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THE EFFECT OF CARBONATED SOFT DRINK COMPONENTS ON ISOLATED
DETRUSOR MUSCLE CONTRACTION
Jaydip Dasgupta

Introduction: Overactive bladder is a prevalent and disabling condition affecting millions
of people worldwide with a negative impact on quality of life (Tubaro and Palleschi, 2005).
A recent epidemiological study reported an association between consumption of carbonated
soft drinks and development of overactive bladder symptoms (Dallosso et al., 2003a).

Objective of the study: The objective of our study was to investigate the hypothesis that
carbonated soft drink components modulate detrusor muscle contraction. The effects of
some of these individual ingredients on the contractile response of isolated rat detrusor
muscle strips to nerve stimulation, receptor activation and Ca®* channel activation were
investigated to determine their mechanism of action on detrusor smooth muscle contraction.

Methods: Strips of rat detrusor muscle were placed in an organ bath and stimulated with
electrical field stimulation (EFS) in the absence and presence of atropine, and with o, B
methylene ATP, potassium, calcium and carbachol. The responses were repeated in the
presence of carbonated soft drink components and the whole carbonated soft drink to
compare with the control responses.

Whole protein extract from rat bladder and tongue were subject to SDS-PAGE, Western
blotting and probing with antibodies specific for the TIR2 taste receptor protein.

Results: The artificial sweeteners, ascorbic acid and citric acid (107 M to 102 M) enhanced
the contractile response to 10 Hz EFS compared to control (p<0.01). The sweeteners
(acesulfame K 10™ M, aspartame 107 M, sodium saccharin 107 M) increased the atropine
resistant response to EFS marginally. Acesulfame K 10° M and sodium saccharin 107 M
enhanced the maximum contractile response to o, B methylene ATP, to KCI and calcium
significantly compared to control. Ascorbic acid significantly increased the atropine
resistant response to EFS and inhibited contraction in response to carbachol. Both ascorbic
acid and citric acid enhanced the contractile responses to o, B methylene ATP, KCI and
calcium significantly compared to control. Whole carbonated soft drink (1:200) also
enhanced the contractile responses to o, methylene ATP, KCl and calcium. Although the
atropine resistance response was significantly enhanced, the contraction due to carbachol
was significantly inhibited in presence of carbonated soft drink.

Probing of the Western blot with specific T R, antibodies revealed a single, co-migrating
band in rat tongue and bladder tissue with each antibody. The bands corresponded in size to
the predicted size of the intact TR, protein.

Discussion: These results suggested that low concentrations of artificial sweeteners,
ascorbic acid and citric acid, enhanced detrusor muscle contraction by augmenting Ca”™
influx by a mechanism yet to be defined. A similar result was obtained with the whole
beverage. Western blot analysis suggested the presence of protein molecules in the rat
bladder of similar size to the sweet taste receptor present in tongue. These data suggest that
carbonated soft drink components may be acting via specific receptors to modulate the
effects observed.
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CHAPTER 1

INTRODUCTION: RATIONALE FOR THESIS



Urinary incontinence is a common condition within adult populations in the community
and is therefore a public health and primary care concern. People suffering from urinary
incontinence have poorer health status and consequently need greater health and social
care (Roe et al., 2000). Detrusor muscle overactivity is a common cause of urinary
incontinence with a socioeconomic impact comparable to diabetes mellitus (Hampel et
al., 2003). The disease is characterised by spontaneous muscle contraction within the
bladder wall, causing symptoms of urinary urgency, frequency and incontinence. The
specific mechanisms underlying the pathophysiology of the overactive bladder have been
investigated over the past several years, and more detailed understanding has begun to
emerge. Several studies have assessed the association of incontinence and overactive
bladder symptoms with lifestyle factors. The reported modifiable risk factors include
cigarette smoking (Bump & McClish, 1992; Hannestad et al., 2003b), caffeine
consumption (Bryant et al., 2002; Tomlinson et al., 1999), obesity (Larrieu et al., 2004;
Sampselle et al., 2002), and high-impact sports or exercise (Thyssen et al., 2002).

The Leicestershire MRC Incontinence Study investigated dietary and lifestyle factors
associated with urinary incontinence and overactive bladder, and demonstrated that daily
consumption of carbonated soft drinks was one factor independently associated with the
onset of OAB symptoms and urinary incontinence within the next twelve months
(Dallosso et al., 2003a). Many of these carbonated soft drinks are rich sources of sugar
and others have high levels of artificial sweeteners such as sodium saccharin, aspartame
and acesulfame K. Chemicals used in the manufacture of carbonated soft drinks also
include colorants, stabilizers, antioxidants (such as ascorbic acid) and preservatives

(commonly citric acid or phosphoric acid). The association of overactive bladder

16



symptoms with carbonated drinks is of great concern, as their consumption has increased
dramatically in Britain over the past 20 years and is particularly high in younger people
(Euromonitor International, 2002). Whether cutting down on carbonated soft drink
consumption has any impact on overactive bladder symptoms in later life is a question
that has not been explored so far.

The exact pathophysiology of the overactive bladder is complex and not fully understood
yet. Goldberg and Sand (2002) have described two main theories related to the
development of OAB: neurogenic and myogenic. Neurogenic causes mainly include
altered bladder wall innervation (Drake et al., 2003a), pathologically enhanced cell
coupling and enhanced sensitivity with activation of secondary excitatory pathways (C-
fibers). Myogenic causes are related to increased density of elastin and collagen,
increased gap junctions, enhanced activity of interstitial cells and finally ischaemia and
hypoxia at cellular level (Goldberg and Sand, 2002). Although it has been unanimously
accepted that purinergic (atropine resistant) component is absent in normally functioning
bladders, its presence in pathological bladder tissue was suggested by several
investigators. A significant residual nerve-mediated bladder contraction was found to be
present in strips of bladder from patients diagnosed with urodynamically proven detrusor
instability, which persisted in the presence of atropine and was abolished by pre-
treatment with a, f-methylene-ATP, an agent which desensitizes the purinergic receptor
(Palea et al., 1993; Fry et al., 1999).

Recent studies have shown that stretching of bladder muscle can stimulate release of
acetylcholine (ACh) from the urothelial cells (non-neuronal) which may play a role in

urinary bladder function (Yoshida et al., 2006; Hanna-Mitchell et al., 2007; Lips et al.,
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2007). This non-neuronal ACh was found to be different from that released from the
nerve endings with respect to molecular components of the ACh synthesis and release
machinery (Lips et al., 2007).

In spite of this the bladder muscle maintains its ability to cause a substantial phasic rise
in pressure. This may occur through various pathways, such as nerve stimulation of those
still intact, post synaptic receptor activation, increase of Ca®* influx through L-type
voltage-gated calcium channels or some other, as yet unknown mechanism possibly
derived from the urothelium. An important factor common to these pathways is that an
increase in intracellular calcium concentration plays a key role in causing the detrusor
muscle to contract (Riiegg, 1992). Looking at the association between carbonated soft
drink consumption and development of overactive bladder, it would be logical to
speculate that soft drink components, either individually or in combination, modulate
detrusor muscle contraction by influencing any of the above mechanisms. This forms the
basis of our hypothesis, i.e., carbonated soft drink components modulate detrusor
muscle contraction.

This study therefore aimed to investigate the effects of individual components of a
popular carbonated soft drink on the contractile response of rat bladder smooth muscle to
various stimuli using an organ bath and also determines the probable mechanism of
action of the soft drink components and the carbonated soft drink as a whole on bladder

muscle function.
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21 Introduction

The study of biology repeatedly illustrates the link between structure and function of
various organs. This is true in the case of the lower urinary tract (LUT), which consists of
the bladder and the urethra. This structural unit serves two important functions: storage
and voiding of urine. The detrusor smooth muscle of the bladder wall allows the bladder
to expand without any rise in pressure during the filling phase, and is also responsible for
bladder contraction during voiding (Abrams, 2003). As urinary bladder relaxes during the
filling phase, urine is stored in bladder at low pressure (Damaser, 1999). The lower
urinary tract is regulated by a complex interplay between the central and peripheral
nervous systems and hormonal control systems (Andersson and Arner, 2004). Different

anatomical, physiological and pharmacological aspects are discussed in this chapter.

2.2  Anatomy
2.2.1 Bladder

The urinary bladder is a hollow, muscular organ which acts as a compliant reservoir for
urine. Two ureteral orifices form an important landmark inside the bladder; the part
located above the ureteral orifices is the ‘dome’ of the bladder, while the triangular area,
the apices of which are formed by two ureteral orifices and the internal urinary meatus, is
called the ‘trigone’ (Fig. 1). The bladder wall consists of the detrusor muscle, covered on
its outer aspect by adventitia, and partly by peritoneal serosa and partly by fascia over its
dome. The detrusor muscle layer is lined internally by a submucosa and transitional cell
epithelium. Abrams (2002a) described the detrusor muscle as an interlacing network of

smooth muscle bundles. These bundles of smooth muscle cells of different size are
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surrounded by connective tissue containing collagen and are arranged in diverse directions
(Drake et al, 2003a). Within the main bundles, the smooth muscle cells exist in groups of
small functional units, or fascicles (Drake et al, 2001). However, in general, this muscle
layer can be divided into an outer and inner longitudinal muscle layer with an intervening
circular-oblique layer (DeLancey, 2006). Thus from the functional viewpoint, the detrusor
muscle comprises an integrated unit of interconnected muscle bundles which, on
contraction, will cause a reduction in all dimensions of the bladder lumen (Gosling, 1979).
Posteriorly, some of the outer longitudinal muscle fibers extend over the bladder base and
merge with the capsule of the prostate in men and with the anterior vaginal wall in
women. Some of the muscle fibers extend onto the anterior aspect of the rectum to form
the rectovesical muscle. Anteriorly, some of the outer longitudinal muscle fibers continue
into the pubovesical ligaments and contribute to the muscular component of these
structures (Gil Vernet, 1968).

Regarding the embryologic development of female urothelium, Berrocal et al. (2002)
described it to be derived from the ventral chamber created by the division of the cloaca
by the urorectal septum. The connective tissue and smooth muscle in bladder are
subsequently developed from the adjacent mesenchyme. Baskin et al. (2001) demonstrated
the mechanism of transformation of the mesenchyme into smooth muscle, which was
initiated by the growth factors secreted by the urothelium. Further development of
detrusor smooth muscle was found to be related to complex changes in muscle-specific

protein expression and cell turnover (Smeulders et al., 2002).
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Fig. 1 Urinary bladder (showing trigone and bladder wall) and urethra
(Reproducedfrom Human Anatomy by Herbrandson C URL A)

2.2.2  The Trigone
The trigone is a special muscular triangular area, lying at the posterior wall of the bladder,
next to the bladder neck (Fig. 1). The three apices of this triangular area are formed by two
ureteral orifices and the internal urinary meatus. The interureteric ridge, which forms the
base of the triangle, is a useful landmark in cystoscopic identification of the ureteric
orifices (DeLancey, 2006). The triangular elevated area is due to the presence of a
separate specialized group of muscle fibres within the detrusor, which has a different
developmental history compared to detrusor smooth muscle (DeLancey, 2006). The
embryological background of the trigone was always a point of interest among the
anatomists. The trigone was traditionally thought to be of mesodermal origin (Lassmann

and Zderic, 2004). However, recent studies using transgenic mice suggested it to be of
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endodermal origin (Thomas et al., 2005). The smooth muscle in this area was found to
have two distinct layers, often termed as superficial and deep trigonal muscles (Dixon and
Gosling, 1990). The deep muscle cells are indistinguishable from the detrusor and termed
as trigonal detrusor muscle. The specialized muscle fibres were found to be continuous
with the ureteral smooth muscle above with urethra below (Lewis, 2000). These muscle
fibres also form a ring within the detrusor at the level of the internal urinary meatus
(Huisman, 1983). The specialized smooth muscle fibres of the trigone are clearly
distinguishable from those of the detrusor by smaller size of their fascicles and greater
density of surrounding connective tissue (Oswald et al., 2006). John et al. (2001)
suggested that contraction of trigonal muscle has a supportive role in normal micturition,
by moving the terminal ureters to the bladder base helping efflux of urine into urethra
while protecting reflux of urine into the ureters.
2.2.3 Bladder neck

The smooth muscle of this region is histologically, histochemically and pharmacologically
distinct from that of detrusor smooth muscle (Gosling et al., 1983). It denotes the area at
the base of bladder, where the urethral lumen traverses through the thickened musculature
of bladder base (DeLancey, 2006). The arrangement of smooth muscles in this region is
quite different in males and females. Muscle bundles of large diameter, typical of detrusor,
are replaced by those of small diameter. Unlike the circularly oriented smooth muscle in
male, the majority of smooth muscle bundles in female bladder neck extend obliquely or
longitudinally into the urethral wall (Gosling et al., 1983). The functional importance will

be discussed later in the chapter.
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2.2.4 The Urethra

The urethra helps retention of urine in the bladder and thus plays an important role in
maintenance of continence. The female urethra is a fibro-muscular tube approximately 3.5
cm long. The mucosal layer is continuous with the transitional epithelium of the bladder
and below with the non-keratinizing squamous epithelium of the vestibule. Except during
the passage of urine, the anterior and posterior walls of the urethra are in apposition, and
the epithelium forms extensive longitudinal folds in the mucosal layer which provide the
urethral lumen with a stellate appearance (Gosling et al., 1983). A well-developed
vascular plexus forms the submucosal layer (Berkow, 1953). The surface tension of this
mucosal and the submucosal layer contribute to urethral closing pressure (Rud et al.,
1980). The wall of the female urethra comprises an outer sleeve of striated muscle (the
rhabdosphincter) and an inner coat of smooth muscle fibres (Gosling, 1979). The female
rhabdosphincter is anatomically separate from the adjacent periurethral striated muscle of
the anterior pelvic floor (pubococcygeus). In its upper two-thirds, the sphincter fibers are
arranged circularly, while distally, the fibers are extended either to encircle the vaginal
wall as the urethrovaginal sphincter or along the inferior pubic ramus above the urogenital
diaphragm as the compressor urethrae (DeLancey, 2006). The muscle cells are
histochemically all of slow twitch variety (Gosling et al., 1981), which is ideal for
maintaining a basal constant tone of the muscle. Activation of this muscle voluntarily
should augment urethral constriction when an increased closure pressure is required.
Studies of skeletal muscle blockade suggest that this muscle is responsible for
approximately one-third of resting urethral closure pressure (Rud et al., 1980).

Two urethral sphincter mechanisms are involved in controlling urine flow in women: the
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bladder neck smooth muscle sphincter and the striated muscle sphincter, also called the
rhabdosphincter (Fig. 2). Fluoroscopic examination showed that the proximal part or
urethra and bladder neck are fairly mobile structures, whereas the distal part of the urethra
remains Fixed in position (Westby et al., 1982). Most of the studies showed that urethra
opens during the first phase of normal micturition, but it is still unclear whether it is an
active or passive phenomenon. The smooth muscle sphincter in the wall of bladder neck
and proximal urethra can not be anatomically recognized, and it is more than likely that
active contraction of this component is not an important factor for the continence of urine
in women (Tanagho and Smith, 1966). However, the bladder neck and proximal urethra
possess in their walls innumerable elastic fibres which are particularly important for
producing passive occlusion of the urethral lumen (Gosling, 1979). The presence and
pharmacologic response of ai-adrenergic receptors in the smooth muscle of the trigone
and proximal urethra of both men and women would suggest a role for these receptors in
the initiation of voiding. Strong evidence suggested nitric oxide may mediate active
relaxation of proximal urethral smooth muscle (Bennet et al., 1993).

Periurethral

Circular striated tascta

muscle Pubo-vesical
muscle
Circular smooth,
muscle
Longitudinal .
smooth muscle. Proximal
submucosal
cavernous
Trigonal plate plexus
Submucosal
vaginal smooth Vaginal wall

muscutotasdal
layer

Fig. 2 Sagittal section of the mid-urethra modifiedfrom Huisman, 1983 [from Strohbehn
and Delancey]
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2.2.5 The Pelvic Floor Muscles
The position and mobility of bladder and urethra are important factors in maintenance of
urinary continence (Hodgkinson, 1953). The pelvic floor muscles, levator ani, support and
maintain the position of the bladder neck and urethra, and allow compression of the
urethra against the vaginal wall. DeLancey has described the ‘pelvic floor’ to be
comprised of several components lying between the pelvic peritoneum and the vulvar
skin, which contains the peritoneum, endopelvic fascia, levator ani muscles, perineal
membrane and external genital muscles (DeLancey, 2006) (Fig. 3). The medial parts of
the levator ani muscles (sphincter vaginae) are related to (but structurally separate from)
the urethral wall. These fibres consist of a mixture of large-diameter fast and slow twitch
fibres (Gosling et al., 1981), and hence unlike the rhabdosphincter described above, these
periurethral muscle fibres possesses morphological features that are similar to other
‘typical’ voluntary muscles (Gosling, 1979). The levator ani muscles and the fascia
covering both anterior and posterior surfaces are together termed as ‘pelvic diaphragm’
(Kearney et al., 2004). The levator ani consists of two parts: pubovisceral and
iliococcygeal (Lawson, 1974). Laterally, this iliococcygeal muscle spans out like a
horizontal sheet and provides a premise on which pelvic viscerae can rest. The medial
part, pubovisceral muscle is aligned in U-shaped form, the ends of which arise from the
pubic bones on either side of the midline and inserts into or forms a sling around, the
urethra, vagina and rectum. This part includes both pubococcygeus and puborectalis

portion of levator ani (Lawson, 1974).
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Fig. 3 Lateral view of the pelvic floor structures related to urethral support (as seen
from the side in the standing position, cutjust lateral to the midline). The windows have
been cut in the levator ani muscles, vagina, and endopelvicfascia so that the urethra and

anterior vaginal walls can be seen. (DeLancey 20006)

The levator ani muscle fibres are arranged in a fashion to form an opening, called
urogenital hiatus through which the urethra and vagina pass (DeLancey, 2006). The
rectum also passes through this opening, but as the levator ani fibers are attached to
rectum directly, it is not considered part of the ‘hiatus’. The hiatus is bounded anteriorly
by the pubic bones, laterally by the levator ani muscles and posteriorly by the perineal
membrane and external anal sphincter (Dickinson, 1989). The basal tone of levator muscle
keeps the hiatus closed, similar to the external anal sphincter closing the anus (Nichols et
al., 1970). Pudendal nerve supplies the somatic innervation of the urethral rhabdosphincter
and of some perineal muscles (compressor urethrae and urethrovaginal sphincter). These
fibres originate from sphincter motor neurons in the ventral horn of the sacral spinal cord

(S2-S4) in a region called Onufs (Onufrowicz’s) nucleus (Thor and Donatucci, 2004).
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2.3  Functional considerations

The arrangement of the bladder detrusor smooth muscle fibres allows them to stretch to
four times their length without increasing the linear tension, thus allowing the bladder to
store a large volume of urine under low pressure (Tanagho, 1992). Unlike intestinal
smooth muscle, bladder smooth muscle is not organized in distinct layers and at the
bladder neck, the orientation of muscle fibres provide sphincteric closure of the proximal
urethra. The proximal urethra, being the region of highest intraluminal pressure,
contributes significantly towards providing continence at rest (Abrams, 2002a). The
distinct inner longitudinal muscle fibres are found to be continuous above with the muscle
at the bladder neck being surrounded by the sleeve of outer circular layer. In addition, the
striated muscle fibres (rhabdosphincter) encircle the urethra at this point and provide the
strength to maintain the basal tone for the urethral closure and thereby preventing leakage
of urine with an increased intra-abdominal pressure (Hutch, 1972). Micturition is initiated
by the opening up of the bladder neck and proximal urethra. It is still unclear from the
studies so far, whether this opening up is primarily due to the contraction of longitudinal
muscles at the bladder base going to urethra and thereby pulling apart the circular muscle
fibres while the sphincter relaxes, or due to the reduction of basal tone of urethral muscle

(Tanagho, 1992).

24  Innervation of bladder and urethra and normal micturition cycle
The alternating storage and voiding functions during the micturition cycle requires an
adequate interplay between the reservoir and the outlet functions of the LUT, including

the detrusor muscle, the urethral smooth muscle, the rhabdosphincter and the pelvic floor
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muscle (Morrison et al., 2002). During voiding, detrusor contraction is preceded by
relaxation of the outlet region, thereby facilitating the bladder emptying. Conversely,
during the storage phase, the detrusor muscle is relaxed, and the outlet region is contracted
to maintain continence (Tanagho and Miller, 1970). The control of these functions is
complex and involves the central nervous system and both the afferent sensory and
efferent somatic and autonomic divisions of the peripheral nervous system (De Groat,
1990). At each level of the neural control, different pathways and neurotransmitters are
involved as described below (De Groat and Yoshimura, 2001). The peripheral motor
innervation of the LUT involves parasympathetic, sympathetic, and somatic efferent
nerves (Morrison et al., 2002). The bladder receives innervation from both the
parasympathetic and sympathetic divisions of the nervous system. The parasympathetic
system has been well characterized and functions to produce the intense contraction of the
bladder wall during micturition, but the role of the sympathetic system in the bladder is
less well understood (Gillespie, 2004a).
2.4.1 Parasympathetic pathway

Activation of the parasympathetic pathway results in contraction of the detrusor smooth
muscle and relaxation of the outflow region, via the sacral parasympathetic nucleus in the
spinal cord at the level of S2-S4 (Shefchyk, 2001). The bladder detrusor muscle coat is
profusely supplied with autonomic nerve fibres and the majority of them contain acetyl-
cholinesterase (McConnell et al., 1982). Daniel et al. (1983) demonstrated the presence of
nerve varicosities in high frequency (9 to 15 profiles per 100 muscle cell profiles) in
muscle bundles of urinary bladder. These nerve endings, mostly devoid of glial covering

were in close contact with muscle. They were often present as single axons or in bundles
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of only a few nerves. No myelinated nerves or nerve cell bodies were seen close to muscle
bundles. It appears that the nerve distribution to bladder smooth muscle is designed
primarily for neural control of contractile function with single nerves innervating discrete
muscle regions (Daniel et al., 1983).

The axons, after leaving the spinal cord pass through the pelvic nerve and synapse with
postganglionic nerves in the pelvic plexus in ganglia on the surface of the bladder (vesical
ganglia), or within the walls of the bladder and urethra (intramural ganglia) (Lincoln and
Burnstock, 1993). Small clusters of autonomic ganglion cells occur throughout all regions
of the human bladder wall. The presence of two types of axosomatic terminal at the
surface of the intramural ganglion cells has been confirmed by electron microscopy
(Gilpin et al., 1983). Neurons in vesical parasympathetic ganglia receive excitatory and
inhibitory inputs from both divisions of the autonomic nervous system and sacral
parasympathetic pathways (cholinergic) provide the major excitatory input to these
ganglia via activation of nicotinic receptors (De Groat and Booth, 1980) (Fig. 4).
Although the preganglionic neurotransmission is mediated predominantly by acetylcholine
acting on the nicotinic receptors in ganglia, the transmission can also be modulated by
adrenergic, muscarinic, purinergic and peptidergic presynpatic receptors (De Groat et al.,
1993). The postganglionic neurons supplying the human detrusor muscle were found to
transmit the excitatory impulse by releasing acetylcholine from the nerve terminals.
Acetylcholine acts on different types of muscarinic receptors on detrusor muscle cells
initiating muscle contraction (Sigala et al., 2002). Apart from the cholinergic pathway,
another contractile component was detected in bladders of most mammals, an atropine-

resistant component (purinergic), mediated by the neurotransmitter ATP (Burnstock,
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2001). Several studies have confirmed that this component may be responsible for up to
40-50% of contraction in human bladder in different conditions associated with detrusor
overactivity (Bayliss et al., 1999; O'Reilly et al., 2002). Interestingly, the parasympathetic
fibres to the outflow region and urethra were found to transmit an inhibitory impulse to the
smooth muscle, by releasing nitric oxide (Andersson, 1993) and other neurotransmitters

(Bridgewater and Brading, 1993).
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Fig. 4 Innervation of lower urinary; tract showing cortical and spinal levels, including
parasympathetic, sympathetic and somatic pathways.

(Reproducedfrom Clinical Manual ofIncontinence in Women, based on the Reports of the
3rd International Consultation on Incontinence, 2005 , edited by Abrams P, Artibani W,

Cardozo L, Khoury S and Wein A)
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2.4.2 Sympathetic Pathway
The role of the sympathetic nervous system in human bladder function has always been an
interesting point of discussion, partly because of the scarcity of the adrenergic innervation
of human detrusor muscle (Gosling et al., 1999). However, sympathetic innervation was
found to be quite intense in several animal species. Although major differences were
observed in the responsiveness of the bladder of different species to sympathetic nerve
activation, variations in the density of adrenergic nerves within the bladder wall and
differences in the expression of adrenergic receptor subtypes were reported to be present
(Vaughan and Satchell, 2003). Both excitatory and inhibitory effects have been reported
with sympathetic stimulation of the bladder (Gosling, 1986; de Groat WC and Yoshimura,
2001). The mechanisms giving rise to sympathetic excitation are poorly understood. In
contrast, the inhibitory elements in the bladder have been studied more intensively and
appear to incorporate different mechanisms (Gillespie, 2004b). In the cat, one element
resides within the parasympathetic ganglia, involves a receptors and functions to reduce
the effectiveness of parasympathetic ganglionic transmission (Gosling et al., 1999).
However, in the rat, a;s-adrenergic receptors appear to be responsible for augmenting
transmitter release from cholinergic presynaptic terminals and o;g- or a;p-receptors
involved in direct activation of the smooth muscle (De Groat and Saum, 1972). A second
inhibitory mechanism involves 3 receptors on the smooth muscle and is, in some species,
responsible for direct bladder relaxation (Gosling et al., 1999; Szell et al., 2000).Two
subtypes of B-adrenoceptors, B; and B, have been identified in the detrusor muscle of most
species (Yamaguchi, 2002). Yamaguchi (2002) has mentioned in his study that although

B, has an important role in muscle relaxation via activation of adenylate cyclase, evidence
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suggests that a third subtype, B3, which is implicated in metabolic functions of endogenous
catecholamines, mediates relaxation of human detrusor muscle. He has also reported that
there is a predominant expression of B3 adrenoceptor messenger RNA (mRNA) in human
bladder tissue, with 97% of total B adrenoceptor mRNA being represented by the f3;
subtype and only 1.5% and 1.4% by the B, and B, subtypes, respectively.

Generally, in the animal bladder, sympathetic innervation is most abundant in the urethra,
and progressively decreases in the upward direction from the bladder base to the body and
is virtually absent in the bladder dome. Animal studies with dogs and pigs have shown
that the outer wall has greater sympathetic innervation than the inner wall in any region of
the bladder and the adrenergic innervation of the bladder base is less prominent compared
to that of rats (Elbadawi and Schenk, 1966, 1971, Elbadawi, 1982). Compared to other
animals, the rat bladder has comparatively weaker innervation in the body of the bladder
(Alm and Elmer, 1975). However, the base of the rat bladder is richly supplied by
adrenergic nerves in its vertical, ventral midline bundle and dorsal walls (Elbadawi, 1982).
Somogyi and DeGroat (1990) concluded that the mechanism of action of [3H]
norepinephrine released from the adrenergic nerve endings in electrically stimulated
bladder strips was predominantly via activation of alpha-2 adrenergic presynaptic
receptors. The sympathetic innervation of the cat detrusor muscle, acting as an inhibitory
influence, was well documented in the studies of Wakabayashi et al (1994).

Studies in humans have suggested the possibility of an inhibitory effect of norepinephrine
on detrusor function through prejunctional inhibition of parasympathetic activation, either
at the level of intramural ganglia (Smet et al.,, 1996) or at the nerve terminal level

(Mattiasson et al., 1987). In a comparative study of the autonomic innervation of the
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human female and male bladder neck and proximal urethra Gosling et al. (1977) showed
that bladder neck and female proximal urethra is mainly supplied with cholinergic nerves,
although nerves of the noradrenergic type rarely are observed in these regions. In contrast
the male proximal urethra is supplied richly with noradrenergic nerves, indicating that the
region is under direct sympathetic control and functions to prevent vesical reflux of
ejaculate. The predominant effect of the sympathetic system was described as contraction
of the bladder base and the urethra (Ek et al, 1977).

The sympathetic innervation of the bladder and urethra originates from the mediolateral
nuclei in the thoracolumber region (T10-L2) of the spinal cord (McConnell et al., 1982).
Lincoln and Burnstock (1993) studied the autonomic innervations in rats extensively and
commented that some axons, after leaving the spinal cord via splanchnic nerves, either
synapse with post ganglionic cells in the inferior mesenteric ganglia and take the course of
the hypogastric nerve, or synapse with cell bodies in the paravertibral sympathetic chain
of ganglia (lumbosacral) and take the course of the pelvic nerve. These reports suggested
that sympathetic signals are conveyed in both the hypogastric nerve and the pelvic nerve
and both the nerves contain pre and postganglionic fibers (Lincoln and Burnstock, 1993).
The main neurotransmitter mediating the preganglionic sympathetic transmission was
found to be acetylcholine acting on nicotinic receptors (Snell, 2006), similar to
parasympathetic preganglionic neurotransmission (De Groat et al., 1993). In humans, in
vitro studies have shown that noradrenaline is the main neurotransmitter released by
electrical stimulation of detrusor muscle (Mattiasson et al., 1987) and the normal response
of detrusor muscle to released noradrenaline is relaxation (Perlberg and Caine, 1982). The

relaxation effect was also reported by Gillespie (2004b), who showed that
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sympathomimetic stimulation in the isolated whole bladder results in an inhibition of
phasic activity, involving a; and B3 receptors.
2.4.3 Sensory pathway

Most of the sensory nerves to the bladder and urethra reach the spinal cord (S2-S4) via the
pelvic nerve and dorsal root ganglia, although some afferents travel in the hypogastric
nerve (Andersson, 2006). The sensory nerves of the striated muscle in the rhabdosphincter
travel in the pudendal nerve to the sacral region of the spinal cord (Lincoln and Burnstock,
1993). The afferents fibres for bladder emptying which carry the proprioception, the
sensation of bladder distension, are mainly myelinated slowly conducting Ad-fibres (Janig
and Morrison, 1986). The sensation is transmitted via the dorsal column to the brain
(pons), where it is integrated into processing centres supplying the cortex, bringing the
awareness of bladder filling (Thor and Donatucci, 2004). The contribution of the brain in
the control of micturition will be discussed separately below. Studies have shown that the
unmyelinated C-fibres travelling via the pelvic nerve to the sacral spinal cord also convey
information from receptors in the bladder wall to the spinal cord (Kuru, 1965). The former
are excited by mechanoreceptors and convey information about bladder filling (Janig and
Morrison, 1986), whereas 98% of afferent unmyelinated C-fibres are mechanically
insensitive (i.e., so-called silent nociceptors), which are involved in abnormal afferent
sensation under pathophysiological conditions (Habler et al., 1990). Normally, bladder
sensation is not painful, it distinguishes warm from cold, and leads to an increasing
conscious awareness of bladder filling which is related to intravesical volume, and not
pressure (Andersson, 2006). Nociception normally transmits information about

temperature and pain from the bladder (Andersson, 1993). The contribution of C-fibre
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afferent pathways in urinary frequency and pain associated with painful bladder syndrome
opens up a new area of research with a prospect of multiple targets for the treatment of
this disease. This may be achieved by inhibiting the afferent transmission by C-fibre via
one of the following mechanisms: (i) blocking specific sodium channels, (ii) elevating
nitric oxide levels, or (iii) activating cGMP-dependent pathways (Yoshimura et al., 2002).
Bladder sensation can be reduced in different disease conditions like neuropathy (e.g.
diabetic) or subacute combined degeneration of spinal cord (Vit B12 and folate
deficiency). Painful sensation is usually seen in patients with bladder stone, infection and
interstitial cystitis.
The capsaicin receptor TRPV1 (Transient Receptor Potential) and the adenosine
triphosphate gated purinergic receptor P2X3; are known to be expressed by primary
sensory neurons, and several studies support their role in sensory signal transduction in the
normal animal bladder (Cockayne et al., 2000; Birder et al., 2002). Intravesical therapy
with the C fibre toxin resiniferatoxin (RTX) resulted in a dramatic decrease of TRPV1 and
P2X3 expressing suburothelial fibres in patients with spinal neurogenic detrusor
overactivity that responded to treatment (Brady et al., 2004), and also idiopathic detrusor
overactivity (Silva et al., 2002), suggesting a role for the increased afferent suburothelial
innervation in its pathophysiology. Apostolidis et al. (2005) suggested that decreased
levels of sensory receptors P2X3 and/or TRPV1 may contribute to the clinical effect of
botulinum neurotoxin Type A in detrusor overactivity.

2.4.4 Somatic pathway
As mentioned earlier, the somatic innervations of the urethral rhabdosphincter muscle and

some perineal muscles such as compressor urethrae are provided by the pudendal nerve
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(DeLancey, 2006). Thor and Katofiasc (1995) have described that Onuf’s nucleus, an area
located in the ventral horn of the sacral spinal cord (S2-S4), is where the terminals of
nerve tracts from higher centre in the central nervous system (the medulla and locus
ceruleus) synapse with the cell bodies of pudendal motor neurons (Thor et al., 2002). The
sacral nerve roots enter into the sacral plexus, from which the pudendal nerve diverges
(S2-S4) and supplies the levator ani muscles. The pudendal nerve also receives
postganglionic axons from the caudal sympathetic chain ganglia (Lincoln and Burnstock,
1993).
2.4.5 Brain

Since the 1920s, it has been known that motor control of the bladder arises within the
pons, which is more specifically termed as the pontine micturition centre (Barrington's
nucleus’) (Barrington, 1925; Kuru, 1965; Griffiths et al., 1990). Holstege et al. (1979)
refined the role of the brainstem in the functional anatomy of bladder related to storage
and voiding in animals by demonstrating that stimulation of the medial part of the pons
(termed as “M-region') causes a decrease in urethral pressure followed by a rise in detrusor
pressure (Holstege et al., 1979). Further studies demonstrated direct connections between
this M-region and different cell columns in sacral spinal cord; intermediolateral cell
column of containing parasympathetic motor neurons to bladder and the intermediomedial
cell group (Onuf's nucleus) containing inhibitory inter- neurons for the pelvic floor
muscles (Holstege et al., 1986; Griffiths et al., 1990). The pontine centres also seem to
receive afferent sensory information from the lower urinary tract (Blok and Holstege,
1999). Direct sacral projections to the mesencephalic periaqueductal grey matter (PAG)

(Vanderhorst et al., 1996) and from the PAG to the M-region of the pontine micturition
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complex (Noto et al., 1991) have been well documented in the literature.

The involvement of cerebral cortical and subcortical activity in micturition has been
demonstrated in human functional brain imaging studies. Fukuyama et al. (1996) reported
that upper pons, left sensorimotor and right frontal cortex, as well as bilaterally in
supplementary motor areas are involved in micturition activity. Blok et al. (1998)
demonstrated that changes in blood flow within specific areas in brain, such as pons, PAG,
pre-optic area, hypothalamus and right anterior cingulate gyrus, resulted in alterations in
voiding pattern in healthy right-handed females and males. Studies of Nour et al. (2000)
included the additional activity in the globus pallidus and cerebellum. However, precise
roles of these different areas in the cortico-subcortical network in micturition control are
still unclear.

The inconsistent relationship between the amount of urine in bladder and the urge to void
has been observed in different studies including functional imaging data to reflect this
mismatch (Athwal et al., 2001). In their study, Athwal et al. (2001) demonstrated that
regardless of the sensation of urge to void, an increase in the bladder volume activated a
set of areas in brain responsible for control of micturition (PAG, pons, cingulate and
frontal cortices). Where as changes in the degree of urgency may reduce activity in
specific areas of brain such as right and left premotor cortex and cingulate cortex. The
inconsistent relationship between the magnitude of bladder fullness and urgency (primarily
high degree of urgency at low volume) were found to deactivate the somatosensory cortex

bilaterally (Athwal et al., 2001).
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25 Micturition cycle
2.5.1 The Storage phase

Urine storage in bladder is regulated by two different storage reflexes: sympathetic
(autonomic) and somatic (Thor and Donatucci, 2004). When urine starts accumulating
during bladder filling, distension of the bladder activates the stretch receptors in the
bladder wall (A-$ fibres) and generates afferent sensory signals, which are transmitted to
the spinal cord via the pelvic nerve (Lincoln and Burnstock, 1993) (Fig. 5a). These
impulses cause reflex activation of the sympathetic nucleus in the thoraco-lumber spinal
cord (Thor and Donatucci, 2004) which activates the efferent sympathetic fibres of the
hypogastric nerve to release noradrenaline peripherally (Lincoln and Burnstock, 1993). At
the neuroeffector junctions in the human detrusor and urethral smooth muscles,
noradrenaline mediates urine storage through activation of B3 adrenergic receptors to relax
the detrusor smooth muscle (explained earlier in the chapter) (Yamaguchi, 2002) and
stimulation of a;s adrenergic receptors to induce contraction of the urethral sphincter
smooth muscle (Walden et al., 1997). The main effect of sympathetic innervation has been
found to involve the outlet region, where it mediates contraction of bladder neck and
proximal urethra during the storage phase (Lincoln and Burnstock, 1993). During the
emptying phase, this sympathetic pathway was found to be inhibited by the supraspinal
mechanisms which resulted in detrusor contraction and relaxation of urethra (Thor and
Donatucci, 2004). These Ad-afferents from the stretched bladder wall and the sympathetic
efferent fibres constitute a vesicospinovesical storage reflex arc which maintains the
bladder in relaxed mode while the proximal urethra and bladder neck are contracted

(Lincoln and Burnstock, 1993).
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Fig. 5a Peripheral action ofneurotransmitters on micturition cycle: storage phase

(Reproducedfrom Clinical Manual of Incontinence in Women, based on the Reports of the
3 International Consultation on Incontinence, 2005 , edited by Abrams P, Artibani W,
Cardozo L, Khoury S and Wein A)

A sudden increase in intra-abdominal pressure (on coughing, laughing or sneezing),
initiates a more rapid somatic storage reflex {pelvic-to-pudendal), also called the guarding
or continence reflex (DeLancey, 2006). The afferent impulse traverses through myelinated
AS5-fibres in the pelvic nerve to the sacral spinal cord and activates the efferent somatic
urethral motor neurons, located in the nucleus of Onuf (Danuser and Thor, 1995; Thor and
Donatucci, 2004). Activation of Onufs nucleus augments release of acetylcholine from
pudendal nerve terminal at the neuromuscular junction that acts on muscarinic receptors
on the rhabdosphincter initiating muscle contraction (Danuser and Thor, 1996). This
pathway is tonically active during the storage phase. Sudden increase in abdominal
pressure makes this pathway ‘dynamically active’ (DeLancey, 2006) to contract

rhabdosphincter muscle. Afferent impulse is also transmitted to the mesencephalic
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periaqueductal grey matter (PAG) and lateral aspect of the pontine micturition centre (L-
region). As mentioned earlier, a supraspinal input from the pons projecting directly to the
nucleus of Onuf, was also found to be important for voluntary control of this
rhabdosphincter muscle (Blok and Holstege, 1999).
2.5.2 The emptying phase

Proprioception, the sensation of bladder distension, is transmitted as an afferent impulse
from the stretch receptors on the bladder wall; through the spinal tract neurons to the
periaqueductal grey matter (PAG) in the rostral brainstem. The bladder sensation has
already been discussed earlier in the chapter. PAG also receives afferent impulse from
cerebral cortex and hypothalamus (Blok et al., 1998).This information is integrated in the
PAG and the medial part of the pontine micturition centre (the M-region), that control the
descending pathways in the micturition reflex (Sugaya et al., 2005; DeLancey, 2006).
Thus the pontine micturition centre (PMC) acts like a ‘switch’ in the micturition reflex
(De Groat, 1990; DeLancey, 2006), inhibiting the parasympathetic activity in the
descending pathways when there is low activity in the afferent fibres, and activating the
parasympathetic pathways when the afferent activity reaches a particular threshold (De
Groat, 1993). The threshold is believed to be set by the inputs from more rostral areas in
brain (Athwal et al., 2001). The cerebral cortex can consciously facilitate or inhibit this
micturition reflex (vesicobulbovesical reflex). If it is decided to postpone micturition until
a convenient time, the cerebral cortex suppresses the parasympathetic impulses from the
PMC and sends signals to the lower urinary tract to contract the rhabdosphincter and the
levator ani (Blok et al., 1998).

Thus when the desire to pass urine becomes very strong, the above mentioned ‘threshold’
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is reached and the activation of the parasympathetic nucleus in the spinal cord results in
release of acetylcholine (ACh) from the pelvic parasympathetic efferent fibres (Lincoln
and Burnstock, 1993). ACh stimulates the muscarinic (M3) receptors of the detrusor
smooth muscle to induce bladder contraction (Hegde and Eglen, 1999). Simultaneously
the PMC sends impulses to the pudendal motor nucleus that inhibits the activity of the
pudendal nerve, allowing the rhabdosphincter to relax (De Groat, 2006) (Fig. 5b).
Although the role of M; receptors in normal bladder contraction is less clear than those for
M; receptors, it has been suggested that M receptors may act by opposing sympathetically
mediated (by activating B3-adrenoreceptors) smooth muscle relaxation, via inhibition of
adenylyl cyclase, resulting in decreasing level of cAMP (Hegde et al., 1997). M, receptor
stimulation can also activate non-specific cation channels (Kotlikoff et al., 1999) and
inhibit Katp channels through activation of PKC (Bonev and Nelson, 1993).

As mentioned earlier in the chapter, the possible role of a-adrenergic receptors in proximal
urethral smooth muscle may explain the active relaxation of smooth muscle proximal
urethra in initiation of micturition (Bennet et al., 1993).

A mechanical explanation of urethral opening as a primary factor was suggested by
Tanagho (1992), who described that the opening was due to the contraction of longitudinal
muscles at bladder base going to urethra and thereby pulling apart the circular muscle
fibres while the sphincter relaxes, or due to the reduction of basal tone of urethral muscle.
Moreover, relaxation of the basal tone of levator ani muscle, which normally keeps the
urogenital hiatus closed, similar to the external anal sphincter closing the anus, contributes
to the process of initiation of micturition (Nichols et al., 1970). These coordinated effects

of detrusor contraction, relaxation of the urethral smooth muscle and rhabdosphincter and
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relaxation of the levator ani muscle result in increased detrusor pressure and reduced

urethral pressure and allow the bladder to empty.
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Fig. 5b  Peripheral action ofneurotransmitters on micturition cycle: voiding phase
(Reproducedfrom Clinical Manual of Incontinence in Women, based on the Reports of the
3nd International Consultation on Incontinence, 2005 , edited by Abrams P, Artibani W,
Cardozo L, Khoury S and Wein A)

2.6 Innervations of the mammalian urinary bladder

Various mammals (rat, dog, cat, swine, guinea-pig) are used for studying structure and
function of the lower urinary tract and often, results that were found in one species are
directly transferred to the human (Neuhaus et al., 2001). This study has been carried out
using rat urinary bladder. Therefore a brief overview of innervation of mammalian bladder
will be presented. Rats are popular animals used to study urinary bladder function (Steers,
1994). Several published studies have provided extensive information on normal
micturition including in vivo and in vitro bladder contractile function, functional anatomy

and biochemical pathways at cellular level (Levin et al., 1984; Steers, 1994). The
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maximum contractile responses to different stimuli are found to be significantly greater in
rat bladder compared to the rabbit bladder, which may be associated to some extent to a
greater involvement of Ca®* in the contractile responses of rat bladder compared to that of
rabbit bladder (Damaser et al., 2000).

In spite of important species differences in the nature of excitatory innervation of the
detrusor smooth muscle, the response to intramural nerve stimulation from all mammals
studied is the same, i.e. contraction. This excitatory innervation to detrusor smooth muscle
is via both cholinergic and non cholinergic mechanisms (Sibley, 1984). Although the
evidence for cholinergic innervation is well established, it has also been recognised for a
long time that in most mammalian bladders, cholinergic receptor blockers, such as
atropine, fail to abolish the contractile response to pelvic nerve stimulation (atropine
resistance). Atropine resistance was reported as early as 1895 by Langley and Anderson.
This atropine resistant component is also ‘nonadrenergic’, as activation of B-adrenoceptors
causes relaxation of detrusor smooth muscle, and although a-adrenoceptor agonists are
excitatory in many species (Taira, 1972), the frequency response curves of the muscle
strips to nerve stimulus remain unchanged in the presence of a-adrenoceptor antagonists
like phentolamine (Sibley, 1984).

In his experiment, Sibley (1984) compared the spontaneous activity in bladder muscle
strips from man, pig and rabbit. The nerve-mediated activity of detrusor muscle was
studied by application of electrical field stimulation. It was concluded that human detrusor
muscle contractile response evoked by electrical field stimulation was exclusively
cholinergic, in contrast to the mammals studied in which a significant non-cholinergic

component was demonstrated (Sibley, 1984). The widely accepted concept was that the



atropine resistant response was due to a ‘nonadrenergic, noncholinergic’ or NANC
transmitter (Ambache and Zar, 1970). This transmitter was subsequently identified as ATP
(Burnstock et al., 1972; Levin et al., 1980; Kasakov and Burnstock, 1982). It has been
demonstrated that a specific antagonist for ATP receptors like Arylazido Aminopropionyl
Adenosine Triphosphate or ANAPP; (Hogaboom et al., 1980) can block the effects of
applied ATP and partially blocks the pelvic nerve-evoked contractile response without
blocking cholinergic mechanism, (Theobald, 1982). Kasakov and Burnstock (1982) have
described another analogue, a, B methylene ATP which desensitises P, purinoceptors after
prolonged exposure (following initial excitation). Thus both acetylcholine and ATP have
been suggested as co-transmitters in intrinsic parasympathetic neurons in the bladder
(MacKenzie, 1982). The functional importance of these neurotransmitters for micturition
contraction in normal unanaesthetized rat has been demonstrated (Igawa et al., 1993).
Intra-arterial administration of ATP close to bladder resulted in a rapid, phasic and dose
related increase in bladder pressure followed by bladder emptying. Pre-treatment with
prolonged exposure to a, B-methylene ATP blocked the response to ATP. The
administration of cholinergic receptor agonist like carbachol also produced similar
excitatory effect. However, bladder emptying was demonstrated after blocking the
micturition reflex by intrathecal administration of morphine suggesting that drug induced
bladder emptying requires an intact micturition reflex (Igawa et al.,, 1993). This dual
innervation is found in most animal species and purinergic mechanism is probably
involved in behavioural activity, like scent marking, where complete emptying of bladder
is not required (Brading and Inoue, 1991; Giglio et al., 2001). Chancellor et al. (1992)

supported the fact that ATP may be important in the initiation of micturition, as ATP
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generated pressure is more rapid than cholinergic stimulation alone.

