, as Ca* is required during fusion of

neurotransmitter-containing vesicles with the synaptic membrane [Brading 1987].
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Furthermore, the detrusor action potential (which is generated by opening of voltage-
gated L-type calcium channels) is preceded by a post-synaptic excitatory junction
potential (EJP) that is generated by the influx of cations through ligand-gated
purinergic (P.x) receptors. Accurate assessment of the contribution to the evoked
electrical signal from these two components was not possible using the present
preparation probably due to slow diffusion of calcium-channel blocking agents into the
detrusor muscle. However the sensitivity of the signal to Ca®’ availability suggests a
significant contribution from the action potential.

The persistence of the signal with calcium-free solutions may be due to several
factors: Poor diffusion of the perfusate through the area of tissue being recorded from is
likely as the bladder wall could be perfused on its serosal surface only, and the tissue
bleb being recorded from was isolated from the perfusate by the suction seal around the

electrode further hindering Ca”" diffusion.

Neuromuscular origins of the signal.

Virtual abolition of the evoked electrical signal with prolonged exposure to «,
B-mATP suggests predominant dependency of the signal on purinergic neuromuscular
transmission. However in contrast to sucrose-gap studies, the signal also appeared to be
reduced by atropine. Attenuation of the signal with the high dose of atropine used was
surprising as muscarinic receptor blockade would not be expected to affect the
electrical signal, and may have been due to several factors.

A proportion of the ganglia of excitatory parasympathetic motor nerves to the
guinea-pig bladder are intra-mural and may be blocked by exposure to high doses of
atropine acting on nicotinic receptors. This would prevent both cholinergic and
purinergic neuromuscular transmission from the relevant post-ganglionic neurones.

Furthermore a non-specific reduction in detrusor excitability has been shown to result

88



from exposure to high doses of atropine [Inoue and Brading 1991] and may also
explain the atropine-induced reduction in signal amplitude.

Exposure to lower concentrations of atropine initially used resulted in sub-
maximal attenuation of the evoked intravesical pressure rise, suggesting poor perfusion
of the agent into the tissue (undescrnibed data). Similarly, lower concentrations of o, -
mATP than that used in these experiments failed to abolish the electrical signal. High
concentrations of a, B-mATP may also have a direct inhibitory effect on the
contractility of detrusor smooth muscle, therefore no further conclusions can be made

from these data regarding the precise neuromuscular origins of the evoked electrical

signal.

2.4.3 Intravesical recordings.

The finding that an a, B-mATP-sensitive electrical signal can be evoked by
bladder neck stimulation and recorded using an intravesical catheter-mounted suction
electrode has important implications as clinical electromyography would necessarily be
performed using an intravesical device. No apparent change in the morphology of the
suction electrode signals recorded from the bladders mucosal or serosal surface was
seen, suggesting there i1s no contribution to the signal or increased interference to its
recording due to the presence of urothelium. The similarity of the signal morphology
and parameters when recorded from the bladders serosal and mucosal aspects under the
same conditions, suggests that the bladder electromyogram could be recorded using an
intravesical device. These studies therefore support the development of a per-urethram
catheter mounted suction electrode for clinical use, should a potential application be
demonstrated.

The observation that a very similar electrical signal could be recorded using a

ball-shaped active electrode may also have clinical implications. The ball electrode is
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unlikely to penetrate the mucosa and may therefore cause less discomfort than the
needle in a conscious patient. Furthermore, a ball electrode is likely to be far safer for
clinical use, reducing the nisk of introducing infection and damage to the urethra during

its placement.

2.5 Conclusions.

A biological electromyographic signal can be recorded from the guinea-pig
bladder, and isolated from all artefacts using reversible suction electrodes. A similar
signal can also be recorded from the bladders urothelhal surface using an intravesical
catheter-mounted suction ball-electrode. Precise determination of the neuromuscular
and electrophysiological origins of this signal was not possible using the whole bladder
preparation, due to uncertain perfusion of pharmacological agents in to the tissue. The
following chapter describes suction electrode recordings from urothelially denuded
detrusor strips, a more readily perfusable preparation and one more suitable for direct

tension measurements.
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CHAPTER THREE: SUCTION ELECTRODE RECORDINGS FROM

ISOLATED GUINEA-PIG DETRUSOR STRIPS.

3.1 Introduction.

The electrophysiological orngins of the electromyographic signal recorded from
the intact guinea-pig bladder and its relationship to detrusor tension generation remain
unclear. The second part of this thesis describes adaption of the apparatus and suction
electrode to enable recordings from isolated detrusor muscle strips. We investigate the
electrophysiological ongins of the signal, and test the hypothesis that the suction
electrode signal is generated by a purinergic and not a cholinergic mechanism

In contrast to guinea-pig detrusor strips which can be dissected with known
orientation with relation to their innervation, and their intramural nerves stimulated
focally with minimal artefact, human detrusor samples which were to be obtained
during open bladder surgery were thought likely to be more difficult to orientate with
respect to their intramural nerve supply. Stimulation of these nerves causing contraction
of the entire muscle strip by focal direct stimulation might therefore be sub-optimal,
and electrical field stimulation considered was more suitable. This section describes
suction electrode recordings from both focally stimulated and field stimulated guinea-
pig detrusor strips, and investigates methods of minimising stimulus artefact from the
recordings. By doing so we aim to validate the suction electrode recording apparatus
for the electrophysiological detection of human detrusor purinergic neurotransmission

In a guinea-pig model.
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3.2 Methods.
3.2.1 Adaptation of suction electrode for strip recordings.

The suction electrode was adapted to enable its positioning by a standard
micromanipulator on small tissue samples. The stage two suction electrode structure
was secured within a 15c¢m length of ngid plastic piping, and the wires leading from the
active and reference electrodes fed through the side of the tube and secured to silver
terminals. A hole (3mm diameter) was made in the side of the tubing 3cm from the tip
of the electrode, over which a length of non-collapsible flexible plastic pipe was glued.
The lumen of the plastic piping immediately distal from the electrode to the junction
between the piping and tubing was sealed so that a suction force could be applied
through the tubing to the suction electrode (figure 3.1). The active and reference

electrodes were coated with platinum chloride as before.

3.2.2 Adaptation of the electrode for recording field-evoked electrical signals.

For field stimulated recordings the suction electrode structure was further
modified in order to minimise its exposure to the stimulus, and to enable additional
1solated recordings of the stimulus artefact to be made. The circumferential reference
electrode was removed, and replaced by a ring of silicone rubber on to which were
wound two sections of platinum wire of three coils each, at diametrically opposite
points on the silicone ring (figure 3.2). The coils were coated with silicon adhesive on
their outer surface so that only wire that was to be in contact with tissue was exposed,
and platinised as before. The two reference electrodes were then individually wired to
electrical terminals so that a separate signal could be recorded between the active and
one reference electrode (A-R1 signal), and another between the two reference

electrodes (R1-R2 signal).
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Figure 3.1.Schematic diagram showing suction clectrode stucture adapted for

positioning on detrusor strips.
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Figure 3.2. A. End view of modified suction ckctrode showing relationship
of the three clectrodes (A, R1 and R2). Arrows indicate field stimulus
drection. B. Diagrammatic representation of theorctical signals recorded
between different clectrodes. with subtraction of the artifact recorded
between R1 — R2 from the A —R1 signal producing the biological signal.
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3.2.3 Construction of the organ bath and stimultor.

A perspex organ bath with a 5Sml perfusion trough was adapted to enable
mounting, superfusion and electrical stimulation of detrusor strips. A steel hook was
positioned at one end, to which one end of the detrusor strip could be secured, and
apparatus by which physiological solutions could be warmed, gassed and allowed to
flow through the organ bath under gravity at a constant rate was set-up. A drainage
system was attached to the organ bath.

An externally insulated tri-polar stimulation electrode was constructed by
embedding three 1mm platinum strips in a trough-shaped silicone mould, 2mm apart.
The electrode arrangement was secured within the trough of the organ bath so that the
fixed end of the detrusor strip could be positioned within it, and focally stimulated by
direct contact with the electrodes (figures 3.3- 3.6). The central electrode was
connected to the cathode and the outside electrodes to the anode of the stimulator.

A standard Bridge tension transducer (Force-displacement transducer FTO03,
Grass Quincy, Mass. USA) was connected to a micromanipulator so that its hook could
be precisely positioned and moved within the perfusion trough. The organ bath and
micromanipulators were secured to a raised platform that was insulated against

vibration.

3.2.4 Tissue acquisition and mounting.

Male guinea-pigs (Dunkin Hartley, 300-500g) were killed by cervical
dislocation under Home Office licence, and their bladders excised. Full thickness
detrusor strips (3 mm width x 8-10mm length) were dissected along the longitudinal
axis of the bladder (neck to dome), along which intramural nerves were expected to
run, so that nerve-mediated contraction of the whole strip could be evoked by focal

stimulation of the strip at one end. The urothelium was carefully dissected away, and
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Figure 3.4. Photograph of experimental set-up for recording from detrusor
strips.
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Figure 3.5. Photograph of experimental set-up for recording from detrusor
strips.
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Figure 3.6. Close-up photograph of suction electrode applied to mounted
detrusor strip.
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the strips were mounted in the organ bath with the end originating closest to the bladder
neck fixed to the hook in contact with the stimulation electrodes, and the other secured
to the tension transducer.

The strips were superfused with gassed (95% O, 5% CO,) modified Tyrode’s
solution at 36 (+/-1) °C, at 3-5ml min. Electrical stimulation was delivered to the
strips at the end originating from near the bladder neck with short trains (2-10 pulses)
of 100us pulses at frequencies optimized to produce adequate temporal separation of
the electrical signal from stimulus artifact (50-100Hz). Direct stimulation was delivered
through the tri-polar stimulator from a biological electrical stimulator (A310 World
Precision Instruments, Sarasota, FL, USA) via a high current (100mA) stimulus isolator
(A385, World Precision Instruments). The strips were allowed to equilibrate until
electnically stimulated contractions of constant magnitude were observed.

The suction electrode was manipulated over the detrusor strip and attached to
the tissue by applying a 60-80kPa suction force through its lumen. Tension was then

applied to the strip to a imit determined by competency of the suction seal.

3.2.5 Signal analysis.

The signals from the tension transducer were amplified (Bridge 8 amplifier,
World Precision Instruments) and digitized. The electrical signals from the suction
electrode were filtered (1Hz — 1 KHz), amplified (Iso-Dam8a bio-amplifier, World
Precision Instruments) and digitized. Both- signals were displayed in real time on a
standard personal computer (450MHz, 64Mb RAM) using proprietary software

(Picoscope for Windows, Pico Technology Ltd, Hardwick, Cambs, UK).
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3.2.6 Quantification of cholinergic and purinergic contractions at varying stimulus
intenstities.

The relative contribution to the total nerve-mediated contraction from
cholinergic and purinergic neurotransmission is known to be stimulus dependent, with
the cholinergic component being more evident at higher frequencies [Brading and
Williams 1991]. In these experiments low numbers of pulses delivered at high
frequencies were necessary to optimise separation of the electrical signal from the
stimulus artefact, therefore experiments were conducted to determine the relative
contribution of purinergic and cholinergic neurotransmission to the contractile response
at experimental stimulation intensities to ensure that both mechanisms were expressed.

For this purpose very small (3-4mm length, < Imm diameter) urothelially
denuded detrusor strips were prepared and mounted in a S5Sml organ bath with one end
fixed, the other attached to the tension transducer. The strips were perfused as before,
and after a period of equilibration stimulated with 2, 4 and 8 pulses of 100us pulse
widths at pulse intervals of 125ms (8Hz), 31.25ms (32Hz) and 8ms (125Hz), at 90 s
intervals before and during exposure to atropine 1uM or a, B-mATP 10 uM. Different
strips were used for each intervention. The strips were stimulated using electrical field
stimulation delivered through platinum electrodes positioned either side of the
perfusion trough and connected to the stimulation apparatus previously described. The
peak tension values generated during exposure to atropine and a, B-mATP were
compared with controls. This apparatus was previously validated for the perfusion and
nerve-mediated stimulation of small detrusor strips [Palfrey and Fry 1994]. The
sensitivity of the contraction to TTX was determined at the highest intensity of

stimulation (8 pulses at intervals of 8ms).
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3.2.7 Experiments to determine electrophysiological characteristics of the signal.
The effect of pharmacological agents dissolved in Tyrode’s solution on the
amplitude of the electrical signal was determined. The tissue was stimulated at 90 s
intervals, a period found to result in no deterioration of the signal or contraction over
long periods (5-6 h). Recordings of restitution of the signal after post-intervention
washout were performed to exclude errors from changes in tissue excitability and

electrode failure.

Sensitivity of the electrical signal to extracellular CaCl, depletion.

The effect of CaCl, depletion (1.8 mM-0.2 mM in 0.2 mM gradations) of the
superfusate on the amplitude of the electrical signal was determined. The total content
of divalent ions in the superfusate was maintained at 2.8 mM by replacing CaCl, with
MgCl, The elapsed time necessary for the reduction in signal amplitude to stabilize
dunng perfusion with the initial CaCl,-depleted solution (containing 1.6 mM CaCl, 1.2
mM MgCl,) was recorded for each strip (10-15min), and subsequent measurements of
the signal amplitude in the presence of subsequent CaCl,-depleted solutions were
performed after the same period of perfusion to avoid errors from variable delivery of

the solution into the tissue.

