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Preface

Functional disorders of the urinary tract are common and in many cases have major

adverse effects on the quality of life of the afflicted patients. These include

disorders of the ureters, the bladder, the urethra, the prostate and the pelvic floor.

For a long time, only surgical approaches and conservative treatment could be

offered for such disorders. The last two decades have seen an amazing proliferation

of knowledge in the field of anatomy, physiology and pharmacology of the urinary

tract. Several major new treatments have emerged from such research and are

benefitting millions of patients. However, therapeutic needs remain and only a

profound knowledge on the underlying tissue, cell and molecular processes is likely

to provide novel treatments addressing such needs. Therefore, we are very happy

that internationally leading experts have contributed to the writing of this book

and we thank all of them for their efforts. Their combined insight provides a

comprehensive overview of the state of knowledge regarding the pharmacology

of the urinary tract. Therefore, we trust that this book will become a valuable source

of information for basic and clinical researchers alike in a dynamically growing

field.

Winston-Salem, NC, USA Karl-Erik Andersson

Amsterdam, The Netherlands Martin C. Michel

September 2010
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Abstract This chapter overviews our current knowledge on the subject of the

urinary tract, whose fundamental role is to transport urine from the kidneys and

then store it at low pressure in the lower urinary tract until it can be voided at a

socially convenient time. Current understanding of lower urinary tract function

and dysfunction is summarized, with reference to anatomy, innervation, and

function. The importance of the neurological system in the normal function of

the lower urinary tract is emphasized, with a brief overview of the consequence

of neural injury at different levels within the central nervous system. The role of

urodynamics in the evaluation of lower urinary tract symptoms is discussed with

particular reference to the currently recommended terminology advocated by

the International Continence Society and The International Urogynaecological

Association.
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1 Introduction

The urinary tract consists of two mutually dependent components:

l Upper tract (kidneys and ureters)
l Lower tract (bladder and urethra)

This provides a highly sophisticated system of conduits that converts the continu-

ous involuntary production of urine by the kidneys into the intermittent, consciously

controlled voiding of urine (micturition) in appropriate circumstances.

Both kidneys continuously produce greater than 0.5 ml of urine per kg of body

weight per hour (i.e. >35 ml per hour in a 70 kg man) when functioning properly

and adequately hydrated. This urine empties into the kidney’s collecting systems

that then drain via the ureters.

The ureters function as low-pressure distensible conduits with intrinsic peristal-

sis, which transport urine from the kidneys to the bladder. The urine drains into the

bladder at the vesico-ureteric junction (VUJ) at the lower end of each ureter. Each

junction, if correctly functioning only, allows the one way flow of urine and

contains a mechanism to prevent retrograde transmission of urine back into the

ureters from the bladder. This serves to protect the upper tract from the high

pressures encountered within the bladder during voiding and to prevent infection

entering the upper tracts.

The bladder has two main functions:

l Collection and low-pressure storage of urine
l Expulsion of urine at an appropriate time and in an appropriate place

Urinary continence during bladder filling, urine storage in the bladder, and the

efficiency of subsequent voiding all depend upon accurate coordination of the

opposing forces of:

l Detrusor contraction
l Urethral closure pressure

Symptomatic evaluation of urinary tract dysfunction is difficult because the

bladder often proves to be an “unreliable witness”, not only because of subjective

bias but also because there is considerable overlap between the symptoms for

different disorders.

1.1 Innervation

Before considering the clinical investigation and treatment of disorders ofmicturition,

it is first essential to consider the neuralmechanisms controlling urinary tract function.

Although most contemporary knowledge is based on studies with experimental

animals, it is difficult and often misleading to relate the findings from such animal

models directly to man (Michel and Chapple 2009; Fry et al. 2010). However, data for
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humans are limited as they can only be obtained from studying clearly defined clinical

syndromes and isolated spinal cord lesions (Wyndaele et al. 2010).

The pioneering neurophysiologist, Barrington, initially described five reflexes

associated with micturition in the cat, to which he added a further two after further

study. Two of these reflexes had reflex centres in supraspinal sites (medulla and

pons) and caused strong and sustained contractions. He considered that these were

essential for normal micturition because bladder contraction and urethral relaxa-

tion are not coordinated after experimentally produced high spinal transection.

The remaining five reflexes appeared to be confined to the spinal cord. More

recently, it has been proposed that many interrelated reflexes act upon the sacral

micturition centre, exerting both excitatory and inhibitory effects (Drake et al.

2010a, b; Fowler et al. 2008).

The detrusor muscle is controlled by the autonomic nervous system and is richly

innervated by three groups of nerves:

l The principal population comprises presumptive cholinergic nerves (identified

by their content of the enzyme acetylcholinesterase and demonstrated by the use

of electron microscopy to lie in close apposition to muscle cells) – by releasing

the neurotransmitter acetylcholine, they provide the major motor control of the

detrusor muscle
l The sympathetic innervation comprises a sparse distribution of noradrenergic

neurones, which occur in greatest concentration towards the bladder base and are

thought to be of principal importance in contracting the outlet of the bladder to

facilitate storage
l The third population of nonadrenergic noncholinergic (NANC) sensorimotor

nerves contains a variety of putative neurotransmitters (principally peptides),

which can be identified by immunofluorescent techniques

The close juxtaposition of these neural populations allows them to interact. To

facilitate this, there are potential neural links via ganglia at every level from the

spinal cord to the target organs (prostate, bladder, sphincters), particularly between

the parasympathetic and sympathetic nervous systems.

The spinal segments S2–S4 act via efferent parasympathetic cholinergic neu-

rones to initiate and maintain detrusor contraction. Damage to these spinal seg-

ments abolishes the micturition reflex.

After leaving the sacral foramina, the pelvic splanchnic nerves containing the

parasympathetic innervation to the bladder pass lateral to the rectum to enter the

inferior hypogastric or pelvic plexus. They are joined by the hypogastric nerve

containing efferent sympathetic nerve fibres originating from the spinal cord

segments T10–L2. When combined, they form a plexus at the base of the

bladder.

It has been suggested that:

l The pelvic nerves provide the main afferent pathway of the micturition reflex –

there is now increasing evidence to suggest that the urothelium and its associated

afferent innervation has an important role in the normal control of micturition

Overview on the Lower Urinary Tract 3



l Sympathetic neuronal pathways in the hypogastric nerves (innervating the

trigone) passing to the spinothalamic tracts (bladder and urethral sensation)

provide additional afferent information

The sympathetic nerves provide the main motor control for urethral and prostatic

smooth musculature. The somatic pudendal nerve contributes an additional compo-

nent to the striated sphincter mechanism.

1.1.1 Disruption of Normal Peripheral or Central Nervous System

Control Mechanisms

A neurological classification is invaluable for counselling and can be of useful

prognostic significance. Certain characteristic patterns – peripheral denervation,

suprasacral spinal cord lesions, and cerebral (suprapontine) lesions – can be identified

(see below).

Peripheral Denervation

The clinical picture of peripheral denervation depends upon the extent of denerva-

tion. Complete lesions decentralize the lower urinary tract, and although ganglionic

activity may persist, an acontractile bladder will result with an inactive urethra.

Subsequent continence is governed by the functional competence of the bladder

neck mechanism. The urethra has a fixed resistance, and bladder emptying depends

upon abdominal straining or manual compression. Partial lesions often result in

detrusor hyperreflexia.

Suprasacral Spinal Cord Lesions

If the spinal cord is transected above the fifth lumbar segment, a “cord bladder”

develops. A principal feature of this lesion is loss of coordinated detrusor–sphincter

behaviour, which results in simultaneous contraction of the detrusor and urethral

sphincter (detrusor–sphincter dyssynergia). Sphincter contractions are not usually

prolonged throughout the period of detrusor action, so there is intermittent voiding

as well as urine retention. Voiding function can be particularly ineffective in people

who have lesions of the thoracolumbar cord, and in these people, low compliance is

an important feature.

Cerebral (Suprapontine) Lesions

Lesions of the midbrain rarely result in disturbances of continence and micturition.

It is likely that this is due to

l The bilateral representation of nuclei at this level
l The poor prognosis of patients who have extensive lesions

4 C. Chapple



Damage to the basal ganglia results in a reduced threshold for the transmission

of impulses through the reticulospinal tracts controlling micturition. The typical

picture is therefore of involuntary bladder contractions, which occur in people who

have Parkinson’s disease and following cerebrovascular thrombosis or haemor-

rhage.

Lesions of the cerebral cortex, particularly involving the inner surface of

the cerebral hemispheres or the frontal cortex, can result in incontinence. It is

felt that these patients lose the centrally mediated inhibition of the pontine

voiding reflex, resulting in involuntary bladder contractions and urgency

incontinence.

Many urinary disorders seen in clinical practice may have a neurological cause,

but a classification based on specific abnormalities and particularly the site of a

neurological lesion is not practical because

l The aetiology and pathogenesis of many disorders is at present unclear
l Lesions are often difficult to locate, and once located, can be difficult to relate to

the neurological signs (e.g. multiple sclerosis)
l Different lesions can produce identical functional changes in the lower urinary

tract

1.2 Sphincteric Mechanisms

Apart from the obvious anatomical differences (the longer urethra and presence of a

prostate gland in men), there are important differences in the histological structure,

innervation, and function of the outflow tract between males and females.

1.2.1 Males

In the male, there are two important sphincteric mechanisms:

l A proximal “bladder neck mechanism”
l A urethral mechanism lying at the apex of the prostate (the “distal sphincter

mechanism”)

The male bladder neck is a powerful sphincter subserving both the urinary and

genital roles, the latter function being of primary importance in preventing retro-

grade ejaculation. Ultrastructurally, in males, the bladder neck consists of two

muscular layers – a powerful inner layer of muscle bundles arranged in a circular

orientation containing a rich adrenergic sympathetic nerve supply and an outer

layer contiguous with the detrusor muscle and receiving both a cholinergic and

adrenergic innervation.

The distal sphincteric mechanism is also extremely important as evidenced

by its ability to maintain continence even when the bladder neck has been

Overview on the Lower Urinary Tract 5



rendered totally incompetent by bladder neck incision or prostatectomy. Con-

versely, in patients who have a damaged distal urethral sphincter (e.g. as in

pelvic fracture-associated urethral disruption), continence is maintained by the

bladder neck mechanism.

The prostate is made up of smooth muscle and glandular tissue, the propor-

tion of smooth muscle being increased in benign prostatic hyperplasia.

This muscle is controlled by the sympathetic nervous system, which acts by

releasing noradrenaline onto a1A adrenoceptors located on prostatic smooth

muscle cells.

1.2.2 Females

The female bladder neck is a far weaker structure than the male bladder neck. It is

poorly defined with the muscle fibres having a mainly longitudinal orientation and

the predominant innervation being cholinergic and can be incompetent, even in

nulliparous young women.

Urinary continence in women usually relies upon the integrity of the intrinsic

urethral sphincteric mechanism. This is composed of intrinsic urethral smooth

muscle and extrinsic striated muscle components and extends throughout the

proximal two-thirds of the urethra, being most developed in the middle one-third

of the urethra, particularly dorsally. The efferent innervation of the striated muscle

of the extrinsic component of the urethral sphincter arises predominantly from cell

bodies lying in a specific area of the sacral anterior horn known as Onuf’s nucleus.

Various aspects of the innervation of this sphincter are controversial – not only the

neural pathways involved but also the relative contribution of somatic and auto-

nomic nerves. The limited knowledge available suggests that the pudendal nerve

transmits urethral mucosal sensation.

Damage to the innervation of the urethral sphincter (particularly the pudendal

nerve) by obstetric trauma predisposes to urinary stress incontinence.

1.3 Lower Urinary Tract Symptoms

The term “the bladder is an unreliable witness” was first coined with the recognition

that lower urinary tract symptoms (LUTS) were not disease- or gender-specific,

could be reported inaccurately by the patient, or be poorly documented by the

investigator (Chapple and Roehrborn 2006). In recent years, attempts have been

made to quantify the symptoms by the use of disease-specific symptom scores and

quality of life measures. Well-known examples include the International Prostate

Symptom Score (IPSS) for suspected prostate and the King’s Health Questionnaire

for incontinence-related problems. Currently, internationally acceptable question-

naires are being evaluated for incontinence (http://www.iciq.net/).
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LUTS are best subdivided into storage of urine (also “irritative”), voiding (also

“obstructive”), and post-micturition symptom groups (Tables 1 and 2).

Urine storage and voiding are two interrelated yet distinct phases of lower

urinary tract function. The bladder and urethra possess intrinsic tone produced by

the muscle and connective tissue they contain. At rest, the urethral tone keeps the

walls in apposition and aids continence. During filling, the walls of the bladder

exhibit receptive relaxation (i.e. the vesical lumen expands without resulting in a

concomitant rise in intravesical pressure). Once a threshold level of filling has been

achieved (which will depend upon circumstances and vary between individuals),

increasing afferent activity will start to impinge on consciousness, resulting in

awareness that the bladder is filling up. Except during infancy, in health, there is

complete volitional control over these reflex pathways, and voiding will be initiated

in appropriate circumstances.

1.3.1 Storage Phase

During the storage phase, the bladder is filled with urine from the ureters. For the

majority of the time (greater than 99%), the lower urinary tract will be in the storage

phase, whilst less than 1% of time is spent voiding. The bladder needs to accom-

modate to the increase in volume without an appreciable rise in bladder (intra-

vesical) pressure. The extent to which a change in volume (V) occurs in relation to a
change in intravesical pressure (P) is known as the bladder compliance (V/P).

Factors that contribute to compliance are:

l The passive elastic properties of the tissues of the bladder wall
l The intrinsic ability of smooth muscle to maintain a constant tension over a wide

range of stretch or “tonus”
l The neural reflexes, which control detrusor tension during bladder filling

During bladder filling, afferent activity from stretch receptors increases and

passes via the posterior roots of the sacral cord and the lateral spinothalamic tracts

to the brain, thereby mediating the desire to void. Activity within the striated

component of the urethral sphincter is increased, and the local spinal reflex activity

enhances the activity within striated muscles of the pelvic floor and sphincter to

tighten up the bladder outlet mechanisms and so augment continence.