2.7  Ultrastructure of smooth muscle cell

The orientation of and interaction between the smooth muscle cells in the bladder are both
important in determining the functional nature of the bladder wall, specifically the impact
of activity in the cells on its shape and intraluminal pressure (Andersson, 2004). The
individual detrusor muscle cells are typical spindle-shaped smooth muscle cells with a
central nucleus. In a fully relaxed state, the muscle cells are several hundred microns long,
and the widest diameter is 5 — 6 pm (Gosling and Dixon, 1975). The detrusor smooth
muscle cells contain smooth endoplasmic reticulum (SER) or sarcoplasmic reticulum (SR)
around the nucleus and lots of mitochondria. The SER provides a site for intracellular
calcium storage for utilization in muscle contraction and the mitochondria provides the
ATP necessary for muscle contraction (Dixon and Gosling, 1990).

Bozler (1941) classified two types of smooth muscle on the basis of features associated
with electrical coupling between fibres. The fibres of ‘single-unit’ smooth muscle are
electrically and mechanically coupled to each other via several points of close contact, gap
junctions. Gap junctions are essentially pathways with low-resistance that allow
intercellular movement of ions, spreading an electrical signal rapidly throughout the tissue
(Brink, 1998). This type is typical of visceral organs like gastrointestinal tract or urinary
bladder. Multiunit smooth muscles are thought to be composed of discrete muscle fibres
operating independently of each other. ‘Multi-unit’ smooth muscle contains relatively few
gap junctions compared to single-unit, thus fewer number of adjacent fibres can act as a

unit and are found in the iris of eye or airways of lung (Bozler, 1941).
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2.7.1 Contractile proteins and filaments

The cytoplasm of smooth muscle is found to be packed with two types of contractile
myofilaments, namely thick and thin. The thick filament is composed of the protein
myosin and the thin filament is made up of the proteins, actin and tropomyosin
(Andersson and Arner, 2004). Contraction of smooth muscle is a result of an interaction
between the contractile myofilament proteins, actin and myosin, in a similar way to other
muscle types. However, these myofilaments were not found to be arranged in discrete
myofibrils in regular sarcomeric structures as in striated muscle. Instead, contractile units
consist of parallel arrangements of thick and thin filaments crossing diagonally from one
side of the fibre to the other (Dixon and Gosling, 1983). Within these units, myosin
molecules are attached either to structures called ‘dense bodies’ (will be described later in
the chapter) or to the cell membrane (Bond and Somlyo, 1982). Actin filaments have no
constant relationship to myosin filaments (Dixon and Gosling, 1983).

There is minimal difference between the concentration of actin in smooth muscle and
skeletal muscle (Cohen and Murphy, 1979). Thin filaments are composed of double
helical strand of identical globular actin molecules resembling two strands of pearls
twisted around each other (Nelson and Cox, 2005). The single globular molecule forming
each strand is called G-actin. G-actin molecules (4nm in diameter, molecular weight of
50,000 daltons) are assembled into single stranded F-actin (about 1.0pm long). F-actin
strands are twisted together to form the backbone of the thin filament (Nelson and Cox,
2005). In addition to actin, thin filaments also contain a regulatory protein, tropomyosin.
Double helixes of tropomyosin lie on the F-actin strands. Each G-actin subunit has a

single site where a myosin head can bind. As the F-actin strands are twisted together,
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some of these myosin binding sites on G-actin molecules are not accessible to the myosin
heads (Wu and Ma, 2004).

Four different isoforms of actin are expressed in smooth muscle, a-, -, and two forms of
y-actin (Vandekerckhove and Weber, 1979). In bladder muscle, a-, B-, and y-actin are
present in relative proportions 33%:25%:42% for human (Malmgqvist et al., 1991a), and
41%:19%:40% for rat (Malmgqvist et al., 1991b).

Each thick filament is 1.5 um long and 15 nm in diameter and is composed of several
hundred myosin molecules, each with a molecular weight of about 500,000 daltons
(Nelson and Cox, 2005). The backbone of the thick filament is a bundle of long chains of
myosin molecules, the heads of which extend out to the sides. Myosin molecules have a
polarity that affects how they associate with each other to form the thick filaments (Xu et
al., 1996). Each myosin unit is a double structure composed of two heavy polypeptide
chains that form a rod like tail and a double head (Geeves and Holmes, 1999). The heads,
which bind to actin and engage in ATPase activity, are joined to the rest of the myosin
molecule by peptide regions acting as hinges (Nelson and Cox, 2005). Three or four
smaller (light) polypeptide chains are associated with the head and play a regulatory role,
which will be discussed later in the chapter.

Smooth muscle contains a lower proportion of myosin (approximately three to five times
less) than striated muscle (Malmqvist and Arner, 1991). The ratio of actin to myosin
filaments is 15:1 in smooth muscle as compared to 2:1 in striated muscle (Somlyo, 1980).
In the rat bladder tissue, the myosin concentration was found to be close to the above
range (17mg/g smooth muscle cell) (Malmgqvist and Arner, 1991).

Myosin present in smooth muscle belongs to the myosin II super family of filaments
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(Sellers, 2000). Variants of the heavy chain structure allow functional differences of
different muscle tissue to exist (Eddinger and Wolf, 1993). Gel electrophoresis identified
two heavy chain variants, the SM1 (molecular mass ~ 204 kDa) and the SM2 (~ 200 kDa)
(Eddinger and Murphy, 1988). The relative content of SM1 is about 70% in rats and 40%
in humans (Malmqvist and Arner, 1991). The functional importance of any alteration in
the SM1/SM2 ratio on the smooth muscle contraction is unclear. Some studies have
reported an association between the maximal shortening velocity of muscle (Viax) and the
SM1/SM2 expression in tissue (Hewett et al., 1993). Myosin heavy chains in mammals
have also been classified into two other isoforms, SM-A and SM-B on the basis of an
extra seven amino acid insert (SM-B) (Babij et al., 1991), providing four possible
isoforms SM1-A, SM1-B, SM2-A and SM2-B in total (Babu et al., 2000). Myosin with
the extra amino acid insert (SM-B) was found to drive actin at a higher velocity (Vmax)
than myosin without the insert (Kelly, 1993; Eddinger and Meer, 2001). Urinary bladder
muscle belongs to a comparative fast smooth muscle type due to the high expression of the
inserted myosin isoform (~80-90% SM-B) (Arafat, 2001).

Two types of myosin essential light chains were identified, the acidic LC,7, and the basic
LCi7, which combine randomly on the myosin heavy chain (Cavaille, 1986). A
correlation has been suggested between the expression of essential light chain variants in
smooth muscle and both V,,« and the ATPase activity; high LC;7, content correlated with
low shortening velocity and low ATPase activity (Malmqvist, 1991a). Comparative
studies of smooth muscle also established an association between both the essential light
chain and inserted heavy chain SM-B composition (Somlyo, 1993).

Besides the myosin heavy chains described above, smooth muscle can also express type II
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filament forming non-muscle myosin isoforms (Giuriato, 1991): type A (NM-MHC-A,
molecular mass 196 kDa) and type B (NM-MHC-B, molecular mass 198 kDa)
(Katsuragawa et al., 1989). The expression of these non-muscle myosins was found to be
low in urinary bladder, about 10% of total heavy chain in rat (Malmqvist and Arner,
1991). Morano et al. (2000) showed a contractile function of non-muscle myosin in
smooth muscle, and suggested that this might be important during foetal life or in adult
tissue with high content of nonmuscle myosins, e.g., large elastic arteries. Sjuve et al.
(2001) reported that in hypertrophic rat bladders following obstruction, the number of
NM-MHC-B immunoreactive cells was markedly increased. However, the function of the
non-muscle myosins in the urinary bladder is still unclear and no data could be found on
the non-muscle myosin from human bladder. As the concentration of non-muscle myosin
in urinary bladder is quite low, it is improbable for this myosin to play any significant role
in bladder contraction (Andersson, 2004).
2.7.2 Cytoskeleton and other structures

All individual cells in smooth muscle contain complex networks of protein fibers which
constitute the cytoskeletal system of the cell. The cytoskeleton has been suggested to play
an important role in maintaining the cellular structural framework and providing it with
cell membrane attachment (Small and Gimona, 1998). The cytoskeleton is made up of
three kinds of protein filaments, namely actin filaments (microfilaments), intermediate
filaments and microtubules.

As mentioned earlier in the chapter, the contractile apparatus lacks a myofibrillar structure
with visible cross-striations. The contractile units appear to consist of thin filaments

attached to a cytoskeleton that overlap with much smaller numbers of myosin-containing
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thick filaments. Instead of Z-lines that are present in skeletal muscles, specialized
structural proteins called dense bodies are found in smooth muscle cell cytoplasm and cell
membrane (Berne and Levy, 2003). The thin filaments are attached to these dense bodies
and membrane dense areas (present in the cell membrane) to build up the contractile
framework. The dense bodies and membrane dense areas are also linked by the
cytoskeletal (10 nm) intermediate filaments (Mabuchi et al., 1997). Both cytoplasmic
dense bodies and membrane dense areas (cell adhesion complexes) on cell membrane
contain the protein a-actin (Janqueira and Carneiro, 2001). The membrane dense areas or
focal densities also contain other proteins like filamin, calponin, vinculin and tensin (Small
and Gimona, 1998).

The ‘intermediate filaments’ are mainly composed of the proteins desmin and vimentin
(Osborne et al., 1987). Desmin is the most important protein of intermediate filament in all
smooth muscles and vimentin is found predominantly in vascular smooth muscle
(Janqueire and Carneiro, 2001). Studies have shown that desmin intermediate filaments
are involved mainly in transmission of the active force in the smooth muscle, possibly by
anchoring the intracellular contractile apparatus to the plasma membrane (Travo et al.,
1982). Desmin is the predominant intermediate filament in urinary bladder, both in rat and
human (Malmgqvist et al., 1991a). Malmqvist et al. (1991b) demonstrated an up regulation
of desmin concentration in bladder smooth muscle hypertrophy due to outlet obstruction,
which returned to normal once the obstruction was removed.

Numerous invaginations of the plasma membrane were described at the periphery, called
“caveolae”, which were vesicular or saccular. These were believed to be involved in

calcium regulation in muscle contraction, working with sarcoplasmic reticulum (SER) to
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sequester calcium for storage in absence of its need (Small and Gimona, 1998). Finally,
smooth muscle cells were found to be interconnected by the specialized communication
channels, the ‘gap junctions’, enabling intercellular transfer of small molecules or ions via
these junctions. These gap junctions provide communication links that regulate
contraction of the entire bundle of smooth muscle (Dixon and Gosling, 1990).
2.7.3 Interplay of Actin-Myosin

In a muscle at resting phase length, some overlapping between the thick and thin filaments
was noted. During contraction, the thick filaments pull the thin filaments and the pulling
force is caused by the combined action of all the crossbridges formed when the myosin
heads interact with actin binding sites (Guilford and Warshaw, 1998). In a contracting
muscle, each myosin head undergoes a cycle of (a) adherence to an adjacent thin filament,
followed by (b) a powerstroke that moves the head about 10nm relative to the site of
attachment, followed by (c) detachment from the thin filament and then (d) beginning of a
new cycle (Nelson and Cox, 2005). An individual myosin head can perform this cycle
several times in a second. A myosin head that is ready to bind to actin during force
generation and shortening of muscle has hydrolyzed a molecule of ATP to the products
ADP and inorganic phosphate (Arner et al., 1998). ADP and inorganic phosphate remain
bound to the myosin, forming a myosin-ADP complex. Myosin-ADP complex represents
a ‘high-energy’ form of myosin that can bind to exposed actin sites in the presence of
Ca®. Myosin heads are thought to have several sites that can interact with different
binding sites on actin. Once the first site on the myosin head has bound to the first site on
actin, the energy of the myosin-ADP complex is gradually transformed into mechanical

energy by sequential binding with sites of greater affinity. This rotates the myosin head,
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generating tension between thick and thin filaments. This is the cross-bridge power stroke,
during which ADP and inorganic phosphates are released (Osterman and Arner, 1995). At
the end of powerstroke, the myosin head is tightly bound to the thin filament in a low-
energy form of actomyosin. In a smooth muscle, there is no practical limit to the distance
that individual thick and thin filaments can slide relative to each other, which is very
different from the striated muscle, where this sliding is limited only up to a short distance.
The organization of smooth muscle is an adaptation for force development over a broad
range of operating lengths. This adaptation is mainly for the muscle fibres in the walls of
organs that accommodate large volumes like intestine and urinary bladder (Meiss and

Pidaparti, 2005).

2.8 Mechanical properties of bladder smooth muscle

The bladder wall undergoes large changes in extension during normal filling and
emptying. Several studies looked into the mechanical properties of intact bladders and also
isolated bladder strips to determine the relationship between length and wall tension
(Uvelius, 2001; Kuo and Seow, 2004; Meiss and Pidaparti, 2005). During normal bladder
filling, intravesical pressure rises minimally with distension of the bladder wall. In
humans, at filling rates up to about 100 ml/min, the pressure rises less than 5 cm/ 100 ml
of water. Similar observations were noted in pigs (Sibley, 1985), and a similar volume-
pressure relationship is found in rabbit bladder in vitro (Levin and Wein, 1982). In vitro
studies subjecting detrusor smooth muscle to stretch and relaxation support the concept
that bladder tonus and accommodation result from physical properties of the bladder wall

and are not dependent upon neural activity (Finkbeiner, 1999). Longhurst et al. (1995)
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demonstrated that the contractile responsiveness of rat urinary bladder strips was
independent of the length of the detrusor muscle strips. Although there were some
differences between the cholinergic responsiveness of strips from the ventral and dorsal
surfaces of the bladder, the differences were so small that for most studies they would
probably have no influence on data interpretation.

In order to interpret the mechanical behaviour, Uvelius and Gabella (1980) investigated
the structural changes in rabbit and guinea pig bladder wall in passive distension. They
reported that the length of the individual muscle cell increases linearly with bladder radius
over normal functional volumes, the mean length of the cells in guinea pig bladder
increasing nearly fourfold (from 160 to 580pum) during filling. In his earlier work,
Uvelius (1976) showed that above a certain elongation, the passive tension was found to
have a steep rise. Brading (2006) has highlighted another factor which is of importance in
determining the mechanical behaviour of bladder muscle, i.e. spontaneous activity of the
smooth muscle cells that occurs in the absence of any nervous stimulation. Gabella (1977)
reported that the viscoelastic property of bladder smooth muscle perhaps implied the
ability of individual muscle cells to generate force (5-6 mN which would be equivalent to
60 N/cm® cross-sectional area), independent of its length and far greater than that of
striated muscle cell. The active force of the bladder muscle was found to be dependent on
the extent of wall stretch (Uvelius and Gabella, 1980). They calculated the active force
produced by the muscles in response to supramaximal pelvic nerve stimulation in the
intact guinea pig bladder, by using volume- pressure relationship and muscle cross-
sectional area. This active force was found to be nearly maximal over a wide range of cell

lengths and was achieved at filling volumes of roughly 25% to 75% of bladder capacity.
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At maximum capacity the active force was 75% of its highest value and about 25% when
the bladder was empty (Uvelius and Gabella, 1980).

The cytoskeleton present in the smooth muscle cells may play a small role in contributing
the passive tension generated in the bladder wall during stretching (Sjuve et al., 1998).
The extracellular matrix present in between the muscle bundles is comprised mainly of
elastic fibres and collagen fibrils (types I and III) and is primarily responsible for the
passive viscoelasticity (Gabella, 1995; Kim et al., 2000).

The maximal rate at which the myosin propels the actin filaments denotes the maximal
shortening velocity (Vmax) of muscle. The bladder detrusor muscle has V.« about 10-
times slower than that of the striated muscle (Cooke and Pate, 1985). The rate of the ADP
release at cross-bridge dissociation during actin-myosin interaction is an important factor
in determining the magnitude of Vm.x (Siemankowski et al., 1985). The ADP binding was
found to be stronger in smooth compared to striated muscle (Lofgren et al., 2001). The
relationship between active force and the maximal shortening velocity normally follows a
hyperbolic curve (Hill, 1938). The kinetics of the detrusor muscle wall contraction during
voiding was found to operate along this force-velocity relationship depending on
intravesical pressure and bladder volume.

Another factor that plays an important role in the mechanical behaviour or the bladder is
perhaps the spontaneous activity of the detrusor smooth muscle cells occurring in the
absence of any nerve stimulation. Smooth muscles in both bladder and urethra show
spontaneous contractile activity during the filling phase (Brading, 2006). The role of the
spontaneous activity seems to be to allow the individual muscle bundles to adjust their

length in response to filling. The normal bladder appears to maintain its shape throughout
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filling, allowing micturition to be started rapidly whenever it is convenient for the bladder
to be emptied.

Thus to summarize, during filling, the intravesical pressure remains stable without any
significant increase and this passive nature of the bladder can be attributed to its
viscoelasticity and plasticity. As the bladder fills, the muscle bundles undergo
reorganization, and the muscle cells within the bundle get stretched up to four times their

length in the empty bladder.

29  Excitation-contraction coupling

Smooth muscle contraction was found to be initiated by an increase in the intracellular
Ca®* concentration (Bozler, 1969; Ruegg, 1992), either by Ca* influx into the cell
cytoplasm via Ca®* channels or by release of Ca®* from the sarcoplasmic reticulum (SR)
(Maggi et al., 1989a; Kotlikoff et al., 1999; Brading, 2002; Ganitkevich and Isenberg,
2002). Bolton et al. (1999) suggested that the main contributors to increases in the
intracellular Ca®* concentration are Ca®* influx through voltage-gated channels opened by
depolarization or during action potential (AP) or slow-wave discharge, and Ca** release
from store sites in the cell by the action of inositol trisphosphate (IP3) or by Ca**-induced
Ca**-release (CICR) via activation of RyRs (Xu et al., 1994; Lesh et al., 1998; Brading,
2002). The importance of Ca’®* release from the SR in detrusor muscle contraction was
evident from studies carried out using blockers of SR function demonstrating that both
nerve- and agonist- induced contractions were dependent on a functional SR (Damaser et
al., 1997). Apart from contributing to the increase in intracellular Ca2+, the SR can also

influence bladder contractility by modulating the K channel activity causing relaxation
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(Grant and Zuzack, 1991).

Activation of the contractile machinery involves a Ca**-dependent phosphorylation of the
myosin heads and there are several regulatory processes which may be able to alter the
relationship between free Ca** and the amount of tension generated (Horowitz et al., 1996;
Gallagher et al., 1997). Key elements for calcium regulation of smooth muscle contraction
involve (a) phosphorylated form of myosin light chain binds to actin to stimulate the
MgATPase, which supplies energy for the contractile process; (b) myosin regulatory light
chains are phosphorylated (on serine at position 19) by a myosin light chain kinase
(MLCK); (c) the MLCK is activated by a Ca?* -calmodulin complex; (d) the formation of
the Ca®* -calmodulin complex is dependent on the concentration of intracellular Ca**
(Horowitz et al.,, 1996; Stull et al., 1996); (e) muscle contraction is terminated on
dephosphorylation of the regulatory light chain by myosin light-chain phosphatase
(MLCP). Several subtypes of the protein phosphatase were identified in different types of
muscles. Protein phosphatase 1 (PP1) and protein phosphatase 2 A (PP2A) were
demonstrated in smooth muscles (Cohen, 1989); PP1 was found to be present in bladder
smooth muscle (Shirazi et al., 1994). Sellers (1985) suggested that release of phosphate
ion was controlled by phosphorylation of the myosin light-chain. Kitazawa and Somlyo
(1990) reported on a possible correlation between the myosin light chain phosphorylation
and the concentration of Ca®*. Different regulatory mechanisms affecting functions of
MLCK and MLCP ultimately influence Ca®* sensitivity in smooth muscle cells (Stull et
al., 1990; Somlyo et al., 1999; Somlyo and Somlyo, 2003).

Pfitzer et al. (1984) showed that relaxation of smooth muscle in presence of cGMP and the

cGMP-dependent kinase (PKG) was due to inhibition of Ca®* movement and Ca**
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sensitization. Studies also highlighted the role of protein kinase C (PKC) in modulating
Ca* sensitivity to smooth muscle by affecting MLCP (Jensen et al., 1996). A specific
kinase (Rho-associated kinase), activated via G proteins was found to play an important
role in inhibition of MLCP and Ca* sensitization (Somlyo and Somlyo, 2000). Studies
have also demonstrated the presence of two different types of Rho-kinase (ROCK I and
ROCK II) (Wibberley et al.,, 2003), the concentrations of which may be affected by
different kinds of bladder pathology (Bing et al., 2003).

Caldesmon, a calmodulin-and actin-binding protein, present in the smooth muscle was
found to play an inhibitory role in muscle contraction by binding to the thin filaments
interacting with tropomyosin and myosin (Furst, 1986; Marston and Redwood, 1993) or

that by influencing actin myosin interaction (Chalovich et al., 1987).

2.10 Electrical properties of bladder smooth muscle
2.10.1 Resting membrane potential and action potential

Various investigators have looked into the electrophysiological properties of detrusor
muscle from different animals, including humans (Ursillo, 1961; Creed, 1971; Creed et al.,
1983; Brading and Mostwin, 1989; Brading, 1992; Hashitani et al., 2000). The resting
membrane potential (conventionally measured inside the membrane and is negative in the
resting state) depends on the relative permeability of the membrane to ions, and the
concentration gradients of ions across the membrane (electrochemical potential gradient).
The flow of each ion across the plasma membrane tends to bring the resting membrane
potential (RMP) towards equilibrium potential for that ion. The ability of an ion to bring

the membrane potential towards its equilibrium potential is higher if the plasma membrane
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is more conductive to that particular ion (Berne and Levy, 2003).

The Na* - K* -ATPase, located in the plasma membrane, expels Na* actively out from the
cell and take K" actively into the cell. The Na*-K* pump is responsible for the high
intracellular K* concentration and low intracellular Na* concentration. As the pump helps
shifting a larger number of Na® ions out than K* ions in (3 Na* to 2 K*), it causes a net
transfer of positive charge out of the cell resulting in a negative equilibrium potential,
which contributes to the generation of RMP. However, the direct contribution of the Na*-
K* pump to the RMP is usually small — less than 5SmV. The major process that contributes
to the generation of RMP is the ionic diffusion, particularly that of K* which has the
largest resting conductance (about 10 times higher compared to Na*) and thus has the
largest impact on the RMP (Hille, 1992; Berne and Levy, 2003). For this reason, changes
occur in the concentration of K* in a patient’s extracellular fluid will affect the RMP of all
cells. Published studies showed that bladder smooth muscle has a relatively low RMP of -
47 mV in rat detrusor muscle (Creed, 1993) and in isolated human detrusor muscle it was
found to be between -47 and -55 mV (Montgomery and Fry, 1992).

The mechanisms underlying action potential generation in all excitable tissues involve a
sequence of voltage-dependent changes in membrane permeability, leading to ion flow
down pre-existing electrochemical gradients (Mostwin, 1986). The initial influx of ions
generates an inwardly directed current which depolarizes the cell membrane (Na* and Ca**
ions). This is followed by a switching off of the inward current and the activation of an
outward repolarizing current (K* ions). In fast conducting tissues like nerve and striated
muscle, the inward current is carried by Na® ions; and as the extracellular sodium

concentration is large, the current flow per unit area of cell membrane can be high (Creed,
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1971). This leads to a rapid upstroke (up to 100 V/s), and fast propagation of the signal.
Smooth muscles do not require such rapid propagation of action potentials, and the
upstroke of action potential is caused by inflow of calcium ions (10 V/s). Electrical
connections between the smooth muscle cells in muscle bundles allow the bundles to
behave as cables along which action potentials can propagate. Intracellular recorded action
potentials depolarize the cells by about 50 mV, and have duration at half amplitude of 10-
15 ms (Mostwin, 1986).

The spontaneous action potentials generated by slow waves of depolarization were found
in detrusor muscle strips from different animals including human (Ursillo, 1961; Mostwin,
1986; Visser and van Mastrigt, 2000a). Investigations in guinea pig bladder smooth
muscle showed that the rising phase of the action potential was generated mainly by Ca**
and not by Na* influx, as tetrodotoxin (TTX), a Na* channel blocking agent, failed to
block elicited action potentials (Creed, 1971). The significant role of Ca®* influx in
depolarization was also confirmed by other researchers working with different animals
including human (Mostwin, 1986; Montgomery and Fry, 1992; Bramich and Brading,
1996; Hashitani et al., 2000). In studies on guinea pigs, it was suggested that the
repolarization phase of action potential was likely to be due to inactivation of the inward
Ca®* current and activation of an outward K* current that was partially Ca®* dependent
(Imaizumi et al., 1998). Studies on guinea pigs have also shown that ATP, by activation of
purinoceptors, initiated excitatory junction potentials (EJPs), which in turn triggered
action potentials and the influx of Ca®* through L-type Ca®* channels, and also Ca’**
release from intracellular Ca?* stores (Hoyle and Burnstock, 1985; Fujii, 1988; Collier et

al., 2000; Hasitani et al., 2000). Gallegos and Fry (1994) demonstrated that the action
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potential configuration in isolated human detrusor smooth muscle cells was altered in
different pathological conditions due to alterations in the inward current of Ca®*.

2.10.2 Role of ion channels in increasing free intracellular calcium
An increase in intracellular calcium concentration is usually achieved by activating release
from internal stores (SER) or by increasing the permeability of the membrane to calcium
(Brading and Inoue, 1991). Ion channels present on the cell membrane have been shown
to be the key regulators for maintaining membrane potential by controlling permeability of
different ions with the two most extensively investigated ion channels being calcium and
potassium (Andersson, 2004).

2.10.2.1 Ca** channels

The key process needed for the activation of smooth muscle contraction is definitely an
increase of intracellular Ca®* concentration. This happens either by Ca®* release from
intracellular store or by Ca®* influx from extracellular space (Andersson and Arner, 2004).
Although several types of Ca® channels have been demonstrated in smooth muscle
(Berridge et al., 2003), but in detrusor muscle the involvement of two main types of
calcium channels have been proven, namely the voltage-sensitive channels and receptor
operated channels. Activation of either will allow calcium influx down the
electrochemical gradient (Brading, 1992; Berridge et al., 2003).

a. Voltage-sensitive L-type calcium channels
Different types of Ca** channels are present in smooth muscle (Berridge et al., 2003), but
for detrusor smooth muscle, most of the information are based on the voltage-operated
Ca’* channels (Andersson and Wein, 2004). The Ca®* influx into the cell cytoplasm

through these voltage-operated L-type Ca®* channels depends on the membrane potential,
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as depolarization of the cell membrane augments opening of these calcium channels
resulting in calcium influx (Ganitkevich and Isenberg, 1992). The Ca”* influx can in turn
induce release of Ca>* from intracellular stores, which was responsible primarily for the
phasic rise in intracellular Ca®* concentration. The repolarization is most likely due to
inactivation of the Ca®* current and potentiation of an outward K* current (Montgomery
and Fry, 1992). When depolarized by high K* solutions or by prolonged application of
agonists, the Ca** channels can be closed even at persistent depolarization (Brading, 1992)
resulting in fading of the contractile response. The Ca**-induced inactivation of the
channels may also be a contributing factor to the inability to sustain the muscle tone
(Nakayama and Brading, 1993).

Although cholinergic stimulation primarily results in bladder muscle contraction, it has
been shown that muscarinic receptor agonist (carbachol) can suppress the L-type Ca®*
channel inward current in pig and human detrusor cells (Yoshino and Yabu, 1995).
However, the significance of this muscarinic receptor-mediated inhibitory action on L-
type Ca** channels in normal detrusor contraction is still unclear (Kajioka et al., 2002).

In human detrusor, the extracellular Ca** influx seemed to play a major role in the
activation of muscle contraction (Fovaeus et al., 1987). Several studies have demonstrated
that the most common route of entry for the extracellular Ca** during both muscarinic and
or purinergic stimulation was through dihydropyridine-sensitive Ca®* channels (Harriss et
al., 1995). However, therapeutically, there is no evidence that calcium antagonists will
treat detrusor overactivity (Andersson, 2004). Elliott et al. (1994) studied the effect of
treatment with calcium antagonists in vitro and in vivo on the contractile response of

isolated rat and human detrusor muscle. Their results suggested that nimodipine, a calcium
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channel blocker had a significant inhibitory effect on rat detrusor muscle in vitro and after
a single dose in vivo, but had no significant effect after 8 days’ treatment in vivo. The
possible up-regulation of 1, 4-dihydropyridine-sensitive calcium channels may explain the
lack of clinical effect of chronic treatment with calcium antagonists in patients with
detrusor overactivity.
b. Receptor-operated and store operated calcium channels

Apart from the voltage-gated channels, other types of calcium-permeable channels, non-
voltage gated, are also present in smooth muscle cells, which include the so-called
receptor-operated calcium channels (ROCCs) and store-operated calcium channels
(SOCCs) (Parekh and Putney, 2005). Receptor-operated channels (ROCC) are activated in
response to interaction of neurotransmitters such as acetylcholine, or agonist drugs with
specific receptors on the cell membrane, the G-protein-coupled receptors (GPCR)
(Haugaard et al.,, 1996). Some agonists cause depolarization of the cell membrane by
opening up of channels for intracellular sodium influx and subsequent opening up of
voltage-sensitive calcium channels. The store-operated calcium channels (SOCCs) are
activated following depletion of the calcium stores within the sarcoplasmic reticulum. The
knowledge of the functional roles of ROCCs and SOCCs in smooth muscle excitation-
contraction coupling is much less advanced compared to the voltage-gated calcium
channels. However, in a recent review of the electrophysiological, functional and
pharmacological properties of ROCCs and SOCCs in smooth muscle by McFadzean and
Gibson (2002), it was suggested that the two channel types may be closely related, being

formed from proteins of the Transient Receptor Potential Channel (TRPC) family, and
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their diversity provides a possible explanation for the wide variety of receptor-operated
and store-operated responses recorded in smooth muscle.
2.10.2.2 K channels

Potassium channels are the other important ion channels involved in smooth muscle
contraction. Normally, the resting membrane potential in smooth muscle cells is
determined mainly by the membrane permeability for the potassium ions. An increase in
the permeability will lower the membrane potential by augmenting potassium efflux from
the cell resulting in opening up of the voltage-operated calcium channels and initiate
muscle contraction (Kurihara and Creed, 1972; Andersson, 1992; 2004).
Different types of potassium channels (voltage gated, calcium activated, and ATP
sensitive) have been shown to modulate spontaneous electrical and mechanical activity in
the detrusor smooth muscle (Brading, 2006).
Among these channels, the importance of two main subtypes found in human detrusor was
highlighted, ATP-sensitive potassium channels and Ca®*-activated potassium channels
(Ashcroft and Ashcroft, 1990; Bonev and Nelson, 1993; Wickenden, 2002).

a. ATP-sensitive K channels
ATP-sensitive specific K* channels (Karp) are found in urinary bladder smooth muscle
which play an important role in regulation of bladder contraction (Andersson, 1992).
Petkov et al. (2001) demonstrated that activation of <1% of Katp channels was sufficient
to significantly inhibit action potentials and the related phasic contraction (Petkov, 2001).
In smooth muscles, including those from the urinary bladder, potassium channel openers
activate Karp channels, leading to membrane hyperpolarization, reduction in cellular

calcium entry, and inhibition of muscle contractility. Electrophysiological studies have
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demonstrated the presence of Katp channels in guinea pig urinary bladder, the modulation
of which may regulate bladder contractility (Bonev and Nelson, 1993). The
pharmacological properties and the molecular composition of these channels were later
examined in detail in the studies of Gopalkrishnan et al. (1999). In this study, they
characterized the pharmacology of Katp channels expressed in cultured guinea pig urinary
bladder cells by fluorescence-based membrane potential techniques. It was found that
KaTtp channels could be activated by metabolic inhibition or by diverse potassium channel
openers with rank order potency consistent with those typical of smooth muscle Karp
channels.

Andersson (1992) reported that that Katp channel openers can inhibit spontaneous bladder
contractions, agonist (carbachol)-induced contractions and contractions induced by
electrical field stimulation.

b. Ca** -activated K* channels

Small-conductance (SKc,) and large-conductance Ca’*-activated K* channels (BKc,) are
key regulators of excitability of detrusor smooth muscle (Herrera and Nelson, 2002).
Grant and Zuzack (1981) suggested that the large-conductance Ca**-activated K*
channels (BKc,) are involved in the control of basal tension and possibly the membrane
potential, which was later confirmed by other investigators (Heppner et al, 1997; Karicheti
and Christ, 2001). The repolarizing phase of action potential was found to be mediated
mainly via these large-conductance Ca**-activated K* channels (BKc,) along with other
types of K* channels which are voltage dependant (Klockner and Isenberg, 1985; Fujii et
al., 1990; Heppner et al., 1997). After the spike and repolarization, the action potential in

detrusor smooth muscle displays a prolonged after-hyperpolarization phase, when the
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membrane potential is even more negative than resting membrane potential. SKc,
channels appear to be responsible for this after-hyperpolarization phase (Creed et al.,
1983; Brading, 1992). Exploring the relationships between voltage sensitive Ca®*
channels, ryanodine receptors (RyRs) and BKc./SKc,, Herrera and Nelson (2002) have
shown in their experiments that activation of SKc, channels depends absolutely on the
Ca® influx through the voltage sensitive Ca®* channels and not on the Ca®* release by
RyRs. On the contrary, activation of BKc, channels depends on both Ca** influx through
the voltage sensitive Ca?* channels and the Ca?* release by RyRs.

Some investigators have suggested that these channels may play an important role in
affecting detrusor function in pathological bladder; though specific interactions of ion
transport mechanisms through these channels modulating detrusor contraction in vivo
needs further evaluation (Davies, 2002; Thorneloe and Nelson, 2003). Several studies on
isolated human detrusor and on bladder tissue from other animal species have
demonstrated that drugs acting via opening up of potassium channels, reduce both
spontaneous contractions and contractions induced by muscarinic receptor agonist
(carbachol) and electrical field stimulations (Malmgren et al., 1989; Andersson et al.,
2002; Wickenden, 2002; Andersson and Wein, 2004). However, like calcium channel
blocking agents, evidence based treatment option with potassium channel openers for
overactive bladder is limited (Andersson et al., 2002). However, because these compounds
also activate vascular smooth muscle channels causing vasodilatation, the clinical efficacy
has been severely limited by hemodynamic side effects including hypotension and
tachycardia (Nurse et al., 1991). Wojdan et al. (1999) compared the effects of the ATP-

dependent potassium channel agonists ZD6169, celikalim, and WAY-133537 on bladder
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contractile function in vitro on isolated bladder strips and in vivo on spontaneous bladder
contractions. They reported that the antihypertensive agent celikalim exerted effects on the
bladder at doses that significantly reduced systemic blood pressure; whereas both WAY-
133537 and ZD6169 inhibited bladder hyperactivity at doses that produced minimal
changes in both mean arterial blood pressure and heart rate. They therefore suggested that
both WAY-133537 and ZD6169 may have a role in the treatment of bladder instability at
doses with minimal hemodynamic side effects. A recent randomized, double-blind,
placebo-controlled phase II study that evaluated the efficacy and safety of an ATP-
sensitive potassium channel opener- ZD0947 (25 mg/day for 12 weeks) in patients with
overactive bladder, published the results to be quite disappointing (Chapple et al., 2006).
This may be due to ineffective receptor selectivity.
2.10.3 Stretch-activated channels
Mechanical stretching of cell membrane can activate non-specific cation channels present
on detrusor smooth muscle plasma membrane showing similar permeability to Na*, K*
and Ca®* (Wellner and Isenberg, 1993). This mechanical stretch of human detrusor muscle
cells can also stimulate intracellular Ca®* release, although this can vary between the
detrusor muscle cells obtained from stable and unstable (overactive) bladders (Chambers,
1997).
2.10.4 Ligand - activated channels

Ligand-gated ion channels are present on cell membranes that are targets for various
neurotransmitters or modulators. Acetylcholine and ATP are of specific interest in
detrusor smooth muscle. Activation of purinoceptors (P2X) by ATP opens channels on

plasma membrane, which are relatively nonselective to cations (North, 2002). The cation

67



influx results in membrane depolarization that may be adequate to activate L-type Ca®
channels and generate an action potential (Inoue and Brading, 1991) (Fig. 7). No
significant difference was observed between the mechanism of action of the two
purinoceptors, P2X; and P2X, with respect to their effect on the permeability of the cell
membrane to monovalent organic ions, although the calcium permeability due to P2X,
receptor activation was found to be greater than that of P2X; receptors (Evans et al., 1996;

Rogers, 1997; Khakh et al., 2001).

2.11 Neural and Hormonal Control

In most animal species, contraction of urinary bladder muscle is mediated by both
cholinergic (Sjogren et al., 1982; Chess-Williams, 2002; O’Reilly et al., 2002) and
nonadrenergic, noncholinergic (NANC) mechanisms (Ambache and Zar, 1970; Taira,
1972; Kinder and Mundy, 1985, Palea et al., 1993, Tagliani et al., 1997). In human, the
bladder muscle contractions for normal voiding in vivo and the contraction induced by
electrical field stimulation in vitro, are mediated mainly, if not exclusively, via stimulation
of cholinergic pathway, as these responses are almost completely blocked by atropine
(Bayliss et al., 1999; O’Reilly et al., 2001).

2.11.1 Cholinergic mechanisms (muscarinic receptors)

In isolated detrusor muscle, acetylcholine produced slight depolarization to generate the
action potential resulting in contraction of the muscle (Creed et al., 1983). These
contractions were inhibited by cholinesterase inhibitors and abolished by atropine,
demonstrating that they were mediated by muscarinic receptors (Bayliss et al., 1999). Five

subtypes of muscarinic receptors have been cloned (M;-Ms) and pharmacologically
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defined (Bonner, 1989; Poli et al., 1992; Andersson, 1993; Eglen et al., 1994 & 1996;
Caulfield and Birdsall, 1998). Detrusor smooth muscles from various species were found
to contain muscarinic receptors of the M, and M3 subtypes (Eglen et al, 1996; Hegde and
Eglen, 1999; Chess-Williams et al., 2001). Human bladder was found to contain all
muscarinic receptor subtypes with a predominance of M, and Mj; subtypes that were
functionally coupled to G proteins (Tobin and Sjogren, 1995; Yamaguchi et al., 1996;
Nilvebrant et al., 1997; Sigala et al.,, 2002). M;, M3 and M; receptors coupled
preferentially to Gg/11, activating phosphoinositide hydrolysis, in turn leading to calcium
release into cell cytoplasm from smooth endoplasmic reticulum (SER) (Bonner et al.,
1987). In cat detrusor muscle, contraction induced by acetylcholine is mediated via M3
receptor-mediated activation of Gg,; and phospholipase C (PLC)-B; and inositol
trisphosphate (IP3)-dependent intracellular Ca** release (Somlyo et al., 1988; An et al.,
2002). Importantly, when the contribution of IP; production to muscarinic receptor-
mediated contractions was investigated, it has been observed that most studies have used
high concentrations of muscarinic receptor agonists like carbachol (Mostwin, 198S;
Iacovou et al., 1990; Andersson et al., 1991). There is a possibility that the concentration
of ACh released by the nerve endings may not be sufficient enough to trigger IP;
production (M3 muscarinic receptor activation), whereas M, muscarinic receptors, which
does not involve production of IP3;, may be activated by lower concentrations of
acetylcholine (Hirst et al., 1996; Hegde and Eglen, 1999). In normal rat bladders, the M,
receptor appears to provide a contractile function by inhibition of B-adrenergic receptor-
induced relaxation, which is only displayed in the presence of an inactivated M3 receptor

population (Hegde et al., 1997). Braverman et al. (1998) have demonstrated a selective
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increase in the density of M, receptors resulting in a significant change in the M,-to-Mj3
ratio from ~5.4 in normal to ~9.5 in denervated rat bladders. Prejunctional inhibitory M2-
receptors or M4-receptors and prejunctional facilitatory M1-muscarinic receptors in the
bladder have also been reported, but their relevance to the clinical effectiveness of
muscarinic antagonists is unknown (Chapple et al., 2002).

Although M; receptors are the predominant cholinergic receptors present in human urinary
bladder (Hegde, 2006), the smaller population of M3 receptors appears to be the most
functionally important and mediates direct contraction of the detrusor muscle (Tobin and
Sjogren, 1995; Yamaguchi et al., 1996; Chapple et al., 2002; Chess-Williams et al., 2002;
Schneider et al., 2004). M-receptors modulate detrusor contraction by several
mechanisms and may contribute more to contraction of the bladder in pathologic states,
such as bladder denervation or spinal cord injury (Chapple et al., 2002). The majority of
muscarinic receptors in the bladder from all species tested are of the M, subtype (Wang et
al., 1995), the predominant (if not exclusive) receptor subtype found in cardiac tissue. If
the M, receptor in the rat bladder is associated with postsynaptic mechanisms in a manner
similar to cardiac M; receptors, then stimulation of these receptors is predicted to cause
inhibition of muscle contractility (Wang et al., 1995). It has been reported that muscarinic
agonists, acting through presynaptic receptors, can induce a decrease in the release of
acetylcholine in rat bladder (D’ Agostino et al., 1986). Thus the M; receptors of rat bladder
are more likely to be located on the presynaptic cholinergic nerve terminals and, upon
stimulation, may induce inhibition of acetylcholine release (Wang et al., 1995).

The role of receptor subtypes in disease is unclear, but an enhancement of M, receptor

mediated responses has been reported to occur in diabetes (Uchiyama and Chess-
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Williams, 2004). Hinata et al. (2004) investigated the distribution of muscarinic receptor
subtypes with mRNA and protein expressions in patients with and without OAB, and
investigated both the dome and trigone area. The M, receptor was predominant, but there
was no significant difference in the level of M; expression between the groups in the dome
area. Ms expression in the dome area was significantly higher in the OAB group than in
the non-OAB group. In the trigone area, the level of M; mRNA expression was the highest
in the non-OAB group, and was significantly lower in the OAB group. This confirmed the
multiformity of muscarinic receptor subtypes in human bladder. Pontari et al. (2004)
demonstrated that the contractile response of isolated human detrusor muscle strips from
patients with neurogenic bladder dysfunction can be mediated by the M; receptors.
Braverman and Ruggieri (2003) suggested that detrusor hypertrophy in obstructed
bladders alters the muscarinic receptor subtype mediating bladder contraction from M;
toward M,.

Jezior et al. (2001) showed that muscarinic receptor stimulation activates Rho-kinase and
non selective cation channels. Activation of Rho-kinase triggers inhibition of myosin light
chain phosphatase (MLCP) and thereby results in an increased sensitivity of the
contractile system to calcium (Fig. 6). Schneider et al. (2004) reported that carbachol-
induced contraction of human detrusor muscle is mediated via M3 receptors and mainly
depends on calcium influx through nifedipine-sensitive calcium channels and activation of
Rho-kinase pathway. Andersson (2004) confirmed that the main pathway for muscarinic
receptor activation of detrusor (via M3) involves calcium influx through L-type calcium
channels and activation of Rho-kinase (Harriss et al., 1995; Fetscher et al., 2002;

Wibberley et al., 2003).
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Fig. 6  Transmitter signal pathways (1—4) involved in activation of detrusor contraction
via muscarinic M3 receptors. Ach, acetylcholine; PLC, phospholipase C: DAG,
diacylglycerol; PKC, protein kinase C; MLC, myosin light chain, SR, sarcoplasmic
reticulum; CIC, calcium-induced calcium release. There seem to be differences between
species in the contribution of the different pathways in contractile activation. In human

detrusor, Ca2tinflux (3) is of major importance. (Andersson and Wein, 2004)

However, the mechanism of action of M2 receptors is different from that of M3 receptors.
Mi receptors were found to act by suppressing sympathetically mediated (P-
adrenoreceptors) smooth muscle relaxation, via inhibition of adenylyl cyclase and
decreasing the cAMP levels (Matsui et al., 1996; Hegde et al., 1997; Giglio et al., 2001). It
was also reported that mechanism of muscle contraction mediated by M2 receptor
stimulation involved opening of non-specific cation channels causing depolarization
(Kotlikoff et al., 1999) and inhibition of Katp channels by activation of PKC (protein

kinase C) (Bonev and Nelson, 1993). Nakamura et al. (2002) demonstrated the muscarinic
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M; receptors inhibited Ca**-activated K* channels in rat bladder smooth muscle. This M,
receptor-mediated pathway perhaps enhanced contraction, which was initiated by M3
stimulation in rat bladder smooth muscle.

D’Agostino et al. (2000) have demonstrated the presence of a muscarinic negative
feedback mechanism controlling acetylcholine release from the nerve terminals at the
presynaptic level. They described the prejunctional muscarinic receptors to be inhibitory
(M,) or facilitatory (M;).

Kinder and Mundy (1987) investigated detrusor muscle strips from normal and
pathological human bladders in an organ bath preparation and did not find any significant
differences in the degree of inhibition of either agonist-induced muscle contractions
(acetylcholine) or electrically induced contractions in presence of TTX or atropine. They
concluded that the pathophysiology of the involuntary detrusor contraction is common to
both idiopathic detrusor instability and detrusor hyper-reflexia, and related to a disorder of
an intrinsic neuromodulatory mechanism within the detrusor muscle.