Sensitivity of the electrical signal to atropine and a, f-mATP.

Having determined the contribution of purinergic and cholinergic mechanisms
on the total detrusor contraction evoked by various stimulation intensities, the effect on
the amplitude of the electrical signal of atropine a, B-mATP and atropine together with
a, B-mATP using stimuli known to evoke purinergic and cholinergic mechanisms was
determined. Comparnison of the signal amplitude and peak tension generation before

and during exposure to atropine was made after attenuation of the evoked peak tension



had stabilised with atropine as there was usually no effect on the electrical signal. This
was within 20 min of exposure to the agent. The effectiveness of muscarinic receptor
blockade after this period of exposure was tested by aplication of the cholinergic
analogue carbachol 10uM, as there was often little atropine-sensitive contraction
evident. Further analysis of the effect of atropine on the contraction was investigated
using 3 s trains of pulses delivered at intervals of 50ms before and during exposure to

the drug.

Sensitivity of the electrical signal to calcium channel blocking agents.

Depletion of the CaCl; content of the superfusate would in addition to reducing
the amount of extracellular Ca** available for membrane depolarisation, be likely to
inhibit calcium-dependent pre-synaptic neurotransmitter release mechanisms. The
sensitivity of the electrical signal to tissue superfusion with nifedipine 30 pM,
nifedipine 30 uM with NiCl; 0.5 mM, and nifedipine 30 pM with CdCl, 20uM, all
judged to block detrusor membrane Ca®* channels selectively (L and T-type), but not
the pre-synaptic N-type Ca” channels responsible for neurotransmitter release, was
also investigated to determine the dependency of the signal on transmembrane calcium

currents.

3.2.8 Recording from field stimulated guinea-pig detrusor strips.

Full thickness 3 x 8mm guinea-pig detrusor strips were prepared as before, and
mounted in an organ bath equipped with platinum field stimulating electrodes with one
end of the strip fixed, the other attached to a tension transducer, and superfused with
gassed, warmed Tyrode’s solution. After a period of equilibration, the modified suction
electrode was attached to the tissue which was then field stimulated using six pulses of

0.1ms width delivered at 10ms intervals in accordance with the stimulation equipment
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described below. The electrical signals recorded from the suction electrode were

processed as before.

3.2.9 Analysis of the signal evoked by field stimulation.

The A-R1 and R1-R2 signals recorded by the modified suction electrode were
compared. The effects on the two signals of CaCl, —free superfusate, o, B-mATP 10-
50uM and TTX 1 puM were determined to identify the biological component. The effect
of altering the onentation of the reference electrodes with respect to the stimulating
electrodes was also investigated, and the influence of filtering systems determined by
comparing signals recorded with the electrode attached to dead tissue (stored in water
for 48h) in a 1Hz-1KHz restricted band with those in a 0.1Hz-10KHz band. The effect
of reversing the polarity of the stimulus on the signal was also examined to venfy the

real signal, which unlike any artefact would not be influenced by stimulus polarity.

3.2.10 Data analysis.

The effect of pharmacological interventions on the electrical signal was
calculated from the mean of three consecutive recordings when the effect of the
intervention on the signal was judged to have stabilised.

Analysis of differences between the signals and controls was conducted using
Students’t-test. Comparisons between the mean atropine and a, B-MATP resistant
contractions produced by the different intensities of stimulation were performed using

one-way analysis of variance (ANOVA). The null hypothesis was rejected at P < 0.05.
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3.3 Results.
3.3.1 Signal parameters.

A predominantly bi-phasic electrical signal was recorded from 37 detrusor strips
taken from 24 guinea-pig bladders. The parameters of the signal are shown in table 3.1.
The mean amplitude and time to depolarization of the signal were significantly smaller
than that of the signal previously recorded from the whole bladder, the signals duration

was not significantly different (table 3.1).

3.3.2 Relationship between atropine and o, B-mATP - resistant components of the
contraction and stimulus intensity.

The evoked contractions of detrusor strips during exposure to atropine 1uM and
o, B-mATP 10puM at various intensities of stimulation are shown in figures 3.7 and 3.8.
The mean atropine- resistant component was 75 £ 9 % of control (range 55-85, n=4)
and was significantly attenuated in association with stimuli of increasing intensities
(P=0.017). However, this effect did not reach statistical significance when calculated
for increasing numbers of pulses or pulse intervals independently (table 3.2). The mean
o, B-mATP - resistant component was 31 + 17 % control (range 12-50, n=6), and was
significantly increased when evoked by stimuli of increasing intensities (p=0.03). This
increase was also statistically significant when calculated for the number of stimulating
pulses (table 3.2B), but not for pulse interval (table 3.2A). Tetrodotoxin 1uM abolished
the contraction evoked by 8 pulses at all frequencies (n = 2).

The results suggest that whereas the component of the contraction generated by
purinergic neurotransmission is independent of the stimulation intensity and at a
maximum when evoked by only two pulses, the cholinergically mediated component

varies with stimulus intensity, and contributes very little to the total at low intensities
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Signal parameters Bladder (n=6) Strip (n=37) P- value

Amplitude (pV) 646 + 123 222 £238 <0.001
Duration (ms) 293 + 20 236+ 139 0.33
Depolarisation time (ms) 61 + 12 43 +16 0.029

Table 3.1 Parameters (mean = SD) of the evoked electrical signal recorded from
guinea-pig detrusor strips and whole bladders. P- values refer to the probability of
a difference between the two.
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Figure 3.7. Bar chart showing residual peak tension evoked from guinea-pig detrusor
strips by increasing stimulation during perfusion with atropine.Mean £ SD (n = 4).
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Figure 3.8. Bar chart showing residual peak tension evoked in guinea-pig detrusor

strips by increasing stimulus parameters during perfusion with a, -mATP. Mean + SD
(n=6).
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Pulse interval (ms) Atropine a, P-mATP

125 82 +3 25+ 14
31.25 757 36 £23
8 69+ 13 34+ 21
P- value 0.25 0.75

Table 3.2A Peak evoked tension of guinea-pig detrusor strips at various pulse
intervals during perfusion with atropine and a, p-mATP. Mean = SD, % nerve-
mediated control. P- values refer to the probability of a difference between the
residual peak tension between the three groups (ANOVA).

Number of pulses Atropine a, p-mATP
2 81 +£1.5 12+£2

4 74+ 6 31 £8

8 70 + 15 50+ 10

P- value 0.38 0.003

Table 3.2B Peak evoked tension of guinea-pig detrusor strips evoked various numbers
of pulses during perfusion with atropine and a, p-mATP. Mean + SD, % nerve-
mediated control. P- values refer to the probability of a difference between the residual
peak tension between the three groups (ANOVA).
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implying that ATP is more readily released from motor nerves than acetylcholine. In
light of these results, experiments to determine the effect of atropine on the electrical

signal were performed using at least 4 pulses.

3.3.3 Charaterisation of the signal.
Effect of extracellular CaCl, - depletion of the superfusate on the signal.

The electrical signal was sensitive to graded depletion of the [CaCl,] of the
superfusate in a concentration dependent manner. Responses to CaCl, depletion of the
superfusate stabilized within 15 min of exposure to each solution. Figure 3.9 shows a
typical individual experiment and demonstrates a gradually reduced amplitude and
increased duration of the electrical signal with this intervention. A small contraction
remained, and was presumably generated by calcium release from residual intracellular
Ca’' stores. The effects of [CaCl,] depletion on detrusor strips taken from six different
bladders is shown in figure 3.10. The signal was abolished by solutions containing <
0.4mM CaCl, in all experiments. Restitution of the signal occurred rapidly in response

to superfusion with normal Tyrodes solution.

Effect of a. pmATP on the signal.

The electrical signal was abolished in the presence of a, B-mATP (30 or S0 uM)
in association with an attenuated contraction (16 + 9% control, n=6). A representative
trace 1s shown in figure 3.11. Abolition of the signal by o, B-mATP took considerably
longer than with CaCl, depleted superfusate. Both mechanical and electrical signals
partly recovered after a prolonged washout period, controlling against electrode failure

or tissue death. All electrical and mechanical activity was subsequently abolished by
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Figure 3.9. Representative traces showing effect of graded CaCl, -depletion
of the superfusate on the evoked electrical signal recorded from guinea-pig
detrusor strips. Mechanical traces also shown for highest and lowest
values.
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Figurc 3.10. Bar chart showing effect of CaCl, -depleted superfusate on the amplitude of
the clectrical signal evoked from guinea-pig detrusor strips. Mean + SD, (n = 6).
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Figure 3.11. Representative traces
showing effect of a, p — mATP on
evoked electrical (e¢) and mechanical (t)
signals recorded from guinea-pig
detrusor strips. Arrows mark stimulus
artifact.
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tetrodotoxin 1 pM. Figure 3.12 shows the combined results of experiments performed

on detrusor strips taken from six different bladders.

Effect of atropine on the signal.

The efficacy of atropine 1uM in producing complete muscarinic receptor
blockade was tested. Application of carbachol to the preparation after 20 minutes of
exposure to atropine resulted in no contracture (n = 2). With atropine 1uM, nerve
evoked contractions were significantly reduced to 74 £ 14 % control in 12 strips
(P<0.0001), and were changed in response to supramaximal stimulation with the later
portion attenuated. In 10 of these the amplitude of the electrical signal was not
significantly reduced, a representative trace i1s shown in figure 3.13. In two
preparations, however, the electrical signal was reduced to a mean 71 % of control
when the contraction was reduced to an average of 68% of control. Overall, the mean
amplitude of the electrical signal was not reduced by exposure to atropine while the
peak contraction was attenuated (P=0.77) (figure 3.14). No change was observed
change in signal morphology with atropine, and no additional effect on the electrical or
mechanical signal of an increased concentrations (10uM) or prolonged atropine

exposure was observed.

Effect of atropine and a. FmATP on the signal.

In 6 preparations exposed to atropine, o, B-mATP 50uM was added to the
atropine-containing superfusate. In all cases both the signal and the residual contraction
were abolished.

Effect of Ca’” channel blocking agents on the signal.
Table 3.3 shows the effect of nifedipine, nifedipine plus NiCl, and nifedipine

plus CdCl; on the amplitude of the evoked electrical and mechanical signals. Both were
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Figure 3.12. Bar chart showing effect of a, p- mATP on the mean amplitude
of the evoked electrical signal recorded from guinea-pig detrusor strips and
of TTX IpM on the washout signal. Mean = SD (n = 6).
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Figure 3.13. Representative traces showing effect of atropine 1uM on evoked electrical
(e) and mechanical (t) signals recorded from guinea-pig detrusor strips. Arrows mark
stimulus. Note no change in amplitude or morphology of the electrical signal but
attenuation of the peak tension.
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Figure 3.14. Bar chart showing effect of atropine 1pM on evoked
electrical signal and mean peak tension recorded from guinea-pig
detrusor strips. Mean £ SD (n = 12).
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Intervention Signal amplitude Peak tension

Nifedipine (n = 3) 40 + 28 (P = 0.033) 38 £28 (P = 0.03)
Nifedipine + CdCh (n = 4) 12+ 8 (P <0.001) <1 (P<0.001)
Nifedipine + NiCb (n = 5) 11£8(P< 0.001) 242 (P<0.001)

Table 3.3 Table showing effect of Ca2+channel blocking agents on evoked electrical
and mechanical signals (% nerve-mediated control). Mean + SD.
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significantly attenuated by nifedipine alone, and the electrical signal was further
reduced by a combination of pharmacological agents (figures 3.15-3.16), when the

contraction was almost abolished. In two experiments the residual electrical and

mechanical signals were abolished by application of a, B-mATP 100 uM (figure 3.17).

3.3.4 Spontaneous activity.

Signals of smaller amplitude but similar in morphology to those evoked by
electrical stimulation were occasionally observed soon after electrode placement on the
detrusor strip (figure 3.18A), which were presumably injury potentials, and
spontaneously during recordings (figure 3.18B). Although some contractile activity was
evident, the degree of coupling between spontaneous electrical and mechanical activity
was inconsistent. Signals of similar amplitude were noted during initial exposure to a,
B-mATP in two experiments. No electrical activity was observed during applications of

carbachol.