Table 1 LUTS

Storage Voiding Post-micturition

l Urgency l Hesitancy l Feeling of incomplete emptying
l Increased daytime frequency l Intermittency l Post-micturition dribble
l Nocturia l Slow stream
l Urinary Incontinence l Splitting or spraying
l Altered bladder sensations l Straining

l Terminal Dribble

Overview on the Lower Urinary Tract 7
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Important local factors facilitating bladder filling include both receptive relaxa-

tion and the passive viscoelastic properties of the bladder wall. Conditions that

contribute to poor bladder compliance and detrusor overactivity include:

l Abnormal bladder morphology resulting from collagenous infiltration, hypertro-

phy, or altered muscle structure (e.g. obstructed bladder)
l Abnormal detrusor smooth muscle behaviour, either primary or secondary to

neural dysfunction

During the storage phase, the urethra and sphincteric mechanisms should be

closed, thereby maintaining a high outlet resistance and continence. Storage symp-

toms (nocturia, frequency, urgency, and urge incontinence – the so-called frequency

urgency syndrome/overactive bladder syndrome) may arise from failure of the

bladder to store urine. This may be due to a reduced anatomical capacity (shrunken

bladder after surgery/radiotherapy/infections such as tuberculosis) or a reduced

functional capacity resulting from abnormally increased bladder sensation (e.g.

interstitial cystitis/painful bladder syndrome – beware the need to exclude carcinoma

in situ – or bladder overactivity). Non-urological conditions (e.g. diabetes mellitus,

diabetes insipidus, polydypsia) can also present with frequency and nocturia.

Urgency is often considered to be a pivotal symptom in the genesis of overactive

bladder syndrome and is defined as a sudden compelling desire to pass urine, which

is difficult to defer. It may arise as a consequence of disordered peripheral afferent

function or central interpretation of afferent symptoms (Griffiths and Tadic 2008;

Birder 2010; Roosen et al. 2010).

Frequency is a very troublesome symptom and is the complaint by the patient

who considers that he/she voids too often by day. A frequency of voiding of more

than eight times per day is usually taken to be abnormal.

Nocturia (sleep-disturbing voiding) is an interesting symptom since it may result

from changes in bladder function as well as a harbinger of other physiological

disorders such as cardiac failure. By the age of 65, a nocturia rate of once a night is

taken to be the norm. Indeed, in many elderly patients, a reversal of the normal

diurnal voiding pattern is seen, with more than 30% of the 24-h urine volume being

produced overnight. In these cases, a frequency–volume chart (measuring and

timing fluid intake and output and incontinence episodes for a minimum of

3 days) is essential in both investigation and treatment.

Incontinence. Urinary incontinence is the involuntary loss of urine. This can be

constant or intermittent, andwith (urgency) or without (stress) a detrusor contraction.

Enuresis, which represents incontinence occurring at night, can be associated

with severe detrusor overactivity, but is also a classical symptom seen in associ-

ation with chronic retention. Overflow incontinence is the classical cause in

elderly men presenting with enuresis. The bladder has become acontractile and

overfills, and empties only when the volume exceeds the anatomical capacity,

under the influence of the elastic forces in the bladder wall. These patients pass

small volumes of urine, frequently without any control. Chronic retention is an

important condition to consider in any patient as many will present with renal

impairment.
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1.3.2 Voiding Phase

The bladder must cease relaxing and instead contract to expel the urine, and the

urethra and sphincteric mechanisms must “open” to decrease the outlet resistance

and allow passage of urine. Voiding should be efficient, and there should be

minimal or no urine remaining in the bladder at the end of the voiding phase.

Micturition initiated by the cerebral cortex is likely to involve a complex

series of bladder–brain stem reflexes. During voiding, the following mechan-

isms occur:

1. The urethral relaxation precedes detrusor contraction.

2. Simultaneous relaxation of the pelvic floor muscles occurs.

3. “Funnelling” of the bladder neck occurs to facilitate flow of urine into the

proximal urethra.

4. Detrusor contraction occurs to forcefully expel urine.

The underlying mechanism includes:

l Increased activity within parasympathetic neurones results in the removal of the

central inhibitory influences acting on the sacral centres
l Voiding is initiated under the influence of pontine medullary centres

There is, therefore, a parasympathetically controlled detrusor contraction

associated with a corresponding relaxation of the urethra/prostate/bladder neck

complex resulting from reciprocal nerve-mediated inhibition of the sympathetic

nerve-mediated outflow.

In addition to these primary actions, other important secondary events are:

l Contraction of the diaphragm and anterior abdominal wall muscles
l Relaxation of the pelvic floor
l Specific behavioural changes associated with voiding

At the end of voiding, the proximal urethra is closed in a retrograde fashion,

the “milkback” seen at videocystometry. Once these events have been com-

pleted, the sacral centres are re-inhibited by the cortex and the next filling cycle

starts.

During the voiding phase, the reverse activity to the storage phase must occur.

Voiding symptoms (poor stream, hesitancy, interruption, and straining) are either

due to the loss of detrusor power or progressive outflow obstruction, which, it is

presumed, may progressively lead to detrusor failure and retention.

1.3.3 Return to Storage Phase

At the end of voiding, the proximal urethra is closed in a retrograde fashion, thus

milking back the urine into the bladder. This “milkback” is seen during contrast

studies of the lower urinary tract when the patient is asked to stop voiding.

Following this, the bladder returns to a state of relaxation.

12 C. Chapple



1.4 Urodynamic Parameters

1.4.1 Normal Function

Normal function of the human lower urinary tract depends upon integrated coordi-

nation of the neural control of the bladder and outflow tract, for which an intact

spinal cord is essential.

Under normal circumstances:

l Bladder capacity is approximately 500 ml and the bladder empties, leaving no

residual urine
l Males void at a pressure of 40–50 cm H2O and a maximum flow rate of

30–40 ml/s
l Females void at a pressure of 30–40 cm H2O and a maximum flow rate of

40–50 ml/s

The difference between males and females is a consequence of the higher

outflow resistance exerted by the male urethra.

1.4.2 Abnormal Function

Disordered lower urinary tract function can result from:

l Disruption of the normal peripheral or central nervous system (CNS) control

mechanisms
l Disordered bladder muscle function, either primary (of unknown aetiology) or

secondary to an identifiable pathology such as prostatic-mediated bladder out-

flow obstruction

Patients who have disordered lower urinary tract function in routine clinical

practice represent a heterogeneous collection for most of whom there is no identifi-

able neurological abnormality. Some of these patients will have a primary neural or

muscular disorder (e.g. primary idiopathic detrusor overactivity) in contrast to

postobstructive secondary detrusor overactivity where the major aetiological factor

is likely to be peripheral disruption of local neuromuscular function.

It is essential to use well-calibrated equipment with the technique being per-

formed in an appropriate fashion (Sch€afer et al. 2002). It is essential that standar-
dized terminology is used when discussing LUTS and the results of urodynamic

investigations, to allow accurate exchange and comparison of information for

clinical and research purposes. The official terminology is as suggested by the

International Continence Society (ICS) in 2002 (http://www.icsoffice.org; Abrams

et al. 2002) and there has been a recent update of this for women (Haylen et al.

2010). The management of lower urinary tract dysfunction lies outside the remit of

this chapter, and the interested reader is directed to recent reviews on the subject

(Abrams et al. 2008, 2009, 2010; Andersson et al. 2009).
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Abstract Overactive bladder syndrome (OAB) is a symptom-based diagnosis char-

acterised by the presence of urinary urgency. It is highly prevalent and overlaps with

the presence of bladder contractions during urine storage, which characterises the

urodynamic diagnosis of detrusor overactivity. Animal models are needed to under-

stand the pathophysiology of OAB, but the subjective nature of the symptom complex

means that interpretation of the findings in animals requires caution. Because urinary

urgency cannot be ascertained in animals, surrogate markers such as frequency,

altered toileting areas, and non-micturition contractions have to be used instead. No

model can recapitulate the subjective, objective, and related factors seen in the clinical

setting. Models used include partial bladder outlet obstruction, the spontaneous

B.A. Parsons and M.J. Drake (*)

Bristol Urological Institute, Southmead Hospital, Bristol BS10 5NB, UK

e-mail: brianaparsons@hotmail.com; Marcus_Drake@bui.ac.uk

K.‐E. Andersson and M.C. Michel (eds.), Urinary Tract,
Handbook of Experimental Pharmacology 202,

DOI 10.1007/978-3-642-16499-6_2, # Springer-Verlag Berlin Heidelberg 2011

15



hypertensive rat, the hyperlipidaemic rat, various neurological insults and some gene

knock-outs. Strengths and weaknesses of these models are discussed in the context of

the inherent difficulties of extrapolating subjective symptoms in animals.

Keywords Adenosine triphosphate � Animal models � Detrusor overactivity �
Knock-out studies � Nitric oxide � Oestrogen � Overactive bladder syndrome �
Prostaglandin � Transgenic � Urgency � Uroplakin

Abbreviations

ATP Adenosine triphosphate

BOO Bladder outlet obstruction

BPE Benign prostatic enlargement

COX Cyclooxygenase enzyme

DO Detrusor overactivity

DSD Detrusor sphincter dyssynergia

EAE Experimental autoimmune encephalomyelitis

EP Family of G-protein coupled receptors

ER Oestrogen receptor

ICS International Continence Society

MCA Middle cerebral artery

MPTP Neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

MS Multiple sclerosis

NANC Non-cholinergic non-adrenergic

NMDA N-methyl-D-aspartate

nNOS Neuronal nitric oxide synthase

OAB Overactive bladder syndrome

P2X Purinergic receptor

PD Parkinson’s disease

PGE2 Prostaglandin E2

SHR Spontaneous hypertensive rat

VR-1 Vanilloid receptor type 1

1 Introduction

Overactive bladder syndrome (OAB) is a clinical diagnosis based on the presence of

the symptom of urinary urgency. The subjective nature of the defining symptom is a

crucial consideration since it is therefore not possible to ascertain the syndrome’s

presence or otherwise in an animal. The discussion below must be read with the
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consideration of the inherent limitations of relying on surrogate markers to infer a

situation akin to the clinical scenario. Seemingly more objective is the concept of

detrusor overactivity (DO), the urodynamic observation of phasic bladder contrac-

tions during the filling phase. On the face of it, this represents a more sound

foundation for developing animal models. However, such contractions appear to be

normal in many animal species. Indeed in humans, contractions that would be

labelled as DO during conventional urodynamics are often observed when people

with normal lower urinary tracts are studied with ambulatory urodynamics. Accord-

ingly, the use of terms such as OAB and DO in animal contexts risks misinterpreta-

tion of the underlying processes. Nonetheless, animal models are an essential adjunct

in endeavouring to address the considerable clinical challenges of OAB.

2 The Problem

OAB is a symptom-based diagnosis defined by the International Continence Society

(ICS) as urgency with or without urgency incontinence usually with daytime fre-

quency and nocturia (Abrams et al. 2002a). This definition presumes that infection and

other causes for the storage symptoms have been excluded. The key symptom ofOAB

is urgency, defined as a sudden compelling desire to void, which is difficult to defer

(Abrams et al. 2002b). Urgency with at least one of the other storage symptoms listed

above is essential for the diagnosis of OAB to be made. Synonyms for the condition

include urgency syndrome and urgency–frequency syndrome. OAB is a diagnosis of

exclusion as there is no pathognomonic criterion available to confirm the diagnosis.

It is a common condition with an estimated overall prevalence of 11.8%,

comprising 10.8% of men and 12.8% of women (Irwin et al. 2006a). Although

the condition affects all ages, the prevalence of OAB increases with ageing (Irwin

et al. 2006a). OAB symptoms have been shown in numerous studies to have a

significant negative impact on the health-related quality of life, emotional well-

being and work productivity of affected individuals (Abrams et al. 2000; Irwin et al.

2006b). OAB can be socially disabling as it foments low self-esteem and embar-

rassment, which can in turn lead to depression and withdrawal from social activities.

Increased night-time voiding may cause significant sleep pattern disturbances,

resulting in fatigue. Urgency incontinence is associated with an increase in the

number of falls and fractures in the elderly population (Brown et al. 2000).

DO is a urodynamic observation characterised by involuntary contractions

during the filling phase of cystometry and these can be spontaneous or provoked

(Abrams et al. 2002b). Although the symptom of urgency described by OAB

patients often correlates with DO seen on cystometry, it must be emphasised that

the two terms are not synonymous with each other. A retrospective study published

in 2006 found that only 64% of patients diagnosed with OAB using the new ICS

definition had DO demonstrable on urodynamics (Hashim and Abrams 2006). The

study also showed that more than 30% of patients with DO did not have OAB
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(Hashim and Abrams 2006), and it is therefore understandable why the bladder has

previously been described as an “unreliable witness” (Blaivas 1996).

3 Pathophysiology of OAB

The current understanding of the pathophysiology of OAB is limited, and much of

what is known about the clinical aetiology of the condition has been derived from

epidemiological data. The mechanisms involved are complex and comprise both

peripheral and central nervous system factors. Research into the pathogenesis of

OAB is hampered by the fact that it is a symptom-based diagnosis, and conse-

quently, studies in this field have focussed on abnormalities of afferent signalling

and the mechanisms underlying DO. Changes in afferent return and signal proces-

sing are presumed to be the basis of urgency, whereas cystometrically determined

DO is likely to be a contributing factor for incontinence in many OAB sufferers.

Regulation of normal micturition is complex and involves both spinal and supra-

spinal control mechanisms. The pontine micturition centre is the prime determinant

of lower urinary tract function as it sets the volume at which the lower urinary tract

switches from storage to voiding mode, thereby effectively determining maximum

bladder capacity. The main factor causing the switch between these two phases is the

level of afferent activity arising from the bladder. The afferent nerves conveying

sensory information from the bladder to the central nervous system comprise at least

two major populations. Myelinated Ad-fibres are mechanosensitive and are probably

responsible for the sensation of bladder fullness. They are activated by both low (non-

nociceptive) and high (nociceptive) intravesical pressures. UnmyelinatedC-fibres are

the second type of afferent and are activated by cold, heat or irritation of the bladder

mucosa. C-fibres have primarily nociceptive functions and do not usually respond to

bladder distention, but may do so under pathological conditions. It has been proposed

that DO and OAB may arise when the levels of afferent activity are inappropriately

high for any given degree of bladder distention (Abrams and Drake 2007).

