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Abstract

The aim of this project was to establish the contractile, biochemical and 

morphological phenotype of cultured human detrusor smooth muscle cells. 

Bladder biopsies were taken from human subjects following ethical approval and 

informed consent and comparisons were made between freshly isolated cells and 

cultured detrusor myocytes.

Single detrusor myocytes were obtained by removal of urothelium, using sharp 

dissection and subsequent enzyme digestion. Cells were cultured in a D-valine 

substituted minimum essential medium, with 10 % foetal bovine serum. Cultures 

were maintained at 37 °C with 5 % CO2 , grown to confluence and passaged.

Cultured cells stained for a-smooth muscle actin. They were also compared to

fresh cells using NMR spectroscopy. Enzyme digestion did not alter the 

biochemical phenotype of freshly isolated tissue. Cultured cells showed some 

differences in overall biochemical phenotype which may provide a means to 

optimize their contractile function.

Epifluorescence microscopy was used to measure the Câ "" responses of the cells 

to carbachol and ATP and their ability to restitute Câ "" responses. Cultured cells 

maintained their sensitivity, magnitude and restitution of Ca^  ̂ response with 

carbachol, compared to freshly isolated counterparts. However, they were less 

sensitive to ATP than freshly isolated cells, this may represent a change to the



purinergic receptor subtype. Using analogues of mediators involved in the 

production of cAMP from diacylglycerol the effect on intracellular Ca^  ̂ was 

recorded. Analogues of this pathway raised the resting intracellular Ca^  ̂ and 

modulated the Câ "" transient response.

Using a culture force monitor the contractile characteristics of these cells were 

measured. Incorporating these cells into a collagen gel and attaching this to a 

strain gauge a significant force, that could be manipulated by carbachol, was 

generated.

Cultured detrusor myocytes maintained their morphology and response to 

physiological agonists. This would allow their development for use in tissue 

implants and models.
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Chapter One - Introduction.

The aim of the thesis is to compare the cellular physiological and biochemical 

phenotype of cultured smooth muscle cells with that of their freshly isolated 

counterparts. This is placed in the context of cultured detrusor myocytes being 

used as components of bladder implants to provide biomaterials for the surgical 

augmentation or replacement of abnormally functioning bladders. Figure 1.1 gives 

an overview of the introduction and how the experimental aims of the project are 

linked.

1.1 The clinical problem

The normal bladder has a capacity of approximately 500 ml and acts as a 

compliant reservoir to store urine at low pressure and then, under voluntary 

control, to void the stored urine. Detrusor muscle is the smooth muscle that 

makes up the bulk of the bladder wall. Normal voiding is achieved by a voluntarily 

initiated continuous detrusor contraction that leads to complete bladder emptying 

within a normal time span, in the absence of obstruction. For a given detrusor 

contraction the magnitude of the recorded pressure rise will depend on the degree 

of outlet resistance (Abrams, Cardozo, Fall, Griffiths, Rosier, Ulmsten, Van 

Kerrebroeck, Victor & Wein 2002). As with any system in the body this process is 

prone to dysfunction and failure.
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Cell culture

The clinical problem

Physiology of detrusor muscle
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Tissue engineered grafts of the bladder
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examine the biochemical 
phenotype

Medical:
anticholinergic drugs, 
bladder retraining
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the Câ "" movements in 
cultured and fresh cells

Figure 1.1 flow diagram of the introduction sequence.
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Bladder motorneurones

Inferior Colliculus

Pontine micturition 
centre

GABA-ergic neurones

SECOND
SACRAL
SEGMENT

BLADDER

Urethral sphincter 
motorneurones

URETHRAL
SPHINCTER
RELAXATION

Figure 1.2 Schematic diagram of the spinal and supraspinal structures and their 

pathways involved in micturition (Blok & Holstege 1999).

Normal micturition is dependant on coordination between the detrusor smooth 

muscle and the external urethral sphincter (striated muscle). In order for the 

system to function the detrusor muscle must contract whilst the external sphincter
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must simultaneously relax and vice versa. The lower urinary tract takes its nerve 

supply from both autonomic and somatic nervous systems. The parasympathetic 

supply is carried by the pelvic plexus and originates in sacral segments S2-S4, 

cholinergic postganglionic fibres supply both the bladder and the external 

sphincter. The ganglion cells are located in the bladder wall and the motor 

neurone terminates on the detrusor smooth muscle. These cholinergic fibres 

initiate contraction of the bladder and hence voiding with the release of 

acetylcholine, as a neurotransmitter. The sympathetic supply, which innervates the 

bladder base, internal sphincter and proximal urethra, arises in segments T10-L2 

and is distributed by both the hypogastric and pelvic plexus. Somatic motor 

innervation originates in the lateral border of the ventral horn, known as Onufs 

nucleus, at the level of 82-3 and reaches the external sphincter through the 

pudendal nerve -  see figure 1.2 (Blok & Holstege 1999), a few fibres may travel in 

the pelvic nerve. (Tanagho & McAninch 2001, Walsh 2002). Somatic afferents 

travel from the bladder with the pudendal nerve and the visceral afferents with the 

sympathetic and parasympathetic nerves. The majority of control is mediated by 

the sacral micturition centre which activates detrusor contraction, bladder neck 

opening and relaxation of the external sphincter. The pontine micturition centre 

also exhibits control over the reflex and disruption of pathways from the pontine 

micturition centre lead to detrusor-sphincter dyssynergia. As demonstrated by 

micturition dysfunction with cerebral lesions eg. cerebraovascular accident, there 

is also a clear rostral influence (Tanagho & McAninch 2001).
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Urinary incontinence and retention are a cause of significant morbidity in affected 

patients. Urinary retention is extremely painful, in particular, if it is acute and the 

onset of either acute or chronic retention can be very disabling, patients may have 

to wear a long term catheter, be woken at night to void, suffer urinary tract 

infections and incontinence. Urinary incontinence can be highly embarrassing and 

is among the most common health-care problems especially in elderly women 

(Hempel, Wienhold, Ben ken, Eggersman & Thuroff. 1997). In the UK its 

prevalence is reported to be 2% in men and 9% in women, aged 15-64 years old, 

rising to 7% and 12% respectively in the over 65 years age group (Thomas, 

Flymat, Blannin & Mead. I960; Brocklehurst. 1993). To a patient these symptoms 

can be devastating and cause significant reduction in their quality of life -  there is 

an association with emotional problems, reduced social and recreational activity 

and sexual dysfunction (Jackson 1997). The implication of this is that there is a 

marked cost to individuals and society that arises as a result of this set of 

disorders. It is therefore important to consider the treatment options that are 

currently available and attempt to improve them.

The symptoms described above may result because of a loss of neural control as 

is seen in hyperreflexia. Alternatively there may be intrinsic dysfunction of the 

detrusor smooth muscle, this may arise as a sole entity or in the presence of 

bladder outflow obstruction. Dysfunction of the detrusor smooth muscle may lead 

to either:

• uncontrollable contractions causing urgency and possibly incontinence, or
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• poor contractility resulting in incomplete voiding or total urinary retention.

The current definitions relating to urinary voiding dysfunction are as follows 

(Abrams, Cardozo & Fall et al 2002.) :

• Detrusor underactivity - Contractions of reduced strength and/or duration 

resulting in prolonged bladder emptying and/or failure to achieve complete 

bladder emptying within a normal time span

• Overactive bladder syndrome, urge syndrome or urgency-frequency 

syndrome - symptomatically a patient with or without urge incontinence 

(involuntary leakage of urine accompanied by or immediately preceded by 

urgency). Urgency is now defined as the sudden compelling urge to pass 

urine, which is difficult to defer. The syndrome is usually characterised by 

frequency (the complaint by a patient that he/she voids too often by day) 

and nocturia (waking at night one or more times to void).

• Detrusor overactivity - a urodynamic observation characterised by 

involuntary detrusor contractions during the filling phase which may be 

spontaneous or provoked. This can be further classified into phasic detrusor 

overactivity (defined by a characteristic wave-form and may not lead to 

urinary incontinence), terminal detrusor overactivity (single involuntary 

detrusor contractions occurring at cystometric capacity, which cannot be 

suppressed, and results in incontinence usually resulting in bladder 

emptying) and detrusor overactivity incontinence (incontinence due to an 

involuntary detrusor contraction)
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This new set of definitions separates the clinical symptoms from the cystometric 

findings and is the principal difference from the previous definitions. It is thought 

that incidentally discovered unstable or involuntary contractions of the detrusor 

may occur in up to 10% of normal individuals without giving rise to symptoms of 

incontinence (Shah & Leach, 1998). Therefore, when examining patients it is 

important to ensure that any involuntary contractions relate to symptoms and are 

not an incidental finding. Failure to treat problems in the lower tract can lead, not 

only to the aforementioned psychosocial problems but, in addition, a sustained 

increase in intravesical pressure may lead to vesicoureteric reflux and associated, 

irreversible renal damage (Tanagho 1995).

1.2 Current therapeutic options

Patients with urgency and frequency of micturition can attempt regimes that work 

towards bladder training, they are asked to delay micturition for increasing periods 

by inhibiting the desire to void. This requires a high level of patient motivation and 

even with high patient cooperation the long-term success of such regimes is poor 

(Shah & Leach 1998)

1.2.1 Drug therapies

Pharmacologically, M l, M2 and M3 receptor subtypes have been found in the 

human bladder (Kondo, Morita & Tashima, 1995). Whilst numerically the M2 

receptors dominate it is the M3 receptors which initiate contraction and are
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functionally predominant (Harriss, Marsh, Birmingham & Hill 1995). Much of 

current conservative therapy relies on anticholinergic drugs (eg oxybutynin, 

tolterodine) or other drugs with anticholinergic effects (eg tricyclic antidepressant 

such as amitriptyline). These agents exert their effect by blocking the action of the 

parasympathetic motor transmitter, acetylcholine, at muscarinic receptors. These 

have had limited success due to their widespread distribution in other tissues. 

Even some of the newer agents that are designed to be more bladder specific (i.e. 

to the M3 receptor subtype) lead to widespread anticholinergic side-effects that 

may prove intolerable for many patients, eg dry mouth. Selectivity that may be 

found does not appear to be based on identifiable subtypes. The side-effect profile 

of oxybutynin is worse than that of tolterodine; patients who have been prescribed 

long-term oxybutynin were generally unable to persevere with treatment because 

of intolerable adverse events (Abrams, Larsson, Chappie & Wein. 1999). There 

does appear to be a better tolerance and hence compliance with the use of 

tolterodine. Furthermore, preclinical pharmacological data has shown that 

tolterodine has a five-times greater potency than oxybutinin when inhibiting 

carbachol-induced contractions of guinea pig detrusor muscle strips (Nilvebrant, 

Malien & Larsson 1997). The same study suggested selectivity for the urinary 

bladder over the salivary glands in vivo was by virtue of the fact that tolterodine 

has one-eighth of the affinity for M3 receptors in salivary glands compared to 

oxybutinin. The M3 receptor is also present in the salivary glands and intestinal 

smooth muscle and yet tolterodine appears, clinically, to exert a greater effect on 

the bladder (Andersson 1997). In spite of this selectivity and the inferred
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improvement in side-effect profile one study showed that 37% of patients withdrew 

from long-term treatment within 12 months (Messlink 1999). It is probable that 

through both patient preference and outright medical treatment failures there is 

always likely to be a significant group of patients who will require surgical 

intervention to treat their problem.

1.2.2 Surgical treatment

There are a number of surgical options that may be offered. These can be classified 

into those procedures where the urine is diverted from the bladder or those in which 

the bladder is reconstructed or replaced in order to increase capacity.

One of the earliest operations to be used was ureterosigmoidostomy, this comprises 

the direct implantation of a patient’s ureters into their sigmoid colon. Success with 

this procedure relies on the patient’s anal sphincter being able to maintain both 

faecal and urinary continence and is better achieved in younger patients where 

continence rates may be as high as 80%. This is singularly important to patients in 

this group since the smell of the effluent where faecal and urinary streams have 

mixed is foul and leakage leads to major social embarrassment (Woodhouse 1994). 

These patients have an increased risk of cancer of somewhere between 100 and 

7000 times that of a normal population (Stewart 1982.). These studies were 

undertaken in a relatively mixed population. However, a study that examined a 

group of 103 bladder extrophy patients found the risk was approximately 1700 times 

that of the normal population (Strachan & Woodhouse. 1991). It is the mix of faecal 

and urinary streams that has been implicated as an aetiological factor for the higher
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incidence of cancer in ureterosigmoidostomy patients. The precise carcinogenic 

agent is unknown, but N-nitroso compounds, are found at levels approximately 10 

times greater than in normal urine (Woodhouse 1994). Whilst this group of patients 

gives rise to the majority of concern about urinary diversion and an increased risk of 

cancer, there have been instances of carcinoma in other groups of patients with 

urinary diversions. In a review article (Filmer & Spencer 1990) the majority of these 

were found to be adenocarcinomas with some other types appearing (including 

transitional cell carcinoma and sarcoma). These malignancies appear to have a 

similar pathogenesis, this is indicated by the following similarities:

• in all the cases reviewed there was a latent period of between 5 and 24 

years,

• their location (most commonly at the enterovesical junction) and

• their similar histologies (ie adenocarcinoma).

It was also suggested that whilst the incidence of such malignancies is greatest in 

bladder augmentations there was a greater than expected incidence in urinary 

conduits.

The path of the urine may also be diverted directly to a stoma by means of a 

conduit (most commonly made of ileum), where the bladder may (or may not) be 

left in place but is totally excluded from the functional urinary tract. The ureters are 

disconnected from the bladder and anastamosed onto a short segment of ileum 

that has previously been isolated from the rest of the gut, along with its own blood 

supply. This is used to fashion a stoma hence creating a passage for the extrusion 

of urine into a stoma bag attached to the patient’s abdomen. An alternative is the
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continent diversion which works on the basis that the bladder, urethra and its 

sphincters are unusable and hence the surgeon must create a low pressure 

reservoir from intestine, a conduit to the surface and a continence mechanism (this 

may take the form of a narrow tube stretching between bladder and skin). The 

appendix is commonly used as the conduit. Urine will not leak along the tube 

because of intraabdominal pressure forcing its narrow lumen closed but it enables 

the patient to drain the reservoir using clean intermittent self-catheterisation 

(CISC). The patient will self-insert catheters through the stoma to empty the 

bladder. This is repeated throughout the day and the number of catheterisations is 

titrated according to the patient’s individual needs. Various surgical techniques 

have been described to achieve this (Woodhouse 1994).

The options that currently exist for reconstruction or replacement of the bladder 

are classified under the term cystoplasty and rely on normal outflow sphincter 

mechanisms being intact and functional. One approach is to use a segment of 

bowel to expand the bladder this known as an augmentation cystoplasty. For 

patients with more severe forms of neuropathic dysfunction resulting in 

complications such as hydronephrosis, pyelonephritic scarring of the kidneys and 

stone disease, urinary diversion with or without cystectomy or substitution 

cystoplasty are the surgical operations most likely to provide a long term benefit to 

the patient (Mundy 1994). A substitution cystoplasty is total replacement of the 

bladder with a reservoir that is created from bowel. This is a more major 

undertaking than urinary diversion and carries with it a greater risk of morbidity 

and mortality. It is useful in patients who have extremely small or absent bladders.
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those with severe neuropathic bladder dysfunction and occasionally in patients 

who have had a cystectomy for bladder cancer (Mundy 1994).

In cases where the bladder wall is expanded by inserting a segment of bowel the 

aim is to reduce luminal pressure in the bladder. The law of Laplace (Equation 1.1, 

Figure 1.3) describes the relationship between the transmural pressure (P) in a 

hollow sphere and the radius of the sphere (r), T is the wall tension tangential to 

the sphere.

P =  2 I

I" Equation 1.1

Therefore, by increasing the radius of a sphere, in this case the bladder, there is a

reduction of intravesical pressure and hence the consequences of a

hypercontractile or small volume bladder are minimised.

Figure 1.3 A diagrammatic demonstration of Laplace’s law in a sphere.
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This operation is useful in patients with detrusor overactivity or a less severe 

degree of neuropathic bladder dysfunction (see section 1.3).

These operations represent a very useful surgical treatment at the current time. 

However, the use of bowel can result in several side effects of its own, these 

include: urolithiasis (Palmer, Franco, Kogan, Reda, Gill & Levitt 1993), excessive 

mucus production (Murray, Nurse & Mundy 1987), increased rate of malignancy 

(Filmer & Spencer. 1990; Buson, Diaz, Manivel, Jessurun, Dayanc & Gonzalez 

1993) hyperchloraemic acidosis (McDougal 1992), iron deficient anaemia, folate 

deficiency and recurrent urine infections (Wagstaff, Woodhouse, Rose, Duffy & 

Ransley 1993).

1.3 Biomechanics of the bladder.

The bladder is a hollow organ that is designed to fill with and store urine until 

voiding. A simple physical analogy would be to model the bladder as a sphere in 

accordance with the law of Laplace (see figure 1.3) that there is a proportional 

relationship between bladder pressure and wall tension at a constant volume. It is 

important to emphasise that while this relationship does exist a measurement of 

bladder pressure, such as might be made in a urodynamic investigation, is not 

equivalent to wall tension as the volume will alter. In this project cultured cells 

were placed in a collagen gel and tension across that gel was measured. In order 

to interpret this as any measure of tissue and bladder function one needs to 

demonstrate the importance of the tension:pressure interrelationship in the 

bladder.
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Figure 1.4 shows two modelled contractions (open symbols) as a function of time. 

One four times greater than the other. The increase of tension is modelled along 

an exponential time course, Equation 1.2. Figure 1.4 also shows equivalent 

pressure changes (closed symbols) using the Laplace relationship (Equation 1.1) 

assuming, in this example, a constant radius of 5 cm. As tension is proportional to 

pressure at constant radius (volume) the pressure curves have a similar shape.

“  Tnax(^ “ ®xp(“t /  t ) Equation 1.2

Where:

T = tension N

Tmax = Maximum tension (=1 N) 

t = time s

T = time constant = 2 0  s
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Figure 1.4 the change of tension (open symbols) and pressure (closed symbols) fora 
spherical bladder undergoing a modelled contraction (Equation 1.2). Tension with the 
square symbols was four-times that of the circle symbols. The time constant, % was 
20 s.

The proportionality is more clearly seen in figure 1.5 where the relationship has a 

similar slope for the two magnitude contractions.
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Figure 1.5 The relationship between tension and pressure using the same data 
as shown in Figure 1.4.

An extension of Laplace’s law is to account for wall thickness:

2ThP = Equation 1.3. Where h represents wall thickness

Thus In a hollow organ that is hypertrophied in response to raised outlet resistance 

say (concentric hypertrophy) pressure can be increased at similar wall tension. 

Thus wall tension is normalised despite the raised pressure required to expel fluid
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through a larger outlet resistance and represents a phase of compensated 

hypertrophy.

In a normal voiding bladder the radius will decrease however so that the 

proportional relation between pressure and tension will no longer apply.

This may be modelled in the following way:

Let the bladder radius, r, decline from an initial value of 5 cm to 1.5 cm i.e. bladder 

volume declines from 524 ml to a residual volume of 14 ml. The bladder is still 

represented as a sphere whose volume is shown in equation 1.4:

4 1
Volume (cm ) = —m

3 Equation 1.4

Also assume that the bladder volume, v, declines exponentially over this period

with a time constant o f , say, 20 s. Therefore equation 1.5 is true:

V = Vo(exp(-t /  2 0 ) +  V, Equation 1.5

Where Vo = 524 - Vr, Vr = 14 ml

if
47T Equation 1.6

Equation 1.6 gives the relationship between radius and volume in a sphere using 

this the decline of r over time can be calculated. Figure 1 . 6  shows the increase of 

pressure in a model sphere during an isovolumetric condition (squares) and as the 

radius decreases (circles) for the two levels of muscle contractility (see figure 1.4). 

The isovolumetric plot is the same as in figure 1.4.



39

Pressure Ncm 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2

-2

pD'pP'
iPPO

. .

• • •

« II*
0.0 oibSi M ****...........................

10 15 20
Time s

25 30

Figure 1.6 the relationship between pressure and time in an isovolumic state 
(squares) and during voiding (circles). The open symbols represent the increased 
contractility state as in figure 1.4.

Note that the increase of pressure is greater as the volume decreases -  ie the 

bladder becomes more effective at generating pressure as it gets smaller.

Figure 1.7 shows the relationship between pressure and volume for the emptying 

bladder and demonstrates the loss of proportionality between the two variables. 

Pressure rises relatively more during the contraction compared to the 

isovolumetric state. It also shows that if the objective of any procedure is to 

generate pressure in a bladder then a smaller organ is more desirable despite the
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reduced ability to store a large volume. This may be particularly important when 

engineering an artificial bladder of limited contractile ability.

Pressure Ncm-2

5.0

4.0

3.0

2.0

o  o  0 O O O O O 0 0 B 5 0 8 I
0.0 9-

0.6 0.8 1.00.40.0 0.2
Tension N

Figure 1.7 the pressure is plotted as a function of tension to show the relationship 
between pressure and volume. The isovolumetric contraction is shown with open 
circles. The pressure in a contracting bladder is shown by closed squares. The 
increased pressure in a smaller, thicker walled bladder is demonstrated by the closed 
circles.

In generating a physical model of the bladder it is important, not only that wall 

tension can be increased, but that the bladder volume can also decrease readily. 

On the other hand if wall thickness increases intravesical pressure increases and 

this may lead to upper tract damage if there is ureteric reflux. This would be 

exacerbated if the bladder were to become smaller.
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Hence, there is a fundamental need to expand the size of a small bladder and of a 

thick -  walled bladder in order to reduce the risks of upper tract damage. However, 

this can be achieved by placing a segment of bowel into the bladder wall, as in a 

cystoplasty. This prevents the pressure build up but it also means that most 

patients will need to use catheters to empty their bladder (Woodhouse 1994) -  

therefore it has swapped one extreme of function for another by destroying the 

voiding function.

If one could create tissue engineered bladder grafts that could both generate 

tension and contract hence decreasing the volume of the bladder, then normal 

voiding function may be restored with intravesical pressure being high enough to 

void, but low enough to avoid ureteric reflux.

1.4 The physiology of detrusor cell contraction.

Detrusor smooth muscle contracts in response to extracellular stimuli, either nerve 

stimulation or chemical agonists, via a transient rise in the intracellular [Câ ""], 

[Ca^ ]̂i. In normal human tissue, contraction is initiated by acetylcholine which 

activates muscarinic M3 receptors. The M3 receptor is a G protein linked receptor 

with a membrane transducing unit that has three main components:

• the receptor which consists of 7 membrane spanning domains connected 

by extracellular and intracellular loops that interact to form a pocket for 

agonist binding;

• a G protein; and

• phospholipase C.
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Figure 1.8 Activation of the G protein mechanism linked to the M3 receptor that 
results in the production of IP3

The combination of acetylcholine with the receptor leads to a conformational 

change in that receptor, the G protein dissociates into the G„ and G^ subunits

which then activate phospholipases (Figure 1.8) these in turn are responsible for 

the generation of the intracellular messenger; inositol trisphosphate (IP3) (Figure 

1.9) (Berridge 1993). This is formed, along with diacylglycerol (DAG), by the 

hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) -  a lipid precursor that 

is integral to the plasma membrane.
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Figure 1.9 The hydrolysis of PiP2 to generate IP3 and DAG.

I P 3  subsequently releases Ca^  ̂ from intracellular Ca^  ̂ stores, the sarcoplasmic 

reticulum (SR). The rise in [Ga '̂']i near to the SR can also lead to a the further 

release of Ca '̂' via ryanodine receptors from the store (Ca^^-induced Câ '"- 

release). Modification of the sensitivity or gain of this system will greatly affect the
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magnitude of rise of [Câ ]̂i (Fry, Wu. 1998). Once the Ca^  ̂ is free in the 

sarcoplasm it forms complexes with the soluble protein, calmodulin.

4Ca 2+

Cm

light
chain

relaxation

C a " \
myosin light 
chain kinase

.2+ myosin lightCa 4 Cm — chain kinase

i
,2+

ADPATP

contraction

myosin
phosphatase

Figure 1.10 The combination of and calmodulin (Cm) along with the myosin 
light chain kinase and the consumption of ATP, requiring Mg^̂  as a co-factor.

Cm then participates in a cascade of reactions the result in the phosphoylation of 

the light chain of the myosin molecule (Figure 1.10). As a result of this



45

phosphorylation the myosin interacts with actin with the consumption of ATP and 

contraction of the myocyte ensues.

The contraction is terminated by the [Ca^‘"]j returning to its resting level. Much of 

the Câ "" will be returned to the SR. These stores have three main components:

• pumps which sequester the Câ '*'

• Ca^  ̂binding proteins such as calsequestrin and calreticulin.

•  IP3 and ryanodine receptor channels to release calcium back into the 

cytosol. (Berridge 1993).

Ionic channels play a role in the filling of internal stores and regulate cell 

excitability. The application of carbachol to a normal human detrusor myocyte 

leads to a transient rise in the [Câ '"]i but no action potential is generated. This rise 

in [Câ ""]; is also unaffected by L-type Ca^  ̂channel blockers. However, the [Ca^ ]̂, 

rise is reduced if the extracellular [Ca^ ]̂ is reduced -  probably due to leakage of 

[Câ "']i from the cell. However, recovery is greatly attenuated if Câ "" channel 

blockers are added to the Ca^  ̂ containing perfusing fluid -  this implies that Câ '" 

entry through L-type Ca "̂” channels is possible during the rest phase. This is 

probably due to the low [Ca^ ]̂i after the contraction resulting in a partial 

depolarisation of the cell, which occurs through the closure of Ca^'^-dependant 

channels. This feedback would also ensure that the intracellular Câ "" level would 

have a role in regulating transmembrane flux. The whole process may be 

assisted by T-type Câ '" channels, which open at more negative potentials than L- 

type channels and hence may depolarise the cell sufficiently to allow the L-type
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channels to open. Together these channels may serve to replenish the Ca^  ̂ in the 

intracellular stores that has been lost from the cell after the previous contraction 

(Fry, Wu & Sui. 1998).

This basic scheme can be modulated by other pathways. ATP can initiate 

contraction by opening a P2xi ligand-gated ion channel (Inoue & Grading. 1990) 

which depolarises the cell membrane, opens L-type Ca^  ̂ channels and permits 

influx. If the nerve mediated-contraction in a muscle strip is blocked using 

atropine (a muscarinic receptor antagonist) then the contraction should be 

abolished if it were solely due to acetylcholine. In 1885 Langley and Anderson first 

described the fact that in bladder tissue from a number of small mammals this was 

not, in fact, the case -  there was an atropine-resistant component to the nerve- 

mediated contraction. The most likely effector of this component has emerged as 

ATP and this is a normal component of the contractile process in small mammals 

such as the guinea-pig (Inoue & Grading 1990). It has been suggested that the 

emergence of this mechanism in pathological human bladders may be a factor in 

the development of detrusor instability (Palea, Artibani, Ostardo, Trist, Pietra. 

1993). It remains unclear as to whether ATP is cause or effect in the overactive 

human bladder but the presence of atropine resistance and the likelihood that ATP 

is the neurotransmitter operating that component appears convincing that it has 

some role in the pathology (Gayliss, Wu, Newgreen, Mundy, Fry. 1999).

The influence of DAG on the Câ "" pathway is not known in these cells. Therefore 

by the application of cholera toxin, which upregulates adenylyl cyclase, in the 

gastrointestinal mucosa this leads to massive extrusion of isotonic fluid into the
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lumen leading to rapid and potentially catastrophic diarrhoea and subsequent 

dehydration. Clearly, the effects in detrusor muscle were different but hitherto, 

untested. Other intermediates dibutyryl cyclic AMP and forskolin (a phorbol ester 

which is an analogue for DAG) were used to superperfuse the cell in order to 

establish what role, if any, exists for this pathway.

1.5 The physiology of detrusor cell relaxation.

In vivo the cholinergic fibres are parasympathetic travelling in the pelvic plexus 

from the second to the fourth sacral nerves. The ganglia for these fibres are in the 

detrusor muscle of the bladder wall. It is these fibres that release the 

neurotransmitter acetylcholine. The sympathetic supply to the bladder comes from 

T 1 0  -  L2 and travels in both the pelvic and hypogastric plexuses. The 

sympathetic fibres are responsible for relaxation of the bladder during filling -  this 

is mediated by p-adrenoceptors (Andersson 1993). This action can be observed

also in vitro: p-agonists relax detrusor pre-contracted with muscarinic agonists

(Yamazaki, Takeda, Akahane, Igawa, Nishizawa, Ajisawa. 1998) possibly by 

elevation of c-AMP levels rather than reduction of [Ca '̂']i. Detrusor muscle 

contains p-adrenoceptors and 2 subtypes have been identified pi-AR and p2-AR in

most species including human. The p2-AR subtype has been shown to have an

important role in relaxation via the activation of adenylyl cyclase (Morita, Ando & 

Kihara 1993; Maggi & Meli 1982; Levin, Ruggieri & Wein 1988). However, 

isoprenaline - induced relaxation of human detrusor strips is not blocked by pi-AR
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or P 2- A R  antagonists. A  third type of receptor, p s - A R ,  that has been described in

other tissues and has a role in metabolic functions such as lipolysis and 

thermogenesis and therefore may have an antiobesity role. In his review 

Yamaguchi suggests that the human p s - A R  appears to be a useful target for the

therapy of overactive bladder (Yamaguchi 2002). It was found that 50% of patients 

with idiopathic detrusor instability had a p s - A R  gene mutation (Trp 64 Arg). In

addition the p s - A R  agonist FK 175 increased bladder capacity by 6 8 % in a rat

model.