3.3.5 Recordings from field-stimulated detrusor strips and optimisation of the
stimulus artefact.

An evoked electrical signal was recorded from both electrode systems in three
detrusor strips taken from two anmimals. The A-R1 and R1-R2 signals differed in
morphology. The A-R signal contained a bi-phasic component that was abolished
during perfusion with CaCl. depleted superfusate (figure 3.19) a, B-mATP (figure
3.20), and TTX (figure 3.21), leaving a signal similar in morphology to that recorded
by the R1-R2 system that was presumed artefact. However, the R1-R2 signal was also
inconsistently altered by the same interventions suggesting that it may also contain a

small biological component.
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control electrical peak
signal tension

Figure 3.15. Bar chart showing effect of nifedipine 30pM plus NiCl 0.5mM on
evoked electrical and mechanical signals recorded from guinea-pig detrusor strips.
Mean £+ SD (n = 5).
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control electrical peak
signal tension

Figure 3.16. Bar chart showing effect of nifedipine 30pM plus CdCl 20pM on evoked
electrical and mechanical signals. Mean = SD (n = 4).
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control nifedipine +NiCl, o,B-mATP washout

50pV

0.5s

Figure 3.17. Representative trace showing effect on the electrical signal recorded from
guinea-pig detrusor strips of nifedipine and NiCl, and abolition of the residual signal
by a, p-mATP. Arrows mark stimulus.
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25uV
0.14mN

0.5s

Figure 3.18. Examples of non-stimulated electrical (e) and mechanical (t) activity
recorded from guinea-pig detrusor strips. A= Soon after electrode placement, B= In
between regular stimuli.
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100ps

. 0.5s

Figure 3.19. Representative A-R (top) and R-R (bottom) electrical traces showing effect of
CaCl, - depletion of the superfusate. A = control, B = zero CaCl,, C = washout.
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250ms

Figure 3.2. Traces of A -R (top) and R — R (bottom) signals showing effect
of a, B — mATP. A = control, B = partial effect, C = abolition of signal.
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100us
0.5s

Figure 3.21. Traces of A — R (top) and R — R (bottom) electrical
signals. A = control signal, B = with TTX showing stimulus artefact.
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The stimulus artefact recorded in the absence of a biological signal with the electrode
attached to a dead detrusor strip was reduced when processed using the wider electronic
bandwidth (figure 3.22). The morphology of the stimulus artefact was also affected by
rotating the suction electrode with relation to the field stimulus, and could be optimally
minimised by positioning both the reference and active electrodes equidistant from the
stimulating electrodes. The independence of the biological signal from artifact was
verified by recording using reversed polarity stimulus. This generated an unaltered

biological signal but reversed the polarity of the artefact (figure 3.23).



100us

0.5s

Figure 3.22. Representative A — R (top) and R — R (bottom)
electrical traces recorded from dead tissue in 1Hz — 1KHz
restricted band (A), and 0.1Hz — 10KHz band (B). Note reduced
stimulus artefact in the later.
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Figure 3.23. Electrical traces recorded from detrusor strips evoked by three pulses of 100us
width. A = Standard polarity, B = reversed polarity. Figures shown on expanded timebase in C
and D to demonstrate unchanged polarity of the evoked signal. End of stimulus artefact marked
with dotted line.

129



3.4 Discussion.
3.4.1 Summary of results.

The results show that an artefact free extracellular electrical signal could be
recorded in association with contractions evoked by both focal direct, and field
stimulation of motor nerves in guinea-pig detrusor strips using suction electrodes. The
signals were of lower amplitude but similar in morphology to those recorded
electromyographically from the whole bladder. The difference in amplitude of the
signals recorded from the two preparations probably reflected the reduced mass of
activated tissue in electrical contact with the electrode.

The signal was consistently abolished by purinoceptor desensitisation but not by
exposure to atropine, indicating that it oniginated exclusively from a purinergic
mechanism. Attenuation of the signal in the presence of various Ca® channel blocking
agents suggested that it was generated predominantly by Ca®" influx through membrane

bound channels.

3.4.2 Technical considerations.

A mucosa-free detrusor strip preparation is in principle more suitable than the
whole bladder for experiments investigating the effects of pharmacological agents on
the electromyographic signal and its relationship to mechanical events, as it is more
amenable to perfusion. This was evidenced by shorter periods of exposure to CaCl,-
depleted solutions being necessary for stabilisation of the signal, and abolition of the
signal by solutions containing. < 0.4mM CaCl, in contrast to the intact bladder
preparation in which the signal persisted in CaCl; free solutions (see figures 2.14 and
3.6). Furthermore, tension measurements were more direct, as unlike the whole bladder,

the strips contracted hinearly and the distance between the electrode and tension
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transducer was shorter enabling more accurate correlation between electrical and
mechanical activity.

Nevertheless, several hours of exposure to o, B-mATP and Ca®* channel
blocking agents at increasing concentrations was often required for stabilisation of the
effect on the signal indicating poor perfusion of complex molecules through the
preparation. As a result, quantification of the residual electrical signal during exposure
to these agents may be inaccurate, and under-estimate real Ca** channel dependent
activity. It may be argued that the relatively high doses of a, B-mATP could have
inhibited the excitability of the preparation directly. It will later be shown that in human
tissue expressing no atropine-resistant activity o, B-mATP SOuM had no effect on
contractions (see figure 4.6).

A disadvantage of the strip preparation was the relatively short distance between
the stimulating and recording electrodes, giving rise to a stimulation artefact that could
overwhelm the biological signal using field stimulation. This was overcome by the use
of bladder strips dissected along the bladders longitudinal axis and stimulated at one
end, which minimized the stimulus artefact and achieved temporal separation of
stimulus artefact from the biological signal. However, the rigid attachment of the
suction electrode to the mid-portion of the muscle strip prevented tension generated
proximally (ie. by the portion of the strip situated between the stimulation and suction
electrodes) from being transmitted to the tension transducer, with only tension
generated ‘distally’ being recorded. This compromised analysis of the temporal
relationship between electrical and mechanical signals, as the electrical event was likely
to be evoked momentarily before recordable contractions. The experiments also showed
that the biological electrical signal could also be recorded from field stimulated

detrusor strips, and that the resulting stimulus artefact could be minimised by
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optimising the orientation of the electrodes and by lowering high pass electronic

filtering.

3.4.3 Electrophysiological origins of the signal.

Intracellular electrical recordings from nerve-stimulated guinea-pig detrusor
show that purinergic, not cholinergic excitatory neurotransmission is associated with
membrane depolarisation (see section 1.2.4). Neurally released Ach initiates detrusor
contractions independently of primary changes in membrane potential by secondary-
messenger mediated mobilization of intracellular Ca®* stores (see figure 1.8) [Wu et al.
1999]. Sucrose-gap recordings have shown that this purinergic electrical activity occurs
and can be recorded extracellularly. In these studies we have shown that the electrical
signal recorded with suction electrodes could be consistently abolished by
desensitisation of purinoceptors, confirming that the signal originated from a purinergic
mechanism. Furthermore, although a small atropine-sensitive component to the signal
may have been present, the electrical signal recorded with suction electrodes was not
dependent on cholinergic neurotransmission, and was dissociated from the contraction
during muscarinic receptor blockade.

Purinergic excitation-contraction coupling in detrusor involves activation of
ligand-gated, membrane bound P,x receptors allowing the influx of cations (principally
sodium ions) into the cell and generating an excitatory junction potential (EJP). This
potential opens voltage-gated membrane Ca®" channels, enabling the rapid influx of
calcium-ions down their electrochemical gradient into the cell which generates the
action potential and activates intracellular contractile proteins (figure 1.8) [Wu et al,
1999, Brading 1987]. The signal recorded with suction electrodes was readily abolished
by extracellular Ca”'-depletion of the superfusate. However, the persistence of a small

electrical component during pharmacological blockade of membrane Ca” channels,
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which could be subsequently abolished by o, B-mATP, suggested that the suction
electrode signal was an admixture of the purinergic EJP and the inward Ca®* current
(although the caveat relating to uncertain diffusion of pharmacological agents into the
tissue applies). We therefore believe that suction electrodes enable true extracellular
recordings of the net trans-membrane currents initiated by purinergic neurotransmission
leading to contraction in detrusor smooth muscle.

The precise nature of the spontaneous electrical signals is uncertain. Although
associated with spontaneous tension development their degree of coupling to
mechanical events was difficult to quantify using the current apparatus, furthermore as
they were seldom apparent, and inconsistent and ephemeral when they were, analysis of

their nature using pharmacological interventions was not possible.

3.4.4 Implications of results.

The experiments described here show that the biological electromyographic
signal recorded from the guinea-pig bladder i1s generated by purinergic and not
cholinergic neuromuscular transmssion. Normal human detrusor 1s activated
exclusively by cholinergic signalling and, if the mechanisms of excitatory
neurotransmission in animal and human detrusor are similar, would not be expected to
generate extracellular electrical activity or an electromyogram. However, as previously
discussed purinergically-generated contractions in detrusor taken from overactive
bladders have been recorded (see section 1.2.3), and the studies described here suggest
that this is likely to generate recordable extracellular electrical activity.

However, several differences in the nature of human and animal detrusor tissue
samples are likely to make suction electrode recordings from human detrusor samples
difficult. The purinergic component of the contraction in dysfunctional human detrusor

is rarely above 30% of the total (eg. Bayliss et al. 1999), and the resulting electrical
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signal is therefore likely to be of a lower intensity than that recorded from the guinea-
pig, in which the purinergic component contributes more [Brading 1987]. Furthermore,
human detrusor has larger amounts of connective tissue dispersed throughout the tissue
than in the guinea-pig, and this is increased in dysfunctional and obstructed bladders
[Charlton et al. 1999]. The presence of this presumably electrically inert material is
likely to dilute the electromyographic signal further, and may also interfere with the

quality of the recordings.

3.5 Conclusion.

The biological electromyographic signal recorded from the guinea-pig bladder
can also be recorded from both direct and field stimulated 1solated detrusor strips, and
correlated with nerve-evoked tension changes. In accordance with the implications of
microelectrode and sucrose-gap studies, the signal is generated by a purinergic and not
a cholinergic mechanism, and probably represents an admixture of the purinergic EJP
and transmembrane inward Ca” current. These experiments validated the suction
electrode and recording apparatus for detecting purinergic extracellular electrical

activity in human detrusor smooth muscle strips.
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CHAPTER FOUR: SUCTION ELECTRODE RECORDINGS FROM HUMAN

DETRUSOR SAMPLES.

4.1 Introduction.

The final part of this thesis describes suction electrode recordings from
contracting human detrusor smooth muscle strips. An electrical signal is characterised
and the relationship between its expression, atropine-resistant contractions and
chinically evident bladder dysfunction is investigated. We test the hypothesis that
detrusor samples taken from overactive bladders have a greater propensity than normal
to generate an extracellular electrical signal by wvirtue of purinergic contractile

mechanisms.

4.2 Methods.
4.2.1 Tissue acquisition.

Detrusor smooth muscle samples were obtained from patients undergoing open
bladder surgery. Informed consent was obtained in writing using a standardised form,
with the knowledge and approval of relevant local Ethics Committees. Detrusor
samples of approximately 1 x 0.5-1cm were taken from readily accessible areas of the
open bladder by the operating surgeon, or from cystectomy specimens immediately
after their removal. The tissue was placed in gassed Tyrode’s solution and transported
to the laboratory. The specimen was pinned out in a dissecting dish, and detrusor
muscle bundles of approximately 3 x 8mm for suction electrode recordings, and two
additional smaller strips (<0.5mm width) for use during quantification of atropine
resistance were dissected from immediately adjacent areas of the sample. Efforts were

made to obtain samples containing bundles of aligned muscle fibres, with a minimum
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of non-muscular tissue, and to minimise tissue trauma by careful tissue handling and

limited exposure to air.

4.2.2 Experimental set-up.

The experimental set-up was identical to the field-stimulated set-up used for
recording from the guinea-pig. The larger detrusor strips were mounted in the trough of
the organ bath with one end fixed to a hook, the other to the tension transducer and
superfused with warmed (36 + 1°C), gassed (95% O,, 5% CO;) Tyrode’s solution. The
strips were stimulated using three-second trains of 0.1ms pulses with 50ms between
pulses (20 pulses s') at intervals of 90 s until the peak evoked contraction had
stabilised. The suction electrode was then manipulated over the strip, and gently
attached to 1t using a suction force of 60-80KPa. Care was taken to ensure that the
orientation of the electrode was central with relation to the stimulating electrodes in
order to minimise stimulus artefact. Tension was then gently applied to the strip to a
limit determined by the competency of the suction seal around the electrode. After a
further period of equilibration the stnp was stimulated using 6-10 0.1ms pulses at 10ms
intervals, and 90 s between pulse trains. The signal from the suction electrode was
filtered (0.1Hz-10KHz) amplified and digitised, and displayed in real time with that
from the tension transducer. If no signal was evident after 20 minutes the electrode was
removed, and reattached onto the strip at a different position. Three attachments were
undertaken for each strip. When a putative electrical signal was recorded, its
electrophysiological origins were investigated by determining its sensitivity to a, B-

mATP 50uM, TTX 1uM, and atropine 1uM dissolved in Tyrode’s solution.
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4.2.3 Clinical characterisation of tissue.

The medical records were reviewed and the results of any urodynamic
investigations and the presence of reported lower urinary tract symptoms during patient
interview prior to surgery were recorded. Urodynamic evaluation was not performed
specifically for this study, and was only available when undertaken for clinical
purposes. Using these vanables the samples were categorised into ‘normal’ and
‘overactive’ groups. The overactive group was further subdivided into idiopathic,

neurogenic and obstructed groups.

4.2.4 Quantification of atropine-resistant contractions.

Nerve-mediated atropine-resistant contractions of both the larger detrusor strips,
and the two smaller muscle strips taken from each detrusor sample were quantified.
With the larger strips from which no electrical signal was recorded, atropine-resistant
contractions were quantified using a supramaximal stimulus of 3 s trains of pulses
delivered at intervals of S0ms (20Hz) every 90 s before and during exposure to atropine
1uM with the electrode unattached. When atropine-resistant activity was recorded,
TTX 1pM was added to the superfusate in addition to atropine and any residual
contractions recorded subtracted from the total atropine-resistant component. With the
large strips from which an electrical signal was recorded, which had been superfused
with atropine and a, B-mATP during signal charatensation experiments, atropine-
resistance was inferred from the effect of o, B-mATP on the contractions evoked in
association with the electrical signal using the experimental stimulus protocol with the
electrode in the recording posttion.