Changes in the cholinergic pathway in neurogenic bladders have not been reported
consistently in the literature (Latifpour et al., 1989; Pontari et al., 2004). A change in
muscarinic receptor mechanism has also been highlighted in bladder outlet obstruction or
detrusor overactivity (Braverman and Ruggieri, 2003). German et al. (1995) reported that
the contractions of bladder muscle obtained from patients with neurogenic detrusor
overactivity showed an enhanced response in presence of muscarinic receptor agonist
(acetylcholine) and potassium, but the contractile response to electrical field stimulation
was similar compared to the control. The results suggested that the postjunctional

modulation was the most likely mechanism of enhanced detrusor contractions, secondary
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to a partial parasympathetic denervation (German et al., 1995). However, Gup et al. (1989)
did not find any such change in the mechanism of action via muscarinic receptor
stimulation in patients with congenital neurogenic bladders (e.g., myelomeningocele). The
presence of an atropine-resistant component in the contraction of the human neurogenic
bladder has been reported by some investigators (Saito et al., 1993), but not by others
(Bayliss et al.,, 1999). An increased density of muscarinic receptors and an enhanced
muscarinic receptor-mediated contractile response was found in bladders from diabetic
animals (Latifpour et al., 1989; Mimata et al., 1995). Immunoblotting using monoclonal
antibodies has shown that the density of M3 receptor protein (M3;-mAChR) to be
significantly increased in diabetic bladders by 70% (Tong and Cheng, 2002) and by 55%
(Hashitani and Suzuki, 1996) compared to the controls. This up regulation of M3-mAChR
biosynthesis may explain the enhanced contractile response to muscarinic stimulation in
diabetic animals. In clinical setting, detrusor overactivity (DO) has been demonstrated in
the urodynamic tests of diabetic patients (Kaplan et al., 1995).

Denervation supersensitivity of detrusor muscle resulted from outflow tract obstruction
has been suggested to play an important role in the pathogenesis of detrusor overactivity
in several animals including humans (Gosling, 1986, Nilvebrant et al., 1986; Gunasena,
1995; Braverman et al., 1998). The obstructed human bladder often shows an increased
(up to 50%) atropine-resistant contractile component (Sjogren et al., 1982). This may well
be a reflection of a change in cholinergic and purinergic functions of the bladder, because
in normal bladder, the atropine-resistant component is almost negligible (Bayliss et al.,

1999).
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2.11.2 Adrenergic mechanisms

The sympathetic innervation has already been discussed earlier in this chapter (pp 32);
further details of specific receptors in the adrenergic system will be described here.

a. a-adrenoceptors (a-ARs)
The functional role of the a;-adrenoceptors in the human bladder function has been
investigated by many investigators, and an overall low expression of adrenergic
innervations was suggested (Goepel et al., 1997; Malloy et al., 1998). Various researchers
have looked into the relative proportions of a;-AR in the urinary bladder muscle of
different animals. For example, Malloy et al. (1998) found two-thirds of the a;-AR mRNA
expressed in human bladder to be a;p. Hampel et al. (2002), while investigating rat
bladder, found the predominant a;-AR to be a;a. These proportions have also been
reported to change in certain pathological conditions, such as in obstructed rat bladders,
where a shift in predominance from a4 to a;p was noted (Hampel et al., 2002).
Studies have demonstrated an up-regulation of a;-AR function and an increase in the
density of a;-ARs in human detrusor muscle strips from patients with bladder outlet
obstruction (Restorick and Mundy, 1989; Bouchelouche et al., 2005). Thus, although the
functional importance of a-ARs in the normal human bladder is still unclear, there is a
possibility that this may play a role in pathological bladders such as outflow obstruction
(Perlberg and Caine, 1982) and neurogenic damage (Sundin and Dahlstrom, 1973) by
altering the balance between the a;-ARs mediated contraction and B-ARs mediated
relaxation (Rohner et al., 1978).

b. p-adrenoceptors (f-ARs)

Both functional and receptor binding studies have demonstrated the presence of B-
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adrenoceptors in the detrusor muscle of several mammals, including human (Morita et al.,
1990; Morrison et al., 1996). In most species, B,-adrenoceptor seems to predominate,
playing an important role in relaxation of detrusor muscle via activation of adenylyl
cyclase with species differences (Morita et al., 1993; Longhurst and Levindusky, 1999).
However, in humans, the f -adrenoceptors of detrusor muscle were shown to have
functional characteristics of neither B; nor B ;-adrenoceptors because they could be
blocked by propranolol but not by practolol or butoxamine (Nergéardah et al., 1977,
Larsen, 1979). Takeda et al. (1999) have looked into the evidence for B3-adrenoceptor
subtypes in relaxation of the human urinary bladder detrusor by reverse transcription-
polymerase chain reaction (PCR) and the results suggested that B3-adrenoceptor may have
some role in storage of urine. In the human bladder, it is now accepted that the most
important B-AR for bladder relaxation is the B3-AR (Igawa et al., 1999; Yamaguchi,
2002). However, Hudman et al. (2001) have shown that the B,-AR agonist, clenbuterol,
inhibited electrically evoked contractions in human ‘unstable’ bladder, but not in the
normal detrusor. This reconfirmed the results of previous studies in humans showing
inhibition of detrusor overactivity with B,-AR agonist such as terbutaline (Lindholm and
Lose, 1986). Badawi et al. (2005) also demonstrated the B,-AR mediated relaxation of
porcine detrusor muscle. Although the effects were smaller compared to the pig, similar
relaxant effect was observed in the human detrusor in presence of selective P,-and B3-AR-
agonists.

Alteration in the receptor types and subtypes has always intrigued researchers in this field.
Nomiya et al. (2002) compared the expression level of a;-AR subtype mRNA to that of B-

AR subtype mRNA in control and obstructed human bladders by a real-time quantitative
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reverse transcriptase-polymerase chain reaction. They also examined whether a;-AR
mediated contraction and B-AR mediated relaxation of human detrusor muscle are altered
by bladder outlet obstruction. These findings indicate that neither up-regulation of a;-AR
nor down-regulation of B-AR occurs. It also indicates that relaxation mediating B3-ARs are
by far the most predominant in the human obstructed bladder. Therefore, it is unlikely for
a;-ARs to be responsible for detrusor overactivity and storage symptoms in patients with
benign prostatic obstruction.

2.11.3 Non-adrenergic Non-cholinergic (NANC) mechanisms
In most mammalian species, an atropine resistant component of the neuronally induced
bladder contraction has been well recognised for a long time that (Andersson, 1993). Two
different components of the contractile response to electrical stimulation were
demonstrated by in vitro (Maggi et al., 1985; Levin et al., 1986; Parija et al., 1991) and in
vivo (Brading and Inoue, 1991; Igawa et al., 1993) studies; a cholinergic component and a
non-adrenergic non-cholinergic component (NANC). The fast response was elicited by a
NANC transmitter (Lluel et al., 2002).
The contribution of NANC pathway-mediated response in the total contraction depends on
the frequency of electrical field stimulation and also on the animals. Atropine was found
to inhibit the contractile response to the electrical field stimulation by 25%, 40% and 75%
in bladder strips from rats, rabbits and pigs respectively (Brading and Inoue, 1991). In the
nonhuman bladders, atropine resistance was greatest at low frequencies of stimulation
(Brading and Williams, 1990).
The role of a NANC mechanism in the normal human bladder contraction was disputable

and inconsistent findings have been reported in different studies (Andersson et al., 1991).
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In normal human bladders atropine completely abolished the nerve mediated contractions
indicating that nerve mediated contraction in human bladder to be exclusively cholinergic
(Sibley, 1984; Kinder and Mundy, 1985). Comparative studies on stable, unstable and
obstructed human bladders also did not show any significant alteration in the atropine
resistant component of muscle contraction to electrical field stimulus (Tagliani et al.,
1997; Bayliss et al. 1999; Fry et al., 2002; Harvey et al., 2002). On the other hand, some
researchers have suggested that the NANC component perhaps play an important role in
normal bladder contraction (Cowan and Daniel, 1983; Luheshi and Zar, 1990; Bayliss et
al., 1999).

Yoshida et al. (2001) found significant positive and negative correlations between age and
the purinergic or cholinergic neurotransmissions in human isolated bladder smooth
muscles. The age-related changes in neurotransmissions may contribute to the changes in
bladder function in the elderly. An atropine-resistant component up to 50% of the
electrically induced contraction in detrusor muscle was demonstrated from male patients
with detrusor overactivity (Sjogren et al., 1982) and outflow tract obstruction (Nergardh
and Kinn, 1983). The contribution of the atropine-resistant component up to 50% of
bladder contractile response in different pathological conditions associated with detrusor
overactivity has also been reported by other investigators (Kinder and Mundy, 1985; Palea
et al.,, 1993; Bayliss et al., 1999). However, in normal human detrusor, this component
proved to be very small (Sjogren et al., 1982; Brading, 1987; Andersson, 1993). Thus, the
significance of the NANC component for normal bladder contraction and in different

micturition disorders remains to be established.
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a ATP
Levin et al. (1986) suggested that the purinergic transmitter ATP (adenosine triphosphate)
may be responsible for the atropine-insensitive portion of the contraction. Several
investigators supported that the NANC component of contractile response by nerve
stimulation in mammalian bladder was actually mediated by the excitatory transmitter

ATP (Andersson, 1993; Theobald, 1995; Burnstock, 2001).

ATP

Ca-activated

uDepol channels

sarcoplasmic
reticulum

calmodulin

Ca4 calmodulin
complex

I

Contractile proteins

Fig. 7 Illustration showing the origin of the purinergic Ca2+ transients mediated by
P2X receptors: ATP released from nerve endings activates P2X receptors located on
bladder smooth muscle cell membrane. Ca2+ influx through the P2X receptors underlies
the purinergic Ca2+ transients. The membrane potential depolarization arising from Ca2+
and Na+ influx through P2X receptors would open voltage-gated calcium channels
(VDCCs) allowing significant Ca2+ influx into the cell. (Wu et al., 1999)

ATP was found to act on two types of purinergic receptors: ion channel (P2X) and a G

protein-coupled receptor (P2Y) (Abbracchio and Burnstock G, 1994). Seven P2X
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subtypes and eight P2Y subtypes have been identified (Valera et al., 1994; Zhou and
Galligan, 1996; Ralevic and Burnstock, 1998; Khakh et al., 2001; North, 2002). Bo and
Burnstock (1993) demonstrated that the phosphate side chain in molecules of ATP and its
analogues is the key structure responsible for the binding to P2X receptors. The contractile
response of detrusor muscle to ATP seemed to be mediated by activation of a ligand-gated
cation channel (P2X receptor) resulting in extracellular Ca** influx (Dubyak and El
Moatassim, 1993; Burnstock and Williams, 2000; Heppner et al., 2005) (Fig. 7).

Immunohistochemical studies using specific antibodies against different types of P2X
receptors demonstrated that P2X; to be the predominant one in rat and mouse detrusor
muscle (Lee et al., 2000; Elneil et al., 2001). In adult human bladder, P2X,; was also found
to be the principal purinergic receptor subtype, followed by P2X,, P2X; and P2X;s
(O’Reilly et al., 2001). The purinergic component played an active part (~ 50%) in nerve-
mediated contractions in overactive bladder muscle strips compared to normal bladder
muscle of control group, where this component was absent (O’Reilly et al., 2002). Calvert
et al. (2001) reported that the purinergic component of nerve-mediated detrusor
contraction in rabbits was enhanced while the cholinergic component was decreased in
early stages of bladder obstruction. The enhanced purinergic response may be due to
changes in P2X receptor subtypes in bladders (Moore et al., 2001; O’Reilly et al., 2002).
Selective absence of P2X3 and P2Xs receptors in detrusor muscle from patients with
overactive bladder was demonstrated by Moore et al. (2001) and this was suggested to be
a contributory factor in the pathophysiology of urge incontinence. The activated purinergic
response contributing to abnormal bladder contractions was explained as a result of

reduced hydrolysis of ATP rather than an increased sensitivity of ATP to bladder muscle
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(Harvey et al., 2002; Wu et al., 1999)
b. Nitric oxide

The inhibitory NANC response in the lower urinary tract depends mainly on nitric oxide
(NO) derived from L-Arginine (Andersson and Persson, 1995; Burnett, 1995; Mumtaz et
al., 2000). NO was found to relax smooth muscle from the urinary outflow region of
various animals, including humans, by activating guanylate cyclase and thereby increasing
cGMP levels (Murad, 1994; Persson and Andersson, 1994). Pharmacological studies have
provided evidence that NO is a transmitter that relaxes the urethral smooth muscle
resulting in a decrease the intraurethral pressure at the beginning of normal micturition
(Lee et al., 1994). Although NO-guanylate cyclase-cGMP system seems play the key role
in NANC nerve-mediated relaxation of urethral smooth muscle, the adenylyl cyclase-
cAMP system is more important for relaxation of detrusor smooth muscle (Morita et al.,
1992; Truss et al., 1996). Inhibition of the NO-cGMP pathway in the lower urinary tract
can interfere with bladder outlet relaxation causing micturition disorders. Contractions of
detrusor muscle against a partially closed urethra can result in incomplete emptying of the
bladder. Detrusor overactivity may be a result of this incoordination between the bladder
and its outlet (Persson et al., 2000). Detrusor smooth muscle has a low sensitivity to NO
compared to the outflow region (Andersson and Persson, 1995). However it has been
suggested that production of NO perhaps play a role in the NANC-mediated detrusor
relaxation in response to electrical stimulation (Klarskov, 1987; James et al. 1993;
Theobald, 1996), possibly by altering the blood flow to bladder wall during the filling
phase (Azadzoi et al., 1996; Kozlowski et al, 1999). Although, the available data failed to

establish a definite role of NO as a neurotransmitter causing direct relaxation of the
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detrusor smooth muscle, this does not exclude the possibility of NO modulating the effects
of other neurotransmitters, or its role in afferent neurotransmission (Felsen et al., 2003).
¢. Neuropeptides
In addition to the "classical" neurotransmitters, noradrenaline and acetylcholine, the
urinary bladder contains several neuropeptides. These include vasoactive intestinal
polypeptide (VIP), substance P (SP), somatostatin (SOM), enkephalin (ENK),
neuropeptide Y (NPY) and calcitonin gene-related peptide (CGRP) which has been
demonstrated in the lower urinary tract of various mammals, in cultures of guinea-pig
bladder and in man (Gu et al., 1984; Mattiasson et al., 1985; Crowe et al., 1991). The
functional role of these neuropeptides in the human lower urinary tract has not been fully
established. Their contribution in the pathophysiology of overactive bladder is at present
unclear (Maggi, 1991). Uckert et al. (2002) evaluated the functional effects of different
peptides, including atrial natriuretic peptide (ANP), calcitonin gene related peptide
(CGRP), endothelin 1 (ET-1), substance P (SP) and vasoactive intestinal polypeptide
(VIP) on isolated strip preparations of human detrusor smooth muscle and determined the
presence of those peptides in the human detrusor by means of immunohistochemistry.
Their results showed that ET-1 and SP elicited dose-dependent contractions of the tissue
and VIP caused relaxation accompanied by an increase in cGMP levels.
d. Vasoactive Intestinal Polypeptide

Vasoactive intestinal polypeptide (VIP) is known to bind to two types of receptor, VPAC,
and VPAC,, in several types of smooth muscle (Harmar et al., 1998), including the human
urinary bladder (Reubi, 2000). Although the peptide inhibited the spontaneous contractile

activity of isolated human detrusor muscle, it had little effect on agonist-induced
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contractions or contractions evoked by electrical field stimulation (Kinder et al., 1985;
Sjogren et al., 1985). Uckert et al. (2002) demonstrated a concentration-dependent
relaxation of human detrusor strips in response to carbachol in the presence of VIP. VIP
was proved to be one of the non-cholinergic and non-adrenergic neurotransmitter in the
pelvic nerve system, and was thought to play an important role in the muscle relaxation of
the bladder neck and the posterior urethra (Hosokawa and Kaseda, 1993). The effect of
vasoactive intestinal polypeptide (VIP) on the contractile activity of the urinary bladder
was investigated in the rat by Erol et al. (1992). They demonstrated that VIP caused a
weak contraction and a small potentiation of carbachol- and acetylcholine-induced
contractions. VIP levels were found to be significantly reduced in patients with idiopathic
detrusor overactivity (Gu et al., 1983; Chapple et al., 1992) or neurogenic detrusor
overactivity (Kinder et al., 1985), which might play a role in the pathophysiology of some
forms of detrusor overactivity.
e. Endothelins

Endothelins are found to be present in rabbit and human detrusor smooth muscle (Saenz et
al., 1992). ET-1, as well as ET-3, can produce slow contractions in both human and
animal detrusor muscle (Maggi et al., 1989b; Garcia-Pascual et al., 1990; Andersson and
Persson, 1993). Traish et al. (1992) demonstrated that the threshold concentration of ET-3
required initiating a contractile response was higher than that of ET-1 and ET-2. ET
receptors were also classified into two other subtypes, ET4, bound to ET-1 and ET-2; and
ETg, bound to ET-3 (Traish et al., 1992). The probable role of ET, in detrusor contraction
both in animal and human bladders was defined by few other investigators (Donoso et al.,

1994; Latifpour et al., 1995; Okamoto-Koizumi et al., 1999; Calvert et al., 2002). The
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mechanism of action of ETs involves activation of L-type Ca®* channels and
phospholipase C (Maggi et al, 1989b; Persson et al., 1992; Garcia-Pascual et al., 1990 and
1993). However the functional role of ETs in bladder contraction has yet to be properly
defined. The slow onset of the contractile effects of ET probably suggests that it does not
play any direct role in bladder emptying (Andersson and Arner, 2004). However, an
increased expression of ET, receptors has been reported in rabbit bladder with outflow
obstruction (Khan et al., 1999).

g. Prostanoids
Prostanoids (prostaglandins and thromboxanes) are synthesized by cyclooxygenase (COX)
and are found in the bladder muscle and mucosa (Maggi, 1992; Khan et al., 1998). Their
synthesis was found to be initiated by different physiological stimuli like stretch of
detrusor muscle or pathological stimuli like injury to the vesical mucosa or inflammatory
agents such as bradykinin (Jeremy et al., 1987; Khan et al., 1998). Andersson (1992) has
shown that PGF,, PGE,, and PGE, contract isolated human and animal detrusor muscle,
and suggested that prostaglandins may play a role in the maintenance of detrusor tone.
Creed and Callahan (1989) suggested that the prostanoids may have an effect on the
excitation-contraction coupling in the bladder smooth muscle, directly or indirectly via
effects on neurotransmission, possibly by mobilizing Ca®* from the sarcoplasmic

reticulum.
2.12 Summary

The ultrastructure of urinary bladder plays an important role in its functional anatomy

which includes interplay between autonomic system, smooth muscle, connective tissue
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and epithelial elements. Extensive research in this field has demonstrated the presence of
numerous neurotransmitters or modulators and their involvement in smooth muscle
contraction, although the contribution of different receptors to muscle contraction was
found to vary amongst different species. The two most important receptors involved in
muscle contraction are muscarinic (M3) and purinergic (P2X,) (Fig 6 & Fig 7). In rat
urinary bladder, both cholinergic and purinergic pathways are active. The muscarinic
pathway is mainly responsible for normal human bladder contraction; however, this
contribution may alter in some pathophysiological conditions. The main pathway for
detrusor muscle relaxation is via activation of adenylyl cyclase-cAMP by adrenergic Bs-
receptors, although other pathways involving NO also may contribute.

As with all smooth muscles, detrusor contraction involves the interaction of actin and
myosin, via phosphorylation of myosin light chains by myosin light-chain kinase (MLCK)
(Hathaway et al., 1985; Kamm and Stull, 1989). In turn, phosphorylation of myosin
filaments depends upon a phasic increase in cytoplasmic calcium concentration either by
extracellular Ca®* influx into cell cytoplasm or by release of vesicle-bound or stored Ca**
from the sarcoplasmic reticulum (SR) (Stull et al., 1988). Generation of detrusor pressure
depends on the interaction of actin and myosin with Ca**, mediated by MLCK, and the
breakdown of cytosolic ATP (Stull et al., 1988; Kamm and Stull, 1989; Chacko and

Longhurst, 1994).
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CHAPTER 3

HISTORICAL BACKGROUND

OF

URINARY INCONTINENCE



3.1 Introduction

Urinary incontinence (UI) is a very common problem, affecting up to two-thirds of all
women (Smith et al., 2006). It is more prevalent in elderly populations and is associated
with social isolation and stigmatization, decreased quality of life (Burgio and Ouslander,
1999), depression (Dugan et al., 2000; Wong et al., 2006), and the end of independent
living for some elderly women (Jackson et al., 2005). The prevalence is definitely
underestimated in the clinical setting, as a substantial number of patients avoid any
medical help; it is estimated that only 1 in 4 symptomatic women seek help for this
problem (Nygaard and Heit, 2004). Ul is also associated with skin problems, sleep
disturbances, urinary tract infection, falls, fractures and institutionalization (Brown et al.,
2000; Le Lievre S, 2001; Coyne et al., 2003; Heidrich and Wells, 2004; Teo et al., 2006).
In a recent report, Abrams et al. (2002b) estimated that 200 million adults worldwide are
incontinent. It has large resource implications for the health service and the individual
(Dallosso et al., 2003a). The cost in the American elderly population alone has been

estimated to exceed $19.5 billion yearly (Hu et al., 2004).

3.2  Evolution of definitions

The International Continence Society (ICS) is an international organisation, which tries
to provide useful and standard definitions. Bates et al. (1979) defined urinary
incontinence as an involuntary loss of urine, which is objectively demonstrable and
causes a social or hygenic problem, but recently the ICS updated the definitions (2002b).
The new definitions are compatible with the WHO publication ICIDH-2 (International

Classification of Functioning, Disability and Health) published in 2001 and ICD10, the
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International Classification of Diseases. ‘As far as possible, the definitions are descriptive
of observations, without implying underlying assumptions that may later prove to be
incorrect or incomplete’. By following this principle of objective assessment, the
International Continence Society (ICS) aims to compare of the outcome and enable
effective communication by investigators who use urodynamic methods.

The three most common types of urinary incontinence were described as a symptom and
sign or urodynamic observation. Symptoms are the subjective indicator of a disease or
change in condition as perceived by the patient, carer or partner and may lead him or her
to seek help from health care proffesionals. Signs are observed by the physician including
simple means, to verify symptoms and quantify them and urodynamic observations are

observations made during urodynamic studies.

3.3  Stress Urinary Incontinence

e as asymptom it is defined as the complaint of involuntary leakage on effort or
exertion, or on sneezing or coughing.

e asasign it is defined as observation of involuntary leakage from the urethra,
synchronous with exertion/effort, or sneezing, or coughing. Stress leakage is presumed to
be due to raised abdominal pressure.

e As aurodynamic observation it has been defined as urodynamic stress
incontinence — the involuntary leakage of urine during increased abdominal pressure in

the absence of detrusor contraction.
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34 Urge Urinary Incontinence:

e as a symptom it is defined as a complaint of involuntary leakage accompanied by
or immediately preceded by urgency, which is a sudden compelling desire to pass urine
that may be difficult to defer.

« as a urodynamic observation it has been defined as detrusor overactivity (DO)
incontinence - leakage due to involuntary detrusor contractions during the filling phase
which may be spontaneous or provoked.

3.5 Mixed Urinary Incontinence:

* as a symtom it is defined as a complaint of involuntary leakage associated with

urgency and also with effort or exertion, or on sneezing or coughing

* as a urodynamic observation it has both the features of urodynamic stress

incontinence (USI) and detrusor overactivity (DO)” (Abrams et al., 2002b).

Bladder wall

bladder MUI

midurethra

Fig. 8 Shematic diagram showing the relationships between different types of urinary

incontinence
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3.6 Lower Urinary Tract Symptoms (LUTS)

The report from the standardization sub-committee of the international continence society
(2002) classified the LUTS into three main groups: storage, voiding and post micturition
symptoms. Storage symptoms are experienced during the storage phase of the bladder
cycle, which include urinary incontinence of any nature (Abrams et al., 2002b), increased
daytime frequency, urgency and nocturia. Increased daytime frequency is the complaint
by the patient who considers that he/she voids too often by day. Nocturia is the complaint
that the individual has to wake at night one or more times to void. Urgency is the

complaint of a sudden compelling desire to pass urine, which is difficult to defer.

3.7 Overactive Bladder (OAB)

While redefining the terminology of lower urinary tract function, the ICS introduced a
new term - a symptom complex, Overactive Bladder (OAB), that includes most of the
components of storage symptoms excluding stress urinary incontinence (Abrams et al,
2002b).  Overactive Bladder, according to the ICS updated standardization, is
characterized by urinary urgency with or without urge incontinence, usually with
frequency and nocturia (Abrams, 2002b). Urodynamic test demonstrates that detrusor
overactivity (DO) is characterized by involuntary and unpredictable contractions of the
detrusor muscle during filling cystometry, which causes increased urgency (an
uncontrollable desire to void) and, for the most part, maps onto the clinically defined
syndrome (Wagg et al., 2007).

Although, it is widely believed that OAB symptoms are due to involuntary contractions

of the detrusor muscle during bladder filling, other factors like increased sensitivity of the
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detrusor muscle or abnormalities of the urothelium may also play significant roles
(Abrams and Wein, 2000). If the urge cannot be suppressed, incontinence occurs.
Urgency is one of the cardinal symptoms and the only sensory symptom of OAB
(Abrams and Wein, 2000). Only about a third of patients with OAB experience UI (Wein
and Rackley, 2006). The relevance of storage symptoms in the OAB syndrome was
confirmed by Milsom et al. (2001), who found that urinary frequency and urgency were
the most frequent symptoms (85% and 54% respectively), while urge incontinence was
found in 36% only. If incontinence is associated with overactive bladder symptoms then
it is classified as ‘wet’ OAB (about 33% of OAB cases) and absence of any leakage
problem is termed as ‘dry’ OAB (66%) (van derVaart et al., 2002). It is interesting to
note that patients complaining of OAB symptoms do not always have urodynamic proven
detrusor overactivity (DO) and vice versa. This has been described in detail later in the
chapter (pp 101).

Millions of people of both sexes and all age groups suffer from this highly prevalent and
disabling bladder condition, and although it is not restricted to the elderly population, the
prevalence of OAB increases with age (Stewart et al., 2003). OAB carries significant
social impact for an individual patient, for the community and public healthcare systems
(Hu et al., 2004). The unpredictable nature of OAB has a detrimental affect on quality of
life (Stewart et al., 2003) and it can affect individual mental health and social well being
(Abrams et al., 2000).

OAB diagnosis may require clinical and instrumental evaluations (urological or
gynaecological) and long-term treatment. Disease management includes physiotherapy,

drugs treatment and continence devices. Significant economic damage results from the
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indirect costs secondary to lost wages and productivity (Debruyne and Heesakkers,
2004). The combined community and institutional costs of OAB in the US have been
estimated to be around US $ 12.6 billion. Wet OAB is associated with higher costs
compared to the dry syndrome (Hu and Wagner, 2000). Considering the current
underestimation of OAB prevalence, due to reluctance to seek medical assistance,
particularly in some social groups, the costs of managing the condition will probably

increase in the future (Tubaro and Palleschi, 2005).

38 Epidemiology of urinary incontinence and overactive bladder

3.8.1 Prevalence
Prevalence is the probability of suffering from a pathologic condition within a defined
population and at a defined time point; it expresses the distribution of a specific disease
in a defined population. The estimation of disease prevalence is essential to evaluate its
relevance as a medical problem and to plan adequate intervention (Tubaro and Palleschi,
2005). As mentioned previously, urinary incontinence affects mainly the elderly
population; about 200 million adults worldwide are incontinent (Abrams, 2002b).

3.8.2  Prevalence of urinary incontinence
Over the past decades, various studies have been carried out to assess the prevalence of
UI in the general population. In a recent study, Anger et al. (2006a) have reported an
estimated overall prevalence of urinary incontinence in women to be 38%. Throughout
the years, wide ranges of prevalence rates (5% to 54%) have been reported in several
studies with a mean prevalence of 28% (Diokno et al., 1986; Holtedahl and Hunskaar,

1998; Hannestad et al., 2003a, Minassian et al., 2003). This is due to lack of uniformity in
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definitions, populations studied and study designs (Hunskaar et al., 2003, Nygaard and
Heit, 2004). For example in a cross-sectional survey conducted by Asian Society for
Female Urology (ASFU) of 5,506 Asian women to determine the prevalence of
incontinence (Lapitan and Chye, 2001) the question used to establish the prevalence of
incontinence was different from the American and European surveys. The question asked
in the Asian study seemed more focused on urge incontinence than any incontinence
(“Have you ever leaked urine inappropriately before reaching the toilet in the past 6
months?”). In a large population based study to measure the prevalence of incontinence
in women in the community Anger et al. (2006a) analyzed data from women responding
to the National Health and Nutrition Examination Survey (1999-2000). The question
asked was "In the past 12 months, have you had difficulty controlling your bladder,
including leaking small amounts of urine when you cough or sneeze (exclusive of
pregnancy or recovery from childbirth)?" Whereas, in the study by Jackson et al. (2004),
urinary incontinence was classified clearly as stress, urge, or other by asking "In the past
12 months, when does your leakage of urine usually occur?" The response options were
(a) "With an activity like coughing, lifting, standing up or exercise" (stress); (b) "When
you have the urge to urinate and can't get to a toilet fast enough" (urge); or (c) "You leak
urine unrelated to coughing, sneezing, lifting or urge" (other). The overall urinary
incontinence was reported to be 21% at least weekly; of which 42% and 40% being urge
and stress incontinence respectively. It becomes obvious that the outcome of different
epidemiological studies performed in different countries at different times were often not
comparable as they failed to specify target groups with specific validated symptom-based

criteria. The Leicestershire MRC study group has worked on a validated questionnaire

93



targeted to a specific age group in the community after the introduction of standardization
in the terminology of lower urinary tract symptoms by the ICS in 2002 (Dallosso et al.,

2003a).

Urgency Ul
21% Mixed Ul
28%
4%
Stress Ul
47%

Fig. 9 Prevalence ofpatients having different types ofurinary incontinence (Abrams et

al., 2005)

3.8.3  Prevalence ofoveractive bladder
Overactive bladder is the commonest bladder problem in late life, affecting up to 41% of
men and 31% of women over 75 and the elderly experience more severe disease (Chappie
et al., 2004).
The most important recent data on OAB prevalence came from the National Overactive
Bladder Evaluation (NOBLE) program. This was the first epidemiologic analysis
reporting OAB prevalence in both sexes, in a population of 18 years of age or older,

using validated symptom-based criteria. In this report, estimation of prevalence in the
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United States was 16% in men and 16.9% in women, with a global number of 33 million
citizens suffering from symptoms of OAB (Stewart et al., 2003). In Europe, a recent
study conducted by Milsom et al. (2001) estimated an overall OAB prevalence of 16.6%
(15.6 in men and 17.4% in women), in a population-based survey in individuals over 40
years of age. In this study, frequency (85%) was the most commonly reported symptom,
followed by urgency (54%) and urge incontinence (36%). The prevalence of overactive
bladder symptoms increased with advancing age. Overall, 60% of symptomatic patients
had consulted a doctor and only 27% were on medical treatment. The overall prevalence
of frequency and urgency were similar in both men and women, whereas urge
incontinence was more prevalent among women than men.

In an Asian study from eleven countries, the overall prevalence of OAB was found to be
53.1% (Lapitan and Chye, 2001). The most common presenting symptom was urgency
(65.4%). Twenty-one per cent of the OAB population presented with incontinence, giving
an overall prevalence of 11.4% for urge incontinence among Asian females (Lapitan and
Chye, 2001). Another epidemiological survey in Japan determined the prevalence of
overactive bladder (OAB) symptoms to be 12.4% (men 14%, women 11%), where OAB
was defined as a symptom complex of daily urinary frequency of eight or more times and
urgency once or more per week (Homma et al., 2005). An Austrian study (Temml et al.,
2005) has reported the prevalence of overactive bladder to be 10.2% in men (dry- 8.4%,
wet-1.8%) and 16.8% in women (dry-10.3%, wet-6.5%). Teloken et al. (2006) in Brazil
has found the prevalence of OAB to be 18.9%. In the Spanish study, the overall
prevalence of symptoms suggestive of OAB according to the OAB definition from ICS

report 2002 was 21.5%, significantly higher in women (25.6%) than men (17.4%)
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(p<0.05) (Castro, 2005). A Canadian study based on a validated, computer-assisted
telephone interview (CATI) system, reported the prevalence of overactive bladder (OAB)
to be 18.1% (men 14.8% and women 21.2%). Dry OAB was assessed to be the highest
sub-type, with a rate of 13.6% (11.7% in men and 15.6% in women). The prevalence of
wet OAB was estimated to be 2.3%, 2% in men and 2.6% in women (Corcos and Schick,
2004). van der Vaart et al. (2002) reported that 66% of the patients with OAB were found
to be dry (without urinary incontinence) and about 33% present wet OAB (with urinary
incontinence). In the NOBLE study, the overall prevalence of dry and wet OAB was
10.3% and 6.1%, respectively, with a clear gender difference. In women, the prevalence
of wet and dry OAB was similar (9.3% and 7.6%, respectively), while in men, dry OAB
was more common -13.4% versus 2.6% (Stewart et al., 2003). Thus it is clearly evident
from most of these studies that dry OAB is more common than wet and the later is found
more often in women. Patients, irrespective of the nature of OAB - wet or dry, are
strongly conditioned by OAB symptoms in their social, psychological (Corna and
Cairney, 2005; Vigod and Stewart, 2006), occupational (Fultz et al., 2005; Han et al.,
2006) and sexual activities (Lam et al., 1992; Patel et al., 2006; Coyne et al., 2007; Sen et
al., 2007). Wet OAB is associated with a higher degree of bother and higher costs
compared with the dry syndrome (Tubaro and Palleschi, 2005).

The report of the recent EPIC study has been published in December 2006 (Irwin et al.,
2006). To date, this is the largest population-based cross-sectional survey to assess
prevalence rates of OAB, UI, and other LUTS among men and women in five countries
(Canada, Germany, Italy, Sweden, and the United Kingdom) and also to evaluate these

symptoms simultaneously using the 2002 ICS definitions. The overall prevalence of OAB
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was 11.8%; rates were similar in men and women and increased with age. OAB was

more prevalent than all types of UI combined (9.4%). At least one LUTS was reported to

be present in 64.3%. Nocturia was the most prevalent LUTS (men, 48.6%; women,

54.5%). The prevalence of storage LUTS (men, 51.3%; women, 59.2%) was greater than

that for voiding (men, 25.7%; women, 19.5%) and postmicturition (men, 16.9%; women,

14.2%) symptoms combined.

Table 1 Prevalence of overactive bladder (OAB) in different studies (different countries)

Authors Country Prevalence
Tikkinen et al 2007 Finland 6.5% (men: 9.3%, women: 10.6%)
Irwin et al 2006 Eur,UK,Canada 11.8% (men and women equal)
Teloken et al 2006 Brazil 18.9%
Temml et al 2005 Austria 13.5% (men: 10.2%, women: 16.8%)
Castro et al 2005 Spain 21.5% (men: 17.4%, women: 25.6%)
Homma et al 2005 Japan 12.4% (men: 14%, women: 11%)
Coros et al 2004 Canada 18.1% (men: 14.8%, women: 12.2%)
Stewart et al 2003 US.A 16.4% (men: 16%, women: 16.9%)
Milsom et al 2001 Europe 16.6% (men: 15.6%, women: 17.4%)
Lapitan et al 2001 Asia 11.4% (women)
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3.9 Natural history and relationship between OAB and detrusor overactivity

The overactive bladder was probably first described 100 years ago by Dudley who
distinguished between active and passive incontinence based mainly on sphincter
weakness (Dudley, 1905). However, this distinction failed to incorporate the full meaning
of the recent terminology as it refers purely to detrusor overactivity incontinence.
Following Dudley’s description, several other terms were introduced including
uninhibited or hypertonic bladder and bladder dyssynergia. The emphasis on ‘urgency’
was highlighted by Taylor and Watt (1917) to distinguish incontinence preceded by
urgency from simple incontinence without urgency. The term ‘unstable bladder’ was
introduced by Bates et al. (1970) while describing the investigation of urge incontinence
using cinecysturethrography, which is now known as videourodynamics. Moreover, the
unstable bladder was sub classified into detrusor hyperreflexia (in the presence of a
neurological lesion) and detrusor instability (without any obvious neurological cause)
(Bates et al, 1970). These were generic terms used in the English speaking world and
Scandinavia before the first ICS terminology report in 1976, which did not have exact
definitions and were used as general terms for detrusor overactivity (Garnett and Abrams,
2003). As each term was more popular than the other in different parts of the world each
was allocated a definition as a compromise but there is no real logic or meaning to the
terms. In view of this, the ICS decided to standardize the relevant terminologies (Abrams
and Wein, 2000). The term overactive bladder was introduced for better understanding by
patients and detrusor overactivity was defined as an urodynamic observation
characterized by involuntary detrusor contractions during the filling phase, which may be

spontaneous or provoked (Abrams et al., 1988). The involuntary bladder contractions
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may be symptomatic or not. When the spontaneous bladder contractions occur at volumes
below the patient's functional bladder capacity, the overactive bladder becomes
symptomatic and this usually occur under circumstances of normal daily activity. The
exact relationship between the sensation of urgency and increased detrusor pressure with
muscle contraction is still unclear (Wyndaele, 2001). Haylen et al. (2007) has
commented that sensory urgency and detrusor overactivity appear to be part of the same
spectrum of bladder dysfunction.

Amongst patients complaining of symptoms of the overactive bladder, the commonest
cause is detrusor overactivity, which is a diagnosis made on urodynamic study. Detrusor
overactivity might not be detected on conventional urodynamic study in presence of
overactive bladder symptoms. A role for ambulatory urodynamics was highlighted by
Radley et al. (2001), where ambulatory urodynamics was compared with the
conventional video cystometry findings in women with symptoms of detrusor
overactivity. Objective evidence of clinically important detrusor overactivity was
obtained to a greater extent by ambulatory urodynamics in the majority of women with
symptoms suggestive of detrusor overactivity. The correlation of symptoms with the
findings of ambulatory urodynamic study suggested that probably clinical symptoms are
more reliable for diagnosing detrusor overactivity. Normal cystometrogram showing
stable bladder in symptomatic women should be interpreted with caution.

Detrusor overactivity may be neurogenic or idiopathic in origin. A subset of patients with
an overactive bladder will also complain of urge urinary incontinence, which may prove
to be detrusor overactivity incontinence on urodynamic investigation (Garnett and

Abrams, 2003).
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3.10 Risk factors for urinary incontinence and overactive bladder

Primary prevention of any prevalent health problem is based on identifying populations at
risk of developing the condition, the factors associated with those problems, and
strategies that help individuals to alter the modifiable risk factors in their lives. This
includes a focus on early treatment to manage and resolve symptoms or disease
progression. The populations at risk for urinary incontinence and overactive bladder
symptoms have been identified: women in selected occupations (Jorgensen et al., 1994),
with higher education (Anger et al.,, 2006a), childbearing women, older adults with
lifestyle risk factors (Kuh et al., 1999), older adults with co morbidity (Rohr et al., 2005),
and nursing home residents (Sgadari et al., 1997). Lifestyle factors such as smoking
(Bump and McClish, 1992; Hannestad et al., 2003b) or caffeine consumption (Arya et al.,
2000; Freeman and Adekanmi, 2005) and modifiable risk factors such as diet (Dallosso et
al., 2004a, b) or physical activities (Danforth et al., 2007) are also considered. The details
of the studies describing these associations are discussed below.

3.10.1 Age

Increasing age was highly associated with both forms of incontinence (Rohr et al., 2005).
A recent review of the literature showed that the prevalence of significant urinary
incontinence increases from the second to the eighth decades with two distinct peaks, one
in the fifth decade of life, and the second in the eighth decade (Minassian et al., 2003). A
similar trend was also reported by Hunskaar et al. (2003), who mentioned that the
prevalence of urinary incontinence in women increases along the lifespan, stabilizing at
age 50 years (at around 30%) and then increasing at age 70 years to approximately 40%.

Stress incontinence was found to be much higher than urge (12.4% and 1.6%
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respectively) in a population with mean age of 40 years (Peyrat et al., 2002). More severe
and troublesome incontinence probably occurs with increasing age, especially age older

than 70 years (Hunskaar et al., 2000).
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Fig. 10 Prevalence ofthe three most common types of incontinence by age.

(Hannestad et al., 2000)

The prevalence of overactive bladder symptoms increased with advancing age (Milsom et
al., 2001). The prevalence of wet OAB presents a steeper increase with age in the female
population while the opposite occurs for dry OAB (Stewart et al., 2003). The relation
between OAB prevalence and age was confirmed in studies conducted in Europe
(Milsom et al., 2001).
3.10.2  Sex

UI was found to affect 3 in 10 women and the prevalence of Ul in men was reported to be
half that of women, although maintaining the increasing trend with age (Hannestad et al.,
2002). As mentioned earlier in the chapter, Anger et al (2006a) in U.S in their study

based on the data of National Health and Nutrition Examination Survey (1999-2000), has
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reported the overall prevalence of urinary incontinence in women to be 38%. The
prevalence of daily incontinence increased with age, ranging from 12.2% in women 60 to
64 years old to 20.9% in women 85 years old or older. Of women reporting any
incontinence, 13.7% reported daily incontinence, and an additional 10.3% reported
weekly incontinence, whereas the overall prevalence of urinary incontinence in men in
that study (Anger et al., 2006b) was 17%. Prevalence increased with age from 11% in
men 60 to 64 years old to 31% in men 85 years old or older. Of the men reporting any
incontinence, 42% reported daily incontinence and 24% reported it weekly. Black men
had the highest prevalence of male incontinence (21%) and black women had the lowest
prevalence of female incontinence (20%). A recent literature review including many
worldwide studies also showed that the prevalence of UI in women was 27.6%
(Minassian et al., 2003). It affects up to 30% of those living in the community and 50%
of those living in institutions (Fantl et al., 1996; Hu et al., 2004). Importantly, prevalence
in long-term care facility residents is higher; approximately 50% of both sexes are
incontinent of urine (Kinchen, 2002). The most common type of female urinary
incontinence is stress urinary incontinence, affecting 50% of all incontinent women
followed by mixed incontinence (32%) and urge urinary incontinence (14%) (Abrams et
al, 2002a). Among older, non-institutionalized women with incontinence evaluated in
referral centres, stress incontinence is found less often, and detrusor abnormalities and
mixed disorders are more common than in younger ambulatory women. This could have
been explained by the fact that female bladder and urethral function appear to deteriorate
throughout adult life (specifically, detrusor contractility, bladder sensation, and urethral

pressure) whether detrusor overactivity is present or not (Pfisterer et al., 2006). The
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overall prevalence of urinary incontinence was 20% among women less than 60 years of
age and 44% among those older than 80 years (Rohr et al., 2005).
3.10.3 Pregnancy and Childbirth

Childbirth was found to be an important risk factor in developing urinary incontinence
(MacLennan et al., 2000; Rortveit et al, 2003). Almost 32% of women report stress
urinary incontinence during pregnancy and most tends to be new onset (Viktrup et al.,
1992). It has been shown that women who report stress urinary incontinence during their
first pregnancy and those who develop stress incontinence during the immediate
postpartum period are at high risk for persistent stress urinary incontinence 5 years later
(Holroyd-Ledue and Straus, 2004). An Italian study also reported that female urinary
incontinence often manifests itself for the first time during pregnancy in a great number
of women (23-50%), mostly during the third trimester (43%). This could be attributed to
the stress induced by the pregnancy on the pelvic floor and in most cases it is transitory in
nature (DiStefano et al., 2000). Other independent obstetric risk factors of urinary
incontinence are multiparity and vaginal delivery (Holroyd-Ledue and Straus, 2004,
Minassian et al., 2003). Forceps-assisted vaginal delivery may be an additional risk (Arya
et al, 2001). Electrophysiological research suggests that vaginal delivery may be
responsible for development of urinary incontinence by causing pudendal nerve damage
and subsequent pelvic floor damage (Snooks et al., 1986) and denervation of urethral
striated muscle (Hale et al., 1999). A recent study by Glazener et al. (2006) has analyzed
the obstetric and other risk factors in development of new postnatal urinary incontinence
in three months following delivery. The prevalence of urinary incontinence reported in

this study was 29%. New incontinence first beginning after delivery was associated with
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older maternal age (oldest versus youngest group, OR 2.02, 95% CI 1.35-3.02) and
method of delivery (caesarean section versus spontaneous vaginal delivery, OR 0.28,
95% CI 0.19-0.41). Instrumental vaginal delivery and vaginal breech delivery were not
found to be associated with higher incidence of incontinence compared to simple vaginal
delivery. However, in women whose incontinence first occurred during pregnancy, their
body mass index (BMI) and the weight of the baby were the significant risk factors. The
prevalence of incontinence was found to be 29% in primiparae (Glazener et al., 2006).
Data regarding the impact of the size of the baby, fetal head, and the length of second
stage of labour on the development of urinary incontinence are controversial (Holroyd-
Ledue and Straus, 2004). However, a survey of nulliparous, postmenopausal women with
regard to the prevalence of urinary incontinence (Buchsbaum et al., 2002) showed a
surprisingly high prevalence of symptoms of urinary incontinence among post-
menopausal, nulliparous nuns with a significant negative impact on quality of life. These
findings appear to be contrary to the conventional belief that nulliparity protects against
stress urinary incontinence.
3.10.4 Body mass index (BMI)

Increased body mass index (BMI) has been established as an independent risk factor for
the development of urinary incontinence (Jackson et al., 2004). It has been shown that
with each unit increase in BMI, there is a 5% increase in the odds of having urinary
leakage (Sampselle et al., 2002). In the NOBLE study, the prevalence of wet OAB was
found to be increased with increasing body mass index (BMI) in women but not in men,

and a BMI of 30 or higher was considered to be a risk factor (Stewart et al., 2003).
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3.10.5 Race, ethnicity and country

Race and ethnicity were found to be associated with development of urinary
incontinence. Several studies have demonstrated that white race is a significant risk factor
for the development of stress urinary incontinence (Minassian et al., 2003; Holroyd-
Ledue and Straus, 2004). However, Jackson et al. (2004) reported that both stress and
urge incontinence are associated with white race. Fultz et al. (1999) reported a lower
prevalence of urinary incontinence in older African American women compared to older
Caucasian women. An American study compared urodynamic findings and the rate of
incontinence among various ethnic groups (Duong and Korn, 2001). African American
women with urinary incontinence were found to have different urodynamic diagnoses
than Hispanic, white, or Asian women. The rates of genuine stress incontinence were
reported to be similar in Hispanic, white, and Asian women. Although African American
women had lower rates of genuine stress incontinence than Hispanic and white women,
they had higher rates of detrusor instability than all 3 groups. The study conducted by
Graham and Mallett (2001) confirmed the higher incidence of urge incontinence in black
population (odds ratio [OR], 2.6; 95% confidence interval [CI], 1.45-4.80).