Thus there are several points in the existing model (Figure 1.11) that are targets 

for further investigation in the control of detrusor contractile function and therefore 

are potential sites at which therapeutic intervention may be effected. It is important 

to know whether these stages persist in cultured cells, or to what extent they are 

altered. Ideally this would allow the development of mechanisms to optimise the 

cultured cell function so that grafts and tissue models are identical replicas of their 

freshly isolated counterparts. Until that point is reached the data gives an 

important benchmark to allow for interpretation of results and conclusions that are 

taken from cultured detrusor myocytes.
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Figure 1.11 -  The contractile mechanism of a detrusor myocyte, based on Fry 
and Wu 1998. denotes a non-specific cation.

1.6 Hypoxia and detrusor muscle function

The previous sections have described the normal voiding function of the bladder, 

the biomechanics of the organ and the physiology of how the bladder contracts to 

expel urine. It has been shown that bladder outlet obstruction has an influence on
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the metabolism of detrusor smooth muscle (Hsu, Levin, Wein, Haugaard. 1994) it 

is likely that these changes are the result of hypoxia and this hypothesis is borne 

out by in vitro studies (Thomas & Fry 1996). Therefore it is important in the context 

of this project to consider how the metabolic state of freshly isolated cells and cell 

cultures could influence their function.

Detrusor contraction, mediated by second messengers, is an expensive metabolic 

process (Bilgen, Wein, Zhao & Levin. 1992) and tonic tension relies on aerobic 

metabolism to supply ATP for contraction (Levin, Haugaard, Hypolite, Wein & 

Buttyan. 1999). Moreover, evidence has indicated that bladder contraction is 

accompanied by a reduction of blood flow (Batista, Wagner, Azadzoi, Krane & 

Siroky. 1996) generating hypoxia, acidosis and hyperkalaemia (Azadzoi, Tarcan, 

Kozlowski, Krane & Siroky. 1999). The balance between aerobic and anaerobic 

metabolism in detrusor muscle can be further varied; for example anaerobic 

metabolism becomes increasingly important under conditions such as bladder 

outflow obstruction (Azadzoi, Pontari, Vlachiotis & Siroky. 1996). This is significant 

as it may provide an aetiological route for the development of pathologies such as 

detrusor overactivity (Azadzoi et al. 1999).

Part of the aim of this project has been to examine the physiology of cultured 

detrusor myocytes, how their phenotype may have changed during the culture 

process and how this may affect future clinical application e.g. if one were to use 

these cells for the creation of a functional, tissue engineered graft to augment or



51

replace a bladder With this in mind the next consideration is, that, unless the cells 

used to generate an implant are sufficiently oxygenated, both in culture and once 

they have been implanted that this could lead to a degradation of cell function and 

hence a poor graft. Once the graft had been implanted it would be unlikely to 

survive without adequate nutrient supply to all cells. If this were not the case for 

the subsequent decay would be either simply by necrosis and graft disintegration 

or by a chronic ischaemia inducing cellular dysfunction.

In the production of cultured cells this presents a particular problem. It is 

established that most cells in culture rely on anaerobic glycolysis and any oxygen 

they receive is generally dissolved -  this in itself can create toxicity due to the 

generation of free radicals. There have been attempts to incorporate oxygen 

carriers in the culture medium -  but this is not readily available (Freshney 2000). 

The suggestion is that for adult organ culture the optimal conditions are in an 

elevated oxygen environment ie. 95% (Freshney 2000). However, if one is to 

produce viable grafts that allow normal cell function it will be essential to 

incorporate some means of oxygenating the tissue. Ideally, this would be by 

creation of a capillary network that could be anastamosed to the endogenous 

vascular system, creating a blood supply to the new tissue. Various strategies for 

angiogenesis exist (Soker, Machado & Atala. 2000) but have not been employed 

in our collagen matrix or in the tissue engineered bladder implants to date.
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If cultured cells are to be used in implants their biochemical profile must be 

measured, to determine their susceptibility to hypoxia, and whether ATP is 

produced, by aerobic metabolism, in similar quantities to that in normal tissue. The 

ability of cultured cells to regulate [Ca^ ]̂i in the face of hypoxia will be an important 

factor to evaluate.

1.7 The cellular physiology of cultured detrusor myocytes.

The process of culturing cells will change their phenotype - the extent of this 

depends on the type of cells and the conditions under which they are cultured. 

Membrane receptor types may alter considerably during the culture of different 

smooth muscle cells - in canine airway smooth muscle culture, for example, the 

responses seen in fresh tissue to important autocoids (eg leukotrienes and 

thromboxanes) that are implicated in human airway disease are lost when these 

cells are cultured. However, in human airway smooth muscle cultures these 

responses were maintained. This indicates the importance of species selection 

when aiming to apply such techniques to the creation of a tissue model or tissue 

engineered graft (Panettieri, Murray, DePalo, Yadvish & Kotlikoff. 1989). Similarly, 

in the examination of colonic smooth muscle; receptor binding studies in freshly 

isolated tissue for vasoactive intestinal peptide (VIP) receptors (VIP normally 

functions through the VIP receptor to cause smooth muscle relaxation in the colon) 

and M2 receptor binding studies using /V-methylscopolamine (NMS) (a muscarinic 

receptor antagonist -  acetylcholine is the mediator of contraction in colonic smooth 

muscle via M2 receptors) it was found that once the cells were cultured the VIP
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receptor population was maintained, however the muscarinic receptor population 

dropped substantially to <10% of its preculture value at 48hrs after culture. This 

was despite the employment of such techniques as sonication and serum 

withdrawal; which have previously been shown to increase muscarinic receptor 

expression (Yang 1990). It should also be noted that the muscarinic receptors that 

were present were found to be of comparable affinity (fresh cell Ky = 0.94 ± 0.35 

nM and cultured cell Kd = 0.71 ± 0.25 nM) (Ennes, McRoberts, Hyman & Snape. 

1992). It is therefore important to establish which functional properties are 

retained by detrusor smooth muscle cell cultures so that they may be useful both 

as potential implant material and as a biological system model.

It is also important to establish the cell type that is being cultured since it has been 

suggested that there may be more than one morphological cell type, as found in 

rabbit detrusor muscle (Lau & Chacko 1996) and also in human tracheal smooth 

muscle cultures (Panettieri, Murray, DePalo, Yadvish & Kotlikoff. 1989). In both 

instances the authors describe two morphological subtypes one of which appears 

to be dormant and non-dividing. The second type appears characteristically 

spindle shaped and abundantly proliferative; it is this type that overgrows the 

culture dish and forms the characteristic ‘hill and valley' distribution (Chamley- 

Campbell, Campbell, Ross. 1979). Whilst in the human bladder there may be 

extensive fibrous tissue in the specimens that are harvested (Levin, Haugaard, 

Hypolite, Wein, Buttyan. 1999) there has been no suggestion that there is more 

than one type of muscle cell. However, it has been suggested that there is a
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Spectrum of cells from fibroblast through to smooth muscle cell (Lau & Chacko 

1996) as both cell types express smooth muscle myosin. In this paper they 

described two morphological types of cell a long spindle shaped cell and a shorter, 

fatter cell. The long cells express vimentin (normally expressed by mesenchyme) 

but the short cells do not. It was suggested that such variability could be explained 

by conformational change to cellular vimentin during the cell cycle. Studies 

examining myofibroblasts have also suggested that this may be the case (Serini & 

Gabbiani 1999). Although there does not appear to be any definitive evidence to 

substantiate it, the possibility of such a spectrum of cell types exists, and that there 

may be specific subsets of fibroblasts that under certain conditions will alter their 

phenotype to that of a smooth muscle cell or myofibroblast. The likely candidates 

for the control of any such changes include growth factors, cytokines, adhesion 

molecules and extracellular matrix (Serini & Gabbiani 1999).

1.8 Culture and characterisation of detrusor smooth muscle.

Using techniques such as immunofluorescence and Western blot analysis it is 

possible to accumulate evidence that suggests that the cell type cultured is 

detrusor smooth muscle (Smeulders, Woolf & Wilcox 2002). However, it is more 

convenient if one can find a particular culture medium that can be used to ensure 

exclusive growth of the desired cell type. In the case of detrusor myocytes the 

distribution of the enzyme D-amino acid oxidase allows such a medium to be 

formulated (Sui, Wu & Fry. 2001a).
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It catalyses the reaction below:

D-amino acid oxidase Aminotransferase

D-valine 2 - Ketoisovaleric acid L-valine

The conversion of D-valine to the essential amino acid, L-valine allows the cells to 

survive, those without the capacity to synthesise L-valine cannot survive in this 

environment. D-amino acid oxidase is present in detrusor myocytes but not in 

fibroblasts and therefore the myocytes will grow and within a few days the 

fibroblasts will die away. Leaving a culture that is purely detrusor myocytes. It 

should be noted that the original studies used D-valine for the growth of epithelial 

cultures at the expense of contaminating fibroblasts (Gilbert 1975). We have 

ensured by rigorous, sharp microdissection of the biopsy specimens that our 

cultures are not contaminated with epithelial cells -  this is described in full in 

Chapter 2 .

Studies so far have shown that cultured detrusor myocytes do retain 

characteristics that are seen in their freshly isolated counterparts. Detrusor cells 

cultured from human and animal biopsies retain many morphological features of 

smooth muscle cells (Lau, Chacko. 1996). However, much less is known about 

their functional properties. Cultures do retain the ability to generate inositol 

phosphates, such as IP3, in response to carbachol. This response shows a 

concentration dependant increase in phosphoinositide turnover to carbachol in
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previously unexposed cells. The response can also be desensitised by 

preincubation with carbachol and the response similarly decreases in a dose 

dependant manner (Marsh, Harriss & Hill. 1996). Chambers et al (1996) found that 

cultured cells retained many of the characteristics of intact tissue based on their 

work using epifluoresence microscopy. They examined responses to bathing the 

cells in solutions containing elevated concentrations of K'" and found that the level 

of [Ca^ ]̂i increased with rising K"" and concluded that this was due to Gâ "" influx 

via voltage dependant Ca^  ̂ channels. They found that in both the presence and 

absence of Ca^'' in the bathing solution the cells responded to carbachol, ATP and 

histamine and that spontaneous activity could be abolished with verapamil. They 

also showed that the intracellular Câ "̂  stores were capable of both depletion and 

a direct IP3 response. This evidence was qualitative ie. there was no calibration or 

attempt to measure the [Câ "̂ ]i, but it does show that there are membrane Ca^  ̂

channels and probably intracellular stores in these cultured cells (Chambers, Neal 

& Gillespie 1996).

The retention of many electrophysiological properties in human and guinea-pig 

primary and sub-cultures has also been demonstrated (Sui, Wu, Fry. 2001 a & b). 

In particular action potentials can still be elicited and the biophysical properties of 

several ionic currents, including the L-type Câ "̂  current and the steady-state Ca^*- 

dependant K"" current, are unaltered. However, differences were described, for 

example, T-type Câ "" currents present in freshly isolated guinea pig detrusor 

myocytes are absent in confluent cultures of these cells (Sui, Wu & Fry 2001b). A
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number of other changes were also documented which included: depolarisation of 

the resting potential; prolongation of the action potential and a slower initial rate of 

depolarisation in cultured guinea pig cells (the rate of depolarisation was 

unchanged in human cultures); reduction in the absolute number of L-type Câ "" 

channels by about 60% in guinea pig cultures and disappearance of spontaneous 

outward currents. The latter observation may imply an alteration in intracellular 

Ca^  ̂ storage mechanisms or in the relationship of those stores to the plasma 

membrane.

The aim of this thesis is to compare directly cultured detrusor myocytes with their 

freshly isolated counterparts and a number of cellular functions were examined to 

achieve this. These included the use of epifluorescence microscopy to measure 

intracellular [Câ '"] and compare the magnitude of responses to the 

neurotransmitters ATP and carbachol. In addition the ability of cells to regulate 

intracellular [Ca^'’] have been measured by manipulating intracellular regulatory 

pathways such as that modulated by diacylglycerol. Finally, cells have been 

incorporated into a collagen gel and attached to a strain guage (the culture force 

monitor -  CFM) to demonstrated the ability of these cells to exert a force and the 

possibility of modifying that force.
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1.9 Functional assessments of cultured detrusor myocytes.

The function of a normal bladder is to void urine by contraction of the detrusor 

muscle. To this end one of the objectives of this work has been to measure the 

contractile forces that are exerted by the cultured detrusor myocytes. There has 

been one publication where the contractile potential of cultured detrusor myocytes 

was measured using a disc of collagen containing cultured detrusor myocytes 

before and after the application of contractile agonists (specifically -  carbachol, 

potassium chloride (KCI), the calcium ionophore A23187, lysophosphatidic acid 

(LPA), endothelin, angiotensin II and serotonin). The variable measured was the 

relative lattice diameter, which is the ratio of the diameter of the disc after the 

application of agonist to the diameter of the disc before any agonist was applied 

(Kropp, Zhang, Tomasek, Cowan, Furness, Vaughan, Parizi, Cheng. 1999). This 

study found that the changes in relative lattice diameter were: for calcium 

ionophore 31 % (± 5 %), LPA 34 % (± 4 %) and endothelin 37 % (± 5 %). 

Interestingly, they noted that there was no significant increase in the contractile 

ability of these cells when stimulated with carbachol, angiotensin II, KCI or 

serotonin. This study represents the first attempt to measure the contractile 

function of these cultured detrusor myocytes. However, these experiments did not 

measure the force directly and therefore it is appropriate to attempt this and to 

quantify the agonistic influences on such cultures and make a step towards being 

able to extrapolate to the contractile ability of individual cells. The orientation of 

cells or contractile elements are unknown in multicellular preparations and this 

makes it very difficult to calculate the force per cell. In a collagen gel where cell
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number is known and where they align with the longitudinal axis (see results figure 

7.1) of the gel it may be possible to make this inference.

1.10 Autologous grafts and the cell culture of bladder tissues 

The long-term clinical goal of this work would be to provide the option for a patient 

to receive a functional graft that had been created from cultures of his or her own 

cells to expand or replace their bladder and would represent a significant step 

forward. Detrusor and urothelial cell cultures have both been grown and used in in 

vitro and animal-based tissue engineering experiments (Oberpenning, Meng, Yoo 

& Atala 1999). If the tissue could be harvested from a patient, primarily cultured, 

expanded and attached to a suitable support matrix -  this would permit an 

autologous reconstruction. Such a procedure would not reduce the number of 

complications that are associated with major abdominal surgery but it may negate 

some of the subsequent problems that have been described in the previous 

section. This technique has been applied clinically to generate successful skin 

grafts for patients with burns (Hansbrough & Franco. 1998) and the use of 

urothelial cultures has generated a more biocompatible substrate by minimising 

the exposure of a graft to urine and thereby reducing some of the aforementioned 

problems (Merguerian, Chavez & Hakim. 1994; Fujiyama, Masaki & Sugihara.

1995).

Detrusor cells have been shown to survive and proliferate on such implants - in 

vivo with a collagen/vicryl composite membrane in rabbits (Monsour, Mohammed, 

Gorham, French & Scott 1987) and a polyglycolic acid (PGA) scaffold in dogs
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(Atala, Freeman, Vacant!, Shepard & Retik 1993). However, there is little evidence 

to show that these cells retain their contractile phenotype in such circumstances.

One study has shown that a graft, made of cultured detrusor myocytes, cultured 

urothelium and a biodegradable polyglycolic acid (PGA) scaffold, coated in poly- 

DL-lactide-co-glycolide (PLGA) for cell seeding, can act as a bladder implant 

sustainable for up to 11 months (Oberpenning, Meng, Yoo & Atala. 1999). These 

experiments were conducted in beagle dogs and the implants were generated in 

32 days (±2,8 days s.d.) and were studied at 1,2,  3, 4, 6 and 11 months after 

surgery. They maintained a normal capacity to retain urine, normal elastic 

properties and histological architecture. This is clearly a major development but 

the study made no assessment of the contractile function of the graft or the 

physiology of its component cells. Hence this project examines the phenotype of 

the smooth muscle cells that could be used in the future production of these grafts. 

The ideal would be to produce a composite graft, as above, that had also been re

innervated and re-vascularised that acts as a physiological, functional and 

sustainable implant - allowing patients a return to a more normal voiding pattern. 

This project aims to answer some of the questions that would allow this 

developmental process to move forward -  adding to the scientific understanding of 

these cells and the optimisation of function for clinical application.
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1.11 Non-cellular factors that may influence graft and cellular function.

Attempts to produce surgical alternatives for segments of bowel in bladder 

replacement have not yet gained general acceptance. In 1917 Neuhoff described 

the use of fascia to augment bladders in dogs (Neuhoff 1917). However, no graft 

has yet gained sufficient acceptance to merit widely accepted clinical use. The 

persistence of the clinical problem, as detailed, and its refractory response to 

existing treatment of either a medical or surgical nature has led to the continued 

investigation of alternatives. Examples of materials proposed as potential bladder 

tissue replacements are shown in table 1.1.

Table 1.1 examples of materials tried in the production of bladder grafts.

Type of graft Material Authors Year

Free tissue Bladder Tsuji et al 1961
Dura Kelami et al 1970
Placenta Fishman et al 1987
Pericardium Kambic et al 1992
Small intestine 
submucosa (SIS)

Kropp et al 1996

Synthetic Collagen matrices Monsour et al 1987
Vicryl matrices Monsour et al 1987
Polyvinyl sponge Gleeson et al 1992
Silicone Rohrmann et al 1996
T etrafluoroethylene Bona et al 1996
Polyglycolic acid Oberpenning et al 1999

When used in isolation all of the above grafts failed. The synthetic grafts tended 

towards mechanical failure and stone formation. The degradable materials led to 

the induction of an inflammatory response leading to fibrosis, scarring and
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shrinkage of the graft over time (Falke, Caffaratti & Atala. 2000) The SIS graft did 

encourage some cellular growth over it and the urothelial element of this appeared 

normal. However, there was a marked reduction in muscle mass and in vitro 

contractility (Kropp et al. 1996).

Cells that are harvested, cultured and seeded onto a suitable scaffold may lead to 

a functional graft. However, even in work using cells seeded onto PGA there is no 

comment about the voiding function of the graft in vivo or the function of the 

isolated material (Oberpenning etal. 1999).

Theoretically, the demands that are made on detrusor myocytes in the preparation 

of such implants are immense (Oberpenning et al. 1999). Cells may be treated 

with high concentrations of enzymes that dissociate them from their connective 

tissue matrix, and they are seeded onto a static culture plate, in conditions that 

may lead to borderline oxygenation. Most cells require oxygen for respiration in 

vivo, however, cultured cells often rely on a substantial amount of anaerobic 

glycolysis. There is no widely used oxygen carrier within culture media and 

therefore any oxygen reaching these cells must be dissolved. This may increase 

the risk of toxic cell damage due to the creation of free radicals due to the high 

p02 necessary to generate enough dissolved oxygen. Therefore creating the 

correct environment requires the establishment of an equilibrium between 

providing enough oxygen but not creating toxic products for the cells (Freshney 

2000). As part of their numeric expansion cells are passaged several times using 

trypsin and then, in the case of tissue engineering experiments, are seeded onto a 

graft. For a graft to be surgically useable it must have some rigidity and tensile
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strength otherwise it could not be held and sutured in place with any accuracy or 

without considerable risk of sutures ‘cheese-wiring’ through the graft resulting in 

urine leakage. However, such rigidity does not reflect the normal function and 

texture of in vivo tissue.

In order to make progress this project has sought to isolate detrusor myocytes and 

create an environment to examine their functional characterisitics in vitro.

One aspect of this study has explored the ability of these cells to exert a 

measurable contractile force on a collagen gel. This work was based on 

technology that was developed by engineers in order to allow plastic surgeons to 

examine the phenomenon of wound contraction (Eastwood, McGrouther & Brown. 

1994) the so-called culture force monitor. In this way, it is possible to quantify the 

force generation of a cellular matrix and potentially consider this in the design of 

future grafts.

It is beyond the scope of this project to consider a suitable biomaterial to produce 

the ideal scaffold for such a graft. As demonstrated above, the choice of scaffold 

substrate has considerable bearing on the successful outcome of a bladder graft. 

There is also evidence to suggest that how cells are seeded onto a graft may also 

have an influence on the likely success of the graft. When comparing static, 

dynamic and bioreactor techniques in static and dynamic seeding environments 

the dynamic environment with a bioreactor proliferation phase appeared to be the
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most promising (Burg, Holder, Culberson, Beiler, Greene, Loebsack, Roland, 

Eiselt, Mooney & Halberstadt. 2000).

1.12 Introduction to techniques employed in this project

1.12a The use offura-2 acetoxymethyl (fura 2AM) esteras a fluorochrome.

Fura-2 (Figure 1.12) was originally introduced commercially, as an intracellular 

Câ "̂  fluorochrome, in 1985 (Grynkiewicz, Poenie & Tsien 1985). Since then it has 

been used as a means of accurately measuring [Ca^^i in many different 

publications. A few of the recent ones relating to detrusor smooth muscle are cited 

(Chambers et al 1996. Wu, Bayliss, Newgreen, Mundy & Fry. 1999. Wu, Sui & Fry. 

2001.). At low concentrations and when excited by light at 340 and 380 nm Fura-2 

has its emission maximum at 510 nm (Grynkiewicz, Poenie & Tsien 1985). In the 

presence of a rising [Câ "̂ ]i the emission resulting from the 340 nm stimulation will 

increase and that from the 380 nm stimulation will decrease. This is shown in 

figure 1.13.

0 0 0 0
N(CH„C0CH«0CCH-).(CH.C0CH.0CCH_LN

CH,

COCH2OCJCH3

O 0

Figure 1 .1 2 - the structure of Fura-2 AM.
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Figure 1.13 - Fluorescence excitation spectrum for fura-2 in solutions 
containing zero to 39.8 pM free Ca^ .̂ Taken from Fura and Indo ratiometric 
calcium indicators, product information sheet ‘(February 2001) 
www.probes.com.

In general the emission signals at the two excitation frequencies are expressed as 

a ratio that alters as a function [Câ ]̂|. This ratiometric procedure reduces the 

effects that are due to unequal loading of fura-2, leakage of dye, photobleaching, 

making measurements in cells that are of unequal thickness or where the 

thickness may vary if a cell contracts these effects should affect both signals 

equally.

The Kd for fura-2 is 0.14 pM and the sensitivity to [Ca '̂'] of greater than 1 pM is 

very limited. Most cells exhibit changes of [Câ ]̂j in the range of 100 nM to 1 pM.

http://www.probes.com
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Figure 1.14 -  The de-esterification of Fura-2 AM so that it becomes lipophilic 
and Câ  ̂ sensitive - from www.probes.com

Fura-2 diffuses into the cell in its acetoxymethyl ester form, which is membrane 

permeant and is cleaved within the cell by cytosolic esterases (Figure 1.14). This 

leaves the membrane impermeant Fura-2 tetra-anion trapped in the intracellular 

space (Grynkiewicz, Poenie & Tsien 1985).

http://www.probes.com
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1.12b Cellular Characterisation using NMR Spectroscopy.

NMR spectroscopy provides a means of examining the molecules involved in 

intermediate cellular metabolism and hence the molecular phenotype of the 

cultured cells, and by examining samples of fresh tissue a further comparison can 

be made.

Quantitative NMR is capable of detecting concentrations of metabolites to a 

level of approximately 1 nM (Blandford & Smith 1995). It therefore provides a 

sensitive and accurate means of examining tissue extracts. Previous work has 

shown clear patterns of metabolites for different tissues (Nicholson & Foxall 1995; 

Moka, Vorreuther, Schicha, Spraul, Humpfer, Lipinski, Foxall, Nicholson & Lindon 

1998) and the method can yield numerical information about the metabolic state 

of a tissue (Deming 1986; Nicholson, Connelly, Lindon & Holmes 2002). Equally 

important the method permits a qualitative analysis of possible changes to 

intermediate metabolites under different conditions. In this project the latter 

approach will be adopted to compare changes to the metabolic profile of tissue 

and cellular extracts of cultured and freshly isolated detrusor myocytes.

It is possible to measure a number of chemical species using NMR spectroscopy. 

For these experiments a magnetic probe designed to measure protons was used.

NMR spectroscopy relies on the magnetic properties of a chemical nucleus that 

has an intrinsic angular momentum -  known as spin. The chemical nucleus, in this 

case, of a proton spins or processes as part of a molecule at a given energy. By 

exciting this molecule that precession energy can be elevated to a higher state. In
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these experiments this excitation was acheived by pulsed radiofrequency energy. 

When a pulse of energy ceases the proton drops back to its lower energy state, it 

is this drop back to its lower energy state and the resultant emission of energy that 

is measured by the NMR probe. In order to make this energy measurable the 

magnetic properties of the proton are utilised. By the application of a high strength 

magnetic field accross the sample all the nuclei are aligned. This allows a uniform 

measurement to be made when the system is perturbed.

The field is uniform and hence each of the chemical nuclei behaves in a 

predictable and repeatable manner. Hence they give a reproducible and 

repeatable pattern. Each nucleus will relax back to its unexcited state and as it 

does so a measurable energy is given off. The conventional scale, used to 

measure this energy, is a ‘parts per million’ scale. The position of a reading from a 

nucleus along that scale, in relation to others, is known as its chemical shift. The 

pattern that a nucleus gives and its position will be influenced by its own particular 

molecular environment. Hence the chemical shift is always the same for a given 

species in the same environment and it also gives a characteristic splitting pattern 

-  this is known as ‘spin-spin’ coupling. Spin-spin coupling is the result of the direct 

influence of one nuclear species on another in the same chemical environment 

(Hore 1995). These features are shown in figure 1.15.
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AB C D E F G

Label Metabolite Chemical Shift

A Lactate 4.11

B Myoinositol 4.06

C Creatine 3.93

D Myoinositol 3.56

E Creatine 3.04

F Lactate 1.33

Figure 1.15 shows a typical NMR plot for human detrusor smooth muscle and a 
key to the labels.

NMR represents a means of simultaneous analysis of the biochemical 

components of a tissue or fluid. It has previously been shown that reproducible 

biochemical phenotypes can be produced for human and more specifically 

urological tissues. (Lynch, Masters, Pryor, Lindon, Spraul, Foxall & Nicholson 

1994, Nicholson, Foxall, Spraul, Farrant & Lindon 1995, Tomlins, Foxall, Lindon,
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Lynch, Spraul, Everett & Nicholson 1998, Garrod, Humpfer, Spraul, Connor, 

Polley, Connelly, Linden, Nicholson & Holmes 1999.)

There has been one previous study that has looked at metabolites in the bladder 

using Ĥ NMR spectroscopy (Gullans, Heilig, Stromski & Blumenfeld 1989). This 

work was aimed at looking for specific metabolites in rat models in hyperosmolar 

states. It did not aim to characterise tissue but mentioned a variety of unidentified 

compounds in each tissue. There has also been various work using NMR to 

look at phosphate metabolites and pH in bladder tissues (Arruda, Lubansky, 

Dytko, Mola, Kleps & Burt 1984; Hellstrand & Vogel 1985; Kushmerick, Dillon, 

Meyer, Brown, Krisanda & Sweeney 1986; Fisher & Dillon 1987 & 1989). However 

this work did not look at the biochemical phenotype of the tissue and hence made 

no direct attempt to understand the metabolism of the tissue.

It is possible to examine intact tissue, however analysis of such spectra is usually 

complicated by issues such as solvent suppression of signals and interferences 

from broad spectra that are seen with large molecules; the latter often mask 

signals from the low molecular weight moieties that are generally of interest. 

Hence, intact tissue Ĥ NMR analysis is rarely employed (Garrod, Humpfer, 

Spraul, Connor, Polley, Connelly, Linden, Nicholson & Holmes 1999).

The standard technique is that of analysing protein extracts -  in this project 

acetonitrile digestion was used as this method has been shown to interfere least 

with a key marker, creatine (Daykin, Foxall, Connor, Lindon, Nicholson. 2002).
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However, there have been comparisons with intact tissues and protein extracts 

before and results have been shown to be consistent (Garrod, Humpfer, Spraul, 

Connor, Polley, Connelly, Linden, Nicholson & Holmes 1999). As detrusor was a 

new tissue studied by this technique, measurements were repeated using a highly 

specialised technique, magic angle spinning (^H MAS NMR) analysis, whereby 

spectra of intact tissue can be determined, this was performed by Dr Feta Foxall. 