Atropine-resistant contractions of the two smaller strips taken from each sample
were quantified using a validated experimental set-up [Palfrey et al. 1984]. A separate

investigator performed these experiments independently and without knowledge of the
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results of suction electrode recordings. Similarly, the results of the experiments on the
small strips were not known by myself until after the electrical recordings had been
performed. The two strips were mounted in paired organ baths, and field stimulated
until evoked contractions had stabilised. Atropine-resistant contractions were quantified
using standard supramaximal stimulation parameters (3 s trains of pulses at 50ms pulse
intervals) and also shorter trains of 10 pulses at 10ms pulse intervals to mimic the
experimental stimulation protocol before and after exposure to atropine 1pM. When
atropine-resistant activity was recorded TTX 1uM was added to the perfusate and
stimulation continued. The nerve-mediated atropine resistant component of the
contraction was calculated for each strip by subtracting the TTX resistant component
from the atropine resistant component.

To control for a non-specific inhibitory effect of o, B- mATP 50uM on tissue
excitability and cholinergically mediated contractions, which could account for an
artefactual reduction in tension, o, B- mATP 50uM was applied to small detrusor strips

that had been previously shown to express no atropine resistance.

4.2.5 Data analysis.

The effect of pharmacological agents on the electrical signal and peak
contraction was calculated from the mean of three consecutive recordings taken
immediately before the intervention and after the effect had stabilised. The magnitude
of atropine-resistant contractions for a group was expressed as median and

interquartiles, and statistically compared using non-parametric tests.
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4.3 Results.
4.3.1 Characteristics of tissue samples.

Bladder samples were obtained from twenty-four patients. Eight were
undergoing clam ileocystoplasty for urodynamically confirmed idiopathic detrusor
overactivity, and five suffered from neurogenic detrusor overactivity and were
undergoing bladder augmentation or urinary diversion procedures. Nine samples were
from patients with functionally normal bladders undergoing cystectomy or continent
diversion and were classified as controls. Two further samples were taken during open
cystolithotomy. One of these was from a patient with recurrent urethral stricture and
bladder stone and was very likely to have bladder outflow obstruction. The other had
cystometrically evident overactive bladder contractions (likely to reflect bladder

hypersensitivity) in the absence of outflow obstruction and was classified as a control

(table 4.1).

4.3.2 Suction electrode recordings and characterisation of the signal.

A stable and quantifiable bi-phasic electrical signal was recorded from five
human detrusor strips originating from four bladders (figure 4.1). The signal parameters
were (mean £ SD): amplitude 56 + 14 uV, duration 212 + 58ms, and time to
depolarisation 60 + 10ms, and were not significantly different (P=0.127, 0.71, 0.32
respectively, two-tailed Student’s t-test), than those of the signal recorded from guinea-
pig detrusor strips. The signal was closely related to the stimulus artefact, but was not
altered by changing the polanty of the stimulating pulses indicating its independence
(figure 4.2), and always preceded the onset of recorded tension nises. The signal and
contraction were both reversibly abolished by TTX (n = 3, figure 4.3), and the electrical

signal was abolished by a, B-mATP 50uM in all cases (figure 4.4-5). With a, B-mATP

the contraction was reduced by 39 + 12% in three strips and the residual contraction
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Patient
MB 31m
HF 72m
FJ 68m
IB 3lm
MW 62n
IB 27m
DM 20m

DH 73m

MN 69f
HG 76m
HS 40f
MS 84m
WH 7lnr
MS 55f
JA 27f
CG 27f
JP57f
JP57f
AA 39f
PC 48f
MT 39m
MW 391
JA 44f
AS 58m
PC 52f

Table 4.
NOB =

bladder cancer. CMG = cystometry, U

Diagnosis
10B

Control (TCC)
Control (TCC)
OOB

10B

Control (pain)
NOB

Control (stone)
Control (TCC)
Control (TCC)
NOB

Control (TCC)
Control (TCC)
10B

10B

NOB

10B

10B

10B

Control

NOB

NOB

Control (pain)
10B

10B

1 Results from human detrusor strips.
neurogenic overactive bladder, OOB = obstructed overactive bladder, TCC
unstable, S = stable, (i) = incontinent, *

CMC

Symptoms

Y

N

Y

N

Y (i)

Y (i)

Y (i)

Y (i)

Y (i)

Y (i)

Y (i)

Y ()

Y (i)

AR large strips

16

28

37

12

19

Y**

16

35

18

43

52

AR small strips

12, 17

28,38

35,33

13,0

0,0

0,0

0,0

0,0

0,0

0,0

7,0

0,0

13, 19

13, 19

0,0

0,0

7,0

0,0

20,0

Signal present

N

N

IOB= idiopathic overactive bladder,

uncharacterisable signal, AR = atropine-resistant contractions (% nerve-mediated total),
** = atropine resistance present but unquantifiable. For patient ‘JP’ recordings were
made from two large strips, and two small strips from same sample.
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Figure 4.1. Representative trace of evoked electrical (e) and mechanical (t) signals
recorded from human detrusor strips. Arrow marks stimulus artefact.

141



Bladder 1. Bladder 2
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250ms

Figure 4.2. Traces of consecutive recordings of electrical signals evoked by

ten pulses of opposite polarity (A and B) from two human detrusor strips.
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500ms

Figure 4.3. Representative traces showing effect of TTX 1uM on electrical (¢) and
mechanical (t) traces recorded from human detrusor. A = control, B = with TTX, C =
washout.
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500ms

Figure 4.4. Representative traces of electrical (e) and mechanical (t) signals recorded from
human detrusor strips showing abolition of the control electrical signal (A) with a, 8-mATP

(B).
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S0pv

Figure 4.5. Electrical (e) and mechanical (t) traces recorded from human
detrusor strip showing effect of atropine (B), and atropine + a, B — mATP
(C), on control signals (A).
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virtually abolished by atropine. In two experiments, suction electrode recordings were
conducted during exposure to atropine 1uM, which attenuated the contraction by an
average 40% of control, but had no effect on the electrical signals. Subsequent
application of o, B-mATP abolished both the atropine resistant electrical and
mechanical signals (figure 4.5). Restitution of the signal could not be recorded despite
several hours washout after a, -mATP.

In detrusor strips from two bladder samples an electrical signal was recorded
that was similar in morphology to the quantifiable signal but was unstable, and not
evoked consistently enough to enable its pharmacological characterisation. Although
both signals originated from tissue later found to express true atropine-resistant activity,
one from neurogenic the other from idiopathically overactive bladder, these signals

were not presumed to be purinergic, and were not included in the data analysis.

Effect of a. p-mATP 50uM on cholinergically mediated contractions.

Peak evoked contractions of tissue samples that had been shown to express no
atropine resistant contractile activity were unchanged during exposure to a, B-mATP
50uM (n=2) (figure 4.6), showing that the ATP analogue had no inhibitory effect on

non-purinergic contractile mechanisms.
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Figure 4.6. Trace of evoked contractions at 90s intervals of small human
detrusor strip showing no effect of a, B — mATP on atropine-sensitive
contractions.
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4.3.3 Quantification of atropine-resistant contractions.

Atropine-resistant, TTX sensitive contractions were recorded from 14 of the
small strips from 10 bladder samples, and from 14 of the larger strips from 13 samples
from which the suction electrode recordings were made. In one sample two large strips
were recorded from, both which expressed an electrical signal and atropine-resistant
activity. In the small strips atropine-resistant activity appeared to be heterogeneously
distributed, with some samples expressing atropine-resistance in only one of the two
strips, while in others a similar degree was seen in both. (see table 4.1). Atropine-
resistant contractions were significantly greater (P= 0.017, Wilcoxon Matched pairs
test) in the larger (median, interquartiles; 8%, 0-23.5%) than in the smaller (0%, O-
8.5%) strips, and in four samples was recorded from the larger strips when none was
evident in the smaller strips. Atropine-resistant activity was recorded from the smaller
but not the larger strip in only one sample. These discrepancies are consistent with
overestimation of atropine-resistance in larger strips due to their incomplete perfusion
with atropine. Quantification of atropine-resistant activity for each bladder sample was

as a result made from the small stnip data.

4.3.4 Relationship between the expression of electrical and atropine-resistant
activity.

A quantifiable and o, B-mATP sensitive electrical signal was recorded from
four of the ten strips taken from bladder samples that expressed real atropine resistance.
The associated contraction was attenuated by o, B-mATP in all indicating that
purinergically-mediated activity was present in the tissue used for electrical recordings.
Of the six bladder samples from which atropine-resistant contractions but no electrical

signal was recorded, contractions of the large strip were abolished by atropine in three,
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indicating that only cholinergic neurotransmission was expressed, and an
unquantifiable electrical signal was recorded from two of the others. In the remaining
sample from which atropine-resistant activity but no electrical signal was recorded,
atropine-resistant contractions of the larger strip were not quantified. This was one of
the first human bladder samples tested and failure to record an electrical signal could
reasonably be attnbuted to technical aspects. No electrical signal was recorded from
any bladder sample from which no atropine-resistant contractions were detected.
Atropine resistant contractions contributed a median 22%, 0-34% (n==8) in the
small strips from samples expressing an electrical signal and were significantly greater
than those from which no signal was recorded (7%, range 0-20%) in 5 of the 31 strips

(P<0.01, Mann-Whitney U) (figure 4.7).

4.3.5 Relationship between the expression of electrical and atropine-resistant
activity and clinical variables.

Involuntary detrusor contractions were detected by cystometry in all eight
patients with urge incontinence. There appeared to be poor association between the
expression of an electrical signal and clinical variables. An electrical signal was
recorded from only four out of the eight bladder samples from incontinent patients, and
four out of ten samples from cystometrically verified overactive bladders.

Atropine-resistant contractions were detected from 7 of 13 samples taken from
cystometrically confirmed overactive bladders. Of the 6 remaining samples not
expressing atropine-resistant activity, three were from neurogenically overactive
bladders, two from bladders characterised as idiopathically unstable, and one from a
patient with a bladder stone, which would have been likely to have caused

hypersensitive bladder contractions.
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Signal No signal  Signal No signal

Large strips Small strips

Figure 4.7. Bar chart showing atropine-resistant contractions (median,
75th centile % nerve-mediated total) recorded from large and small
strips taken from human detrusor samples that expressed and
electrical signal and those that did not. P values refer to difference in
magnitude of atropine-resistant contractions between strips expressing
an electrical signal and no signal (Mann - Whitney U).
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4.3.6 Relationship between the expression of electrical and atropine-resistant
activity in detrusor from overactive and functionally normal bladders.
Controls.

The bladder samples characterised as functionally normal were taken from
patients undergoing cystectomy. Several of these patients described mild lower urinary
tract symptoms but none reported urinary urgency or urge incontinence and only the
patient with bladder stone had been cystometrically characterised. Atropine-resistant
contractions were detected in only one (7% of nerve-mediated total) of 14 small strips

taken from patients in this group, and no electrical signal was recorded.

Idiopathic detrusor overactivity.

All eight patients with a diagnosis of 1diopathic detrusor overactivity suffered
from urge incontinence and had cystometrically apparent involuntary detrusor
contractions in the absence of clinically apparent neurological disease or bladder
inflammation. In this group atropine-resistant contractions were recorded (median,
interquartiles; 19%, 12.5-27.5%) from nine of the twelve small strips taken from six
samples, (7%, 0-19.5% for all), and were significantly greater (P=0.021, Mann-
Whitney) than in the functionally normal control group (figure 4.8). A quantifiable
electrical signal was recorded from four strips taken from three of these samples. Of the
three idiopathically overactive bladder samples that expressed atropine-resistant
activity from which no electrical signal was recorded, two expressed very little atropine
resistance, (0%, 0-14.5%) in two of four strips. In one of these contractions of the larger
strip were abolished by atropine indicating that no atropine-resistant activity was

expressed by the tissue from which suction recordings were made. In the other an
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Figure 4.8. Scatter diagram showing degree of atropine resistant contractile activity (%
nerve mediated total) detected in individual small detrusor strips taken from clinically
characterised human bladders. IOB = idiopathic overactive bladders, NOB =neurogenic
overactive bladders, OOB = obstructed overactive bladder. Horizontal line indicates
median value of atropine resistance in those stnips in which it was expressed. P value
relates to comparison with controls (Mann Whitney U).
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non-characterisable electrical signal was recorded. In one sample expressing atropine-
resistant activity no electrical signal was recorded. In tissue taken from two samples
clinically characterised as idiopathically unstable, no atropine resistance or electrical

signal was found.

Neurogenic detrusor overactivity.

All five patients diagnosed with neurogenic detrusor overactivity had central
nervous system pathology. Three of these had overactive bladders demonstrated by
cystometry, and reported urge incontinence. One patient who practiced self-
catheterisation exhibited reduced bladder compliance but no involuntary detrusor
contractions on cystometry and was continent. Atropine-resistant contractions were
found contributing a median 21% in only 2 of 11 small strips examined (0%, 0-6.5%
for all), and were not significantly different than those recorded from stable controls
(P=0.58, Mann Whitney U) (figure 4.8). No quantifiable electrical signal was recorded

from any sample in this group.

Bladder outlow obstruction.