Three main hypotheses have been proposed to explain the pathophysiological

basis of DO: neurogenic (de Groat 1997), myogenic (Brading 1997; Brading and

Turner 1994) and peripheral autonomy (integrative) (Drake et al. 2001). The

neurogenic theory places the fundamental problem in the central nervous system,

whereas the latter two hypotheses focus on the periphery (Drake et al. 2006). The

neurogenic hypothesis proposes that DO is caused by neural plasticity within the

central nervous system, which gives rise to generalised, nerve-mediated excitation

of detrusor muscle (de Groat 1997). This may result from damage to descending

inhibitory pathways arising from higher brain centres, inappropriate expression of

primitive spinal bladder reflexes, or as a result of sensitisation of afferent terminals

(de Groat 1997).

The myogenic hypothesis suggests thatDO results fromchangeswithin the bladder

smooth muscle that lead to increased excitability and likelihood of spontaneous

contraction with enhanced electrical coupling between muscle cells (Brading 1997).
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In keeping with this, studies have revealed characteristic ultrastructural changes

associated with DO, which could potentially facilitate the propagation of electrical

activity and contraction over a wider than normal proportion of the detrusor muscle

(Haferkamp et al. 2003a, b).

The integrative hypothesis arises from the observation that the bladder shows

complex autonomous activity when descending suppressive influences are removed

(Coolsaet et al. 1993; Drake et al. 2003a, b). Resulting localised contractions and

stretches (micromotions) have been demonstrated in several animal models (Drake

et al. 2003a). These findings have led to the suggestion that the detrusor muscle is

functionally modular in arrangement, conceptually determined by a myovesical

plexus, analogous to the myenteric plexuses, which control gut motility. While

localised modular activity during bladder filling may contribute to the normal

generation of sensory information, exaggerated responses may give rise to urinary

urgency. In keeping with this, an increased frequency in micromotion activity has

been correlated with reported sensations of urgency in symptomatic women in the

absence of intravesical pressure changes (the so-called “sensory urgency”) (Drake

et al. 2005; Van Os-Bossagh et al. 2001). The hypothesis goes on to suggest that

while activity in individual modules would have little effect on intravesical pres-

sure, the enhanced coordination of modular activity through the myovesical plexus

would lead to contraction of a more substantial proportion of the bladder wall

resulting in the emergence of DO (Drake et al. 2001). The integrative hypothesis

proposes that other cell types in addition to muscle (interstitial cells, urothelium and

peripheral nerves) contribute to normal generation of localised spontaneous acti-

vity, and thus low pressure sensing of filling state; in symptomatic people, the

localised micromotions are exaggerated, giving rise to urgency, and the same cell

types also lead to the wider propagation of spontaneous activity, seen as DO.

As a symptom-based diagnosis, more recent thinking has shifted emphasis

towards sensory mechanisms. The concept of “afferent noise” signifies the exis-

tence of normal and pathological mechanisms capable of modulating the amount of

neuronal traffic in bladder-related sensory nerves for any given filling volume

(Andersson 2002; Gillespie 2005), such as urothelial interactions with subjacent

interstitial cells and nerve endings (Birder 2005; Birder and de Groat 2007), or

alterations in transmitter profiles in peripheral nerves. In addition, central nervous

system circuitry, including the limbic system and other neural processes underpinn-

ing conscious attention, has a major impact on the effects perceived by the

individual. Functional brain imaging techniques are beginning to yield intriguing

insights into the relevant brain areas, the potential matrix of brain centres regulating

the processing of lower urinary tract sensory perception and motor responses and

the recognised interactions with other organ systems.

It is clear from the above that the mechanisms that underlie OAB and DO are

still incompletely understood. The pathogenesis of OAB is multifactorial, differ-

ing for different individuals, and altering over time in any one person. Normal

bladder function is dependent on the intricate interplay of neural, myogenic and

other cell types, and disruption of any of these may lead to lower urinary tract
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dysfunction, if not compensated for elsewhere in the control hierarchy. It is

therefore not surprising that increasingly complex hypothetical insights into blad-

der function and control are emerging; consequently, animal models are a vital

tool to study their validity.

4 Current Management of OAB

For the majority of OAB sufferers, treatment is aimed at symptom relief rather than

cure; consequently, OAB is now recognised as a chronic medical condition. The

principles of treatment are to reduce urinary urgency so as to decrease the number

of episodes of incontinence and improve urinary frequency, nocturia and voided

volumes (Hashim and Abrams 2007). Once alternative pathologies have been

excluded, the treatment of individuals diagnosed with OAB involves lifestyle

advice, behavioural training and pharmacological and surgical interventions. Life-

style interventions include fluid restriction, avoidance of foods with a high water

content, reduction of evening fluid and caffeine intake, smoking cessation and

weight loss (Bulmer et al. 2001; Hannestad et al. 2003). Bladder training, supple-

mented by pelvic floor muscle exercises, aims to suppress involuntary detrusor

contractions through feedback inhibition as intentional contraction of the pelvic

floor muscles can inhibit detrusor contraction (Yamaguchi et al. 2009). Antimus-

carinic medication is the mainstay of treatment for OAB symptoms, but a signifi-

cant proportion of patients do not respond to therapy, or will discontinue drug

treatment because of its side effects.

Patients whose OAB symptoms fail to respond to optimised first line measures

should be managed in a specialist centre within the settings of a multidisciplinary

team. Previously, standard alternatives for sufferers with refractory symptoms

involved major reconstructive surgery, of which the main options are augmentation

cystoplasty (Bramble 1982, 1990) or urinary diversion into a urostomy (Singh et al.

1997). These procedures have the potential for significant morbidity and risk, and

long-term satisfactory outcome is uncertain. Surgery is viewed as the last resort, but

it has a role to play in the management of sufferers with severe symptoms and who

have failed to respond to all other treatments.

Several treatments have since been developed and adopted for use to bridge

the gap between conservative and surgical interventions. These include intrave-

sical injections of Botulinum toxin, tibial nerve stimulation and sacral neuro-

modulation. They are warranted in patients for whom quality of life is

significantly impaired by severe symptoms, but who are unwilling to accept

the risks associated with surgery or are medically insufficiently healthy to

contemplate general anaesthesia. Despite the seemingly wide range of treat-

ments available, a significant proportion of patients with OAB continue to be

troubled by their symptoms, and therefore a wider range of more effective

therapies are required.
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5 Importance of Animal Models

Our understanding of lower urinary tract function remains incomplete as human

studies and research using human material are inherently limited because of the

legal, ethical and moral implications associated with such investigations. Much of

our knowledge of bladder function has come from in vitro research such as that

using muscle strips (Buckner et al. 2002; Oh et al. 1999; Yamanishi et al. 2000;

Hashitani et al. 2001), but findings from these types of experiments are difficult to

extrapolate to whole bladder function. Over the past century, experimental work

looking at bladder function in humans has involved in vivo cystometric investiga-

tions on willing patients and volunteers as well as molecular and cellular research

using biopsy material (Gillespie 2005). Advances in diagnostic and functional

imaging have allowed brain mapping (Griffiths et al. 2007, 2009) in human sub-

jects, and although this has been informative, the results generated by these studies

are by their nature correlational.

Attempts to discover the origins of urgency, urgency incontinence and DO

have been the major forces driving research into lower urinary tract function

(Gillespie 2005). Improved understanding of these phenomena may lead to the

discovery of more effective treatments for storage symptoms and OAB. Increas-

ing use of animal models to study the integrative physiology of the lower urinary

tract and its control may go some way to achieving this, but there are important

limitations (see below). Hypotheses typically need animal models to test derived

predictions. Animal modelling thus provides a crucial link to the clinical context,

and its use in basic and clinical research is a necessary precursor to safe and

ethically sound research in humans. It can be used to generate novel directions of

research and corroborate findings obtained by other means/studies. Animal mod-

els are the way in which the results from simpler in vitro research can be tested in

“intact” biological systems without direct human experimentation. This is impor-

tant because findings obtained under artificial in vitro conditions may not apply

in vivo, and the results generated using one cell type may not be applicable to

other cell lines. It allows assessment of the relevance of any in vitro study

findings to the living whole organism.

Animal models can be classified as exploratory, explanatory or predictive,

depending on the type of information that they are designed to yield (Hau 2008).

Exploratory models are used to study physiological processes and pathological

mechanisms of action in order to generate novel ideas and theories about biological

function. These hypotheses then require validation by replicating the findings in

other models before returning to human studies to ensure that they are relevant to

the disease or physiological process being studied. Explanatory models are deve-

loped and applied in an attempt to improve our understanding of the importance and

relevance of findings generated by other research and the aim of studies using these

models is to provide an explanation for a biological process. Predictive models are

those used to discover and quantify the impact of novel treatments and therapeutic

agents and to assess their toxicity to the living organism (Table 1).
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The majority of animal models used in research have been developed to study

the aetiology, pathogenesis, natural history and potential treatments for human

disorders. The findings they generate may drive medical advances and understand-

ing, but the information gained must be interpreted within the limitations of the

model. The validation required will depend on how closely the model reproduces a

disease or condition (Table 2). A homologous model is one in which the animal

replicates the symptoms, aetiology and natural history of the human condition (Hau

2008). Isomorphic models resemble the human phenotype, but the underlying

mechanism in the animal is different from the clinical setting (Hau 2008). Most

models in current use are neither homologous nor isomorphic, but are partial as they

fail to mimic the human condition they are modelling but bear enough similarities

to allow their use for studying aspects of a disease or its treatments (Mogensen and

Holm 1989). Irrespective of the type of model used, careful validation of both the

model itself and the results it generates ensure that any findings are correctly

extrapolated from animal to human; too much weight should not be given to

findings from any one animal model.

6 Difficulties Interpreting Results from Studies Using

Animal Models

The fact that animal models often fail to predict the efficacy of novel therapeutic

agents in patients highlights the difficulties in extrapolating data from animals to

humans. Ideally, animal models should reproduce all the facets of the human

condition, but it is inconceivable that any single animal model will replicate all

the signs, symptoms, mechanisms, and consequences of a disease/condition includ-

ing the physiological and pathological changes that occur. In the context of OAB,

the range of facets of the clinical condition clearly exceeds the realistic character-

istics of an animal model (Table 3). A model is usually only relevant for a limited

number of aspects of the human condition. Rather than viewing modelling as an

attempt to replicate the human condition exactly, a more productive approach

involves developing specific models each tailored to answering a particular experi-

mental hypothesis. When viewed as tools rather than replicas, the value of animal

models that do not recapitulate the entire human disease becomes more obvious.

Table 1 Criteria for animal models

Criteria

Reliability The model provides consistent results

Face validity The model has a similar phenotype to the human condition it is imitating

Aetiologic validity The model is derived from a cause known to trigger the condition in

humans

Predictive validity The model is able to predict clinical outcomes in humans such as the

response to treatment
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Given that the primary physiological functions of the mammalian bladder are

urine storage and voiding at appropriate times, it is not unreasonable to presume

that the general principles regulating its function should be similar among differ-

ent species (Brading 2006). It is however important to be aware that there are a

number of important differences in normal urinary tract structure and function

between different animal species and humans. These must be considered and

taken into account before extrapolating physiological and pathological findings

back to humans. For example, most mammalian species, apart from humans and

old world monkeys, possess a dual cholinergic and purinergic excitatory innerva-

tion to the detrusor muscle of the bladder, and this is thought to be due to the

evolutionary requirement of certain species to mark their territory with urine

(Craggs et al. 1986; Hashitani et al. 2000; Sibley 1984). Although nerve-mediated

contractions in the human bladder are almost solely mediated by a cholinergic

mechanism, normal human bladder smooth muscle cells express functional adenosine

Table 3 Classification of animal models of human disease (Hau 2008)

Model type Description

Induced The condition under investigation is experimentally induced in healthy

animals

Spontaneous Naturally occurring genetic variants (mutants) modelling similar

conditions in humans

Genetically

modified

Genetically modified animals expressing a condition/disease of interest

Negative Species, strain or breed of animal, which demonstrates a lack of reactivity

to a particular stimulus or one that does not develop a specific condition

following a pathological challenge that induces the disease in other

animals

Orphan Functional disorder occurring in an animal species, which has not yet been

described in humans

Table 2 Characteristics of OAB

Characteristics

Subjective Urgency; defined as a sudden, compelling desire to pass urine and differing

in nature from strong desire to void

Frequency; perception by the patient that they void too often by day

Increased filling sensation seen during urodynamics in some patients

Affective; impact on quality of life and state of mind

Objective Urgency urinary incontinence in a proportion of OAB patients

Frequent passage of varying voided volumes on a frequency volume chart

Nocturia; the need to wake at night to pass urine

DO seen during urodynamics in some patients

Additional factors Varied association with voiding symptoms and post void residual

Varied association with bowel and gynaecological symptoms/conditions

Effects of ageing on OAB incidence and progression

Correctable factors exacerbating symptom severity (e.g., diet)

Environmental factors exacerbating symptom severity [e.g., cold (Imamura

et al. 2008)]
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triphosphate (ATP, purinergic) receptors (Inoue and Brading 1991), and non-

cholinergic non-adrenergic (NANC) excitatory transmission appears to emerge in

some pathological conditions (Sibley 1984; Sjogren et al. 1982).

Another important difference is the arrangement of the parasympathetic system in

certain species. Rats are commonly used for animal studies, but it must be noted that the

postganglionic parasympathetic cell bodies innervating the rat bladder are found entirely

in the pelvic ganglia, whereas a substantial proportion of these cell bodies are located in

the bladder wall in humans and other animal species (McMurray et al. 2006). Conse-

quently, the pattern of denervation following partial bladder outlet obstruction (BOO)

differs between species (McMurray et al. 2006; Gabella and Uvelius 1990).