The protein extract work was compared with the ^H MAS NMR analysis to ensure 

parity. This then allowed comparison of protein extracts gained from cell cultures 

and fresh tissue with valid reference to the intact tissue. The characteristic pattern 

of metabolites has been referenced from previously established tables (Nicholson, 

Foxall, Spraul, Farrant & Lindon 1995).

1.12c Measurement of the contractile function of detrusor smooth myocytes.

There has never been a characterisation of the contractile function of cultured 

detrusor myocytes. As alluded to in previous sections the detrusor plays a pivotal 

role in acting as a pump, so that when during a coordinated contraction with the 

outlet sphincter relaxed, there is extrusion of urine and normal voiding function. 

Therefore, if one were to consider the ideal replacement tissue for a diseased 

bladder it would be at least contractile and at best coordinated with its surrounding 

tissues. The latter objective would involve the generation of either a scaffold that 

had a prepared neural network or for adequate artificial stimulation to be 

generated during the engineering process. There is evidence of some neural 

ingrowth in bladders that have been tissue engineered (Oberpenning et al 1999)
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however data about the extent, distribution and functional role that it plays does 

not currently exist. This question was not within the scope of this project, however 

it would form a vital part of future work if one were to consider in vivo graft 

function.

The contractility of cultured detrusor smooth muscle cells has been measured in a 

derivative way by recording their ability to alter the size of a disc of collagen gel. 

The contractile response of cultured human detrusor myocytes was increased with 

the application of a calcium ionophore, lysophosphatidic acid and endothelin, but 

not with carbachol (Kropp et al 1999). Having shown that these cells do appear to 

exert a mechanical influence on such a gel the next logical step is to try and 

quantify the force that might be measured during such a contraction. This follows 

the progression made by plastic surgeons when they were examining the role of 

fibroblasts in wound contraction (Eastwood, Porter, Khan, McGrouther, Brown.

1996).

The culture force monitor relies on the incorporation of cells into a liquid collagen 

gel, that subsequently solidifies and so can be attached to a strain gauge. The 

cells then form an attachment to the gel and exert a tractional force on it. This 

results in minimal changes in the dimension of the gel (Eastwood et al. 1996) 

however there is a measurable force that arises across the gel and this is greater 

in the presence of cells. The previous work using this system acknowledges that it



73

is not fully isometric, but it is a better measure of isometric contraction than 

unrestrained gel shrinkage (Eastwood et al 1994).

Therefore, having characterised detrusor cultures (as consisting of smooth muscle 

cells) by other methods the next procedure is to measure their contractile function. 

All the cells incorporated into the gel in this thesis were smooth muscle cells and 

there was no significant contamination. This offers some advantage over a cell 

suspension taken from a fresh sample, as it would not have the same purity, as it 

would contain vascular, neural and connective cell types. There was no means of 

selectively sorting these cells immediately following enzyme digestion and 

therefore it was not possible to directly compare the contractile force generated by 

freshly isolated cells in the same system. However, by taking the dimensions of a 

muscle strip and an average cell size the force per cell of freshly isolated cells may 

be calculated from published work and compared to the unit cell increment offeree 

in a gel of cultured myocytes. Thus whilst the comparison is not direct and makes 

a number of assumptions about distribution of cells within a fresh muscle strip, it 

does provide a starting point for quantifying the contraction generated by cultured 

cells. This gives these cells a useful foundation as a tissue model and may allow 

greater understanding of their function making the formation of tissue engineered 

grafts more effective in the future.
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1.13 Aims of the thesis

There has been considerable work to establish the properties of detrusor smooth 

muscle in both muscle strips and single cells. This has lead to the elucidation of 

very clear pathways for activation and contraction.

Although there has been some work to examine the properties of cultured detrusor 

smooth muscle (Sui, Wu, Fry 2001 a & b) and make comparison with freshly 

isolated myocytes these have looked largely at transmembrane currents. 

Therefore this thesis has sought to answer a number of questions relating to the 

phenotype of cultured human detrusor smooth muscle:

1. There is evidence that cultured detrusor smooth muscle can generate a 

Câ "" response mediated through muscarinic and purinergic mechanisms. It 

is important to quantify this and compare it with fresh cells.

2. Inositol trisphosphate is generated by the hydrolysis of phosphatidylinositol 

4,5-bisphosphate. Does diacylglycerol (the other product of membrane 

phosphate cleavage) have any influence on [Ca^‘"]i changes?

3. Do the cultured cells retain the same ability for temporal restitution of their 

[Ca^"]i response?

4. Is the storage of [Ca^ ]̂i in cultured cells similar to that in freshly isolated 

cells -  can cultured cells generate responses with stimulation via caffeine ie 

by activation of the ryanodine receptor?

5. Are the cultured cells capable of producing a measurable contractile 

response and can this be altered with the application of carbachol?
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6. If there are differences in the physiology of cultured myocytes is it possible 

that alteration of their metabolism due to cellular hypoxia in culture may be 

culpable?

1.14 Experimental objectives of the thesis

This thesis aims to characterise the functional properties of cultured detrusor 

smooth muscle. This characterisation has been made by comparison with freshly 

isolated cells. Establishing a close phenotype to that of fresh myocytes would 

allow: (1) the development of cells and cultured tissue for testing potential 

therapeutic interventions on human tissue; and (2) an understanding of cells that 

are being employed for use in tissue engineered implants potentially allowing 

optimisation to maximise function.

Direct comparisons have been made using epifluorescence microscopy to 

examine the Câ "̂  responses of fresh and cultured single cells. The other means of 

direct comparison was the use of NMR spectroscopy to show a reproducible 

biochemical profile for fresh and cultured tissue. The cultured cells were also 

examined using immunocytochemistry, morphology and contractile ability as 

markers of their cells type.

The following experimental plan and objectives were pursued:

1. For all cell preparations the same standard procedures were used to 

dissociate cells from biopsy samples or cell cultures.
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a) For freshly isolated cells a fraction was used for immediate 

experiments, a fraction was snap-frozen for later analysis by H^NMR 

spectroscopy (for a few samples only) and the remainder was used 

for cell culture

b) For primary cultures a fraction of cells were used for experimentation 

and the remainder were subcultured.

2 Identify the cultured cells as human detrusor myocytes using a-smooth

muscle actin and comparison of cultured detrusor myocytes and fresh 

tissue using NMR spectroscopy.

3. Measurement of [Ca^‘"]i responses to carbachol and ATP for fresh and 

cultured cells. The ability of cells to restitute such responses and the 

influence of dicaylglycerol on these responses.

4. Measurement of the contractile ability of cultured human detrusor smooth 

muscle cells in a collagen gel.
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Chapter Two - Materials and Methods

Initially, the processes of tissue retrieval, cell isolation and cell culture are 

described. Techniques used to characterise the cellular phenotype are described 

later. An overview of the methodological procedures is given in figure 2.1.

2 .1 Tissue collection and cell isolation.

2.1.1 Tissue collection

The human tissue was collected from three centres which had all given ethical 

approval to the project -  see Table 2.1. Patients were asked to give informed 

consent before their procedure, an example of the information sheet and consent 

form are included in Appendix 1 Samples were taken from patients undergoing 

cystectomy or cystoplasty procedures. Each sample was collected from the dome 

of the bladder. Patients consenting for this project had a range of diagnoses.

Table 2.1 Breakdown of the human 

experiments for this thesis.

tissue samples collected and used in

DIAGNOSIS NUMBER OF PATIENTS

Transitional cell carcinoma 12

Other stable bladders, eg. bladder 

stones, sarcoma

8

Detrusor overactivity (urodynamically 

proven)

7

Detrusor overactivity (neuropathic) 5
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Subculture

Subculture

Subculture

Ethical approval

Informed consent 
of patient

NMR experiments 
See section 2.5

Primary cell culture in 
D-valine medium

Epifluorescence 
experiments 

See section 2.4

Culture force monitor 
experiments 

See section 2.6

Cell isolation via collagenase 
digestion

Sample taken and placed 
in Ca^* free HEPES 

Tyrodes solution

Figure 2.1 A flow chart to show collection of tissue and the points at which 

experiments were undertaken -  giving and overview of experimental strategy.
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Human tissue samples were placed immediately in Ca^^-free HEPES-Tyrode’s 

solution (Table 2.2) and transported to the laboratory.

2.1.2 Cell Isolation -  freshly isolated cells

All tissues were dissociated by collagenase disruption, using a protocol previously 

established (Montgomery & Fry, 1992; Fry & Gallegos 1994). The urothelium and 

serosa were first removed from the bladder, using microscope assisted sharp 

dissection. The procedures for the preparation of cells for immediate use (freshly 

isolated cells) in epifluorescence microscopy, or for cell culture differed in that 

greater care to ensure asceptic conditions was required for cell culture (see 

section 2.2).

All solutions were supplied by GIBCoBRL Life Technologies Ltd., Paisley, UK 

unless otherwise stated.

For freshly isolated cells, small pieces of muscle (1.5-2.0 mm^) were dissected 

from the remaining detrusor. All dissection was carried out in Ca^Vree HEPES- 

Tyrode’s at room temperature. The pieces were then washed in fresh Ca^^-free 

HEPES-Tyrode’s and placed in an enzyme solution (see Table 2.3) and left to 

stand for 45 minutes at room temperature. The samples in enzyme solution were 

then placed in a heating block at 37 °C for a further 90 minutes.
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Table 2 2 -  HEPES^buffered -free Tyrode’s Solution

Chemicals Concentration
(mM)

NaCI 105.4
NaHCOs 22.3
KCI 3.6
MgCl2.6H20 0.9
NaH2 P0 4 .2 H2 0 0.4
HEPES 19.5
Glucose 5.4
Na pyruvate 4.5

Ail Chemicals used were 
AnalaR® grade agents 
from BDH Chemicals Ltd 
(Poole, Dorset, UK.) except 
HERES (Sigma Chemical 
Co. Ltd Poole, Dorset, UK). 
The solution was made in 
reverse osmosis water 
(PURITE Ltd HP700 
Thame, Oxfordshire, UK)

pH 7.1 adjusted with 1M NaOH

Following incubation the tissue was removed from the enzyme solution and placed 

into 1 ml of Câ '" -free HEPES-Tyrode’s. The tissue was then finely chopped and 

gently triturated using a plugged glass pipette, with a blunt, fire-polished tip, 

creating a cell suspension to create a cell suspension. The cell suspension was 

stored in Ca-free HEPES Tyrode’s solution prior to use for measurement of the 

intracellular [Ca^'’] by epifluorescence microscopy .

2.2 Primary cell culture

All cell culture was performed under asceptic conditions: instruments and 

materials were sterilised (see below) and procedures performed in a flow cabinet 

(Microflow Class 2 Biological Safety Cabinet).

Tissue samples were washed six times in Ca '̂ -̂free, Mg '̂"-free phosphate buffered 

saline (Dulbecco’s formula) supplemented with penicillin and streptomycin (100 

units/ml) and fungizone (amphotericin B 2.5 pg/ml). [Hereafter referred to as
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supplemented PBS]. The solutions were contained in 7ml glass bijou containers 

(Bibby Sterilin Ltd, Staffordshire, UK).

Table 2.3-  Enzyme Components in HEPES-buffered Ca^*- free Tyrode’s Solution

Compound Concentration
(mg/ml)

Collagenase 2.0
Hyaluronidase
Type l-S 0.5
Type III 0.5
Antitrypsin Type ll-S 0.9
Bovine albumin 5.0

Collagenase (type II, activity 300 units 
per mg of solid) (Worthington Biochem 
Corp., New Jersey, USA). All the other 
components were obtained from 
Sigma Chemical Co. Ltd. (Poole, 
Dorset, UK).

The tissue was transferred into a sterile plastic eppendorf tube containing 

Minimum Essential Medium D-valine , supplemented with 10% PCS (foetal calf 

serum, 2 mM L-glutamine, penicillin and streptomycin 100 units/ml and fungizone 

[Hereafter known as "culture medium"]; this transference served as a final wash. 

The tissue was then placed into a second eppendorf tube containing 1 ml of 

medium.

The tissue was cut into pieces as small as possible, using sterile tissue scissors 

that had been soaked for more than 30 minutes in 70% industrial methylated 

spirits (1 litre contains 300 ml reverse osmosis water, PURITE Ltd) and 700 ml of 

99% industrial methylated spirits (Hays Chemical Distribution Ltd, Leeds). The
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pieces were then disaggregated into single cells using the enzyme mixture as 

described above followed by gentle trituration.

The suspension was transferred to a 25 cm  ̂flask, this value represents the culture 

area available on the base of the flask used to generate cell cultures (Corning®

Costar Corporation, Cambridge, MA) with a 5% CO2 atmosphere and 95% 

humidity. Incubation conditions were monitored by internal monitors (to an 

accuracy of ± 0 .rc  and 0.15% CO2). Additional external checks were carried out

periodically for temperature, with a mercury thermometer, and for the CO2 

percentage, with a Bacharach FYRITE® gas analyser, containing Bacharach CO2 

FYRITE® fluid (64 ml U.N. 1814 Bacharach, Pittsburgh Pa. USA).

Cultures were inspected at 3-4 days to ensure growth and lack of infection. At one 

week the medium was changed and thereafter twice a week, for 2-3 weeks. After 

this time the cultures reached confluence and formed the characteristic "hill and 

valley" and illustrated in Figure 2.2.
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Figure 2 . 2 -  Photograph of human detrusor myocyte cultures -  demonstrating the 

“hill and valley” growth pattern. (Printed with kind permission of Dr Gul-PIng Sul) 

Once the cells had reached confluence they would only remain viable for up to 

seven days, after this time they appeared to die in the culture dish. Cell death 

could be avoided by harvesting them with an enzyme solution (below) to form a 

suspension of separate cells. Cells were then used for either experimentation or 

subculture (see Section 2.3).

Cells used for epifluorescence microscopy experiments (section 2.4) showed poor 

intracellular Câ  ̂ responses to agonists such as carbachol if taken straight from 

the culture medium. Cell responsiveness was enhanced by serum withdrawal from 

the culture medium. The culture medium was aspirated and replaced with the 

same volume (5 ml) of a D-valine based medium that was identical except that the 

concentration of PCS was reduced from 10% to 1% (Yang 1990). Cells were 

incubated in this low serum medium for 24 hours prior to harvest and 

experimentation.
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Harvest or trypsinisation of the cells was undertaken using 0.25 % trypsin/versene 

(100 ml 2.5 % 1:250 trypsin and 900 ml 1:5000 versene) and separates 

enzymatically cells from the culture dish and each other -  leaving a cell 

suspension. Culture medium, or the low-serum culture medium, was aspirated 

from the flask, and the cells washed twice with 10 ml of supplemented PBS. 2 ml 

of 0.25 % trypsin/versene was then added to the flask and the flask agitated, to 

ensure full coverage of all cells, any excess solution was aspirated. The flask was 

then incubated at 37 “C for 2 minutes after which 11 ml of culture medium was 

added to the flask and the cells were gently triturated to encourage separation and 

the generation of a suspension of single cells. If a fraction of the cells was to be 

used for epifluoresence microscopy then 1 ml of suspension was placed in an 

eppendorf tube for experimentation and the remaining 10 ml was divided equally 

between two fresh 25 cm  ̂ culture flasks. If the cells were just being subcultured 

then 10 ml of culture medium was added to the suspension and divided equally 

between two fresh culture flasks.

2.2.1 Subcultures.

Flasks of cells that had reached confluence and were required for passaging in to 

further cell cultures (subcultures) were trypsinised as described above. The 

trypsinised cells were resuspended in 5 ml of the culture medium and placed in a 

new 25 cm  ̂flask and incubated as for primary cultures (see above).
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2.3 Immunocytochemical characterisation of cells

Cells were trypsinised and plated onto a 4-well microscope slide pre-coated with 

fibronectin (GIBCoBRL Life Technologies Ltd., Paisley, UK). Pre-coating of the 

slide was performed as follows: fibronectin was diluted in sterile water at a

concentration of 1 ml per 100 ml (GIBCoBRL (33016-023) Life Technologies Ltd., 

Paisley, UK) and 0.5 ml per well was added to the slide. The slide was then 

incubated at 37 “C for 1 hour, residual fluid was aspirated and the cell suspension 

was divided equally, plated onto the slide and incubated overnight. 24 hours later 

the cells were washed with 0.5 ml per well of PBS and fixed with 0.5 ml per well of 

4 % paraformaldehyde (BDH Poole) and allowed to stand for 5 minutes. The slides 

were given a further two washes with PBS and the cell membranes were made 

permeable with 0.5 ml per well of 0.2% saponin (BDH Poole) for 5 minutes. This 

was followed by a further three washes with PBS. The cells were then blocked 

from further growth with 0.5 ml per well of 20% PCS (GIBCoBRL Life Technologies 

Ltd., Paisley, UK) and 2% bovine albumin (Sigma St Louis, Mo, USA) in sterile 

PBS and were left to stand for 1 hour at room temperature.

Following the above procedure the cultured cells were transported, on slides to the 

Institute of Child Health, UCL. Where they were stained by Miss Naima 

Smeulders. The cells were stained with anti-human alpha-actin smooth muscle 

antibody (Sigma Chemical Co. Ltd. Poole, Dorset, UK (A2547)) which was stained 

with a secondary antibody (anti-mouse IgG-FITC (Fluorescene isothiocyanate) 

which acts as a fluorescent green conjugate; Sigma Chemical Co. Ltd. Poole,
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Dorset, UK (F5262)). The whole process was also carried out using blank slides 

(i.e without cells) as negative controls.

2.4 Measurement of intracellular Ca^  ̂ ICa^^l by epifluorescence microscopy 

[Câ '̂ li is a measurable indicator of cell response to agonists and is an important 

part of the contractile cascade in smooth muscle cells. These experiments were 

performed to compare the [Câ "̂ ]i response to agonists in freshly isolated myocytes 

and cultured cells, as well as to characterise aspects of the intracellular signalling 

pathway between agonist activation and a rise of the [Ca^ ]̂i.

2.4.1 Cell loading with the Ca^^-indicator, Fura-2

The fluorescent indicator Fura-2 (Calbiochem-Novabiochem Corporation, La Jolla, 

CA, USA.) was used as an index of [Ca^+Jj. Fura-2 has a high affinity and 

selectivity for Ca2+. The fluorescence excitation spectrum of Fura-2 shifts 

progressively to shorter wavelengths as [Ca2+] increases. As a result, the 

emission intensity is increased at 340 nm excitation and decreased at 380 nm 

excitation. See also Section 1.12a.

The emission spectrum is unaltered by Ca2+ binding and is maximal at about 510 

nm (www.probes.com - 2001). In these experiments Fura-2 was between 400-510 

nm. The ratio of fluorescence outputs at 340/380 nm was used as an index of 

[Ca2+]i -  reference to ratiometric measurements.

http://www.probes.com
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Fura-2 AM (the membrane-permeant form of the fluorochrome, see Section 1.12a) 

was dissolved in dimethyl sulphoxide (DMSO, BDH, Poole, Dorset) to a stock 

concentration of 10 mM and stored frozen at -2 0  °C in aliquots of 20 pi. In this 

form the fluorochrome is stable for approximately six months.

A cell suspension was prepared either by fresh cell isolation (see Section 2.1.2) or 

trypsinisation of cultured cells (see Section 2.2). Cells were loaded with the 

indicator by adding 0.5 pi of Fura-2 stock solution to 1 ml of cell suspension; final 

concentration 5 pM. The suspension was left for 45 minutes at 4 °C which was 

found to be sufficient for uptake of the Fura-2 by the cells, with minimum 

background autofluorescence,

A drop of the cell suspension was placed in a water-heated Perspex bath, the 

base of which consisted of a borosilicate coverslip (thickness 1 -  0.13-0.17 mm; 

BDH, Poole, Dorset) (Figure 2.3). A borosilicate base was necessary to minimise 

absorption of the ultra-violet excitation light. The bath was mounted on the stage of 

an inverted microscope (Olympus 1X50). Cells were allowed to adhere to the 

coverslip by leaving the drop for 20 minutes at 37 °C. When perfusion was 

subsequently commenced the cells remained within the field of view of the 

microscope eyepiece. Cells were continuously perfused with Tyrode’s solution 

(see section 2.4.4) at a flow rate of 2 ml/min and excess fluid removed by suction. 

Figure 2.3 shows a diagram of the perfusion chamber.
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Perspex Cell bath with borosilicate base
base

Outflow of 
perfusate 
under suction

Water jacket

Inflow of 
perfusate

In and outflow of 37°C 
water jacket Perfusate was warmed to 37 °C 

and bubbled with 95% O2/ 5% 
T CO2 Inflow tubing was also 

enclosed in a water jacket

Figure 2.3-  Cell bath for epifluorescence measurement of [Ca^*]i (view from above)

2.4.2 Epifluorescence microscopy

The epifluorescence system (Figures 2.4 and 2.5) was obtained from Cairn 

Research Ltd. (Sittingbourne, Kent, U.K.). A xenon short-arc light (75 W  XBO; 

Osram Ltd., Berlin, Germany) provided a focused, high intensity and broad 

bandwidth light source, which was transmitted to the microscope stage via a 

quartz fibre optic cable. Prior to transmission along the fibre optic cable, light was 

filtered using a rotating wheel containing two radially distributed filters of different
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bandwidth (340 ± 10 nm and 380 ± 10 nm). The wheel was rotated at 50 rps. A 

dichroic mirror (400 nm for Fura-2), situated in the sub-stage of the microscope, 

directed the filtered, excitation light beam through the objective of the microscope 

(x40 quartz objective, numerical aperture 1.3) focusing on the cell in the perfusion 

bath.

Emitted light passed back through the objective and straight through the 400 nm 

dichroic mirror. This emitted light was reflected by the microscope mirror and 

focused in a light tube prior to a variable rectangular diaphragm, which could be 

adjusted to eliminate the extracellular light from around the test cell. A red 

screening filter (a filter from an atomic absorption spectroscope (>580 nm)) was 

placed in front of the microscope light source to provide illumination but not 

contaminate the fluorescent emission from the cell.

A second dichroic mirror (510 nm), placed after the adjustable diaphragm acted as 

a beam splitter. The higher wavelengths (including the red illuminating light) were 

directed to a CCD camera (Heimann CCD; AI rad Instruments Ltd., Newbury, 

Berks, U.K.) and the resulting image displayed on a monitor, facilitating final 

positioning of the cell and adjustment of the rectangular diaphragm. The lower 

wavelengths were transmitted to a photo-multiplier tube (PMT) for signal 

collection. Therefore, light between 400-510 nm was collected by the PMT for 

Fura-2 fluorescence recordings.
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The intensities of the emitted light in the 400-510 nm range at the two exciting 

wavelengths (340, 380 nm) were recorded by two "sample and hold" amplifiers 

incorporated into the spectrophotometer system. The switch frequency between 

these two amplifiers was synchronised to that of the rotating filter wheel using an 

internal high frequency time-clock so that sampling occurred only during the 

passage of a specific filter. The magnitude of the output could be adjusted by 

changing the voltage applied to the PMT (generally -800 to -1100 V). An 

analogue division circuit was also incorporated into the spectrophotometer system 

to produce a simultaneous ratio of the two signals which was displayed on an 

oscilloscope (Model DSO 420; Gould Inc., Essex, U.K.). The emitted light 

intensities at the two excitation frequencies as well as the ratio of these two 

signals were recorded on a moving-paper chart recorder (Model TA 420S; Gould, 

France).

A diagram of the light paths for the epifluorescence measurements in shown in 

figure 2.4.
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Microscope
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Red filter - X  580 nm
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1/2

Pen recorder
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Dichroic 
Mirror 510 nm

Figure 2.4 - A schematic diagram of the epifluorescence microscopy light path 

used for the measurement of [Ca^ ]̂i with Fura-2

Figure 2.5 shows a block diagram of the recording epifluorescence system 

showing the perfusion arrangement, microscope stages and recording apparatus.
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Figure 2.5 Diagram of the fluorescence microscope and perfusion bath.
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2.4.3 Calibration of Fura-2 signal

Calibration of the Fura-2 signal was performed in vitro by measuring the intensity 

of the fluorescence signal between 410-510 nm when excited at 340 and 380 nm 

(F340 and F380 respectively) and calculating the fluorescence ratio {R = F340/F380) as 

described above. Measurements used the pentapotassium salt of Fura-2 in 

aqueous solutions of known [Ca '̂'] between 25 and 37 °C and incorporating known 

temperature coefficients for the affinity of HaEGTA^' for Câ "̂  (see below). The 

objective of the calibration was to calculate the affinity of Fura-2, Kd, for Ca '̂" under 

ionic conditions that mimicked the intracellular environment and the upper and 

lower bounds of R  at very high (Rmax) and very low (Rmin) [Ca^ ]̂.

2.4.3a Calibration Solutions

Solutions of known pCa were made up in the solution shown in table 2.4 

Table 2.4 Base solution for calibration of Fura 2 Signal

Solute Concentration
(mM)

KCI (BDH) 120
HEPES (Sigma) 10

NaCI (BDH) 10
MgCb (BDH) 1.0

EGTA (Sigma) 5.0 (nominal)

The solution was titrated using 2 M KOH (BDH, Poole, Dorset) to pH 7.0 and a pH 

meter (Solex Digital pH meter SE500) and then made up to volume. The solution 

was divided into 50 ml aliquots and CaCb (BDH) added from a 1 M stock solution 

and titrated back to pH 7.0 with KOH to give a range of Ca^  ̂concentrations.
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^ ^ , [EGTA]
P P '  ^ [CaEGTA] Equation 2.1

The pCa was calculated from the following affinity isotherm of EGTA for Ca^ ,̂ see 

equation 2.1

The accurate calculation of pCa values is critically dependent on three factors; the 

pH of the solution; knowledge of the precise concentration of EGTA added to the 

solution; and the Kd of the reaction under the prevailing conditions. The pH was 

maintained constant at 7.0 throughout. The pKd has been determined previously 

to have a value of 6.44 under the conditions of the calibration as described above 

(Fry, Powell, Twist & Ward, 1984; Fry & Langley 2001, for details). A temperature 

correction was applied to the pK  ̂ according to published data (Harrison & Bers 

1989) when the ambient temperature differed from 37 °C. The [EGTA] is generally 

less than that calculated from the weighed quantity from the stock solid due to the 

tendency for EGTA powder to absorb water. The purity of the batch used in this 

calibration was previously estimated to be 92% by a Scatchard analysis of the 

affinity of Câ "" binding to EGTA as determined by using a Ca^^-selective electrode 

(see Fry & Langley (2001) for details).

Table 2.5 shows the added CaCb to the calibrating solution and the estimated pCa 

and [Ca^ ]̂.
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Table 2.5 Calibration solutions used for calibration of Ca^  ̂binding to Fura-2

Added CaCb mmoles.l'^ pCa Free [Ca^*]

none <9.0 <1 nM

0.5 7.354 44.3 nM

1 . 0 6.996 101 nM

2.5 6.516 305 nM

4.0 5.616 2.42 pM

6 . 0 2.854 1400 pM

K5 Fura-2 (Calbiochem-Novabiochem Corporation, La Jolla, Ca^ ,̂ USA.) sait was 

added to the solutions from a 1 mM stock to give a final concentration of 5 pM. 

The solutions were then heated to 37 °C and dropped onto the coverslip at the 

base of the perfusion dish.

The magnitude of the F340 and F380 signals were recorded in each calibration 

solution and the ratio, R, calculated. An example of the variation of R as a 

function of pCa is given in Figure 2.6. R varied between a value of about 0.2 at 

very low [Câ ""] and about 2.5 at saturating [Câ "̂ ] in this example.
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Figure 2.6 -  Example of the relationship between the fluorescence ratio R and 
pCa for Fura 2. For conditions see text

The Kd was determined from the relationship derived by Grynkiewicz, Poenie & 

Tsien. (1985) -  equation 2.2.

2.2

max

p is the ratio Fmin,38o:Fmax,38o and had a value of 10.35 (n=9). From nine

determinations the pKd was 6.73 ± 0.11, yielding a mean Kd of 191 nM (145 - 251 

nM, from the s.d of the pK  ̂values).
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2.4.4 Experimental solutions

Table 2.6 shows the composition of Tyrode’s solution that was used for all 

experiments to measure the intracellular [Câ "̂ ] in isolated detrusor myocytes.

Table 2 .6 - Composition of Tyrode’s Solution

Chemicals Concentration
(mM)

NaCI 118.0
NaHCOs 24.0

KCI 4.0
MgCl2.6H20 1.0

NaH2 P0 4 .2 H2 0 0.4
CaCl2 2 H2O 1.8

Glucose 6.1
Na Pyruvate 5.0

The chemicals used were AnalaR® 
grade agents from BDH Chemicals 
Ltd. (Poole, Dorset, UK). The 
solution was made up using reverse 
osmosis (R /0) water (PURITE Ltd).