Only one tissue sample was obtained from an obstructed bladder. This was from
a young man with recurrent urethral strictures who was undergoing open
cystolithotomy. Although not cystometrically charactenised this bladder was likely to
have been chronically obstructed. Both an electrical signal and a high degree of

atropine resistance (mean 33%), was recorded from this sample (figure 4.8).

4.3.7 Effect of stimulation protocols on atropine-resistant contractions.
In the small strips, contractions evoked by 10 pulses delivered at 10ms intervals

were generally too weak to be recorded by our equipment. Atropine-resistant
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contractions evoked by supra-maximal, (20%, 0-31%), and experimental, (21%, O-
34%) stimulation proptocols are shown in table 4.2. Although some vanability was
present, no significant difference in the median atropine-resistant contractions evoked

by the two protocols was found (P= 0.58, Wilcoxon matched pairs).
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Supramaximal stimulus (60 x 50ms)  Expermimental stimulus (6x 10ms)

30 18
0 35
32 34
19 21
34 33
0 0
0 0
22 44
20 0

Table 4.2 Atropine-resistant contractions (% nerve-mediated total) evoked by
supramaximal (60 pulses at 50ms intervals) and experimental (6 pulses at 10ms
intervals) stimulation protocols in the same human detrusor strips. P= 0.58 for a
difference between the two (Wilcoxon matched pairs test).
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4.4 Discussion.
4.4.1 Electrophysiological origins of the signal.

The electrical signal recorded from human detrusor always preceded the onset
of associated tension rise, and was not evident during the contraction (eg. Figure 4.1).
In contrast to the experimental arrangement using focal electrical stimulation, which
may have created temporal artefact in recording the electrical signal before the
contraction, the field-stimulated set-up would be expected to accurately reflect the
temporal relationship between the two. The effects of purinergic desensitisation using
a, B-mATP, which abolished the signal but not the contraction (see figure 4.4 and 4.5),
and expression of the signal only in association with atropine-resistant contractions (see
figure 4.7) and never with atropine-sensitive contractions of greater magnitude, showed
that the signal was not mechanical artefact.

Several lines of evidence show that the signal was independent from stimulus
artefact. The signal was not altered when evoked by pulses of opposite polarity, and
was abolished independently of the stimulus by TTX and a, B-mATP (see figures 4.3-
4.5). Furthermore, the signal could only be evoked from the small numbers of samples
expressing atropine-resistant contractions despite a similar stimulus being applied to all.

Consistent abolition of the electrical signal during exposure to a, B-mATP,
which had no effect on atropine sensitive contractions (see figure 4.6) but no amplitude
reduction with atropine, is strong evidence that it was generated by a purinergic

mechanism.

4.4.2 Relationship to previous detrusor electrical recordings.
Detailed comparisons between the parameters of intracellular and associated
extracellular electrical signals are not possible, as the extracellular signal represents the

summed intracellular potentials generated by an unspecified number of cells occurring
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over an unspecified period of time. However, the duration and depolarisation time of
the suction electrode signals were of a similar order of magnitude as the intracellularly
recorded Ca®’ transients evoked in isolated human detrusor cells by ATP suggesting
that they reflected the same mechanism [Inoue and Brading 1991, Montgomery and Fry
1992]. No significant difference was found in parameters between the signals recorded
from human and guinea-pig detrusor strips. If the amplitude of the signal was
proportional to the degree of atropine-resistant activity, the amplitude of the signal
recorded from human detrusor might be expected to be approximately half that
recorded from guinea-pig, as atropine resistant activity contributes approximately 60%
of the total in guinea-pig and 30% in man. However, differences in tissue architecture
and the ratio of muscle to connective tissue in the two samples render this comparison
innacurate. The similanty in the duration and time to depolarisation of the signals
recorded from guinea-pig and human detrusor was unsurprising as intracellular
electrical studies have shown that the timecourse of the ATP generated transmembrane

currents in human and pig detrusor myocytes are the same [Inoue and Brading, 1991].

4.4.3 Physiological relevance of experimental stimulation methods.

A limitation of this study is the physiological revalence of the experimental
stimulus. In contrast to the short trains of high-current pulses delivered at high
frequency used to evoke an electrical signal, voluntary bladder contractions in situ are
probably evoked by long trains of low-current pulses at lower frequencies. A variable
effect on purinergic and cholinergic mechanisms of different stimuli is possible, it is
known that purinergic mechanisms are preferentially expressed at higher frequencies
[Inoue and Brading, 1991]. Mechanisms involved in neuromuscular transmitter release
may be differentially affected by the intervals between stimulating pulses, and the

enzymes involved in acetylcholine and ATP breakdown may be overwhelmed at
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different rates by repetitive quanta of neurotransmitter released at increasingly shorter
intervals. However, this is not supported by analysis of previous studies in which force-
frequency curves constructed using stimulation frequencies of 2-40Hz, demonstrated no
frequency dependent effect in the relative contributions of Ach or ATP to the total
nerve mediated contraction [Bayliss et al. 1999]. Furthermore the experiments
comparing the magnitude of atropine-resistant contractions evoked by experimental and
supramaximal stimuli here showed no difference between the two. The atropine-
resistant contractile activity and associated puninergic electrical signal recorded in these

experiments are therefore likely to reflect a physiologically revalent phenomenon.

4.4.4 Quantification of atropine-resistant activity.

Atropine-resistant contractions were recorded more commonly and were of a
greater magnitude from the large detrusor strips used for electrical recordings than the
smaller strips. This may have reflected heterogeneous distribution of the propensity to
generate atropine-resistant activity, with larger strips more likely to contain affected
detrusor bundles. Altematively atropine-resistance may have been overestimated in
larger strips due to poor diffusion of atropine. Furthermore, the magnitude of
purinergically mediated contractions identified by attenuation of the peak contraction
with a, B-mATP in the larger strips that generated an electrical signal was also
significantly greater than the peak atropine-resistant tension recorded in small strips
from the same samples, was not due to any effect of a, B-mATP on atropine sensitive
activity or difference in stimulation protocols, and could not have been caused by
impaired diffusion, which would tend to underestimate the magnitude of purinergically
mediated contractions. However, quantification of atropine-resistant contractions by
this method was unlikely to be accurate, as the optimal resting length of the tissue was

not determined, and was limited by competency of the suction seal around the



electrode. Furthermore, the sensitivity of these contractions to TTX was not
determined, and the damping effect of the attached suction electrode were unquantified.
In view of these issues quantification of atropine-resistant activity for each bladder
sample was calculated using data generated by the smaller strips using the validated
experimental set-up. Qualitative confirmation of the presence of purinergic activity in
the tissue used for suction electrode recordings was inferred from the effect of o, B-
mATP on the contractions of the larger strips. However, when contractions of the larger
strips were abolished by atropine, the strip was assumed to express no atropine

resistance.

4.4.5 Purinergic electrical and mechanical activity in overactive and functionally
normal detrusor samples.

The results are in agreement with previous studies, in finding significantly
greater nerve-evoked atropine-resistant contractions in detrusor samples taken from
idiopathically overactive bladders, compared with neurogenically overactive and
functionally normal bladders. Figure 4.9 shows the relationship between atropine
resistant contractions, expression of an electrical signal, and clinical bladder
dysfunction for all samples.

There was close association between the expression of a purinergic electrical
signal and atropine-resistant contractions, and in only one sample in which atropine
resistant activity but no electrical signal was found could its absence not be explained
by the lack of atropine resistance in the larger strip. In the idiopathically overactive
group the electrical signal was recorded from samples expressing the largest degree of
atropine-resistance, and not in association with contractions that were abolished by

atropine. Demonstration that the contractions of all strips from which an electrical
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Figure 4.9. Bar chart showing the relationship between mean atropine-resistant
contractions recorded from the two small (clear bars on left) and single large (solid
bars on right) human detrusor strips from clinically characterised bladder samples
(each division on x axis represents one sample) and expression of a purinergic
electrical signal marked with *. Gaps indicate zero atropine - resistant activity.
IOB = idiopathic overactive bladder, NOB = neurogenic overactive bladder, O =
obstructed overactive bladder. Grouped samples from same patient.
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signal was recorded were attenuated by o, B-mATP, and that this agent had no effect on
atropine-sensitive activity, 1s qualitative evidence of the expression of purinergic
contractile mechanisms in the tissue that generated a signal and suggests coupling
between the electrical signal and atropine-resistant tension generation.

The finding of an electrical signal in conjunction with atropine-resistant
contractions in the sample from a patient with recurrent urethral stricture and bladder
stone suggests that atropine-resistant activity and a purinergic electrical signal can also
be evoked in detrusor samples from obstructed bladders, and that the signal is not
associated with any alternative and undefined vanable associated only with
idiopathically unstable detrusor. However, additional data are required before further
conclusions regarding purinergic electrical activity in obstructed detrusor samples can

be drawn.

4.5 Conclusion.

These results show that detrusor samples taken from idiopathically overactive
but not neurogenically overactive human bladders have a greater propensity to generate
extracellular electrical activity than functionally normal controls, and that this activity
is generated by a purinergic mechanism. These studies demonstrate for the first time
validated, nerve-evoked extracellular electrical recordings from contracting human
detrusor smooth muscle strips and provide direct electrophysiological evidence for the
expression of purinergic neurotransmission in conjunction with atropine-resistant

tension generation in the overactive human bladder.
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CHAPTER FIVE: GENERAL DISCUSSION
5.1 Summary of results.

In the first part of this thesis an electromyographic signal was recorded from the
whole guinea-pig bladder during nerve-stimulation and shown to be biological and free
from the artefacts that have hindered previous attempts at detrusor electromyography.
The signal was also recorded from the bladders mucosal aspect, indicating the potential
for the suction electrode technique for recording bladder electrical activity chinically
using a catheter-mounted electrode inserted per wurethram. The whole bladder
preparation was found unsuitable for investigating the signals electrophysiological
origins and precise relationship to purinergic and cholinergic tension generation.

By adapting the apparatus to enable recording from urothelially-denuded
detrusor strips, the second part of the thesis describes investigations into the
electrophysiological origins of the signal and its relationship to evoked tension changes.
The results showed that the signal oniginated from a purinergic but not a cholinergic
mechanism, thus validating the suction electrode method for recording purinergic
electrical activity from contracting human detrusor smooth muscle strips.

The final part of this thesis describes suction electrode recordings from human
detrusor smooth muscle strips. The results show significantly greater atropine-resistant
activity in samples of overactive detrusor than controls. Furthermore, they show that in
contrast to samples taken from functionally normal bladders which appeared
electrically inert, a purinergically mediated extracellular electrical signal could be
recorded coupled to nerve-evoked atropine-resistant tension generation by suction

electrodes from samples of idiopathically overactive bladders.
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5.2 Limitations of study.
Experimental numbers.

Although providing strong evidence in support of the hypothesis that detrusor
samples from overactive bladders can generate purinergic extracellular electrical
activity the experimental data is limited in numbers due to the scarcity of tissue samples
and the heterogeneity of atropine-resistant activity in affected detrusor. Furthermore,
these studies are not sufficient to allow implications regarding the existence of

purinergic electrical activity in overactive detrusor taken from obstructed bladders.

The possibility of electromechanical artefact.

Purinergically mediated contractions in detrusor strips differ mechanically from
those generated by cholinergic mechanisms; purinoceptor activation initiating a rapid
nise in tension, while muscarinic mechanisms produce a slower more tonic rise. It could
be argued that this diffrence could lead to an artefactual electromechanical signal that
was not controlled for by experiments in this thesis, the faster twitch of purinergically
mediated contractions perhaps generating tissue movements around the electrode within
the suction field that were not generated during cholinergic activation.

However, it is unlikely that the environment within the lumen of the suction
electrode would allow any tissue movement at all due to the suction field. Furthermore,
a mechanical signal would be expected to be mono-phasic and related to the time-
course of the duration of the contraction in contrast to the suction electrode signal,
which was bi-phasic, and always recorded preceding any change tension changes. The
field-stimulated preparation used for human detrusor recordings would be expected to
reflect the correct temporal relationship between evoked electrical and mechanical
activity, and to have recorded the two signals simultaneously if the electrical signal was

mechanical artefact. The experiments using repetitive stimulation in the guinea-pig
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whole bladder demonstrated no morphological change in the signal with increasing
tension generation, and it is highly unlikely that the signal would not be attenuated at

all with atropine if it originated from a mechanical event.

Limitations of experimental method.

An additional limitation to this thesis is the physiological relevance of the
stimulation parameters used. The contribution of purinergic and cholinergic contractile
components to the total are subject to a considerable degree of plasticity [Calvert et al.
2002] and vary with the intensity of evoking stimulus [Brading and Williams 1990,
Sibley 1984, Brading and Mostwin 1989]. Experiments in this thesis confirmed that in
the guinea-pig ATP is more readily released and contributes maximally at low
stimulation intensities, whereas the cholinergic contribution develops with increasing
stimulation. If this phenomenon also occurs in human detrusor, the purinergic electrical
and mechanical signals evoked in the large strips used for suction electrode recordings
could be an experimental artefact and not physiologically relevant.