Acetylcholine is the primary neurotransmitter effecting bladder emptying through

its action on the muscarinic receptors on detrusor muscle. Muscarinic receptors are

classified based on molecular and pharmacological criteria into five subtypes

(M1–M5), and detrusor muscle, like other forms of smooth muscle, exhibits a

heterogeneous distribution of these receptor subtypes. Muscarinic receptors are

also present in other cell types in the bladder, including interstitial cells (Gillespie

et al. 2003) and the urothelium (Hanna-Mitchell et al. 2007). Studies have shown that

the combined density of M2 and M3 receptors is very close to the total density of

muscarinic receptors in each species studied (rat, rabbit, guinea-pig and human), with

a predominance of M2 receptor expression (Wang et al. 1995). Immunoprecipitation

data indicate that the M3 receptor subtype density varied from 8% in rats to 32% in

humans, and that the proportion of muscarinic M2 and M3 receptor subtypes is

different for the various species. The M2–M3 receptor ratio has been reported as

3:1 in the bladders from humans, rabbits and guinea-pigs and 9:1 in the rat bladder

(Wang et al. 1995). Although it seems probable that there is variable expression of

muscarinic receptor subtypes in the lower urinary tract of different species, recent

studies have shed doubt on the validity of this immunohistological data (Pradidarcheep

et al. 2009; Jositsch et al. 2009). Studies have shown that the traditional criteria used to

establish the specificity of the antiserum used for immunoprecipitation studies is

unable to reliably predict specificity. This is evidenced by the false positive labelling

of tissues taken from muscarinic receptor gene-deficient mice (Jositsch et al. 2009).

Care must therefore be taken when interpreting results of immunohistochemical

studies that predate the development of the appropriate knock-out strains. There are

also significant differences in the composition of the urinary bladder wall between

small and large animal bladders, with variability in urodynamic features.

Almost 4,000 organisms including a variety of mammals have now had their

genomes sequenced (Venter 2010), but unfortunately, large animals are often of

limited value in genomic studies. Non-human primates should be ideally suited for

modelling the human condition, but generating genetically modified monkeys or

apes is fraught with difficulties. Even though the genomes of several non-human

primates have been completely mapped out (The Chimpanzee Sequencing and

Analysis Consortium 2005; Gibbs et al. 2007; Varki and Altheide 2005), mani-

pulating specific genes for the purpose of knock-out and knock-in studies has been

hampered by the low efficiency and poor reliability of the available gene transfer

methods used (Chan 2004). Mice, on the other hand, though more dissimilar from
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humans, are ideally suited for transgenic and knock-out studies because they can be

genetically manipulated with relative ease and have a shorter generation span.

The structural and functional differences discussed above are but a few examples

of the interspecies variability, which are relevant to research into the lower urinary

tract. It is important that these aspects are taken into account when using animal

models, in order to distinguish between experimental findings that constitute

general principles and are applicable to other species from those that are particular

to the animal being examined. Failure to attend to species differences not only

ignores the opportunity to better understand the mechanisms of diversity, but may

lead researchers to make inadequately founded suppositions (Insel 2007).

Given the interspecies variability, the various animal models in current use have

different strengths and weaknesses, which render them suitable for studying differ-

ent aspects of disease. Animal studies can be viewed as hierarchical in nature as

studies using rodents and small laboratory animals are relatively simpler to perform

and maintain than studies done using larger animals and primates. Research done

with small mammals is less expensive, more accessible and less time-consuming to

carry out because of the shorter lifespan of these animals, but care must be

taken when attempting to translate findings derived from “simple” species to

more “complex” ones (Insel 2007).

Irrespective of the animal species and model used, it is vitally important to

decide whether an experimental finding or change is contributory and relevant

to the physiological or pathological process being studied. Whole organisms

adapt to change and cope with pathological challenges through neural plasticity

and cellular adaptations. Experimental findings could therefore be compensatory

changes or collateral effects rather than aetiological or pathophysiological. It may

also be that the changes seen are epiphenomena, being totally unrelated to the

underlying pathological process and occurring by coincidence. Careful validation

of findings is needed to ensure applicability of any study result to humans, and this

is often an underestimated last step of published studies using animal models.

Despite the difficulties associated with animal modelling and the need for

careful validation of any findings that these studies yield, there is no substitute

for their use as tools to evaluate medical interventions in complex biological

systems (Matute-Bello et al. 2008). To overcome the shortcomings associated

with animal models, researchers must pay close attention when choosing an animal

model to ensure that it is the one that is best suited for testing a hypothesis or

answering a specific question. Any findings should then ideally be reproduced in

more than one mammalian species before extrapolating data and contemplating

research using human subjects.

6.1 The Difficulty in Developing Animal Models of OAB

Several animal models have been developed in a variety of species in an attempt

to study the pathophysiology of OAB. However, OAB is a symptom-based
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diagnosis in which the conscious perception of urgency is key to the diagnosis.

There is no way of knowing for definite whether an animal is experiencing

urgency, even if pseudoaffective changes in behaviour may suggest it. Animals

cannot relate their symptoms to investigators, and consequently, it is not possible

technically to create an animal model of OAB. The problem is essentially the

difficulty of interpolating subjectivity.

The inability to quantify urgency in animals, or assert its presence in the first

place, necessitates the use of surrogate markers. That is why most experimental

models have focussed on DO because this can be objectively measured at cysto-

metry. It must be remembered however that DO is not pathognomonic of OAB, as a

significant proportion of patients diagnosed with the condition have no evidence of

DO on urodynamic evaluation (Hashim and Abrams 2006). Furthermore, non-

micturition contractions do not necessarily equate to DO; indeed, they may be

normal in some species.

Other surrogate markers that have been used in lower urinary tract research as

clinically meaningful endpoints are urinary frequency, voided volumes and

changes in micturition habit. An example of the latter is the fact that most rodents

tend to urinate in one particular part of their confinement area, and in some

models of presumed overactivity, the rodents stop doing this and begin voiding in

various places (Gevaert et al. 2007). This behavioural modification is taken to

be a marker of a change in their lower urinary tract whereby the rodent is unable

to defer micturition and therefore has to void where it is rather than being able to

make it to its usual spot in time. This is a plausible concept that may

be analogous to the behavioural changes seen in OAB sufferers who identify

the location of their nearest toilet when away from the comfort and safety of

their home.

Research into bladder overactivity is also hampered by the lack of a biological

marker (biomarker), which is specific to the lower urinary tract and reflects the

activity of the disease process. Some molecules/substances have been identified and

measured in the urine, but none have proven to be diagnostic. Given the likely

multifactorial aetiology of OAB and the chronic nature of the condition, it will be

difficult to develop such a biomarker.

For some patients, such as those with neuropathic lower urinary tract dysfunc-

tion due to a cerebrovascular event or a spinal cord injury, the aetiology of storage

symptoms is known. The inciting event can be recapitulated to induce equivalent

changes in animal models. For idiopathic OAB, this is not currently possible,

hindering research into mechanisms and therapy. Consequently, phenotypic (iso-

morphic) models are used in which an animal expressing features (signs and

behavioural changes) resembling those seen in OAB sufferers are used to try and

determine the underlying aetiology. Unfortunately, this approach to modelling is

complicated by the fact that the bladder has a limited repertoire of responses to

injury, and thus differing aetiological factors may produce a similar picture in

affected individuals.
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7 Animal Models of OAB

A wide range of animal species have been used for lower urinary tract research and

to study urological disease. These include hamsters, mice, guinea-pigs, rats, rabbits,

cats, dogs, pigs and non-human primates. The aim of this section is to provide a

summary of the major types of animal models that have been used to study the

mechanisms and treatments of OAB, and to highlight the areas of concern when

interpreting results yielded by studies using these models.

The starting point for many of our animal models has come from what is known

epidemiologically about the condition. It is well known that ageing is associated

with a rise in prevalence of OAB for both genders and this has underpinned the

study of ageing animals. There are recognised associations of storage symptoms

and OAB with neurological conditions and BOO, and consequently, animal models

have been developed with this in mind. All patients with neurological disorders

have some form of consequence to their lower urinary tract function as no matter

how mild their disease is, they inevitably develop a bladder-related problem. This

has led to the development of large range of neurological models.

Most animal models used to study OAB are induced models, whereby a relevant

pathological challenge is experimentally applied to a healthy animal. With advanc-

ing technology and the ability to genetically modify animals, there is an increasing

trend towards the use of transgenic models.

7.1 Peripheral Versus Central Models

Animal models of OAB can be broadly divided into peripheral and central models

based on the predominant site of the deficit. Peripheral models are those resulting

from direct damage to the bladder, its peripheral innervation or blood supply,

whereas central models develop following injuries to the spinal cord, brainstem

or higher centres.

7.2 Induced Hypersensitivity/Inflammatory Models

These are commonly used models in which hypersensitivity and/or inflammation is

induced in the bladder by either a surgical insult or chemically by instillation of a

noxious substance intravesically for a short period of time. Numerous chemicals

have been used for this purpose and include acetic acid, citric acid, hydrochloric

acid, capsaicin, protamine sulphate, xylene and turpentine. The resulting effects are

thought to be due to up-regulation and stimulation of nociceptive afferent C-fibres

within the bladder wall (Fowler 2002). This leads to increased sensory activity,

which is a mechanism that has been proposed as a potential cause of urgency.
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Although these models have been used to try and elucidate the mechanisms

leading to the development of storage symptoms, they are not a true model for OAB

as symptoms arise by the entirely unrelated process of acute reactive inflammation.

Indeed on histological examination, the bladder mucosa of OAB sufferers does not

show evidence of the inflammatory response, which is triggered in these animals.

The noxious stimuli used can affect other epithelial surfaces indicating that the

effects on the urothelium are a non-specific response to injury. Thus, these models

may better equate to different clinical conditions, such as infectious cystitis, radia-

tion cystitis or ketamine cystitis. Modelling a chronic condition with an acute

inflammatory challenge fails to recapitulate the mechanisms of neural plasticity

and cellular adaptation, which are likely to arise in OAB clinically.

7.3 Bladder Outlet Obstruction Model

BOO is a common problem for the ageing male as a consequence of benign prostatic

enlargement (BPE), in whom increasing prevalence of lower urinary tract symptoms

is also apparent (Irwin et al. 2009). Storage symptoms often persist even after the

obstruction is surgically corrected (Seaman et al. 1994), signifying that the associa-

tion is not necessarily causative (Thomas and Abrams 2000). The mechanisms

underlying the OAB seen in patients with BOO are thus not fully understood.

Effects similar to BOO in humans are relatively straightforward to replicate in

animals. This has been achieved in a variety of animal species including the pig, rat,

guinea-pig and rabbit by partial obstruction of the urethra using some form of

ligature that either occludes/stenoses the urethra immediately or does so gradually

as the animal grows (Drake et al. 2006; Jorgensen et al. 1983; Sibley 1985; Kato

et al. 1988; Pampinella et al. 1997; Wolffenbuttel et al. 2001). These models show

many of the structural and physiological bladder wall changes seen in human BOO,

including muscle cell hypertrophy, altered responsiveness to stimuli, increased

spontaneous myogenic activity with development of non-micturition contractions

and enlarged sensory neurons and parasympathetic ganglia. There is also patchy

denervation of detrusor muscle (Turner and Brading 1997), a key factor in the

myogenic hypothesis (Brading and Turner 1994), though it is not seen in rats

(Gabella and Uvelius 1990). Filling phase detrusor contractions can persist despite

pharmacological blockade of peripheral neuronal activity, signifying a non-neuro-

nal origin (Turner and Brading 1997; Igawa et al. 1992).

Many of the published studies based on research done in partial BOO animal

models have used female rodents, which complicates their interpretation, given that

they are derived by analogy to male BPE. Furthermore, the induced BOO is much

more acute, and potentially more severe, than BPE – particularly if the urethra is

crushed by a ligature tied firmly against a calibration rod. Notwithstanding, partial

BOO appears to be a good model to study lower urinary tract symptoms as it can be

reliably reproduced with good face and aetiological validity.
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7.4 Spontaneous Hypertensive Rat

The spontaneous hypertensive rat (SHR) is a genetic model of multifactorial

hypertension, which is considered to resemble human essential hypertension

(McMurray et al. 2006). The SHR also exhibits abnormal bladder function and

hyperactive behaviour (Jin et al. 2009). Compared to their genetic control, these

animals have been shown to have a reduced bladder capacity and micturition

volume, increased urinary frequency and a greater occurrence of non-voiding

contractions analogous to DO (McMurray et al. 2006). This has led to the use of

the SHR as a model to study DO and OAB.

The exact cause for the abnormal voiding function in the SHR is not known, but

seems to involve both peripheral and spinal mechanisms. The major abnormality

appears to lie in the central nervous systemwith changes in the noradrenergic control

of the micturition reflex (Persson et al. 1998). Peripherally, there is both an increased

detrusor muscle and decreased neuronal responsiveness to norepinephrine.

The majority of cystometric studies in animals measure intravesical pressure

alone, so there is no way of knowing whether the bladder pressure changes recorded

are actually due to transmitted rises in abdominal pressure. This uncertainty is

relevant to the SHR, given the hyperactive behaviour of the rats. A study published

in 2008 tackled this issue by performing simultaneous recordings of intra-abdomi-

nal and intravesical pressures in conscious male SHRs (Jin et al. 2009). The group

found that the majority (76%) of the intravesical pressure rises recorded in the

SHRs represented overactive detrusor waves with the remainder being caused by

abdominal pressure changes (Jin et al. 2009). Although ideally simultaneous mea-

surement of intra-abdominal and intravesical pressures should be done at cystome-

try, given that the vast majority of pressure changes recorded in these animals are

due to non-voiding contractions of the detrusor, it seems reasonable to measure

intravesical pressure alone.

7.5 The Hyperlipidaemic Rat

Epidemiological studies have shown correlation between lower urinary tract symp-

toms and erectile dysfunction (Ponholzer et al. 2004; Macfarlane et al. 1996; Boyle

et al. 2003), suggesting that common mechanisms might be involved in the deve-

lopment of both these conditions. The role of hyperlipidaemia in erectile dysfunction

has been extrapolated to derive a model of lower urinary tract symptoms and OAB.

Rats fed with a high fat/cholesterol diet show an increase in urinary frequency and a

greater number of non-voiding contractions during bladder filling on awake cysto-

metry compared to control rats (Rahman et al. 2007; Son et al. 2007). The hyperli-

pidaemic rats show a significantly higher weight and cholesterol level compared to the

controls, but with no statistically significant difference in glucose levels.