Tyrode’s soution was gassed continuously with a 5 % CO2 and 95 % O2 mixture, 

pH 7.35±0.3 units. NaCI, NaHCOs, glucose and Na pyruvate were added as solids 

to reverse osmosis (R/0) water, other components were added from 1 M stock 

solutions. The following interventions were used, made up to the required 

concentrations in Tyrode’s solution.

a) Carbachol; from a 10 mM stock solution kept at 4 °C. The solution was made 

using 0.913 g carbachol (Sigma St Louis, Mo, USA) dissolved in 500 ml R /0  

water. Experimental concentrations (range 0.01 -  100 pM) were made by 

dilution in Tyrode’s solution.

b) ATP: from solid just prior to use. 0.0294 g Na2ATP (Sigma St Louis, Mo, USA) 

was dissolved in 5 ml of R /0 water to give a 10 mM solution. Experimental 

concentrations (range 0.001 -  30 pM) were made by dilution in Tyrode’s 

solution.
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c) KCI: - from solid by dissolving 0.567 g KCI (AnalaR® (BDH Poole) in 100 ml of 

Tyrode’s solution to produce an final concentration of 80 mM. No correction for 

osmotic strength or hypertonicity was made for this solution.

d) Caffeine: - from 0.1942 g caffeine (Sigma St Louis, Mo, USA) in 100 ml 

Tyrode’s solution to give a 10 mM solution.

e) Forskolin: -  a 1 pM stock solution was made by dissolving of 2.1 mg of 

forskolin (Sigma St Louis, Mo, USA) in 5 ml of dimethyl sulphoxide (DMSO; 

BDH Poole). This stock was aliquoted and stored in the dark at -20  °C (stable 

for 1 month). It was then diluted to 0.1 ml in 100 ml for experiments, giving a 

final concentration of 1 nM.

f) Cholera toxin (ctx. Sigma St Louis, Mo, USA ( C-8052)): - a stock solution of 10 

pg/ml was made by dissolving 0.5 mg of ctx solid in 50 ml of R /0 water. The 

stock was then diluted in Tyrode’s solution to a dilution of 0.3 ml per 100ml, i.e. 

a concentration of 30 ng/ml.

g) Dibutyryl cyclic-AMP (Sigma): - from solid at the time of the experiment. A 

stock solution concentration of 1 pM was made by dissolving 4.914 mg of 

dessicated solid in 10 ml of R /0 water. I ml aliquots were stored frozen and 

diluted at 0.1 ml per 100 ml for experiments, i.e. a concentration of 1 nM.

2.4.5 Epifluorescence microscopy - experimental protocols.

Experiments were undertaken on single cells, prepared as described above

(Sections 2.1.2 and 2.2). Once the cells were loaded with Fura-2 and allowed to

adhere to the glass coverslip base of the perfusion dish, the flow of oxygenated
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Tyrode’s was œmmenced and cell selection was performed. This was initially 

carried out under phase contrast at a magnification of x100 (x10 eyepiece and x10 

objective). The cells were examined to find one that was as close to the centre of 

the dish as possible. As can be seen from figure 2.3 the flow was across the dish 

on a diagonal axis and therefore the presumption was made that, this way, a cell 

was in an ideal position to receive rapid and continuous exposure to the perfusing 

solution. The morphology of the cell was also examined to ensure that it had the 

characteristic spindle shape. Once a cell had been identified the objective was 

changed to a x40 quartz oil interface objective (Olympus Uapo 340 nm, numerical 

aperture 1.3, WD 0.1 mm) to give a total magnification of x400. The fluorescence 

of the cell was then checked by visual inspection under 340 nm illumination. If 

there was visible green fluorescence then the cell was selected and used for the 

experiment.

The rotating filter wheel was set to sychronise with the sample and hold amplifiers, 

the microscope covered to prevent all external light from entering the system and 

the cell was viewed on the CCD camera monitor under red (<580 nm) illumination. 

The absolute zero levels for the two channels (340 and 380 nm) were recorded 

with no excitation. A shutter between the filter wheel and the cell was then opened 

and the PMT tube voltage was increased to -800 to 1100 V to give two sample- 

and-hold excitation outputs (one each from 340 and 380 nm excitation) as well as 

the ratio trace. Once the PMT voltage was set the cell was removed from the field 

of view using the microscope stage adjusters. This then gave a reading of the
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background fluorescence, which was used as a baseline for the fluorescence 

signals with the cell in place. The cell was returned to the field of view and the 

position of the 340, 380 nm and ratio signals were checked to ensure that the 

traces returned to their original values.

Interventions evoking a change of the intracellular [Ca^^ -  a Ca-transient - were 

preceded and followed by control exposure to standard Tyrode’s solution. Thus to 

establish dose-response curves, cumulative additions of agonist were not carried 

out to avoid uncertainties from gradual desensitisation by the agonist. The 

magnitude of the response was recorded from the average of the steady-state 

base-line levels. Agonists were added until a response was seen and then flow 

was switched back to control Tyrode’s solution. Between interventions a standard 

time of five minutes was allowed to ensure wash-off of any agonist and recovery of 

the cell; this time was chosen after initial experiments showed that consistent, 

repeated responses could be evoked with the interventions used in this thesis. 

This protocol was adhered to in all cases except for restitution experiments 

(Results, chapter 5) variable intervals between pairs of exposures were used and 

the magnitude of the second expressed as a percentage of the first. To 

investigate the effect of an intervention on the magnitude of a Ca-transient, control 

responses were obtained before and after introduction of the agent and the 

average used as a 100% control response.
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At the beginning of each experiment the effect of 10 pM carbachol was tested. If 

there was no Ca-transient after one minute the cell was rejected -  it was assumed 

that the cell was either not a detrusor myocyte (ie. a fibroblast) or had been badly 

damaged by the dissociation process.

2.4.6 Data analysis

Data are presented as mean ± s.d., except where indicated when median (25%, 

75% interquartiles) are also quoted. Skewness of data sets of values x, was tested 

by calculating the skewness coefficient, Vb = rc\z/(n\2.^n\2), 

where m3 is the third moment of the mean (=S(xrXf/n -  X  is the sample mean 

m2 is the second moment of the mean {=S(xrXf/n - or variance.

Values of Vb>1. 0  were considered to have significant skewness at the 5% level for 

the small data sets generated in these experiments. A positive value of Vb would 

mean an excess of data values skewed to large values from the mean, a negative 

value indicates an excess of smaller values than the mean.

Values of the intracellular [Ca^ ]̂ were calculated from the calibration curve and 

converted to pCa values (-log[Ca^'']) before all analyses, as the latter have been 

shown to the normally distributed set of values (Fry & Langley, 2001). The 

magnitudes of Ca-transients are also expressed as ApCa values. Data sets are 

quoted as mean values ± the standard deviation of an observation (s.d.), except 

when several measurements are made on the same cell and group mean values 

were calculated and a standard error of the mean (s.e.m.) quoted. The number of
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observations or cells in which multiple measurements were made is denoted by n. 

Statistical analyses between data sets of pCa values employed Student’s Mest. 

The null hypothesis was rejected in this and all other cases when p^O.05. For 

convenience the mean pCa values are sometimes deconvoluted to [Ca^ ]̂ values, 

with a range in parenthesis which represents that calculated from the s.d. or s.e. of 

the pCa values.

Dose-response curves were fitted by a least-squares method (KaleidaGraph, 

Synergy Corp) to equation 2.3, whereby a peak response of the Ca-transient, C, is 

plotted as a function of the agonist concentration [S]:

C rST
^ = Equation 2,3

where Cmax is the maximum response at high [S], E C 5 0  the concentration required 

to achieve 0.5Cmax and r) is a constant. For comparison of data sets, E C 5 0  values

were transformed to jpECso values, as for pCa values, and are quoted in the same 

way in the text. Cmax values are treated as linear data sets.

Restitution curves were fitted to the following function (equation 2.4)

C = 100(1 - exp(-t(to) / t) Equation 2.4

where C is the magnitude of a second Ca-transient as a percentage of an initial 

response, separated by a interval of t seconds; to is an absolute refractory period 

for which time interval no second response may be evoked as has been 

demonstrated in other cells (Wu et al., 2001); t  is the time constant of restitution



103

(seconds). The second transient was therefore assumed to increase monotonically 

with time, t, to the initial response, with no overshoot.

2.5 High field NMR analysis of detrusor smooth muscle and isolated myocytes 

The biochemical phenotype of detrusor cells was measured using high resolution 

(500 MHz) nuclear magnetic resonance (NMR) spectroscopy using protocols 

developed within our institution. Measuring the NMR spectra of cultured cell 

extracts and freshly isolated tissue gave a further comparison of the cellular 

phenotype.

The spectra from fresh protein-free tissue extracts were compared with intact 

tissue spectra (derived using high resolution magic angle spinning NMR or 

MAS NMR; Garrod, Humpfer, Spraul et al 1999). Tissue extracts were prepared 

and analysed as described below. The MAS NMR spectrum used was an 

analysis of detrusor samples that was performed by Dr Peta Foxall at Imperial 

College, London. This was designed to compare the similarity, or otherwise, of 

protein-free fresh tissue extracts with intact tissue, and represented a reasonable 

methodological baseline. Thereafter it was possible to make a further comparison 

of fresh tissue extracts with isolated myocytes from enzyme digested tissue and 

cell cultures in order to establish the biochemical phenotype of these tissues and 

any changes that may be apparent as a result of the cell isolation procedure 

(Section 2.1.2) and cell culture (Section 2.2).



104

2.5.1 Sample preparation

Tissue was dissected from biopsy samples and cut into pieces approximately 1 

mm  ̂ (100-200 mg in total). Using sharp dissecting scissors the muscle was 

separated from the urothelium and was washed twice in 0.9% saline consisting of 

0.45g NaCI in 50 ml of deuterium oxide (D2O 99% purity, Sigma Aldrich, 

Gillingham, Dorset). The tissue was placed in a plastic screw-capped container 

and then snap-frozen in liquid N2 (-192 °C).

The frozen tissue was thawed, the wet weight recorded and ground-up using a 

pestle and mortar, gradually adding 1.5 ml of D2O. Following this 1.5 ml of 

acetonitrile (Sigma Aldrich, Gillingham, Dorset) was added and the pulverisation 

was continued. The tissue was transferred to a plastic eppendorf tube and 

centrifuged (Whatmann microcentrifuge®, Denver Instrument Company) at 3000 

rpm (0.6 g) for 15 minutes. The supernatant was transferred to a labelled glass 

scintillation vial and left to stand over-night, in order to allow evaporation of the 

acetonitrile.

The collagenase digested tissue was treated at 37 °C in a collagenase solution as

for cell isolation (section 2.1.2). At the end of this procedure the cells were washed 

twice in D20-based 0.9% normal saline and the extraction technique applied as 

above.
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The cell cultures were harvested by trypsinisation (Section 2.2) and washed once 

in Ca '̂"-free HEPES-buffered Tyrode’s solution. Between washes they were 

centrifuged at 1500 rpm for 5 minutes, washed a further two times in 1ml of D2O 

based normal saline and then were treated with acetonitrile extraction as 

described above. Because of the small amount of tissue derived from the cell 

cultures only 1 ml each of D2O and acetonitrile were added but the procedure was 

otherwise identical.

For each of the samples the procedure was completed the following morning by 

covering each vial with parafilm, piercing holes in the film, freezing the D2O 

residue in liquid N2 and freeze drying. Specimens were stored, capped in a -2 0  °C 

freezer until NMR analysis.

At the time of NMR analysis the tissue was reconstituted with 540 pi D2O and 60 pi 

1 mM trimethylsilyl [2,2,3,3-^H4] propionate (TSP, Sigma Aldrich, Gillingham, 

Dorset) to a total volume of 0.6 ml and a final TSP concentration of 0.1 mM. TSP 

was added as a standard, it provides an internal chemical shift reference ofd  0.00 

-  therefore it gives a peak separate from those generated by the particular cellular 

metabolites that were the objective of this analysis. By adding this at a known 

concentration it would also be possible to estimate the concentration of 

metabolites in the samples by comparison of relative peak heights. The solution 

was placed in a high-grade 5 mm diameter glass NMR tube and subjected to high
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resolution 500MHz ^HNMR spectroscopy giving a detailed analysis of the low 

molecular weight constituents of the tissue extract and cell preparations.

2.5.2 NMR procedures and data handling.

Conventional 1-D NMR spectra were measured at 300 K on a Bruker Avance 

DRX-500 spectrometer operating at the 500.13 MHz ^H resonance frequency 

(11.8 T). The sample was inserted into the magnet and taken down on an air 

cushion to the Ĥ 500 MHz TX1 probe. The position of the sample was then set 

within the magnetic field by minor adjustment of external tap screws, the final 

position was determined by the centring of an LED indicator. The sample was then 

set spinning within the magnet and fine positioning of the sample was undertaken 

using shim settings of the NMR spectrometer. Without performing this step the 

peak shape would be altered, making the spectrum uninterpretable Using the 

software the shimming process involves the online positioning of the sample by 

achieving a maximal signal in all plains.

The sample was initially analysed for 4 scans and following this the water signal 

was suppressed -  this allows analysis of the normal metabolites by subtracting the 

signal from the large number of water protons. The signal was locked onto D2O to 

provide a field-frequency lock for the magnet and phase-locked to give uniformity 

to the baseline of the spectrum. The samples were then pulsed with radio 

frequency at a pulse length of 9.66 s to force a 90° flip of the protons. For each 

sample the pulse programme NOESYPRESAT was run and scanned 126 times.
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For each sample these scans create, 128 free induction decays (FID) and the 

collection into 3.2x10^ data points with a spectral width of 6000 Hz. The 

NOESYPRESAT pulse sequence (Nicholson & Foxall 1995) used was: RD-90°-tr 

90°-tm-90"'-acquire FID, where RD is a relaxation delay of 2 s, during which the 

water resonance is selectively irradiated; ti corresponds to a fixed time interval of 

3ps. The water resonance was selectively irradiated for a second time during the 

mixing time tm of 150 ms. In order to allow analysis of the data in the form of a 

spectrum the software applies a Fourier transform to the FID. This is a 

mathematical unification of the data that allows the spectrometer to produce an 

interpretable spectrum. All spectra were corrected for baseline and phase 

distortions using XWINNMR software (Bruker Analytische, Rheinstetten, 

Germany). NMR chemical shifts were referenced to the TSP singlet at d 0.00. 

Assignment of resonances were based on chemical shift values, spin-spin 

coupling patterns and comparison with published data (Nicholson & Foxall 1995).

2.6 Tension measurements in cell-containing collagen arrays 

The culture force monitor (CFM) measures the force generated across a thin gel in 

a dimension directed along a longitudinal axis. The method described here is 

based largely on that developed by Eastwood, McGrouther & Brown (1994).

2.6.1 The culture force monitor (CFM)

The general layout of the apparatus is illustrated in figure 2.7. It is based upon a 

measuring beam manufactured from 0.15 mm thick copper-beryllium (Cu-Be)
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sheet (Goodfellow Metals, Cambridge, UK), cut into strips 100 mm long x 10 mm 

wide and hardened at 330 °C for 70 minutes.

Solid support

>

A-frames

Collagen gel and cells

Bridge
Amplifier

Strain Gauge 
Cu-Be beam

Petri dish and 
-Silicone rubber 
mould

Attachment bars
Culture Medium

Figure 2.7 A schematic diagram of the culture force monitor equipment

A transducer class strain gauge (Wellyn Strain Measurement, Basingstoke, Hants, 

UK) was attached (by Wellyn Strain Measurement using a specialised glueing and 

sealing process) to the Cu-Be beam 20 mm from one end (see figure 2.8) -  giving 

a maximum lever arm and hence maximum sensitivity. The strain gauge was 

incorporated as one arm of a Wheatstone bridge transducer amplifier (RS 

Components, Corby UK) The amplifier had high gain as little deformation of the 

beam was anticipated. Deformation of the beam would alter the resistance of the
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strain gauge which was recorded as a voltage deflexion at the output of the bridge 

amplifier. The strain gauge had a resistance of 5 kQ and was excited by a ripple-

free 12 V power supply. This permitted maximum sensitivity to measure changes 

in the position of the beam due to force generated by the gel, but minimised 

electrical noise that would reduce signal discrimination.

The analogue output of the bridge amplifier was digitised with an A/D converter 

(Bytronic, Suttin Coldfield, UK) and connected to a personal computer. Force 

values were collected at a rate of one reading per second. Post-processing of the 

experimental data was performed with purpose-written software, which averaged 

600 readings -  i.e. giving one data point per 10 minute period to produce 

acceptable smoothing, and then stored as a function of time.

Strain • 
Gauge Cu-Be Beam Hook

20 mm 80 mm

Figure 2.8 Diagram of the Cu-Be beam with strain gauge and hook attached t 

to the cell-containing gel via a stainless steel wire ‘A’ frame and attachment bar. 

The attachment bar, which formed a physical connection to the gel, was made 

from plastic mesh (33030-1 (10-mesh Clear) John Lewis) cut into strips of 5x70 

mm. The bar was connected to the CFM beam through an A-frame of stainless 

steel suture wire (24 gauge). The ‘A’ frame configuration with a loop at the apex 

provided an easy connection to the hook on the CFM beam. The stainless steel
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frame was easily pressed into the attachment bar, and the latter was buoyant 

enough to support the mass of the wire A-frame when floated in culture medium. 

The attachment bar thus produced an efficient, near friction less system. The other 

end of the gel was attached through a similar arrangement of a flotation 

attachment bar and A-frame to a fixed post. This permitted any stress (tension) 

developed in the gel to deform the strain-gauge element. The whole apparatus 

was mounted on a base of ground and polished stainless steel 150x180x75 mm.

A chamber to accommodate the cell-containing collagen gel (see section 2.6.3) 

was constructed by casting silicone elastomer (Dow Corning, Milton Keynes, UK) 

into a polymethyl-pentene Petri dish around a rectangular mould of dimension 

75x25x15mm to a depth of 10 mm. The silicone elastomer was degassed, using a 

vacuum pump, for 30 minutes prior to casting and 20 minutes after casting. The 

Petri dish and silicone elastomer casting were incubated at 37 °C for 24 hr to 

harden. The mould was then removed leaving a channel of 75x25x10 mm in the 

silicone block within the Petri dish. This channel was hydrophobic in nature, to 

inhibit cell attachment.

2.6.2 Preparation of the collagen gel.

The collagen gel was prepared using 4 ml of native acid soluble type I rat tail 

collagen (First Link, Brierley Hill, West Midlands, UK) with 0.5 ml of lOx strength 

Dulbecco’s modified Eagle’s medium, DMEM (GIBCoBRL). A neutral pH was 

achieved by the dropwise addition of 1 M NaOH. Once neutralised the gel was
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poured over a cell suspension (see below) (10® cells per 0.1 ml) and agitated to 

achieve an even suspension throughout the gel. The mixture was then poured into 

the chamber, as described above, to cover the attachment bars so that it would set 

and adhere to them. The whole apparatus was left to stand for 10 minutes, in an 

incubator, at 37 allowing the gel to set. The chamber was then filled with 20 ml 

of culture medium (10% PCS DMEM with L-glutamine and penicillin/ streptomycin 

(GIBCOBRL)). The gel would then float on the culture medium surface and 

remained fixed to the attachment bars, and this was checked by visual inspection 

at this stage. The A-frames were then attached to the CFM beam and fixed post 

and the entire system placed, for the experimental time period, in an incubator at 

37 °C with a humidified atmosphere of 5% CO2 . The experiment would be left to 

run for 24 hours.The bridge amplifier input and output leads were externalised 

through a sealed collar to the external recording apparatus.

2.6.3 Cell viability and cell counting

Cultured cells for these experiments were trypsinised as for subculture, the 

proportion of viable cells determined and cell number counted using a 

haematocytometer stage.

In these experiments cell viability was assessed by the ability of intact, functional 

cells to exclude the stain trypan blue. 0.1% (v/v) trypan blue was added to the cell 

suspension in culture medium and left for 5 minutes. Non-viable cells were seen 

under 10 x magnification and phase-contrast illumination as darkly stained objects 

and viable cells as clear cells with a well-defined boundary. Cell counts used a
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haemocytometer stage and illustrated in figure 2.9. Approximately 80% of cells 

were found to be viable using this technique.

1mm

Figure 2.9 A haemocytometer stage for cell counts.

Each large square (area 1 mm^) consists of 25 small squares and five of the large 

squares are marked A, B, C, D and E in figure 2.9. The grid area is set 0.1 mm
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below the remainder of stage so that when covered with a coverslip each large 

square encompasses a volume of 0.1 mm  ̂(or 10"̂  cm )̂.

The cell suspension was gently agitated and an aliquot diluted in 2 ml of culture 

medium . A drop of the diluted cell suspension was added to the edge of the stage 

so that fluid was drawn into the counting stage by capillarity and cell number 

counted in each of the squares A -  E, using the 25 small squares as an aid to 

counting. Cells were included which lay across the top and left-hand lines of each 

large square, but were excluded which lay across the bottom and right-hand lines 

of the large square. The procedure was repeated for a second chamber. The total 

number of cells in each large square was recorded and the average calculated. 

The number of cells per millilitre of suspension was therefore 

Cells per ml = average count per square * dilution factor xIO*

Total number of cells added to suspension = cells per ml * volume added to 

collagen gel.

Between 1 and 1.5 million cells were added to most collagen gels.

2.6.4 Calibration of CFM system

The CFM was calibrated against weights ranging from 5 mg to 1g. Calibration 

showed the high linearity of the CFM and resolution of 10‘® N.

Figure 2.10 shows the calibration of the CFM system -  the relevant data is shown 

in table 2.7. In this example the calibration factor was 1.1 mN rr\V \
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Voltage mV

400 500

Figure 2.10 Calibration graph for the CFM. The calibration factor is given by the 
slope of the graph which in this instance is 1.11 mNmV^

Table 2.7 Calibration data for the CFM

Weight g Force mN Voltage measured mV
0 0 -0.36
0.03 29.4 27.44
0.05 49 45.75
0.2 196 174.66
0.3 294 267.28
0.5 490 442.22
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2.6.5 Experimental protocol

The gel was generated as above and the experiment was run for 24 hours with 

continuous data collection. Cell free gels were treated in exactly the same way and 

run for 24 hours. The addition of carbachol was made at a time of over 1000 

minutes to ensure the cells were all attached to the gel and only maintaining a 

resting tension. The carbachol was made by addition through 1 mm rubber tubing 

that was suspended above the gel, through holes drilled in an up-turned petri dish.

2.6.6 Data analysis.

The ten-minute readings were corrected using the calibration factor relating to the 

strain gauge used in the experiment. All data were normalised to give force per 

million cells. The control data were fitted to a curve -  see results section 7.1 and 

standard deviations of the data points on that curve were calculated. Force 

development in the cell containing gels was quantified with the examination of 

force per million cells after 1000 minutes and the rate of increase of force over the 

initial interval when force increased linearly. Using the known dimensions of the 

gel the tension generated per cell was calculated.
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Chapter Three -  Morphological and biochemical characterization 

of freshly isolated and cultured detrusor myocytes

The aim of the project Is to compare the physiological phenotype of cultured 

detrusor smooth muscle cells with their freshly isolated counterparts. In order to do 

this it is important to establish that the cultured cells used in these experiments are 

smooth muscle myocytes and that they have a metabolic profile that at least 

allows them to act in a functional manner. This is addressed with two techniques: 

demonstration of a morphological muscle phenotype using a-smooth muscle actin

immuno-staining and; NMR spectroscopy to compare biochemical phenotypes. 

Furthermore because freshly isolated cells derived from collagenase digestion of 

the detrusor mass are themselves used for experimentation and as the basic 

material for cell culture. (Klockner & Isenberg 1985; Montgomery & Fry 1992; 

Nakayama & Grading 1993; Gallegos & Fry 1994; Sui, Wu & Fry 2001 a & b) it is 

of value to determine if they retain phenotypic properties of the intact tissue.

3 .1 1mmuno-staining cultured cells with a-smooth muscle actin.

Figure 3.1 shows an example of cultured detrusor myocytes that have been 

stained with a-smooth muscle actin. The cells were cultured and prepared as part

of this project and the staining was carried out with Miss Naima Smoulders at the 

Institute of Child Health, University College, London. Cells appear as linear, 

spindle-shaped structures with a high density of green staining indicative of a-
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smooth muscle actin and, is evidence that these are smooth muscle cells. The red 

structures (or more orange when overlaid by the green stain) are of cell nuclei and 

confirm the cellular nature of the material.

The mere presence of a-smooth muscle actin is not itself a reliable marker for

smooth muscle cells. However, if it is present in high enough density, as evident in 

the micrograph of figure 3.1, it may be used as evidence that the phenotype is that 

of a smooth muscle cell (Smeulders, Woolf & Wilcox 2002). If such cells may be 

shown also to respond to experimental interventions that would be expected from 

smooth muscle (i.e. contraction and intracellular Ca^  ̂ responses in response to 

agonists, see Chapters 4-7) than the morphological evidence may be used to 

substantiate the cellular physiological observations.

Figure 3.1 Cultured detrusor myocytes stained with a-smooth muscle actin. 

Magnification 20-fold
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3.2 Ĥ NMR spectra of intact detrusor tissue and isolated cells.

Figure 3.2 shows a stack plot of three different stages of analysis. The objective 

of the observations was to determine whether the spectra were similar in 

qualitative appearance to ascertain if metabolic products and muscle markers 

were similar in the different preparations. This would help to decide whether the 

successive processes of tissue extraction, cell isolation and cell culture imparted 

gross changes to the biochemical phenotype. Spectrum 1 is of a fresh, intact 

detrusor smooth muscle sample that has been analysed using magic angle 

spinning NMR. This was performed by Dr Peta Foxall at the Institute of Urology 

and acts as a control for the other spectra using tissue obtained by more 

preparative techniques.

Spectrum 2 is of detrusor tissue processed by the more standard procedure of 

deproteinisation with acetonitrile (see Methods) to reduce the complexity of 

solutions for analysis. For NMR spectroscopy this leads to only minimal loss of 

information about the low-molecular-weight metabolites (Daykin, Foxall & Connor 

2002). The similarity of the two spectra indicate that the metabolic profile is similar 

in the deproteinised sample.

Spectrum 3 shows that of a deproteinised extract of freshly isolated cells using the 

collagenase digestion techniques (see Methods). The similarity of this spectrum 

with the previous two also strongly supports the conclusion that cell isolation itself 

does not disrupt intracellular metabolic pathways accessible to this technique.
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A B C D E G HF

Figure 3.2. 500 MHz NMR spectra of human detrusor smooth muscle. 1 -  

magic angle spinning NMR of intact tissue, 2 -  tissue extract of fresh tissue, 

3 -  tissue extract of isolated cells derived from collagenase digested tissue. 

See text for explanation of letters below spectrum 1.
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Table 3.1 lists the different metabolites in the different spectra of figure 3.2 as 

identified from standard chemical shifts (Nicholson & Foxall, 1995).

Table 3.1 Key to labels for figure 3.2, numerical values for chemical shifts are 

taken from Nicholson & Foxall 1995.

Label Metabolite Chemical shift (5)
A Lactate 4.11
B Myoinositol 4.06
C Creatine 3.93
D Myoinositol 3.56
E Creatine 3.04
F Acetate 1.91
G Alanine 1.46
H Lactate 1.33

The particular metabolites were chosen as they are reflective of compounds 

characteristic of muscle cells (creatine, C & E and myo-inositol, B & D), metabolic 

intermediates and end products (acetate, F & lactate, A & H) and a general amino 

acid (alanine, G).

The three spectra show a significant consistency and although they have not been 

quantified the apparent high peak of lactate indicates that there is a significant 

degree of anaerobic metabolism in these tissues. The consistency between the 

three spectra validates the technique of acetonitrile extraction for analyzing 

detrusor smooth muscle as the spectrum so closely resembles that of intact tissue. 

The resemblance of the collagenase digested shows that the process of cellular 

dissociation by collagenase digestion does not derange the tissue biochemical 

profile as accessible with this technique. This is an important observation as it
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gives weight to the argument that cellular physiological data obtained from freshly 

isolated cells reflects similar function within intact tissue.

The two spectra shown in figure 3.3 are clearly different. These were obtained 

from a extract of freshly-isolated detrusor myocytes from collagenase-digested 

tissue (spectrum 1 and comparable to spectrum 3, figure 3.2) and a similarly 

deproteinated extract of cultured cells (spectrum 2). It was possible to see the 

consistent muscle marker, creatine peaks C and D in both of the spectra. Although 

the position of the 4.06 ppm peak for myoinositol was also obvious it was very 

difficult to say if this was truly myoinositol or if another peak was overlying that 

position. This difficulty arises from the broad lipid resonances seen as the rising 

base-line around the 3.5 -  4.0 ppm region.