However, previously constructed force frequency curves showing atropine
resistant contractions as a percentage of the total nerve-mediated component showed no
variation with increasing stimulus frequencies [Bayliss et al. 1999], and although some
variability was present, control experiments in this thesis comparing the atropine
resistant contractions evoked by nerve-stimulation at supra-maximal and experimental
intensities demonstrated no difference between the two (see table 4.2). Furthermore,
although it may be argued that atropine-resistant activity may have been overestimated,
any error caused by experimental stimulation intensities is likely to be quantitative
rather than qualitative, as the electrical signal and atropine-resistant contractions were
recorded only from overactive bladders. The implications of this thesis are therefore

likely to be relavant at physiological stimulus intensities.
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5.3 Implications and applications of thesis.
5.3.1 Previous attempts at detrusor electromyography.
Human detrusor.

Despite the availability of sucrose-gap technology, no extracellular electrical
recordings from human detrusor have previously been reported. The experiments
described here are in accordance with microelectrode recordings from isolated detrusor
myocytes and show that a purinergic electrical signal can be recorded from isolated
human detrusor smooth muscle only in association with purinoceptor-mediated tension
generation. Failure to record an electrical signal dunng completely atropine-sensitive
contractions and the insensitivity of the signal to atropine suggests that contraction of
healthy human detrusor does not generate an electromyogram. The absence of
previously reported extracellular electrical recordings from human detrusor may
therefore reflect the absence of such activity in most detrusor samples, which are most

readily acquired from cancerous but functionally normal bladders.

Animal detrusor.

In contrast, many attempts have been made to record both evoked and
spontaneous electromyographic activity from both excised and in situ animal bladders,
the majority of which express varying degrees of purinergic transmission and would as
a result be expected to generate an electrical signal. However, only the signals recorded
by Craggs and Stephenson from anaethesised cats bore any morphological resemblance
to those recorded in the present study. All other electromyographic recordings consisted
mainly of electromechanical artefact, a hurdle overcome in this thesis by the use of

suction electrodes.



5.3.2 The potential utility of suction electrodes in the evaluation of a purinergic
detrusor myopathy.

Current evidence supporting the existence of purinergic neuromuscular
transmission in overactive human detrusor originates solely from quantitative studies of
atropine resistant detrusor contractions and is therefore indirect. Although the results
presented here are tentative, demonstration that an extracellular purinergic electrical
signal can be recorded and is coupled to purinoceptor-mediated tension generation in
samples of overactive but not functionally normal detrusor provides direct
electrophysiological evidence in support of a functional purinergic myopathy in the
overactive bladder.

Mechanisms by which purinergic neurotransmission may become expressed and
generate spontaneous detrusor contractions have been proposed (see section 1.3).
Detrusor structural changes secondary to bladder outflow obstruction or associated with
as yet unknown pathologies in idiopathically overactive detrusor would be likely to
hinder gaseous exchange, perhaps more so in muscle fibres of particular orientation
with reiation to their blood supply. The resulting hypoxia may impair ecto-ATPase
activity reducing ATP breakdown. The additional Ca** mobilised as a result would be
likely to disrupt homeostatic mechanisms leading to spontaneous intracellular Ca®*
transients and ‘unstable’ contractions in affected areas [Fry, 1997]. Detrusor hypoxia
may also affect the function of detrusor motor nerves, and conrtibute to plasticity in the
differential release of neurotransmitters and increasing ATP release.

Suction electrode recordings in vitro from human detrusor strips could be a
useful experimental tool for investigating the pathobiology of purinergic detrusor
activity. Detection of an electrical signal from normal human detrusor after
administration of ecto-ATPase inhibiting agents, and abolition of a signal evoked from

overactive detrusor by ecto-ATPase analogues would support the hypothesis that
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reduced enzyme activity is involved. These studies would be difficult to conduct using
tension generation experiments during pharmacological neuromuscular blockade.
Furthermore, as it is evident that detrusor neurotransmitter release mechanisms are
subject to plasticity, it would be interesting to test the hypothesis that a purinergic
electrical signal can be evoked from functionally normal human detrusor by varying the
parameters of nerve stimulation.

The propensity to generate purinergically-mediated activity appears to be
heterogeneously distributed in samples of overactive bladders (see table 4.1 and Bayliss
et al. 1999], and is therefore likely to be patchily distributed around the bladder. This
suggests that the patchy morphological changes seen in overactive bladders and the
propensity to generate purinergic activity may be causally related and predispose to
clinically important contractions localised to affected areas of the bladder wall.
Although no spontaneous activity was recorded from human detrusor in this study, it
would be interesting to determine whether spontaneous electrical signals could be
recorded using refined recording apparatus and whether they are generated more
frequently in structurally altered atropine-resistant samples from overactive bladders.
Furthermore, ultrastructural analysis of detrusor samples from which a purinergic
electrical signal had previously been recorded would provide morphological evidence
of a structural purinergic myopathy.

Evidence is accumulating to suggest that the symptoms of urinary urgency,
frequency and urge incontinence may result from activation of stretch receptors during
contractions of small localised areas of bladder wall with more generalised or higher
amplitude contractions causing incontinence [Coolsaet and Blaivas 1985, Coolsaet et
al. 1993, Drake et al. 2005]. If the patchy expression of a purinergic myopathy in
overactive detrusor is associated with an increased propensity to generate spontaneous

action potentials in situ. bladder electromyography using a catheter-mounted electrode
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attached to relavent areas of bladder wall in conjunction with cystometric techniques,
could be a valuable tool with which to investigate the relationship between OAB
symptoms, bladder activity and purinergic mechanisms.

Pressure flow cystometry is currently the only clinical tool available for
identification and evaluation of the overactive bladder. This detects only the presence
of gross intravesical pressure rises and gives no information regarding their aetiology.
Involuntary contractions of detrusor generated by disruption of the bladders central
nervous regulation produce the same cystometric data as those resulting from presumed
detrusor myopathies. An alternative potential method for characterising diseased
detrusor 1s by biopsy [Elbadaw et al. 1997, Haillemariam et al. 1997]. This is invasive
and has not been adequately validated for this purpose. If pathological purinergic
neurotransmission is expressed in situ only in 1diopathicaly and obstructed but not
neurogenic overactive bladders as implied by Bayliss et al., detrusor electromyography
could enable clinical differentiation of myopathy from central neuropathy as a cause of

bladder overactivity.

A targeted drug model.

Current drug treatments for overactive bladder are based on muscarinic receptor
blockade. These have poor efficacy, and have a wide range of systemic side effects that
limit patient compliance and are particularly troublesome in the elderly. By recording
signals that directly reflect purinergic neurotransmitter activity, without the need for
concomitant neuromuscular blocking agents, suction electrode recordings in vitro from
overactive detrusor samples could be wuseful in the development of novel
pharmacological agents directed against purinergic mechanisms. Furthermore, in situ
detrusor electromyography could be used during drug evaluation studies, and for

monitoring disease response to drug treatment.
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5.4 Future study.

It is not known whether extracellular electrical recordings from human detrusor
have been attempted using established recording techniques, none have been reported.
It 1s hoped that the work presented in this thesis will provoke new attempts to record
purinergic electrical activity from overactive human detrusor using established
extracellular recording techniques. Although not suitable for development as a clinical
tool, successful sucrose gap recordings of purinergic activity would corroborate the
results presented here, and may be more sensitive for detecting purinergic electrical
activity in vitro. Furthermore, suction electrode recordings from overactive bladder
samples should be repeated, and the technique refined to improve the quality and
consistency of the recordings, and to determine whether a purinergic electrical signal
can reliably be recorded from overactive obstructed human bladder samples.

Future work should incorporate development of the suction electrode for
chinical use. This will entail replacement of the electrode coating with a more stable
reversible coating, and re-construction of the electrode structure using biocompatible
materials. The effect of suction on the bladder mucosa will require investigation, and
suction electrode electropmyography may require co-apphication of local anaesthetic
agents with unknown effects on the signal. The principal difficulty however, will arise
from the likely differences in the intensity of the physiological nerve stimulus, which is
likely to be much lower than that used in these experiments and likely to generate a
smaller electrical signal. Furthermore, the signal will be more difficult to detect as
exclusion of electrically inert material from under the suction electrode will not be
possible, and human urothelium is thicker and more robust than that of the guinea-pig,
and likely to provide a greater barrier to extracellular detrusor recordings. Despite these

potential difficulties, this thesis provides electrophysiological evidence for the
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existence of a purinergic myopathy in overactive human bladder, and proof in principal

of a technique with which to detect and evaluate 1t clinically by electromyography.
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APPENDICES.

APPENDIX 1.

Manufacture of Kohlrausch solution (Millar, 1992)

. Dissolve 1.0g hydrogen hexachloroplatinate (chloroplatinic acid (H,PtCls.6H,0)
in 50ml distilled water.

. Mix 1.125ml concentrated hydrochlonc acid with 200ml distilled water. Take
100ml of this HCL solution and add 0.625g lead acetate. Take 10ml of this and
remix with another 90ml of the hydrochloric acid solution; this gives a mixture of
lead acetate and lead chloride.

To make stock Kohlrausch solution add 2 parts of this lead acetate-lead chloride
solution to 3 parts of the chloroplatinic acid solution (step 1).

. The plating solution is 1 part Kohlrausch solution with 1 part 0.17% aqueous

gelatine solution.
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APPENDIX 2.

Tyrode’s solution.

Constituent Concentration

(mM)
NacCl 118
NaHCO; 24
KCL 4
MgCl,.6H20 1
NaH,PO4.HO 0.4
CaCl,.6H,0 1.8
Glucose 6.1
Sodium 5
pyruvate

172



REFERENCES

Abrams P, Cardozo L, Fall M, Gniffiths D, Rosier P, Ulmsten U, Van Kerrebroeck,
Victor A, Wein A. The standardisation of terminology in lower urinary tract function:

report from the standardisation sub-committee of the International Continence Society.
urourol Urodyn 2002; 21: 167-178.

Ambrach N, Zar MA. Non-cholinergic transmission by post ganglionic motor neurones
in the mammalian bladder. J Physiol. 1970; 210: 761-783.

Ballaro A. Comment on ‘Recording the evoked canine detrusor electromyogram’.
Neurourol Urodyn. 2000; 19: 713.

Bayliss M, Wu C, Newgreen D, Fry CH. A quantitative study of atropine-resistant
contractions in human detrusor smooth muscle, from stable, unstable and obstructed
bladders. J Urol. 1999; 162: 1833-1839.

Bo X, Bumnstock G. The effects of BayK8644 and nifedipine on the responses of rat

urinary bladder to electrical field stimulation, 3,y-methylene ATP and acetylcholine. Br
J Pharmacol. 1990; 101: 494-498.

Bolegro C, Pinna C, Abbrachio MP, Cattabeni F, Puglisi L. The biphasic response of
rat vesical smooth muscle to ATP. Br J Pharmacol. 1995; 114: 1557-1562.

Bosch JLHR. The overactive bladder: current aetiological concepts. BJUInz. 1999; 83:
7-9.

Boyce WH. Bladder electromyography: a new approach to the diagnosis of bladder
dysfunction. J Urol. 1952; 67: 650.

Boyce WH, Corey EL, Vest SA, French CR. The correlation of electromyographic
recordings with neurogenic dysfunction. J Urol . 1953; 70: 605-7.

Brading A. Physiology of bladder smooth muscle. In Physiology of the lower urinary
tract. M. Torrens, JFB Mornison (eds.), pp161-191. London: Springer-Verlag; 1987.

Brading AF. A myogenic basis for the overactive bladder. Urology 1997; 50 (6A): 57-
67.

Brading AF, Williams JH. Contractile responses of smooth muscle strips from rat and
guinea-pig urinary bladder to transmural stimulation: effects of atropine and o, B-

methylene ATP. Br J Pharmacol. 1990; 99: 493-498.

Brading AF, Mostwin JK. Electrical and mechanical responses of guinea-pig bladder
muscle to nerve stimulation. Br J Pharmacol. 1989; 98: 1083-1090.

Bradshaw HD, Radley SC, Rosario DJ, Chapple CR. Towards a better understanding of
involuntary detrusor activity. BJUInt. 2005; 95: 799-803.

Bramich NJ, Brading AF. Electrical properties of smooth muscle in the guinea-pig
urinary bladder. J Physiol. 1996; 492.1: 185-198.

173



Brock JA, Cunnane TC. Relationship between the nerve action potential and transmitter
release from sympathetic postganglionic nerve terminals. Nature 1987; 326: 605-607.

Brunsting CD. An interpretation of the urinary bladder ‘electrocystogram’ as artefact. J
Urol. 1958; 79: 165.

Buckner SA, Milicic T, Daza AV, Coghlan MJ, Gopalakrishnan M. Spontaneous hasic
activity of the pig urinary bladder smooth muscle: characteristics and sensitivity to
potassium channel modulators. Br J Pharmacol. 2002; 135:639-48.

Bumstock G, Dumsday B, Smyth A. Atropine resistant excitation of the urinary
bladder: the possibility of transmission via nerves releasing a purine nucleotide. Br J
Pharmacol. 1972; 44: 451-461.

Burnstock G, Cocks T, Crowe R, Kasakov L. Purinergic innervation of the guinea-pig
urinary bladder. Br J Pharmacol. 1978; 63: 125-138.

Calvert RC, Thompson CS, Khan MA, Mikhalidis DP, Morgan RJ, Bumstock G.
Alterations in cholinergic and purinergic signalling in a model of the obstructed
bladder. J Urol. 2001; 166: 1530-1533.