Anger et al. (2006a, b) found that black men had the highest prevalence of male
incontinence (21%) and black women had the lowest prevalence of female incontinence
(20%). The prevalence, type and management of women with urinary incontinence in
four European countries were determined in a population based survey (Hunskaar et al.,
2004), which showed stress urinary incontinence to be the most prevalent type. The
lowest prevalence was in Spain (23%), while the prevalence was 44%, 41% and 42% for

France, Germany and the UK, respectively. About a quarter of women with urinary
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incontinence in Spain and the UK had consulted a doctor for the condition; in France
(33%) and Germany (40%) the percentages were higher. Overall, less than 5% of the
women had ever undergone surgery for their condition. Incontinence pads were used
overall by 50% of the women with some differences among the countries (Hunskaar et
al., 2004). The Asian Society for Female Urology (ASFU) reported the prevalence of
incontinence in eleven Asian countries; ranging from 17% for Thailand and 13% for the
Philippines, to 4% for Singapore and China (Lapitan and Chye, 2001). As explained
earlier, the discrepancy between the prevalence of incontinence in Asia, Europe, and
America may be attributable in part to the study methods and questions used or due to the
diversity in socio-cultural background, race and ethnicity (Sampselle et al., 2002).
African-American women were reported to be at lower risk for incontinence (Bump,
1993) which may be explained by urodynamic studies, showing higher urethral pressure,
larger urethral volume, and greater vesical mobility in African-American women
compared to Caucasian women (Sampselle et al., 2002; Fultz et al., 1999).
3.10.6 Miscellaneous factors

Other factors reported to modify the risk of developing urinary incontinence and
overactive bladder symptoms include lung disease (Sampselle et al., 2002; Jackson et al.,
2004), menopause (Hannestad et al., 2003), hysterectomy (Brown et al., 2003), urinary
tract infection and constipation (Aggazzotti et al., 2000). In women, abdominal
hysterectomy was found to be associated with the development of urinary incontinence
and especially urge incontinence (van der Vaart et al., 2002). However, De Tayrac et al.
(2004) did not find any evidence of a cause—effect relation between vaginal hysterectomy

and urge or stress urinary incontinence, although patients undergoing vaginal

106



hysterectomy were found to have a trend for developing urge symptoms (62.4% versus
54.3%). Current oral oestrogen use was reported to be associated with development of
both types of urinary incontinence (Jackson et al., 2004). In men, surgical treatment for
prostate cancer was reported to be associated with incontinence (Palmer, 2003). The
identified associations for frail men and women are functional impairment like restricted
mobility (Wetle et al., 1995), altered cognitive status (Palmer et al., 2002), depression
(Jackson et al., 2004), diabetes (Jackson et al., 2004; Moorthy et al., 2004), and
neurological conditions such as multiple sclerosis, Parkinson’s disease, or
cerebrovascular accidents (Madersbacher et al., 2002). Women with less than a high
school education were less likely to report incontinence than were those with at least a
high school education (Anger et al., 2006a).
3.10.7 Diet and lifestyle
Several studies have assessed the association of incontinence with lifestyle factors such
as diet (Dallosso et al., 2004a, b), cigarette smoking (Bump & McClish, 1992), caffeine
consumption (Bryant et al., 2002), and high-impact sports or exercise (Thyssen et al.,
2002). Physical activity was associated with a significant reduction in urinary
incontinence, particularly stress incontinence compared to urge incontinence (Danforth et
al., 2007). However, it becomes difficult to obtain a definite cause and effect relationship,
as most of these studies are cross-sectional population surveys or case-control studies.
3.10.7.1 Physical exercise

Jiang et al. (2004) summarized that current data indicates that most types of exercise are
not a risk factor for the development of urinary incontinence. However, certain extreme

high-impact sports such as parachute jumping may cause pelvic organ support defects
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that result in stress urinary incontinence. Eating disorders also increase the risk of urinary
incontinence in athletes. Overall, women should be encouraged to pursue physical
activity that will benefit their general health without the risk of development of urinary
incontinence later in life. Women athletes should be counselled about the increased risk
of urinary incontinence with ultra high-impact sports and eating disorders (Jiang et al.,
2004).
3.10.7.2 Psychological symptoms
Individuals with depression, anxiety, and attention deficit disorder may experience
symptoms of OAB more often than the general population (Steers, 2002). Wolfe and
colleagues (1997) suggested that depression, anxiety, feeding disturbances, pain, irritable
bowel syndrome, fibromyalgia, and changes in voiding are associated with disturbances
of specific neurotransmitters in brain, e.g. serotonin (5-hydroxytryptamine, or 5-HT).
Steers (2002) speculated that as S5-HT influences both emotional states and bladder
function, there might be a connection between these shared conditions in which the
monoamine level is altered. Zorn and colleagues (1999) confirmed the association of
depression with mixed or urge incontinence, but with stress urinary incontinence.
3.10.7.3 Caffeine, alcohol and smoking

High caffeine intake has also been associated with a higher risk of urge urinary
incontinence (OR, 2.4; 95% CI, 1.1-6.5) (Arya et al., 2000, Holroyd-Ledue and Straus,
2004). Caffeine reduction is an internationally accepted treatment strategy for patients
with urinary symptoms and in a randomized clinical trial, Bryant et al. (2002)
demonstrated that when caffeine intake was reduced in the experimental group, urgency

and frequency outcomes were significantly improved. The association between caffeine
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and overactive bladder symptoms were also described by other workers (Creighton and
Stanton, 1990; Tomlinson et al., 1999; Gray, 2001).
Minassian et al. (2003) did not find any statistically significant correlation between
urinary incontinence and alcohol intake. However, significant negative association was
found between beer intake and subsequent onset of overactive bladder by Dallosso
(Dallosso, 2004b).
Bump and McClish (1992) demonstrated a strong statistical relationship between current
and former cigarette smoking and both stress (OR 2.48 in current and 2.2 in former) and
urge (OR 1.89 in current and 2.92 in former) urinary incontinence in women. According
to Tampakoudis et al. (1995), women who smoke are more likely to develop
incontinence, especially urge incontinence, than non-smokers. The association between
smoking and urinary incontinence was also found in other epidemiological studies (Arya
et al., 2000; Hannestad et al., 2003b; Danforth et al., 2006). Dallasso et al. (2003a) in
their large longitudinal study, which is described in detail below, has shown that current
smokers were 1.44 times more likely to develop overactive bladder than non-smokers
(95% CI, 1.05-1.98) and the increased risk for ex-smokers was also found to be
significant (OR, 1.24; CI, 0.97-1.58).

3.10.7.4 Diet
Various food and drinks are believed to have adverse or beneficial effects on urinary
symptoms, although there is little scientific evidence. The published evidence on total
diet and urinary symptoms is from studies assessing prostatic enlargement in men,
defined either clinically (Araki et al., 1983; Lagiou et al., 1999) or by symptom scores

which included urgency and urge incontinence (Koskimaki et al., 2000; Suzuki et al.,
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2002). Two of the studies reported an increased risk of symptoms with red meat (Chyou
and Nomura, 1993; Koskimaki et al., 2000) and reduced risks were reported with
vegetables (Araki et al., 1983; Koskimaki et al., 2000) and fruit (Lagiou et al., 1999).
Suzuki et al (2002) reported a positive association with intakes of total energy, protein
and specific long-chain polyunsaturated fatty acids (Suzuki et al., 2002). One study has
shown that eating disorders such as anorexia nervosa were associated with increased risk
of all urinary symptoms, including urgency, frequency, nocturia, stress and urge urinary
incontinence (Boos et al., 1999). This observation has also been reported by Bo and
Borgen (2001), who noted an increased prevalence of stress urinary incontinence in
athletes with eating disorders.
3.10.7.5 Leicestershire MRC Incontinence Study

In the large longitudinal prospective study on women over 40 years of age, the
Leicestershire MRC Incontinence Study Group investigated the possible role of diet and
other lifestyle factors in the onset of the clinically recognized main subgroups of
incontinence, the overactive bladder and stress incontinence (Dallosso et al., 2003a). This
study showed that increased consumption of vegetables, chicken and bread was
associated with a reduced risk of onset of overactive bladder, and bread was also
associated with a reduced risk of the onset of stress incontinence. The consumption of
carbonated drinks and obesity were positive risk factors for the onset of both the
conditions (Dallosso et al., 2003a). This was large well-designed prospective
epidemiological study, which used a validated questionnaire targeted to a specific age
group in the community after the introduction of standardization in the terminology of

lower urinary tract symptoms by the ICS in 2002. The association between carbonated
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soft drinks and both urinary incontinence and overactive bladder was demonstrated for
the first time in this epidemiological study. Simple modifications in diet and lifestyle may
prove to be beneficial in managing urinary incontinence and improving the quality of life.
Since this study generated the idea behind this thesis, it is worth describing the study in
detail.

A baseline postal questionnaire was initially mailed to 20,244 women at the end of
October 1998 and two reminders were sent at 4- week intervals to those who did not
respond. The questionnaire collected information on lower urinary tract symptoms,
lifestyle factors, general health, co-morbidities, activities of daily living and socio-
demographic variables. A food-frequency questionnaire (FFQ), which was developed and
validated for use by the UK arm of EPIC study (described earlier), was sent to responders
to the first and second mailings of the baseline questionnaire, except for those of South
Asian origin, who comprised 5.3% of the Leicestershire population aged over 40 years, as
they have very different dietary habits to the population in which the questionnaire was
validated. In October 1999 a follow-up postal questionnaire on urinary symptoms was
sent to all responding to the FFQ and two reminders were sent at 4-week intervals to
those not responding. Statistical analysis was based on logistic regression models to
examine the association of food groups, drinks and lifestyle factors with the onset of
stress urinary incontinence and overactive bladder after one year. Two multivariate
logistic regression models were used to determine the incidence of new onset stress
urinary incontinence and overactive bladder between baseline and follow-up. All factors
associated (p < 0.10) with the dependent variable in the univariate analyses were entered

into the multivariate models. Backward stepwise techniques were used to build the final
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models, with likelihood ratio tests used to determine significance. Carbonated drinks
were the only fluid independently associated with both conditions. Those who consumed
carbonated drinks daily or more often were significantly more likely to have onset of
stress urinary incontinence (OR, 1.62; 95% CI, 1.18-2.22,) and overactive bladder (OR,
1.41; 95% CI, 1.02-1.95) than those who did so less than weekly. Eating bread more than
daily was found to be protective for development of both the conditions (stress
incontinence- OR, 0.76; 95% ClI, 0.61-0.96 and overactive bladder- OR, 0.68, 95% ClI,
0.55-0.86), whereas consumption of chicken twice or more per week was found to be
protective for overactive bladder (OR, 0.64; CI, 0.48-0.87). The consumption of total
vegetables was associated with reduced risk of onset of overactive bladder (OR, 0.69; CI,
0.48-0.98).

In the univariate analysis, although beer and coffee appeared to be associated with a
reduced risk of developing stress urinary incontinence, this association was not confirmed
when adjusted for other confounding lifestyle factors in multivariate analysis. The
association with carbonated drinks cannot be explained by a high fluid intake, as in the
multivariate model there was no association between total fluid intake and either stress
urinary incontinence or overactive bladder. Tomlinson et al. (1999) also showed a similar
finding that an increase in the average amount of fluid intake was significantly related to
an increase in the average volume of urine voided, but not to urinary incontinence. About
half of the carbonated drinks consumed nationally are ‘cola drinks’ (URL 1) and contain
significant amounts of caffeine, which has been proved to be a diuretic and has excitatory
effects on the detrusor smooth muscle (Arya et al., 2000; Holroyd-Ledue and Straus,

2004). Surprisingly, in this study, no clear association was found between overactive
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bladder with caffeine. The frequently reported clinical association of incontinence with
coffee (Gray, 2001; Tomlinson et al., 1999) could be a result of the triggering of episodes
of leakage in patients, because of the diuretic and stimulant properties of caffeine (Bryant
et al., 2002). Many carbonated drinks are rich sources of sugar, and others have high
levels of artificial sweeteners. Additives used in the manufacture of carbonated soft
drinks include colorants, antioxidants and preservatives, such as citric acid, ascorbic acid
and sodium benzoate. Avoiding acidic foods, e.g. fruit juice and carbonated drinks, is
often part of the clinical advice given to patients with certain urinary symptoms (Dallosso
et al., 2003a).

The strength of the results from any longitudinal study depends on the extent of failure to
respond and loss of subjects from the cohort group during follow-up. The response rates
to both the baseline questionnaire and the food frequency questionnaire were 65%, a rate
comparable to other recent large postal surveys in this country that used similar wide
sampling frames. On detailed investigations into failure to respond at baseline (Dallosso
et al., 2003b), little evidence of nonresponse bias in the reporting of urinary symptoms
was detected. Moreover, about 91% of the baseline responders returned the questionnaire
at the end of one year. Considering this evidence we regard the analysis of the data in this
study as more robust and reliable than other cross-sectional surveys and therefore have
used this to generate the hypothesis of our laboratory work.

Vegetables and bread were found to provide 26% and 30% of fibre in the UK diet
(Gregory et al., 1990). A low fibre intake predisposes an individual to chronic
constipation and bowel straining, and in this way may affect pelvic floor neurological

function (Snooks et al., 1985). Vegetables are important sources of many vitamins and
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minerals, and bread is a valuable source of the vitamin B complex. Dallosso et al. (2003a)
speculated that the reported reduced risks could be related to one of the essential
biochemical functions that these micronutrients have in the body. Vegetables, and fruit,
which were negatively associated with stress incontinence in the univariate analysis of
Dallosso et al. (2003a), are important sources of vitamin C. This is essential for collagen
production, and studies have suggested that changes in collagen metabolism contribute to
defects in the paraurethral connective tissue of women with stress urinary incontinence
(Falconer et al., 1994).

The reduced risk with vegetables might be associated with a decrease in serum oestrogen
levels. The role of oestrogen replacement therapy in the prevention of ischaemic heart
disease has been assessed in a 4-year randomised trial, the Heart and Oestrogen/progestin
Replacement Study (HERS); the overall combined hormone replacement therapy was
associated with worsening stress and urge urinary incontinence (Grady et al., 2001).
Jackson et al. (2004) also showed an association of oral oestrogen intake and
development of urinary incontinence. The lower fat content of a vegetarian diet appears
to influence the excretion of oestrogens in women (Goldin, 1986; Gorbach and Goldin,
1987), and the amount and type of plant foods in the diet determine its phytoestrogen
content, which can exert both oestrogenic and antioestrogenic effects on metabolism
(Tham et al., 1998). Koskimaki et al. (2000) reported an increased risk of LUTS in men
with a lower vegetable intake, and suggested that ‘vegetables may contain natural
ingredients with preventative or curative effects on diseases which cause LUTS’. The

food additives in carbonated soft drinks may act adversely, individually or in
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combination (antioxidants, artificial sweeteners and preservatives) on different systems
including urinary system.

To conclude, sevéral risk factors for urinary incontinence and overactive bladder are
described in the literature; mainly age, smoking, chronic bronchitis and asthma, ethnicity,
obesity, pregnancy (mode of delivery), hysterectomy, dementia, stroke and Parkinson’s
disease, medication, physical activities and diet. However, at present, for the majority of
them there are no controlled trials demonstrating that intervention reduces the incidence,

prevalence or degree of severity of urinary incontinence.
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CHAPTER 4

REVIEW OF LITERATURE

CARBONATED SOFT DRINKS



4.1 Introduction

There has been an overwhelming rise in the consumption of soft drinks, in particular
carbonated beverages, over the past two or three decades. They are now the most popular
refreshments among much of the world’s population, which includes people from various
age groups (Jurgens et al., 2005). BBC Health News Report commented that more than
5,560 million litres of carbonated soft drinks are consumed every year in the UK (URL
2). Carbonated (fizzy) soft drinks now represent about 8% and non carbonated around
27% of total drinks consumption. Diet and low calories drinks now make up around 28%
of carbonated soft drinks consumption in the UK, with many people actively switching to
diet carbonated soft drinks as part of weight control (URL 3). Various studies published
so far have explored the possibility of potential health risks like obesity, dental health and
carcinogenicity with consumption of carbonated soft drinks. However most of the studies
are observational cross-sectional population surveys or case-control studies, making it
difficult to generate a confident conclusion. According to Cunningham and Marshall
(2003), the adverse oral and systemic effects attributed to the consumption of soft drinks
are associated with individual ingredients used to formulate the product: soft drinks are
merely a vehicle for their delivery. The ingredients of concern are sweeteners and acids.
It is very likely that these components working together may well modify their individual
effects or become important risk factor for developing some health problem (Fried and
Nestle, 2002).

Forshee and Storey (2003) looked into the patterns of beverage consumption among
children and adolescents related to age, race and gender. They showed that boys,

particularly white adolescent boys consumed beverages more than girls and carbonated
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beverages were found to be more popular drink among the older teenagers than milk or
any fruit juice. The relationship between body mass index (BMI) and beverage
consumption was described by Forshee and Storey (2003). Although no association was
found between BMI and consumption of regular carbonated beverages, a positive
association was demonstrated between BMI and diet carbonated drinks (Forshee and
Storey, 2003). Kvaavik et al. (2005) investigated the association between carbonated
soft drinks consumption from age 15 to 33 years, lifestyle factors and body weight. In
this study, soft drink intake from age 25 to 33 years was found to be associated with
smoking and physical inactivity, but not with body weight.

The consumption of soft drinks is of particular concern as they are rich in sugars and
sweeteners but few essential nutrients. Around 25% of adolescents drink more than 26
oz/day (about 300 kcal), providing approximately 12% to 15% of their daily calorific
need (Fried and Nestle, 2002). Children taking soft drinks regularly perhaps consume
more calories than that of required nutrients and are more at risk to be overweight or
obese after adjustment for variables such as anthropometric, demographic, dietary, and
lifestyle factors (Ludwig et al., 2001). Furthermore, a marked preference for soft drinks
and snack foods over milk and vegetables has been shown by students who had access

to these compared to students who did not have such access (Cullen et al., 2000).

4.2 Impact on human body
4.2.1 Effect on bone
Intake of carbonated beverages has been associated with reduced bone mass or

increased fracture risk in observational studies, both later in life (Wyshak et al., 1989)
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and in children and adolescents (Wyshak and Frisch, 1994; Petridou et al., 1997). In
most reports, cola drinks were more strongly associated than were other carbonated
beverages. Spencer et al. (1978) suggested that consumption of carbonated soft drinks
that use phosphoric acid as the acidulants, increase the phosphorus or the net acid load
and consumption of caffeinated beverages increase the caffeine load (Smith et al.,
1989). The increase in net acid load perhaps results in an increase of urinary calcium
excretion which is responsible for the association between consumption of carbonated
soft drinks and reduced bone mass. Individually, phosphorus and caffeine were shown
to have little or no net effect (Spencer et al., 1965; Spencer et al., 1978; Smith et al.,
1989; Kynast-Gales and Massey, 1994; Barger-Lux and Heaney, 1995; Wise et al,,
1996) but concern remains about the total acid load (Brazel, 1995). More recently,
reduced bone mass was reported to be associated with fructose, found in beverages
which use natural sweeteners, and this was attributed to an increased loss of urinary
calcium (Milne and Nielsen, 2000). Increased calcium excretion was more marked when
high fructose diet contained less dietary magnesium. High dietary fructose also
significantly decreased phosphorus balance and increased the concentration of serum
alkaline phosphatase. The effect of all these factors, as would be found in many cola
drinks, has not been directly investigated. Heaney and Raferty (2001) have investigated
the effects of carbonated beverages on urinary calcium excretion. They reported that the
association of calciuria with intake of carbonated beverages was mainly related to
caffeinated beverages.

McGartland et al. (2003) have observed an inverse association between carbonated soft

drink consumption and bone mineral density (BMD) and interestingly it was shown to
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be confined to girls. Tucker et al. (2006) reported in their recent study that consumption
of cola drink particularly in women was associated with significantly lower bone
mineral density (BMD) at each hip site, but not the spine. The mean BMD at the
femoral neck and at Ward's area were found to be 3.7% and 5.4% lower respectively in
people who were drinking regular cola daily compared to those who had cola once in a
month. Although similar findings were observed for diet and decaffeinated cola, no such
association was observed between intake of non-cola carbonated drinks and reduction in
BMD. Although there was no significant difference in total phosphorus intake in daily
cola consumers than in non-consumers; the calcium-to-phosphorus ratio was found to be
lower in cola drinkers (Tucker et al., 2006).

In children and adolescents the most important source of calcium is milk. It accounts for
roughly two thirds or more of total calcium intake for infants and toddlers and more than
half of total calcium intake for adolescent girls (Fleming and Heimbach, 1994; Albertson
et al.,, 1997). Harnack et al. (1999) found that preschool, school-age and adolescent
children who consumed carbonated soft drink of over 266 mL per day were 2.9-3.9
times more likely to consume less than 237 mL of milk per day, which showed that
carbonated soft drink displaped milk from the diet. Heaney and Raferty (2001)
suggested that the skeletal effects of carbonated beverage consumption were likely due
primarily to milk displacement and indirectly related to reducing calcium levels in the
skeletal system. McGartland et al. (2003) supported the hypothesis of the possibility of
apparent association resulting from the displacement of more nutritious beverages from

the diet.
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4.2.2 Effect on dental health

Dental caries is an infectious disease involving all age groups. Diet, especially high
consumption of sugars was described as a significant factor in developing dental caries.
While the association between the consumption of sugars (all mono-and disaccharides)
and dental caries in permanent teeth has been well-documented (Ismail et al., 1984;
Rugg-Gunn, 1996; Jones et al., 1999), the association between carbonated soft drink
consumption and dental caries in primary dentition is less clear. Some studies have
reported significant associations (Grindefjord et al., 1995; Moynihan and Holt, 1996;
Levy et al., 2003), while others did not find any (Heller et al., 2001; Sayegh et al.,
2002). It was also reported that exposure to the carbonated beverage accelerated the
enamel wear (al-Hiyasat et al., 1998).

Carbonated beverages are rich sources of sugars and significant amounts of caffeine,
which may be responsible for development of dental caries in adolescents (Majewski,
2001). However, Forshee and Storey (2004) did not find any association between the
carbonated soft drinks and poor dental health.

4.2.3 Effect on the upper gastrointestinal system

Kapicioglu et al. (1999) reported that cola drinks have proliferative and regenerative
effects on the rat oesophageal mucosa, which might be as a result of an irritant effect.
Although carbonated soft drinks have been associated with gastro oesophageal reflux
(Hamoui et al, 2006), which is an established risk factor for oesophageal
adenocarcinoma, Mayne et al. (2006) reported that high consumption of carbonated
beverages did not increase risk of any oesophageal or gastric cancer subtype in men or

women. Their findings indicated that consumption of carbonated beverages (mainly diet
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drinks) is inversely associated with risk of oesophageal adenocarcinoma, and thus it is
not likely to have contributed to the rising incidence rates (Mayne et al., 2006).
Lagergren et al. (2006) also did not find any association between consumption of
carbonated soft drinks including carbonated beer and oesophageal adenocarcinoma.
Cuomo et al. (2002) showed that in patients complaining of functional dyspepsia and
constipation, carbonated water decreases satiety and improves dyspepsia, constipation
and gallbladder emptying.
4.2.4 Effect on the urinary system

Rodgers (1999) highlighted the fact that consumption of carbonated soft drinks can
potentiate the risk factors associated with calcium oxalate stone formation by reducing
the urinary pH and increasing excretion of oxalate while decreasing magnesium
excretion (Rodgers, 1999). The risk factors for urinary calcium stone formation include
low urine volume, hypercalciuria, hyperoxaluria, hyperuricosuria and increased sodium
excretion (Finkielstein and Goldfarb, 2006).

Carbonated soft drinks contain several food additives including artificial sweeteners,
preservatives, antioxidants, colorants, caffeine and acids. Different individual
ingredients were investigated for their effect on different systems of the human body.
When taken together in a carbonated soft drink, they may act differently, either reducing
or enhancing some specific systemic effects. On the basis of preliminary laboratory
work in the form of a screening test in this research, it was decided to focus on a few
specific food additives for detailed investigation. Some of the ingredients of a

carbonated soft drink are described below.
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4.3 Individual components of carbonated soft drinks
4.3.1 Caffeine

The effects of caffeine on health and wellbeing have been studied and debated
extensively. Caffeine consumption has been linked to many human diseases in
epidemiologic studies (Chou and Benowitz, 1994). Caffeine is a methylxanthine and an
adenosine-receptor antagonist, and all tissues containing adenosine receptors may be
affected by caffeine exposure (Van Soeren and Graham, 1998). Caffeine acts as
competitive antagonist at the A,, adenosine receptor on the same postsynaptic neurons as
the D, dopamine receptor. Thus by blocking this receptor, caffeine enhances the
functional capacity of dopamine as a neurotransmitter (Ferre et al., 1992).

Reduced consumption of caffeinated beverages has been shown to improve urinary
incontinence (Creighton & Stanton, 1990). On multivariate analysis of data from a case-
control study, Arya et al. (2000) found a statistically significant association between high
caffeine intake (>400mg/day) and detrusor instability, after controlling for other
compounding factors such as age and smoking. However, this study did not determine
whether a decrease in caffeine intake would be associated with improvement in detrusor
instability. The theory that caffeine might cause detrusor instability is biologically
plausible because caffeine has been shown to have an excitatory effect on detrusor
smooth muscle and could cause an increased rise of bladder pressure during filling
(Creighton and Stanton, 1990). In vitro animal studies have shown that contraction of
detrusor smooth muscle is mediated by an increase in the concentration of cytoplasmic

free calcium (Shenfeld et al., 1998). Caffeine has been shown to induce transient

123



contraction of smooth muscle through the release of intracellular calcium from
intracellular storage sites (Ganitkevich and Isenberg, 1992; Lee et al., 1993; Sugita et al.,
1998).

Benowitz et al. (1982) have described caffeine as a methylxanthine, that being clinically
similar to theophylline with its sympathomimetic effects, causes the cardiac
manifestations of caffeine overdose due to increased release of catecholamines (Strubelt
and Diederich, 1999). Caffeine was found to increase the blood pressure in short-term
studies, although this effect decreased on long term use time (Jee et al., 1999). This
increase in blood pressure can be explained by caffeine induced increase in the plasma
levels of several stress hormones such as cortisol, epinephrine and norepinephrine
(Robertson et al., 1978; Lovallo et al.,, 1989; Lane et al., 1990). Interestingly,
Winkelmayer et al. (2005) reported that the risk of hypertension was associated with
regular consumption of cola beverages (both diet and regular) rather than regular coffee
consumption. Thus they speculated that it was not caffeine but perhaps some other
component present in the beverages that was responsible for the increased risk of
hypertension. Caffeine toxicity by self-intended poisoning was found to produce
tachyarrhythmia such as supraventricular tachycardia, atrial fibrillation, ventricular
tachycardia, and ventricular fibrillation (Zimmerman et al., 1985; Price and Flinger,
1990; Chopra and Morrison, 1995; Frost and Vestergaard, 2005).

Coffee drinking has been examined in several epidemiological studies as a possible risk
factor for bladder cancer (Cole, 1971; Fraumeni et al., 1971; Howe et al., 1980; Hartage
et al., 1983), but the results have not been consistent. Kantor et al. (1988) found no

association between coffee drinking and squamous cell carcinoma. However, an
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association of adenocarcinoma with caffeine was observed in a small number of patients.
The trend associated with transitional cell carcinoma has been previously analyzed and
appears to be a noncausal relationship (Hartage et al., 1983).
4.3.2 Artificial sweeteners

Artificial sweeteners are added to a wide variety of food, drinks, drugs and hygiene
products. The term "sugars" was conventionally used to describe the mono- and
disaccharides (Food and Nutrition Board, 2005); the monosaccharides containing one
sugar unit, which includes glucose, galactose and fructose, whereas the disaccharides
such as sucrose, lactose and trehalose are formed of two sugar units. Many commonly
used sweeteners also contain trisaccharides and higher saccharides, such as corn-derived
sweeteners. The carbohydrates in some corn syrups were found to contain primarily
trisaccharides and higher saccharides (67% or more), and the remaining 33% were
mono- and disaccharides (Glinsmann et al., 1986). Among the artificial sweeteners,
saccharin, cyclamate and aspartame were developed first and were described as the “first
generation’ sweeteners. These were followed by the ‘new generation’ sweeteners which
included acesulfame-K, sucralose, alitame and neotame (Ludwig et al., 2001). The most
commonly used artificial sweeteners in soft drinks are aspartame, acesulfame K and
sodium saccharine, each of which may be used individually or blended with sugars or
one or more of the others (Frazier et al., 2000).

Human beings have a natural preference for sweet foods; studies have shown this
tendency to be present even in newborn babies (Maone, 1990). Honey was perhaps the
first sweetener that was used in the ancient cultures of Greece and China (Bright, 1999).

Common sugar, which was originally obtained from sugar cane, became more popular

125



eventually. The first artificial sweetener was saccharin, which was synthesized in 1879
by Remsen and Fahlberg. It was used widely during World Wars I and II in view of its
low production costs and the scarcity of regular sugar (Bright, 1999). With post war
economic improvement of living standards, sugar became readily affordable. Later on
saccharin was primarily used for its low calorific value rather than low cost. Thus a
wide range of low- calorie ‘diet products’ evolved, in which sugar was substituted or
supplemented with artificial sweeteners. As saccharin had a bitter aftertaste (Kuhn et al.,
2004), there arose a need for an ideal sweetener with improved taste and low calorie.
Cyclamate came into the market in the 1950s, which provided a better taste than
saccharin (Weihrauch and Diehl, 2004). This difference in taste sensation can possibly
be explained by the difference in mechanism of action of individual sweetening agents
mediated by different receptors.

The growing trend of regular use of artificial sweeteners raised the concern of its safety
in daily life. The European Scientific Committee on Food, after review of 500 reports
(2002) from biochemical, clinical and behavioural research, concluded that the
acceptable and safe daily intake of one of the sweetening agents, aspartame to be 40
mg/kg/day, except for people with phenylketonuria (Navia, 1994). Moreover, as the
quantity of different sweeteners used in soft drink is so small, that it is practically very
difficult to cross the limit of acceptable daily intake of any particular sweetener (Lean
and Hankey, 2004). Even when sweeteners are used in combination, high level
consumers rarely exceed 10 mg/day. Although daily intake of aspartame over 1g was
found to change the normal milieu of brain neurotransmitters and provoke seizures in

monkeys, no such neurological or behavioural changes were detected in humans

126



(Wolraich et al., 1994; Butchko and Stargel, 2001). A study which has estimated the
consumption of the artificial sweeteners acesulfame-K, aspartame, cyclamate and
saccharin in group of Swedish diabetics, revealed that some children had a daily intake
up to and sometimes above the acceptable daily intake (ADI) for aspartame and
acesulfame K (Ilback et al., 2003).

Canty and Chan (1991) reported that consumption of non-caloric sweet drinks
(containing artificial sweeteners) did not increase hunger or subsequent food
consumption. However these results were found to be different from those of Blundell
and Hill (1986) and Rogers et al. (1988), which suggested that non-caloric sweet drinks
stimulated hunger although not necessarily food intake. In a review of the effects of
intense sweeteners on hunger, food intake, and body weight, Rolls (1991) suggested that
although saccharin consumption may be followed by increased food intake both in rats
and humans, aspartame has not been found to increase food intake.

Ludwig et al. (2001) examined the association between consumption of sugar containing
drinks and childhood obesity. Sugar-sweetened drinks, such as soft drinks, have been
suggested to encourage obesity because compensation at later meals for energy
consumed in the form of a liquid could be less complete than for energy consumed in the
form of solid food (Mattes, 1996). Bray et al. (2004) also reported that the over
consumption of the intake of high fructose corn syrup in sweetened beverages may play
arole in the epidemic of obesity.

Martin-Villa and colleagues (1981) conducted an elaborate study to analyze sixteen
different soft drinks for their soluble carbohydrate contents both qualitatively and

quantitatively. They demonstrated that the total carbohydrate content in the respective
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drinks was constant throughout the four analyses: 10 gm /100ml in Coke, 11 gm/100ml
in Pepsi, 11gm/100ml in Fanta Lemon and 12 gm/100ml in Fanta Orange. The
carbohydrate content was found to be low in some drinks, such as orange, lemon, and
cola Casera, (5 gm/ 100 ml), and Schweppes tonic water was in an intermediate position
with 8 gm/ 100 ml. Accordingly, the elevated consumption of these drinks among the
population, implies a considerable energy contribution to the individual diets (Martin-
Villa, 1981).

Since their introduction, there was always a concern of potential carcinogenic risk
associated with artificial sweeteners (Taylor et al., 1980; Gurney et al., 1997; Takayama
et al., 2000). In 1970, the Food and Drug Administration (FDA) banned cyclamate from
all dietary foods and fruits in the USA in view of its cancer-inducing effect in
experimental animals (Lindley, 1999). Epidemiological studies in humans did not
confirm the carcinogenic effects of saccharin and cyclamate on the bladder which had
been reported previously from animal studies in rats (Cohen and Lawson, 1995;
Weihrauch and Diehl, 2004). Kantor et al. (1988) reported in their epidemiological study
that the use of artificial sweeteners was not consistently related to any cell type of bladder
cancer. Although Olney et al. (1996) suggested an association between aspartame and
brain cancer in humans, this hypothesis was not supported by any biologic or
experimental evidence (Gurney et al., 1997; Ross, 1998). After tobacco, saccharin may
be the substance that has been most studied epidemiologically (Morgan and Wong,
1985). Several studies failed to demonstrate any significant association between
saccharin and bladder cancer (Morgan and Wong, 1985; Nomura et al., 1991; Elcock and

Morgan, 1993).
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Saccharin, cyclamate and aspartame were followed by new generation of sweeteners
such as acesulfame-K and sucralose. However, even the new sweeteners are not

completely devoid of bitter and metallic aftertaste (Weihrauch and Diehl, 2004).
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Fig. 11 Chemical structures of sodium saccharin and acesulfame K (URL 4 & 5)

Saccharin is the oldest and the most extensively researched of all artificial sweeteners.
The increased incidence of bladder cancers was reported by Fukushima et al. (1983).
However this report was criticised later as the rats used in this trial were frequently
infected with the bladder parasite Trichosomoides crassivanda, which made them
susceptible to saccharin-induced bladder cell proliferation (Whysner and Williams,
1996). Bladder cancer was also reported in other studies (Taylor et al., 1980; Squire,
1985) which resulted in prohibition of saccharin in Canada and in the USA, and since
1981; warning labels were being attached to saccharin-containing products that it can
cause cancer in laboratory animals. However, the National Institute for Environmental
Health Sciences removed saccharin as a potential cancer-causing agent, as no studies
were able to establish the cancer-inducing mechanisms in humans that were detected in
earlier studies in rats (Weihrauch and Diehl, 2004). Studies have shown that sodium

ascorbate or L-ascorbic acid, when fed in similar high doses to saccharin, could also
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cause superficial urothelial cytotoxicity and bladder cancer in rats (Fukushima et al.,
1983; Iwata et al., 1997). However, rodent bladder tumours do not predict a similar
outcome for humans (Cohen et al. 1998). Studies did not find an increase in bladder
cancer in humans, when saccharin consumption was high (Armstrong and Doll, 1975;
Jensen and Kamby, 1982). The cytotoxicity in rodents was explained due to the high
urine osmolarity in rodents enhancing precipitation of calcium phosphate-containing
crystals, which are cytotoxic to the superficial layer of the bladder epithelium, leading to

regenerative hyperplasia and tumours (Cohen et al., 1998).

Fig. 12 Chemical structure of aspartame (URL 6)

Aspartame was introduced in the market in 1981 as the third artificial sweetener, and was
not related to any worries about carcinogenicity (Mazur, 1984). Animal studies did not
show aspartame to have any cancer-inducing effects, even in very high doses (Ishii, 1981;
Hagiwara et al., 1984; Jeffrey and Williams, 2000). The carcinogenic effect was also not
detected in humans (Gurney et al, 1997; Schwartz, 1999).

Aspartame has been considered a possible cause of hyperactivity and other behaviour

problems in children (Wurtman, 1983). The presumed reaction to aspartame has been
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attributed to the possibility that its metabolism results in elevated plasma phenylalanine
concentrations, which in turn may alter the transport of essential amino acids to the brain
(Elsas and Trotter, 1988).

After the introduction of cyclamate and aspartame, it became unreasonable to link
bladder cancer solely to the intake of saccharin, as most of the time a combination of
different artificial sweeteners was used in variety of food products to improve the taste.
Therefore, it is reasonable to accept that most epidemiological studies in humans are
related to overall sweetener consumption, and not to a specific one (Weihrauch and
Diehl, 2004). Many of these studies (case-control) were conducted in a small number of
patients with bladder cancer (1965 — 1986), and failed to show any increased risk of
bladder cancer associated with the use of artificial sweeteners (Wynder and Goldsmith,
1977; Morrison and Burning, 1980; Wynder and Stellman 1980; Piper et al., 1986).
However a case—control study published by Sturgeon et al. (1994) has shown heavy
sweetener and coffee consumption to be associated with an increase risk of bladder
cancer. The authors reported that heavy artificial sweetener use was associated with
higher grade, poorly differentiated tumours.

4.3.3 Acidulants, preservatives and antioxidants
4.3.3.1 General overview

Acidulants help in beverage preservation for long-term storage by reducing the pH.
Acidulants can also be used as chelating agents, buffers, coagulants, and flavouring
agents, imparting a tart taste (Kuntz, 1993). The pH of a cola drink is between 2.8 to 3.2.

However, the human kidney can excrete urine with a minimum pH of 5. Therefore the
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excretion to happen, the acidity of the soft drink needs to be buffered. Acidulants help in
this buffering action (Barzel and Massey, 1998).

The most common acidulants used in soft drinks are phosphoric and citric acids. The
common preservatives used in carbonated soft drinks include sodium benzoate, benzoic
acid, potassium sorbate, ascorbic acid, citric acid and sodium citrate (Lambert and
Stratford, 1999).

Phosphoric acid is more effective in reducing the pH than organic acids and is
predominantly found in cola drinks. Citric acid, on the other hand is typically added to
citrus beverages to add a strong tartness (Kuntz, 1993). However, these acids are often
blended together to produce a more distinctive taste (Dionex Corporation Application
169). The low pH value of soft drinks helps to control the bacterial growth. Carbon
dioxide and the preservatives present in the carbonated soft drinks also add to the
protective effect. Sodium benzoate is used as a broad spectrum antimicrobial, inhibiting
bacteria, moulds, and yeasts (Sagoo et al., 2002).

The role of ascorbic acid is described primarily as an anti-oxidant (May, 1999).
Antioxidants used as food additive are substances which prevent chemical reactions
responsible for destruction of aromatic substances present in soft drinks. Aromatic
substances add a pleasant taste to the soft drinks. Natural aromatic substances are those
that are found in nature and are transferred to soft drinks through the natural juices or
other plant parts like peel of orange. Caffeine in cola-drinks is also an aromatic substance
(URL7); and although it is present in very small quantity, it contributes largely to the

drink’s taste (Griffiths and Vernotica, 2000).
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Antioxidants, such as a-tocopherol and ascorbic acid, have been used as food additives as
they play an important role in preventing or delaying oxidation (Madhavi et al., 1996).
Alpha-tocopherol is a primary antioxidant which acts mainly by donating hydrogen or
electrons to free radicals and converting them to more stable compounds (Frankel, 1998).
Ascorbic acid is a secondary antioxidant that acts as an oxygen scavenger, reacting with
free oxygen and removing it in a closed system (Madhavi et al., 1996).

The two preservatives ascorbic acid and citric acid will be described here, as they were
studied in detail in our study. As this thesis involves the physiology of smooth muscle
contraction, the following review of literature will be focussed on studies that explored
the effects of ascorbic acid and citric acid on smooth muscle contraction.

4.3.3.2 Ascorbic acid

HO

HO
o) 0]

HO OH

Fig. 13 Chemical structure of ascorbic acid (URLS)

As mentioned earlier, ascorbic acid (chemical formula: C¢HgOg) used in carbonated soft
drink functions as an antioxidant to prevent reactions which destroy aromatic substances
thus protecting the flavours, colour, and taste. Ascorbic acid was isolated from cabbage,
lemon juice and adrenal glands by Szent-Gyorgy in 1928, and identified as the
antiscorbutic factor by Waugh and King in 1932. Thus the name "ascorbic" comes from
its property of preventing and curing scurvy (Davies et al., 1991). Its structure was

established by Haworth and co-workers in 1933, and the same year Haworth in
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Birmingham and Reichstein, in Switzerland, succeeded in synthesizing the vitamin
(Bender, 2003). It was also described that of the four stereoisomers (L-ascorbic acid, D-
ascorbic acid, L-isoascorbic acid and D-isoascorbic acid or erythrobiotic acid) of ascorbic
acid, only L-ascorbic acid has significant vitamin C activity. They are isomers differing
in orientation of the hydrogen and hydroxyl ion on Carbon 5. The stereoisomers have no
biological activity other than small amount for isoascorbic acid (2.5-5% compared to L-
ascorbic acid) (Eitenmiller and Landen, 1999). Ascorbic acid is available commercially
as a food additive L-ascorbic acid and as its sodium salt. The commercially available
form of vitamin C supplements for food in U.S.A also includes ascorbyl palmitate and
calcium ascorbate (Burdock, 1999).

The functional importance of ascorbic acid in human has been described as the main
water-soluble antioxidant organic acid in human plasma with protective effects on
coronary heart diseases (Frei et al., 1988). It protects lipids against peroxidative damage
by scavenging superoxide and other reactive oxygen species (Bendich et al., 1986).
Kaufmann et al. (2000) has reported that ascorbic acid can restore the coronary
microcirculation function in smokers.

Metabolism: Ascorbic acid is absorbed in the intestine by sodium dependent active
transport at the brush border membrane and sodium independent transport at the
basolateral membrane, throughout the intestinal tract (Malo and Wilson, 2000). Ascorbic
acid is reversibly oxidised to dehydroascorbic acid in the body and both forms, ascorbate
and dehydroascorbate, are physiologically active. This reaction, which proceeds by
removal of the hydrogen from the enediol group of ascorbic acid, is part of the hydrogen

transfer system forming a monodehydroascorbate radical which rapidly dissociates into
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ascorbate and dehydroascorbate (Dollery, 1991). Most tissues have both nicotinamide
adenine dinucleotide phosphate (NADPH) and glutathione-dependant
monodehydroascorbate reductase enzymes, which reduces the radical back to ascorbate
(Burns, 1975).

Elimination: The major fate of ascorbic acid in human metabolism is excretion in the
urine, either unchanged or as dehydroascorbate and diketogluconate (McEvoy, 1993;
Bender, 2003). The latter is produced by non-enzymatic hydration in tissues. Both
ascorbate and dehydroascorbate are filtered at the glomerulus and then reabsorbed, by a
sodium-independent process. Reabsorbed dehydroascorbate is reduced to ascorbate in
kidneys.

The plasma concentration of ascorbate shows a sigmoidal relationship with intake
(Friedman et al., 1940). Below 30 mg per day, the plasma concentration is extremely low
and there is little or no urinary excretion of ascorbic acid (Bender, 2003). With an
increase in intake above 30 mg per day, the plasma concentration rises sharply reaching a
plateau of 70 to 85umol/L. At intake between 70 and 100 mg per day, when the renal
threshold is reached, ascorbic acid is excreted quantitatively with increasing intake
(Levine et al., 1996).

Effect on smooth muscle: Dillon and co-workers studied the effect of ascorbic acid on
smooth muscle. In 2000, they demonstrated that norepinephrine (NE) and ascorbate bind
to each other with a dissociation constant of 37 uM. In their later study, Dillon et al.
(2004) reported that ascorbic acid has a profound excitatory effect on catecholamine-
induced contractions of rabbit aortic smooth muscle, which is independent of the direct

antioxidant effect of ascorbate on norepinephrine and epinephrine. They described (i) the
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effect of ascorbate on the number of available adrenergic receptors using radio-labelled
and immunological agents, (ii) the effect of ascorbate on the second messenger activity of
the adrenergic receptor and the second messenger effects on Ca’* release from the
sarcoplasmic reticulum and the opening of Ca®* channels, and (iii) the binding of
adrenergic compounds to their receptor when there is an adrenergic-ascorbate complex.
In this aspect, they highlighted the possible role of ascorbic acid in enhancement of
muscle contraction by modulating the state of adrenergic receptors, independent of the
reduction of oxidation. The adrenergic receptors have been shown to exist in two states
with a fivefold difference in sensitivity to catecholamines, with the basic state more
sensitive than the acidic state (Rubenstein and Lanzara, 1998). Dillon et al. (2004)
suggested that ascorbic acid modulates the state of adrenergic receptors in a way that
favours enhancement of the muscle contraction.

The mechanism of this enhancement of catecholamine induced contractions was
explained decades ago by Green and Richter (1937). Maxwell et al. (1983) described that
the cytochrome-indophenol-oxidase system, which catalyzes the oxidation of epinephrine
to adrenochrome, was detected at a higher concentration in cardiac muscle than other
tissues. Inactivation of these enzyme systems should delay oxidation of epinephrine
resulting in potentiation of its action (Verly, 1948; Kitto and Bhor, 1953).

The mechanism of actions of L-ascorbic acid on the guinea pig isolated ileum was
studied by Terada et al. (1980). Ascorbic acid (10'3 M) was found to produce a stimulated
motility (A effect) and a enhancement of acetylcholine (ACh)-induced contraction (B
effect). The A effect showed a tachyphylaxis, and was inhibited by tetrodotoxin, atropine,

adenosine, morphine, strychnine, Mg2+, papaverine and glucose- and Ca**-free medium,
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but was stimulated by eserine. Thus, ascorbic acid appears to have not only a direct
myogenic effect but also a neurogenic effect by stimulating ACh release from intramural
cholinergic nerves (Terada et al., 1980; Joiner, 1973).