Table 3.2. lists some specific markers illustrated in figure 3.3

Table 3.2 Key to labels for figure 3.3, numerical values for chemical shifts are 

taken from Nicholson & Foxall 1995.

Label Metabolite Chemical shift (6)
A Lactate 4.11
B Myoinositol 4.06
C Creatine 3.93
D Creatine 3.04
E Glutamine 2.36
F Glutamate 2.09
G Acetate 1.91
H Alanine 1.46
1 Lactate 1.33
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Figure 3.3 500 MHz NMR spectra of 1- tissue extract of isolated cells derived 

from collagenase digested tissue, 2- tissue extract of cultured detrusor myocytes.
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Several intermediate markers of cell metabolism appeared to be present in the 

cultured cell extracts at different levels from that seen in freshly isolated cells. It 

was not the objective of these experiments to quantify absolutely these levels but 

to compare visually the heights of different spectral peaks to observe any gross 

changes to the biochemical phenotype of the tissue. In spectrum 1 the lactate 

peak at 5 1.33 (peak I) was capped so that other peaks could be seen at a

reasonable level, but in spectrum 2 this was not necessary. This implies that 

relative lactate levels fell in the cultured cell extract. By comparison the acetate 

peak (peak G) which was much smaller than either of the lactate peaks in 

spectrum 1 was much larger in spectrum 2.

The two creatine peaks (C & D) were also much greater than the lactate peaks in 

spectrum 2. In addition relatively larger peaks for compounds such as glutamine 

and glutamate (E & F) were also noted in the cultured cell tissue extracts.

3.3 Summary

In cultured myocytes there were clearly markers to suggest that cell type was 

preserved. These were the high levels of a-smooth muscle actin observed by

immunohistochemistry and creatine as seen by NMR spectroscopy. However, 

the biochemical profile of cultured detrusor myocytes differed from fresh tissue, 

although the former profile was preserved from intact tissue through to the process 

of collagenase digestion. This indicates that changes to the intermediate
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metabolism of cells occurs whilst they are in culture. The comparatively low levels 

of lactate suggest that either:

• The cells are respiring aerobically to a greater extent -  cells were cultured 

in an atmosphere of 5% C02and air.

• The cells have entered a quiescent phase of metabolism as a result of 

being in culture

• The lactate in whole tissue arises from a source other than the detrusor 

cells.

The results suggest that the cell type is preserved in culture but that there may be 

metabolic differences in their behaviour. It is therefore important to establish how 

the process of cell culture may alter their functional phenotype.
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Chapter Four -  The response of cultured and freshly isolated

myocytes to agonists

This chapter compares the responses of freshly isolated and cultured detrusor 

myocytes to the application of agonists; using Fura 2-loaded cells and measuring

changes to the intracellular Ca^‘" concentration [Ca'"'"]i..2+1

4.1 Measurement of intracellular

Figure 4.1 is an example of the transient rise of [Câ "̂ ]i in response to 30 pM 

carbachol. The figure also shows the separate 340 nm and 380 nm signals used to 

calculate the ratio signal as described in the methods (Section 2.8.1).

1 min

790 T

83

0.93

Ratio values 
(340/380)

0.31

380 nm

340 nm

30 |jM Carbachol

Figure 4.1 - Measurement of [Câ '̂ ]i in a freshly isolated detrusor myocyte, loaded 

with Fura-2. 30 yiM carbachol was added when shown.
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The resting [Câ "̂ ]i was stable under continuous superfusion with Tyrode’s solution. 

Addition of 30 pM carbachol generated a transient rise in the [Ca^^l -  which 

returned towards the baseline (~100 nM) even in the presence of agonist. In 

freshly isolated guinea pig myocytes there are significant undershoots of the 

[Câ ]̂i following the carbachol-Ca^^ transient (Wu, Sui & Fry 2001). In human 

cultured and freshly isolated human detrusor myocytes no undershoots were 

observed.

caff
400

1 min

110

80-K

Figure 4.2 the rise of [Ca^*]i with the application of a) 10 mM caffeine (caff) and b) 

80 mM KCI (80-K) on freshly isolated detrusor myocytes. The traces are of the ratio 

signals only. Horizontal bars mark when the agents were applied

10 pm
Figure 4.3 A and B on screen digital photographs of the same freshly isolated 

detrusor myocyte before (A) and after (B) the application of 30 pM carbachol.
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Figure 4.2 illustrates the responses of freshly isolated detrusor myocytes to 10 mM 

caffeine and an increase of superfusate KCI from 4 to 60 mM. These interventions 

were used to demonstrate the ability of these cells to generate intracellular Ca^  ̂

responses that are mediated by different mechanisms to carbachol i.e. caffeine by 

releasing Ca^  ̂ directly from the sarcoplasmic reticulum and KCI by inducing 

transmembrane Ca^  ̂ influx as a result of membrane depolarisation. The response 

to ATP is shown later, section 4.5.

Figure 4.3 demonstrates the change of cell morphology with application of 

carbachol. The cell would typically lose its spindle shape and shorten, showing 

crenellations of the plasma membrane; these changes were reversed as the 

[Ca^ ]̂i returned to baseline. After prolonged experimentation and multiple 

interventions the cells would not restore their original morphology following agonist 

interventions but would continue to generate comparable transient [Câ '̂ ]i 

responses. These morphological changes were not seen so clearly in the cultured 

cells, where there was some mild crenellation that was often ill-defined. However, 

similar intracellular Ca^  ̂ responses to agonists were measured.

4.2 Dose-response relationships to carbachol; freshly-isolated myocytes 

Experiments were carried out over a range of carbachol concentrations (0.1 pM to 

100 pM). The resting [Câ '"]i was 107 nM (84-138 nM (pCa 6.97±0.11 mean data ± 

s.e.m.) n=28 cells). Figure 4.4 shows an example of the dose-response 

relationship that was derived from a single experiment. Following calibration, the 

fluorescence ratio was used to calculate the values of pCa and hence the change.
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ApCa, seen with the application of agonist. Using this method table 4.1 shows the 

data derived from this experiment

Table 4.1 -  Data from a single experiment to derive a carbachol dose-response 

relationship for the change of the intracellular [Ca^ ]̂. [Ca^^] values are expressed as 

pCa and the change of pCa, ApCa, after carbachol addition is shown. The data were 

used for the plot shown in figure 4.4.

[Carbachol] pM A pCa

0.1 0.14

0.3 0.11

1.0 0.33

3.0 0.45

10 0.50

30 0.51

100 0.50

Data from table 4.1 are plotted in figure 4.4. For each cell the parameters listed in 

table 4.2 were estimated, using equation 2.2 (Methods section 2.4.3a) and mean 

values of the maximum ApCa, pECso and the Hill coefficient, ti were calculated

(mean ± s.d ). The reason for using the pCa (pCa—logfCa "̂"]) and the pECso 

(pECso=-logEC5o) to calculate mean values was that these parameters are known 

to be normally distributed whereas the EC50 values are not (Bayliss, Wu & 

Newgreen 1999).
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Figure 4.4 Dose-response relationship for an individual cell of the peak change of 

pCa, ApCa, as a function of superfusate carbachol concentration. The curve ivas 

generated by a least squares fit to the data points.

Table 4.2 -  Data derived from the curve fit of figure 4.4 -  using the Hill equation 

(See methods)

Maximum ApCa 0.40

ECso pM 0.91

pECso pM 6.04

Hill coefficient, Tj 2.1
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Each datum value was then calculated as a percentage of the maximum value and 

plotted as a function of the carbachol concentration (figure 4.5). The EC50 value for 

each experiment was derived from the curve-fit for that experiment and then 

converted to the pECso using the equation given above. The mean pECso value 

was then calculated. For freshly isolated cells the mean pECso was 5.68 ± 0.41 

(s.d ), this is equivalent to an EC50 of 2.75 pM (0.81 -  5.34 pM). The values in 

parenthesis represent the range of EC50 values as calculated from the s.d. of the 

pECso data set.

ApCa % Maximum Response

120.0

100.0

80.0

60.0

40.0

20.0

0.0
0.1 101 100

[carbachol] pM

Figure 4.5 magnitude of the -transient, ApCa, as a function of the 

carbachol concentration for freshly isolated detrusor myocytes. The ordinate 

is expressed as the percentage of the estimated maximum responses from 

each experiment. Mean data ± s.d, n=6.
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Similar experiments showing the effect of ATP in generating Ca^‘"-transients are 

shown in section 4.7 to allow comparison of the effect of the two agonists.

4.3 Dose-response relationships to carbachol; cultured myocytes.

The data below show that the sensitivity of cultured detrusor myocytes to 

carbachol is unchanged by the process of culture as shown by the similarity of the 

ApCa dose response curves and exemplified by their pECso values. The cells used 

were only taken from passages 0 to 3 (Table 4.3) after which their ability to 

respond to carbachol became less predictable (see below). The resting [Ca^‘"]i for 

cultured detrusor myocytes was 121 nM (101-144 nM (pCa 6.91±0.08 mean data 

± s.e.m.) n=35 cells). The mean value was not significantly different from that of 

freshly isolated myocytes 107 nM (84-138 nM).

Table 4.3 cells used in the derivation of dose-response relationships to carbachol, 

using cultured detursor myocytes.

Passage Number Number of cells used

PO 1

PI 0

P2 4

P3 2

Cells at passage numbers greater than 3 were more likely to generate long 

augmented responses and not a characteristic transient as demonstrated by a
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rapid rise and fall of [Ca^ ]̂, as seen in fresh cells and cells from early passages 

(figure 4.1). Furthermore there was a greater chance of spontaneous activity, as 

demonstrated in the example of Figure 4.6. This could occur before or after 

carbachol interventions and therefore data from these experiments was impossible 

to reliably interpret. In one cell cultured after passage 8 it was possible however to 

elicit a carbachol Ca^'"-transient demonstrating that even after multiple cultures 

cells would still respond to agonists.

1 min
1380

450

Figure 4.6 an example of the spontaneous activity seen in a passage 8 cultured 

detrusor myocyte. The resting [Ca^ ]̂, for this cell was 550 nM.

Figure 4.7 shows the dose-response relationship to carbachol in the cultured 

detrusor myocytes with a mean pECso of 5.56 ± 0.34. This is equivalent to a mean 

ECso of 2.75 pM (1.26 - 6.03 pM from the pECso s.d. values).
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Figure 4.7 mean ApCa as a function of the carbachol concentration for cultured 

detrusor myocytes. The ordinate is expressed as the percentage of the estimated 

maximum responses from each experiment The absolute magnitude of 

responses in different cell types is given in section 4.7. Mean data ± s.d. n=6.

Whilst the sensitivity of these cells was similar to their freshly isolated counterparts 

there was evidence of some desensitization. In four of the experiments used to 

generate dose-response relationships (below, figure 4.7) the A[Ca '̂"]i was lower in 

100 pM carbachol than that seen at 30 pM. This was a phenomenon not seen in 

the freshly isolated myocytes. However, the set of ApCa values for the response to 

30 pM and 100 pM carbachol were not significantly different (p>0.05, see table
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4.4). Hence there was no statistical evidence of desensitisation of the cultured 

detrusor myocytes to high concentrations of carbachol.

Table 4.4 values of ApCa in response to 30 pM  and 100 pM carbachol.

[carbachol] pM Mean ApCa ± s.d n=6

30 0.33 ± 0.20

100 0.35 ± 0.26

However, in individual experiments where the 100 pM carbachol response was 

reduced this may have affected the calculated mean value of ECso This was 

tested by recalculating the ECso for each experiment when omitting the datum 

point obtained at that concentration. The pECso was 5.55 ±0.18 (mean ECso 2.81 

pM, 1.86 -  4.27 pM) and should be compared to that when the 100 pM data were 

included (pECso 5.56 ± 0.34, above). The two values were not significantly 

different which corroborates the conclusion that any apparent desensitisation to 

high carbachol concentrations in individual experiments did not affect the mean 

estimated pECso-

Figure 4.8 shows the carbachol dose-response curve with the 100 pM data 

omitted.
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Figure 4.8 mean ApCa as a function of the carbachol concentration for cultured 

detrusor myocytes The 100 pM data points have been removed. Values plotted as 

a percentage of the maximum estimated response. Mean data ± s.d. n=6

The Hill coefficient, r\, gives an indication of co-operativity within any system. A

value of unity would mean one-to-one relationship between agonist activation and 

generation of the end-response (i.e a rise of Câ ""). If the value were greater than 

unity this would imply co-operativity within the system that, requiring more than 

one agonist unit to generate the end-response or downstream amplification. The
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Hill coefficient calculated for the action of carbachol on generating a Ca '̂^-transient 

was 1.93 ± 0.84 for freshly isolated cells and 1.45 ± 0.50 for the cultured myocytes 

The mean values of ri were significantly greater than unity in both cell groups, but

were not different between the two groups. The reason why is greater than unity

cannot be determined by this experimental approach and requires determination of 

the binding kinetics of carbachol to the cell membrane or the gain of intracellular 

second messenger systems in generating a rise of the intracellular [Câ '̂ ].

Table 4.5 lists the pECso values and Hill coefficients, q, from freshly isolated and

cultured detrusor myocytes for the A[Ca^ ]̂i in response to carbachol. There was 

no significant difference, for the respective parameters, in the two sets (p>0.1)

Table 4.5 -  Mean pECso values (± s.d.) and Hill coefficient values for freshly 

isolated and cultured detrusor myocytes in response to carbachol.

Freshly isolated myocytes Cultured myocytes

n=6 n=6

pECso ± s.d. 5.68 ± 0.42 5.56 ± 0.34

T| (Hill coefficient) ± s.d. 1.93 ±0.84 1.45 ±0.50

4.4 Action of atropine

Carbachol-induced Ca^'"-transients in both fresh and cultured myocytes were 

abolished reversibly by 1 pM atropine. This indicated that these responses were 

being mediated through a muscarinic receptor mechanism. The cells were tested
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with a dose of 3 |jM ATP following atropine to ensure their continued ability to 

generate a response and a response was consistently observed.

4.5 Dose-response relationship for ATP; freshly isolated myocytes.

Similar experiments used a range of ATP concentrations between 0.01 -  100 pM 

to generate intracellular Ca^'"-transients. The trace in figure 4.9 is an example of a 

typical Ca^Mransient seen with the application of ATP (0.1 pM) to a freshly 

isolated detrusor myocyte. Similar dose-response relationships, to those using 

carbachol were established for freshly isolated and cultured detrusor myocytes.

1 minute

250 1

[Ca^li nM

60 4 A
0.1 pM ATP

Figure 4.9 -  the 340/380 ratio tracing showing a typical Ca^* transient upon the 

application of 0.1 pM  A TP.

The protocol illustrated in figure 4.10 was used to elucidate the mode of action of 

ATP. Initially 10 pM ATP was used to generate a Ca^  ̂transient and after recovery 

10 pM a,R-methylene ATP (ABMA) generated a similar response. ABMA is a non-



139

hydrolysable ATP analogue and desensitises purinergic receptors at this 

concentration, in particular the P2x subtype, and takes several minutes to reverse. 

Subsequent application of 10 pM ATP failed to elicit a response and suggests that 

P2x receptors were mediated the effect of ATP. Subsequent addition of 10 pM 

carbachol showed that the cell was still able to generate a Ca^  ̂ transient, 

presumably through a separate agonist-activated mechanism.

[Ca^T pM 60 s

1.7

0.14

10 pM ATP 10 pM ABMA 10 pM ATP 10 pM Carbachol

Figure 4.10 -  eradication by ABMA of the Ca^''-transient generated by 10 ijM  

A TP- The myocyte was exposed to ATP, ABMA and carbachol for 60 s

Figure 4.11 shows an example of the dose-response relationship to ATP derived 

from a single experiment. As with the carbachol dose-response relationships (see 

section 4.2) the pCa values and hence ApCa values were calculated in response 

to the agonist. The data for this experiment is given in table 4.6.

Using the same analyses as in section 4.2 the values for maximum ApCa, ECso 

and the Hill coefficient (ti) were calculated for the action of ATP. The values for

the experiment illustrated above are shown table 4.7
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Table 4.6 -  Data from a single experiment to derive an ATP dose-response 

relationship for the change in pCa, ApCa. The data were used for the plot shown in 

figure 4.11.

[ATP] pM ApCa

0.001 0.00

0.003 0.11

0.01 0.30

0.03 0.31

0.1 0.57

0.3 0.90

1 0.94

3 1.13

10 0.68

ApCa

0.8

0.6

0.4

0.2

0.0 f -  
0.001 0.01

[ATP] pM

Figure 4.11 -  Dose-response relationship for an individual cell of the peak change of 

pCa, ApCa as a function of superfusate ATP concentration. The curve was generated 

by a least squares fit to the data points.
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Using the same analyses as in section 4.2 the values for maximum ApCa, ECso 

and the Hill coefficient (t)) were calculated for the action of ATP. The values for

the experiment illustrated above are shown table 4.7.

Table 4 .7 -  Values for maximum ApCa, pECso, ECso and the Hill coefficient (rj) for the 

action of ATP of the experiment illustrated in figure 4.9 and table 4.6.

Maximum ApCa 0.94

ECso pM 0.04

pECso 7.37

Hill coefficient, q 0.93

Figures 4.12 plots the dose-response curve for the ATR-dependent intracelluar 

Ca^‘"-transient. The mean pECso was 6.68 ± 0.69 (mean ± s.d.) and is equivalent 

to a mean ECso of 0.21 pM (0.043 -  1.02 pM from s.d. of pECso values). The data 

from a single experiment as in figure 4.11 demonstrates that individual cells did 

behave in a consistent and dose-dependant manner.

However, the mean data show a wide variation between cells (figure 4.12). This 

made it more difficult to determine if there was desensitisation of the response at 

higher concentrations, due to the variability of concentrations when a maximum 

response was measured. There were reductions of the A[Câ "̂ ]i in some cells at 

the highest concentrations, but as the phenomenon was not consistent.
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ApCa % maximum response
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Figure 4.12 the mean ApCa as a function of the ATP concentration for freshly 

isolated detrusor myocytes, The ordinate is expressed as the percentage of the 

estimated maximum responses from each experiment. Mean data ± s.d. n=6.

4.6 Dose-response relationship for ATP; cultured myocytes.

Figure 4.13 shows the dose-response relationship for ATP on cultured detrusor 

myocytes. These data gave a pECsoOf 5.88 ± 0.37 (mean ± s.d.) and is equivalent 

to an ECso of 1.31 pM (0.56 -  3.09 pM). The mean values for pECso values and 

Hill coefficients, q, are shown in table 4.8.

The variability of the data was less than the equivalent experiments in freshly 

isolated myocytes. This was exemplified by comparing the variances (s.d.^) of the
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Figure 4.13 - mean ApCa as a function of the ATP concentration for cultured 

detrusor myocytes, The ordinate is expressed as the mean of the percentage of the 

estimated maximum responses each experiment. Mean data ± s.d. n=8.

Table 4.8 -  pECso values, Hill coefficients and variance of pECso data for freshly 

isolated and cultured detrusor myocytes in response to ATP and the standard 

deviation. * p<0.05 cultured vs freshly isolated cells

Freshly isolated myocytes Cultured myocytes

n=6 n=8

pECso 6.68 ± 0.69 5.88 ± 0.37 *

Hill Coefficient 0.65 ± 0.26 3.01 ± 1.17*

Variance 0.48 0.14
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pECso values in the two groups (table 4.8). The values for freshly isolated and 

cultured cells were 0.48 and 0.17 respectively, yielding a variance ratio of 3.42. A 

Fisher's test indicated that this variance ratio was significant (p<0.05), i.e. the 

variances were sufficiently different to indicate that the data came from different 

populations. This indicated the altered ATP affinity occurring during cell culture 

represents a fundamental change to the ATP binding site. A similar conclusion 

cannot be derived for the carbachol data (table 4.5) with a variance ration of 1.52 

(p>0.05). The mean Hill coefficient for the action of ATP was also significantly 

greater in the cultured cells compared to the freshly isolated cells (p<0.05) and 

also suggests a fundamental change to ATP action in cultured cells.

The above kinetic data are therefore consistent with the possibility that in cultured 

cells purinergic responses are altered and may suggest activation through a 

different receptor mechanism. This was further substantiated in two experiments 

with cultured cells using 10 pM nifedipine. The Ca^‘"-transient to ATP has been 

shown to be substantially blocked by nifedipine in freshly isolated cells (Wu et al., 

1999). In the equivalent experiments with cultured cells nifedipine in fact slightly 

potentiated the responses. Thus ATP was not operating via voltage dependant L- 

type channels, as would be expected if ATP was an agonist to the ionotropic P2x 

receptor. One possibility is for activation via P2y receptors, as they mediate a rise 

in [Ca^ ]̂i via an IP3 dependant mechanism and independent of changes to 

membrane potential.
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In summary, cultured detrusor myocytes show the same sensitivity as their freshly 

isolated counterparts to carbachol. With respect to ATP cultured myocytes are less 

sensitive than freshly isolated myocytes. This difference in response of the 

cultured myocytes to ATP may be due to the appearance of a different purinergic 

receptor subtype in cultured myocytes, or decreased sensitivity of existing 

receptors. Figure 4.14 displays the individual pECso’s for experiments for fresh and 

cultured cells for both ATP and carbachol.
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Figure 4.14 -pECso values to carbachol and ATP in freshly isolated and 

cultured detrusor myocytes. For each category the first column gives individual 

experimental pECso values and in the next the mean ± s.d.
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4.7 The magnitude of intracellular Câ "" responses to carbachol and ATP.

Sections 4.1 to 4.6 have described the sensitivity of freshly isolated and cultured 

detrusor myocytes to carbachol and ATP. The data show that there was no 

difference in sensitivity between the two groups to carbachol but that freshly 

isolated myocytes were more sensitive than cultured myocytes to ATP. However, it 

is also important to determine whether the absolute magnitude of responses to 

various agonists is similar in the two groups of cells. A further objective of this 

section was to determine if Ca^'"-transient responses in cultured cells were a 

homogeneous feature of the population

For each of the interventions the data have been divided into bins of 0.1 ApCa 

units (i.e. 0-0.099; 0.100 -  0.199; 0.200-0.299; etc). In order to allow comparison 

the number in each bin has been converted to a percentage of the total number of 

responses for that intervention as there were different numbers of experiments for 

the group of cells. These data are shown in figures 4.15 to 4.16.

4.7.1 Magnitude of Ca^^-transients to carbachol

Figures 4.15 and 4.16 compare the magnitudes of ApCa responses measured in 

freshly isolated and cultured myocytes to 10 pM and 30 pM carbachol, 

respectively. Using 10 pM carbachol, the ApCa responses the mean (±s.e.m.) or 

median (25, 75% interquartiles) values were not significantly different.



147

10 uM carbachol

Freshly isolated cells: mean ApCa 0.72 ± 0.09; median 0.62 (0.48-0.97)

Cultured cells: mean ApCa 0.54 ± 0.09; median 0.44 (0.25-0.82) (p>0.05).

Similarly there was nc significant difference in the magnitude cf responses to 30 

pM carbachol (figure 4.16)

30 uM carbachol

Freshly isolated cells: mean ApCa 0.96 ± 0.13; median 1.11 (0.48-1.36)

Cultured cells: mean ApCa 0.68 ± 0.12; median 0.63 (0.21-0.96) (p>0.05).

The data values have been expressed both as mean and median values as it was 

unknown initially if there was a normal distribution of the data sets. The skewness 

parameter was calculated for the four sets of data (see Methods, section 2.4.6) 

and the values are listed in table 4.9. A value greater >1.0 (see methods, section 

2.4.6) indicates a positive skew, i.e. a significant residue of large values beyond 

the normal distribution. In three sets the statistic was ^1.0 and the remainder just 

>1.0. Thus, with the caveat that the data sets were relatively small, there is no 

evidence that the data sets show significant skewness and freshly isolated and 

cultured myocyte data sets were compared by parametric tests.

Figure 4.15 shows the data for 10 pM carbachol from freshly isolated and cultured 

cells, divided into histogram bins of 0.1 pCa unit increments. Although the 10 pM 

carbachol cultured data may appear present with positive skewness it is not 

sufficient (table 4.9) to be statistically significant. The data in the histograms are 

represented as a percentage in each bin of the total number.
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Table 4.9 skewness parameters of the ApCa magnitudes in cellular response to 

10 and 30 pM carbachol for freshly isolated and cultured detrusor myocytes.

[Carbachol] + Experimental group Skew n
10 pM + fresh 0.65 13

10 pM + cultured 1.02 14
30 pM + fresh 0.23 16

30 pM + cultured 0.51 25
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Figure 4.15 the percentage frequency of ApCa responses to 10 pM carbachol in 
freshly isolated and cultured detrusor smooth muscle cells. The solid bars 
represent freshly isolated cells (n=13) and the hatched bars cultured cells 
(n=14).
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Equivalent histograms for the data using 30 |jM carbachol are shown in figure 

4.16, and as above the data show no statistical skewness from either group of

cells
% frequency of response
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Magnitude of ApCa

Figure 4 .1 6 - the percentage frequency of ApCa responses to 30 pM carbachol in 

freshly isolated and cultured detrusor smooth muscle cells. The solid bars 

represent freshly isolated cells (n=16) and the hatched bars cultured cells (n=25).

4.7.2 Magnitude of Ca^^-transients to A TP.

A similar analysis was performed for the Câ '" transients to ATP. Since the ATP 

concentrations used in the superfusate were less uniform than with carbachol 

(see section 4.5) it was not possible to compare meaningfully responses at 

intermediate concentrations. Hence a comparison of ApCa responses to a
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concentration (10 jjM) giving a maximal Ca^  ̂ transient in both sets of cells was 

made. The data were analysed and tested as in section 4.7.1 and are displayed in 

figure 4.17. Values were not different in the two data sets.

10 uM ATP

Freshly isolated cells: mean ApCa 0.75 ± 0.09; median 0.66 (0.51-0.95)

Cultured cells: mean ApCa 0.71 ±0.11; median 0.57 (0.32-1.00) p>0.05

% frequency of response 
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Magnitude of ApCa

Figure 4.17 the percentage frequency of ApCa responses to 10 pM ATP in freshly 

isolated and cultured detrusor smooth muscle cells. The solid bars represents freshly 

isolated cells (n=14) and the hatched bars cultured cells (n=18).

The skewness parameters of the data sets are listed in table 4.10. and show that 

in this context, the data sets show no deviation from a normal distribution.
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Table 4.10 skewness parameters for Ca '̂* -̂transient magnitudes to 10pM ATP

Experimental Group Skew
Fresh 0.48

Cultured 0.45

4.7.3 Magnitude of A[Ca "̂']i responses to caffeine and KCI 

Figure 4.2 shows the transients for 10 mM caffeine and 80 mM KCI in freshly 

isolated detrusor myocytes. These responses were not used to generate dose- 

response relationships but to establish the ability of freshly isolated and cultured 

cells to generate Ca^Mransients through different cellular mechanisms. In freshly 

isolated cells caffeine and KCI produced readily detectable Ca^  ̂ transients; in 

cultured myocytes only two cells produced Ca^  ̂ transients in response to caffeine 

and there were none when exposed to raised KCI.

Caffeine

Freshly isolated cells: mean ApCa 0.75± 0.16; median 0.58 (0.28-1.10)

Cultured cells: Values -  0.18, 0.13 and 0.08.

KCI

Freshly isolated cells: mean ApCa 0.70 ± 0.20; median 0.74 (0.27-0.99)

Figure 4.18 shows the magnitude of Ca^  ̂ responses to caffeine and 4.16 

equivalent responses to KCI in freshly isolated cells. The data for caffeine and 

KCI responses in freshly isolated cells were normally distributed (skewness 

parameters 0.89, 0.49 respectively).
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Figure 4.18 the percentage frequency of pCa responses of freshly isolated 

myocytes to 10 mM caffeine n=12.

It is notable that the range of Ca^^ -̂transient magnitude was very large for both 

interventions, spanning up to a 50-fold variation in magnitude or (ApCa changes 

between 0.1 and 1.7 units). The reason for such variability was not investigated in 

detail, but may be a result of variation beteen cells from different biopsy samples. 

This phenomenon required more detailed investigation.
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Figure 4.19 the percentage frequency of pCa responses of freshly isolated 

myocytes to 40 mM potassium chloride (KCI) n=7.

4.7.4 Summary of magnitude of A/Ca^V/ response data 

Figure 4.20 summarises the data for this section. It shows that in freshly isolated 

and cultured myocytes the magnitudes of Câ '" transients were similar in response 

to 10 pM and 30 pM carbachol and ATP.
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Figure 4.20 the magnitude of pCa responses for interventions above. It is a 

graphical representation of the mean magnitude ± s.e.m. in each of the previous 

figures. * p<0.05 freshly isolated vs cultured.
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These data suggest that Ca^  ̂ release from intracellular stores via an IP3- 

dependent mechanism remains intact in cultured cells and that the membrane also 

retains purinoceptors. Furthermore the lack of significant skewness of the Ca- 

transient magnitudes in the cultured cells shows that the ability to respond to these 

two agonists is retained in the whole population of cells.