Chancellor MB, Kaplan SA, Blaivas JG. The cholinergic and purinergic components of
detrusor contractility in a whole rabbit bladder model. J Urol. 1992; 148: 906-909.

Charlton RG, Morley AR, Chambers P, Gillespie JI. Focal changes in nerve, muscle
and connecttve tissue in normal and unstable human bladders. Br J Urol. 1999; 84: 953-
960.

Colangelo AM, Pani L, Moccheti 1. Correlation between increased AP-1NGF binding
activity and induction of nerve growth factor transcription by multiple signal
transduction pathways in C6-2B glioma cells. Brain Res Mol Brain Res. 1996; 35:1-10.

Coolsaet BLRA, Van Duyl WA, Van Os-Bossagh P, De Bakker HV. New concepts in
relation to urge and detrusor activity. Neurourol Urodyn. 1993; 12: 463-471.

Coolsaet BLRA, Blaivas JG. No detrusor is stable. Neurourol Urodynam 1985; 4: 259-
261.

Cooper R, Binnie CD. Techniques. In: Clinical Neurophysiology. C.D Binnie, R.
Cooper, C.J Fowler et al., (eds.) Cambridge: Butterman Winkworth, ch 1.2, p18, 1995.

Corey EL, Boyce WH, Vest SA, French CRJ. Electro-potential changes in human
urinary bladder: a method of measurement. J Appl Physiol. 1951; 3: 631-6.

Craggs MD, Stephenson J.D. The real bladder electromyogram. Br J Urol. 1976, 48:
443-51.

Craggs MD, Stephenson JD. The effect of parasympathetic blocking agents on bladder
electromyograms and function in conscious and anaesthetised cats. Neuropharmacology
1982; 21: 695.

174



Craggs MD, Stephenson D. Bladder electromyograms and function in monkeys after
atropine. Br J Urol. 1985; 57: 341.

Craggs MD. Editonial comment on smooth muscle electromyography of the urinary
bladder: The elusive electromyogram: Fact vs. artefact. Neurourol Urodyn. 1998; 17:
80.

Craggs MD, Rushton DN, Stephenson JD. A putative non-cholinergic mechanism in
urinary bladders of New but not Old World primates. J Urol. 1986; 136: 1348-50.

Creed KE, Ishikawa S, Ito Y. Electrical and mechanical activity recorded from rabbit
urinary bladder in response to nerve stimulation. J Physiol. 1983; 338: 149-164.

Cunnane TC, Manchanda R. Simultaneous intracellular and focal extracellular
recordings of junction potentials and currents, and the time course of quantal
transmitter action in rodent vas deferencs. Neuroscience 1989; 30: 563-575.

Digesu GA, Khullar V, Cardozo L, Salvatore S. Overactive bladder symptoms: do we
need urodynamics? Neurourol Urodyn 2003; 22: 105-108.

Drake MJ, Harvey 1J, Gillespie JI, Van Duyl WA. Localised contractions in the normal
human bladder and in urinary urgency. BJU Int. 2005; 95: 1002-1005.

Doyle PT, Hill DW, Stanton SL. Electromyography of the detrusor muscle. J Urol.
1975; 114: 208-212.

Elbadawi A. Pathology and pathophysiolgy of detrusor incontinence. Urol Clin N Am.
1995; 22: 499-512.

Elbadaw1 A, Hailemariam S, Yalla SV, Resnick NM. Structural basis of geratric
voiding dysfunction. VI. Validation and update of diagnostic criteria in 71 detrusor
biopsies. J Urol. 1997; 157: 1802-1813.

Filo RS, Bohr DF, Ruegg JC. Glycerinated skeletal and smooth muscles: calcium and
magnesium dependence. Science 1965; 147: 1581.

Franksson C, Petersen 1. Electromyographic recording from the normal human urinary
bladder, internal urethral sphincter and ureter. Acta Physiol. Scand. 1953, 29: 150.

Fry CH. Cellular physiology of detrusor smooth muscle and the development of bladder
instability: possible mechanisms. Urology 1997; S0 (6A), 70-71.

Fry CH, Wu C. The cellular basis of bladder instability. Br J Urol. 1998; 81: 1-8. 1998.

Fujii K. Evidence for adenosine triphosphate as an excitatory transmitter in guinea-pig,
rabbit and pig urinary bladder. J Physiol. 1988; 404: 39-52.

Gallegos CRR, Fry CH. Alterations to the electrophysiology of 1solated human detrusor
smooth muscle cells in bladder disease. J Urol. 1994; 151: 754-9.



Ganitkevich VY, Isenburg G. Contribution of Ca* “induced Ca*" release to the [Ca™];
transients in myocytes from guinea-pig urinary bladder. J Physiol. 1992; 458: 119-137.

German K, Bedwani J, Davies J, Brading AF, Stephenson TP. Physiological and
morphometric studies into the pathophysiology of detrusor hyperreflexia in neuropathic
patients. J Urol. 1995; 153: 1678-1683.

Gosling JA, Gilpin SA, Dixon JS, Gilpin CJ. Decrease in the autonomic innervation of
human detrusor muscle in outflow obstruction. J Urol. 1986; 136: 501-504.

Hailemaniam S, Elbadaw1 A, Yalla S.V, Resnick N.M. Structural basis of geriatric
voiding dysfunction. V. Standardised protocols for routine ultrastructural study and
dignosis of endoscopic detrusor biopsies. J Urol. 1997; 157: 1783-1801.

Harvey RA, Skennerton DE, Newgreen D, Fry CH. The contractile potency of
adenosine triphosphate and ecto-adenosine triphosphatase activity in guinea pig
detrusor and detrusor from patients with a stable, unstable or obstructed bladder. J Urol.
2002;168:1235-9.

Harnison SC, Ferguson DR, Doyle PT. Effect of bladder outflow obstruction on the
innervation of the rabbit urinary bladder. Br J Urol. 1990; 66: 372- 379.

Harrison SC, Hunnam GR, Farman P, Ferguson DR, Doyle PT. Bladder instability and
denervation in patients with bladder outflow obstruction. Br J Urol. 1997; 60: 519-522.

Hashitami H, Suzuki H. Electrical and mechanical responses produced by nerve
stimulation in detrusor smooth muscle of the guinea-pig. Eur J Pharmacol. 1995; 284:
177-183.

Hashitani H, Bramich N.J, Hirst GDS. Mechamsms of excitatory neuromuscular
transmission in the guinea-pig urinary bladder. J Physiol. 2000; 524.2: 565-579.

Herbison P, Hay-Smith J, Ellis G, Moore K. Effectiveness of anticholinergic drugs
compared with placebo in the treatment of Overactive bladder: Systematic review. Br
Med J 2003; 326: 841-4.

Herrer GM, Heppner TJ, Nelson MT. Regulation of urinary bladder smooth muscle
contractions by ryanodine receptors and BK and SK channels. Am J Physiol. 2000;
279: R60-68.

Hindmarsh JR, Idowu OA, Yeates WK, Zar MA. Pharmacology of electrically evoked
contractions of human bladder. (Proceedings) Br J Pharmacol. 1977, 61:115P.

Hoyle CHV, Chapple C, Burnstock G. Isolated human bladder: evidence for an adenine
dinucleotide acting on P.x- purinoceptors and for purinergic transmission. Eur J

Pharmacol. 1989; 174: 115-118.

Hoyes AD, Barber P, Martin BG. Comparative ultrastructure of the nerves innervating
the muscle of the body of the bladder. Cell Tissue Res. 1975; 164: 133-144.

176



Hoyle CHV, Bumnstock G. Atropine resistant excitatory junction potentials in rabbit
bladder are blocked by a, B-methylene ATP. Eur J Pharmacol. 1985; 114: 239-240.

Husted S, Sjorgren C, Andersson KE. Direct effects of adenosine and adenine
nucleotides on isolated human urinary bladder and their influence on electrically
induced contractions. J Urol. 1983; 130: 392-8.

Iacovou JW, Hill SJ, Birmingham AT. Agonist-induced contraction and accumulation
of inositol phosphates in the guinea-pig detrusor: evidence that muscarinic and
purinegic receptors raise intracellular calcium by different mechanisms. J Urol. 1990;
144: 775-779.

Inoue RI, Brading AF. Human, pig and guinea-pig bladder smooth muscle cells
generate similar inward currents in response to purinoceptor activation. Br J Pharmacol.
1991: 103: 1840-1841.

Jones WG, LaJoie WL, Cosgrove MD. Electromyography in pathologic bladder.
Urology 1974; 4: 186-9.

Kato K, Lin AT, Haugaard N, Longhurst PA, Wein AJ, Levin RM. Effects of outlet
obstruction on glucose metabolism of the rabbit urinary bladder. J Urol. 1990; 143:
844-847.

Kasakov L, Bumnstock G. The use of the slowly degradable analogue, alpha-beta-
methylene ATP, to produce desensitisation of the P2-purinoceptor: effect on non-
cholinergic, non-purinergic responses of the guinea-pig urinary bladder. Eur J
Pharmacol. 1991; 86: 291-4.

Kinder RB, Mundy AR. Atropine blockade of nerve-mediated stimulation of the human
detrusor. Br J Urol. 1985; 57: 418-421.

Kinder MV, Gomme ED, van Waalwijk van Doom ESC, Janknegt RA. Multi-electrode
recordings of a clean detrusor electromyogram. Neururol Urodyn. 1996; 15: 287-8.

Kinder RB, Mundy AR. Pathophysiology of idiopathic detrusor instability and detrusor
hyper-reflexia. An in vitro study of human detrusor smooth muscle. Br J Urol. 1987,
60: 509-515.

Krell RD, McCoy JL, Ridley PT. Pharmacological charactenisation of the excitatory
innervation to the guinea-pig urinary bladder in vitro: evidence for both cholinergic and
non-adrenergic, non-cholinergic neurotransmission. Br J Pharmacol. 1981; 74: 15-22.

Lab MJ, Woolard KV. Monophasic action potentials, electrocardiograms and

mechanical performance in normal and ischaemic epicardial segments of the pig
ventricle in situ. Cardiovasc Res. 1978;12(9):555-65.

Langley KN, Anderson HK. The innervation of the pelvic and ajoining viscera. Part IL
The bladder. J Physiol. 1895; 19: 71-84.

177



Levin RM, Ruggient MR, Velagapudi S, Gordon D, Altman B, Wein AJ. Relevance of

spontaneous activity to urinary bladder function: an in vitro and in vivo study. J Urol.
1986;136: 517-21.

Levin RM, Ruggieri MR, Wein AJ. Functional effects of the purinergic innervation of
the rabbit urinary bladder. J Pharmacol Exp Ther. 1986; 236: 452-457.

Maggi CA, Meli A, Santicioli P. Neuroeffector mechanisms in the voiding cycle of the
guinea-pig urinary bladder. J Autonom Pharmacol. 1987; 7: 295-308.

McKenzie I, Burnstock G, Dolly JO. The effects of purified botulinum neurotoxin type
A on cholinergic, adrenergic and non-adrenergic, atropine resistant autonomic
neuromuscular transmission. Neuroscience 1982; 7: 997-1006.

Millar J. Extracellular single and multiple recording with microelectrodes. In:
Monitoring neuronal activity, JA Stamford (ed.) pp 1-27: Oxford, OUP, 1992.

Mills IW, Greenland JE, McMurray G, McCoy R, Ho KMT, Noble JG, Brading AF.
Studies of the pathophysiology of idiopathic detrusor instability: The physiological
properties of the detrusor smooth muscle and its pattern of innervation. J Urol. 2000;
163, 646-651.

Montgomery BSI, Fry CH. The action potential and net membrane currents in isolated
human detrusor smooth muscle cells. J Urol. 1992; 147: 176-184.

Mostwin JL. The action potential of guinea pig bladder smooth muscle. J Urol. 1986;
135: 1299-1303.

Nakayama S. Effects of excitatory neurotransmitters on Ca>* channel current in smooth
muscle cells isolated from guinea-pig urinary bladder. Br J Pharmacol. 1993; 110: 317-
325.

Nanninga JB, Kaplan R. Expenience with measurement of bladder electrical activity. J
Urol. 1978, 120: 82-85.

Neal DE. Ambulatory urodynamics. In: Urodynamics principles, practice and
application. A. R Mundy, T. P Stephenson, A. J. Wein Eds. pp 133-144. Churchill
Livingstone, New York, 1994.

Nielsen KK. Blood flow rate and total blood flow related to length density and total
length of blood vessels in mini-pig urinary bladder after chronic outflow obstruction
and after recovery from obstruction. Neurourol Neurodyn. 1995; 14: 177-186.

Oike M, Creed KE, Onoue H, Tanaka H, Ito Y. Increase in calcium in smooth muscle
cells of the rabbit urinary bladder induced by acetylcholine and ATP. J Autonom Nerv
Syst. 1998; 69: 141-147.

O’Reilly BA, Kosaka AH, Knight GF, Ghang TK, Ford AP, Rymer JM, Popert R,

Bumnstock G, McMahon SB. P2X receptors and their role in female 1diopathic detrusor
instability.J Urol. 2002; 167:157-64.

178



Pacaud P, Bolton TB. Relationship between muscarinic receptor cationic current and
internal calcium in guinea-pig jejunal smooth muscle cells. J Physiol. 1991; 441: 477-
499.

Palea S, Artibami W, Ostardo E, Trist DG, Pietra C. Evidence for purinergic

neurotransmission in human urinary bladder affected by interstitial cystitis. J Urol.
1993; 150: 2007-2012.