Interestingly, although several of the above mentioned studies suggested ascorbic acid
contracts cardiac muscle, vascular or gut smooth muscles, Powiardowska and Puglisi,
(1980) reported that on isolated tracheal smooth muscle, L-ascorbic acid alone induced a
dose-related relaxation. They demonstrated that L-ascorbic acid increased the relaxing
effect of B agonist like isoprenaline on the tracheal smooth muscle and this relaxation
effect was abolished by a B blocker, propranolol, suggesting that the effect of L-ascorbic
acid may be related to stimulation of beta adrenergic receptors. Thus ascorbic acid
showed opposite effects on muscle contraction in different tissues, probably due to its
diverse modes of action. The diversity may be due to that fact that ascorbic acid activates
different receptors in different tissues, like parasympathetic stimulation in gut and
sympathetic activation in tracheal smooth muscle.

Beneficial and adverse effects: In 1991, COMA (Committee on Medical Aspects of
Food and Nutrition Policy) recommended the daily intake of ascorbic acid to be 40
mg/day for adults, with an increase in pregnancy to 50 mg/day, and during lactation to 70
mg/day (COMA, 1991: URL9). A large number of people habitually take between 1 to 5
gm per day of ascorbic acid supplements. Excessive consumption of carbonated soft
drink increases this load considerably more. There is little evidence of any significant
toxicity from these high intakes, although several potential problems have been
highlighted (Rivers, 1989). Several studies have suggested that a high intake of ascorbic

acid is associated with increased excretion of oxalate (Reznik et al., 1980; Swartz et al.,
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1984); however, much of the oxalate may be the result of nonenzymatic formation from
ascorbate under alkaline conditions, occurring either in the urinary bladder or after
collection, and thus not a risk factor for renal stone formation (Chalmers et al., 1986).
Ascorbate may also increase the urinary excretion of uric acid, and possibly be protective
against the development of gout, but may increase the urinary concentration of above the
solubility threshold, thus increasing the chance of developing urate renal stones (Bender,
2003).

Some epidemiologic studies suggested a protective effect of ascorbic acid against cancer
(Henson et al., 1991; World Cancer Research Fund, 1997; Khaw et al., 2001; Vecchia,
2001; Lee et al., 2003). World Cancer Research Fund (1997) has suggested that the
chemopreventive effects not to be associated with any increased adverse effect even at
doses higher than the recommended dietary allowance of 60 mg/d. However, this
protective effect was not observed in clinical trials with high dose of dietary ascorbic acid
supplement (Blot et al., 1993; Yong et al., 1997). Lee et al. (2001) reported that daily
dietary ascorbic acid of 200 mg can enhance production of endogenous genotoxins by
degradation of lipid hydroperoxides, and this may act against cancer chemoprevention.
Although, later in their study, Lee et al. (2003) has also highlighted that in reality, the risk
of such adverse effects related to ascorbic acid would be very minimal due to the
presence of intracellular endogenous antioxidants such as glutathione peroxidase and
catalase. Production of glutathione in human lymphocytes was reported to be enhanced
by daily intake of ascorbic acid (500—-1000 mg) which may be responsible for inhibition

of lipid peroxidation (Lenton et al., 2003).
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Overall, the majority of studies have found that ascorbic acid to have more beneficial
than harmful effects.

4.3.3.3 Citric acid

Fig. 14 Chemical structure of citric acid (URL 10)

Citric acid or 2-hydroxy-1,2,3-propanetricarboxylic acid (HO, CCH,; C(OH)(CO, H)CH,
CO; H), is a weak organic carboxylic acid containing three carboxyl groups and is
responsible for the tart taste of various fruits. Although it is found in a variety of fruits
and vegetables, it is most concentrated in lemons and limes comprising up to 8% of the
dry weight of the fruit. Citric acid has been used as an important food additive/
preservative for long time since its extraction from lemon juice for the first time in 1784
by Carl Wilhelm Scheele, a Swedish chemist. It is a natural preservative and hence has
been used in soft drinks, laxatives and cathartics (The Columbia Encyclopaedia, 2006). A
wide range of food products containing citric acid includes non-alcoholic drinks, beer,
wine, bakery products, cheese, ice cream, jams, packet soups, sweets, tinned fruits,
sauces and vegetables. (Bizri and Wahem, 1994)

The acidity of citric acid results from the three carboxyl groups COOH, each of which
can lose a proton in solution, providing its excellent buffering action for controlling the

pH of acidic solutions. Citrates can chelate or form salts with many metal ions, such as
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calcium citrate or "sour salt", which is commonly used as a preservative and flavouring
agent giving a tart taste to the food product (Phillips, 1999). The role of citric acid as a
food additive has been shown to be versatile and it was also found to enhance the efficacy
of other antioxidants (Hazan et al., 2004). Its use in wine production is well known,
where besides being a flavouring agent and preservative, it also prevents formation of
iron-tannin precipitates which cause cloudiness in wine (FDA, 1988; FDA/IFIC, 1992).
In brewing it is used to produce an acidic milieu to reduce the growth of certain bacteria,
yeasts and moulds (Phillips, 1999). This acidic milieu also helps in faster enzyme activity
which is required in processing of cheese (Branen et al., 1990).

Metabolism: Gonce and Templeton (1930) observed no increase in the citric acid output
of four normal children when 0.6 g of citric acid per kg of body weight was given daily
for 3 days. Ostberg (1931) reported that out of five normal individuals ingesting 10 to 40
g of citric acid every day, only one exhibited any considerable increase in urinary citric
acid excretion. He concluded that citric acid appeared to be generally distributed in body,
although its metabolism was not clearly defined.

Citric acid is rapidly but not completely oxidized in humans. When given in doses of 2 to
20 g, 1.5 to 2.5 % escaped oxidation and was excreted in the urine (Kuyper and Mathill,
1933). Analyses of rabbit blood drawn from various parts of the body failed to
demonstrate a relationship between any particular tissue and the oxidation of citric acid.
Sherman et al. (1935) investigated the effect of the ingestion of large doses of citric acid
by dogs on the amounts of citric acid present in the urine, blood, and faeces, and on the
urinary pH, organic acid, and nitrogen excretion. In some instances, blood and urine

citrate level measurements were made at frequent intervals in an attempt to establish the
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relationship between the concentration of citrate in the blood and its rate of excretion by
the kidney. Following the oral administration of 0.5 to 2.0 g of citric acid per kg of body
weight, an average of 0.7% of the acid given escaped oxidation and appeared in the urine;
arise in the blood citrate level was maintained for 3.5- 7.5 hours; and no extra citric acid
appeared in the faeces. Apparent renal threshold values were found to be 2.2 mg to 6.0
mg. of citric acid per 100 ml of whole blood. Ingestion of citric acid in addition to a
constant diet did not affect the pH or the total nitrogen of the 24 hour urine collection
(Sherman et al., 1935).

Beneficial and detrimental effects

Various investigators have tried to establish the effects of citric acid on human
physiology, exploring its beneficial and detrimental effects. The majority of work
confirms the beneficial effect in prevention of urinary stone formation, although citric
acid can be a local irritant and in large amounts can cause teeth erosion.

Some studies have shown that citrate inhibits stone formation by preventing crystal
growth, aggregation and nucleation (Parks et al., 1996; Laube et al., 2002). Deficient
urinary excretion of citric acid has often been associated with urinary stone disease
(Nicar et al.,, 1983; Whalley et al.,, 1996). Moreover, successful correction of
hypocitruria, which has been documented largely in adults, positively correlates with a
decreased stone recurrence rate. Citrate is a strong chelator of calcium (Parks et al., 1996)
and in view of its ability to alkalinize urine and decrease urinary supersaturation of
calcium oxalate, it has been used as one of the most common therapeutic agents to
prevent calcium oxalate, uric acid or cystine stones (Pak et al., 1983; Ettinger et al.,

1997).
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Since citrate is involved in maintaining cellular endogenous antioxidant defences by
increasing formation of reduced nicotinamide adenine dinucleotide phosphate (NADPH)
(Mallet and Sun, 2003), Byer and Khan (2005) hypothesized that administration of
exogenous citrate may augment defence mechanisms and decrease the cellular injury
inflicted by oxidative stress produced by exposure to increased oxalate crystals. It has
been speculated that citrate combined with methionine may lower lipid peroxidation by
preventing free radical production. (Selvam and Kurien, 1992). Citrate is the most
commonly prescribed medicine for kidney stone disease based on the theory that it
inhibits the formation and retention of crystals in the kidneys (Ashbey and Sleet, 1992;
Rodgers et al., 2006).

Slanina et al. (1986) reported that dietary citric acid enhanced absorption of aluminium in
antacids. Thus people who take regular high doses of antacids along with concomitant
regular high intake of citric acid (in diet) may be at risk of developing aluminium
toxicity. Hallberg and Rossander (1984) studied the comparative impact of soy protein,
ascorbic acid and citric acid on iron absorption from a simple Latin American-type of
meal to determine if adding a specific substance like ascorbic acid would improve iron
nutrition. Their finding showed that addition of a piece of boiled cauliflower containing
65 mg ascorbic acid increased the bioavailability of iron in the present type of meal three
to four times and that 50 mg pure ascorbic acid increased it three times. In contrast, the
addition of citric acid actually significantly decreased the absorption of iron, although no
explanation was given (Hallberg and Rossander, 1984).

Citric acid toxicity is unknown, apart from after intravenous administration (Bunker et

al.,, 1962; Lee et al, 1986). Citrate toxicity has recently been reported during
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haemodialysis by using citrate as an anticoagulant (Meier-Kriesche et al., 1999).
Fukushima et al (1986) reported that sodium citrate promotes bladder carcinogenesis in
rats.

Amato et al. (1997) reviewed the data from 99 publications reporting health related
harmful and beneficial effects of soft drink consumption from 1970 to 1997 (Medline).
They concluded that although many of these studies were lacking proper methodological
design, yet it would be prudent to comment that high consumption of soft drinks may not
be entirely safe as generally believed and in a broader perspective it represents a public

health problem.
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CHAPTER 5

MATERIALS & METHODS



5.1 Introduction

The experimental set up was based on the traditional organ bath that has been used
extensively in the past to investigate the physiology and pharmacology of in vitro
tissue preparations such as isolated rat detrusor muscle strips. Bladder muscle
contraction is known to occur primarily in two ways — firstly, involving the
presynaptic release of neurotransmitters (acetylcholine-parasympathetic and ATP-
purinergic) from nerve terminals and secondly, through post synaptic receptor
activation (cholinergic and purinergic). Calcium influx through L-type voltage-gated
calcium channels independent of any receptor activation is another important
mechanism for muscle contraction. The presynaptic mechanism of muscle contraction
was elicited by stimulating the intrinsic nerves during electrical field stimulation
(EES). The receptor activation mechanism was investigated by using agonists such as
carbachol and ATP. Calcium influx was investigated by using potassium chloride,
which depolarized the cell membrane opening calcium channels. The effects of
individual carbonated soft drink components and the whole soft drink itself on these

mechanisms were investigated.

5.2  Physiological background for methodology

Although it has been described in detail in the review of literature chapter, a brief

summary of the physiological background is helpful in explaining the methodology.
5.2.1 Neurotransmitters and receptors

In vivo rat detrusor muscle contracts in response to activity in neurons, which releases

neurotransmitters. With regard to the excitatory innervations of urinary bladder,
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several studies have shown that two different neurotransmitters exist in mammalian
detrusor muscle. Acetylcholine (ACh) is the cholinergic component and the other
neurotransmitter is an atropine-resistant, nonadrenergic, noncholinergic (NANC)
neuronal component (Hoyle and Burnstock, 1993). This NANC component has been
identified in a number of studies as adenosine triphosphate (ATP) (Andersson, 1993;
Hoyle, 1994; Burnstock, 2001). Thus, the contraction of the mammalian bladder is
mediated by the two neurotransmitters, acetylcholine (ACh) and adenosine
triphosphate (ATP).

In vitro contraction of isolated detrusor muscle was obtained by perfusing bladder
muscle strips, suspended in an organ bath, with the cholinergic receptor agonist
carbachol, which is an analogue of acetylcholine not hydrolyzed by
anticholinesterases (Damaser et al., 2000) (Fig. 15). Contractile responses were also
achieved by the brief exogenous application of the co-neurotransmitter 0,3 methylene
ATP, an agonist to purinergic receptors (Wu et al., 1999) (Fig. 15). Exposure to o, B
methylene ATP was limited to short bursts to prevent desensitization (Brading and
Williams, 1990; Yoshida et al., 2001; Noda et al., 2002).

A receptor is a protein present on the cell membrane or within the cytoplasm or cell
nucleus that binds to a specific molecule (a ligand), such as a neurotransmitter, and
initiates the cellular response to the ligand. On binding to the receptor proteins, the
ligands induce structural and behaviour changes in the receptor proteins that
constitute the biological actions of the ligands. Once the neurotransmitters are
released from the nerve terminal as the result of an action potential, they bind to
specific receptors on the surface of the postsynaptic cell. The receptors are also
present on the presynaptic neurons acting mainly to inhibit further release of

neurotransmitters. One additional characteristic of neurotransmitter receptors is that
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they are subject to ligand-induced desensitization, which means that they can become
unresponsive upon prolonged exposure to their neurotransmitter.
5.2.2 Agonists and antagonists

An ‘agonist’ is a chemical compound which binds to its receptor to initiate the
process of contraction. On administration of a range of concentrations of an agonist,
the concentration-response curve takes a sigmoid shape ranging from the lowest
concentration to high, where it reaches the maximum contractile response and
plateaus. A ‘full agonist’ will produce a sigmoid curve whereas a ‘partial agonist’ will
have a maximum response which is less than the maximum response of a full agonist.
An ‘antagonist’ is a drug that does not provoke a response itself, but blocks agonist-
mediated responses. An antagonist can occupy, although not always, the same
receptor as the agonist and therefore denies access to that receptor by the agonist. An
example of this is atropine which produces no direct response in muscle tissue.
However, when the muscle tissue is stimulated with acetylcholine in the presence of
atropine no contractile response is obtained. Acetylcholine at a much higher
concentration is required to obtain a contractile response. Where the antagonism is
overcome by increasing the concentration of agonist, the antagonism is known as
competitive, whereas if the antagonism is not overcome, it is known as non-
competitive.

Black and Leff (1983) in their operational model of agonist action have shown in spite
of the complexity of the linkage between agonist binding and response, dose-response
curves have shapes identical to receptor binding curves. The simplest explanation
was that the link between receptor binding and response was direct, so response was
found to be proportional to receptor binding. They have explained that though in a

response, several messengers might be involved, if each messenger binds to a single
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binding site according to the law of mass action, the dose-response curve will follow
the same sigmoid shape as a receptor binding curve.
5.2.3 L-Type voltage gated Ca2+channels

In smooth muscle cells, Ca2+transport through voltage-operated Ca2+ channels is the
key event in depolarization-mediated changes in intracellular calcium concentration
(Ganitkevich and Isenberg, 1992). This depolarization-induced influx of Ca2+ through
L-type Ca2+ channels induces a release of Ca2+ from intracellular stores, which
constitutes a major portion of the phasic intracellular rise in calcium concentration

(Ganitkevich and Isenberg, 1992).

Muscarinic
receptors
Purinergic
receptors
nerve EF S
Ach ATP
aBmethylene
Carbachol (+) ATP (+)
Smooth muscle a

KCI ()
Atropine (-)

Fig. 15 Schematic diagram showing mechanism of action of different stimuli for
bladder muscle contraction: purinergic, cholinergic & Ca2tchannels; agonists (+) &
antagonists (-). EFS: electricalfield stimulation; ACh: acetylcholine; ATP: adenosine
triphosphate

The mechanisms mentioned above were used to build the framework of our

investigations (Fig. 15). A contractile response to EFS was obtained via activation of
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both cholinergic and purinergic patﬁways. Atropine was used to block the cholinergic
component of the EFS-induced bladder muscle contraction to allow evaluation of the
purinergic contribution. Alpha, B methylene ATP and carbachol were used to
stimulate directly post synaptic purinergic and muscarinic receptors respectively.
Potassium was used to induce contraction via depolarisation to investigate calcium
influx through L-type voltage-gated Ca®* channels, which is independent of receptor
activation. High concentration of potassium depolarizes the cell membrane thereby
opening the voltage-gated Ca®* channels (Maggi et al., 1989a; Nakayama & Brading,
1995). Known amounts of calcium were then added to enter the already opened
calcium channels to trigger muscle contraction. Thus both potassium and calcium
evoked responses were highly dependent on Ca** influx through L-type voltage-gated

Ca** channels for contraction (Fig. 15).

5.3  Preparation of tissues

Bladders were removed from male and female Wistar rats (250g-300g) which had
been culled in accordance with schedule 1 procedure of the Animal (Scientific
Procedures) Act 1986. For each experiment a minimum of six rats was used, and the
mean responses were calculated. Four strips of rat bladder from two different rats
(two strips from each) were set up for experiments everyday. The mean values of
contractile force were calculated for each pair of bladder strips from the same rat,
giving two mean values for each experiment day. The experiments were repeated for
three days, giving a total of six mean values (n=6, strips=12). The bladders were
removed and placed into cold Kreb’s solution which was made up fresh and consisted
of: NaCl 119 mM, KCl 4.4 mM, NaHCO; 20 mM, NaH,PO, 1.2 mM, MgCl, 1.2 mM,

CaCl, 2.5 mM and Glucose 11 mM made up in distilled water (pH 7.2). Bladders
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were then dissected free of any adhéring fat or serosa and cut into longitudinal muscle
strips (4 x 0.5 x 1 mm). The dissection was always performed exactly the same way,
by the same person. The rat bladders were cut transversely at the top and bottom end
and then were unfolded to open into a rectangular piece. Four strips of similar size
were cut (Fig 16 A&B) and two strips of the bladder from the same rat were used to

obtain the mean value of contractile force to minimize error.

S

A B

Fig. 16 (A). Bladder was cut transversely at the dome and the base and then
longitudinally at the middle to give a rectangular tissue sample. (B). The rectangular

tissue was then cut into 4 equal longitudinal strips.

These were suspended in a perspex organ bath chamber of 0.2ml volume (Brading
and Sibley, 1983). The bladder strips were constantly perfused with Kreb’s solution at
the rate of 1 ml per minute, aerated with 95% oxygen and 5% carbon dioxide and the
temperature was maintained at 37° C throughout the experiments. The bladder muscle
strips were suspended using a fine silk suture attached to the base of the muscle strip
and secured at the bottom of the chamber and another suture was attached to the apex
of the muscle strip and tied to an isometric force transducer connected to a four-
channel Harvard Universal Oscillograph. The strips were allowed to equilibrate for 1

hour under tension of 1 g before experimentation (Fig 17).
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Fig. 17 Diagram of organ bath used for studying isolated detrusor muscle
contraction. (Brading AF and Sibley GNA, 1983)

The transducer was connected to a Harvard Universal Oscillograph which converted
isometric tension into an electrical signal. Contraction of the muscle strips shortened
its length and the tension generated was transmitted to the oscillograph being
represented by a deflection of the pen recorder. The oscillograph was calibrated at the
beginning of the experimentation by suspending a known weight of 1g from the
transducer and counting the number of squares covered by the deflection of the pen. A
relationship between the deflection of the pen and tension generated is therefore
known at the beginning of each experiment and was used to calculate the amount of
tension generated during the experiments. For quality assurance, throughout the study

it was ensured that the tension measured in each of the four organ baths did not vary.
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5.4  Preparation of different coﬁcentrations of soft drink additives

Carbonated soft drinks are complex mixtures containing a variety of substances such
as colouring compounds, flavouring agents, acidifiers, sweeteners, preservatives, and
caffeine (Kuntz, 1993). Some of these compounds (including aspartame and ascorbic
acid) have previously been investigated in animals to study toxicity and carcinogenic
effects. We chose to investigate primarily the artificial sweeteners (aspartame,
acesulfame K, sodium saccharine and phenylalanine), flavouring agents (citric acid),
preservatives (sodium benzoate, potassium sorbate and sodium citrate) and
antioxidants (ascorbic acid). We did not include caffeine, though it is an important
constituent in cola drinks (as a stimulant). Caffeine has been investigated extensively
for its effect on urinary system; its diuretic and stimulant effect on detrusor muscle is
well established (Gray, 2001; Bryant et al., 2002).

Different concentrations (10® M to 10 M) of the carbonated soft drink components
were freshly prepared before the experiments by dilution in Kreb’s universal solution.
10" M concentration of any individual component was prepared by weighing out a
known amount, calculated from the molecular weight (Table 2), and dissolving it in
20 mL of Kreb’s solution to obtain the desired concentration. For the EFS 10 Hz
experiments, subsequent ten fold dilutions were carried out from the 107 M
concentration down to 10® M. For example, a concentration of 10* M was prepared
by transferring 200uL of the soft drink component into 200 mL of Kreb’s solution.

Subsequent required concentrations were diluted as required.
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Table 2 Molecular weights of different carbonated soft drink components

Chemical Molecular weight
Sodium saccharine 205
Acesulfame K 201
Aspartame 294
Phenylalanine 65
Ascorbic acid 176
Citric acid 294
Potassium sorbate 150
Sodium citrate 294

5.5  Concentration of carbonated soft drink

Different dilutions of a popular carbonated soft drink were prepared from 1: 100 to 1:
500 by a dilution method. 1 mL of the drink was mixed with 99 mL of Kreb’s solution
to obtain a concentration of 1: 100. This was followed by further dilutions of 1: 100 to
obtain the lowest concentration, i.e. 1: 500. The effect of electrical field stimulation
(EFS) on these different concentrations was investigated to obtain the concentration,

which produced significant muscle contraction.
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EXPERIMENTS

5.6 10 Hz Electrical field stimulation (EFS) - a screening test

The concentration of soft drink components in body fluids after the consumption of a
can of drink was not known. The evaluation of the effects of any such drink additive
in vivo is complicated by many factors, such as individual variations in absorption,
distribution, metabolism and alteration of measured target organ action by excretion,
homeostatic and compensatory mechanisms of different systems. Therefore
preliminary investigations were carried out using a wide range of concentrations,
starting from the lowest 10% M to the highest 10> M. This was a screening test to
determine which component of carbonated soft drink, and at what concentration,
significantly modulated bladder muscle contraction. The lower concentration (a
concentration between 10® M and 10* M) producing a significant enhancement of
muscle contraction was chosen for further investigations. The pH of these solutions
was found to be within range of 7.30-7.34. Different concentrations (10° M to 107
M) of the carbonated soft drink additives were freshly prepared before the
experiments by dilution in Kreb’s universal solution. Thus by doing the screening test,
the specific soft drink ingredient was identified along with the concentration to use,
for detailed investigation.

Bladder strips were equilibrated and then stimulated with electrical field stimulation
(EFS) 10 Hz to obtain control contractile responses. This frequency was chosen
because both acetylcholine and ATP are released from the nerve terminals (Brading
and William, 1990). At lower frequencies of EFS, muscle contraction is mainly due to
the release of ATP from the nerves with an increasing component due to the release of

ACh as the frequency of stimulation increases (Brading & Williams., 1990).
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Individual soft drink components at the lowest concentration (10’8 M) were perfused
through the organ bath for 20 minutes followed by three stimulations with EFS 10 Hz
with an interval of 3 minutes between each to allow restoration of resting muscle tone
in the bladder strips. Subsequent concentrations, up to 10 M, were added in the same
manner followed by three stimulations with EFS 10 Hz. The average of the three
contractile responses was determined for each concentration. Those low
concentrations (10* M - 10® M) found to significantly modify the bladder contractile
response to 10 Hz EFS were subsequently used for further experiments. The term
‘previously determined concentration’ is used later in this section to refer to these
concentrations that have a significant effect on the contractile response to 10 Hz EFS.

5.7  Spontaneous contractions

Detrusor smooth muscle exhibits spontaneous contractile activity during the filling
phase in normal guinea-pig bladder (Drake et al., 2003b; Gillespie, 2004a) or
overactive human bladders (Brading 2006). Isolated rat detrusor strips also generate
spontaneous phasic contractions. The effect of soft drink components at ‘previously
determined concentrations’ on spontaneous rat detrusor contractions was determined
by comparing the frequency and amplitude of contractions before and after the
addition of each soft drink component for 5 minutes.

5.8  Time course experiments

Three frequency response curves (detailed below) were obtained at 21 minutes, 63 to
84 minutes and 210 to 231 minutes. This was to determine if the contractile response
of the detrusor muscle to stimulation with EFS altered significantly over the time

period of the experiment.
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5.9. Response curves

5.9.1. Frequency response curves
Electrical field stimulation (EFS) was delivered by platinum electrodes recessed
within the organ bath chamber and connected to a Harvard Dual Impedance Research
Stimulator capable of delivering electrical impulses at different frequencies, voltage
and pulse width. A frequency response curve was constructed by stimulating the
bladder muscle strips with increasing frequencies of 0.5, 1.5, 10, 20, 40 and 60 Hz at
50 volts with a pulse width of 0.05 ms in 10 trains at 3 minutes interval. The response
curve to EFS was plotted using a linear scale and is known as the frequency response
curve.
Electrical field stimulation (EFS) not only generates a contractile response due to
release of endogenous neurotransmitters from nerve terminals but also due to direct
muscle stimulation. The magnitude of direct muscle stimulation is proportional to the
setting of the pulse width; more direct muscle stimulation is obtained at higher setting.
A pulse width of 0.05 ms was chosen to ensure stimulation of the nerves and not
direct stimulation of the muscle. It was demonstrated previously that in rat bladder
samples, tetrodotoxin 1.6 x 10°® M, a sodium channel blocker, abolishes the response
to EFS at this pulse width but not to pulse widths higher than this setting (Hudman et
al., 2000). Thus muscle contractile response obtained on delivering electrical field
stimulation with the chosen setting of 0.05 ms was due to the effect of the released
neurotransmitters, acetylcholine and ATP.

5.9.1.1 EFS at different frequencies

After the equilibrium period of 60 minutes, neurally evoked isotonic contractions
were induced using trains of electrical field stimulations at frequencies of 0.5, 1, 5,

10, 20, 40 and 60 Hz (at 50 V, 0.05-ms pulse width and 10-s trains) delivered at 3-min
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intervals to obtain a control frequency response curve. The tissue samples were then
perfused with Kreb’s solution containing a soft drink component, at the previously
determined concentration, for 20 minutes. The experiment was then repeated in the
presence of a different soft drink component.
5.9.1.2 EFS in the absence and presence of atropine 10° M

Atropine, a cholinergic receptor antagonist, was used to block the cholinergic
component of EFS (Yono et al., 2000). Atropine 10 M was used in our experiment to
block the cholinergic pathway (Downie and Dean, 1977).
The bladder tissue preparation was perfused with Kreb’s universal solution and
control frequency response curve was obtained. Following this, the bladder tissue
preparation was perfused with Kreb’s solution containing atropine 10° M for 20
minutes, and another frequency response curve was obtained. The third frequency
response curve was obtained in the presence of atropine 10°® M plus individual soft
drink additive at predetermined concentration to establish its effect on atropine
resistant component of EFS (purinergic component).

| 5.9.2 Concentration response curves
This is a graph produced to show the relationship between the exposure concentration
of a drug (or other chemical) and the degree of response it produces. Thus a
concentration response curve was constructed by plotting the contractile response of
rat bladder on the ‘y axis,” expressed as force in grams, against the concentration of
an agonist, such as carbachol, using logarithmic scale, on ‘x axis’. The graph

produced was a sigmoidal curve (Motulsky and Christopoulos, 2003).
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log[Dose]

Fig. 18 A standard concentration response curve. X axis: concentrations of agonist

and Y axis: Contractile response (Motulsky and Christopoulos, 2003)

A standard concentration-response curve is defined by four parameters: the baseline
response (bottom), the maximum response (top), the slope, and the drug concentration

that provokes a response halfway between baseline and maximum (ECs).
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Fig. 19 ECsy of a standard concentration response curve (Motulsky and

Christopoulos, 2003)
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Experiments were performed toA establish the effect of individual soft drink
components on the concentration response curves to agonists such as carbachol
(cholinergic) and a, B methylene ATP (purinergic), and chemicals such as KCl and
calcium to investigate the role of L-type voltage-gated Ca’* channels.

5.9.2.1 Concentration response curves to carbachol
Carbachol directly activates cholinoceptors in bladder smooth muscle (Damaser et al.,
2000). Stock solution of carbachol, 102 M, in Kreb’s solution was prepared and
diluted to obtain concentrations from 10® M to 107 M immediately before use.
Concentration response curves were obtained in the presence of carbachol by
perfusing the muscle strips with increasing concentrations 10° M - 10% M for 30
seconds. The concentration response curve was repeated after the addition of
individual soft drink component for 20 minutes, at previously specified
concentrations.

5.9.2.2 Concentration response curves to a, § methylene ATP

Alpha, B methylene ATP directly activates purinergic receptors which depolarizes the

2+ 2+
cell membrane opening L-type Ca channels, resulting in Ca influx and muscle

contraction (Wu et al., 1999).

Alpha, B methylene ATP was made up as stock in Kreb’s solution 10> M and then
immediately diluted further to make concentrations 107 M - 10° M before use.
Concentration response curves were obtained after perfusing the organ bath with
increasing concentrations of o, B methylene ATP from 107 M to 10> M for 45
seconds. The tissue samples were allowed to relax to base line between exposures.
The strips were then perfused with Kreb’s solution for 15 minutes to allow the tension
to return to base line and to ensure that purinoceptors were not desensitised by

prolonged exposure to o, f methylene ATP (Brading & Williams, 1990; Yoshida et
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al., 2001; Noda et al., 2002). The &, B methylene ATP concentration response curve
was repeated following 20 minutes of perfusion with Kreb’s solution containing the
individual carbonated soft drink component at previously determined concentrations,
and compared to the control response.

5.9.2.3 Concentration response curves to potassium chloride
High concentration of extracellular potassium depolarizes the cell membrane and
triggers opening up the L-type voltage-gated Ca®* channels resulting in Ca** entry into
the cell thereby initiating contractile response (Maggi et al., 1989a). The cholinergic
and purinergic receptors are not activated by potassium. Thus the contractile response
obtained in the presence of potassium is solely due to the influx of Ca™* through L-
type Ca®* channels (Visser and Van Mastrigt, 2000a).
KCl was dissolved in potassium free Kreb’s solution to produce concentrations of 10
mM - 80 mM immediately before use. Concentration response curves to KCI were
obtained by perfusing the organ bath for 60 seconds with each concentration of KCI.
Samples were allowed to relax to base line between exposures. Another concentration
response curve was obtained in the presence of individual carbonated soft drink
additive at previously specified concentrations.

5.9.2.4 Concentration response curves to calcium chloride
The detrusor muscle strips were depolarised by placing them into calcium-free,
potassium-rich Kreb’s solution containing 127 mM of KCI. This resulted in an initial
contraction of the detrusor muscle followed by relaxation. Known amounts of calcium
were then added to enter the already opened calcium channels to trigger muscle
contraction.
Calcium-free, high potassium Kreb’s solution (127 mM KCI) was prepared first and

500 mL was removed before adding EGTA (1.2mM), which chelates Ca®*. Calcium
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chloride was dissolved in the calciﬁm free Kreb’s solution without EGTA to prepare
different concentrations of Ca?* 0.25 to 2.5 mM (0.25,0.5, 1.0, 1.5, 2.0, 2.5 mM).
Previously determined concentrations of individual soft drink component were
prepared by dissolving them in Ca®* free high potassium Kreb’s solution. After an
equilibration period of 60 minutes in Kreb’s universal solution, the bladder strips
were perfused with calcium free high potassium Kreb’s solution for about 20 minutes,
when a contractile response was obtained (as mentioned above due to membrane
depolarization by high potassium). Once the contractile response returned to baseline,
each concentration of calcium (0.25, 0.5, 1.0, 1.5, 2.0, 2.5 mM) was perfused through
the organ bath chamber for 60 seconds to produce a concentration response curve to
calcium. Samples were allowed to relax in between exposures. The bladder muscle
strips were then washed with calcium free Kreb’s solution for 20 minutes and the
procedure was then repeated in the presence of individual carbonated soft drink
additive at previously specified concentrations.
To summarize, the sequence in which the following experiments were performed was:

1. 10 Hz EFS- screening test

2. Spontaneous contractions

3. EFS: time course experiment

4. EFS: control and carbonated soft drink component

5. EFS: control, atropine , atropine plus carbonated soft drink component

6. Carbachol response

7. Alpha, beta methylene ATP response

8. Potassium response

9. Calcium response
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5.10 Statistical analysis

Sample size calculations (SPlus 6.2) indicated that muscle strips from six animals
were required to construct each contractile response curve. Data are expressed as
means *+ standard error of the mean (SEM) and analysed using paired t tests when
comparing two groups such as the maximum contractile response only. Repeated
Measures One Way Analysis of Variance and One Way Analysis of Variance
followed by Tukey’s or Dunnett’s multiple comparisons where appropriate. A p value
of < 0.05 was regarded as significant. Log EC 5o was determined by using non-linear

regression analysis on GraphPad Prism.
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CHAPTER 6

10 Hz

ELECTRICAL FIELD STIMULATION

SCREENING TEST

RESULTS



6.1 Introduction

This chapter presents the results of screening the carbonated soft drink ingredients by
determining their effect on the contractile response of rat bladder muscle to stimulation with
EFS 10 Hz. The results identified those ingredients which required further investigation and also
identified the concentrations of respective soft drink ingredients, which significantly enhanced
the contractile response to EFS compared to control. The concentrations of soft drink

ingredients used for further investigations were no higher than 10 M.

6.2 Artificial sweeteners

The contractile response of rat detrusor muscle to 10 Hz EFS was significantly enhanced
compared to control in the presence of acesulfame K 108 M - 10° M (p<0.01) (Fig 20A),
sodium saccharin 10% M - 10° M (p<0.01) (Fig 20B) and aspartame 107 M — 10* M (p<0.01)
(Fig. 20C). The following concentrations of sweeteners were used for subsequent experiments:
acesulfame K 10 M, sodium saccharin 107 M and aspartame 10”7 M. Acesulfame K 10° M and
107 M enhanced the contractile response to EFS 10 Hz by 8% (+ 1, p<0.01) and by 6% (+ 2,
p<0.01) compared to control respectively (10° M was chosen due to the slight enhancing
effect). Sodium saccharin 10”7 M enhanced the contraction by 12% (+ 4, p<0.01) and aspartame
107 M increased it by 14% (+ 2, p<0.01) compared to control. These low concentrations were
chosen as they produced significant enhancement of muscle contraction compared to the

control.
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Fig. 20 The effect of acesulfame K 10° M-10° M (A), sodium saccharin 10° M-10° M (B) and
aspartame 10° M-102 M (C) on rat detrusor muscle contractile response to 10 Hz EFS.
(*p<0.05, **p<0.01). n=6
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6.2  Ascorbic acid and citric acid

The contractile response of the bladder muscle to 10 Hz EFS was enhanced significantly
compared to control in the presence of ascorbic acid 10°M - 10° M (p< 0.01) (Fig 21A) and
citric acid 10® M - 10° M (p< 0.05) (Fig 21B). Ascorbic acid 10* M enhanced the bladder
muscle contraction by 22% (+7) compared to control and citric acid 10° M enhanced contractile
response by 13% (£ 4) compared to control. Amongst all the concentrations used, the maximum
enhancement of the contractile response was found to be at 10 M. As citric acid also enhanced
contractile response to EFS 10 Hz at concentrations of 10°M upwards, there being very little
difference between these effects, 10° M was chosen for further investigation as being roughly in
the middle of those concentrations which effectively enhanced bladder contraction. Further

investigations were performed using these concentrations of ascorbic acid 10* M and citric acid

10° M.
B
A 6-
6 ] * * * *
Toppiiii, LqpiEPERS
IR b5
24 N
1
0 T T T T T T T '_
T T T T T T T cont 8 -7 6 5 4 3 -2

ascorbic acid log conc (M) citric acid log conc (M)

Fig. 21 The effect of ascorbic acid 10°® M-107 M (A) and citric acid 10® M-10” M (B) on rat

detrusor muscle contractile response to 10 Hz EFS. (*p<0.05). n=6
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6.3 Other ingredients:

Although phenylalanine (Fig. 22A) and potassium sorbate (Fig. 22B) produced some

significantly enhanced contractile responses, these were sporadic and not consistent over a range

of concentrations. However, sodium citrate (Fig. 22C) and sodium benzoate (Fig. 22D) did not

have any significant effect on contractile response. No further investigations were carried out

using these four soft drink components.
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Fig. 22 The effect of phenylalanine 10° M-10° M (A), potassium sorbate 10° M-10? M (B),
sodium citrate 108 M-10° M (C) and sodium benzoate | 08M-10* M (D) on rat detrusor muscle

contractile response to 10 Hz EFS. n=6

167



It is difficult to explain why sodium citrate did not have any significant effect on the contractile

response whereas citric acid was found to be stimulating the muscle contraction.

Table 3 List of concentrations of individual soft drink components used for detailed

investigations

Soft drink component concentration
Acesulfame K 10°M
T Aspartame 107™M |
Sodium saccharin 107M |
Ascorbic acid 10°M |
Citric acid 10°M |
|

Key points:
% Artificial sweeteners (acesulfame K, sodium saccharin and aspartame), ascorbic acid and
citric acid were found to enhance the contractile response to 10 Hz EFS.
< Other constituents of carbonated soft drinks which were investigated similarly, such as,
phenylalanine, potassium benzoate, sodium citrate and sodium sorbate, did not modulate

the contractile response to 10 Hz significantly and consistently.
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CHAPTER 7

ARTIFICIAL SWEETENERS

RESULTS & DISCUSSION



7.1  Introduction

Artificial sweeteners are added to a wide variety of food, drinks, drugs and hygiene products.
The most commonly used artificial sweeteners in soft drinks are aspartame, acesulfame K
and sodium saccharine (Frazier et al., 2000).

The screening tests which were performed in this study using 10 Hz EFS, suggested that all
the three artificial sweeteners caused significant enhancement of muscle contraction. Further
investigations were carried out on all three artificial sweeteners using the concentrations
previously determined, i.e., acesulfame K 10° M, sodium saccharin 107 M and aspartame

107 M.

7.2  Results
7.2.1 Spontaneous contractions

At the moment when the perfused solution of acesulfame 10" M reached the bladder smooth
strips in the organ bath, the frequency of the spontaneous contractions was reduced for about
60 seconds but the amplitude of the contractions was increased. Following this immediate
effect of acesulfame on spontaneous contractions, the mean amplitude of the contractions
was increased by a maximum of 39% compared to control and the frequency of spontaneous
contractions was enhanced by 25% compared to control (from 6 bladders) (Fig. 23 A).

A similar effect was seen after the addition of sodium saccharin 107 M to the organ bath.
The amplitude and frequency of spontaneous contractions were increased by 65% and 18%
respectively, compared to control (Fig. 23 B). However, the effect of aspartame 107 M on

spontaneous contractions was much less than the other sweeteners with the frequency and
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amplitude being increased by only 14 and 16% respectively compared to control (from s

bladders) (Fig. 23 C).

Al

5 mins

1" T :n

1:1 ihl.

Cl

A2

B2

C2

Fig. 23 Spontaneous contractions ofbladder muscle in presence of (4) acesulfame K 10'6
M, (B) sodium saccharin 10 7M and (C) aspartame 10 7M. Al, Bl & CI are controls and

A2, B2 & C2 are contractions in presence of respective sweeteners. The horizontal arrows

correspond to time (5 big square=5 mins) and the longitudinal arrows correspond to the

amplitude of contraction (each 6 squares= tension of lgm). Time ofobservation: 5 minutes.
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7.2.2 Frequency response curves
Time course experiments:
Results of the time course experiments showed no significant difference in the frequency-
response curve obtained at 0 - 21 min, 63 - 84 min or 210 - 231 min compared to the control

response (Fig 24).

7.5

2.5-

0.0J

0 10 20 30 40 50
Frequency (Hz)

Fig. 24 Frequency response curves at different time intervals (Time Course Experiments).

A 0-21 minutes, A 63-84 minutes and 0210-231 minutes. n=6.

Acesulfame K 106 M increased the maximum contractile response of bladder muscle to 20
Hz EFS by 9% (£ 4, p<0.05) (Fig. 25A). The maximum contractile response to 20 Hz EFS
was increased by 12% (£ 4, p<0.05) in presence of sodium saccharin 107 M (Fig. 25B) and

by 10% (£ 2, p<0.05) in presence of aspartame 107 M compared to control (Fig. 25C).
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Fig. 25 The effect of acesulfame K 106 M (A), sodium saccharin 10 7M (B) and aspartame

107 M (C) on rat detrusor muscle contractile response to EFS. O Control frequency-

response curves. Frequency response curves in presence of A acesulfame K 106 M (A), A

sodium saccharin 10 7M (B) and A aspartame 10 7M (C), compared to control. (* p<0.05).
n-6.
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7.2.3 EFS in the absence and presence of atropine 10° M plus sweetener
Atropine blocks the cholinergic component of the nerve mediated response with the
remaining atropine-resistant component being due to the release of the
neurotransmitter, ATP (Brading and Williams, 1990). Acesulfame K 10° M increased
the maximum contraction of atropine resistance response to 20 Hz EFS by 9% (+ 2,
p<0.05) (Fig. 26A) compared to the atropine resistance response with atropine only.
Sodium saccharin 107 M and aspartame 107 M also increased the maximum
contraction of atropine resistant component to 20 Hz EFS by 8% (= 3, p<0.05) (Fig.
26B) and by 10% (% 2), respectively compared to the contraction with atropine alone

(Fig. 26C).
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Fig. 26  The effect of acesulfame K 106 M (A), sodium saccharin JO'7M (B), and
aspartame JO'7M (C) on rat detrusor muscle contractile response to EFS in the presence
ofatropine 106M. O Controlfrequency-response curves. A Frequency-response curves
in presence of atropine without sweetener. V Frequency-response curves in presence of
atropine and acesulfame K 106M (A), V sodium saccharin 10 7M (B), and V aspartame
107M (C). (* p<0.05, when compared between the two frequency-response curves, one

with atropine and sweetener and the other with atropine alone). n==6.
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7.2.4 Concentration-response curves to carbachol
Carbachol directly activates cholinergic receptors in bladder smooth muscle. The sweeteners
had not significant effect on the maximum contractile response to carbachol 103 M.
Acesulfame K 10'6 M (Fig. 27A) and sodium saccharin 10 7M (Fig. 27B) slightly enhanced
the maximum response to carbachol by 5% (= 1) and by 6% (= 1) respectively. Aspartame

10'7M had no effect on the concentration-response curve to carbachol (Fig. 27C).
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Fig. 27 The effect of acesulfame K 106 M (A), sodium saccharin 10 7M (B) and aspartame
107 M (C) on rat detrusor muscle contractile response to carbachol. O Control
concentration-response curves to carbachol. A, Concentration-response curves to

carbachol in presence of acesulfame K 106 M (A), A sodium saccharin 107M (B) and A
aspartame 10 7M (C). n=6.
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7.2.5 Concentration-response curves to a, } Methylene ATP (ABMA)
Alpha, B Methylene ATP 10* M directly activates purinergic receptors which
depolarizes the cell membrane opening L-type Ca®* channels, resulting in Ca*
influx and muscle contraction (Wu et al., 1999). Acesulfame K 10°M significantly
enhanced the maximum contractile response to a, 3 methylene ATP 10° M by 35%
(= 9, p<0.01) compared to control (Fig. 28A). Sodium saccharin 107 M increased
the maximum contractile responses to «, B methylene ATP 10° M by 16% (+ 4,
p<0.05) (Fig. 28B). Aspartame 10”7 M enhanced the maximum contractile response

evoked by a, B methylene ATP 10° M by 15% (+ 8, p<0.05), when compared to

control (Fig. 28C).
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Fig. 28 The effect of acesulfame K 106 M (4), sodium saccharin 10 7M (B) and
aspartame 10'7M (C) on rat detrusor muscle contractile response to (x, J3methylene ATP.
D Control concentration-response curves to a, ft methylene ATP. A Concentration-
response curves to a, p methylene ATP in the presence of acesulfame K 106 M (4), A
sodium saccharin 10'7M (B) and A aspartame 10'7M (C). (*p<0.05, **p<0.0l). n=6.
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7.2.6 Concentration-response curves to KCI
Potassium induces detrusor muscle contraction solely by opening L-type Ca”* channels
in the sarcolemma (Maggi et al., 1989a). It was therefore determined if the sweeteners,
acesulfame K, aspartame and sodium saccharin directly affected Ca®* influx by
investigating their effect on contractile responses to KCl. Acesulfame K 10° M
significantly enhanced the contractile response to KCl 60 mM and 70 mM by 21% (= 3,
p<0.001) and 12% (= 3, p<0.01) respectively (Fig. 29A). The log ECsy —1.33 (%
0.0109) of the control concentration—response curve to KCI was significantly increased
to —1.39 (x 0.013, p<0.01), shifting the concentration-response curve to the left. The
contractile responses to KCl (60 mM, 70 mM and 80 mM) were enhanced in the
presence of sodium saccharin 10" M by 29% (+ 16), 29% (+ 16) and 37% (= 15,
p<0.05), respectively, compared to control (Fig. 29B). The control log ECsp —1.21 (+
0.01) was significantly increased to —1.31 (+ 0.01, p<0.001) after the addition of
sodium saccharin 10”7 M. Aspartame 107 M had no significant effect on the contractile

response to KCI (Fig. 29C).
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Fig. 29  The effect of acesulfame K 106 M (4), sodium saccharin 10~7M (B) and
aspartame 10 7M (C) on rat detrusor muscle contractile response to KCL O Control-
concentration response curve. A Concentration-response curve to KCl in presence of

acesulfame K 10~6M (A), A sodium saccharin 10 7M (B) and A aspartame 10 7M (C).
(*p<0.05, **p<0.01).n=6.
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7.2.7 Concentration-response curves to calcium
In depolarized bladder muscle strips, acesulfame K 10° M enhanced the contractile response
to calcium, 1.0, 2.0 and 2.5 mM by 64% (+ 16, p<0.05), 45% (+ 19, p<0.05) and 39% (+ 13,
p<0.05), respectively (Fig. 30A). The concentration-response curve to calcium was
significantly shifted to the left after the addition of acesulfame K 10 M. Sodium saccharin
107 M significantly increased the maximum contractile response to calcium by 69% (+ 17,
p<0.01) (Fig. 30B). Aspartame 107 M enhanced the contractile response to 1.0 mM calcium

by 35% (+ 4, p<0.001) (Fig. 30C).
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Fig. 30 The effect of acesulfame K 10'6 M (A), sodium saccharin 10~7M (B) and aspartame
107 (C) on concentration response curve to calcium. O Control calcium concentration-

response curve A Calcium concentration-response curve in presence of acesulfame K 106
M (A) A sodium saccharin 107M (B) and A aspartame 107 (C).(* p<0.05, ** p<0.01).

n=0.
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Table 4 Summary of the effects of artificial sweeteners on the muscle contraction in response to

different stimuli.
Atropine
Component resistant Response to | Response to | Response to Response to
response to ATP KCl calcium carbachol
EFS

Acesulfame 1 ™ ™ ™ NS
Sodium

) Marginally 1 | Marginally 1 ) ) NS
saccharin
Aspartame 1 Marginally 1 NS i NS

(NS: not significant; marginallyt: enhanced contraction, but not statistically significant;

1. statistically significant enhancement, p<0.05; 11 enhanced contraction, p<0.01)

7.3  Discussion

When the cholinergic component of the muscle contraction was blocked by atropine, during EFS
stimulation with increasing frequencies, the magnitude of the remaining contractile response was
slightly enhanced in the presence of the sweeteners, suggesting that a possible mode of action was
through the atropine resistant component, mediated by ATP. Although the contractile response
was found to be significantly enhanced at 10Hz EFS in the screening tests, this effect was not
observed at 10 Hz in the EFS experiments when a range of frequencies were used (pp 173). This
may be due the desensitization of the receptors.