The attenuated responses to caffeine and absence of responses to raised 

extracellular KCI in cultured cells may however be indicative of altered signalling 

pathways. Caffeine releases Câ "" directly from intracellular stores generally via 

activation of ryanodine and IPs-receptor mechanisms. The paucity of responses in 

cultured cells may suggest an alteration to these receptor-coupled mechanisms 

that demands further study. Raising extracellular KCI would be expected to 

depolarise the cell and elicit Câ "" influx through Ca^  ̂channels. Their absence in 

cultured cells may indicate that they are depolarised in the resting state so that 

raised KCI would have a limited action (see Discussion for details)
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Chapter Five -  Restitution of intracellular Ca *̂ Transients

5.1 1ntroduction

This chapter compares the time course of restitution of intracellular Câ "" transients 

evoked by carbachol using freshly isolated and cultured human detrusor 

myocytes. Restitution of the Ca^  ̂ transient, and by implication the contractile 

response, is an important function of the smooth muscle cell as it reflects the 

ability of the tissue to respond to successive activations. This is important as the 

overall development of smooth muscle tension is partially at least governed by a 

temporal summation of individual contractile responses.

This project and previous investigators have shown the rise in Ca^  ̂ following the 

application of carbachol to isolated detrusor smooth muscle (Wu et al 1999). The 

link between detrusor contraction and application of acetylcholine has also been 

demonstrated (Sibley 1987). In vivo the physiological rise of [Ca^‘"]i is normally 

triggered by the action of acetylcholine on the muscarinic M3 receptor, and 

intracellular I P 3 that is generated releases Câ "" from intracellular stores (see 

Introduction section 1.4). In order for subsequent Ca^^-transients to be generated 

the intracellular stores must be replenished with Ca^ .̂ The speed and efficiency of 

store replenishment can be measured by comparing the magnitude of successive 

Ca^'^-transients when evoked at known but variable time intervals.



157

It is important to determine if the restitution profile is preserved in cultured cells, to 

determine if intracellular Ca '̂^-regulating pathways are preserved and also to 

characterise their potential ability to generate normal contractile responses.

The previous chapter has shown that the sensitivity of cultured cells to carbachol, 

but not ATP, is preserved compared to their freshly isolated counterparts. 

However, in view of the variability of the response magnitude to cholinergic 

intervention using concentrations of 10 and 30 pM it was decided to use a maximal 

concentration of 30 pM carbachol for these experiments

Myocytes were able to respond to multiple interventions during the course of a 

single experiment. The standard protocol was to leave five minutes between 

successive interventions to allow the preceding response to recover. However, it 

was unknown exactly how quickly myocytes recovered their ability to respond to a 

subsequent intervention and this was the objective of these experiments.

5.2 Restitution of the carbachol réponse -  freshly isolated cells

Figure 5.1 shows an example of two Ca^Mransients to 30 pM carbachol as part of

a restitution experiment.

800 nM

[C an

100 nM

30 s

Figure 5.1 successive Ca^'^-transients to 30 pM carbachol. Carbachol was 

introduced during the periods indicated by the bars above the record.
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In this example the cell was exposed to carbachol for 30 s and, after a 30 s delay, 

to a second exposure. The peak magnitude of the second transient was expressed 

as a percentage of the first.

The exposure time to carbachol-containing su perfusate was determined with trial 

interventions at the start of an experiment to deteremine how long an individual 

cell would take to respond. This response time varied between individual cells and 

hence it could not be standardized for all experiments but generally it was between 

20 and 40 seconds. The variability would arise from a delay time between 

changing the tap between different superfusion reservoirs and in part from the 

position of the myocyte in the perfusion dish relative to the superfusate inflow and 

outflow pipes. However, it was not anticipated that this variability would affect the 

time constant of the restitution curve as pairs of exposures during a restitution 

protocol would always be subject to equivalent delays. The restitution interval was 

measured from the time delay between successive upstrokes of the Câ ""- 

transients.

The time interval between the first and second exposure was increased 

incrementally until the second response was a similar size to that of the first. 

Figure 5.2 shows the mean restitution data from five freshly isolated detrusor cells, 

whereby the second response increases monotonically with time as the interval 

increases.
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Figure 5.2 Restitution of the transient magnitude to carbachol in freshly isolated 

detrusor myocytes. The curve was derived from equation 5.1 using parameter values 

derived from individual experiments for to and t . Mean data ± s.d. n=5

The percentage magnitudes, C, of the second Ca^^-transient were fitted to 

equation 5.1 using a least-squares method:

C = 100(1 - exp(-t(to) / T) Equation 5.1

t = interval between successive responses

to= an absolute refractory period when no second response may be obtained 

(intersection of the curve with the abscissa at positive t)

X = time constant of restitution
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For each experiment the data were fit to equation 5.1 and values for rand to  were

obtained; individual values were used calculate mean values (± s.d.) that were 

used in curve shown in figure 5.2.

The restitution time constant, t, had a value of 58 ± 33 s with data from five freshly

isolated cells. The absolute refractory period, to , was 1.8 ± 1.8 s and was not 

significantly different from zero (Mann-Whitney U-test). Therefore the data could 

be fitted to a simplified equation, figure 5.2

C = 100(1-exp(-t/T) Equation 5.2

However, re-calculation of the data using equation 5.2 did not alter significantly the 

restitution time constant value and therefore parameter values from the more 

general equation (5.1) were retained.

5.3 Restitution of the carbachol réponse -  cultured cells

Figure 5.3 shows the mean restitution data from six cultured detrusor myocytes, 

using an equivalent protocol. As with freshly isolated cells the transient 

recovered monotonically to reach eventually a value equivalent to the control 

response. The restitution time constant, ,rhad a value of 40 ± 39 s with an

absolute refractory period of 0.0 ± 7.0 s. Again the value of to  was not significantly 

different from zero.



161

% of initial response

120

100

80

60

T = 40 s (± 39 s)
40

20

0
50 100 150 200 250 300 350 4000

Time s

Figure 5.3 Restitution of the response to carbachol in cultured detrusor 

myocytes. The curve was derived from equation 4.1 using parameter values 

derived from individual experiments for to and t . Mean data ± s.d. n=6

The value of z was not significantly different from that in freshly isolated cells

(unpaired f-test, p>0.05). This suggests that the mechanisms involved in the 

generation of the carbachol Ca^  ̂transient, and its recovery, are preserved through 

the culture process.
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5.4 Restitution of the caffeine response.

The time-limiting process in restitution of the carbachol response may be due to a 

recovery of the second messenger system in the cell or re-filling of intracellular 

stores. Similar experiments caffeine can resolve this question as caffeine 

acts directly on the Câ "" stores to release their content. If a similar value for the 

restitution time constant was obtained this would be consistent with the hypothesis 

that the time-limiting step is re-filling the intracellular Ca^* stores

Caffeine-evoked Ca^^-transients could only be consistently generated in freshly 

isolated cells and so experiments were confined to this group of cells. The 

protocol was similar to that for carbachol in that myocytes were exposed to paired 

exposures of 10 mM caffeine at defined intervals. The analysis was identical to 

that for the carbachol-evoked Ca^^ -̂transients, using equation 5.1.

Figure 5.4 shows data from four freshly isolated myocytes. The restitution time 

constant was 54 s ± 42 s and the value was not significantly different from the 

carbachol dependent value in freshly isolated cells (58 s ± 33 s). There was no 

refactory period. This supports the hypothesis that in all three experiments the 

rise in [Ca '̂']i is being generated by release from intracellular stores.

These data therefore support the hypothesis that re-filling intracellular Ca^  ̂stores 

is the rate-limiting step in restitution of the agonist-induced Ca '̂^-transient.
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Figure 5.4 Restitution of the caffeine response in freshly isolated detrusor 

myocytes. The curve was derived from equation 4.1 using parameter values 

derived from individual experiments for to and t . Mean data ± s.d. n=4
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Chapter Six -  The role of the diacyigiyceroi pathway in 

intracellular Câ  ̂regulation

The activation of the M3 receptor complex by acetylcholine leads to the cleavage 

of phosphatidylinositol 4,5 bisphosphate (PIP2) by phospholipase C in a G-protein 

coupled reaction -  see section 1.4. Two products of this are inositol trisphosphate 

(IP3) and diacyigiyceroi (DAG). The IP3 has a clearly defined role whereby it binds 

to the IP3 receptor on intracellular Câ '*’ stores and releases Ca^  ̂ into the 

sarcoplasm. There has, however, been no work to define the role of the 

diacyigiyceroi pathway in detrusor smooth muscle contraction. In some cells this 

pathway can affect the regulation of intracellular Ca^  ̂ (Burt, Chappie & Marshall 

1998; Pfeiffer, Sternfeld, Schmid, & Schulz 1998; Sbrissa, Hajra & Bitar 1998; 

Schulz, Krause, Gonzalez, Gobel, Sternfeld & Schmid 1999; Chakrabarti & Kumar 

2000; Gao, Chen, Sohn, Kim, Kirber, Harnett, Behar & Biancani 2 0 0 1 ; Kang, Lee, 

Lee, Lee, La, Song & Sohn 2001) with an end result of either up-regulating or 

down-regulating intracellular Câ '" regulation. It is clearly important that the role of 

this pathway is investigated in detrusor smooth muscle and also to ascertain if any 

actions are retained in cultured cells.

When DAG is generated it is known to remain in the region of the plasma 

membrane where it activates phosphokinase C (PKC) and the generation of cyclic- 

AMP (cAMP); subsequent actions in different cells are mediated by cAMP. Figure

6 . 1  shows PIP2 metabolism, including the DAG pathway.
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The objective of these experiments was to manipulate the DAG pathway, using 

analogues and modulators of intermediates, to characterize its significance in 

regulating intracellular Ca^  ̂ metabolism in freshly isolated and cultured detrusor 

myocytes.

Three regions in particular were chosen for manipulation (figure 6.1);

• Forskolin: to activate PKC independently of DAG production, to demonstrate 

the functional effectiveness of this enzyme

• Cholera toxin: to increase cellular cAMP by slowing the deactivation of 

adenylate cyclase.

• Dibutyryl cAMP: a membrane-permeant form of cAMP.

Forskolin

Activation

>  DAG >  PKCPIP2

Cholera
toxin

I P 3

/
Activation

Ca2+
release

Slows
deactivation

Adenylate
Cyclase
activation

Dibutyryl
cAMP

>  cAMP

Modulation

“► Contraction

Figure 6.1 The intracellular pathways for production of cAMP and the positions 

affected by analogues used in this section
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The consistent behaviour of cells in generating Câ "" transients to a muscarinic 

agonist has been established in chapter 4. In this chapter the cellular pathways 

involved in the generation of the response are examined, therefore the number of 

experiments, n, is the number of individual interventions or observations for the 

action of each agent. The first and second data values refer to the control and 

experimental interventions respectively; the n values are the corresponding 

number of observations; the number of cells contributing to these data is in 

parenthesis.

6.1 The influence of forskolin

Forskolin, derived from the plant Coleus forskolili is an activator of PKC which 

subsequently increases the activity of adenylate cyclase and hence the formation 

of cAMP.

1 nM forskolin increased significantly the resting [Câ '"]i (decreased resting pCa) in 

both freshly isolated and cultured detrusor myocytes. The data are plotted in 

figure 6.2:

freshly isolated cells: pCa: 7.51±0.34 to 6.92±0.28 n = 10 vs 8(2), p<0.05

[Ca:+]: 31 nM (14-68 nM) to 120 nM (63-229 nM)

cultured cells: pCa: 7.00±0.26 to 6.45±0,05 n = 14 vs 7(2), p<0.05

[Ca^*]: 100 nM (53-186 nM) to 354 nM (316-398 nM)
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p C a

6.0

6 . 5

7 . 0

7 . 5

8.0
F r e s h l y  i s o l a t e d

c e l l s

C u l t u r e d

c e l l s

Figure 6.2: the effect of 1nM forskolin on the resting pCa * p<0.05 paired t-test. 

Grey columns -  control, blue columns -  1 nM forskolin.

F i g u r e  6 . 3  s h o w s  t h e  e f f e c t  o f  1 n M  f o r s k o l i n  o n  t h e  m a g n i t u d e  o f  t h e  C a ^ ^  

t r a n s i e n t  i n d u c e d  b y  3 0  p M  c a r b a c h o l .  A  c o n t r o l  c a r b a c h o l  t r a n s i e n t  w a s  f i r s t  

e l i c i t e d ,  f o l l o w e d  b y  1 0  m i n u t e s  e x p o s u r e  t o  f o r s k o l i n  a n d  t h e  g e n e r a t i o n  o f  a  

s e c o n d  t r a n s i e n t  i n  i t s  p r e s e n c e .  I n  f r e s h l y  i s o l a t e d  m y o c y t e s  t h e r e  w a s  n o  

s i g n i f i c a n t  e f f e c t  o n  t h e  C a ^ ' '  t r a n s i e n t  ( A p C a  1 . 2 9 ± 0 . 3 0  vs 1 . 1 9 ± 0 . 6 1  u n i t s  i n  

c o n t r o l  a n d  i n  t h e  p r e s e n c e  o f  f o r s k o l i n  r e s p e c t i v e l y ;  n =  1 0  vs 7 ( 2 ) ,  p > 0 . 0 5  p a i r e d  

f - t e s t ) .  H o w e v e r ,  t h e  v a r i a b i l i t y  o f  t h e  C a ^ ^  t r a n s i e n t  m a g n i t u d e  w a s  s i g n i f i c a n t l y  

l a r g e r  i n  t h e  p r e s e n c e  o f  f o r s k o l i n  a n d  m a y  a c c o u n t  i n  p a r t  f o r  t h e  l a c k  o f  

s i g n i f i c a n c e  b e t w e e n  t h e  t w o  d a t a  s e t s .  I n  c u l t u r e d  m y o c y t e s  t h e  C a ^ ^  t r a n s i e n t



168

magnitude was significantly reduced (0.73±0.14 vs 0.45±0.09, n= 14 vs 7(2), 

p<0.05 paired f-test).

ApCa

1.5

1.0

0.5

0.0  I—
Freshly isolated 

cells
Cultured

cells

Figure 6.3 the magnitude ofCa^^ transients as ApCa to 30 pM carbachol in freshly 

isolated (n = 10 vs 7(2)) and cultured detrusor myocytes (n = 14 vs 7(2)) in control 

(red columns) and in the presence (blue columns) of 1 nM forskolin *p<0.05, 

paired t-test.

6.2.1 The influence of Cholera toxin.

Cholera toxin is well-known for its gastrointestinal effects. The exotoxin causes 

enterocytes to secrete massive quanities of fluid and Na"" leading to profuse, 

watery diarrhoea that may result in overwhelming dehydration and death. It 

mediates these effects by preventing the deactivation of adenylate cyclase hence 

leading to an enhanced formation of cyclic AMP (cAMP). The A subunit of the
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c h o l e r a  t o x i n  c a t a l y s e s  t h e  t r a n s f e r  o f  A D P  r i b o s e  t o  a n  a r g i n i n e  r e s i d u e  w h i c h  i s  

p a r t  o f  t h e  a  s u b u n i t  o f  t h e  G s .  T h i s  i n h i b i t s  i t s  G T P a s e  a c t i v i t y  a n d  r e s u l t s  i n

p r o l o n g e d  a c t i v a t i o n  o f  a d e n y l y l  c y c l a s e  ( G a n o n g  1 9 9 5 ) .  T h e  t o x i n  w a s  t h e r e f o r e  

i n v e s t i g a t e d  f o r  i t s  a b i l i t y  t o  i n f l u e n c e  i n t r a c e l l u l a r  C a ^ " "  r e g u l a t i o n  i n  d e t r u s o r  

s m o o t h  m u s c l e .

pCa 

6.0

6.5

7.0

7.5

8.0 L
F r e s h l y  i s o l a t e d  

c e l l s

I I
C u l t u r e d

c e l l s

Figure 6.4 the effect of 30 ng.f^ cholera toxin on the resting pCa * p<0.05 

paired t-test. Grey columns -  control, blue columns - forskolin.

F i g u r e  6 . 4  s h o w s  t h e  e f f e c t  o f  c h o l e r a  t o x i n  ( 3 0  n g . M )  o n  t h e  r e s t i n g  i n t r a c e l l u l a r  

[ C a ^ ' ' ] .  I n  f r e s h l y  i s o l a t e d  c e l l s  p C a  w a s  s i g n i f i c a n t l y  r e d u c e d  ( [ C a ^ ^ ] i  s i g n i f i c a n t l y  

i n c r e a s e d )  b y  c h o l e r a  t o x i n  a n d  i s  s i m i l a r  t o  t h e  a c t i o n  o f  f o r s k o l i n .  H o w e v e r ,  i n
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cultured cells a significant change to the resting pCa was not recorded. The data 

are given below:

freshly isolated cells: pCa: 7.39±0.39 to 6.90±0.35 n = 12 vs 12(2), p<0.05

[Ca'I: 25 nM (10-63 nM) to 125 nM (56-281 nM)

cultured cells: pCa: 6.99±0.18 to 6.77±0.21 n = 17 vs 33(5), p>0.05

[Ca'1: 102 nM (68-155 nM) to 169 nM (105-275 nM)

The action of cholera toxin on the magnitude of the carbachol-induced C a ^  

transient was also measured, using a similar protocol as with forskolin. The data 

are shown in figure 6.5

ApCa

1.5

1.0

0.5

0.0
Freshly isolated 

cells
Cultured

cells

Figure 6.5 the magnitude of transients (ApCa) to 30 pM carbachol in freshly 

isolated (n= 11vs14(2)) and cultured detrusor myocytes (n= 17vs33(5)) in control 

(red columns) and in the presence (blue columns) of 30 ngf  ̂ cholera toxin *p<0.05, 

paired t-test.
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In freshly isolated cells cholera toxin reduced the magnitude of the Ca^*-transient 

(ApCa 1.39±0.31 vs 0.86±0.30, n= 11vs14(2), p<0.05). However in cultured 

myocytes the mean value was not significantly altered in the presence of cholera 

toxin p>0.05).

6.2.2 The effect of cholera toxin on the restitution of responses 

The effect of cholera toxin on the restitution of agonist-induced Câ "" transients 

was tested. Due to limitations in cell durability it was difficult to gain sufficient data 

for statistical analysis. The experiment was successfully performed on one freshly 

isolated cell and two cultured cells. The time constants (t ) were;

Freshly isolated cells 56s(n=1)

Cultured cells: 54 s (n=2)

These values should be compared to corresponding values in the absence of 

cholera toxin of 58 s ± 33 s and 40s ± 39 s in freshly isolated and cultured 

myocytes (see section 5.2).

6.3 The effect of dibutyryl cyclic AMP.

A more direct assessment of the action of cAMP on intracellular Ca^  ̂ regulation 

was to use a membrane permeable analogue, dibutyryl cyclic AMP. The effect of 

the agent was assessed by its influence on Câ "" transients evoked by a number of 

agonists.
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Figure 6.6 The effect of 1 nM dibutyryl cyclic AMP on the resting pCa * p<0.05 

paired t-test. Grey columns -  control, blue columns -  dibutyryl cyclic AMP.

Figure 6.6 shows that 1 nM dibutyryl cyclic AMP significantly increased the resting 

pCa (increased the resting [Ca "̂']) in both freshly isolated and cultured myocytes.

freshly isolated cells:

cultured cells:

pCa: 6.84±0.09 to 6.59±0.14 n = 24 vs 23(2), p<0.05

[Ca^*]: 144 nM (116-179 nM) to 257 nM (186-354 nM) 

pCa: 6.84±0.17to6.59±0.16 n= 28 vs 22(4), p<0.05

[Ca^*]: 144 nM (97-213 nM) to 257 nM (177-371 nM)
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F i g u r e  6 . 7  s h o w s  t h e  e f f e c t  u s i n g  f r e s h l y  i s o l a t e d  m y o c y t e s  o f  1 n M  d i b u t y r y l  

c A M P  o n  t h e  m a g n i t u d e  o f  C a ^ M r a n s i e n t s  e v o k e d  b y  c a r b a c h o l  (30  p M ) ,  c a f f e i n e  

( l O m M )  a n d  A T P  (10 |jM ).

ApCa 

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0
30 mM Garb 10 mM Caff 10 pM ATP

Figure 6.7. The effect, using freshly isolated myocyte of 1 nM dibutyryl cAMP on 

the magnitude of Ca^  ̂ transients (ApCa) in response to several agonists, 

carbachol (30 pM, n = 9 vs 8(2)), caffeine (10 mM, n= 8 vs 8(2)) and ATP 10 pM, 

n= 7 vs 7(2)). The red bars represent controls and blue bars in the presence of 

dibutyryl cyclic AMP. *p<0.05

T h e  m e a n  v a l u e  o f  t h e  C a ^ ' '  t r a n s i e n t  m a g n i t u d e  w a s  o n l y  s i g n i f i c a n t l y  r e d u c e d  

w h e n  A T P  w a s  u s e d  a s  a n  a g o n i s t .  F o r  c a r b a c h o l  a n d  c a f f e i n e  t h e r e  w a s  n o  

s i g n i f i c a n t  a l t e r a t i o n  t o  t h e  C a ^ ^  t r a n s i e n t  m a g n i t u d e .
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C a r b a c h o l  A p C a  0 . 8 9  ±  0 . 3 7  v s  0 . 7 8  ± 0 . 1 4  n =  9  v s  8 ( 2 )  p > 0 . 0 5

C a f f e i n e  A p C a  0 . 8 9  ±  0 . 4 5  v s  0 . 6 3  ± 0 . 1 7  n =  8  v s  8 ( 2 )  p > 0 . 0 5

A T P  A p C a  0 . 7 3  ± 0 . 1 4  v s  0 . 3 8  ± 0 . 0 7  n =  7  v s  7 ( 2 )  p < 0 . 0 5

W i t h  c u l t u r e d  c e l l s  t h e  e f f e c t  o f  d i b u t y r y l  c A M P  o n  c a r b a c h o l  a n d  A T P - i n d u c e d  

C a ^ ' " - t r a n s i e n t s  w a s  a l s o  i n v e s t i g a t e d .  T h e  d a t a  a r e  s h o w n  i n  f i g u r e  6 . 8 .

3 0  p M  c a r b lOpMATP

Figure 6.8 The effect, using cultured detrusor myocytes, of dibutyryl cAMP on 

the magnitude of transients (ApCa) in response to carbachol (30 pM, n =

17 vs 12(4)) and ATP 10 pM, n= 11 vs 9(4)). *p<0.05 paired t-test.

I n  c o n t r a s t  t o  t h e  o t h e r  c o n d i t i o n s  a n d  c e l l  t y p e s  d e s c r i b e d  a b o v e  d i b u t y r y l  c y c l i c  

A M P  e n h a n c e d  s i g n i f i c a n t l y  t h e  m a g n i t u d e  o f  t h e  c a r b a c h o l - i n d u c e d  C a ^ ^  t r a n s i e n t  

( A p C a  1 . 0 4 ± 0 . 2 0  vs 1 . 4 3 ± 0 . 1 4 ,  n =  1 7  vs 1 2 ( 4 ) ,  p < 0 . 0 5 )  b u t  t h e r e  w a s  n o
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significant effect on the ATP-induced Ca^  ̂ transient (ApCa 1.24±0.20 vs

0.85±0.29, n= 11vs9(4), p>0.05).

6.4 Summary

These data show that agents that increase intracellular cAMP directly or indirectly 

affect the resting intracellular [Câ "̂ ] and the magnitude of the carbachol-induced 

Ca^^-transient, although effects were not always consistent between the freshly 

isolated and cultured cell groups. In the case of forskolin and cholera toxin the 

resting intracellular [Câ ""] was increased, except in the case of cholera toxin on 

cultured cells. For fresh cells in the presence of ctx and cultured cells in the 

presence of forskolin the carbachol-induced transient was significantly 

reduced. Directly increasing the intracellular [cAMP] by addition of dibutyryl-cAMP 

also raised resting intracellular [Ca^ ]̂ but in this instance the carbachol-induced 

Ca^  ̂transient was either increased (cultured cells) or unchanged (freshly isolated 

cells). With respect to other interventions dibutyryl-cAMP reduced the mean 

magnitude of the ATP-dependent transient, although this was only significant in 

the cultured cells group; there was no effect on the caffeine-induced Ca '̂"- 

transient.
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Chapter Seven -  Measurement of cell tension in collagen gels

T h i s  c h a p t e r  s h o w s  r e s u l t s  t h a t  h a v e  b e e n  o b t a i n e d  b y  u s i n g  a  C u l t u r e  F o r c e  

M o n i t o r  ( C F M )  t o  m e a s u r e  t h e  f o r c e  e x e r t e d  b y  c u l t u r e d  d e t r u s o r  m y o c y t e s  o n  a  

c o l l a g e n  g e l .  T h e  t e c h n i q u e  i s  d e s c r i b e d  i n  S e c t i o n  2 . 7 .  I t  i s  i m p o r t a n t  t o  

a c k n o w l e d g e  t h a t  t h e  t e c h n i q u e  m a k e s  a  n u m b e r  o f  a s s u m p t i o n s ,  w h i c h  w i l l  b e  

c o n s i d e r e d  b e l o w .  I n  p r i n c i p l e  t h e  d a t a  s h o w  t h a t  i n s e r t i o n  o f  c u l t u r e d  d e t r u s o r  

m y o c y t e s  i n t o  a  g e l  g e n e r a t e  a n  a d d i t i o n a l  f o r c e  t o  t h e  i n t e r n a l  s t r e s s  o f  t h e  g e l  

i t s e l f .

1̂
Longüudi

WAT .

sm I cm

Figure 7 . 1 the alignment of cultured detrusor myocytes with the longitudinal axis 

of the gel, i.e. the direction of the force.
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Figure 7.1 shows a low-power micrograph of detrusor myocytes within a collagen 

gel. The cells appear to form alignments along the longitudinal axis of the gel, i.e 

the axis generated between the two floatation bars to which the gel is attached. A 

similar cellular alignment is seen when fibroblasts are placed in a same 

experimental system.

A number of assumptions have been made when quantifying the data.

1. The number of cells added to the gel was calculated prior to placing them in 

the solidifying collagen solution. It was not known if this cell number remained 

constant throughout the experiment, i.e if the cells replicated in the gel or if there 

was a reduction of viable cells during the experiment.

2. Cells are evenly distributed throughout the gel so that force may be 

normalised to unit cross-sectional area of gel.

3. All the cells contract the gel along the longitudinal axis and that the 

mechanical efficiency of the system is ideal, i.e. all the force generated within the 

gel is transmitted to the strain gauge.

The first two assumptions could be tested by counting the number of viable cells at 

the end of the experiment, and is a control that required further development. The 

mechanical efficiency of the system was near 100% (assumption 3) as calibration 

weights applied to a strain gauge beam directly yielded similar forces to when 

weights were applied from the A-frame structure.
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7 . 1 Force development in cell-free collagen gels.

T h e  c o l l a g e n  g e l  a l o n e ,  i . e .  w i t h o u t  c e l l s ,  d e v e l o p e d  a  s m a l l  f o r c e  t h r o u g h o u t  t h e  

t i m e - c o u r s e  o f  a  t y p i c a l  e x p e r i m e n t  w h i c h  h a d  t o  b e  d i s t i n g u i s h e d  f r o m  a n y  f o r c e  

g e n e r a t e d  b y  t h e  c e l l u l a r  c o m p o n e n t .  F i g u r e  7 . 2  s h o w s  t h e  r e s u l t s  f r o m  s i x  s u c h  

g e l s .  T h e  c e n t r a l  l i n e  i s  t h e  m e a n  f o r c e  d e v e l o p e d  o v e r  2 4  h o u r s  ( 1 4 4 0  m i n u t e s )  

a n d  t h e  t w o  d o t t e d  l i n e s  a r e  t w o  s t a n d a r d  d e v i a t i o n s  f r o m  t h e  m e a n  d a t a .  T h u s  

t h e  e n v e l o p e  o f  t e n s i o n s  e n c o m p a s s e d  b y  t h e  d o t t e d  l i n e s  w o u l d  i n c l u d e  9 5 %  o f  

t h e  d a t a .  T e n s i o n  v a l u e s  o u t s i d e  t h i s  e n v e l o p e  m i g h t  b e  c o n s i d e r e d  t o  o r i g i n a t e  

f r o m  a d d i t i o n a l  c o m p o n e n t s  t o  t h e  g e l .