Palfrey EL, Fry CH, Shuttleworth KE. A new in vitro microsuperfusion technique for
investigation of human detrusor muscle. Br J Urol. 1984; 5: 635-40.

Scheepe JR, Wipfler G, Schumacher S, Bross S, Zendler S, Junemann KP, Alken P.
Smooth Muscle Electromyography of the Unnary Bladder. Neurourol Urodyn. 1998;
17: 71-83.

Scheepe JR, Bross S, Schumacher S, Braun P, Weiss J, Alken P, Junemann KP.
Recording the evoked canine detrusor electromyogram. Neurourol Urodyn. 1999; 18:
687.

Shafik A. Role of the trigone in micturition. J Endourol. 1998; 12:273-7.

Shafik A. Electro-ureterogram: canine study of the electromechanical activity of the
ureter. J Invest Surg. 1997; 10: 275-9.

Shafik A. Electrovasogram in patients with obstructive azoospermia and absent vas
deferens. World J Urol. 1996; 14:393-6.

Shafik A .Electrorenogram in renal pathologic conditions. Am J Nephrol. 1997;
17:518-23.

Shafik A. Electrocholecystogram: a study of the electromechanical activity of the gall
bladder in a canine model. Exp Physiol. 1998; 83:387-95.

Shafik A. Electroorchidogram. A preliminary study of the electric activity of the
testicles in dogs. Andrologia 1998; 30:109-13.

Sherer TB, Clemow DB, Tuttle JB. Calcium homeostasis and nerve growth factor
secretion from vascular and bladder smooth muscle cells. Cell Tissue Res. 2000; 299:
201-211.

Sibley GNA. The pathophysiological response of the detrusor muscle to experimental
bladder outflow obstruction in the pig. Br J Urol. 1987; 60: 332-336.

Sibley GNA. A comparison of spontaneous and nerve-mediated activity in bladder
muscle from man, pig and rabbit. J Physiol. 1984; 354: 341-443.

Sjorgen C, Anderson KE, Husted S, Mattiason A, Moller-Madsen B. Atropine

resistance of transmurally stimulated isolated human bladder muscle. J Urol.
1982;128:1368-71.

179



Slater GS. Electrocystography: A study of bladder contractions measured by
differences of electropotential. J Urol. 1953; 69: 626.

Speakman MJ, Brading AF, Gilpin CJ, Dixon JS, Gilpin SA, Gosling JA. Bladder
outflow obstruction- evidence of denervation supersensitivity. J Urol. 1987; 138: 1461-
1466.

Speakman MJ, Walmsley D, Brading AF. An in vitro pharmacological study of the
human trigone- a site of non-adrenergic, non-cholinergic neurotransmission. Br J Urol.
1988; 61: 304-9.

Stanton SL, Hill DW, Willhams JP. Electromyography of the detrusor muscle. Br J
Urol. 1973; 45: 289-98.

Steers WD, de Groat WC. Effect of bladder outlet obstruction on micturition reflex
pathways in the rat. J Urol. 1988; 140: 864-71.

Steers WD, Kolbeck S, Creedon D, Tuttle JB. Nerve growth factor in the urinary
bladder of the adult regulates neuronal form and function. J Clin Invest. 1991; 88:
1709-15.

Steers WD, Douglas JC, Tuttle JB. Immunity to nerve growth factor prevents afferent
plasticity following urinary bladder hypertrophy. J Urol. 1996; 155: 379-38S5.

Steers WD, Albo M, Tuttle JB. Calcium channel antagonists prevent urinary bladder
growth and neuroplasticity following mechanical stress. Am J Physiol. 1994;266:R20-
6.

Steers WD, Ciambotti J, Erdman S, de Groat WC. Morphological plasticity in efferent

pathways to the urinary bladder following obstruction in the rat. J Neurosci. 1990; 10:
1943-51.

Sut GP, Wu C, Fry CH. Inward Ca®' Currents in cultured and freshly isolated detrusor
muscle cells- evidence of a T-type Ca*"current. J Urol. 2001; 165: 627-631.

Su1 GP, Coppen SR, Dupont E, Rothery S, Gillespie J, Newgreen D, Severs NJ, Fry
CH. Impedence measurements and connexin expression in human detrusor muscle from
stable and unstable bladders. BJU Int. 2003; 92: 297-305.

Taghani M, Candura SM, Di Nucci A, Franceschetti GP, Agostino GD, Ricotti P, Fiori
E, Tonini M. A re-appraisal of the nature of the atropine-resistant contraction to
electrical field stimulation in the human isolated detrusor muscle. Naunyn-
Schmiedeberg’s Arch Phamacol. 1997; 356: 750-755.

Takaiwa M, Shiraiwa Y. A new technique of vesical electromyogram with
cystometrogram and urethral electromyogram. Urol. Int. 1984; 39: 217-221.

Takaiwa M, Shiraiwa Y, Katahira K, Tsukahara S. A new unnary bladder
electromyogram technique. Urol. Int. 1983; 38: 1-4.

180



Thowas TM, Plymat KR, Blannin JM, Meade TW. Prevalence of urinary incontinence
in the community- analysis of a MORI poll. Br Med J 1993; 306: 832-4.

Tuana BS, Dhalla NS. Purification and characterisation of a Ca**/Mg”" ecto-ATPase
from rat heart sarcolemma. Mol Cell Biochem. 1988; 81: 75-88.

Tuttle JB, Mackey T, Steers WD. NGF, bFGF and CNTF increase survival of major
pelvic ganglion neurons cultured from the adult rat. Neurosci. Lett. 1994; 173: 94-8.
1994.

Tuttle JB, Steers WD, Albo MA, Nataluk E. Neural input regulates tissue NGF and
growth of adult rat urinary bladder. J Auton Nerv Sys.1994; 49: 147-58.

Ursillo RC. Electrical activity of the isolated nerve-urinary bladder strip preparation of
the rabbit. Am J Phys 1961; 201: 408-12.

Uvelius B, Amer A. Changed metabolism of detrusor smooth muscle cells from
obstructed rat urinary bladder. Scan J Urol Neph 1997; 184: 59-66.

Van Doorn ESC, Remmers A, Janknegt RA Extramural ambulatory urodynamic testing
of the lower urinary tract in volunteers. Neurourol Urodyn 1991; 9: 380-381.

Van Duyl WA. Spontaneous contractions in urinary bladder smooth muscle:
Preliminary results. Neurourol Urodyn 1985; 4: 301-308.

Vest SA, Corey EL. Electromyography of the urinary bladder. J Urol. 1954; 72: 361.

Vigmond EJ, Leon LJ. Electrophysiological basis of mono-phasic action potential
recordings. Med Biol Engineering Comp 1999; 37: 359-365.

Wendt IR. Effects of substrate and hypoxia on smooth muscle metabolism and
contraction. Am J Physiol. 1989; 256: C719-727.

Wu C, Sui G, Fry C.H. Spontaneous action potential and intracellular Ca®' transients in
human detrusor smooth muscle cells isolated from stable and unstable bladders. Br J
Urol. 1997; 80: 164.

Wu C, Sui G, Fry CH. The role of the L-type Ca®' channel in refilling functional
intracellular Ca®" stores in guinea-pig detrusor smooth muscle. J Physiol. 2002;
538.2:357-69.

Wu C, Bayliss M, Newgreen D, Mundy AR, Fry CH. A comparison of the mode of
action of ATP and carbachol on isolated human detrusor smooth muscle.J Urol. 1999,
162: 1840-7.

Wu C, Fry CH. The effects of extracellular and intracellular pH on intracellular Ca®"
regulation in guinea-pig detrusor smooth muscle. J Physiol. 1998; 508.1:131-43.

Yokota T, Yamaguchi O. Changes in cholinergic and purinergic neurotransmission in
pathologic bladder of chronic spinal rabbit. J Urol. 1996; 156: 1862-1866.

181



PUBLICATIONS PRESENTATIONS AND AWARDS FROM THIS WORK.

PUBLICATIONS.

Ballaro A. Comment on ‘Recording the evoked canine detrusor
electromyogram’(Letter). Neurourol Urodynam 19, 713, 2000.

Ballaro A. Mundy AR, Fry CH, Craggs MD. A new approach to recording
electromyographic activity from detrusor smooth muscle (original article). J Urol
166: 1957-61, 2001.

Ballaro A, Mundy AR, Fry CH, Craggs MD. Bladder electrical activity: The elusive
electromyogram (review). BJUInt. 92, 78-84, 2003.

Ballaro A, Mundy AR, Fry CH, Craggs MD. Electromyographic detection of
purinergic activity in guinea-pig detrusor smooth muscle (original article). J Urol
169, 377-381, 2003.

PUBLISHED ABSTRACTS.

Ballaro A, Mundy AR, Fry CH, Craggs MD. Characterisation of the detrusor
compound action potential in 1solated guinea-pig bladder. J Physiol. (2001) 531P,
198P.

Ballaro A, Mundy AR, Fry CH, Craggs MD. The origins of the extracellular electrical
signal recorded from guinea-pig detrusor smooth muscle strips in response to nerve-
mediated stimulation. J Physiol (2002) 539P, 84P.

Ballaro A, Mundy AR, Fry CH, Craggs MD. Electromyography of detrusor smooth
muscle in a guinea-pig bladder preparation. Eur Urol (2002) 1, (1) 83P.

Ballaro A, Mundy AR, Fry CH, Craggs MD. Characterisation of the
electromyographic signal recorded from guinea-pig detrusor smooth muscle using
suction electrodes. Eur Urol (2002) 1, (1) 85P.

Ballaro A, Mundy AR, Fry CH, Craggs MD. Correlation of nerve-evoked
extracellular electrical activity with tension generation in guinea-pig detrusor smooth
muscle strips. BJU Int. (2002) 90 (supp. 1) P4.

Ballaro A, Mundy AR, Fry CH, Craggs MD. Transmucosal detrusor
electromyography in a whole guinea-pig bladder preparation. Procedings of the
International continence society. In Press.

Ballaro A, Ikeda Y, Shah PJS, Mundy AR, Fry CH, Craggs MD. Electromyographic

detection of pathological purinergic signalling in isolated human bladder. Eur Urol
(2003) 2, 360P.

182



PRESENTATIONS.

Ballaro A, Mundy AR, Fry CH, Craggs MD. Charactenisation of the detrusor
compound action potential in isolated §uinea-pig bladder. The Physiological Society.
Kings College London. December 20™ 2000.

Ballaro A, Mundy AR, Fry CH, Craggs MD. A new technique for recording
simultaneous mechanical and extracellular electrical activity from the whole intact
guinea-pig bladder. Urological Research Society. Royal College of Surgeons of
England, Jan 2001.

Ballaro A, Mundy AR, Fry CH, Craggs MD. The origins of the extracellular electrical
signal recorded from guinea-pig detrusor smooth muscle strips in response to nerve-
meSiated stimulation. The Physiological society, University of York. December

17" 2001.

Ballaro A, Mundy AR, Fry CH, Craggs MD. Validation of suction electrode
recordings for the electromyographic detection of purinergic contractile mechanisms
in a guinea-pig bladder model. Urological Research Society, Royal College of
Surgeons of England, January 4" 2002.

Ballaro A, Mundy AR, Fry CH, Craggs MD. Electromyography of detrusor smooth
muscle in a guinea-pig bladder preparation. E.A.U. Birmingham, February 2002,

Ballaro A, Mundy AR, Fry CH, Craggs MD. Characterisation of the
electromyographic signal recorded from guinea-pig detrusor smooth muscle using
suction electrodes. E.A.U. Birmingham, February 2002.

Ballaro A, Mundy AR, Fry CH, Craggs MD. Correlation of nerve-evoked
extracellular electrical activity with tension generation in guinea-pig detrusor smooth
muscle strips. BAUS, Birmingham, June 2002,

Ballaro A, Mundy AR, Fry CH, Craggs MD. Transmucosal detrusor
electromyography in a whole guinea-pig bladder preparation. International
continence society. 2002.

Ballaro A, Ikeda Y, Mundy AR, Shah PJS, Fry CH, Craggs MD. Electromyographic
detection of pathological purinergic signalling in isolated human bladder. E.A.U.
Madrid 2003.

Ballaro A, Ikeda Y, Mundy AR, Shah PJS, Fry CH, Craggs MD. Electromyographic

detection of purinergic signalling in overactive human bladder. BAUS, Manchester
June 2003.

183



INVITED LECTURE.

The elusive electromyogram in the overactive bladder: A spark of
understanding. Hunterian Lecture given to the British Urological Association at their
annual conference in Harrogate, 2004.

SCHOLARSHIPS, COMPETATIVE GRANTS AND AWARDS.

2000 BUF/Yamanouchi Schelarship for ‘Investigations into a new technique for
recording the real detrusor electromyogram.” £19,000. March 1999.

University College London Hospitals Special Trustees Grant. For ‘Development
of a new technigue for recording extracellular electrical activity from guinea-pig
detrusor strips. £19,000. October 2000.

Reaserch into Aging Fellowship for ‘Characterisation of the human detrusor
compound action potential in health and disease’. £57,000. April 2001.

Royal College of Surgeons of England HUNTARIAN PROFESSOR 2003/2004.

For the essay: The elusive electromyogram in the overactive bladder: A spark of
understanding.

184