This hypothesis is supported by the finding that the maximum contractile response to o,p,
methylene ATP was also enhanced by some of these sweeteners, indicating their direct action on
purinoceptor-associated mechanisms. Activation of purinoceptors P2X, which are ligand-gated ion
channels, by o B methylene ATP, a non- hydrolysable stable analogue of ATP, causes

depolarisation and release of Ca®* from intracellular stores, followed by opening of L-type Ca**
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channels increasing Ca®* influx and thereby initiating contractile response (Foresta et al., 1995;
Wau et al., 1999). Alpha, beta-methylene ATP is not only a potent agonist of the P2X purinoceptor,
but it causes desensitisation of purinoceptors after prolonged exposure (Brading and Williams,
1990, Yoshida et al., 2001, Noda et al., 2002). In the present study, the bladder strips were
exposed to o B methylene ATP for 45 seconds after which they were washed out with Kreb’s
solution. This would be considered an inadequate length of time to cause desensitisation of
purinoceptors (Bo and Burnstock, 1989).

This study investigated the effect of sweeteners on the contractile response of detrusor muscle
strips to potassium (KCl) to determine the possibility that the sweeteners affect calcium influx
through L-type calcium channels. Nifedipine, an L-type Ca®* channel antagonist, completely
suppresses the phasic and tonic contractile response to KCl. Exposure to calcium free medium
also rapidly abolishes the response to KC1 (Maggi et al., 1989a). This suggests that the contractile
response to KCl is solely dependent on the influx of calcium through L-Type Ca®* channels. As
acesulfame 10° M and sodium saccharin 107 M enhanced the maximal contractile response to
potassium and significantly shifted the concentration response curves to the left, this suggests that
their mode of action involves augmentation of extracellular Ca** influx through L-type Ca®*
channels, which is independent of muscarinic or purinergic receptor activity (Maggi et al., 1989a;
Visser and Van Mastrigt, 2000). Further confirmation of this mechanism was obtained by
investigating the effect of acesulfame 10°M, aspartame 107 M and sodium saccharin 107 M on
the contractile response of rat bladder muscle to calcium 0.5 — 2.5 x 10® M. When the rat bladder
strips were placed in Ca®* free, high potassium medium, a contractile response was observed
initially, due to the depolarizing effect of potassium. In the absence of extracellular calcium in the

Krebs solution, the intracellular calcium was not replenished and the tone was not maintained. The
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high potassium concentration depolarised the smooth muscle cells and opened L-type Ca**
channels. As the medium did not contain Ca**, contraction of the bladder muscle strips was
obtained by the addition of increasing concentrations of Ca®* to produce a concentration response
curve. Acesulfame and sodium saccharin significantly shifted the calcium concentration response
curve to the left, thereby suggesting the mechanism of action of these sweeteners on calcium entry
during excitation contraction coupling in bladder muscle.

The chemical structure of acesulfame K resembles that of saccharin in that they both contain the
SO, and N-C=0 functionalities in a rigid framework (Venanzi and Venanzi, 1988). These two
sweeteners have had very similar effects on rat bladder contraction whereas aspartame, having a
very different chemical structure, has had little effect on rat bladder contractile response. It is
therefore likely that acesulfame K and saccharin are interacting with the same structure within the
bladder muscle but it is unlikely that this would be 1, 4 dihydropyridine calcium channels as the
activators of this receptor have a very different chemical structure to acesulfame K and saccharin.
Isolated bladder smooth muscle strips exhibit spontaneous phasic contractions which depend on
Ca® entry through dihydropyridine-sensitive voltage-dependent Ca** channels (VDCC) (Mostwin,
1986). It would also appear that combined small-conductance Ca* - activated K* (SK) channels,
ryanodine receptors (RyRs) and large-conductance Ca?* - activated K* (BK) channels function as
negative — feedback elements through differential modulation of contractile amplitude, duration
and frequency (Herrera et al., 2000). Both acesulfame and sodium saccharin increased the
amplitude and frequency of the rat bladder smooth muscle spontaneous contractions, which may
involve modulation of these K* channels and activation of RyRs. Further investigation into the
effect of these sweeteners on spontaneous contraction of bladder smooth muscle would be required

to differentiate the mechanisms involved.
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The results showed that aspartame only modified rat detrusor muscle contractile response to EFS
10Hz and to low concentrations of calcium. This sweetener is different from acesulfame K and
sodium saccharin in its effect on bladder contraction. It is possible that it has much weaker effects
on calcium influx or it may be affecting a completely different pathway to those described so far.
The other possibility is that we have observed non-specific effects. In vivo aspartame is not the
active compound, because after ingestion it is metabolised to aspartic acid, methanol and
phenylalanine (Karikas et al., 1998). Methanol is further metabolized to formaldehyde in both
humans and rats (Ranney et al., 1976). Phenylalanine seems to play a role in the transport of
precursors of monoamine neurotransmitters into the brain (Pin and Duvoisin, 1995), and aspartic
acid (aspartame) has excitatory neurotransmitter functions in the gut mediated by inotropic
receptors (ligand gated ion channels) and metabotropic receptors, coupled to G-proteins (Slobodan
et al., 1999). Preliminary experiments were carried out to investigate the effect of aspartic acid
and phenylalanine on rat bladder contraction to 10 Hz EFS which showed no consistent significant
effect on contractile response (data not shown). It is therefore-possible that aspartame itself had
non-specific effects on bladder contraction due to direct actions on the muscle rather than through
cellular pathways.

The results did not suggest that the sweeteners were acting via the cholinergic pathway, as evident
from the carbachol concentration response curve. The purinergic receptors were therefore not
desensitized by prolonged exposure to a, B-Methylene ATP (Inoue and Brading, 1990) to evaluate
the effect of sweeteners on cholinergic component in isolation.

In conclusion, the stimulatory effect of artificial sweeteners on bladder muscle contraction,
although small, is clearly evident from the results of the experiments and is greater than any

difference found over the time course of the experiments. The concentration response curves to o
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B, methylene ATP, potassium and calcium suggest that the possible mechanism of action is by
increasing the intracellular Ca®* concentration via extra cellular Ca*? influx through L-type voltage
gated Ca®* channels, either via purinergic receptor activation or by some unknown mechanism,
such as sdme other receptor that specifically bind the sweeteners. Specific sweet taste receptors are
present in the tongue to detect sweet taste and interestingly these receptors were also found in
other tissues in human body, such as lung, liver, brain and testes (Max et al., 2001; Kitagawa et al.,
2001). The results with artificial sweeteners thus led the hypothesis that there may be sweet taste
receptors present in urinary bladder that act via the same mechanism of Ca** influx. This

hypothesis was examined and has been detailed in chapter 10.

Key points:
< Acesulfame and sodium saccharin were found to enhance the bladder muscle contraction
possibly by increasing the intracellular Ca®* concentration via extra cellular Ca®* influx
through L-type voltage gated Ca®* channels, which may involve purinergic receptor
activation.

«» The results did not suggest that the sweeteners were acting via the cholinergic pathway.

< The effects of aspartame on the muscle contractile response were not strong compared to

that of acesulfame and sodium saccharin.
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CHAPTER 8

ASCORBIC ACID AND CITRIC ACID

RESULTS & DISCUSSION



8.1 Introduction

The role of preservatives, acidulants and antioxidants in relation to the antimicrobial
action, buffering action to maintain pH and delaying oxidation to stabilise the drink, has
already been discussed in detail in chapter 4 (pp 135-136). Amongst the preservatives
tested in this study such as sodium benzoate, sodium citrate, potassium sorbate, ascorbic
acid and citric acid, only ascorbic and citric acids had significant effects on contractile
response. The aim of the work described in this section was to investigate the effect of
ascorbic acid and citric acid on the contractile response of isolated rat detrusor muscle and

to elucidate the mechanism of action of the effect observed.

8.2  Results

8.2.1 Spontaneous contractions
When the perfused solution containing ascorbic acid 10* M reached the bladder smooth
strips in the organ bath, the frequency and amplitude of the spontaneous contractions were
increased by 14% and 21% compared to the control (Fig. 31A). A similar effect was seen
after the addition of citric acid 10 M to the organ bath. The frequency and amplitude of
spontaneous contractions were increased by 21% and 11% respectively compared to the

control (Fig. 31B).
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F/g. 31 Spontaneous contractions of rat bladder muscle before and after addition of
ascorbic acid 104 M (A) and citric acid 105 M (B); Al & Bl correspond to controls
(without ascorbic or citric acid) and A2 & B2 correspond to contractions after addition of
ascorbic or citric acid respectively. Horizontal arrows indicate time: 5 big squares=15
minutes (time of observation), longitudinal arrows indicate amplitude of contraction, 6

small squares=tension of lg.
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822 Frequency response curves
Ascorbic acid 10'4 M and citric acid 105 M increased the contractile response of bladder
muscle to all frequencies of EFS from 1 Hz to 60 Hz respectively. The enhancement of
maximum contractile response of bladder muscle strips to EFS 20 Hz was by 10% (+ 3.0,
p<0.01) in the presence of ascorbic acid 104 M (Fig. 32 A). Citric acid 105M also enhanced

the maximum contractile response to 40 Hz by 11% (£ 4.0, p<0.01) (Fig. 32 B).

A B
4 4
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0 10 20 30 40 50 60 70 0 10 20 30 40 0 60 70
frequency (Hz) frequency (Hz)

Fig. 32 The effect of ascorbic acid 104M (A) and citric acid 10" M (B) on rat detrusor
muscle contractile response to EFS. O Control frequency-response curves. A Frequency-

response curves in presence ofascorbic acidlO4M (A) and A in presence ofcitric acid 10'5

M (B). (**p<0.01). n=6.
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8.2.3 EFS in the absence and presence of atropine 10° M plus ascorbic acid
[citric acid
Ascorbic acid 10* M increased the atropine resistant response to EFS at all the frequencies
used from 0.5 Hz to 60 Hz. The atropine resistant contractile response to electrical field
stimulation at 1 Hz, 5 Hz, 10 Hz, 20 Hz, 40 Hz and 60 Hz, was increased by 59% (* 8), 43%
(x 6, p<0.01), 32% (£ 7, p<0.01), 26% (* 7, p<0.01), 24% (+ 7) and 22% (* 7) respectively
in presence of ascorbic acid 10* M plus atropine 10° M, compared to the contractile
response in the presence of atropine alone (Fig. 33 A).
Citric acid 10° M also enhanced the atropine resistant component of EFS at all frequencies
from 0.5 Hz to 60 Hz, although the enhancement was not as much as that produced by
ascorbic acid. The maximum contractile response to EFS was obtained at 20 Hz and the
presence of citric acid 10° M enhanced the atropine resistant component of the maximum
contractile response by 9% (+ 2.0, p<0.05) compared to the contraction in the presence of

atropine alone (Fig. 33 B).
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Fig. 33 The effect of ascorbic acid I04M (A) and citric acid 10'? M (B) on rat detrusor
muscle contractile response to EFS in the presence of atropine 106M. O Controlfrequency-
response curves. A Frequency-response curves in presence of atropine without ascorbic
acid or citric acid. 'V Frequency-response curves in presence of atropine 106 M and
ascorbic acid 104 M (A), andV Frequency-response curves in presence of atropine and

citric acid 10/5 M (B). (* p<0.05, ** p<0.01, when compared between the two responses,

with atropine plus ascorbic or citric acid and atropine alone), n-6.
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8.2.4 Concentration-response curves to carbachol
Ascorbic acid 10'4 M inhibited the carbachol evoked contractile response in all
concentrations from 108 M tolO'2 M. The maximum contractile response to carbachol 103 M
was found to be inhibited by 24% (+ 4, p<0.05) compared to control (Fig. 34A). However,

citric acid 10'5 M did not show any affect on the contractile response to carbachol (Fig. 34B).
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Fig. 34 The effect of ascorbic acid 104 M (A) and citric acid 10'5M (B) on rat detrusor
muscle contractile response to carbachol. O Control concentration-response curves to

carbahol. A Concentration-response curves to carbachol in the presence of ascorbic acid

104M (4) and A citric acid 10 5M (B). (*p<0.03). n-6.
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8.2.5 Concentration-response curves to a, p methylene A TP (ABMA)
Ascorbic acid 10'4 M increased rat bladder muscle contractile response to stimulation with
the purinergic receptor agonist, a, p methylene ATP, at concentrations of 105M to 10'3 M.
The enhancement of the maximum contractile response to a, p methylene ATP 10'3M, in the
presence of ascorbic acid 104 M, was found to be 20% (= 5.0, p<0.01) compared to the
control (Fig. 35A).
Citric acid 10s M was also found to enhance the maximum contractile response to a, p
methylene ATP 103M by 16% (+ 2.0, p<0.001) (Fig.35B).
The log EC.soof the concentration response curves to ATP in the presence of either ascorbic
acid or citric acid did no show any significant difference from the log ECsoof the control

concentration response curve.

3 7 % 5 " -} $ W 6 S5 4 37
ABMA log cone (M) ABMA log cone (M)

Fig. 35 The effect of ascorbic acid 104 M (A) and citric acid 10'5M (B) on rat detrusor
muscle contractile response to o (3 methylene ATP. O Control concentration-response

curves to a, p methylene ATP. A Concentration response curves to a, (3 methylene ATP in
the presence of ascorbic acid 104 M (4) and A citric acid 105 M (B).(** p<0.01, ***
p<0.001). n-6.
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8.2.6 Concentration-response curves to KCI

Ascorbic acid 104 M enhanced the contractile response of the bladder muscle strips to KCI
throughout the range of concentration 20mM to 80mM. The contractile responses to 60, 70
and 80 mM KCI were found to be increased by 14 % (+ 3, p<0.05), 11 % (£ 2, p<0.05) and
17 % (= 3, p<0.01) respectively in the presence of ascorbic acid 104 M (Fig. 36A). The
contractile response to 70 mM KCl was found to be increased by 21 % (£ 5, p<0.01) in the
presence of citric acid 105M (Fig. 36B).

The log ecso of the concentration response curves to KCI in the presence of either ascorbic
acid or citric acid did no show any significant difference from the log ecso of the control

concentration response curve.
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Fig. 36 The effect of ascorbic acid 104 M (A) and citric acid 10’5 M (B) on rat detrusor
muscle contractile response to KCL O Control concentration-response curve. A

Concentration response curve to KCI in presence of ascorbic acid 104 M (A) and A citric

acid 105M. (*p<0.05, **p<0.01). n-6.
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8.2.7 Concentration-response curves to calcium

In depolarized bladder muscle strips, ascorbic acid 104 M enhanced the contractile response
to calcium, 1.5, 2.0 and 2.5 mM by 71% (£ 8.0, p<0.01), 40% (£ 5.0, p<0.01) and 30% (£
4.0, p<0.01) respectively, compared to the control response (Fig. 37A).

Citric acid 10s M also enhanced bladder muscle contraction to calcium at concentrations of
1.5, 2 and 2.5 mM by 44% (= 10), 62% (= 6.0, p<0.001) and 49% (= 3.0, p<0.001)
respectively compared to the control (Fig.37B).

The log ECso of the concentration response curves to calcium in the presence of either

ascorbic acid or citric acid did not show any significant difference from the log ecso of the

control concentration response curve.
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Fig. 37 The effect ofascorbic acid 10'4 M (A) and citric acid 10 5M (B) on concentration
response curve to calcium. O Control calcium concentration-response curve. A Calcium

concentration-response curve in the presence ofascorbic acid 104 M (A) and A citric acid

105M(B). (**p<0.01, ***5<0.001). n-6.
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Table 5 Summary of the éffects of ascorbic acid and citric acid on the muscle contraction

in response to different stimuli.

Atropine
resistant Response to | Response to | Response to | Response to
Component
response to ATP KCl calcium carbachol
EFS
Ascorbic acid " " " " l
Citric acid 1 " ™" ™ NS

(NS: not significant; 1: statistically significant enhancement, p<0.05; 11: enhanced

contraction, p<0.01, |: inhibition of contraction, p<0.05)

8.3  Discussion

The bladder muscle contraction in response to EFS involves activation of both purinergic and
cholinergic pathways. Both ascorbic acid and citric acid increased the muscle contraction due
to EFS throughout the range of frequencies, indicating that the enhancement of muscle
contraction may be as a result of activation of both the pathways (as at higher frequencies
both the neurotransmitters are released). When the muscarinic receptors were blocked by
atropine, the effect of ascorbic and citric acid on the purinergic component of the muscle
contraction was evaluated.

When the cholinergic component of the muscle contraction to nerve stimulation was blocked
by atropine, during EFS, the magnitude of the remaining contractile response, i.e. the
atropine resistant component, was markedly enhanced in the presence of ascorbic acid,

indicating that a possible mode of action is through the atropine-resistant component,
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mediated by ATP. Although all the soft drink components under investigation showed
enhancement of the atropine resistant response of the muscle contraction to EFS, ascorbic
acid produced the maximum enhancement compared to the enhancement of contractile
response by the other soft drink ingredients. It has been mentioned earlier that (pp 158),
atropine resistance is higher at low frequencies of stimulation (Brading and Williams, 1990).
Hammarstrom and Sjostrand (1984) showed that the neurogenic contractile response to low
frequency stimulation of control bladders was not only completely resistant to atropine or
scopolamine in vitro; but the response was enhanced by atropine or scopolamine, suggesting
increased release of ATP was responsible for the detrusor contraction. Thus the enhancement
of the atropine resistant muscle contraction to EFS in presence of ascorbic acid suggests
either an increased release of ATP or enhanced postsynaptic receptor activation or a
combination of both.

Further investigation showed that although ascorbic acid enhanced muscle contraction due to
purinergic receptor stimulation by exogenous applied ATP, the enhancement was less than
the enhancement of the atropine resistant component of the contractile response to EFS. It is
therefore possible that the presynaptic mechanism, i.e. increased neurotransmitter release
(ATP), is playing a more prominent role than the post synaptic receptor activation.

In contrast, enhancement of the atropine resistance of muscle contraction due to EFS was
found to be far less by citric acid compared to that of ascorbic acid. However, the increase in
muscle contraction due to purinergic receptor activation was very similar in both ascorbic
and citric acid. As, the enhancement of muscle contraction by both presynaptic (by increased
neurotransmitter release) and postsynaptic (by receptor activation) mechanisms in the

presence of citric acid were found to be similar, it would be prudent to suggest that perhaps
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the stimulatory effect of citric acid on muscle contraction was not due to increased ATP
release from the nerves but by some other common mechanism, such as calcium influx.

As mentioned earlier, purinoceptor activation is coupled to L-type Ca® channels, so it was
aimed to determine the effect of ascorbic acid and citric acid on Ca** influx through L-type
Ca®* channels by determining their effect on potassium (KCI) evoked contractile responses.
The enhancement of maximum contractile response to potassium in presence of ascorbic acid
10* M and citric acid 10° M enhanced suggested an increased Ca®* influx through L-type
voltage gated Ca®* channels to be a possible mechanism of action for the enhancement of
bladder contraction, which is independent of muscarinic or purinergic receptor activation
(Maggi et al.,, 1989a; Visser and van Mastrigt, 2000a). This mechanism was further
confirmed by investigating the effect of ascorbic acid 10* M and citric acid 10° M on the
contractile response of rat bladder muscle to calcium 0.5-2.5 mM. Ascorbic and citric acid
enhanced the maximum contractile response to calcium similar to the effect on the contractile
response to potassium, where the extracellular Ca®* influx plays the key role in the contractile
machinery.

The bladder contractile response to muscarinic receptor stimulation by cholinergic agonist
carbachol was found to be significantly inhibited in the presence of ascorbic acid. This
suggested that the stimulatory effect of ascorbic acid on muscle contraction is perhaps not via
cholinergic pathway. Although it was unclear why this inhibitory effect on cholinergic
stimulation was only demonstrated by ascorbic acid, it certainly warrants further
investigafion. The main difference between the contractile response produced by muscarinic
receptor activation and the other agonists used in this study to evoke contraction is the

involvement of IP3 induced intracellular Ca** release. It may well be worth investigating the
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effect of ascorbic acid on this pathway. Citric acid did not show any significant modulation
on muscle contraction due to carbachol.

Direct myogenic activity of ascorbic acid was highlighted by Joiner (1973) and Terada et al.
(1980). A possible explanation of the contractile effect of ascorbate was suggested by Joiner
(1973) that it interacted with Ca* in the extracellular space, decreasing the level of free Ca’*
near the cell surface. Calcium then dissociates from the cell membrane and elicits an
alteration in membrane permeability, which results in influx of Ca®* into the smooth muscle
cell cytoplasm. Terada et al. (1980) have shown ascorbic acid enhanced ileal smooth muscle
contraction via increased acetylcholine release. Basu and Biswas (1940) also showed that
ascorbic acid (0.1 mM - 1mM) potentiated electrically induced contractions of guinea-pig
intestinal muscle. Results in this study seem to be in agreement with these findings. Although
the effects of ascorbic acid on the cholinergic component of the muscle contraction to EFS
was not isolated, results of the experiments looking into the purinergic pathway in isolation
suggested that ascorbic acid may be influencing the release of ATP from the intrinsic nerves
during stimulation. As acetylcholine and ATP are co-transmitters in mammalian bladder
smooth muscle (MacKenzie, 1982) it seems highly probable that ascorbic acid would also
influence acetylcholine release in rat bladder muscle nerve terminals. Also, ascorbic acid
enhanced the response to nerve stimulation with EFS but inhibited post synaptic muscarinic
receptor activation with carbachol, suggesting an effect on pre synaptic mechanisms such as
neurotransmitter release.

Grossmann et al., (2001) described the relaxation effect of ascorbic acid on vascular smooth
muscles by activation of cGMP-dependent potassium channels that hyperpolarize the smooth

muscle cell membrane, inducing vasodilatation. This suggests that there may be different
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pathways through which ascorbic acid and the carbonated soft drink are acting. Tsao (1984)
have suggested that in vivo, chelation of extracellular Ca** should decrease CaZ* influx into
vascular smooth muscle cells, resulting in vasodilatation. Ascorbic acid causes
hyperpolarization in various cells (Asamoto et al., 1992; Bergsten et al., 1994) which can
originate from activation of potassium channels or of membrane Na*-K* ATPase (Ferrer et
al., 1999). Quinidine, a nonselective potassium channel inhibitor, completely blocked the
ascorbic acid—induced venodilation, suggesting possible involvement of potassium channels
(Grossmann et al, 2001). Heller et al. (1999) suggested a different mechanism of action of
ascorbic acid where they have shown that intracellular ascorbic acid enhances NO synthesis
in endothelial cells which may explain, in part, the beneficial vascular effects of ascorbic acid.
Thus it is interesting to find different studies have suggested different possible mechanism of
action of ascorbic acid on smooth muscle and endothelium.

Kitto and Bohr (1953) showed that some agents like cysteine, cystine, tyrosine and ascorbic
acid can potentiate the positive inotropic response of the papillary muscle to epinephrine.
They suggested that possible sites of action where such substances might act to alter the
response of the papillary muscle to epinephrine are: a) the tissue enzymes involved in the
destruction of epinephrine; b) the autoxidation of epinephrine; c) the sensitivity of the muscle
to epinephrine; d) the general responsiveness of the muscle.

They also showed that the potentiating agents like ascorbic acid act by removing the trace
amounts of heavy metals which catalyze the autoxidation of epinephrine. It is thus possible
for ascorbic acid to act by potentiation of adrenergic system (o; mediated contraction).

However, this pathway was not investigated this study.
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To summarise, although the experiments in this study suggested that the stimulatory effect of
ascorbic and citric acid on bladder smooth muscle was possibly by enhancing Ca** influx, it
was difficult to specify the pathway of Ca”* influx. This may be via activation of purinergic
pathway, or by any other mechanism independent of purinergic receptor activation. Ascorbic
acid enhanced the presynaptic neurotransmitter (ATP) release, which may contribute to its
stimulatory effect. However, ascorbic acid slightly inhibited the response to muscarinic

receptor activation with carbachol, indicating a possible different intracellular action.

Key points:
«» Ascorbic acid and citric acid enhanced the muscle contraction possibly by enhancing
Ca®* influx.
« The presynaptic neurotransmitter release was found to be enhanced by ascorbic acid,
which was a unique observation amongst all the components that were investigated.

¢ Ascorbic acid inhibited the response to muscarinic activation by carbachol.
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CHAPTER 9

CARBONATED SOFT DRINK

RESULTS & DISCUSSION



9.1  Introduction

The results of experiments conducted so far suggested that certain soft drink components
can individually modulate detrusor muscle contraction. The next logical step was to find
out how the carbonated soft drink as a whole modulated detrusor muscle contraction. It is
important to remember that the Leicester MRC group epidemiological survey found an
association between overactive bladder and carbonated soft drink as a whole, rather than
any individual components. Moreover, no epidemiological study so far has reported any
association between individual soft drink components and overactive bladder, apart from

caffeine (Holroyd-Ledue and Straus, 2004).

9.2  Results

9.2.1 Spontaneous contractions
When the perfused solution of carbonated soft drink (1:200) reached the bladder smooth
strips in the organ bath, the frequency and amplitude of the spontaneous contractions
were increased by 21% and 25% respectively, compared to that of control spontaneous

contractions (Fig. 38).

5 mins
Fig. 38  Spontaneous contractions of rat bladder muscle before (A) and after (B)

addition ofthe carbonated soft drink. Horizontal arrows indicate time: 5 big squares=35

mins, longitudinal arrows indicate amplitude of contraction, 6 small squares=tension lg
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9.2.2 Frequency Response Curve

The contractions of the bladder muscle in response to EFS in the presence of differing
concentrations of the whole carbonated soft drink, ranging from 1:500 to 1:100, were
compared to identify the concentration causing maximum enhancement of muscle
contraction.

Although the rat detrusor muscle contraction to EFS was enhanced by all the
concentrations of the carbonated soft drink from 1:500 to 1:100 dilutions, the
enhancement was more profound in the presence of 1:300, 1:200 and 1:100 dilution of
the soft drink. The maximum contractile response was enhanced by 9% (£ 4, p<0.05) in
the presence of soft drink 1:300 at 40 Hz EFS (Fig. 39A), by 15% (+ 4, p<0.01) in the
presence of soft drink 1:200 at 20 Hz (Fig. 39B) and by 12% (x+ 4, p<0.05) in the
presence of 1:100 dilution of the soft drink at 40 Hz (Fig. 39C). As the maximum
enhancement of muscle contraction was obtained with carbonated soft drink 1:200, this
concentration was chosen for further investigation. The enhancement of the contractile
response was not significant when 1:400 and 1:500 dilutions were used; the frequency

response graphs for those two concentrations of the soft drink are not shown here.
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Fig. 39 The effect of the carbonated soft drink, dilution 1:300 (A), dilution 1:200 (B) and

dilution 1:100 (C) on rat detrusor muscle contractile response to EFS. O Controlfrequency-

response curves. A Frequency-response curves in presence of the carbonated soft drink.

(*p<0.05, **p<0.01). n=6.
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9.2.3 EFS in the absence and presence of atropine 10'6 M plus carbonated soft
drink
Carbonated soft drink (1:200) increased the atropine resistance response to 10 Hz EFS by
12% (+ 5), 20 Hz by 18% (+ 6), 40 Hz by 15% (+ 6; p<0.05) and 60 Hz by 18% (£ 6)
compared to the atropine resistance contractile response without the carbonated soft drink

(Fig. 40).
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Fig 40 The effect of carbonated soft drink (1:200) on rat detrusor muscle contractile
response to EFS in the presence ofatropine 10 6M. O Controlfrequency-response curves.
A Frequency-response curves in presence of atropine without carbonated soft drink. V
Frequency-response curves in presence of atropine and carbonated soft drink. (* p<0.05,
when compared between the response curves, with atropine aloneA, and atropine plus

carbonated soft drink V). n=6.
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9.2.4 Concentration response curves to carbachol
Carbonated soft drink inhibited the carbachol evoked contractile response in
concentrations from 107 M to 103 M. The contractile response to carbachol 10°5M was
found to be significantly inhibited by 50% (£ 8, p<0.01) compared to the control in the
presence of carbonated soft drink at concentration of 1:200. The carbachol (10’4 M)
evoked response was also found to be significantly inhibited in the presence of carbonated

soft drink, by 36% (+ 3, p<0.05) compared to control (Fig.41).

N WP N

carbachol log cone (M)

Fig 41 The effect of carbonated soft drink (1:200) on rat detrusor muscle contractile
response to carbachol. O Control concentration-response curve to carbachol A

Concentration-response curve to carbachol in the presence of carbonated soft drink.

(*p<0.05, **p<0.01). n-6.
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9.2.5 Concentration response curves to a, p Methylene A TP (ABMA)
Carbonated soft drink (1:200) enhanced the contractile response to a, p methylene ATP
(10'7M - 103 M). The maximum contractile response to a, p methylene ATP 103 M was
enhanced by 21% (+ 6, p<0.01) (Fig. 42). There was no significant difference between the
control log ecso -4.95 (£ 0.21) and the log e cso after the addition of carbonated soft drink

491 (£0.26).

v

8 7 6 5 4 3 2

ABMA log cone (M)

Fig 42 The effect of carbonated soft drink (1:200) on rat detrusor muscle contractile
response to a, p methylene ATP. O Control concentration-response curves to a, p

methylene ATP. A Concentration-response curves to a, J3methylene ATP in the presence

of carbonated soft drink. (** p<0.01). n-6.
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9.2.6 Concentration response curves to KCI
Carbonated soft drink significantly enhanced the contractile response to KCl 70 mM and
80 mM by 28% (= 8, p<0.01) and 19% (£ 3, p<0.05) respectively (Fig. 43). There was no
significant difference between the control log ecsoe and the log ecso after the addition of

carbonated soft drink.

0£

-2.25 -2.00 -1.75 -1.50 -1.25 -1.00

KCl log cone (M)

Fig. 43 The effect of carbonated soft drink (1:200) on rat detrusor muscle contractile
response to KCI O Control concentration-response curve. A Concentration-response

curve to KCl in presence of carbonated soft drink. (* p<0.05, **p<0.01). n=6.
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9.2.7 Concentration response curves to calcium
Carbonated soft drink enhanced the contractile response to calcium 1.5mM to 2.5mM
significantly; 1.5mM increased the contraction by 92% (+ 13, p<0.01), 2mM by 95% (+

12, p<0.001), 2.5mM by 95 % (+ 7, p<0.001) compared to the control response (Fig. 44).

D W R W

3.75 -3.50 -3.25 -3.00 -2.75 -2.50 -2.25

calcium log cone (M)

Fig 44  The effect of carbonated soft drink (1:200) on concentration response curve to
calcium. O Control calcium concentration-response curve. A, Concentration- response

curve to calcium in the presence of carbonated soft drink. (** p<0.01, ***p<0.001). n=6.

212



Table 6

contraction in response to different stimuli.

Summary of the effects of carbonated soft drink (1:200) on the muscle

Atropine
resistant | Response to | Response to | Response to | Response to
response to ATP KCl Calcium carbachol
EFS
Carbonated soft
drink T i) " ) U

(1: statistically significant enhancement, p<0.05; 11: enhanced contraction, p<0.01; |]:

inhibited contraction, p<0.01)

9.3. Discussion

Smooth muscle contraction due to electrical field stimulation involves presynaptic

neurotransmitter release from the nerve terminals followed by the post synaptic receptor

activation by the released neurotransmitter; the enhancement of muscle contraction due to

EFS in the presence of carbonated soft drink does not particularly suggest whether this is

due to presynaptic or post synaptic mechanisms. Carbonated soft drink enhanced the

atropine resistant component of the contractile response to EFS and also the response to

post synaptic purinoceptor activation by exogenously applied ATP. The results of these

experiments suggest that the enhancement of muscle contraction in response to

exogenously applied ATP, in presence of carbonated soft drink, was greater than the

enhancement of the atropine resistant response due to nerve stimulation. This indicates
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that probably the enhancement of muscle contraction to electrical stimulation in the
presence of carbonated soft drink was mainly the result of its effects on the post synaptic
receptor mechanisms, and not by increasing neurotransmitter release.

It has been mentioned earlier in the methods section, that both acetylcholine and ATP are
released from the nerve terminals when a higher frequency of EFS is delivered to the
.smooth muscle (such as 40 Hz). In order to isolate selectively the purinergic component of
the muscle contraction, the bladder muscle was exposed to muscarinic receptor blocker,
atropine. The way ATP mediates detrusor muscle contraction is possibly by acting on a
ligand-gated cation channel (P2X receptor) thus leading to Ca**influx into cell cytoplasm
(Burnstock and Williams, 2000). The bladder contractile response to ATP (in rabbit) is
generally biphasic, but the response becomes monophasic after desensitization with o, B-
Methylene ATP. This suggests that possibly two different types of receptors are involved
in the mechanism of action (Cheng and Brading, 1991). It has been well established that
ATP is the transmitter responsible for the NANC component of detrusor contraction -
(Burnstock, 2001), which acts mainly on purinoceptor P2X; subtype in different species
(Lee et al., 2000; Vial and Evans, 2000). Hashitani et al. (2000) demonstrated that the
activation of purinoceptors by neurally released ATP induces Na* influx that causes a
rapid plasma membrane depolarization (Foresta et al., 1995), leading to increased
intracellular Ca?* by both Ca?* entry into cell cytoplasm and Ca**-induced Ca®* release
(CICR) from intracellular stores to initiate bladder contraction. The CICR is possibly
responsible for generation of the second component of excitatory junctional potentials

(EJPs) (Ganitkevich & Isenberg, 1992). Thus modulation of post synaptic purinergic
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receptor activation resulting in Ca®* influx may be a probable mechanism of action for
carbonated soft drink to enhance bladder contraction.

The muscle contraction to carbachol was found to be inhibited in the presence of
carbonated soft drink whereas the response to nerve stimulation was enhanced.
Interestingly this inhibitory effect of whole carbonated soft drink on muscle contraction to
carbachol was very similar to the effect of ascorbic acid on this response (pp 198). Studies
with cat detrusor muscle showed that acetylcholine-induced bladder contraction was
mediated via Mj receptor-dependent activation IPs, resulting in Ca’* release from the
sarcoplasmic reticulum (An et al., 2002). However, it has been highlighted that relatively
high concentrations of muscarinic receptor agonists have been used in most studies that
suggested a role of IP; in the muscarinic receptor-mediated detrusor contractions
(Mostwin, 1985; Iacovou et al., 1993). There is a possibility that the concentration of
acetylcholine released by nerve-evoked response may not be high enough to stimulate IP;
production. Hashitani et al. (2000) suggested that lower concentration of muscarinic
receptor agonist may actually stimulate M, receptors, which do not involve production of
IP;. The authors also suggested an alternative explanation that there may be a difference in
muscarinic receptor type depending on their localization in bladder smooth muscle. The
junctional receptors are likely to be of M, receptors, while extrajunctional receptors are M3
muscarinic receptors. M, muscarinic receptors inhibit the release of neurotransmitters
from autonomic nerves (Coulson et al., 2004). Carbonated soft drink might inhibit the
carbachol-induced muscle contraction by modulating any of the steps leading to Ca**

release from the sarcoplasmic reticulum, involving the Gg1, PLC-B, and IP; pathway.
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However the effects of carbonated soft drink on nerve mediated responses and
neurotransmitter release must be due to enhancing effects on presynaptic mechanisms.

The contractile response evoked by potassium was significantly enhanced in the presence
of carbonated soft drink compared to control. Potassium depolarizes the smooth muscle
cell membrane and opens voltage gated calcium channels, resulting in an influx of
extracellular Ca®** and an activation of contractile machinery (Karaki et al., 1984).
Ganitkevich and Isenberg (1992) demonstrated that depolarization of plasma membrane
results in extracellular Ca?* influx into cell cytoplasm via voltage-gated Ca>* channels
which in turn stimulates Ca®* release from the intracellular stores generating the phasic
contractile response. As the two processes overlap, it is difficult to analyze the individual
components separately. The replenishment of Ca®* in the intracellular stores occurs via
more Ca”* influx which is regulated by a feedback mechanism involving Ca**-activated K*
channels. A fall in cytoplasmic Ca** concentration inhibits activity of Ca®*-activated K*
channels resulting in increased K* leading to depolarization of plasma membrane and an
ultimately enhancing the conductance of voltage-gated Ca** channels (Wu et al., 2002).
Further confirmation of the effect of carbonated soft drinks on bladder muscle contraction
via Ca®* influx was obtained by demonstrating its enhancing effect on the contractile
response of rat bladdér muscle to calcium, as described in previous chapters.

In conclusion, these experiments suggested that the carbonated soft drink as a whole
enhanced the detrusor muscle contraction by enhancing calcium influx by a yet unknown
mechanism. Carbonated soft drink inhibited the response to carbachol evoked muscle
contractions. This action may be due to modulation of the pathway involved in Ca*

release from sarcoplasmic reticulum.

216



Key points:
% Carbonated soft drink as a whole enhanced the muscle contractile response by
enhancing calcium influx into cell cytoplasm.
% Carbonated soft drink also found to inhibit the carbachol induced muscle

contraction (muscarinic effect).
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CHAPTER 10

SWEET TASTE RECEPTORS



10.1 Introduction

The enhancing effect of artificial sweeteners on rat detrusor muscle contraction led to the
hypothesis that these sweeteners might be acting through specific high affinity membrane
receptors similar to the sweet taste receptors found in the tongue. This conclusion was '
reached because of the following: i) this study has shown that Ca®* influx through L-type
Ca?* channels is involved in the mechanism of enhancement of muscle contraction by
artificial sweeteners and ii) sweet taste receptors act on Ca** influx via second messenger
pathway (Margoskee, 2002). Previous studies have demonstrated by Northern blot
analysis (Max et al., 2001) and reverse transcriptase polymerase chain reaction (RT-PCR)
(Kitagawa et al., 2001) that transcripts for the taste receptor proteins' are expressed in a
wide variety of tissues such as brain, testis, liver and lung. However, the possibility of the
presence of these receptors in bladder has not been explored so far. Therefore, it seemed
prudent to carry out a preliminary investigation to determine whether a sweet taste

receptor protein, similar to the sweet taste receptor in rat tongue, is present in rat bladder.

10.2  Review of Literature

10.2.1 Taste perception
Humans experience five distinctive types of taste: sweet, sour, bitter, salty, and umami, a
savoury flavour chiefly due to the amino acid glutamate (Roper, 1989; Lindemann, 1996,
Chaudhari and Roper, 1998; Herness and Gilbertson, 1999; Lindemann, 2000). The

different taste sensations are mediated by divergent taste receptors present on the surfaces
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of taste receptor cells within the taste buds of the tongue. In animals this ability to
differentiate various tastes is crucial for survival as it enables recognition of .nutritionally
rich food sources by sweet and umami receptors, while bitter taéte receptors elicit
aversive responses to noxious and toxic taste stimuli.
10.2.2 Taste receptors

Taste receptors have been classified into several groups: the TIR family which senses
sweetness and umami-taste, the T2R family involved in detecting bitter compounds, and
ion channels which are responsible for detecting acidic and salty tastes (Chandrashekar et
al., 2000; Dulac, 2000; Lindermann, 2001).

Sweet and amino acid tastes (umami) are mediated by three members of the TI1R family
of G-protein-coupled receptor proteins (T1R1, TIR2 and T1R3) that combine to generate
at least two heteromeric receptors: TIR1/T1R3 and T1R2/T1R3. T1R1/T1R3 forms a
universél L-amino acid sensor (Nelson et al., 2002; Li et al., 2002), while TIR2/T1R3
functions as a broadly tuned sweet receptor (Hoon et al., 1999; Nelson et al., 2001; Li et
al., 2002; Damak et al., 2003; Xu et al., 2004). The TIR2/T1R3 sweet taste receptor binds
with variety of sweet-tasting compounds, including natural sugars and the artificial
sweeteners saccharin and acesulfame K (Zhao et al.,, 2003). TIR2 is the protein
responsible for the binding of artificial sweeteners in the tongue (Zhao et al., 2003).
T1R3 is a seven-transmembrane, G protein-coupled receptor protein (GPCR) that has
been identified as a component of a taste receptor essential for the perception of several

types of sweeteners (Li et al., 2002; Montmayeur et al., 2001; Sainz et al., 2001).
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Predicted sweet Sweet receptor,

receptor functional as

hetero dimer
N-terminal

741352
Extracellular domain
Transmembrane domain
Cytosol domain
C-terminal

TIR3 TIR2/T1R3

Fig. 45 TIR3 monomer and TIR2/TIR3 heterodimer sweet taste receptor, showing N-
terminal, extracellular domain, transmembrane domain and intracellular (cytosol)

domain with C-terminal. (Reproducedfrom Linderman, 2001)

Although the TIR3 molecule (Fig. 45) is one of the monomers in the heterodimeric
structure of sweet- and umami-tasting receptors, there is no evidence that TIR3 monomer
alone can function in recognizing similar ligands. Ariyasu et al. (2003) demonstrated for
the first time that TIR3 alone, perhaps as a homodimer, functions as a molecule essential
for the recognition and response to the disaccharide trehalose. Xu et al. (2004) suggested
that there is a possibility that T1R3 is not a functional component of sweet and umami
taste receptors, but merely a chaperone protein, which facilitates the proper folding or
intracellular translocation of TIR1 and TI1R2. The distinct ligand specificities of
TIR1/T1R3 and T1R2/T1R3 receptors suggest that TIR1 and TIR2 play more important
roles in ligand binding in sweet and umami taste receptors than T1R3. Moreover, Damak

et al. (2003) demonstrated that T IR3-independent sweet- and umami-responsive
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receptors and/or pathways exist in taste cells. Thus the functional role of T1R3 and the
overall structure and function relationship of T1R taste receptors remain largely
unknown.

Taniguchi and colleagues (Taniguchi, 2004) reported that the sweet taste receptor protein,
T1R3, is also expressed in the liver and pancreas suggesting that this protein could also
be expressed elsewhere in the body although these authors suggested that these receptors
function as key regulators in digestion by acting as the chemosensors responsible for bile
and pancreatic secretion.

Studies have suggested that the detection of both bitter and sweet taste by taste receptor
cells is likely to involve G-protein-coupled receptors (Spielman et al., 1992; Lindemann,
1996; Kinnamon and Margolskee, 1996). Although two putative G-protein-coupled
bitter/swecf taste receptors have been identified (Hoon et al., 1999), the chemical
diversity of bitter and sweet compounds leads one to expect that there is a larger number
of different receptors (Spielman et al., 1992; Lindemann, 1999). The signal transduction
mechanism related to sour and salty tastes are likely to act via depolarization of the taste
receptors by directly interacting with ion channels (Herness and Gilbertson, 1999). Sweet,
bitter and umami-tasting substances, on the other hand, function by activating G-protein-
coupled receptors (GPCRs) (Li et al., 2002).

The TIR taste receptors are most closely related to glutamate receptors (mGluRs), Ca**-
sensing receptors (CaSRs), and some pheromone receptors (Bachmanov et al., 2001;
Montmayeur et al., 2001; Kitagawa et al., 2001). All of these receptors belong to the
GPCR family, and possess a large clam shell-shaped extracellular domain composed of

an N-terminal (amino terminal domain) often referred to as the ‘Venus fly trap module’
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(VFTM) (Pin et al., 2003). The amino terminal domain is connected to a heptahelical
transmembrane domain (HTD) via a cysteine-rich domain (CRD) and terminated by a
variable C-terminal (carboxyl-terminal) intracellular téil containing several binding sites
for intracellular proteins (Jiang et al., 2005a) (Fig. 45). The VFTM was found to be
responsible for agonist recognition (Takahashi et al., 1993; Tones et al., 1995; Parmentier
et al,, 1998). Over the past few decades, multiple models of the sweet receptor’s
hypothetical ligand binding site have been generated based on the structures of existing
sweeteners but without direct knowledge of the nature of the sweet receptor itself (Jiang
et al., 2005b).