The underlying pathological mechanisms have not been clearly defined, but

current evidence suggests that there is likely to be both a vascular and neurogenic
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component (Rahman et al. 2007). Chronic bladder ischaemia secondary to athero-

sclerosis may be one aetiological factor as prolonged moderate bladder ischaemia

has been shown to be associated with detrusor contractions during bladder filling in

rabbits (Azadzoi et al. 1999). There is also an up-regulation of purinergic receptors

in the urothelium and bladder nerve bundles compared to control rats (Rahman

et al. 2007), perhaps corresponding to the increased NANC innervation seen in

ageing humans and bladder conditions (Andersson and Pehrson 2003).

7.6 Neurological Models

Injuries or diseases of the central nervous system can disrupt the voluntary control

of micturition, damage descending central inhibition and cause re-emergence of

primitive voiding reflexes (Andersson and Pehrson 2003). The central control of

micturition is highly complex, and the voiding disturbance that develops will

depend on the location and extent of the neurological injury. The coordination

between the detrusor smooth muscle and the sphincter mechanism of the bladder

occurs in the pontine region of the brainstem. Consequently, patients with supra-

pontine or cortical lesions have co-ordinated voiding mechanisms without detrusor

sphincter dyssynergia (DSD) but typically have neurogenic DO (i.e., DO associated

with a relevant neurological condition) on urodynamic studies (Andersson and

Pehrson 2003). On the other hand, patients with spinal cord injuries will present

with a variety of lower urinary tract signs and symptoms depending on the level of

injury and whether it is partial or complete. Features comprise neurogenic DO,

DSD and various forms of urinary incontinence.

Neurological models are not directly relevant to idiopathic OAB, but they have

improved our understanding of the complex pathways controlling micturition.

Given that OAB may develop as a result of increased bladder sensation and altered

processing of afferent information, increased knowledge of lower urinary tract

dysfunction in neurological patients is likely to be relevant to OAB and other

hypersensitive bladder syndromes such as interstitial cystitis.

7.6.1 Spinal Cord Transection/Injury

This is one of the commonest neurological models used. Immediately following

spinal cord injury, a spinal shock phase of varied duration is followed by disinhibi-

tion hyperreflexia below the injury, including spasticity (skeletal muscle hyper-

reflexia), DO (bladder hyperreflexia) and DSD (sphincter hyperreflexia). In addition

to disinhibition resulting from loss of inhibitory descending pathways from higher

centres, neural plasticity is relevant. Thus, nociceptive C fibres, which do not usually

respond to bladder distension, emerge as functionally active in the afferent limb,

underpinning part of the development of neurogenic DO (Morrison et al. 2002). This

may explain the response to intravesical vanilloid therapy (Kuo et al. 2006).
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7.6.2 Suprapontine Animal Models

A number of central nervous system disorders cause voiding dysfunction in humans,

including cerebrovascular events, dementia, Parkinson’s disease (PD) and multiple

sclerosis (MS). In stroke patients, the most common urodynamic abnormality is

neurogenic DO. Animal models of cerebrovascular events have provided insights

into the pathophysiology of stroke-associated OAB. Experimental cerebral infarc-

tion can be achieved by occlusion of the middle cerebral artery (MCA) in rats,

producing ischaemia within the ipsilateral frontoparietal cortex and the caudate

putamen (Belayev et al. 1996). This leads to the development of DOwith an increase

inmicturition frequency and a reduction in bladder capacity (Yokoyama et al. 1997),

and these changes persist for several months (Yokoyama et al. 1998a). These effects

develop as soon as 30 min after MCA occlusion and it is therefore reasonable to

conclude that bladder function is under tonic cortical control and that disinhibition

leads to bladder overactivity (Yokoyama et al. 1998a). This is corroborated by

studies of midcollicular decerebration in cats with an intact neuroaxis as this

leads to a facilitatory effect on bladder function (Ruch and Tang 1956). However,

decerebration of rats with MCA occlusion reduces the effects of cerebral infarction

on bladder function, and this suggests that in addition to loss of tonic inhibition, the

bladder overactivity that develops is mediated in part by upregulation of an excit-

atory pathway from the forebrain (Yokoyama et al. 2000). Intravenous administra-

tion of N-methyl-D-aspartate (NMDA) receptor antagonists reduce the effects of

cerebral infarction in awake animals, indicating the involvement of glutamatergic

pathways in the pathogenesis of stroke associated OAB (Yokoyama et al. 1998b).

However, NMDA receptor antagonists cannot completely reverse these effects and

therefore other neurotransmitter systems are likely to be involved. Pharmacological

studies indicate that dopaminergic pathways are also involved in cerebral infarction-

induced bladder hyperactivity, such that antagonism of D2-like receptors in MCA-

occluded animals increases bladder capacity (Yokoyama et al. 1999). This is

unsurprising, given that in the normal rat, activation of D1-like dopaminergic

receptors inhibits micturition and activation of D2-like receptors facilitates micturi-

tion (de Groat and Yoshimura 2001).

PD is a chronic and progressive degenerative disease of the brain characterised

by selective destruction of striatal dopaminergic neurons that pass from the sub-

stantia nigra pars compacta to the putamen (Gerfen 2000). The majority of patients

with the condition will eventually develop voiding dysfunction, characterised by

neurogenic DO and impaired relaxation of the striated urethral sphincter. Parkinsonism

can be induced in monkeys by administering the neurotoxin 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP), which is selective for dopaminergic neurons

in the substantia nigra (Burns et al. 1983). This animal model of PD has been used

to study the pathogenesis of the disease and has increased our understanding of

the dopaminergic pathways controlling micturition. In MPTP-treated monkeys, cysto-

metry showed that injection of a dopamine D1 receptor agonist significantly increases

the bladder volume and pressure thresholds for inducing the micturition reflex,

with no corresponding effect seen in normal monkeys (Yoshimura et al. 1993).
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In contrast, administering a D2 receptor agonist reduced the threshold volume of the

bladder, which triggers the micturition reflex in both normal and MPTP-treated

monkeys (Yoshimura et al. 1993). These results suggest that in PD, the degeneration

of dopaminergic neurons in the substantia nigra leads to neurogenic DO, probably as a

result of a failure of activation of D1-like receptors, which then allows D2 receptors to

facilitate micturition.

7.6.3 Experimental Autoimmune Encephalomyelitis Model

Voiding dysfunction is a common problem for patients with MS and develops in

over 90% of patients who have had MS for more than 10 years (Andersson and

Pehrson 2003). The voiding abnormalities are due mainly to spinal demyelinating

lesions, but cerebral defects may contribute. Neurogenic DO is the most common

abnormality seen on urodynamic testing with 70% of patients affected, and this is

associated with DSD in 50% of patients (Sirls et al. 1994).

Experimental autoimmune encephalomyelitis (EAE) is an inflammatory auto-

immune condition, which targets nervous tissue and can be induced in various animal

species by active immunisationwith central nervous system immunogenic compounds

or through passive transfer of encephalogenic T cell lines from affected animals (Petry

et al. 2000). Animals with EAE can be used to study neuroinflammatory bladder

dysfunction such as that which occurs with MS, though extrapolating data from these

models has to take into account the uncertainties of transferring findings from an acute

model to a chronic human condition. EAE is also a transient self-limiting condition

that often recovers spontaneously, whereas MS is chronic and progressive. This must

also be borne in mind when performing studies using this model.

7.7 Transgenic Animal Models

Advances in genetic engineering techniques have led to an increasing use of

genetically modified organisms for research. Knock-out models and other trans-

genic animals are being used to study and understand the molecular mechanisms

involved in both normal physiological processes and human disease. For example,

knock-out mice have been used to determine the relative contribution of the

different muscarinic receptor subtypes in normal bladder function and confirm

that the M3 subtype is the dominant receptor in vivo (Matsui et al. 2002).

The progress mapping the human genome, and various non-human organisms,

such as E. coli, the fruit fly and the laboratory mouse, has yielded major insights in

functional genomics and proteonomics (Hau 2008). The mouse is most commonly

employed, given that it is widely available, easy to maintain and has a relatively

short generation span. Several transgenic mouse models that bear particular rele-

vance to lower urinary tract physiology and dysfunction have been developed. These

knock-out models will be discussed briefly below but have clearly demonstrated that
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molecular alterations of the urothelium, peripheral innervation and smooth muscle

of the bladder leads to significant changes in its function (Hu et al. 2002).

7.7.1 Neuronal Nitric Oxide Synthase Knock-out Mouse

Compared with wild type mice, the neuronal nitric oxide synthase (nNOS) knock-

out mouse demonstrates urinary frequency with no change in the total amount of

urine produced (Burnett et al. 1997). This suggests changes in lower urinary tract

function and is supported by the reduction in bladder capacity and induction of

detrusor contractions seen in rats given intravesical nitric oxide scavengers or nitric

oxide synthase inhibitors (Pandita et al. 2000; Masuda et al. 2007). Certain phos-

phodiesterases, through their effects on the nitric oxide-cyclic guanosine monopho-

sphate pathway, are relevant to the lower urinary tract and may have clinical

applicability (Andersson et al. 2007; Truss et al. 2000). It is not yet clear whether

the changes seen in these animal models are due to bladder hypertrophy secondary

to the impaired outlet relaxation or as a result of a lack of nitric oxide-induced

modulation of the afferent pathways.

7.7.2 Uroplakin Knock-out Mouse

Uroplakins are integral components of the plaques that cover the apical surface of

urothelial cells and are critical to the barrier function of the urothelium (Hu et al.

2002). Uroplakin IIIa and especially uroplakin II knock-out mice are associated with

significant changes in bladder function including increased spontaneous activity

and inter-micturition pressure and the development of non-voiding contractions

on cystometry analogous to DO (Aboushwareb et al. 2009). The bladders of these

knock-out mice show no significant change in their contractile response to carba-

chol, so an enhanced contractile response to endogenous neurotransmitters is

unlikely to be a major contributing factor to the alterations in bladder function

(Aboushwareb et al. 2009). On histological examination, uroplakin deficiency is

associated with ultra-structural changes, which are implicated in the defective

urothelial permeability seen in these models (Aboushwareb et al. 2009). These

transgenic mice provide further evidence for the important role that the urothelium

plays with regards to bladder physiology and dysfunction.

7.7.3 Prostaglandin Receptor Knock-out Mouse

Prostaglandins are produced by the constitutively expressed cyclooxygenase-

(COX) 1 enzyme, and an inducible isozyme, COX-2. Expression of COX-2 is

enhanced in models of bladder dysfunction, and prostaglandin E2 (PGE2) produced

by this enzyme is increased in the urine of male and female patients with overactive

bladders (Kim et al. 2005, 2006). PGE2 mediates its effects by activating the EP
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family (EP1–EP4 isoforms) of G-protein coupled receptors (Hao and Breyer 2008).

When administered intravesically, PGE2 induces non-voiding contractions and

reduces bladder capacity in humans (Schussler 1990).

PGE2 may have a physiological role to play as it is produced by detrusor muscle

in response to stretch. Knock-out models of the EP3 receptor have enlarged bladder

capacity, which is unrelated to urine composition or volume (McCafferty et al.

2008). These knock-out animals do not display bladder overactivity when an EP3
receptor agonist is infused intravesically. Thus, the EP3 receptor may contribute to

bladder dysfunction under conditions of enhanced PGE2 release, as observed in

OAB patients (McCafferty et al. 2008). The limited evidence currently available

point towards an effect on peripheral afferent sensitivity.

7.7.4 Purinergic Receptor Knock-out Mouse

ATP is released from human and animal urothelium in response to mechanical

stretch (Sun et al. 2001; Ferguson et al. 1997). ATP can act as a sensory neuro-

transmitter by binding to purinergic receptors (P2X) on suburothelial afferent nerve

endings. Indeed, intravesical instillation of ATP into normal awake, freely moving

rats triggers bladder overactivity, with an increased frequency and amplitude of

bladder contractions (Pandita and Andersson 2002). P2X3 receptor knock-out mice

appear to have reduced bladder sensation, with reduced urinary frequency and

larger voided volumes (Cockayne et al. 2000). This points towards a physiological

role for ATP and purinergic receptors in normal bladder function. It may be that one

of the contributory mechanisms in OAB could be an augmentation of the purinergic

pathway with enhanced ATP levels and up-regulation of purinergic receptor

expression.

7.7.5 Oestrogen Receptor Knock-out Mouse

Epidemiological studies have implicated oestrogen deficiency as a factor contribut-

ing to the increased prevalence of lower urinary tract symptoms seen with ageing in

women (Iosif and Bekassy 1984). The influence of oestrogen on the bladder has

consequently been the subject of several experimental and clinical studies. Oestro-

gen receptors (ERs) are members of the nuclear receptor superfamily, and two

different subtypes (ERa and ERb) have been identified (Kuiper et al. 1997; Kuiper

et al. 1996). They are ligand-activated transcription factors that regulate target gene

expression. Both ER subtypes are expressed in the lower urinary tract, but ERb is

thought to be the predominant isoform in the bladder (Makela et al. 2000).

Studies using knock-out mice lacking either the ERa, ERb or both receptors

showed no significant differences in voiding patterns or in any parameter measured

on awake control cystometry compared to wild-type animals (Schroder et al. 2003).

Use of in vitro muscle strips from sacrificed animals also showed no differences

in contractile response to electrical field stimulation or carbachol for any of the
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knock-out strains compared to control mice (Schroder et al. 2003). There is

however variation in the response to capsaicin, as ERa knock-out mice did not

develop the overactive cystometry patterns seen in the other ER knock-out strains

and wild-type mice when capsaicin was instilled intravesically. This suggests that

rather than an efferent or direct muscle effect, oestrogen may impact on lower

urinary tract function through changes in afferent signalling (Schroder et al. 2003),

and in keeping with this, ERs have been identified in several areas within the central

nervous system known to be involved in micturition (VanderHorst et al. 1997,

1998, 2001).