T e n s i o n ,  m N

0.20

V /"
0 . 1 5

0.10

0 . 0 5

0.00

- 0 . 0 5

0 5 0 0 1000 1 5 0 0

T i m e ,  m i n u t e s

Figure 7.2 The force developed in a cell-free gel. The solid black line represents 

the mean data and the two dotted lines ±2 s.d. (n=6) of the data. For times greater 

than 1210 minutes, data were recorded from only two gels so that s.d. values could 

not be calculated. The solid and dotted red lines are fits of equation 1.1 (see text).
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The mean data were fitted to a curve with an initial exponential component and a 

linear creep, equation 7.1.

Tension, T = (Ai.(1-exp(-t/x)) + (A2 .t + A 3)  Equation 7.1

Where Ai, A2 , A3 are constants and x is the time constant of the initial exponential

component. For the data in figure 7.2 a least-square fit yielded values for the 

constants of: Ai = 0.0590 mN, A2 = 6.347.10"® N, A3 = -0.00183 mN, x = 122.1 min

and the fit is shown by the solid red line. For subsequent experiments, with cells 

added to the collagen gels, values estimated from equation 7.1 above were 

subtracted from the net values. This yielded tension values that could be attributed 

to the cellular component (cell tension).

Errors engendered in this subtraction procedure were quantified. Cell tension 

values were obtained by subtracting either the mean or (mean + 2  s.d) of the gel 

force from net values and the percentage difference in these two estimates 

calculated. These two estimates of gel tension were chosen as 2  s.d. 

encompassed 95% of data variability, so that an extreme and mean values was 

chosen as a subtraction measure. Except for the first 40 minutes (figure 7.2) the 

s.d. of the mean data was a constant proportion of the mean values (about 28%, 

red dotted line). An example is taken for values at 500 minutes. The median net 

force was 0.375 mN (below)

The calculated gel force (equation 6 .1 ) was:

0.0879 mN, or 0.137 mN including 2 s.d.
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The calculated cell force was:

0.375 -  0.0879 = 0.287 mN, using mean gel force

0.375 -  0.137 = 0.238 mN, using mean+2s.d. gel force

The percentage difference, and therefore uncertainty in the absolute cell tension, 

was in this case 20%. The estimate of uncertainty in individual experiments is 

included in the following section.

7.2 Force development in cell-containing collagen gels.

The force developed by gels containing cultured cells was greater than that 

developed by cell-free gels, in ten successful experiments. The cell number in the 

gels was 1.06 ± 0.56 million. Figure 7.3 shows the development of force by two 

gels containing cultured human detrusor myocytes. In each part total tension is 

plotted (upper trace) as well as cell force (lower trace, i.e total force minus gel 

force). In part A is shown a gel that developed a large force in the set of 

experiments and in part B a gel developing near the median force. In part A the 

subtraction procedure did not greatly affect the total force measured, whilst in part 

B the subtraction produced a more significant effect. However, in all ten cell- 

containing gels total force was greater than mean gel force indicating that the 

presence of cells in the gels was generating a significant force. The plots show 

that cell force increased initially over approximately the first 500 minutes before 

levelling out to a stable level.
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A
T e n s i o n ,  m N / 1 0  c e l l s

3 . 0

T o t a l

t e n s i o n

2 . 5

C e l l

t e n s i o n2.0

0 . 5

0.0
1 5 0 00 5 0 0 1000

T i m e ,  m i n s

B
T e n s i o n ,  m N / 1 0  c e l l s

0.6 T o t a l

t e n s i o n

0 . 5

0 . 4

C e l l

t e n s i o n0 . 3

0.2

0 5 0 0 1000 1 5 0 0

T i m e ,  m i n s

Figure 7.3. The force developed in cell-containing collagen gels, force is expressed 

as mN per million cells. The upper trace in each part shows total force developed by 

the gel and the lower trace cell force (total force -  mean gel force). Part A a gel 

developing a large net force (1.1x10^ cells in gel), part B a gel developing near the 

median force (1.0x10^ cells in gel).
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Figure 7.4 shows cell force normalised to a million cells developed for the ten 

experiments. Two gels developed a significantly larger force than the remainder, 

but the pattern of tension generation was similar in all cell-containing gels with an 

intial increase offeree over a variable interval and a subsequent plateau phase.

A
C e l l  t e n s i o n ,  m N / 1 0  ® c e l l s

5

4

3

2

1

0
0 200 4 0 0 6 0 0 8 0 0 1000 1200 1 4 0 0

t i m e ,  m i n u t e s

B
C e l l  t e n s i o n ,  m N / 1 0  c e l l s

0.6

0 . 5

0 . 4

0 . 3

0.2

0 200 4 0 0 6 0 0 10008 0 0 1200 1 4 0 0

t i m e ,  m i n u t e s

Figure 7.4. Cell-tension developed in ten cell-containing gels. Part A: cell tension 

in all gels. Part B: expansion of the cell tension axis showing in more detail eight of 

the cell-containing gels; the two gels developing the largest forces are arrowed.
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Figure 7.5 shows the median cell force developed along with the 25% and 75% 

interquartiles. Presentation of the group data as median values was preferred due 

to the two gels developing much larger forces than the remainder.

Cell tension, mN/10 ® cells

0.7 75% interquartile

0.6

0.5

0.4

median0.3

0.2

25% interquartile0.1

0

0 200 400 600 800 1000 1200 1400
time, minutes

Figure 7.5. Median cell-tension with 25% and 75% interquartiles in cell-containing 

gels (n=10).

Force development was quantified in two ways:

• the cell force per million cells developed after 1000 minutes

• the rate of increase of force over an initial interval when force increased 

linearly.

Cell force at 1000 minutes was 0.264 mN per 10® cells (0.159 -  0.579; median and 

25%, 75% interquartiles).
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This is equivalent to a median cell force of 2 . 6 4 . 1 N per cell.

The initial rate of rise was 2.51 ± 1 87 pN.min'  ̂ per 10® cells (mean ± s.d.) over an 

initial period of 253 ± 157 minutes.

Figure 7.6 shows the tension value at 1000 minutes and the initial rate of tension 

increase for individual experiments. The data for the initial rate of increase are 

more evenly distributed than tension data.

Tension increase
Tension, mN per 10 cells

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

pN.min'^ per 10® cells 
-1 7.0

6.0

5.0

4.0

3.0

2.0 

1.0 

0.0

Figure 7.6. Individual and group data for tension generated at 1000 minutes per 

fO® cells -  left (median, 25% & 75% interquartiles) -  and initial rate of tension 

development -  right (mean ± s.d.). Data from ten experiments.
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7 . 3  The cross-sectional stress in the gel generated by myocytes 

T h e  g e l  w a s  f o r m e d  f r o m  4 . 6  m l  c o l l a g e n  s o l u t i o n / c e l l - c o n t a i n i n g  c u l t u r e  m e d i u m  

( s e c t i o n  2 . 6 . 2 )  a n d  f o r m e d  i n  a  c h a m b e r  7 . 5  x  2 . 5  c m  s u r f a c e  a r e a  a s  s h o w n  i n  

f i g u r e  7 . 7 .

T h e  t h i c k n e s s ,  z ,  o f  t h e  g e l  w a s  t h e r e f o r e  7 . 5  x  2 . 5  x  z  =  4 . 6  i . e .  z  =  0 . 2 4 5  c m .

7 . 5  c m

Figure 7.7 Dimensions of the cell-containing collagen gel used in the culture force 

monitor.

T h e  m e d i a n  f o r c e  g e n e r a t e d  b y  t h e  c e l l u l a r  c o m p o n e n t  o f  t h e  g e l  w a s  0 . 2 6  m N  p e r  

10® c e l l s  a n d  g e n e r a t e d  a  c o m p o n e n t  o f  s t r e s s ,  s ,  t h a t  w a s  d i r e c t e d  a l o n g  t h e  l o n g  

a x i s  o f  t h e  g e l  a n d  m e a s u r e d  b y  t h e  s t r a i n  g a u g e ,  a s  s h o w n  i n  f i g u r e  7 . 7 .  

A s s u m i n g  t h i s  c o m p o n e n t  o f  s t r e s s  w a s  e v e n l y  s p r e a d  o v e r  t h e  c r o s s - s e c t i o n  o f  

t h e  g e l  o f  a r e a  2 . 5 . z  c m ^  t h e  c r o s s - s e c t i o n  t e n s i o n ,  T, g e n e r a t e d  b y  t h e  c e l l s  c o u l d  

b e  c a l c u l a t e d :

7 =  0 . 2 6  m N . 0 . 6 1 3  c m ’ ^  p e r  1 0 ®  c e l l s  o r  7 =  0 . 4 2 4  m N . c m * ^  p e r  1 0 ®  c e l l s

7  =  4 . 2 4  . 1 0 ' ^ ®  N . c m ' ^  p e r  c e l l  

T h e s e  c a l c u l a t i o n s  w i l l  b e  u s e d  t o  c o m p a r e  t h e  t e n s i o n  g e n e r a t e d  b y  m u l t i c e l l u l a r  

p r e p a r a t i o n s  w i t h  t h e s e  c u l t u r e d  c e l l s ,  u n d e r  s i m i l a r  s u p e r f u s i o n  c o n d i t i o n s  ( s e e  

D i s c u s s i o n )
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7.4 The addition of carbacho! to a cell-containing gel

Data in chapters 4-6 have shown that isolated cultured human detrusor myocytes 

respond to carbachol with a transient rise of [Câ "̂ ]i. If cellular function was 

preserved in the collagen gel they should respond to carbachol addition by 

increasing the tension within the gel.

Figure 7.8 shows that addition of carbachol to the culture medium around the gel 

generated a transient increase of force, returning to base-line after about 150 

minutes. The carbachol was added as an aliquot to achieve a final calculated 

concentration of 200 pmoles per litre culture medium. Such a high concentration, 

compared to the epifluorescence experiments, was used for two reasons

• Cells were maintained in culture medium supplemented with 10% PCS which 

means that the level of muscarinic receptor expression would be reduced 

(Yang 1990). This was unlike epifluorescence experiments that were 

transferred to 1% PCS for 24 hours prior to experimentation (see section 2.2).

• It was not possible to know the exact concentration in the vicinity of the 

myocytes as the diffusion pathway through the gel was unknown. However it 

would have been lower than the medium concentration due to such diffusion 

restrictions.

Carbachol was added about eight hours after the start of the experiment by which 

time the force generated in the gel had reached the slow plateau phase. Prom 

three identical experiments carbachol increased force to a peak-level of 60 % (± 

23 %) above the pre-addition tension. This represented an absolute increase of
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force of 0.35 ±0 .13  mN/10® cells, n=3 and is equivalent to a mean increment of

0.35 nN per cell.

Tension mN/10® cells

1.60

1.50

1.40

1.30

1.20

1.10 Fm
1.00

0.90
400 450 500 550 600 650 700 750

time, minutes

Figure 7.6 the change of force generated by the application of 200 pmol.f'' 

carbachol to the culture medium bathing a cell-containing collagen gel. 

Carbachol was added at the time indicated by the arrow.

Figure 7.9 shows a control experiment when a similar volume of water was added 

to the culture medium. No change of force was recorded which shows that the 

carbachol-dependent transient was not merely due to artifactual perturbations 

caused by the physical addition of fluid to the experimental system.
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Figure 7.9 force generated in a gel and the lack of change noted with the 

addition of water at the point marked by the arrow.
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Chapter Eight- Discussion

8.1 Methods

8.1.1 Cell Isolation

The aim of this thesis was to characterise cultured human detrusor smooth muscle 

by examining aspects of its physiological and biochemical phenotype. In many of 

the experiments freshly isolated cells have been used as a control. This is a well- 

established model and hence represents a safe control and baseline for 

comparison of the cultured cells (Klockner & Isenberg 1985; Montgomery & Fry 

1992; Nakayama & Grading 1993; Gallegos & Fry 1994; Sui, Wu & Fry 2001 a, b). 

This thesis has also verified independently the usefulness of freshly isolated cells 

as a control by the use of NMR, see results section 3.2. This showed that the 

spectra for fresh intact tissue, deproteinated fresh tissue and deproteinated 

collagenase digested isolated cells are comparable. This evidence suggests that 

the throughout the procedure of cell isolation their biochemical profile is preserved. 

This is an important observation as previous investigators (Levin, Haugaard & 

Hypolite et al 1999) have shown the dependence of the contractile function of 

detrusor smooth muscle on tissue metabolism and biochemistry.

8.1.2 Cell Culture

In order for cultured cells to represent a reasonable tissue model of detrusor 

smooth muscle cells in vivo it is important to demonstrate that the process of 

culture retains a smooth muscle phenotype. In terms of cell functions measured in 

this thesis the results have shown that whilst there are minor differences in the
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responses given by these cell cultures the overall behaviour of cultured myocytes 

is close to that expressed by freshly isolated cells.

During the culture process it was important to exclude in particular two cell types; 

epithelial cells, derived from the mucosal urothelium and serosal surface, and 

fibroblasts that will be present throughout the tissue.

Through accurate, sharp dissection the epithelium was removed from the inner 

surface of the detrusor muscle and the serosa from the outer surface. The 

remaining specimen contained only the detrusor layers and its tissue matrix. 

Epithelial cells also contain D-amino acid oxidase (see below) and could therefore 

make use of D-valine in the culture medium if they were added to the culture in 

large numbers to synthesis the essential amino acid L-valine. However, epithelial 

cells exhibit entirely different growth characteristics and morphology to smooth 

muscle cells in culture; they have a polygonal shape and have a characteristic flat- 

sheet growth pattern. Cells with these characteristics were not seen in the 

cultures used in this thesis.

It has also been proposed that epithelial cells could be differentiated from smooth 

muscle cells in culture by a lack of response to muscarinic agonists in the former 

cell type, with respect to a rise of the intracellular [Ca '̂']. However, muscarinic 

responses have been shown in some secretory epithelia i.e. bile duct epithelium 

(Nathansen, Burgstahler, Mennnone & Boyer 1996). Moreover, it has been shown
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that cultured smooth muscle cells from detrusor and other organs will express 

characteristic muscarinic receptors (Twort & Breeman 1988; Yang 1990; Yang et 

al 1991b; Harriss et al 1995; Amedee et al 1996). Therefore until muscarinic 

responses are better defined in urothelial cells, the absence of a muscarinic 

response may not be a selective differentiator between smooth muscle and 

urothelial cells.

The most prominent remaining cells, within the detrusor layer, were fibroblasts. It 

would be hard to distinguish a smooth muscle cell from a fibroblast purely by a 

light microscopical morphology (Ross 1971; Campbell et al 1974; Chamley and 

Campbell 1974; Chamley et al 1974; Groschel-Stewart 1975; Campbell et al 1979; 

Absher et al 1989; Baskin et al 1993). To ensure that only smooth muscle cells 

were cultured a selective, D-valine based medium was used. Fibroblasts cannot 

survive in a D-valine medium as they are unable to convert it to L-valine. Smooth 

muscle cells have the enzyme D-amino acid oxidase which allows them to utilise 

D-valine to produce the essential amino acid L-valine. This ensured the 

proliferation of only detrusor smooth muscle and the degeneration of any 

fibroblasts within a few days (see Introduction section 1.8; Gilbert & Migeon 1975).

In summary, the combination of accurate sharp dissection and a selective culture 

medium minimized the contaminating presence of cell types other than smooth 

muscle in the cultures used in this thesis.
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Contamination by bacteria was also avoided by performing the final culture 

procedure in asceptic conditions with sterilised vessels. Muscle strips were 

washed six times in sterile PBS to remove soluble contaminants. Antibiotics were 

added to the PBS and culture medium to prevent any further contamination.

8.1.3 Methods to characterise the phenotype of cultured detrusor myocytes 

The physiological implications of the results will be discussed in full subsequently. 

However, in terms of identifying the cultured cells as smooth muscle myocytes five 

experimental approaches were undertaken. This is important to show their 

potential as a future cell model and in clinical application for tissue engineering.

• Morphology. The cells grew into characteristic spindle shaped cells, with a 

characteristic hill and valley pattern (Campbell et al 1979) See figure 2.2. 

this is indicative of non-contact inhibited growth characteristics.

• Characteristic cellular markers. The cells were stained successfully with a

smooth muscle actin using an immunofluorescence marker - see figure 3.1 

Results -  verification of cell type.

• Cellular biochemical markers. Similarities, and important differences that 

may have an important bearing on cellular function, were measured using 

^H-NMR -  see figures 3.2 and 3.3.

• Cell physiology. Measurement of intracellular Ca^‘"-transients in response 

to agonists, their temporal recovery (restitution) and the influence of 

modulators of the diacylglycerol pathway (Sui, Wu & Fry 2001 a & b).
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• Contractile responses. The cells were able to generate a contraction, which 

could be modified by carbachol.

Morphological appearance and characteristic cellular markers. This remains a 

controversial area. There is speculation that there is no distinct smooth muscle cell 

type and that these cells are merely one end of a spectrum which begins with 

fibroblasts, extends through myofibroblasts and ends with smooth muscle cells 

(Serini & Gabbiani 1999). The latter review discussed the appearance of a-smooth

muscle actin in both fibroblasts and myofibroblasts, which further may have been 

under the influence of cytokine stimulation. However, work that has been specific 

to the bladder has suggested that it is only smooth muscle in the detrusor that are 

stained by a smooth muscle actin immunolabels (Chamley et al 1977; Baskin et al

1993). Figure 3.1 shows an example of cultured detrusor myocytes that has been 

stained with a-smooth muscle actin.

8.1.4 Establishing a biochemical phenotype using NMR spectroscopy 

The use of NMR spectroscopy to analyse this tissue serves two purposes:

1. To examine the biochemical phentotype of cultured detrusor myocytes and 

compare it to that of freshly isolated cells.

2. To look for tissue markers that will allow cultured detrusor myocytes to be 

reliably identified using this technique.

Cultured cells will often rely on anaerobic glycolysis for the majority of their 

respiration (Freshney 2000). In vitro studies have shown that strips cf animal
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detrusor are sensitive to ischaemia and anoxia; although this effect is reversible 

(Levin et al 1999). It was therefore a concern that the cultured detrusor myocytes 

may suffer functional degradation as a result of the anaerobic conditions expected 

in culture. The ^H-NMR spectra that were generated have indeed shown that the 

process of culture alters cellular biochemistry. The deproteinated whole tissue and 

collgenase digested tissue extracts were both very similar to the baseline of intact 

detrusor. This technique was used here for the analysis of intermediate 

metabolites.

Previous work has shown that the activity of enzymes involved in oxidative 

metabolism is reduced with partial bladder outlet obstruction (Hsu et al 1994), 

however it did not measure metabolites directly. The study used partial bladder 

obstruction to create tissue ischaemia and suggested that this increased 

anaerobic metabolism. Other work also suggests that obstruction may influence 

tissue function (Azadzoi et al 1996; Azadzoi et al 1999) by inducing overactivity 

and possibly an accumulation of anaerobic metabolites. The strength of the NMR 

technique was that it allowed direct analysis of intracellular metabolites. The 

difference in spectra between cultured myocytes and freshly isolated tissue may 

be explained by either changes in the form of metabolism or perhaps some degree 

of quiescence. However because anaerobic markers such as lactate did not 

increase in the cultured cells it is unlikely that the cells are becoming metabolically 

depleted. However, it remains to be established if the biochemical profile of
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cultured cells resembles more closely normal intact tissue or detrusor subjected to 

pathological conditions such as obstruction.

The second aim of this work was to look for markers that will distinguish cultured 

detrusor myocytes from other tissue types when examined in this way. Creatine 

has emerged as the strongest candidate as it appeared as large and specific 

peaks in all spectra. Although this has been consistently seen in these cells it is 

not however specific. Although it is a feature of muscle cells it is seen also in brain 

and other tissue (Maheshwari & Mukherji 2002). It requires further investigation to 

determine if it is present in urothelial cells and fibroblasts derived from bladder 

tissue to determine if it will be useful as a detrusor myocyte marker in the bladder 

itself.

It should also be noted that because of the small sample sizes used for the 

cultured cells there was a smaller signal-to-noise ratio and the number of scans 

required to produce the spectrum was 10-fold that for fresh tissue extracts. This 

will also limit the detection of certain marker molecules that could be used for 

specific tissue typing.

8.1.5i Measurement of intracellular using epifluorescence microscopy.

Measurements of [Câ "']i using fluorescent indicators has been well established in 

mammalian cells, including cultured cells (Grynkiewicz et al 1985; Morgan et al 

1993; Chambers et al 1996). The use of the ratiometric Ca^  ̂ fluorchrome Fura 2
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makes this a reliable technique. It has many advantages: good specificity for 

measured ions, high sensitivity to small changes in ion concentration, dissociation 

constant values within the range of intracellular [Ca '̂"] and ease of use. The use of 

a ratiometric method overcomes problems arising from changes in the overall 

magnitude of signal due to uneven cell loading, photobleaching, dye leakage from 

the cell and differing cell thickness.

Measurement of absolute values of the intracellular [Ca^ ]̂ has several difficulties 

arising from an uncertain distribution of the fluorochrome within the cell and 

possible differences of its Ca^^-binding characteristics in an intracellular medium 

so that it is not always appropriate to seek absolute values of [Ca^^i (Grynkiewicz, 

Poenie & Tsien 1985; Chambers, Neal & Gillespie 1996). The epifluorescence 

signal used in this project was calibrated using an extracellular medium to produce 

values for the magnitude of maximal Câ "" responses and also for resting Câ "" 

measurements. Therefore the absolute values will have the caveat of the 

unquantified possible errors listed above. However, it is not thought that 

qualitative conclusions at least are altered due to these uncertainties.

One particular disadvantage of using fluorescent dyes is that they may buffer the 

ion of interest, which may alter the time course of kinetic changes of the ion and 

hence its transient response. To minimize the effect of dye buffering on the 

kinetics of [Ca^ ĵi changes the indicator loading was kept to a minimum level while 

giving a good signal to noise ratio. Variation of the loading time around the period
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used in this thesis, which would accordingly vary the intracellular concentration of 

fluorochrome, did not produce marked variation of the magnitude or time-course of 

the signal. This implies that the intracellular concentration was not large enough to 

modify the intracellular Ca^‘" signal. According to the probes.com website 

intracellular buffering is unlikely to be a problem and calibration remains a realistic 

aim. The fluorescent signal from Fura 2 can be calibrated and therefore the [Ca^*]i 

can be measured at baseline and in response to the application of agonists. The 

dye fluoresces brightly even at intracellular concentrations and hence the 

concentration of dye is not suffcient to cause buffering or dampening of the Ca^  ̂

transients’ (www.orobes.com).

8.1.5H Analytical techniques

The use of appropriate statistical tests to determine if the mean values of two data 

sets were significantly different was an important analytical technique used in this 

thesis. Experiments in which the intracellular concentration of an ion was 

measured at different agonist concentrations used a logarithmic transformation of 

the data values (e.g. pCa =-logio[Ca^^) as this variable has been previously 

shown to follow a normal distribution, allowing parametric analysis of the numerical 

values (Fry & Langley, 2001) assuming the variances of the data sets were similar. 

Some other data sets, e.g. variable magnitudes at constant agonist concentration 

were directly subjected to parametric test after significant skewness of the data set 

was excluded

http://www.orobes.com
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Comparison of cultured cell responses with their freshly isolated counterparts to 

different agonists used measures of sensitivity (pEOso values) and absolute 

magnitude. In terms of significance the data for sensitivity is clearly the most 

important. The possibility that there was desensitization of the agonists response 

in the cultured cells was also assessed by comparing the magnitude of a very high 

agonist concentration to that achieved at a lower concentration that was sufficient 

to elicit a maximum response.

The epifluorescence system may also be open to type 2 errors. That is the system 

would tend to underestimate the effect of any given agonist concentration. The 

perfusion dish (figure 2.3) has a diagonal flow across it. As far as possible the 

position of the inflow and outflow portals are maintained constant. However, slight 

movements in these, through adjustments to the microscope stage, may have 

altered the perfusion to any specific area of the dish and hence exposure to 

slightly different conditions of temperature and pH as the superfusate was 

exposed to the air whilst in the chamber. However, the relatively high flow rate (up 

to 4 ml/min) ensured that such a problem was minimal.

8.1.6 Measurement of cultured cell contraction using a culture force monitor 

This technique has previously been employed to examine the processes of wound 

contraction (Eastwood et al., 1994, 1996). It allows the measurement of a force 

exerted on a gel by cultured cells, but this is the first application of the technique to 

measure force generated by cultured muscle cells. The method works because of
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the attachment of cells to the gel and their alignment along a longitudinal axis. This 

therefore allows the assumption to be made that each viable cell that is added to 

the gel contributes equally to the force that is developed, but that it is possible to 

quantify the force generated per cell. Thus comparison can be made with isolated, 

multicellular preparations dissected from the bladder to determine if unit cellular 

force is altered by the process of cell culture.

The system employed in these experiments is not strictly isometric, since there is 

a progressive deformity of the strain gauge with increasing force. However, the 

deformity amounts to no more than 1% of the total length of the gel so that it is not 

anticipated that this will underestimate significantly the measurement of isometric 

force. Previous experiments (Kropp et al 1999) have shown that cultured detrusor 

myocytes are capable of reducing the aperture enclosed by a cell-containing ring 

of collagen but it was not possible to quantify the force that was generated. These 

experiments also showed that the gel movements were enhanced by a calcium 

ionophore and endothelin, however, carbachol had no effect.

A disadvantage of this system is that without access to cell sorting systems no 

direct comparison with freshly isolated cells is possible. The heterogeneous nature 

of the cell population within a detrusor muscle portion of the bladder wall makes 

this difficult. However, this represents an advantage of the use of cell cultures if it 

can be shown that unit cellular force is not significantly altered. It was for this
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reason that a theoretical comparison with freshly isolated in vitro preparations was 

made cells by estimating the force per cell within a muscle strip.

8,2 Results

8.2.1 Responses of cultured cells to carbachol.

In order to test the muscarinic responses of these cells the potency of carbachol in 

evoking intracellular Ca^^-transients and the magnitude of eth responses were 

compared to those generated in freshly isolated cells.

The pECso for freshly isolated human detrusor myocytes was 5.68±0.42 (Mean ± 

s.d. n=6) and 5.56±0.34 in cultured detrusor myocyes this is compared with values 

of 6.60±0.17 from previous investigators (Wu et al 1999). Investigators who have 

examined responses in detrusor muscle strips have found a pECso of 6.19±0.45 

(Bayliss et al 1999). In these experiments the results differed significantly from 

previous published data. It is possible that the rapid dissociation technique used in 

this project reduced the sensitivity of these cells to carbachol. The biochemical 

data from this project showed that the dissociation method used in this project did 

not appear to damage the biochemical phenotype of these cells. There is no such 

validation of previous cell models hence further comparison would have to be 

made in order to establish any potential differences arising as a result of the cell 

isolation technique. Cultured cells showed no difference in their sensitivity to 

carbachol. Published work does not give details of absolute transient height or 

magnitudes of Ca "̂” responses. This may be because of published concerns about
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the calibration of signals a the measurement of absolute values (Chambers et al 

1998).

The Hill coefficient t[ for the action of carbachol was significantly greater than unity

for both cultured and freshly isolated myocytes, and not dissimilar from each other. 

It is important to remember that the final measured variable, the Ca^^-transient 

magnitude, itself may be a non-linear function of the number of muscarinic 

receptors that are activated. Thus the value of t\ from measurement of the change

of the intracellular [Ca^ ]̂ yields no information about the kinetics of carbachol 

binding to its membrane receptor. Such apparent co-operativity may arise from a 

number of causes:

i. IP3 generation is a non-linear function of receptor occupancy

ii. Câ "" release from intracellular stores is a non-linear function of intracellular I P 3 

concentration

iii. Ca^^-induced Ca^^-release will induce a non-linearity in the final [Ca "̂'] 

achieved.

iv. The rise in [Ca^'’]i may induce further transmembrane flux of Câ '"

It has been suggested that cells in culture may be more reliant on anaerobic 

glycolysis, which may in turn lead to the possibility of derangement to intracellular 

storage and handling of Câ "" as shown in figure 8.1 (Levin et al 1999). However, 

the ^H-NMR spectra would argue against such a hypothesis as lactate peaks in 

the spectra were not more prominent. However, cultured cells do provide a useful 

model to investigate the effects of sustained hypoxia on Câ "̂  metabolism in
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detrusor smooth muscle cells, as they may be cultured under a variety of 

conditions.

8.2.2 Responses of cultured cells to ATP

Freshly isolated detrusor smooth muscle cells showed a greater sensitivity to 

purinergic stimulation than cultured myocytes. The reduction of potency could 

result from an alteration of existing purinoceptors to ATP or a change in the 

population the purinoceptor subtypes.

This project showed a pECso for cultured myocytes of 5.88±0.37 and 6.68±0.69 for 

fresh cells. These data are significantly different from each other (p<0.05). Data 

from previous work has shown a pECso 6.99±0.36 in fresh cells and a pECso 

3.82±0.57 in muscle strips. This suggests that data from this project gives a similar 

result for the freshly isolated cells transient Câ "" response to 10 pM ATP. 