Xu et al. (2004) commented on an intriguing observation about the TIR2/T1R3 receptor
combination and the structural diversity of its ligands. This receptor was able to recognize
every sweetener tested, including carbohydrate, amino acids and derivatives, proteins,
and synthetic sweeteners (Li et al., 2002). On the other hand, the receptor exhibits stereo-
selectivity for certain molecules, e.g. it responds to D- tryptophan but not L- tryptophan
(Li et al., 2002). It is still a puzzle as to how this single receptor can recognize such a
large collection of diverse chemical structures. There are differences in human and rodent
sweet taste in terms of the ligand specificity, G protein-coupling efficiency, and
sensitivity to inhibitors (Xu et al., 2004).

Xu et al. (2004) have also confirmed in their study with human taste receptors that both
T1R2 and T1R3 are required in a functional sweet taste receptor, that aspartame and
neotame require the N-terminal extracellular domain of T1R2, that G protein coupling
requires the C-terminal half of T1R2, and that cyclamate and lactisole require the

transmembrane domain of T1R3. These findings demonstrated the different functional
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roles of TIR subunits in a heteromeric complex and the presence of multiple sweetener
interaction sites on the sweet taste receptor. They have also speculated that natural
carbohydrate sweeteners bind to the N-terminal domain of T1R2, similar to aspartame
and neotame, and there may be other ligand-binding sites on the sweet taste receptor, for
example, the transmembrane domain of T1R2.

When a sweet-tasting molecule binds to the GPCR, it creates a conformational change in
the receptor, causing activation of a G protein. Activation of G protein allows
replacement of G protein bound GDP with GTP, which in turn stimulates adenylate
cyclase enzyme activity resulting in production of cAMP (Nelson and Cox, 2005) (Fig.
44). The elevation of CAMP activates the taste receptor cells either by opening a cyclic
nucleotide-gated channel (Misaka et al., 1997) or by activating protein kinase A (PKA),
to phosphorylate K* channels in the plasma membrane, causing them to close. Reduced
efflux of K™ depolarizes the cell to generate an action potential (Cummings et al., 1996;
Margolskee, 2002). Phospholipase C (PLC), a major signalling effecter of GPCRs, and
TRPMS (Taste Receptor Protein), are co-expressed with TIRs and T2Rs and are essential
for transduction of major tastes such as sweet, bitter and umami (Zhang et al., 2003). The
activation of PLC, either directly or indirectly results in gating of TRPMS leading to
development of a depolarizing receptor potential (Minke, 2001; Runnels et al., 2002).
This complex nature of functioning was also highlighted in other studies. These studies
suggested that although natural and artificial sweeteners activated the same receptor
TIR2/T1R3 (Nelson et al., 2001; Li et al., 2002), they probably stimulated different
signalling pathways resulting in the production of multiple second messengers (Bernhardt

et al.,, 1996; Cummings et al., 1996). Based on biochemical and electrophysiological
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studies of taste cells, Margolskee (2002) suggested activation of two pathways of sweet
taste signal transduction, first is a GPCR-Gs-cAMP pathway, activated by sucrose and
other sugars and the second is by GPCR-G¢GPy-IP3 pathway, activated by artificial
sweeteners (Gilbertson et al., 2000; Smith and Margolskee, 2001; Margolskee, 2002)

(Fig. 46).

Sucrose  Synthetic

cAMP

Fig. 46 Signal transduction ofsweet taste. Two separate sweet taste receptors shown. R:
receptors, AC: adenyl cyclase; cAMP: cyclic adenosine monophosphate; PDF:

phosphodiesterase & inhibitor W7; CAM: calmodulin;, PKA: phosphokinase A and
inhibitor H89; PLC: phospholipase C; DAG: diacylglycerol; IP3 Inositol tris phosphate;

PKC: protein kinase C and inhibitor bim (bisindolylmaleimide). (Reproduced from
Linderman, 2001)

Both the transduction pathways ultimately lead to a rise in Ca2+ concentration in
cytoplasm followed by neurotransmitter release. Artificial sweeteners activate GPCRs
(TIR heterodimers) and the subsequent mechanism probably involve phospholipase C
(PLC), production of inositol trisphosphate (IP3) and release of Ca2+ from intracellular

stores. On the other hand sugars, after activating GPCRs, likely to act via increasing
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cAMP production by activating adenyl cyclase pathway (AC). Increase in cAMP possibly
inhibits basolateral K* channels through phosphorylation by cAMP-activated protein
kinase A (PKA) resulting in membrane depolarization (Avenet et al., 1988). These two
pathways (Fig. 46) can coexist in the same taste receptor cells (Bernhardt et al., 1996). It
has also been suggested that both artificial sweeteners and sucrose depolarize taste
receptor cell membrane possibly via inhibiting K* conductance (Cummings et al., 1996).
10.2.3 - Genetics of sweet taste receptors

The genes associated with the sweet taste receptors were named as TasIr2 and Taslr3
(McDaniel and Reed, 2004). Reed et al. (2004) suggested that minimal alterations in the
DNA sequence of mouse TasIr3 gene can have a major impact on sweetener
consumption. This alteration in sweetener preference in mice with different Tas1r3 alleles
was explained by their diminished perception of the concentration of the sweeteners
(Bachmanov et al., 1997). Interestingly, in TasIr3 gene knock-out mice, the taste
perception for glucose and maltose was almost similar to mice with a normal Tasir3 gene
and that for other sugars and sweeteners the taste perception was diminished, but not
completely absent (Damak et al., 2003). This indicated the presence of other receptors or
mechanisms to sense the sweet taste in mice. It may well be that the unaffected monomer
T1R2 acted as a taste receptor by itself in these TasIr3 knockout mice (Zhao et al., 2003).
If alterations in DNA sequence have a significant impact on the consumption of sweet
substances in mice, then this may also be applicable to humans. The three sweet receptor
genes present in humans were designated as TAS/RI, TASIR2, and TASIR3 (Liao and

Schultz, 2003) having a considerable sequence similarity to that in mice.
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10.3 Methodology
To examine the presence of artificial sweet taste receptor in rat bladder, immunobldtting
was used. Immunoblotting is a technique in molecular biology or immunogenetics that
can be used to detect protein in a given sample of tissue homogenate or extract. It
normally utilises polyacrylamide gel electrophoresis to separate native proteins by shapé
and size (Towbin et al., 1979). Electrophoresis is an important technique for the
separation of proteins, based on the migration of charged molecules in an electric field.
The proteins are then transferred out of the gel and onto a membrane (typically
nitrocellulose), where they are "probed"” using antibodies specific to the protein of interest
(Renart et al, 1979; Burnette, 1981). As a result, size and amount of different proteins in a
given sample can be detected and compared simultaneously. This method is especially
useful as an analytical method because proteins can be visualised as well as separated,
permitting the number of different proteins in a mixture, and approximate molecular
weight to be determined quickly.
Electrophoresis of proteins is generally carried out in gels made up of cross-linked
polyacrylamide polymer, which acts as molecular sieve, slowing the migration of native
proteins approximately in proportion to their charge-to-mass ratio. Migration may also be
affected by protein shape (Towbin et al., 1979) and thus to overcome this technical
difficulty, SDS is added to the gel, so that proteins are separated by size only. Therefore,
SDS-PAGE was used in the following studies.

10.3.1 Tissue preparation
Samples of rat tongue and bladder were dissected from culled animals and after removing

all excess fat and visceral components minced in a small amount of homogenisation
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buffer (~1ml/g of tissue) with an Ultra-Turrax T8 (Ika Labortechnik) and transferred as
aliquots to microfuge tubes. The samples were then centrifuged at 14,000 x g for 10
minutes at 4°C. The supernatants were aliquoted (50-100 pl) and stored at -80°C.

10.3.2 Preparation of reagents
Homogenisation buffer (Stock and working solution)
To prepare the homogenisation buffer solution, we added 4 ml of 1 M Tri-HCI (pH 7.4),
4 ml of 0.1 M EDTA (pH 7.4), 4 ml of 0.1 M EGTA (pH 7.6) and 80 pl of B-mercapto-
ethanol in a beaker and made the solution up to 200 ml with distilled water. The solution
was then mixed thoroughly and stored at 4°C. Immediately before use, 10 ml of the
above solution was taken and 1 mini-complete protease inhibitor tablet (Roche
Diagnostics) was added to the homogenisation buffer and dissolved.
Ammonium persulphate (10%)
To prepare 10% ammonium persulphate, 0.1 g of ammonium persulphate (APS) was
weighed in a 1.5 ml Eppendorff tube and then dissolved in 1 ml distilled H,O.
Layering solution
To prepare the layering solution, the following chemicals were mixed in a 50 ml
measuring cylinder: 12.5 ml of Tris (pH 6.8), 100 pl of 0.5 M EDTA (pH 8.0), 500 pl of
20% Sodium dodecyl sulphate (SDS) and 36.9 ml of distilled H,O.
PAGE running buffer
PAGE running buffer was prepared by adding 28.8 g of glycine, 6 g of Tris base, 2 g of
sodium dodecyl sulphate (SDS) and 1.25 litre distilled HO in a 2 litre measuring

cylinder and the solution was dissolved thoroughly. The volume was increased to 2 litres.
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SDS-PAGE gel loading buffer

SDS-PAGE gel loading buffer solution was prepared by adding: 1.2 ml of 0.5 M Tris-
HCI (pH 6.8), 5 ml of 50% glycerol, 2 ml of 0.1% sodium dodecyl sulphate (SDS), 0.5
ml of 2-(B) mercaptoethanol, 1 ml of 1% bromophenol blue and 0.3 ml of distilled water
in a 15 ml Sterilin tube. The mixture was then stored at 4°c.

SDS-PAGE gei transfer buffer

This buffer solution was prepared by dissolving: 2.9 g of Tris base, 14.4 g of glycine and
400 ml of methanol in 2 litres of distilled water in a Duran bottle.

Blocking buffer 4% (Blotto)

This buffer solution was prepared by dissolving: 2 g of non-fat milk powder (Carnation®
or Coffee-mate® or Marvel®) in 50 ml of Tris-buffered saline (R15) in a 50 ml Sterilin
bottle.

Tris-buffered saline (R15; pH 7.5)

10 ml of 1M Tris-HCI1 (pH 7.5) was mixed with 37.5 ml of 4 M NaCl and the solution
was made up to 800- 1000 ml (deionised water) at pH 7.5.

Antibodies

Two primary antibodies were used: V-20 and T-20 (goat anti-human taste receptor, Santa
Cruz). V-20 is specific for the N-terminal (extracellular) domain of the receptors and T-
20 is specific for the C-terminal (membrane/ intracellular) domain of the receptor. It
should be noted that antibodies were generated against peptides based on predicated
amino acid sequences of the protein molecule.

Donkey anti-goat-HRP conjugated antibody (Santa Cruz) was used as a secondary

antibody.
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10.3.3 Gel electrophoresis
10.3.3.1 Preparation of Western Blot
Gel forming apparatus was set up and 8% separating and 4.7% stacking gels containing
14% glycerol and 0.1% SDS were poured into the respective compartments of the
apparatus and allowed to polymerise and the equipment set up. After filling the chambers
with gel running buffer, a maximum of 20 pg of total protein was loaded carefully using
a micropipette into the appropriate wells along with Rainbow molecular size markers (GE
Healthcare). Electrophoresis was carried out for 1 hr and 30 min at 125 Volts, which
allowed the ion front to reach 5 mm from the bottom of the plate.
10.3.3.2 Western Transfer
After SDS-PAGE, the proteins were transferred to nitrocellulose by carefully placing the
polyacrylamide gel within a Novex transfer apparatus on top of two porous pads and a
piece of 3 MM filter paper that had been soaked in transfer buffer. After removing air
bubbles from the nitrocellulose membrane, another piece of 3 MM filter paper was placed
on top followed by two more soaked pads. The apparatus was assembled, the inner
chamber filled with transfer buffer, the outer chamber with cold water and the proteins
transferred at 125 mA for 1 hr and 30 min.
The nitrocellulose membrane was then briefly rinsed with water and allowed to dry
completely for 5 min on filter paper.
10.3.3.3 Blocking

The membrane was placed in 4% blocking buffer (blotto) for an hour to prevent non-
specific binding of proteins to the membrane. The membrane has the property to bind to

any kind of protein, and as both the antibodies and target are proteins, necessary steps
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must be taken fo prevent interactions between the membrane and the antibody used for
detection of the target protein (Renart et al., 1979).

10.3.3.4 Detection
A modified antibody linked to a reporter enzyme has been used to detect the specific
protein present on the membrane. The reporter enzyme enables the production of a colour
by a colorimetric reaction with the antibody. Although traditionally this process of
detection happens in two-steps, now one-step detection methods are also being used for
certain experiments. The two step procedure was used here.
Step I: The primary antibody was added at 1:200 dilution to 20 ml of 4% Blotto and the
preparation was sealed and incubated for 18 hr (overnight) at 4°C on an orbital shaker.
Step 2: On the following morning, the membrane was washed three times for 5 minutes to
remove any unbound primary antibody. The membrane (in 4% Blotto) was then exposed
to the secondary antibody, at 1:50,000, at room temperature on an orbital shaker for 1 hr
and 30 min. This step confers an advantage in that several secondary antibodies will bind
to one primary antibody, providing an enhanced signal.

10.3.3.5 ECL chemiluminescent detection
The membrane was then washed three times for 5 min with water, once with 0.05%
Tween 20 (Sigma) in TBS for 5 min, and again very briefly with a small amount of
water. The membrane was blotted dry on filter paper and then exposed to West-femto
ECL reagent (Pierce) for 5 min. The membrane was once again blotted dry with filter
paper, sealed in a plastic bag and exposed to X-ray film (ECL film GE Healthcare) for 5
min. The film was developed to obtain the result. The dark regions on the film

corresponded to the protein bands of interest.
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10.4  Results and analysis

10.4.1 Western blot with V-20 antibody
A single protein band was identified in both tongue and bladder tissue, with an
approximate molecular mass of 50-54 kDa. In both tissues, the protein was present in

whole cellular extracts and membrane extracts, but absent in the cytoplasmic extracts

samples (Fig. 47).

R 1 2 3B 4 55 66 7 78

220 a*

Q¥

30

Tongue Bladder

Fig. 47 Developedfilm image from western blot using V-20 antibody. R: size markers
(kDa size to left of image). Samples harvested on 22.08.06. Lanes 1& 5: whole cellular
extract; lanes 2 & 6: membrane extracts; lines 3 & 7: cytoplasmic extracts. Lanes 4 & 8:
whole cellular extractfrom samples harvested on 20.07.06.

Arrow indicates predicted size ofwhole TIR2 receptor protein
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10.4.2  Western blot with T-20 antibody
A single protein band was identified in the tongue, with an approximate molecular mass
of 40- 43 kDa and was present in whole tissue and membrane extracts (Fig. 48, lanes 1-
4). In the bladder, a single protein band was also identified. This band had an
approximate molecular mass of 45 kDa and was present in whole cellular extract, and
membrane fraction, but not in the cytoplasmic extracts (Fig 48, lanes 5-8).

In both tissues, a low intensity doublet around 180 kDa was seen in all tissue samples.

R 1 2 3 4 5 6 7 8
C-terminal
220
97
66
45
30
Tongue Bladder

Fig. 48 Developedfilm image from western blot using T-20 antibody. R: size markers
(kDa size to left of image). Samples harvested on 22.08.06. Lanes 1& 5: whole cellular
extract; lanes 2 & 6: membrane extracts; lines 3 & 7: cytoplasmic extracts. Lanes 4 & 8:
whole cellular extractfrom samples harvested on 20.07.06

Arrow indicates predicted size ofwhole TIR2 receptor protein
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10.4.3 Interpretation of findings

The western blots demonstrated a single protein band for each antibody, without any
apparent non-specific binding. The presence of a low intensity doublet at 180 kDa with
the C terminal antibody (T-20) could be interpreted as indicating that incomplete
dissolution of the TIR2/T1R3 couplet in the tissue extracts has occurred, although this is
unlikely as the presence of 3-mercaptoethanol and SDS in the sample buffers should have
caused dissociation of receptor sub-units. For each antibody, the estimated size of the
major protein band was less than the predicted size of the whole T1R2 receptor protein
(URL 11).

The predicted size of the entire T1R2 precursor protein is 95,183 Da. The molecule
consists of several domains, and glycosylation sites that may alter the structure and size
of the mature protein. In addition, there are 17 putative disulphide bridges located on the
predicted external hydrophobic region of the protein close to the transmembrane domain.
The ligand binding domain is predicted to bind the Atrial Natriuretic Factor (ANF) and
there is an intracellular domain that is predicted to interact with G-proteins, particularly
those related to cGMP regulation, Ca>* regulation via IP3 and GABA-receptor function
(URL 12).

The combined size of the specific bands using the two T1R2-specific antibodies is
between 90 — 97 kDa depending on tissue source (fig 47 and fig 48). These sizes are in
keeping with the idea that the mature receptor protein lacking the first 19 amino acids
(the signal peptide) would be 2150.65 Da smaller than the precursor molecule (i.e.

95,183-2151=93,032) producing a mature protein of ~93 kDa. However, although there
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are some weak bands at ~93 kDa, the most intense bands are at much lower molecular
mass. The 2 kDa signal peptide could explain the difference in size of the products using
the T-20 antibody that is directed towards the C-terminal (intracellular domain) but this is
unlikely.

There are three possible explanations for the receptor protein becoming fragmented: i) the
tissue homogenisation process has cleaved the molecule at a junction close to the
transmembrane domain; ii) there is a disulphide bond within the protein close to the
membrane/extracellular domain junction of the protein that is destroyed using SDS-
PAGE; iii) there was inadequate protease inhibition during the tissue preparation and a
specific (weak) peptide bond close to the transmembrane domain was broken.

The slight size difference in the protein fragment observed with the C terminal antibody
raises the possibility of post-translational structural modifications which are tissue
specific and may be involved in specific post-receptor signalling pathways. Additionally,
this region of the molecule putatively contains 7-specific glutamate metabotropic regions
that are known to confer different signalling activities dependent upon co-activator and
phosphorylation status (Tanabe et al., 1992). Indeed there are several possible
glycosylation sites in this region of the molecule that could account for the 2 kDa

apparent increase in molecular mass between tongue and bladder T1R2 protein.

10.5 Discussion
These results suggests the possibility of a single protein moiety in both tongue and
bladder tissue. The primary antibody, V-20 is a goat polyclonal IgG specific antibody

(200ug/ml) with epitope mapping near the N-terminal of T1R2, and T-20 is another goat
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polyclonal IgG specific antibody (200pug/ml) with epitope mapping near the C-terminal of
T1R2. Polyclonal antibodies are useful for detecting proteins which have lower
expression levels allowing more antibodies to bind a single protein molecule, thus
enhancing the detection signal. Although the size of protein detected with each antibody
was smaller than the predicted size of the whole protein, the combined weights do
approximate to 95 kDa, if one assumes that the whole protein has been cleaved during
preparation of the samples. It is important to remember that the apparent difference in
band sizes can still be attributed to non-specific binding of antibodies to different proteins
in the gel, as antibody specificity was not established by using blocking peptide in the
experiments. Peptide blocking to minimize the non-specific binding of antibodies needs
to be included in future experiments to find a definitive answer.

The cleavage or fragmentation of the protein molecule was described above. This could
be evaluated by repeating the experiment with fresh tissue and taking particular care
during homogenisation to keep samples chilled and handled gently. This may be hard due
to the elastic properties of bladder tissue which makes homogenisation difficult. It can
also be suggested to repeat electrophoresis and Western blotting using a non-reducing gel
without SDS, to minimise the disruption of disulphide bonds within the proteins. A single
larger protein band of similar visualised using each antibody would be expected.

Thus the results suggest the possibility of presence of T1R2 protein in rat bladder similar
to sweet taste receptors in rat tongue. It is worth mentioning that because T1R2
participates exclusively in sweet taste detection, while TIR3 is involved in both sweet
and amino acid recognition, the antibody against TIR2 was chosen for Western blot

analysis experiment.
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There is only one study (Dyer et al., 2005) which has shown the presence of extra-oral
T1R2 protein in mouse intestine. However, those authors did not include the size marker
on their gel, so comparisons to the present data are difficult, because no data on the size
of protein detected are available.

It has already been established that the artificial sweeteners enhanced the detrusor smooth
muscle contraction possibly by the increase of Ca*? influx from extracellular space via L-
type voltage-gated Ca® channels. It has been explained earlier (Chapter 2, section 2.10
and 2.11), that activation of both receptor mediated (cholinergic and purinergic) pathway
and the excitation-contraction pathway involves Ca®* influx through voltage-gated Ca*
channels.

Signal transduction of sweet taste has been studied in detail by several investigators.
Striem et al. (1989) demonstrated that some sweeteners stimulated the formation of the
second messenger cyclic AMP in a rat tongue membrane preparation. They suggested
that the activation of the enzyme adenyl cyclase, responsible for formation of cAMP was
mediated by specific protein receptors (Guanosine 5'-[y-thio]triphosphate, GTP), coupled
through a GTP binding protein (G-protein).

Uchida and Sato (1997) suggested two different pathways for sweet taste transduction for
two different types of sweeteners such as sodium saccharin and D-tryptophan. The
former was found to act by increasing intracellular cAMP levels and the later by
increasing the intracellular IP; level. Margolskee (2002) and Lindemann (2001) both
supported the view that that the molecular mechanism of sweet taste signal transduction
was via two possible mechanisms and both the transduction pathways appeared to

converge to a common point, which is a rise in intracellular Ca®* followed by
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neurotransmitter release. The first mechanism involved an increase in cyclic nucleotides
(cGMP or cAMP) when sugars were the ligand and the second mechanism was via an
increase in IP;, when the sweet taste receptors were activated by artificial sweeteners.
Membrane depolarization by inhibition of K™ conductance may be a common feature of
the two pathways (Lindemann, 2001; Nakashima and Ninomiya, 1999; Cummings et al.,
1996) (pp 232-233). Membrane depolarization was originally thought to be due to
inhibition of the K' conductance through activation of protein kinase A (PKA)
(Cummings et al., 1996). More recently Lindemann (2001) suggested that perhaps PKA
is not involved directly in the response to sugars, but may be involved in adaptation. This
inference came from the observation that a PKA inhibitor was found not to inhibit the
sugar-sweet response in the hamster anterior tongue (Varkevisser and Kinnamon, 2000).
However, sweet-taste transduction is a complex phenomenon and our knowledge about it
is far from complete (Lindemann, 2001).

Nevertheless, we have sufficient evidence to suggest that Ca®* influx is a common factor
in all the different pathways of sweet taste transduction. Our data found that Ca”* influx
plays an important role in the stimulating effect of artificial sweeteners on detrusor
muscle contraction. This leads to the speculation that the protein molecules co migrating
with sweet taste receptors detected in the rat bladder by our study may be implicated in
the process of bladder muscle contraction in response to artificial sweeteners.

The identification of the sweet taste receptor(s) in the bladder will provide opportunities
for a better understanding of molecular and cellular events involved in detrusor
contraction in relation to sugar and artificial sweeteners. This may eventually help in the

development of therapeutic compounds and dietary aids to modulate the function of the

238



receptor in the bladder. Such developments may be particularly useful in diabetic patients
who as a group are bigger users of artificial sweeteners than the general population and
may therefore be more vulnerable to overactive bladder symptoms. The sweet taste
receptor mediated mechanism of bladder contraction may also be postulated as causing
urgency and frequency in pregnancy, which may be related to the glycosuria due to lower

renal threshold for excretion of sugars.
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CHAPTER 11

DISCUSSION



Urinary incontinence is a common condition with significant physical, psychological and
economic impact (Wagg et al., 2007), affecting quality of life to a great extent (Burgio
and Ouslander, 1999). The prevalence of overactive bladder in the general adult
population is approximately 17%. Incontinence events are reported in approximately one-
third of these patients. Symptoms of overactive bladder have a negative impact on quality
of life in every second patient and on sexuality in every fourth patient (Schumacher,
2006). In Britain alone, an estimated 5.15 million adults over the age of 40 have
symptoms attributable to overactive bladder syndrome (OAB) (Abrams et al., 2002).
Although several risk factors have been associated with overactive bladder in different
studies (pp 100), the pathophysiology of overactive bladder is still unclear. Consumption
of carbonated soft drinks was recently reported to be associated with development of
overactive bladder and urinary incontinence (Dallosso et al., 2003a). The aim of this
study was to therefore determine if individual components of a popular carbonated soft
drink modulate detrusor muscle contraction. Rat bladders were used in this study for two
reasons- firstly, easy availability and secondly, rat bladders have similar innervation to
abnormal human bladders, as detailed in the review of literature section (pp 43).

The effects of some of the individual components of soft drinks on rat detrusor muscle
contraction were determined using organ bath methodology. The actual concentrations of
the individual soft drink components in body fluids after consumption of one can was
unknown, so a range of concentrations from the lowest ( 10 M) to the highest (10'2 M)
was used in the initial experiment to detect the concentration that significantly modified
bladder muscle contraction. It is worth mentioning that sophisticated technology has been

developed to measure individual components such as artificial sweeteners in carbonated
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beverages and also in human urine after consumption of individual components. Levels
of individual components in a carbonated soft drink can be easily measured by the
recently developed technique of a rapid capillary electrophoresis method (Frazier et al.,
2000). Wilson et al. (1999) have developed a method to determine the levels of two
sweeteners (sweeteners saccharin and acesulfame K) in human urine by using urinary
biomarkers as a measure of intake of the sweeteners and high-performance liquid
chromatography (HPLC). The two sweeteners, saccharin and acesulfame K were
considered suitable for monitoring using biomarker approach as both these compounds
are excreted rapidly almost unmetabolized (Renwick, 1996).

The results of a recent study which had estimated the concentration of four artificial
sweeteners in food and beverages by ion chromatography (Zhu et al., 2005) were used to
calculate possible levels of the above sweeteners in human body after consumption of
one 300 ml can of the soft drink in question by drug kinetics, assuming equal distribution
in a man weighing 70 kg. This data was then compared to the concentrations of these soft
drink components used in the organ bath in this study. The average concentrations of
sweeteners in the two cola drinks were: aspartame, 5030 mg/L, acesulfame, 1290 mg/L
and sodium saccharin 381, mg/L. Out of the three sweeteners investigated in this study,
acesulfame K and sodium saccharin were the two sweeteners that caused significant
modulation of bladder contraction. Also aspartame is metabolised to phenylalanine and
aspartic acid after consumption so it was not possible to make a presumptive calculation
of levels in body fluids. After calculation, the concentrations of acesulfame K and sodium
saccharin were found to be 6.04 mg/L and 23 mg/L respectively, assuming equal

distribution in all body water. The concentrations of these sweeteners used in the organ
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bath, excluding those used for the EFS 10Hz responses, were 20.1 ng/L for acesulfame K
(10'7 M) and 20.5 ng/LL for sodium saccharin (10'7 M) being much lower than the
estimated blood levels of the sweeteners after soft drink consumption.

The concentration of acesulfame and sodium saccharin has also been determined in urine
(Wilson et al., 1999). After an intake of up to 100 mg/L acesulfame and 70 mg/L sodium
saccharin, the peak urine concentrations were 92 mg/L and 64 mg/L respectively. These
levels were also far greater than the concentrations used in the organ bath (excluding EFS
10 Hz responses) and the concentration of these sweeteners in cans of cola have been
determined to be even greater than the intake of sweeteners in the Wilson study. The
concentrations of sweeteners used in the organ bath (excluding EFS 10 Hz responses)
were therefore below the amount that would be found in body fluids after the
consumption of a single can of carbonated soft drink.

In the stable human bladder, detrusor contraction is mediated by acetylcholine (ACh)
release from parasympathetic nerve fibres, which is completely abolished by atropine
(Sibley, 1984). Interestingly detrusor muscle contractions from dysfunctional bladders
were found to have an atropine-resistant component, believed to be mediated by ATP
(Ruggieri, 2006). In contrast, most non-primate bladder detrusor muscle contractions
involve the muscarinic pathway, mainly via the M3 receptor subtype. (Braverman et al.,
1998) and purinergic pathway-mediated by ATP (Namasivayam et al., 1999).

Contraction of rat detrusor muscle in response to EFS has been shown to be via
stimulation of the nerves, as demonstrated by the abolition of this response in the
presence of tetrodotoxin (TTX), a sodium channel blocker (Brading & Williams, 1990;

Hudman et al., 2000). Nerve stimulation releases the neurotransmitters ACh and ATP,
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involving the cholinergic and purinergic pathways (Creed et al., 1983). At lower
frequencies of EFS, muscle contraction is mainly due to the release of ATP from the
nerves with an increasing component due to the release of ACh as the frequency of
stimulation increases (Brading & Williams., 1990).

When the cholinergic component of the muscle contraction was blocked by atropine,
during EFS stimulation, the slight enhancement in magnitude of the remaining contractile
response in the presence of the sweeteners, suggested a possible mode of action through
the atropine-resistant component mediated by ATP, which is coupled to L-type calcium
channels. The activation of purinoceptors by neurally released ATP initiates excitatory
junction potentials (EJP), which triggers action potentials by Na* influx causing a rapid
plasma membrane depolarization (Foresta et al., 1995). The resultant influx of Ca®
through L-type Ca®* channels and the release of Ca®* from intracellular stores produce
contraction of the bladder smooth muscle. The activation of muscarinic receptors by
neurally released ACh increases the frequency of action potentials, initiates oscillatory
rises in the intracellular Ca®* concentration causing oscillatory contractions. Both the
influx of Ca** through L-type Ca®* channels and the release of Ca®* from intracellular
stores appear to be involved in the generation of these oscillatory responses in guinea pig
bladder smooth muscle (Hashitani et al., 2000).

The sweeteners enhanced muscle contraction through purinergic receptor activation by a,
B methylene ATP. This enhancement was similar to the enhancement observed in the
‘atropine resistant’ component of muscle contraction due to EFS. Electrical stimulation
triggers presynaptic nerve terminals to release neurotransmitters, which then activate

postsynaptic receptors. Therefore it can be speculated that this enhancement of muscle
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contraction by the sweeteners was possibly not by an increased release of ATP as the
postsynaptic activation of purinergic receptors was equally affected. The sweeteners also
had no significant effect on the contractile response to carbachol, indicating that the
mechanism of action of sweeteners is not via direct muscarinic receptor activation.

The L-type channels present in the detrusor are important for mediating the upstroke of
the actions potentials, as discussed earlier in the physiology chapter. The L-type channels
in guinea pig detrusor display interesting behaviour in that they can switch into a long
channel open mode in response to large depolarization (Nakayama & Brading, 1993;
1995). Potassium was used in our experiments to depolarize the cell membrane and
investigate the effects of the individual components of the carbonated soft drink on Ca®*
influx through these L-type voltage gated Ca®* channels. Ganitkevich and Isenberg
(1992) demonstrated that depolarization-induced influx of Ca®* through L-type Ca®*
channels induces the release of Ca?* from intracellular stores, which causes the major part
of the phasic contraction. Restoration of resting membrane potential after a phasic
contraction is achieved by opening of two types of Ca**-activated K* (Kca) channels,
iberiotoxin-sensitive, large-conductance K¢, (BK) channels, and apamin-sensitive, small-
conductance K¢, (SK) channels (pp 65). Herrera et al. (2000) determined the roles of
RyRs on sarcoplasmic reticulum, BK channels, and SK channels in the regulation of
phasic contractions of bladder smooth muscle. They suggested that the amplitude of a
phasic contraction was dependant on the increase in Ca® entry caused by membrane
depolarization, as well as Ca** released from the sarcoplasmic reticulum (SR). The later
mechanism of Ca’* release from internal stores was due to activation of RyRs on SR.

[Ca®*-induced Ca®* release (CICR)]. The results of their study (Herrera et al., 2000)
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indicated that RyRs, BK channels, and SK channels act by a negative-feedback
mechanism through differential modulation of contractile amplitude, duration, and
frequency. In their later study, Hererra and Nelson (2002) suggested that although Ca*
influx through VDCCs activated both BK and SK channels, Ca®*-induced Ca®* release
from SR activated only BK channels.

The concentration response curves to o 3, methylene ATP, potassium and calcium in
presence of sweeteners suggested that the possible mechanism of action was by
increasing the intracellular Ca** concentration via extra cellular Ca*? influx through L-
type voltage gated Ca*? channels, either via purinergic receptor activation or by some
unknown mechanism, such as some other receptor that specifically bind the sweeteners.
The chemical structure of these artificial sweeteners are very different from calcium
channel openers such as Bay K 8644, it is therefore unlikely that the soft drink
components act via direct modulation of Ca®* channels (Bo and Burnstock, 1990).

It has been discussed earlier (pp 60), that isolated detrusor strips often generate
spontaneous phasic contractions, with frequencies that are species specific, but usually of
the order of tens of contractions each minute (Sibley, 1984). The contractions are small
compared to the contraction that can be evoked by stimuli; they rise and fall from a low
resting tone, and do not normally show the type of tetanic fusion that is seen in other
electrically excitable smooth muscles. It seems clear that ion channels do play an
important role in determining the properties of the spontaneous contractile activity in the
urethra and detrusor, and that altering their function can have profound effects on this
activity (Brading, 2006). However, there are still many areas of uncertainty. Mostwin

(1986) reported that the spontaneous phasic contractions depend on Ca** influx through
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the voltage-dependent Ca** channels (VDCC). As mentioned earlier in the chapter, the
small-conductance Ca®* - activated K* (SK) channels, ryanodine receptors (RyRs) and
large-conductance Ca®* - activated K* (BK) channel contribute to the negative feedback
system through differential modulation of contractile amplitude, duration and frequency
(Herrera et al 2000). Both acesulfame K and sodium saccharin increased the amplitude
and frequency of the rat bladder smooth muscle spontaneous contractions, which may
involve modulation of these K* channels and activation of RyRs. Further investigation
into the effect of these sweeteners on spontaneous contraction of bladder smooth muscle
would be required to differentiate the mechanisms involved.

The structural resemblance between acesulfame K and saccharin (Venanzi & Venanzi,
1988) could explain their similar effects on rat bladder contraction whereas aspartame,
having a very different chemical structure, has had little effect on rat bladder contractile
response. It can therefore be speculated that acesulfame K and saccharin are interacting
with the same structure within the bladder muscle but it is unlikely that this would be 1,4
dihydropyradine calcium channels as the activators of this receptor have a very different
chemical structure to acesulfame K and saccharin. This raised the possibility of specific
receptors being present on the cell membrane that bind to these sweeteners, similar to the
sweet taste receptors in the tongue. It is also interesting to note a recent study
demonstrated that activation of mammalian sweet taste receptors (TIR2/T1R3) is highly
selective and aspartame was one of the sweeteners which did not produce a response in
rodents (Nelson et al, 2001).

The results of Western blot experiments demonstrated the detection of a single protein

species in both tongue and bladder tissue extracts using two separate monoclonal
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antibodies against the T1R2 receptor protein. The size of protein detected with each
antibody was smaller than the predicted size of the whole protein, but the combined
weights approximated to 95 kDa. It has previously been discussed why it is reasonable to
conclude that the protein species detected represent fragments of the intact sweet taste
receptor molecule (pp 240). Fragmentation of the receptor adjacent to the extracellular
membrane surface produced a larger fragment detected with the N-terminal specific
antibody which was absent from the membrane bound fraction, and a smaller fragment
detected with the C-terminal specific antibody which was present in the membrane
fraction.

Further work is required to confirm that this is the case. Repeating the Western blot
analysis whilst taking particular care during homogenisation, plus the addition of a non-
reducing electrophoresis process would be required and should reveal a single large
protein band of the same size with each antibody. It would then be necessary to further
evaluate the presence and expression of the T1R2 protein using immunocytochemistry
techniques to define the localisation of the expressed tissue within the bladder, and
reverse transcriptase PCR to evaluate the presence of specific messenger RNA
demonstrating transcription of the Tas/r2 gene.

It is important to remember that humans and rodents exhibit some notable differences in
their ability to detect certain artificial sweeteners and intensely sweet proteins. Nelson et
al. (2001) demonstrated that the species-specific selectivity was due to the difference in
sequencing of amino acids. High level of TIR receptor variability underlies the
difference in sweet perception and this variability is true for other candidate

chemoreceptors (Adler et al., 2000). This diversity can be expressed functionally in
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different species via different transduction pathways. Once the presence of TIR2 is
confirmed, the sequence of this bladder specific protein must be determined as a first step
to elucidating the functional role of this protein in terms of signalling within the bladder.
The preservatives and antioxidant citric acid and ascorbic acid, both enhanced the
atropine resistant component of muscle contraction due to EFS. This enhancement of
muscle contraction was similar to the enhancement observed in the concentration
response curve due to purinergic receptor agonist a, B methyl ATP, in the presence of
citric acid. This indicates that the enhancement of muscle contraction due to EFS in
presence of citric acid is probably not by an increased neurotransmitter release, as the
postsynaptic activation of purinergic receptors is equally affected. In contrast, the
enhancement of the ‘atropine resistant’ component of muscle contraction to EFS in the
presence of ascorbic acid was greater than the enhancement of the contractile response to
purinergic receptor activation, suggesting that modulation of presynaptic neurotransmitter
release may be playing a role in the enhancement of rat bladder muscle contraction by
ascorbic acid. It is possible that nerve stimulation and receptor activation could also be
influenced by other mechanisms, such as activation of presynaptic receptors that regulate
neurotransmitter release.

In healthy human detrusor muscle the neuromuscular transmission is predominantly
cholinergic (Sibley, 1984), although a partially atropine-resistant response is occasionally
found (Sjogren et al., 1982). Cholinergic responses in the rat urinary bladder are initiated
via activation of muscarinic M3 receptors (Giglio et al., 2001). The neurotransmitter
acetylcholine released from nerve terminals, causes an increase in free cytoplasmic Ca*

concentration, activating the contractile machinery of the detrusor smooth muscle cells.
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The two possible pathways for this rise in free cytoplasmic Ca®* involve the influx of
Ca®* from the extracellular matrix through voltage sensitive L-type Ca** channels, or
release from intracellular stores (Fry and Wu, 1998). An increased intracellular Cat
concentration in turn can also influence the release of Ca?* from the stores (CICR- Ca**-
induced Ca** release) (Ganitkevich, and Isenberg, 1992). Carbachol directly stimulates
the muscarinic receptors on cell membranes like acetylcholine, activating release of Ca*?
from sarcoplasmic reticulum through the second messenger inositol 1,4,5-trisphosphate
(IP3) (Oike et al., 1998). The carbachol concentration response curve was unaffected by
citric acid, so it appears that the mechanism of action of citric acid was not via direct
muscarinic receptor activation. In contrast, ascorbic acid inhibited the carbachol induced
bladder muscle contraction. It is unclear why this inhibitory effect was not demonstrated
by the other soft drink components such as artificial sweeteners or citric acid. The
inhibitory effect of ascorbic acid was particularly puzzling as it enhanced all the other
agonist-induced contraction of bladder smooth muscle. The only difference between
carbachol induced contractile responses and those obtained via the other agonists used in
this study, is the pathway involving IP; induced release of Ca”* from the sarcoplasmic
reticulum to raise intracellular Ca®* levels. The activation of muscarinic receptors
stimulates the second messenger pathway by activating G-protein. Activated G-protein in
turn causes activation of PLC, which leads to increased production of IP3; activated IP3
subsequently triggers Ca®* release from the sarcoplasmic reticulum (An et al., 2002). Any
of the steps in this pathway may well be modulated by ascorbic acid to reduce contractile

responses to carbachol. Further investigation of this hypothesis would be required.
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Citric acid and ascorbic acid significantly enhanced the maximal contractile response to
potassium, suggesting an increased Ca®* influx through L-type voltage gated Ca®*
channels, which is independent of muscarinic or purinergic receptor activation (Maggi et
al., 1989a; Visser and van Mastrigt, 2000). This mechanism was further confirmed by
investigating the effect of ascorbic acid and citric acid on the contractile response of rat
bladder muscle to calcium 0.5-2.5 mM. It appears that an increased Ca** influx through
L-type voltage gated Ca®* channels is a possible mechanism of action for the
enhancement of bladder contraction by citric acid and ascorbic acid.

The results of the experiments with carbonated soft drink as a whole were found to be
very similar to that of the findings with ascorbic acid. The enhancement of contractile
response to the atropine resistant component of muscle contraction to EFS was found to
be greater than the enhancement of the response to purinergic receptor activation. Similar
to ascorbic acid, carbonated soft drink as a whole, was found to inhibit the carbachol
induced muscle contraction, indicating possible modulation of any of the steps leading to
calcium release from sarcoplasmic reticulum via IPs;. The stimulatory effects of whole
carbonated soft drink on muscle contraction to potassium and calcium, suggested that
increased Ca** influx was the probable mode of action.

All the individual components and the carbonated soft drinks as a whole slightly
enhanced nerve mediated contraction in the absence and presence of atropine. The
cholinergic component of nerve stimulation by EFS was not investigated in isolation by
blocking the purinergic pathway with prolonged exposure to-a, B methylene ATP (Hoyle
and Burnstock, 1985). It is therefore not possible to say whether the enhancement of the

contraction to nerve stimulation by sweeteners, and citric acid involved modulation of
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presynaptic acetylcholine release. However, acetylcholine and ATP are co-transmitters in
small mammal bladders therefore any effects of these agents on nerve stimulation may
affect both neurotransmitters.

After the completion of this study, the findings can be summarised in the following two
statements:

a. Individual carbonated soft drink components and the carbonated soft drink as a
whole enhanced rat bladder muscle contraction in response to o f methylene-
ATP, KCIl and calcium, indicating their action on bladder smooth muscle
involves increased extracellular Ca’* influx.

b. Ascorbic acid, an important ingredient in most soft drinks, enhanced the
atropine resistant component of the detrusor muscle contraction to EFS by a
greater degree than it enhanced the contractile response to post synaptic
purinoceptor activation, suggesting that increased neurotransmitter release
(ATP) from intrinsic nerves may play a role in the action of ascorbic acid on

bladder muscle contraction.

Although the individual soft drink components and the soft drink itself as a whole
enhanced bladder contraction by a small amount compared to the control response, the
concentrations of soft drink components used in the organ bath to examine their effect on
the atropine resistant response to EFS; the response to o, 3, methylene ATP, KCl and the
response to calcium, were also small. However the concentrations of the soft drink
components used in the organ bath (excluding EFS 10 Hz responses) were below the

amount that would be found in body fluids after the consumption of a single can of
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carbonated soft drink. It is therefore possible that high consumption of carbonated soft
drinks may have a greater effect on bladder smooth contractile properties.

Caution should be employed when extrapolating data from epidemiological studies into
the laboratory, and vice versa, but nevertheless, the work described here is a necessary
first step in the hypothesis testing which is required after epidemiology research has
generated new hypotheses. These experiments describe the effects of the soft drink
components on isolated rat detrusor muscle these can not necessarily be extrapolated to
human muscle in vitro, or indeed to the detrusor muscle in vivo. Testing of these
hypotheses requires further work, but this data is important to raise awareness of the
potential for dietary factors to influence bladder and other organ function.

This study raises concerns about whether wide use of artificial sweeteners and
preservatives in daily life is safe. This might be an easily modifiable risk factor indicating
a public health issue. The study also suggests that confirmation of the presence and
mechanism of action of sweet taste receptors in urinary bladder may provide an
opportunity for a new pathway for pharmacological intervention in overactive bladder.
This study has highlighted several areas for further research, some of which have already
been  outlined  above. Extensive laboratory ~ investigations including
immunohistochemistry and RT-PCR will be required to confirm the sweet taste receptor
hypothesis and to explore the normal function of this receptor and how it may contribute
to detrusor overactivity.

The present study demonstrated that the soft drink and individual components also
affected the spontaneous contractions of rat bladder smooth muscle. This may involve

modulation of the K' channels and activation of ryanodine receptors. Further
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investigation into the effect of these sweeteners on spontaneous contraction of bladder
smooth muscle would be required to differentiate the mechanisms involved.

The pathway of muscarinic receptor activation to generate bladder smooth muscle
contraction via an increase in IP3 warrants further investigation because ascorbic acid and
the whole carbonated soft drink inhibited this response.

Bearing in mind the differences between rat detrusor and human detrusor and particularly
the differences in taste receptor activation, it is essential to extend the laboratory work to
confirm or refute the effects that have been demonstrated using human bladder samples.
Confirmation of these changes will then naturally lead on to experimental studies to
examine the in vivo effects of these compounds individually and also whole soft drinks
upon urinary symptoms, urodynamic findings and the contractile response of human

detrusor in vitro.
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THE EFFECT OF FiZZY DRINK COMPONENTS ON THE CONTRACTILE RESPONSE
OF ISOLATED DETRUSOR SMOOTH MUSCLE.

J Dasgupta’, RA Elliott*, DG Tincello".

Obstetrics and Gynaecology Department & %Division of Medicine for the Elderly,
University of Leicester, Leicester General Hospital, Gwendolen Road, Leicester. LE5 4PW

Objective

The Leicestershire Incontinence Study collected epidemiological data on 250,000
community dwelling women. Multivariate analysis revealed daily consumption of fizzy
drinks to be independently associated with onset of OAB symptoms within the next twelve
months (OR 1.62, 95% CIl 1.18, 2.22) (Dallosso et al 2003)

Typical components of fizzy drinks are phenylalanine, citric acid, ascorbic acid,
sweeteners, preservatives, antioxidants, stabilisers, flavourings and colourings. We
investigated the hypothesis that carbonated soft drinks modulate detrusor muscle function
by studying the effects of individual ingredients on the contractile response of rat detrusor
muscle strips and determining their mechanism of action.

Methods

Bladders were removed from Wistar rats (200-300kg) and placed in Kreb’s solution. Strips
of bladder muscle (4 x 0.5 x 1 mm) were suspended in an organ bath chamber (0.2 ml)
perfused with Kreb’s solution heated to 37°C & aerated with 95% O; and 5% CO,. Tissues
were allowed to equilibrate for 1 hour under tension of 10 g. The effect of increasing
concentrations (10°M- 102M) of each component of fizzy drinks on the contractile
response to a single frequency (10 Hz) of electrical field stimulation (EFS) was
determined. Those components found to have a significant effect on detrusor muscle
contraction were investigated further. Frequency response curves were obtained in the
absence and presence of atropine 10° M by stimulating the samples with 0.5,1,5,10,20,40
and 60 Hz. Dose response curves were obtained by the addition of 20 second exposures
to increasing concentrations of carbachol (108 M — 10 M).