Capsaicin binds the vanilloid receptor type 1 (VR-1) (Caterina et al. 1997), and

this receptor is believed to play an important role in sensitisation and development

of visceral pain (Wang et al. 2008). The absence of a response to capsaicin in the

ERa knock-out mouse points towards an oestrogen-mediated alteration in VR-1

function and thus a possible role in pain mediation (Schroder et al. 2003). This may

explain why painful bladder disorders such as interstitial cystitis are more common

in women and why the symptoms of sufferers fluctuate in severity during the

menstrual cycle.

The role of oestrogen in OAB is less clear. Although oestrogens have long been

prescribed to treat postmenopausal lower urinary tract symptoms, the clinical

efficacy of this approach has not been conclusively proven. The benefits patients

experience with hormone replacement therapy may result from reversal of urogen-

ital atrophy rather than being due to a direct action on the lower urinary tract.

A double-blind placebo-controlled trial carried out in 40 postmenopausal women

failed to demonstrate a statistically significant beneficial effect of an oestradiol

implant over placebo in treating urinary urgency (Rufford et al. 2003). This adds

further weight to the argument that oestrogen is unlikely to play a major role in

OAB (Table 4).

8 Conclusions

OAB is a prevalent condition affecting the quality of life. Current management is

limited to symptom relief and consequently is viewed as a chronic medical condi-

tion. If better treatments are to be developed with the eventual possibility of a cure,

then an improved understanding of the integrative physiology of the lower urinary

tract and its dysfunction are required.

Animal models are an important research tool for the study of whole organism

physiology and pathology. Unfortunately, owing to the fact that OAB is a symptom-

based diagnosis, development of an animal model of the condition is hindered by

the lack of a corroborating biomarker-specific for OAB and one which predicts

treatment outcome. The various models that have been used to date have different

strengths and weaknesses but nevertheless have yielded findings that have

advanced our understanding of lower urinary tract function.
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It is unrealistic to expect that a single animal model will recapitulate all the

signs, symptoms, mechanisms and consequences of a disease/condition. However,

proper selection of the most appropriate model will allow most experimental

questions to be addressed. Animal modelling is an iterative process in which

information gained should be re-invested and used to modify and refine existing

models. There is no question that animal modelling has been crucial in advancing

medical knowledge. It is hoped that better treatments for OAB may be developed

through ongoing development of robust animal models.
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Abstract Stress urinary incontinence (SUI) is a common health problem signifi-

cantly affecting the quality of life of women worldwide. Animal models that

simulate SUI enable the assessment of the mechanism of risk factors for SUI in a

controlled fashion, including childbirth injuries, and enable preclinical testing of

new treatments and therapies for SUI. Animal models that simulate childbirth are

presently being utilized to determine the mechanisms of the maternal injuries of

childbirth that lead to SUI with the goal of developing prophylactic treatments.

Methods of assessing SUI in animals that mimic diagnostic methods used clinically

have been developed to evaluate the animal models. Use of these animal models to
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test innovative treatment strategies has the potential to improve clinical manage-

ment of SUI. This chapter provides a review of the available animal models of SUI,

as well as a review of the methods of assessing SUI in animal models, and potential

treatments that have been tested on these models.

Keywords Animal models � Bladder pressure � Leak point pressure �Mechanism of

injury � Simulated childbirth � Stress urinary incontinence � Urethral pressure �
Urinary incontinence � Urodynamics

1 Introduction

Stress urinary incontinence (SUI) is jointly defined by the International Continence

Society and International Urogynecological Association as the complaint of invol-

untary loss of urine on effort or physical exertion (e.g., sporting activities), or on

sneezing or coughing (Haylen et al. 2010). It results from a sudden increase of

abdominal pressure in the absence of detrusor contraction and is associated with

both intrinsic sphincter dysfunction and urethral hypermobility (McGuire 2004).

SUI is a common health problem worldwide and significantly impacts both the

society and individuals (Birnbaum et al. 2004; Hampel et al. 2004). It is correlated

to various risk factors, including general disease, obesity, smoking, being female,

advanced age, surgical trauma, and, most significantly, childbirth (DeLancey et al.

2008). However, its pathophysiology is not completely understood.

No animal model can completely simulate the human situation and multifactorial

basis for SUI. Nonetheless, animalmodels can be utilized to further our understanding

of the pathophysiology of SUI and enable preclinical testing of potential treatments.

They also allow us to assess the mechanism of specific risk factors or contributing

elements to SUI in a controlled fashion and to use this knowledge to improve or

optimize the management strategy for SUI. Translational investigation of SUI using

animal models could potentially lead to an understanding of the importance of each

event during the progression of SUI and also to the development of preventive

interventions to be delivered before the occurrence of significant events.

2 Methods of Determining SUI in Animal Models

SUI is a behavioral condition that involves unintentional urine leakage; however,

animals cannot indicate intent. Therefore, the functional surrogate of urethral resis-

tance to leakage has been used to assess SUI in animal models. In the clinical case,

sophisticated urodynamics and other related tests may be performed to narrow

diagnosis and treatment (McGuire 2004). The methods used to assess urethral resis-

tance in animal models are based on clinical methods of diagnosing SUI; therefore,

the principals of assessing SUI are relatively similar between the two situations.
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Other differences between clinical and experimental animal methods arise

because untrained animals do not easily follow instructions. Therefore, anesthesia

is required for animal testing to immobilize the animal. In addition, invasive and

nonsurvival studies examinations can be performed in animals, unlike in humans.

Urethral resistance contributing to urinary continence involves both passive and

active mechanisms (Rovner and Wein 2004; Haab et al. 1996), including pressure

transmission, urethral smooth muscle contraction, urethral striated muscle contrac-

tion, pelvic floor muscle contraction, as well as mucosal coaptation and elasticity of

the urethra. Deficiency of these factors is associated with insufficient urethral

resistance and may result in symptoms of SUI and decreased leak point pressure

(LPP) during a urodynamics study (McGuire 2004). Several methods of determin-

ing and characterizing SUI in animal models have been established and developed

in the last decade (Hijaz et al. 2008) and are reviewed below.

2.1 Sneeze Testing

The sneeze test was introduced by Lin et al. in 1998 for use in rats to test for

decreased urethral resistance to leakage and presumptive SUI (Lin et al. 1998). To

perform this test, chili powder or a clipped whisker is placed in the rat’s nose,

inducing sneezing (Lin et al. 1998). The sneezing response transiently increases

abdominal pressure on the bladder and induces leakage in 30% of animals 4 weeks

after simulated childbirth injury. No leakage was induced in uninjured rats (Lin

et al. 1998). This method has been used extensively to study SUI in rodent models

(Conway et al. 2005; Kaiho et al. 2007; Kamo et al. 2003, 2006) and has also been

used in cats and other animals (Julia-Guilloteau et al. 2007; Bernabe et al. 2008;

Wallois et al. 1995).

Sneeze testing has been utilized to investigate the nature of the continence reflex

response to increased abdominal pressure due to sneezes (Kamo et al. 2003; Julia-

Guilloteau et al. 2007). It is presumed that the bladder is squeezed by the abdominal

wall during sneezing since bladder pressure was significantly decreased after

opening the abdomen during sneeze testing (Kamo et al. 2003). Pressure in the

middle urethra increased before bladder pressure increased from sneeze testing,

suggesting that continence mechanisms are activated in preparation for sneezing

(Kamo et al. 2003). These active closure pressure increases elicited by a reflex

response to sneezing are believed to result from contraction of the external urethral

sphincter and pelvic floor muscles occurring in the middle urethra in female rats

(Kamo et al. 2003).

Urethral smooth muscle contraction also actively contributes to active closure

mechanisms during a sneeze reflex since intrathecal phentolamine, prazosin, and

intravenous nisoxetine decrease the increased pressure response to sneezing in the

urethra of rats (Kaiho et al. 2007). Therefore, the continence response to sneezing

includes the noradrenergic system, which can be enhanced with a norepinephrine
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reuptake inhibitor to prevent SUI via a1-adrenoceptors (Kaiho et al. 2007), as

utilized by duloxetine in rats (Miyazato et al. 2008).

2.2 Manual LPP Testing

Manual LPP testing in rats, mimicking a Crede maneuver, has been developed to

test decreased urethral resistance in animal models (Cannon et al. 2002). Because

the procedure is relatively easy and highly repeatable, and LPP values can also be

achieved from uninjured control animals (Cannon et al. 2002; Damaser et al. 2003),

this method of SUI testing enables statistical comparisons of LPP between experi-

mental groups and has therefore become popular (Hijaz et al. 2004; Woo et al.

2009; Wood et al. 2008; Kefer et al. 2008; Lin et al. 2010). Urethane anesthesia

is usually used for manual LPP testing since it best maintains urological reflexes

(Cannon et al. 2002). It is usually approved only for end-stage use, and animals

must be euthanized prior to awakening. Therefore, other anesthetics, such as ketamine

and xylazine, have been utilized, when repeat or survival experiments are necessary

(Phull et al. 2007). However, ketamine affects activity of the sympathetic nervous

system both indirectly, via inhibition of neuronal uptake of catecholamine, and

directly by alpha-2 receptor agonism (Aroni et al. 2009), which may affect bladder

and urethral function. As a result, use of ketamine and xylazine as an anesthetic has

been shown to induce bladder overactivity in rats (Zhang et al. 2010; Cannon

and Damaser 2001). However, the effects on urethral resistance have not been

determined.

To minimize the effects on urethral resistance by placement of a urethral

catheter, a suprapubic bladder catheter is usually placed several days before manual

LPP testing (Cannon et al. 2002). However, transurethral catheters have been used

for LPP testing in special circumstances, such as during simultaneous measurement

of the external urethral sphincter (EUS) electromyogram (EMG) (Jiang et al.

2009a).

To perform manual LPP testing in rats, a passive vesical pressure increase is

made by gradually and slowly pressing on the abdomen directly above the bladder

until leakage is observed at the urethral meatus. At the moment of urine leakage, the

external pressure is rapidly removed and bladder pressure quickly returns to

baseline (Cannon et al. 2002). LPP testing is usually performed during filling

cystometry with the bladder approximately half full, avoiding times just after

voiding or during unstable contractions. If an active bladder pressure contraction

is induced by LPP testing, the bladder should be refilled and LPP testing repeated.

Bladder pressure increase during LPP testing can be easily differentiated from a

bladder contraction or voiding since bladder pressure decreases more slowly after

completion of voiding and more fluid is evacuated during voiding. Manual LPP

testing has been validated in several SUI animal models (Kefer et al. 2008). Recent

efforts to standardize the procedure led to the development of a device consisting of

a soft-tipped force applicator with a force sensor, laser crosshairs, and a hand-held
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remote control system (Shoffstall et al. 2008). Although the device decreased the

variability of novices at the LPP test in rats, it had no impact on the variability of

testing performed by experienced investigators (Shoffstall et al. 2008).

2.3 Vertical Tilt Table LPP Testing

In this method, a rat is mounted on a vertical tilt table mimicking the erect situation

in humans. A saline reservoir is connected to a suprapubic catheter to increase

bladder pressure when raised (Lee et al. 2003; Kamo et al. 2004; Kwon et al. 2006).

Results using the tilt table technique have been compared to those using manual

LPP testing and indicate that they are similar and repeatable (Conway et al. 2005).

Prior to the procedure, the spinal cord is usually transected at T8–T9 to eliminate

voiding reflexes. However, the test has also been utilized successfully without

spinal cord transection (Takahashi et al. 2006).

Although the vertical position of the rats during this test better simulates the

human erect body position, the bladder volume is significantly increased as the

reservoir height is increased. This change in bladder volume increase may induce

additional bladder reflexes and active responses, creating the need for the spinal

cord transection. Although the spinal cord transection abolishes unwanted neuro-

genic activity of the bladder, it also eliminates supraspinal regulation of Onuf’s

nucleus and other spinal reflex centers important for continence (Sugaya et al.

2005). Thus, while this method of testing has advantages, such as the erect posture

of the animals, it also has disadvantages, both of which must be considered when

selecting a testing method for a specific investigation.

2.4 Electrical Stimulation LPP Testing

LPP testing by electrical stimulation of the abdominal muscles, inducing a sudden

increase in abdominal pressure, was introduced recently in female rats (Kamo and

Hashimoto 2007) to mimic a cough reflex (Widdicombe 1995). As with tilt table

testing, to eliminate surpraspinal reflex voiding, the spinal cord is transected at the

T8–T9 level. The abdominal skin near the right and left tips of the 11th–13th costae

are cut to expose the abdominal oblique muscles, where stimulation needle electro-

des are inserted. The only study using this method to date demonstrated that reflex

urethral closure mechanisms via bladder–spinal cord–urethral sphincter and pelvic

floor muscles greatly contribute to a continence reflex response in increased

urethral resistance to prevent leakage (Kamo and Hashimoto 2007).

Electrical stimulation LPP testing is excellent for simulating a sudden increase

in abdominal pressure. The LPP value is greater than that from other testing

methods because of the contribution of pressure transmission from abdominal

muscle contraction. A shortcoming of this method is that in some animals, there
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is no leakage even at the maximum bearable stimulation level (Kamo and Hashimoto

2007). Moreover, as above, to inhibit bladder contraction, a spinal cord transection

has to be performed, eliminating supraspinal regulation of continence reflexes.

2.5 Urethral Closure Pressure Testing

Direct testing of urethral closure pressure has also been performed via utilization of

a special catheter, initially introduced transvesically through an incision in the

bladder dome and then placed into the bladder neck or the urethra (Bae et al.

2001). This technique was further modified for retrograde urethral perfusion pres-

sure (RUPP) testing in rats via introduction of a dual catheter system via the urethral

meatus and placement of a watertight suture (Rodriguez et al. 2005). The pressure

sensor is usually placed at the mid-urethra since the highest pressure and greatest

continence reflex response in female rats corresponds with the location of urethral

striated muscles (Kamo et al. 2003). In contrast, in cat (Julia-Guilloteau et al. 2007;

Bernabe et al. 2008) and in dog (Thuroff et al. 1982), the greatest urethral closure

pressure active response is located at the distal urethra.