However, there is a significant reduction in sensitivity to ATP in the cultured cells 

this is accompanied by a significant increase in cooperativity of the cultured 

myocytes (Hill coefficient: freshly isolated cells 0.65±0.26 and cultured myocytes

3.01 ±1.17). This points to the possibility of a change in the receptor type that is 

mediating this response.

In freshly isolated cells and in multicellular preparations there is considerable 

evidence that P2X receptors (in particular P2Xi) mediate the response. Addition 

of ATP generates a transient contractile response that can be attenuated or even
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abolished by prior treatment with the non-hydrolysable analogue a,p-methylene

ATP (Bayliss et al 1999). ABMA desensitises in particular P2Xi and P2 X3 

receptors (North 2002) and as P2 X3 receptors are largely confined to nerves 

(Burnstock 2002), then the presumption is that detrusor muscle contains P2Xi 

receptors. This has been corroborated by immnuo-histochemical studies that 

have localised P2Xi receptors on smooth muscle (Burnstock 2002).

P2Xi receptors are ligand-gated ion channels that are non-selective to cations and 

thus generate an inward current when activated (Inoue & Brading 1990) and 

membrane depolarisation (Wu et al 2 0 0 1 ). The depolarization is sufficient to open 

L-type Câ "" channels and thus generate a Ca^  ̂ influx that triggers the contraction 

(Wu). Evidence for the contribution of L-type channels in the final response is 

that the Ca^  ̂ transient can be virtually abolished by nifedipine (Wu et al 2001). 

The small residual rise of the intracellular [Câ ""] is presumed to be due to 

influx through the ligand-gated P2Xi receptor itself.

The response to ATP in the cultured cells showed a number of important 

differences: the potency of ATP was reduced as discussed above; the variability of 

the data was reduced; the response was no blocked by nifedipine. These 

observations are consistent with the possibility that in the cultured cells the 

receptor population has undergone a significant alteration. The latter observation 

in particular is important as it suggests that the purinoceptor population is not a 

P2 Xi subtype, i.e. it is not an ionotropic subtype. One candidate is a subtype of
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the P2Y family as several of these mediate an intracellular Câ "' response through 

an IPs-mediated mechanism (Wang, Kim, Van-Breemen & McLarnon 2000). 

Moreover, it has been shown in cultured detrusor myocytes that ATP-generated 

intracellular Ca^’" response cannot be blocked by prior application of ABMA to the 

su perfusate (C Wu, unpublished data), and would indicate that a P2Xi subtype is 

not involved. Such a shift in purinoceptor population has been observed in other 

vascular smooth muscle when cultured (Pacaud, Malam-Souley, Loirand & 

Desgranges 1995). Whatever is the puroniceptor subtype in cultured cells it is 

probable that the density is similar to that in freshly isolated cells as the magnitude 

of the response at maximal ATP concentrations was similar, assuming that a P2Xi 

and P2Y receptor mediate a similar unit response.

8.2.3 Responses to KCI and caffeine.

Both caffeine and a raised extracellular KCI were chosen as agonists for their 

ability to generate Ca^  ̂ responses through different mechanisms -  KCI via 

membrane depolarization and caffeine by Ca^“" release from intracellular stores via 

the ryanodine receptor. Figure 3.17 shows that in freshly isolated cells they were 

capable of generating Ca "̂” responses of similar magnitude to carbachol and ATP.

However, in cultured detrusor myocytes no Câ "" transients to raised KCI could be 

recorded. A possible explanation for this is that the membrane potential of these 

cells is relatively depolarized, at least to a level that would inactivate L-type Câ "" 

channels. This would also be consistent with the possibility that the ATP response
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is mediated through a different purinoceptor to that in freshly isolated cells that 

does not operate through membrane depolarisation.

Previous work has described a less negative resting membrane potential in 

cultured cells (guinea pig) -4 2  mV compared to -5 9  mV in fresh cells. Action 

potentials were found to be of a longer duration in cultured cells but in human cells 

the upstroke rate was not found to differ in cultured cells (Sui et al 2000a).

Ca^  ̂ transients in response to caffeine responses were seen only infrequently in 

cultured myocytes. However, freshly isolated cells responded more consistently, 

although there was a great deal of variation in the magnitude of the response. The 

lack of response to caffeine has previously been shown in cultured detrusor 

myocytes (Harriss et al 1995). It has been suggested that in the partially 

obstructed bladder, where the tissue is demonstrably ischaemic, SR activity is 

reduced considerably (Levin et al 1999). However, this may not be the case in 

these cultured myocytes as the cells can still respond to carbachol, which also 

releases Câ "" from intracellular stores. However the results might suggest that 

there is an alteration in the population of receptors on the internal stores, away 

from a mixed population of I P 3 and ryanodine receptors, towards a more exclusive 

reliance on I P 3 receptors.

8.2.4 Restitution ofCa^^ responses

Further information about the internal Ca-stores in the cultured myocytes was 

gained from the time course of recovery of the Ca-transient to carbachol.



206

Experiments in a variety of cells show that a second response to many stimuli that 

rely on Câ "' release from internal stores requires a period of recovery. This 

presumably is due to the time taken for Câ "" to translocated from uptake to 

release sites within the internal stores.

Restitution of responses governed by Ca^  ̂ in myocardium have given time 

constants of 259.7±45.15 s in human cells (Cooper & Fry 1990), this was 

compared to earlier work on rabbits that gave a time constant of 92.0±13.3 s 

(Edman & Johannsson 1976).

The experiments in this thesis showed that in cultured detrusor myocytes the 

ability to restitute Ca '̂" responses to carbachol was no different from that of freshly 

isolated detrusor myocytes. This was demonstrated by the similarity of the 

restitution time constants in the two groups of cells. Thus in spite of a possible 

change in surface receptor population the intracellular translocation mechanisms 

appear not to be affected in the cultured cells.

It is also of note that the restitution time constant in the freshly isolated cells was 

similar if carbachol or caffeine was used to evoke a Ca-transient. This indicates 

that the Ca^  ̂ release mechanism is not a rate-limiting step in overall restitution but 

occurs downstream. In many studies an undershoot to the agonist-induced Ca^  ̂

transient is observed in cardiac muscle with a time constant similar to that of the 

restitution time constant (Baro et al, Wu et al 2002). The undershoot has been 

postulated to reflect the rate of Ca '̂' reuptake via a Ca^'^-ATPase (the so-called
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SERCA pump) from the sarcoplasm following its release. If this is so, and re

uptake is the rate-limiting step then this step is not altered by the process of 

culture in these detrusor cells.

8.2.5 Influence of cAMP on resting /Ca^t// transients.

There has been no previous work to show how the diacylglycerol pathway affects 

the intracellular handling of in either freshly isolated or cultured detrusor 

myocytes; the end result is generation of intracellular cAMP.

The data in this chapter have demonstrated that the pathway does indeed affect 

the regulation of intracellular Ca^*. Five of the six experimental groups of cells 

showed a rise of resting Ca^  ̂with the presence of either forskolin, cholera toxin or 

dibutyryl cyclic AMP. The only exception to this was cultured cells in the presence 

of cholera toxin see table 8.1.

Table 8.1 the rise in resting in the presence of mediators of cAMP
increase expressed as pCa.

Intervention Freshly isolated cells 

Resting pCa

Cultured cells 

Resting pCa

Forskolin 6.92±0.28* 6.45±0.05*

Without Forskolin 7.51±0.34 7.00±0.26

Cholera Toxin 6.90±0.35* 6.77±0.21

Without Cholera Toxin 7.39±0.39 6.99±0.18

Dibutyryl cAMP 6.59±0.14* 6.59±0.16*

Without Dibutyryl cAMP 6.84±0.09 6.84±0.17
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The effect of these interventions on agonist-mediated responses was more 

complex. In two of the three groups where there the resting intracellular [Ca^ ]̂ 

was increased in the presence of forskolin or cholera toxin, the magnitude of the 

carbachol-induced Câ '" transient was reduced. In the case of dibutyryl cAMP 

addition the increase of the resting intracellular [Câ ""] was however accompanied 

by a raised carbachol-induced Câ "" transient in cultured cells or no significant 

alteration. A simple hypothesis is that a raised intracellular [Câ ""] would load 

intracellular stores so that subsequent agonist application would enhance the 

value of this response. Whilst this may be true for direct application of cAMP 

analogues, contrary results were obtained, if any at all, with forskolin or cholera 

toxin. This may mean that both the latter agents have wider effects that suppress 

that generation of a larger agonist-mediated Ca^  ̂ response.

In the case of dibutyryl cAMP other agonists such as caffeine and ATP were used 

to elicit Ca^"'-transients. In freshly isolated cells the ATP response was reduced 

significantly. The simplest explanation is that the raised resting intracellular 

[Ca2+] reduced the transmembrane driving force for Câ "", although this does not 

explain the lack of a significant effect in the cultured cells. No effect on the 

caffeine Ca '̂ -̂transient was recorded in the presence of dibutyryl cAMP and is 

again inconsistent with a simple hypothesis that intracellular Ca^  ̂ stores are 

loaded to a greater extent in the presence of cAMP analogue.
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8.2.6 Measurement of the contractile force generated by cultured detrusor 

myocytes.

This project has aimed to compare the characteristics of cultured detrusor 

myocytes with freshly isolated smooth muscle cells. This is with a view to creating 

cultured myocytes that represent a good tissue model that may be used to 

generate a functional tissue engineered implant to replace bladder in the clinical 

setting. In order for this to be true the cells in these grafts must be able to contract. 

Previous work by other groups has not demonstrated any contractile function of 

detrusor cultured grafts when implanted in dogs (Oberpenning et al 1999). In vitro 

work has shown that cultured cells can increase the stress within a structure by 

their ability to reduce the size of an annulus-shaped graft. Moreover they were 

responsive to a number of interventions, see Introduction section 1.9. However, 

the data were not quantified with respect to the magnitude of tension (stress) 

generated in the medium in which the cells were placed.

In this thesis the cultured cells implanted into the collagen gel have been 

trypsinised in exactly the same way as those cultured cells that were used in other 

experiments throughout this project. Thus the influence of interventions known to 

alter the [Ca^ ]̂ may be tested on the contractile response. The response of the 

cell-containing gel was to show an initial rapid onset of tension followed by a 

steady creep. Part of the steep response and the creep phase could be attributed 

to the collagen gel itself, but the remaining relatively rapid development of tension 

over an initial period of 200 minutes could be attributed to the presence of cells
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within the gel. This was achieved by subtraction of the mean gel response from 

the data obtained with cells in place. The reason for the force increase generated 

by the collagen gel itself is not known, but may represent an increased 

entanglement and intermeshing of collagen fibrils within the gel (Eastwood et al

1994).

The fact that cultured myocytes were capable of producing a relatively rapid onset 

of contraction (within 1 hour) suggests that they were not differentiating once in the 

gel or secreting a new connective tissue matrix (Eastwood et al 1996). According 

to previous work using a similar experimental arrangement, this initial phase of 

cell-dependent tension development would be consistent with cell attachment to 

the gel matrix, elongation and movement (Eastwood et al 1996). This would imply 

that the cells are capable of forming an attachment to the gel, producing and 

maintaining an initial contraction. In a small number of experiments the cell- 

dependent force continued to increase throughout the experiment but it is not clear 

whether this represents the slower development of gel attachments or represents 

real tension changes within the myocytes themselves.

The suggestion that the cellular component is capable of generating and 

maintaining a tension in the gel is further substantiated by the response to 

carbachol. When applied at a high concentration (200 pM) there was a transient 

rise in the level of force, with a return to the pre-intervention force. This suggests 

that these cells maintain their contractile ability, can increase force in response to
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physiological agonists and retain cellular control over the transient nature of the 

contraction. Although the concentraton of carbachol that was used was high, 

thismay not represent the concentration near all the myocytes as the agonists had 

to diffuse from bathing medium throughout the gel. Thus it would be difficult to 

compare the potency of an agonist in this experimental arrangement with a 

multicellular preparation, however, steady-state responses could be compared 

more readily.

Another advantage of measuring tension a cell-containing gel is that it is possible 

to quantify the magnitude of tension development by an individual cell. For the 

case of the carbachol contraction illustrated in Chapter 7 (fig 7.8, section 7.4) force 

increased by 0.264 mN/10® cells. Assuming that each cell contributed equally to 

tension development this compares to 0.264 nN per cell. This force may be 

compared to comparable data obtained in multicellular strips In human detrusor 

strips from stable bladders a maximum concentration of carbachol generates 12.2 

mN/mm^ (Bayliss et al 1999). Assume that the radius of an individual detrusor 

smooth muscle cell is 2.5 pm (=2.5 x 10"̂  mm), the cross-sectional area is «2.0 x 

10'® mm .̂ Thus in 1 mm  ̂this would represent *5.1 x 10  ̂cells. Assume a packing 

fraction of about 90% (OH Fry and GP Sui, unpublished data) this represents 

about 4.6 X 10  ̂cells per mm .̂ Again if it assumed that I a multicellular preparation 

each cell in the cross-section contributes equally to tension development this 

represents a mean force per cell of about 260 nN, i.e. considerably greater than 

that generated by the collagen gel.
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There are two possible reasons for this disparity

The contractile ability of each cultured cell is much reduced compared to its 

counterpart within an intact muscle bundle.

The force generated by each cell is comparable but the ability of the matrix in 

which the cell is suspended to transmit the force to the ends of the preparation is 

very different in the two situations

The importance of matrix properties on overall tension developed by a muscle 

preparation is often overlooked but important. For example in an experimental 

model of obstruction of the foetal sheep bladder the active force developed by 

muscle strips is about 10-fold less than that from control counterparts (Nyirady et 

al 2003). This difference may be accounted for by the increased compliance of 

the relaxed bladder strip from obstructed bladders. Therefore reduced force in a 

multicellular strip may not necessarily be due to a reduced contractility of the 

muscle cell but from the biomechanical properties of the matrix.

In the case of the cell containing collagen gel two ways forward can be proposed 

to answer this question:

• To measure the compliance properties of the collagen gel material in 

comparison with that of multicellular muscle strips

• To measure directly the force developed by individual isolated muscle cells 

attached to a very low compliance (i.e. very stiff) recording system.
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Although the former approach is technically easier, the latter would yield a more 

direct answer. Measurement of forces generated by isolated cells has been 

achieved reliably in striated muscle (Fabiato & Fabiato, 1975) and an isolated 

report in detrusor smooth muscle indicates it is feasible in this tissue also (Glerum 

& van Mastrigt, 1990).

8.3 Conclusions

Human cultured detrusor myocytes show a number of similarities to freshly 

isolated cells. Intracellular Câ "" transients have the same sensitivity to carbachol -  

implying that the cellular signaling pathways responsible for this phenomenon, i.e 

the IP3 pathway, are maintained. These data also show the magnitude of the 

maximum carbachol response is also maintained in cultured detrusor myocytes 

implying an intact intracellular Câ "̂  storage system. Finally, they are able to 

contract, exert In collagen gels this force appears rapidly and is consistent with an 

initial phase of attachment, elongation and movement of the cells. After this initial 

phase the cells maintain a resting tension that can be altered with the application 

of carbachol.

Cultured detrusor myocytes and freshly isolated cells show equal restitution of 

their maximal Câ "" response to carbachol. The lack of response to caffeine does 

support the theory that there is alteration to the modes of Ca^  ̂ transport in the 

sarcoplasmic reticulum e.g. to the the ryanodine receptor but this has no 

significant effect on the overall response to muscarinic agonists.
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There is dear evidence that cAMP affects the intracellular Ca^  ̂ in both cultured 

and freshly isolated detrusor myocytes. The resting Câ "" can be elevated by some 

analogues and the maximum Ca^  ̂transient response can also be increased. This 

implies that diacylglycerol (DAG) is not solely a by-product of I P 3  production but 

may be a cofactor in the control of [Ca^ ]̂i by this mechanism. The exact role and 

nature of the influence of DAG needs to be the subject of further investigation.

Morphologically, physiologically and functionally the cultured detrusor myocytes 

grown for this project have acted as a good cell model for their freshly isolated 

counterparts. The cells also show a characteristic immunohistochemical response 

with a-smooth muscle actin. The process of cell dissociation with collagenase

does not alter the biochemical phenotype in a manner that is measurable by 

NMR. However the process of culture, whilst leaving some marker features that 

resemble fresh cells does appear to alter the biochemical profile of the cells -  

when judged by metabolic intermediates. The significance of this finding needs 

further investigation.

It is likely that the purinergic activation pathway was changed in cultured cells. The 

strongest evidence for this is the failure to block ATP responses by the addition of 

ABMA and nifedipine to the su perfusate. Although cultured cells were able to 

generate Câ "" transients of similar magnitude in response to maximal ATP 

concentrations when compared to fresh cells. The sensitivity of cultured cells to
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ATP was lower than that for fresh cells although the cultured cells exhibit a four

fold increase in cooperativity.

8.4 Further work

8.4.1 The influence ofcAMP.

The present study has suggested that analogues in the pathway of cAMP 

generation can affect the intracellular Câ "" and response to agonists. This 

conclusion needs further investigation to establish;

i. Where, in the cell, the cAMP is exerting its effect

ii. Is this effect significant in the normal physiology of detrusor smooth muscle

iii. Does this have any role in cellular dysfunction of detrusor smooth muscle

iv. Can any effect be used to confer any therapeutic benefit on patients.

The intracellular effect of cAMP firstly needs to be consistently established with a 

single analogue. By sequential blockade of plasma membrane receptors and 

receptors associated with the intracellular release of Ca^  ̂ the mechanism of how 

cAMP exerts its effect could be studied.

8.4.2 Contractile studies of cultured detrusor myocytes

This study has established that it is possible to measure a contractile force 

generated by these cells. It would be attractive to study this further as it may 

represent a means for optimizing and modulating the function of future tissue 

models and cellular implants. It would be useful to marry the Câ '" responses
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measured with epifluorescence microscopy to the contractile response of the gel 

seen in response to carbachol. This would involve the design of epifluorescence 

equipment that was capable of function and remote operation within an incubator -  

thus allowing a stable environment for the cell containing gel. By showing that the 

contraction of a gel was immediately preceeded by a transient rise in Câ "" 

measured from the cultured detrusor myocytes this would be very strong evidence 

that the function of these cells was similar to fresh tissue.

It would then be useful to study the effect of placing the cells on a scaffold that 

could be used as part of a clinical implant and testing the in vitro contractility of the 

cells. This could be extended to perform organ bath studies on tissue engineered 

grafts harvested from animal models to establish whether the implanted tissue 

grafts, such as those used in Harvard (Oberpenning et al 1999) maintain functional 

cells or whether they are shrunken and replaced by fibrous scar tissue as a result 

of lack in nutrient supply. The next step would be to generate an implant that at the 

very least created an enviroment favorable to angiogenesis (Soker et al 2000).

6.4.3 Biochemical studies of cultured detrusor myocytes

This study has demonstrated preliminary work to look at the biochemistry of 

detrusor smooth muscle and its cultures. It would be interesting to develop this 

further, in particular to establish how changes in the extracellular and intracellular 

environment may have influence on cellular and hence tissue function. This would 

provided useful evidence to confirm or refute the previous indirect metabolic
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studies of the tissue. The studies could include manipulation of the culture media 

and comparison of parallel physiological and functional experiments. Conclusive 

data in such experiments may allow optimization of the culture environment and 

further justification for ensuring the preservation of a nutrient supply to implanted 

grafts.
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Patient Information and Consent forms



Royal Free and University College Medical School
UNIVERSITY COLLEGE LONDON UCL
INSTITUTE OF UROLOGY & NEPHROLOGY
Division of Applied Physiology 
48 Riding House Street 
London W iP  7PU

Tel: 02076799112 -Enquiries
020 7679 9376 -Professor C. H. Fry 
020 7679 9114 -  Laboratory
020 7679 9546 -  Mr Dan Wood FRCS 

E-mail dan.wood@virgin.net
Fax: 020 7679 9584 Thurs<

Approved by South Essex Health Authority Local Regional Ethics Committee 
In Association with Southend General Hospital

Prittlewell Chase, WestcIifT on Sea, Essex SSO CRY 
Tel 01702 435555 Fax 01702 221300

Patient Information.
Your are being invited to take part in a research project. This statement explains what w ill happen i f  you agree to take 
part. You do not have to take part in this study -  you can withdraw at any time without reason or justification -  just tell 
the doctor. Your decision will not affect your management in any way. I f  you agree to participate your details w ill 
remain anonymous and your confidentiality w ill be respected.
The principle investigator in the study is M r Daniel Wood FRCS who is a Research Fellow at the Institute o f Urology 
and funded by the British Urological Foundation and the St Peter’s Trust. He is happy to be contacted at the above 
numbers. I f  you are unsure about how to get in touch with M r Wood -  please ask your doctor. Other centres providing 
samples for this study are St George’s Hospital, Tooting, London and the Middlesex Hospital, London.

Investigation of Bladder Muscle physiology.
At the Institute o f Urology we are investigating why people suffer with unpleasant urinary symptoms, for example 
urinating very often or wetting oneself. There are many different causes -  but these complaints can severely affect 
peoples’ lives at home and at work -  as well as their general well-being.
I f  you consent to join this study there w ill be no change to your treatment. The operation w ill be the same, the surgeon 
may have to remove a tiny additional specimen. Normally, the surgeon w ill remove the tissue required by his operation 
and will examine the specimen, he w ill allocate a small piece o f tissue for us to take to our laboratory. This can only
happen i f  the surgeon agrees that there is surplus specimen tissue.
The tissue is then used for a variety o f tests to help us with our research. This may involve the growth o f cells from your 
original tissue -  this is called cell culture. After completing our experiments all specimens and cells grown are 
destroyed. A ll o f these tests are aimed at improving our understanding o f bladder diseases and possible treatments to 
help patients with bladder problems in the future. W e will not perform any additional tests on your tissue.
You are unlikely to benefit directly from this study but by participating you w ill help us in our efforts to find better 
treatments for the sort o f condition from which you are suffering. Please be sure that you are satisfied before you agree, 
and ask the doctor any questions you have before signing the consent form. I f  you would like to talk to someone in
more detail, about the project, please call us on one o f the above telephone numbers.
Consumers for Ethics in Research (CERES) publish a leaflet entitled ‘Medical Research and You’ . This leaflet gives 
more information about medical research and looks at some questions you may want to ask. A  copy may be obtained 
from CERES, PO Box 1365, London, N 16 OBW.
I f  you are unhappy about the way you have been treated and feel it is as a result o f this trial, please discuss it with M r  
Wood, your doctor or you may chose to follow the NHS complaints procedure.

Your cooperation is greatly appreciated.

Director of the Institute Professor AR Mundv. MS. FRCP. FRCS

mailto:dan.wood@virgin.net


Royal Free and University College Medical School
UNIVERSITY COLLEGE LONDON UCL
INSTITUTE OF UROLOGY & NEPHROLOGY
Division of Applied Physiology 
48 Riding House Street 
London W iP  7PU

Tel: 02076799112 -Enquiries
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020 7679 9546 -  Mr Dan Wood FRCS 
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Approved by South Essex Health Authority Local Regional Ethics Committee 
In Association with Southend General Hospital

Prittlewell Chase, Westcliff on Sea, Essex SSO ORY
Tel 01702 435555 Fax 01702 221300

Patient Consent Form 
Investigation of bladder muscle pathophvsioloqv

The patient should complete this form himself or herself.
Please cross out where necessary.

Have you read the ‘patient information sheet’.......................Yes I No

Have you had an opportunity to ask questions and discuss the study?.... Yes I No

Have you received satisfactory answers to all your questions? Yes I No

Have you received enough information about the study? Yes I No

With whom have you spoken? Dr / Mr /Ms.....................................

Do you understand that you are free to withdraw from the study at any time without having to give 
a reason and without affecting your future medical care? Yes I No

Do you agree to take part in this study?....................................................... Yes I No

Name (printed)...................................................................................................

Signed......................................................................... date......................

If you require any further information please feel free to contact us on one of the above telephone 
numbers.

mailto:dan.wood@virgin.net


221

References.

Abrams P, Cardozo L, Fall M, Griffiths D, Rosier P, Ulmsten U, Van Kerrebroeck P, 

Victor A, Wein A. The standardisation of terminology of lower urinary tract function: 

report from the standardisation sub-committee of the international continence 

society. Neurol Urodyn. 2000; 21: 167-178.

Abrams P, Larsson G, Chappie C, Wein AJ. Factors involved in the success of 

anti muscarinic treatment. BJU Int. 1999; 83: suppi 2, 42-47.

Amedee T, Mironneau C, Mironneau J. Isolation and contracile responses of single 

pregnant rat myométrial cells in short-term primary culture and the effect of 

pharmacological and electrical stimuli. Br J Pharmacol. 1986; 88: 837-880.

Andersson KE. Pharmacology of lower urinary tract smooth muscles and penile 

erectile tissues. Pharmacol Rev. 1993; 45: 253.

Andersson K.E. The overactive bladder: pharmacologic basis of drug treatment. 

Urology 1997; 50: (suppI 6a) 74-84

Arruda JA. Lubansky H. Dytko G. Mola R. Kleps RA. Burt CT. Intracellular pH of 

the urinary bladder and red blood cells of the fresh water turtle. Min Electrol 

Metab. 1984; 10: 232-8,.

Atala A, Freeman MR, Vacanti JP, Shepard J, Retik AB. Implantation in vivo and 

retrieval of artificial structures consisting of rabbit and human urothelium and human 

bladder smooth muscle. J Urol. 1993; 150: 608-612.

Azadzoi KM, Pontari M, Vlachiotis J, Siroky MB. Canine bladder blood flow and 

oxygenation: changes induced by filling, contraction and outlet obstruction. J Urol 

1996; 155: 1459-1465.



222

Azadzoi KM, Tarcan T, Koziowski R, Krane RJ, Siroky MB. Overactivity and 

structural changes in the chronically ischaemic bladder. J Urol 1999; 162: 1768- 

1778.

Batista JE, Wagner JR, Azadzoi KM, Krane RJ, Siroky MB. Direct measurement of 

blood flow in the human bladder. J Urol 1996; 155: 630-633.

Bayliss M, Wu C, Newgreen D, Mundy, AR, 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.

Berridge MJ. Inositol trisphosphate and calcium signalling. Nature 1993; 361: 315- 

325.

Berridge MJ. Elementary and global aspects of calcium signalling. J.Physiol 1997; 

499.2: 291-306

Bilgen A, Wein AJ, Zhao Y, Levin RM. Effects of anoxia on the biphasic response 

of isolated strips of rabbit bladder to field stimulation, bethenacol methoxamine and 

KCI. Pharmacology 1992; 44: 283-289.

Blandford DE, Smith ICP. Nuclear magnetic resonance spectroscopy. Anal Chem. 

1995; 67: 509R-518R.

Blok BFM, Holstege G. The central control of micturition and continence: 

implications for urology. BJU Int 1999; 83: (Suppi 2); 1-6.

Bona AV, De Gresti A. Partial substitution of bladder with Teflon prosthesis. Minerva 

Urol. 1996; 18: 43



223

Brocklehurst JC. Urinary incontinence in the community -  analysis of a MORI poll. 

BrMedJ. 1993; 306: 832-834.

Burg KJL, Holder WD, Culberson OR, Beiler RJ, Greene KG, Loebsack AB, Roland 

WD, Eiselt P, Mooney DJ, Halberstadt OR. Comparative study of seeding methods 

for three-dimensional polymeric scaffolds. J Bio Materials Res. 2000; 51: 642-649.

Burt RP. Chappie CR. Marshall I. AlphalA-adrenoceptor mediated contraction of 

rat prostatic vas deferens and the involvement of ryanodine stores and Ca2+ influx 

stimulated by diacylglycerol and PKC. BrJ Pharmacol 1998; 123: 317-25.

Burnstock G Potential Therapeutic Targets in the rapidly expanding field of 

purinergic signalling. 2002 Clin Med 2(1) 45-53

Buson H, Diaz DC, Manivel JC, Jessurun J, Dayanc M, Gonzalez R. The 

development of tumours in experimental gastroenterocystoplasty. J Urol 1993; 150: 

730-733.

Campbell GR, Chamley JH, Burnstock G. Development of smooth muscle cells in 

culture. J.Anat. 1974; 117: 295-312.

Campbell JC, Campbell GR, Ross R. The smooth muscle cell in culture. Phsiol Rev. 

1979; 59: 1-61.

Cao W, Chen Q, Sohn UD, Kim N, Kirber MT, Harnett KM, Behar J, Biancani P, 

Ca2+-induced contraction of cat esophageal circular smooth muscle cells. Am J 

Physiol 2001; 280:C980-92.

Chakrabarti R. Kumar S. Diacylglycerol mediates the T-cell receptor-driven Ca(2+) 

influx in T cells by a novel mechanism independent of protein kinase C activation.

J Cell Biochem 2000; 78:222-30.



224
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