Results

Benzoic acid and potassium sorbate had no effect on the contractile response of detrusor
muscle. Aspartame 10® M (p<0.01) and phenylalanine (10® M (p<0.05) and 103 M
(p<0.05)) enhanced the contractile response to 10 Hz EFS. Ascorbic acid 108 M - 10° M
(p<0.05 — p<0.001), acesulfame k 10® M — 102M (p<0.01 — p<0.001) and citric acid 10”7 M
— 10 M (p<0.05 — p<0.001) all enhanced the contractile response of isolated detrusor
muscle to 10 Hz EFS. However, citric acid 102 M completely abolished the response.
Ascorbic acid had a concentration dependent enhancing effect on the frequency response
curve in the absence and presence of atropine 10 M. These effects reached significance
with ascorbic acid 10™M but had a slightly inhibitory effect on the carbachol dose response
curve,

Conclusions

We have demonstrated here that some components of fizzy drinks enhance the
contraction of bladder smooth muscle and that ascorbic acid 10*M significantly enhances
the contractile response of bladder smooth muscle to the atropine resistant component of
electrical field stimulation. This component is adenosine triphosphate (ATP) and ascorbic
acid may be acting by either enhancing ATP release from the nerves, modulating
ectoATPases, or modulating Ca?* influx via L-type calcium channels. Further
investigations are in progress to elucidate these mechanisms.



ICS/IUGA Annual Meeting Annual Meeting

Paris, France. 2&h- 27thAugust 2004

Abstract Title:
Do artificial sweeteners affect bladder contraction?

Abstract Text:

Hypothesis / aims of study

An epidemiological study by the Leicestershire MRC Incontinence Programme (1) found daily
consumption of carbonated soft drinks to be independently associated with the onset of OAB
symptoms in the next twelve months (OR 1.62, 95% CI 1.18, 2.22). We therefore investigated
the hypothesis that artificial sweeteners, which are important constituents of carbonated soft

drinks, modulate detrusor muscle function.

Study design, materials and methods

Bladders were removed from male and female Wistar rats (150g-300g) which have been
culled in accordance with schedule 1 procedure of the Animal (Scientific Procedures) Act
1986. Bladder muscle strips were suspended in an organ bath perfused with Kreb’s solution
at 37°C aerated with 95% oxygen and 5% carbon dioxide. The apex of the muscle strip was
attached to an isometric transducer connected to a four-channel oscillograph. Electrical field
stimulation (EFS) was delivered by platinum electrodes recessed within the organ bath
chamber and connected to a Harvard Dual Impedance Research Stimulator. The effect of
increasing concentrations (10"8 M - 102 M) of aspartame, sodium saccharine and acesulfame
K on the contractile response to a single frequency (10 Hz) of electrical field stimulation was
determined. Those concentrations of sweetener found to significantly affect the contraction of
rat bladder muscle to 10 Hz were further investigated for their effect on the frequency
response curves to electrical field stimulation (0.5 Hz to 60 Hz), in the presence and absence
of atropine 10 “6 M. The effects of these sweeteners on responses to carbachol (10"8 M - 10"4
M) were also determined.

Statistical analysis was determined by using ANOVA repeated measures; Wilcoxon matched
paris and Students t test where appropriate. A value of p<0.05 was considered significant.

Results

Sodium saccharine and acesulfame k (10'8 M - 10°3 M) . .
both significantly enhanced the contractile response of
rat detrusor muscle to 10 Hz EFS by 9%, 11.6%, 12.4%,
13%, 13.4%, 10.5%(p<0.01) and 7%, 8.6%, 8.1%,
8.83%, 10%, 10.4%, 11.4% (p<0.01) respectively,
compared to control (Fig. 1). Sodium saccharine 10"8 M
increased the maximum response of rat bladder muscle
to 40Hz EFS by 10% compared to control and also the
atropine resistance response to EFS was increased by
14% (Fig. 2). Sodium saccharine 10'7M had little effect
on the carbachol dose response curve although the maximum response was enhanced by
5%. Acesulfame K 10"8 M enhanced the maximum contractile response to EFS by 9% and
also the atropine resistant response to EFS by 7.5%. The carbachol evoked response was
also enhanced by 7.3% in the presence of acesulfame K 10'7 M. Aspartame 10" M had little
effect on the atropine resistant response to EFS although the maximum response to EFS in
the presence of atropine was enhanced by 5.6%. Aspartame 10"7 M also slightly enhanced
the maximum response to the frequency response curve by 4.5%. The maximum contractile
response to carbachol was however significantly increased by 11% (p<0.05) in the presence
of aspartame 10"8 M.

cont 10-8 10-7 10-6 10-5 10-4 10-3

Sodium Saccharine cone (M)

Interpretation of results
Sodium saccharine, acesulfame K, and to a

lesser degree aspartame, significantly

Control
Atropinel0-6 M
Atropinel0-6M +Sodium Saccharine 10-8M
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enhanced the amplitude of the contractile response of rat bladder muscle.

The mechanism for this appears to be via an effect on the atropine resistant response to EFS,
now known as the purinergic component, which is activated by ATP released from the nerves.
Aspartame appears to have more of an enhancing effect on the contractile response to
carbachol indicating either a receptor effect or an effect on intracellular calcium movement.

Concluding message
These sweeteners are found in abundance in many foods and soft drinks. It is therefore

possible that sweeteners, and other components of soft drinks, may have direct effects on
bladder function as demonstrated so far in our study. The likely concentration of these
substances in the human bladder and their effect in vivo remains to be determined.
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Modification of rat detrusor muscle contraction by artificial sweeteners
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Soft drinks increase the risk of developing over active bladder symptoms. We established
if artificial sweeteners modulate rat detrusor muscle function.

Organ bath experiments were performed to determine the effect of aspartame, sodium
saccharine and acesulfame K (10 M — 102 M) on the contractile response to electrical
field stimulation (EFS) in the presence and absence of atropine 10 ~° M, carbachol (108
M — 10 M), KCI (10 mM- 80 mM) and o methylene ATP (107 —1073).

Sodium saccharine, aspartame and acesulfame K significantly enhanced contractile
responses to 10 Hz EFS, maximal contractile response to EFS and the atropine resistant
response to EFS. Maximal contractile response to o, 3, methylene ATP was significantly
enhanced by aspartame (107M) and the KCI evoked maximum response were slightly
enhanced. The maximal response to carbachol was enhanced by acesulfame K only.

Artificial sweeteners directly effect rat bladder function, apparently acting on purinergic
component to EFS.
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An epidemiological study by the Leicestershire MRC Incontinence Programme
(1) found an association between daily consumption of carbonated soft drinks
and the onset of OAB symptoms. (OR 1.62, 95% CI 1.18, 2.22). We
investigated the hypothesis that Ascorbic acid, a constituent of carbonated
soft drinks, modulates detrusor muscle function.

Bladder muscle strips were suspended in an organ bath perfused with Kreb’s
solution at 37°C aerated with 95% oxygen and 5% carbon dioxide. The effect
of increasing concentrations (10° M — 10”2 M) of ascorbic acid on the
contractile response to EFS 10Hz was determined. Those concentrations
found to significantly affect muscle contraction were investigated for their
effect on EFS (0.5 Hz to 60 Hz), in the presence and absence of atroplne 107
M. The effect of ascorbic acid on responses to (xB methylene ATP (10°M -
10 7M) KCi (10mM - 80mM) and carbachol (108 M - 102 M) were also
determined.

Ascorbic acid (10°® M - 10°° M) significantly enhanced the contractile response
of rat detrusor muscle to 10 Hz EFS by 17.2%, 18.57%, 21.18%, and 18.73%
(p<0.01). The atropine resistance response to EFS (1 Hz 40 Hz) was
enhanced significantly in presence of ascorbic aC|d 10™* M. The maximal
contractile response to off methylene ATP (10 M) and KCI (80mM) was
increased by 19.23% and 16.82% (p<0.01) respectively. The maximum
contractile response to carbachol was however significantly reduced by 8.10%
(p<0.05).

Ascorbic acid appears to enhance the Ca *?influx through L-type Ca *2
channels as demonstrated by its effect on the response to KCI. This may also
be its mechanism of action on the atropine resistant component to EFS (ATP),
and direct enhancing effect of maximal contractile response to of methylene
ATP. However, ascorbic acid appears to inhibit carbachol-evoked responses.
The mechanism for this will be investigated further.

Reference:

Dallosso H M, McGrother C W, Mathews R J, Donaldson M M K and the
Leicestershire MRC Incontinence Study Group. The association of diet and
other lifestyle factors with overactive bladder and stress incontinence: a
longitudinal study in women. BJU International. 92(1): 69-77, 2003.
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Effect of citric acid on rat detrusor muscle contraction.

Abstract Text:

Hypothesis / aims of study

Leicestershire MRC Incontinence Programme (1), an epidemiological study has found daily
consumption of carbonated soft drinks to be independently associated with the onset of OAB
symptoms in the next twelve months (OR 1.62, 95% CI 1.18, 2.22). We therefore investigated
the hypothesis that constituents of carbonated soft drinks modulate detrusor muscle function.
Citric acid being one of the components may play an important role.

Study design, materials and methods

Bladders were removed from male and female Wistar rats (150g-300g) which have been
culled in accordance with schedule 1 procedure of the Animal (Scientific Procedures) Act
1986. Bladder muscle strips were suspended in an organ bath perfused with Kreb’s solution
at 37°C aerated with 95% oxygen and 5% carbon dioxide. The apex of the muscle strip was
attached to an isometric transducer connected to a four-channe! oscillograph. Electrical field
stimulation (EFS) was delivered by platinum electrodes recessed within the organ bath
chamber and connected to a Harvard Dual Impedance Research Stimulator. The effect of
increasing concentrations 10" M - 102 M of citric acid on the contractile response to a single
frequency (10 Hz) of electrical field stimulation was determined. Those concentrations found
to affect muscle contraction were investigated for their effect on EFS (0.5 Hz to 60 Hz), in the
presence and absence of atropine 10° M. The effects of citric acid on responses to a, -
methylene ATP 10°M — 107M, KCI (10mM — 80mM) and carbachol 10° M ~ 10 M were also
determined.

Statistical analysis was determined by using Students t test where appropriate. A value of
p<0.05 was considered significant. Each graph is the mean plus SEM of six different
experiments.

Results

Citric acid 10° M significantly enhanced the contractile response of rat detrusor muscle to 10
Hz EFS by 13.3% (<0.05). The atropine resistance response to 40 Hz EFS was also
increased by 10% (<0.01) in presence of citric acid 10~ M compared to control. The maximal
contractile response to o, p-methylene ATP 10" M was increased by 15.8% (<0.001) and the
contractile response to KCI (70mM) was enhanced by 38% (<0.01) in presence of citric acid
10° M compared to control. Citric acid 10 M however didn’t modulate the maximum
contractile response to carbachol significantly.

Interpretation of results

Citric acid enhanced the amplitude of the contractile response of rat bladder muscle. It
appears to enhance the Ca *2influx through L-type Ca ** channels as demonstrated by its
effect on the response to KCI. This may also be its mechanism of action on the atropine
resistant component to EFS (ATP), and the direct enhancing effect on the maximal contractile
response to af methylene ATP.

Concluding message
Citric acid is an important component of many carbonated soft drinks. It is likely that citric acid

along with other components of soft drinks, may have direct effects on bladder function as
demonstrated so far in our study.
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Effects of carbonated soft drink components on rat detrusor muscle contraction

Aims

An epidemiological study by the Leicestershire MRC Incontinence Programme found daily
consumption of carbonated soft drinks to be independently associated with the onset of OAB
symptoms in the next twelve months (OR 1.62, 95% CI 1.18, 2.22). We therefore investigated
the hypothesis that the components present in carbonated soft drinks, modulate detrusor
muscle function. We determined the effect of important constituents of carbonated soft drinks,
like citric acid, artificial sweeteners, antioxidants like ascorbic acid and preservatives like citric
acid, sodium benzoate and potassium sorbate, on the contractile properties of isolated
bladder muscle strips.

Materials and Methods

Bladders were removed from male and female Wistar rats (150g-300g) which have been
culled in accordance with schedule 1 procedure of the Animal (Scientific Procedures) Act
1986. Bladder muscle strips were suspended in an organ bath and perfused with Kreb’s
solution at 37°C aerated with 95% oxygen and 5% carbon dioxide. Electrical field stimulation
(EFS) was delivered by platinum electrodes recessed within the organ bath chamber and
connected to a Harvard Dual Impedance Research Stimulator. The pulse width of 0.05 ms
was chosen to ensure stimulation of the nerves, not direct stimulation of the muscle .The
effect of increasing concentrations (10 M = 102 M) of the soft drink components on the
contractile response to a single frequency (10 Hz) of EFS was determined. Those
concentrations found to significantly affect the contraction of bladder muscle to 10 Hz were
further investigated for their action on the frequency response curves to EFS (0.5 Hz to 60
Hz), in the presence and absence of atropine 10 M. The effects of these chemicals on
responses to carbachol (10° M — 102 M), a  methylene ATP (10°M - 107 M), KCI (10mM —
80mM) and calcium (0.5mM - 2.5mM) were also determined. Carbachol and a, methylene
ATP are muscarinic and purinergic receptor agonist respectively. KCI and calcium act on the
L-type calcium channels causing influx of Ca*?. Statistical analysis was determined by using
ANOVA repeated measures and ANOVA followed by multiple comparisons. A value of p<0.05

was considered as significant.



Results

Sodium saccharine, aspartame and acesulfame K (10® M - 10 M), phenylalanine (10 M),
citric acid (107 M — 10 M) and ascorbic acid (107 M — 10 M) significantly enhanced the
contractile response of rat detrusor muscle to 10 Hz EFS (p< 0.01) while sodium benzoate
and potassium sorbate had no significant effect. The atropine resistance response to EFS
(due to activation of purinergic receptors) was also found to be enhanced by the presence of
these components. The maximum contractile response to o B methylene ATP, KCI and
calcium was increased significantly by the presence of different concentrations of soft drink
components. Most of these chemicals did not affect the carbachol dose response curve.
Ascorbic acid, however significantly reduced the maximal contractile response to carbachol,

this requires further investigation.

Conclusion

The contractile response to ATP (directly by o B methylene ATP or by EFS in the presence of
atropine), KCL and calcium are all initiated by the influx of Ca®* through L-type calcium
channels. The contractile response to calcium is a direct result of this mechanism. Carbachol
however, initiates smooth muscle contraction via a rise in intracellular Ca?®" concentration,
resulting from the activation of muscarinic receptors and the secondary messenger inositol
trisphosphate (IP3).

We therefore conclude from our results that the components of soft drinks investigated in this
study enhanced the influx of Ca*? through the L-type Ca*? channels, either directly or via
purinergic receptor activation pathway thereby increasing the magnitude of bladder muscle
contraction which may affect bladder function.
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Abstract

Introduction: Consumption of carbonated soft drinks has been shown to be independently associated with the development of overactive bladder
symptoms (OR 1.62, 95% CI 1.18, 2.22) [Dallosso, H.M., McGrother, C.W., Matthews, R.J., Donaldson, M.M.K., 2003. The association of diet
and other lifestyle factors with overactive bladder and stress incontinence: a longitudinal study in women. BJU Int. 92, 69-77]. We evaluated the
effects of three artificial sweeteners, acesulfame K, aspartame and sodium saccharin, on the contractile response of isolated rat detrusor muscle
strips.

Methods: Strips of detrusor muscle were placed in an organ bath and stimulated with electrical field stimulation (EFS) in the absence and presence
of atropine, and with a, methylene ATP, potassium, calcium and carbachol.

Results: Sweeteners 1077 M to 1072 M enhanced the contractile response to 10 Hz EFS compared to control (p<0.01). The atropine-resistant
response to EFS was marginally increased by acesulfame K 107 M, aspartame 10~7 M and sodium saccharin 10”7 M. Acesulfame K 107 M
increased the maximum contractile response to ., methylene ATP by 35% (£9.6%) (p<0.05) and to KCI by 12% (£3.1%) (»<0.01). Sodium
saccharin also increased the response to KCI by 37% (+15.2%) (p<0.05). These sweeteners shifted the calcium concentration—response curves to
the left. Acesulfame K 10~ M increased the log ECsg from —2.79 (£0.037) to —3.03 (£0.048, p<0.01) and sodium saccharin 1077 M from —2.74
(£0.03) to 2.86 (£0.031, p<0.05). The sweeteners had no significant effect on the contractile response to carbachol but they did increase the
amplitude of spontaneous bladder contractions.

Discussion: These results suggest that low concentrations of artificial sweeteners enhanced detrusor muscle contraction via modulation of L-type
Ca*? channels.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Aspartame; Sodium saccharin; Acesulfame K; Bladder; Smooth muscle; Calcium channels

Introduction A large proportion of patients with OAB will have detrusor

muscle overactivity on formal testing. The Leicestershire MRC

Detrusor muscle overactivity is a common cause of urinary
incontinence with a socioeconomic impact comparable to
diabetes mellitus (Hampel et al.,, 2003). The disease is
characterised by spontaneous muscle contraction within the
bladder wall, causing symptoms of urinary urgency, frequency
and incontinence. The International Continence Society also
recognises a symptomatic diagnosis of overactive bladder
(OAB) that includes urgency, with or without urge inconti-
nence, and usually with frequency and nocturia (Abrams, 2003).

* Corresponding author. Fax: +44 116 2525846.
E-mail address: rac5@]cicester.ac.uk (R.A. Elliott).

0041-008X/$ - see front matter © 2006 Elsevier Inc. All rights rescrved.
doi: 10.1016/j.taap.2006.09.004

Incontinence Study of 20,244 community dwelling women
aged 40 years and over investigated dietary and lifestyle factors
associated with urinary incontinence and demonstrated that
daily consumption of carbonated soft drinks was one factor
independently associated with the onset of OAB symptoms
within the next twelve months (OR 1.62, 95% CI 1.18, 2.22)
(Dallosso et al., 2003).

Most of these soft drinks contain high levels of artificial
sweeteners, colorants and preservatives that may have diverse
effects on tissue integrity or signalling. Sodium saccharin,
aspartame and acesulfame K are three important artificial
sweeteners found in soft drinks. The carcinogenic potential of
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these chemicals has been studied by several groups. Some
epidemiological and laboratory studies demonstrated that
saccharin is not carcinogenic in the bladder, is not mutagenic
and does not bind to DNA (Christ et al., 2004; Takayama ct al.,
1998; Armstrong and Doll, 1975; Armstrong and Doll, 1974;
Auerbach and Garfinkel, 1989). However, other groups have
found that male rats developed bladder tumours in up to 30% of
all animals after the addition of saccharin to their diet (Taylor et
al., 1980; Squire, 1985).

Aspartame is the most extensively used artificial sweetener
and some animal studies have also shown that aspartame does
not have any cancer inducing properties (Hagiwara et al., 1984;
Ishii, 1981), although a more recent study describes an increase
in cancers in rats fed aspartame, 20 to 500 mg kg_1 , from the age
of eight weeks until the natural end of their lives (Soffritti et al.,
2006), rather than culling the animals at two years of age, as
other groups have done. In both males and females, an increase
in lymphomas and leukaemias were found. In female rats there
was also an increase in the number of transitional cell
carcinomas of the renal pelvis and ureter, and some in the
bladder. These results show that the sweetener aspartame, and its
metabolites, have access to and are able to alter various tissue
systems within the rat, including the urinary tract.

Aspartame has also been found to significantly increase
calciuria (Nguyen et al., 1998) and in higher doses to increase
striatal levels of serotonin in the brain of rats. This increase
resulted in a reduction of aggressive attacks, an action mediated
via a mechanism interfering with serotonin synthesis (Chappel,
1992).

The effects of these sweeteners on bladder muscle contraction
are yet to be evaluated. The aim of this study was to investigate
the previously identified epidemiological association by study-
ing the effects of the artificial sweeteners aspartame, sodium
saccharin and acesulfame K on rat detrusor muscle contraction
and to elucidate the likely mode of action upon the different
pathways of smooth muscle contraction.

Methods

Bladders were removed from malc and fcmale Wistar rats (150-300 g),
which had been culled in accordance with schedule 1 procedure of the Animal
(Scientific Procedures) Act 1986 and were placed into Kreb’s solution (NaCl
119 mM, KCI 4.4 mM, NaHCOj; 20 mM, NaH,PO, 1.2 mM, MgCl, 1.2 mM,
CaCl, 2.5 mM and Glucose 11 mM in distilled water; pH 7.2). Two longitudinal
muscle strips per bladder (6 mmx3 mmx | mm) werc cut and suspcnded in a
Perspex organ bath chamber of 0.2 ml volume perfused at the rate of | ml/min
with Kreb’s solution acrated with 95% O, and 5% CO, at 37 °C (Brading and
Sibley. 1983). The bladder muscle strips werc suspended using a fine sitk suture
between the bottom of the chamber and an isometric force transducer connected
to a four-channel Harvard Universal Oscillograph. The strips were allowed to
equilibrate for 1 h under tension of 1 g before experimentation. All of the methods
uscd in this paper have been published (Elliott ct al., 1992).

Electrical field stimulation (EFS).  Detrusor muscle strips were stimulated by
EFS using recessed platinum electrodes connected to a Harvard Dual Impedance
Rescarch Stimulator capable of delivering eclectrical impulses at different
frequencies, voltage and pulse width.

Frequency—responsc curves werc obtained by stimulating the muscle strips
with increasing frequencies, using 0.5, 1, 5, 10, 20, 40 and 60 Hz, at 50 V with a
pulsc width of 0.05 ms in 10 trains at 3-min intervals. The pulse width of 0,05 ms
was chosen to ensure stimulation of the nerves, not dircct stimulation of the

muscle. We have demonstrated previously that tetrodotoxin 1.6x 107 M
abolishes the responsc to EFS at this pulse width but not to pulse widths higher
than this setting (Hudman ct al., 2000). When consistent responses had been
obtaincd the tissuc samplc was washed and re-equilibrated. Time course
cxperiments carricd out for 231 min demonstrated that the rat detrusor muscle
strips were viable and able to contract consistently over the time of these
cxperiments,

Electrical field stimulation 10 Hz. Detrusor muscle strips were equilibrated
then stimulated with EFS (10 Hz) to obtain control contractile responses. This
frequency was chosen because both acetylcholine and ATP are relcased from the
nerve terminals after stimulation at this frequency. Aspartame (1078 Mto 1072 M)
was added to the bath for 15 min followed by three stimulations with EFS
(10 Hz). The average of the three responscs to EFS (10 Hz) was calculated after
the addition of cach concentration of aspartame.

Contractile responses to EFS after the addition of acesulfame K (1078 M to
1072 M) and sodium saccharin (1078 M to 10 M) was determined in the same
way. Low concentrations of sweeteners to significantly modulate bladder muscle
contractile responsc to EFS (10 Hz) were found to be aspartame (1077 M),
acesulfame K (107 M) and sodium saccharin (1077 M) and these concentrations
were subsequently used for further experiments.

Spontaneous contraction.  Smooth muscles in the bladder show spontaneous
contractilc activity during the filling phase (Brading, 2006). [solated rat detrusor
muscle strips also generate spontancous phasic contractions. The effect of
accsulfame 1076 M, aspartame 1077 M and sodium saccharin 1077 M on
spontancous rat detrusor muscle contractions was determined.

Carbachol concentration—response curves.  Stock solution of carbachol,
1072 M, in Kreb’s solution was prepared and dilutced down to obtain
concentrations from 1078 M to 1072 M immediately before use. Concentra-
tion-responsc curves werc obtained in the presence of carbachol at increasing
concentrations 1078 M to 1072 M for 30 s. Perfusion was repeated after addition
and cquilibration of cach sweetener at previously specified concentrations in EFS
(10 Hz) experiments.

Electrical field stimulation in the absence and presence of atropine
107 M. Firstly, experiments had becn conducted to define the contractile
responsc of rat bladder muscle to EFS, over the time course of the subsequent
cxperiments with sweeteners. Three frequency—response curves were obtained
at 21 min, 126—147 min and 210-231 min.

A control frequency—response curve was obtained. This was repeated in the
presencc of cach sweetener, at the above concentrations established in EFS
(10 Hz) experiments, to determine their individual effect on the frequency—
response curve to EFS.

Frequency—-response curves were obtained in the presence of atropine
107 M to block the cholinergic component of EFS (Yono et al., 2000). Similar
frequency—response curves were obtained in the presence of atropine 107¢ M
plus cither swectencer, at previously determined concentrations, to establish the
cffect on the atropinc-resistant responsc to EFS.

Concentration—response curves to ABMA.  a,p Methylene ATP was made up
as stock in Krcb's solution of 107> M then diluted further to make
concentrations 1077 M to 1073 M before usc. Concentration—response curves
were obtained after perfusing the detrusor muscle with increasing concentra-
tions of &, methylene ATP from 1077 M to 107> M for 45 s. The strips were
then perfused with Kreb’s solution for 15 min to allow the tension to return to
basc linc and to ensure that purinoceptors werc not desensitised by prolonged
cxposurc to o, mecthylenc ATP. The o, methylenc ATP concentration—
responsc curve was repeated following 20 min of perfusion with Kreb's solution
containing cach sweetener at previously determined concentrations in EFS
(10 Hz) experiments.

Concentration—response curves to KCl.  KCl was dissolved in potassium-free
Kreb’s solution to producc concentrations of 10 mM to 80 mM immediately
before usc. Concentration—response curves to KCI were obtained by perfusing
the detrusor muscle for 60 s with each concentration of KC1. Samples were
allowed to relax to bascline between exposures. Another concentration—
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response curve was obtained in the presence of cach sweetencr at previously
specified concentrations in EFS (10 Hz) experiments.

Concentration—response curves to calcium.  The detrusor muscle strips werc
depolarised by placing them into calcium-free, potassium-rich Kreb’s solution
containing 127 mM of KCI. This resulted in an initial contraction of the detrusor
muscle strips followed by relaxation. Calcium chloride was dissolved in calcium-
free Kreb’s solution to give the concentrations of 0.5, 1.0, 1.5, 2.0 and 2.5 mM.
After an equilibration period of 60 min, each concentration was perfused through
the organ bath chamber for 60 s. When the contractile responsc had rcturned to
the baseline the next concentration was added 5 min later and so on to producc a
control concentration—response curve to calcium. This procedure was then
repeated after the strips had been perfused with each sweetener for 20 min, at
previously established concentrations in EFS (10 Hz) experiments.

Statistical analysis. Sample size calculations using SPlus 6.2, Insightful,
determined from data taken from similar experiments indicated that muscle
strips from six animals were required to construct cach contractile response
curve. Data are expressed as means * standard error and analysed using repeated
measures analysis of variance and onc-way analysis of variance followcd by
Bonferroni’s or Dunnett’s multiple comparison where appropriate. A p value of
<0.05 was regarded as significant. Graphpad Prism was used for data analysis.

Results
Electrical field stimulation 10 Hz

The contractile response of rat detrusor muscle to 10 Hz EFS
was significantly enhanced compared to control in the presence
of acesulfame K 107 M to 10> M (p<0.01) (Fig. 1A),
aspartame 1077 M to 1072 M (p<0.01) (Fig. 1B) and sodium
saccharin 1078 M to 107> M (p<0.01) (Fig. 1C). The following
concentrations of sweeteners used for subsequent experiments
were: acesulfame 107 M, aspartame 10~ M and sodium
saccharin 10~ M. These were chosen because they were a
lower, but not the lowest, concentrations to produce a
significant effect on bladder contraction at p<0.01.

Spontaneous contraction

Aspartame had no effect on spontaneous rat bladder
contractions, however, at the point when the perfused solution
of acesulfame 107 M reached the bladder smooth strips in the
organ bath, the frequency of the spontaneous contractions was
reduced for 60 s but the amplitude of the contractions was
increased. Following this immediate effect of acesulfame on
spontaneous contractions, the subsequent tone of the strips was
increased by a maximum of 30.7% and this increase in tone was
maintained for 2 min (not shown).

A similar effect was seen after the addition of sodium
saccharin 1077 M to the organ bath. The detrusor muscle
showed an initial increase in phasic contractions with the
frequency of these contractions being slightly reduced. An
increase in tone was maintained for 1 1/2 min. The maximum
tone obtained was 65.8% above the resting tone (not shown).

Carbachol evoked responses

Carbachol directly activates cholinergic receptors in
bladder smooth muscle. The sweeteners had no significant
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Fig. 1. The effect acesulfame K 107® M to 1072 M (A), aspartame 10~ M to
1072 M (B) and sodium saccharin 107 M to 10~ M (C) on rat detrusor muscle
contractile response to 10 Hz EFS. *p<0.05, **p<0.01 (repeated measures
ANOVA) n=6.

effect on the maximum contractile response to carbachol
107 M. Acesulfame 107 M slightly enhanced the maximum
response to carbachol by 5.5% (£0.82%) and sodium
saccharin 1077 M also slightly enhanced the maximum
contractile response to carbachol by 5.5% (+£0.78%). Aspar-
tame 1077 M had no affect on the concentration—response
curve to carbachol (not shown).

Frequency—response curves

Results of the time course experiments showed no significant
difference in the frequency—response curve obtained at 0-
21 min, 63-84 min or 210-231 min compared to the control
response (data not shown).
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Sodium saccharin 1077 M increased the maximum contrac-
tile response of bladder muscle to 20 Hz EFS by 12% (+3.84%,
NS) compared to control. Aspartame 10~ M and acesulfame K
10™® M enhanced the maximum contractile response to 20 Hz
EFS by 10.5% (+2.43%, NS) and 9.0% (£4.3%, NS),
respectively (not shown).

Electrical field stimulation in the absence and presence of
atropine 107 M

Atropine blocks the cholinergic component of the nerve-
mediated response with the remaining atropine-resistant com-
ponent being due to the release of the neurotransmitter, ATP
(Brading and Williams, 1990). Acesulfame K 107° M increased
the atropine resistance response to 10 Hz EFS by 7.5% (£2.1%)
(Fig. 2A) and aspartame 10~ M to 20 Hz EFS by 10.0%
(£2.11%) (Fig. 2B). The atropine resistance response to 20 Hz
EFS was also marginally increased by 8.3% (+3.2%) (Fig. 2C)
after the addition of sodium saccharin 107 M compared to
control. None of these increases were statistically significant.

ABMA responses

o,B Methylene ATP 107 M directly activates purinergic
receptors which depolarizes the cell membrane opening L-type
Ca*? channels, resulting in Ca*? influx and muscle contraction
(Wu et al., 1999). Acesulfame K 107 M significantly enhanced
the maximum contractile response to o, methylene ATP,
107 M by 35% (£9.6%) (p<0.01, Fig. 3A) compared to
control. Aspartame 10~7 M slightly enhanced the contractile
response evoked by a,p methylene ATP 10™* M and 107> M by
34% (£11.24%, NS) and by 25% (+8.46%, NS), respectively,
when compared to control (Fig. 3B). Sodium saccharin 1077 M
increased the maximum contractile responses to o, methylene
ATP, 1072 M, by 16.3% (+4.3%, NS, Fig. 3C).

KCl-evoked responses

Potassium induces detrusor muscle contraction solely by
opening L-type Ca *? channels in the sarcolemma (Maggi et
al., 1989). We therefore determined if these sweeteners
directly affected Ca *2 influx by investigating their effect on
contractile responses to KCL Acesulfame K 107® M signif-
icantly enhanced the contractile response to KCl 60 mM and
70 mM by 21.8% (£3.3%) (p<0.001) and 12% (£3.1%)
(p<0.01, Fig. 4A), respectively. The log ECso —3.28 (£0.009)
of the control concentration—response curve to KCl was
significantly increased to —3.34 (+0.01, p<0.01), shifting the
concentration—response curve to the left. Aspartame 10~ M
had no significant effect on the contractile response to KCL
(Fig. 4B). The contractile responses to KCI, 60 mM, 70 mM
and 80 mM, was enhanced in the presence of sodium
saccharin 1077 M by 29.4% (£15.8%), 29.17% (+16.0%)
and 37% (£15.2%) (p<0.05, Fig. 4C), respectively, compared
to control. The control log ECso —1.21 (£0.01) was
significantly increased to —1.31 (£0.01, p<0.001) after the
addition of sodium saccharin 1077 M.
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Fig. 2. The cffect of acesulfame K 107 M, aspartame 10”7 M and sodium
saccharin 1077 M on rat detrusor muscle contractile response to EFS in the
presence of atropinc 107 M. O, Control frequency-response curves. A,
Frequency~responsc curves in presence of atropine without sweetener. V,
Frequency~responsc curves in presence of atropine and acesulfame K 107 M
(A), aspartame 10”7 M (B) and sodium saccharin 10~ M (C) compared to
atropine alonc. n=6.

Concentration—response curves to calcium

In depolarised bladder muscle strips, acesulfame K 107 M
enhanced the contractile response to calcium, 1.0, 2.0 and
2.5 mM by 64%=+16.5% (p<0.05), 45%+19.0% (p<0.05) and
39%+13.7% (p<0.05), respectively (Fig. SA). The concentra-
tion—response curve to calcium was significantly shifted to the
left after the addition of acesulfame K 107 M. The log ECs, for
the control was —2.79+0.03, and after the addition of
acesulfame K 1078 M the log ECso was —3.03+0.04 (p<0.01).

Aspartame 1077 M enhanced the contractile response to
0.5 mM and 1.0 mM calcium by 73%+19.0% (»>0.001) and
35%+3.9% (p<0.001), respectively (Fig. 5B). There was no
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Fig. 3. The effect of acesulfame K 107¢ M, aspartame 10”7 M and sodium
saccharin 10”7 M on rat detrusor muscle contractile response to a,p methylenc
ATP. [0, Control concentration—response curves to a, methylenc ATP. ¥,
Concentration—response curves to o, methylenc ATP in the presence of
acesulfame K 107¢ M (A), aspartame 10~ M (B) and sodium saccharin 10~7 M
(C). **p<0.01, n=6.

significant difference between the control log ECso —2.74+0.02
and the log ECsj after the addition of aspartame 10~ M —2.82+
0.02

Sodium saccharin 10~7 M significantly increased the
maximum contractile response to calcium by 69%+17.46%
(p<0.01) and the log EC 5o for the control concentration—
response curve, —2.74+0.03 was significantly shifted to the left
after the addition of sodium saccharin 1077 M, —2.86+0.03
(p<0.05) (Fig. 5C).

Discussion

The sweeteners sodium saccharin and acesulfame K had a
stimulatory effect on the contractile response of rat detrusor

muscle to potassium a,p methylene ATP and calcium. Sodium
saccharin, acesulfame K and aspartame enhanced the contractile
response to 10 Hz EFS significantly throughout the range of
concentrations from 1078 M to 107> M.

Considerable experimental and clinical evidence shows that
detrusor overactivity is associated with detectable alterations in
the electrical properties of the detrusor smooth muscle cells
(Tong et al., 1997). In the stable human bladder detrusor
contraction is mediated by ACh release from parasympathetic
nerve fibres, which is completely abolished by atropine (Sibley,
1984). Interestingly detrusor muscle contractions from dys-
functional bladders were found to have an atropine-resistant
component, believed to be mediated by ATP (Ruggieri, 2006).
In contrast most non-primate bladder detrusor muscle contrac-
tions involve the muscarinic pathway (via the Ms receptor
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saccharin 1077 M on rat detrusor muscle contractile response to KCI. O control
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presence of accsulfame K 1076 M (A), aspartame 1077 M (B) and sodium
saccharin 10”77 M (C). *p<0.05, **»<0.01, n=6.
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subtype) (Braverman et al., 1998) and purinergic pathway
(mediated by ATP) (Namasivayam et al., 1999).

Contraction of rat detrusor muscle to EFS has been shown to
be via stimulation of the nerves, as demonstrated by the
abolition of this response by the presence of tetrodotoxin
(TTX), a sodium channel blocker (Brading and Williams, 1990;
Hudman et al., 2000). Nerve stimulation releases the neuro-
transmitters ACh and ATP, involving the cholinergic and
purinergic pathways (Creed et al., 1983). At lower frequencies
of EFS, muscle contraction is mainly due to the release of ATP
from the nerves with an increasing component due to the release
of ACh as the frequency of stimulation increases (Brading and
Williams, 1990).

Cholinergic responses in the rat urinary bladder are initiated
via activation of muscarinic M3 receptors (Giglio et al., 2001).
Carbachol directly stimulates the muscarinic receptors on cell

membranes, activating release of Ca*? from sarcoplasmic

reticulum through the second messenger inositol 1,4,5-triphos-
phate (IP;) (Oike et al., 1998). The sweeteners had no
significant effect on the carbachol concentration—response
curve so it appears that their mechanism of action is not via
the cholinergic pathway. These sweeteners therefore have no
effect on the micturition contraction of the bladder, which is
mediated via cholinergic mechanisms particularly in the human
detrusor muscle (Sibley, 1984).

When the cholinergic component of the muscle contraction is
blocked by atropine, during EFS stimulation, the magnitude of
the remaining contractile response was slightly enhanced in the
presence of the sweeteners, suggesting that a possible mode of
action is through the atropine-resistant component, mediated by
ATP.

This hypothesis is supported by the finding that the
maximum contractile response to o, methylene ATP was
also enhanced by some of these sweeteners, indicating their
direct action on purinoceptor-associated mechanisms. Activa-
tion of purinoceptors P2X, which are ligand-gated ion channels,
by a,p methylene ATP, a non-hydrolysable stable analogue of
ATP, causes depolarisation and opening of L-type Ca*?
channels increasing Ca*? influx and thereby initiating contrac-
tile response (Wu et al., 1999). a, Methylene ATP is not only a
potent agonist of the P2X purinoceptor, but it causes
desensitisation of purinoceptors after prolonged exposure
(Brading and Williams, 1990; Yoshida et al., 2001; Noda et
al., 2002). Our bladder strips were exposed to o, methylene
ATP for 45 s after which it was washed out with Kreb’s solution.
This would be considered an inadequate length of time to cause
desensitisation of purinoceptors (Bo and Burnstock, 1989).

We investigated the effect of sweeteners on the contractile
response of detrusor muscle strips to potassium (KCl). This was
to determine the possibility that the sweeteners affect calcium
influx through L-type calcium channels. Nifedipine, an L-type
Ca*? channel antagonist, completely suppresses the phasic and
tonic contractile response to KCI. Exposure to calcium-free
medium also rapidly abolishes the response to KCI (Maggi et
al., 1989). This suggests that the contractile response to KCl is
solely dependent on the influx of calcium through L-type Ca*?
channels. As acesulfame 107 M and sodium saccharin 1077 M
enhanced the maximal contractile response to potassium and
significantly shifted the concentration—response curves to the
left, this suggests that their mode of action involves augmen-
tation of extracellular Ca*? influx through L-type Ca*? channels
that is independent of muscarinic or purinergic receptor activity
(Maggi et al., 1989; Visser and van Mastrigt, 2000). Further
confirmation of this mechanism was obtained by investigating
the effect of acesulfame 1076 M, aspartame 107 M and sodium
saccharin 1077 M on the contractile response of rat bladder
muscle to calcium 0.5-2.5x 107> M. Rat bladder strips were
placed in Ca*2-free, high potassium medium, during which
there was no contraction, after an hour’s equilibrium in normal
Kreb’s solution. The high potassium concentration depolarised
the smooth muscle cells and opened L-type Ca*? channels. As
the medium did not contain Ca*?, contraction of the bladder
muscle strips was obtained by the addition of increasing
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concentrations of Ca*? to produce a concentration—response
curve. Acesulfame and sodium saccharin significantly shifted
the calcium concentration—response curve to the left, thereby
confirming the mechanism of action of these sweeteners on
calcium entry during excitation contraction coupling in bladder
muscle.

The chemical structure of acesulfame K resembles that of
saccharin in that they both contain the SO, and N-C=0
functionalities in a rigid framework (Venanzi and Venanzi,
1988). These two sweeteners have had very similar effects on
rat bladder contraction whereas aspartame, having a very
different chemical structure, has had little effect on rat bladder
contractile response. It is therefore likely that acesulfame K and
saccharin are interacting with the same structure within the
bladder muscle but it is unlikely that this would be 1,4
dihydropyradine calcium channels as the activators of this
receptor have a very different chemical structure to acesulfame
K and saccharin.

Isolated bladder smooth muscle strips exhibit spontaneous
phasic contractions which depend on Ca?" entry through
dihydropyridine-sensitive voltage-dependent Ca?" channels
(VDCC) (Mostwin, 1986). It would also appear that combined
small-conductance Ca?"-activated K* (SK) channels, ryanodine
receptors (RyRs) and large-conductance Ca**-activated K*
(BK) channels function as negative-feedback elements through
differential modulation of contractile amplitude, duration and
frequency (Herrera et al., 2000). Both acesulfame and sodium
saccharin increased the amplitude and decreased the frequency
of the rat bladder smooth muscle spontaneous contractions,
which may involve modulation of these K™ channels and
activation of RyRs. Further investigation into the effect of these
sweeteners on spontaneous contraction of bladder smooth
muscle would be required to differentiate the mechanisms
involved.

A recent study (Winkelmayer et al,, 2005) investigating
caffeine intake and the risk of hypertension in women found no
association between caffeine consumption and the incidence of
hypertension. However, they did find that the consumption of
sugared and cola beverages were associated with an increased
risk of hypertension. They speculated that some substance other
than caffeine was responsible for the increased risk in
hypertension. Could compounds, such as the artificial sweet-
eners, also be affecting vascular smooth muscle function via
modulation of Ca*? channels? Further research is required to
elucidate this hypothesis.

Although the sweeteners enhance bladder contraction by a
small amount compared to the control response, the concentra-
tions of drink components used in the organ bath to examine
their effect on the atropine-resistant response; response to o,
methylene ATP, KCI and the response to calcium were also
small. A recent study has determined the concentration of four
artificial sweeteners in food and beverages by ion chromatog-
raphy (IC) (Zhu et al., 2005). They determined concentrations in
two cola samples as well as in fruit juice and preserved fruit.
The average concentrations of sweeteners in the two cola drinks
were aspartame 5030 mg/L, acesulfame 1290 mg/L and sodium
saccharin 381 mg/L. From these concentrations, we can

estimate the concentration of two of the sweeteners in body
fluids after the consumption of a 330-ml can of carbonated soft
drink. With the use of drug kinetics and calculations to
determine the concentration of drugs when distributed in body
compartments, we are able to estimate the concentration of these
sweeteners in body fluids. We estimate this would be 6.04 mg/L
of acesulfame K and 23 mg/L of sodium saccharin, if
distribution occurred equally in all body water. The concentra-
tions of these sweeteners used in the organ bath, excluding those
used for the EFS 10 Hz responses, were 20.1 ng/L for
acesulfame K (1077 M) and 20.5 ng/L for sodium saccharin
(1077 M).

The concentration of acesulfame and sodium saccharin has
also been determined in urine (Wilson et al., 1999). After the
intake of up to 110 mg/L acesulfame and 70 mg/L sodium
saccharine, the peak urine concentrations were 118.6 mg/L and
80.2 mg/L, respectively. These levels were far greater that the
concentrations we used in the organ bath (excluding EFS 10 Hz
responses) and the concentration of these sweeteners in cans of
cola have been determined to be even greater than the intake of
sweeteners in the Wilson study. We are therefore confident that
the concentration of sweeteners used in our organ bath
(excluding EFS 10 Hz responses) is below the amount that
would be found in body fluids after the consumption of a single
can of carbonated soft drink.

Our results showed that aspartame only modified rat detrusor
muscle contractile response to EFS 10 Hz and to low
concentrations of calcium. This sweetener is different from
acesulfame K and sodium saccharin in its affect on bladder
contraction. It is possible that it has much weaker effects on
calcium influx or it may be affecting a completely different
pathway to those described so far. The other possibility is that
we have observed non-specific effects. In vivo aspartame is not
the active compound, as after ingestion it is metabolised to
aspartic acid, methanol and phenylalanine (Karikas et al., 1998).
Methanol is further metabolized to formaldehyde in both
humans and rats (Ranney et al., 1976). Phenylalanine seems to
play a role in the transport of precursors of monoamine
neurotransmitters into the brain (Pin and Duvoisin, 1995), and
aspartic acid (aspartame) has excitatory neurotransmitter
functions in the gut mediated by ionotropic receptors (ligand-
gated ion channels) and metabotropic receptors, coupled to G-
proteins (Slobodan et al., 1999). We have carried out
preliminary experiments investigating the effect of aspartic
acid and phenylalanine on rat bladder contraction to 10 Hz EFS
which showed no significant effect on contractile response
(personal observation). It is therefore possible that aspartame
itself had non-specific effects on bladder contraction due to
direct actions on the muscle rather than through cellular
pathways.

We acknowledge that one should employ caution when
extrapolating data from epidemiological studies into the
laboratory, and vice versa, but nevertheless we consider that
the work described is a necessary first step in the hypothesis
testing that is required after epidemiology research has
generated new hypotheses. These experiments describe the
effects of the sweeteners on isolated rat detrusor muscle and we
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do not intend to suggest that these can necessarily be
extrapolated to human muscle in vitro, or indeed to the detrusor
muscle in vivo. Testing of these hypotheses requires further
work, but we believe that our data are important to raise
awareness of the potential for dietary factors to influence
bladder and other organ function.

Conclusion

In conclusion, the stimulatory effect of artificial sweeteners
on bladder muscle contraction, although small, is clearly
evident from the results of our experiments and is greater than
any difference found over the time course of our experiments.
The probable mechanism of action is by increasing the
intracellular Ca*? concentration via extra cellular Ca*? influx
through L-type voltage-gated Ca*? channels. A small increase
in calcium flux may be all that is required to decrease the
threshold for spontaneous, uncontrolled contraction, leading to
detrusor muscle over activity, as we have seen in the effect of
acesulfame and sodium saccharin on spontaneous bladder
smooth muscle contractions. Apart from these sweeteners, the
other chemical ingredients present in carbonated beverages, like
ascorbic acid, citric acid, phenylalanine and colorants, may also
modulate bladder muscle contraction via similar or different
mechanism. As carbonated beverages are consumed in vast
quantities, these results, and those of an epidemiological study
by Dallosso et al. (2003), suggest that many people may be
encouraging the future development of OAB. Changes in
lifestyle and diet may be required to eliminate these possible
predisposing factors for the later development of urinary
incontinence.
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