In contrast to vesical pressure measurement, urethral pressure measurement can

be inconsistent and difficult to reproduce. The clinical usefulness of urethral

pressure profile remains unclear (Lose et al. 2002). To address this, microtransdu-

cer-tipped pressure-sensing catheters have been utilized for the measurement of

urethral closure pressure (Kamo et al. 2003, 2004; Kamo and Hashimoto 2007) and

other urethral pressure measurements (Phull et al. 2007). However, since the micro-

tip is actually a point force sensor, different measurement sites, even with the same

area, could lead to different results. Therefore, reproducibility of urethral closure

pressure and RUPP measurements remains in question.

3 SUI Animal Models

Animal models for SUI in rodents were first introduced by performing vaginal

distension (VD) to simulate the maternal injuries of childbirth in female rats (Lin

et al. 1998; Sievert et al. 2001). Since then, more and more SUI animal models have

been developed using various methods to injure different aspects of the urinary

continence mechanism, such as nerve injury (Bernabe et al. 2008; Damaser et al.

2003, 2007; Hijaz et al. 2004; Peng et al. 2006; Ahn et al. 2005), urethral cauteri-

zation (Chermansky et al. 2004), urethrolysis (Rodriguez et al. 2005), and pubour-

ethral ligament injury (Kefer et al. 2008, 2009). These animal models enable us to

further understand how these factors contribute to development of SUI and to test

novel potential therapies (Fig. 1).
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3.1 Models Simulating Childbirth Injury

3.1.1 Vaginal Distension

Most studies using VD to simulate the maternal injuries of childbirth use similar

methods: a Foley catheter is inserted into the rat’s vagina under anesthesia and the

balloon is inflated to distend the vagina and injure organs and tissues nearby for an

extended period of time (Hijaz et al. 2008). The VD model has became the most

used model to study mechanisms of injury and tissue recovery in response to

childbirth, since it was introduced over 10 years ago (Lin et al. 1998). Urethral

resistance is significantly decreased after VD as confirmed by sneeze testing, LPP

testing, and urethral closure pressure testing (Lin et al. 1998; Kamo et al. 2006; Pan

et al. 2007). The decrease in urethral resistance recovers in a few weeks, depending

primarily on the duration of time the balloon was left distended in the vagina (Pan

et al. 2007).

VD has been widely adopted as a model of SUI in rats, however, with some

variability in its execution. The selection of catheter size and balloon dilation

volume should depend on the age, weight, and breeding status of the rat or on the

damage level desired for a specific study. Lin et al. initially used a 12Fr Foley

catheter inflated with 2.0 ml in virgin rats and 2.5 ml in retired breeder rats for 4 h

(Lin et al. 1998). A larger 22Fr catheter was utilized immediately postpartum in rats

Fig. 1 Animal models for stress urinary incontinence (SUI) can be divided into two broad

categories of those that create damage to anatomical support and those that create an intrinsic

urethral deficit. Vaginal distension falls into both categories and, along with pudendal nerve crush,

provides a simulation of the maternal injuries of childbirth
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with a 5 ml balloon distension for 3 h (Sievert et al. 2004). In addition, the rat was

place in a prone position with the symphysis at the edge of the table and the VD

catheter attached to a 130 g weight to simulate stretch of tissues during vaginal

delivery. Resplande et al. (2002) performed VD in rats immediately postpartum

using an 18Fr catheter inflated to 5 ml for 4 h.

In our experience, VD is most repeatable when the vagina is first accommodated

and predilated by inserting and removing increasing sizes of urethral dilators

(24–32Fr.) (Cannon et al. 2002). We use a modified 10Fr. Foley catheter for VD,

inflate it to 3 ml, secure it with a single suture in the skin, and leave it in place for up

to 4 h (Damaser et al. 2003; Woo et al. 2009; Wood et al. 2008; Jiang et al. 2009a;

Pan et al. 2007, 2009). We use virgin rats in our studies; whereas others use rats

immediately postpartum (Sievert et al. 2001, 2004; Lin et al. 2008a). Even though

no study has yet performed a head to head comparison of outcomes, the results are

similar in the two studies with a predictable decrease in urethral resistance after VD

(Hijaz et al. 2008; Damaser et al. 2003, 2005; Woo et al. 2009; Wood et al. 2008;

Jiang et al. 2009a; Sievert et al. 2001, 2004; Pan et al. 2007, 2009; Lin et al. 2008a).

These variations in VD methodology may correspond to differences in outcomes;

however, it is generally accepted that, regardless of the specific methodology, VD

damages urethral function in the short-term and reduces urethral resistance to

leakage, resulting in SUI that recovers with time.

VD damages the muscular and neurological structures responsible for conti-

nence since these tissues are compressed between the dilated balloon and the pelvis,

particularly the pubic symphysis (Sievert et al. 2004). Marked cellular swelling and

edema in the levator muscles has been shown 1 day after VD (Lin et al. 1998).

Smooth muscle between the vagina and the urethra in incontinent rats was also

disrupted and thinned (Lin et al. 1998). Cannon et al. (2002) similarly documented

extensive disruption of the skeletal muscle layer and marked thinning of the smooth

muscle fibers in the urethra following 1 h VD.

VD also results in decreased blood flow to urethra, and hypoxia of the bladder,

urethra, and vagina, supportive of hypoxic injury as a possible mechanism of

injury leading to SUI (Damaser et al. 2005). Similarly, prolonged VD increases

hypoxia-inducible factor 1a expression in the urethra (Wood et al. 2008). VD

can also affect expression of other cytokines, including monocyte chemotactic

protein-3 (MCP-3) and its receptors (Woo et al. 2007, 2009; Wood et al. 2008).

Since MCP-3 attracts mesenchymal stem cells to the local region to facilitate

repair (Schenk et al. 2007), this suggests participation of an innate stem cell-

mediated repair mechanism after VD. The expression of MCP-3 is also correlated

with duration of VD (Wood et al. 2008), confirming a duration-dependent injury

and repair mechanism.

Kamo et al. (2006) reported that SUI after VD results from decreased active

closure mechanism at the mid-urethra and does not alter abdominal pressure

transmission below the bladder neck. Active middle urethra sneeze-induced reflex

responses are present but decreased by approximately 50% after VD in rats (Kamo

et al. 2006). Furthermore, Jiang et al. (2009a) demonstrated that EUS EMG activity

and bladder-to-EUS response activity during LPP testing were significant reduced
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4 days after VD. EUS EMG activity recovered by 3 weeks after VD, corresponding

with recovery of LPP (Jiang et al. 2009a). These studies confirm that, similar to

humans, active urethral closure participates in a sneeze or LPP continence reflex in

rats and that the neuromuscular participants in this reflex are damaged by VD,

particularly those in the urethra. Therefore, VD simulates mostly urethral mechan-

isms of SUI rather than hypermobility or pelvic floor mechanisms.

Since birth injury is one of the greatest risk factors in the etiology of SUI in

women, VD simultating the maternal injuries of delivery currently provides the best

model to study the mechanisms of urethral injury and recovery as well as its

pathophysiology. This model further allows us to explore and improve potential

treatments to accelerate functional recovery of SUI since insufficient recovery after

vaginal delivery injury along with other injuries and factors are strongly correlated

with a later development of the SUI (Snooks et al. 1990). Therefore, the best use of

the VD model may be in combination with other pathologies, injuries, or genetic

manipulations. Work to date in combinatorial models is reviewed later in this

chapter.

3.1.2 Pudendal Nerve Injury

The pudendal nerve controls EUS activity, including tonic activity during conti-

nence, and activates to strengthen the guarding response to prevent urinary leakage

(Park et al. 1997; Evans 1936). It can be trapped and injured during vaginal

childbirth when coursing through Alcock’s canal in the ischiorectal fossa, espe-

cially between the sacrospinous ligament and the sacrotuberous ligament (Snooks

et al. 1986). Increased pudendal nerve terminal motor latency, indicative of nerve

injury, correlates with vaginal delivery, advanced age, and SUI (Tetzschner et al.

1997; Olsen et al. 2003; Snooks et al. 1984). Several obstetric factors, such as

multiparity, forceps delivery, increased duration of the second stage of labor, third

degree perineal tear, and high birth mass, are specifically correlated with pudendal

nerve damage (Snooks et al. 1986). While cesarean section can be sparing to the

pudendal nerve, cesarean section during labor is not and can put a woman at risk of

pudendal nerve damage (Sultan et al. 1994).

In addition to distal pudendal nerve injury at the EUS during vaginal delivery,

clinical evidence also demonstrates damage to the pudendal nerve in Alcock’s

canal, particularly as the nerve reenters the pelvis at the sacral spine. A novel

animal model, pudendal nerve crush (PNC), simulating this damage, has been

developed (Kerns et al. 2000). In rats, the rising roots of the pudendal nerve are

more proximal than in humans since the pudendal nerve arises from L6–S1 roots in

rats and S2–S4 roots in humans (McKenna and Nadelhaft 1986; Pacheco et al.

1989). Nonetheless, innervation of the EUS from the pudendal nerve is similar

between rats and humans. In female rats, the motor pudendal nerve bifurcates

within Alcock’s canal into separate fascicles that innervate the external anal

sphincter and EUS (McKenna and Nadelhaft 1986; Kane et al. 2002).
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For PNC, the pudendal nerve is accessed via the dorsal approach and is then

crushed bilaterally in the ischiorectal fossa where it reenters the pelvis (Ahn et al.

2005; Kerns et al. 2000). In this model, all three branches of the pudendal nerve are

crushed: sensory, EUS motor, and external anal sphincter motor, to simulate the

injuries of childbirth. It is possible to injure each independently, however, poten-

tially to test theories regarding reflexes or innervation.

PNC injury appears to result in acute SUI since LPP is significantly reduced until

2 weeks after the injury (Damaser et al. 2007). LPP then trends upward and returns

to control levels with increasing time after injury, suggesting that nerve function

begins to recover or compensatory changes in the urethra occur (Ahn et al. 2005;

Damaser et al. 2007). Despite functional recovery 2 weeks after PNC, the distal

nerve and EUS both show evidence of nerve degeneration and early signs of

recovery at this time point (Damaser et al. 2007). Only 6 weeks after PNC is full

neuroregeneration observed in the pudendal nerve and the EUS (Damaser et al.

2007), suggesting that 2 weeks represents an early time point of initial neurorege-

neration and that there is redundancy in the innervation such that incomplete

regeneration can lead to functional recovery. Estrogen has been shown to increase

the neuroregenerative response of the injured pudendal nerve and promote and

facilitate recovery of urethral function (Kane et al. 2004; Ahmed et al. 2006).

EUS EMG and pudendal nerve motor branch potential recordings after PNC

support the redundancy theory since they demonstrate significant recovery 3 weeks

afterward (Jiang et al. 2009a). However, the increase in amplitude and frequency of

EUS EMG activity during LPP testing remains significantly different 3 weeks after

PNC compared to normal rats, suggesting that nerve regeneration remains an

ongoing process (Jiang et al. 2009a). Three months after PNC, approximately

half the crushed pudendal neurons have regenerated to the EUS (Kerns et al.

2000), supporting the idea that incomplete regeneration is sufficient for functional

recovery.

PNC injury in female rat, an SUI rodent model, results in a peripheral neurogenic

and functional deficit followed by regeneration and recovery in the EUS. It allows

evaluation of the pudendal nerve and neuromuscular recovery of the EUS and is

useful for investigating mechanisms of neuromuscular recovery and for testing

neuroregenerative agents or other potential treatments. It can also be utilized in

conjunction with other pathologies, such as diabetes, aging, obesity, or genetic

manipulation, to assess mechanism of injury and recovery in populations at

increased risk for SUI.

3.1.3 Combination Models

During childbirth trauma, both muscles and nerves can be injured. Thus, the injuries

occurring simultaneously during vaginal childbirth may represent a unique com-

pound neuromuscular injury. These two injuries, along with injuries to the pelvic

floor, are strongly correlated with later development of SUI (Snooks et al. 1990).

Therefore, to further understand the mechanism of SUI after childbirth injury, both
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VD and PNC have been implemented in combination with each other to investigate

the interaction between the different risk factors for SUI.

A dual injury model utilizing both PNC and VD has been developed and may

best mimic the injuries incurred due to vaginal delivery (Jiang et al. 2009a).

Functional recovery including EUS EMG and pudendal nerve motor branch poten-

tials recorded during both LPP testing and voiding occurs more slowly after both

PNC and VD than after either PNC or VD alone (Jiang et al. 2009a, b). Similarly,

histological analysis of the EUS and the pudendal nerve confirms this result with

slowed anatomical recovery from a dual injury (Pan et al. 2009; Jiang et al. 2009b).

Neurotrophins, particularly brain-derived neurotrophic factor, are upregulated by

the target muscle to regenerate peripheral nerves and reinnervate the target muscle

after nerve injury; in contrast, they are downregulated after muscle injury (Yan et al.

1994; Friedman et al. 1995; Sakuma et al. 2001). One day after VD, brain-derived

neurotrophic factor expression in the EUS was reduced, whereas it was dramatically

upregulated in the EUS 1 day after PNC (Pan et al. 2009). After a dual injury of both

PNC and VD, brain-derived neurotrophic factor expression was upregulated some-

what but not to the same extent as after PNC, suggesting that insufficient brain-

derived neurotrophic factor upregulation may contribute to slowed recovery after

dual injury (Pan et al. 2009). Therefore, this model could be utilized to test methods

that produce a local increase in neurotrophic factors as potential methods of

promoting neuroregeneration and reinnervation after childbirth.

VD has also been combined with other pathophysiologies, such as diabets

mellitus or oophorectomy (OVX), to study their interactions. Streptozotocin-

induced diabetes causes increased severity and delayed functional recovery after

VD (Kim et al. 2007), suggesting that diabetic women likely recover more slowly

from maternal birth injuries. When VD follows delivery of rat pups, a later OVX

increases the incidence of SUI, although OVX does not increase SUI incidence

without VD (Sievert et al. 2001). On the other hand, Kuo (2002)found that OVX

affects the intrinsic urethral closure mechanism, but without rat pup delivery, OVX

does not affect LPP after VD. Multiple VD procedures have been utilized to

simulate multiple deliveries (Kuo 2002; Pauwels et al. 2009). Pauwels et al.

(2009) applied repeat VD to postpone recovery of urethral resistance to leakage.

LPP is significantly decreased when both OVX and multiple VD were applied

(Kuo 2002).

VD has also been performed in mice to induce SUI with the expectation of

combining VD with genetic manipulation to study the impact of genetics on SUI

(Lin et al. 2008b, 2010). A distension volume of 0.1–0.3 ml results in significantly

reduced LPP in C57BL/6 female mice in the short term (Lin et al. 2008b). The

density of immunoreactive neurofilaments in the urethra are reduced after VD with

a 0.3- or 0.2-ml balloon (Lin et al. 2010). VD in mice could be more useful in future

when trangenic models are combined with VD to investigate the genetic depen-

dence of SUI in women after delivery. For example, elastin metabolism can be

altered in women with SUI (Chen et al. 2006), and mice with genetically altered

elastin metabolism can develop pelvic organ prolapse and decreased LPP after pup

delivery (Lee et al. 2008). Combining this genetic model with VD could potentially
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elucidate the mechanism of elastin recovery after childbirth and identification of

women at high risk for SUI.

3.2 Models Simulating Anatomic Support Damage

3.2.1 Urethrolysis

Urethrolysis, both retropubic and vaginal, has been performed for some patients with

urethral obstruction or complications of urethral suspension procedures (Foster and

McGuire 1993). It has also been utilized to create an animal model of durable urethral

dysfunction or decreased urethral resistance, mimicking SUI. Transabdominal ure-

throlysis in female rats consists of circumferentially detaching the proximal urethra by

incising the fascia (Rodriguez et al. 2005). The remaining urethra is then detached

from the anterior vagina and pubis, which produces a significant decrease in both LPP

and RUPP until 24weeks after the procedure (Rodriguez et al. 2005). Denervation and

an increase in the number of apoptotic cells have also been demonstrated 4–24 weeks

after urethrolysis (Rodriguez et al. 2005). Pauwels et al. (2009) further refined this

procedure as urethral transposition by surgically freeing the urethra and vagina from

their fixation to the abdominal skin, resulting in a durable incontinence and a signifi-

cant decrease in LPP 8 weeks after injury. Therefore, urethrolysis causes connective

tissue damage and a significant diminishment of anatomic support and results in a long

lasting or durable decrease in urethral resistance to leakage. It could be best suited for

investigation of pathogenesis and treatment of the subset of SUI with obvious bladder

neck or urethral hypermobility and could be utilized for preclinical evaluation of

slings, injectables, and other potential treatments.

3.2.2 Pubourethral Ligament Injury

The pubourethral ligament (PUL) is believed to strongly attach the ventral surface

of the urethra to the pubic bone, and its role in continence is described in the integral

theory of continence and SUI (Petros 1998; Petros and Ulmsten 1990). Kefer et al.

(2008, 2009) adopted the theory and created a PUL deficiency in female rats as a

model of SUI. LPP is significantly decreased both in the short term (10 days) and in

the long term (28 days) after suprapubic PUL transection (Kefer et al. 2008, 2009),

validating PUL deficiency as an additional model of durable SUI. When transecting

this ligament, it is almost impossible to eliminate potential injuries to the other

structures, including other pelvic fascia and ligaments, as well as muscles, vessels,

and nerves under the pubic symphysis. Both PUL transection and urethrolysis result

in urethral mobility, but PUL transection appears to be a milder injury. Therefore,

PUL transection has similar uses to urethrolysis as a model of SUI.
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3.3 Models Simulating Intrinsic Urethra Deficit

3.3.1 Periurethral Cauterization

Periurethral cauterization was created as a model of SUI in rats by Chermansky

et al. (2004). The procedure is performed via transabdominal access with a trans-

urethral catheter for support. Electrocauterization of tissues lateral to the mid-

urethra decreased LPP without affecting bladder function, reducing LPP 2 weeks

after the procedure and maintaining it as decreased for up to 16 weeks (Chermansky

et al. 2004). Histology suggests that damage to striated muscle and nerves con-

tributes to the change in LPP in this model, potentially creating an intrinsic urethral

deficit (Chermansky et al. 2004). It is also a durable model of SUI with more

significant tissue damage and a long lasting decrease in urethral resistance. It is

potentially most useful for investigation of potential interventions, especially those

aimed at treating severe and/or complicated SUI.

3.3.2 Urethral Sphincterectomy

A canine SUI model of urethral sphincterectomy has recently been developed by

Eberli et al. (2009) in which creation of irreversible damage to the sphincter was the

goal. Approximately ¼ of the circumferential sphincter muscle, containing both

smooth and striated muscle, was excised through a low midline abdominal incision

(Eberli et al. 2009). Both histology and pudendal nerve stimulation indicated an

absence of sphincter muscle and its response. Seven months after sphincterectomy,

urethral resistance to leakage remained significantly decreased, as evidenced by

decreased urethral pressure profile and stress urethral profile as well as decreased

LPP. This SUI model represents an extreme and irreversible sphincter deficiency,

which could be useful for preclinical evaluation of methods of entirely reproducing

sphincter function, such as with an artificial or cell-based sphincter replacement

procedure.

3.3.3 Pudendal Nerve Transection

Since PNC recovers relatively rapidly, bilateral pudendal nerve transection has been

used to study permanent damage to the pudendal nerve (Conway et al. 2005; Kamo

et al. 2003; Hijaz et al. 2004; Jiang et al. 2009a; Peng et al. 2006). The procedure is

the same as PNC, except that the pudendal nerve is transected bilaterally instead of

being crushed. A segment of nerve (~2 mm long) is removed from the transection

site to prevent neuroregeneration. A significant decrease in LPP results, both in the

short term and as long as 6 weeks after pudendal nerve transection (PNT) (Conway

et al. 2005; Kamo et al. 2003; Jiang et al. 2009a; Peng et al. 2006). The decrease in

LPP is only partial if a unilateral PNT is performed (Peng et al. 2006). Peng et al.
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(2006) demonstrated that voiding efficiency also decreases after PNT, suggesting

that EUS bursting activity during voiding facilitates emptying in female rats. These

studies all support the idea that the pudendal nerve plays a critical role in the

mechanism of urinary continence since as soon as it is injured, the urethral resis-

tance to leakage decreases significantly.

Jiang et al. (2009b) confirmed that 6 weeks after PNT, the EUS showed

neurogenic atrophy and contained thin small muscle bundles with no striations.

No significant EUS EMG tonic activity and bursting during voiding was recorded 6

weeks after PNT (Jiang et al. 2009a, b). This is in contrast to a previous report by

Peng et al., who demonstrated EUS EMG tonic activity and bursting during voiding

6 weeks after PNT despite a decrease in the diameter of striated muscle bundles in

the EUS (Peng et al. 2006). This difference could be due to the use of different

EMG electrodes in the two studies, suggesting a need to standardize electrodes used

for measuring EUS EMG in models of SUI.

PNT has also been investigated in other female animals, such mice, cats, and

dogs (Bernabe et al. 2008; Lin et al. 2010; li-El-Dein and Ghoneim 2001). Lin et al.

(2010) confirmed permanent effects of PNT in female mice and that both LPP and

the density of neurofilaments in the urethra were significantly reduced 4, 10, and 20

days after PNT. In female cats, after unilateral pudendal and pelvic nerve lesions,

only distal urethral pressure decreased significantly. In contrast, bilateral pudendal

and pelvic nerve lesions may cause urine leakage and significantly decrease the

urethral pressure response (Bernabe et al. 2008). Bladder and urethral function after

PNT has also been investigated in female dogs (li-El-Dein and Ghoneim 2001).

While not specifically designed as an animal model of SUI, the results indicate a

decrease in urethral resistance after PNT (li-El-Dein and Ghoneim 2001).

3.3.4 Reagent Periurethral Injection

Botulinum Toxin has been used as a reagent to induce chemical denervation of the

urethral sphincter via periurethral injection in rats (Takahashi et al. 2006). A

significant decrease in LPP occurred 2 weeks after injection and was supported

by evidence of shrinkage of smooth and striated urethral muscle. Six weeks after

injection, rats demonstrated functional recovery, making this a model of reversible

SUI aimed specifically at injuring the function of smooth and striated muscle. It

may be most useful for preclinical testing of treatments to accelerate recovery after

chemical or radiation-induced SUI.

4 Treatment Testing on SUI Animal Models

Clinical treatments for SUI include conservative techniques, pharmacologic ther-

apy, and surgical procedures. These therapies aim to strengthen urinary continence

via specific or integrated deficiency correction. Although standard interventions
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such as anti-incontinence surgery have been verifiably successful in restoration of

anatomic support and improvement of intrinsic urethral deficiencies (Williams and

Klutke 2008), it is still necessary to use animal models of SUI to test new surgical

techniques and materials, pharmacologic targets, and therapeutic strategies, such as

stem cell therapy. We review here the work to date using these animal models to

test potential new treatments.

4.1 Pharmacological Therapy Testing

4.1.1 Serotonin and Norepinephrine Reuptake Inhibitors

Experiments in cats suggested that duloxetine, a serotonin and norepinephrine

reuptake inhibitor, could enhance EUS activity through 5HT2 and a1 adrenergic

mechanisms (Thor and Katofiasc 1995), indicating promise for the treatment of

SUI. After VD in rats, urethral resistance was significantly increased by duloxetine

administered intravenously (Miyazato et al. 2008). Intrathecal administration of

idazoxan, a selective a2 adrenergic receptor antagonist, indicated that duloxetine

can prevent SUI by facilitating noradrenergic and serotonergic systems in the spinal

cord, enhancing the sneeze reflex (Miyazato et al. 2008). Other similar SNRIs,

including venlafaxine (Bae et al. 2001) and nisoxetine (Kaiho et al. 2007), can also

increase urethral pressure in rats and have also been suggested to be useful for

treatment of SUI. This class of drug, however, has the potential for central nervous

system complications, keeping it from being made available to the general public in

the USA (2005).

4.1.2 Fibroblast Growth Factor Testing

Takahashi et al. (2006) evaluated the effects of sustained release of basic fibroblast

growth factor (bFGF) in rat urethra denervated by botulinum-A toxin. They

incorporated bFGF into 200 ml gelatin hydrogels and injected them into the urethral

sphincter, enabling sustained release of bFGF. They determined that bFGF delivered

in this fashion produced a significant improvement in urethral sphincter contractility

and suggested bFGF as a promising therapy for SUI. Further testing in other animal

models and experiments designed to elucidate the mechanism of effect of bFGF

ought to be performed to assess the clinical utility of this potential treatment.

4.1.3 Angiotensin II Testing

Using the rat SUI models of PNT and urethrolysis, Phull et al. (2007) demonstrated

that angiotensin I and II receptor inhibition significantly decreases urethral resistance

to leakage as evidenced by decreased LPP and RUPP. Angiotensin II treatment
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restored urethral tone in rats with intrinsic sphincter dysfunction, suggesting that

angiotensin II may have a functional role in the maintenance of urethral tone and in

continence function (Phull et al. 2007). This work could be continued using other

models of SUI to determine the mechanism of the role of angiotensin II in conti-

nence and SUI in order to assess its clinical utility.

4.2 Sling Surgical Procedures

Since the last century, different urethral suspension techniques and multiple types

of slings have been developed (Williams and Klutke 2008). However, there is no

consensus on the ideal sling procedure since there is no consensus on the various

theories and explanations for the urinary continence mechanism (DeLancey et al.

2008). Today, the tension-free vaginal tape procedure has become one of the most

popular sling procedures (Rapp and Kobashi 2008). Nonetheless, animal models of

a rat urethral sling procedure have been developed to further evaluate the mecha-

nism of the sling procedure and its complications (Hijaz et al. 2004).

Using LPP testing on a rat PNTmodel, Hijaz et al. (2004, 2005a) determined that

a vaginal sling procedure results in restoration of urethral resistance to leakage in

both short- and long-term (5 weeks) testing. They further confirmed that the sling

procedure may cause bladder outlet obstruction regardless of whether the mid-

urethral segment of the sling was cut after the procedure (Hijaz et al. 2005b). They

demonstrated histological changes as a result of both intact and cut slings, including

inflammation, localized edema, and differential collagen remodeling, which could

account for the preserved anti-incontinence mechanisms of cut or intact polypro-

pylene slings observed clinically (Chen et al. 2009).

To test long-term continence recovery, Cannon et al. (2005) combined tissue

engineering and a sling procedure in an SUI rat model in which the proximal sciatic

nerve was transected bilaterally. They prepared tissue-engineered slings with

muscle-derived cells obtained via the preplate technique and subsequently seeded

for 2 weeks on a small intestinal submucosa scaffold. The sling procedure was

performed via a transabdominal approach and resulted in significantly increased

LPP with no urinary retention, suggesting that the cells may help prevent the outlet

obstruction complications of slings (Cannon et al. 2005). Further work on the

mechanism of this effect is needed to assess its clinical utility.

4.3 Cell-Based Therapy Testing

Cell-based therapies and tissue engineering hold potential as treatments and preven-

tions for SUI, particularly treatment with autologous multipotent adult stem cells,

includingmesenchymal stem cells, muscle-derived stem cells (MDSC), and adipose-

derived stem cells (ADSC) (Furuta et al. 2007; Nikolavsky and Chancellor 2010).
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These adult stem cells can be derived from a given subject, expanded in culture, and

given back to the subject. Stem cell strategies for SUI have been studied in animal

models and are presently undergoing clinical trials (Carr et al. 2008). Although

controversy and conflicting results have occurred in the field, preliminary results

from a recent clinical trial appear to be promising (Nikolavsky and Chancellor 2010).

4.3.1 Muscle Precursor Cell Therapy

Implantation of muscle precursor cells (MPC) can be traced to three decades ago,

when fusion between donor MPCs and host myofibers was first noted in skeletal

muscle transfer (Partridge et al. 1978). Cannon et al. applied this theory and tested

direct injection of allogenic MPC into rat urethral sphincters denervated by PNT

(Cannon et al. 2003). Their results indicated that the cells significantly improved

the fast-twitch muscle contraction amplitude of the denervated sphincter to 87% of

normal animals. New skeletal muscle fiber formation at the injection site of the

urethra was also indicated by immunohistochemistry (Cannon et al. 2003). MPC

autografting in a murine model of urethral sphincter injury has also been reported

(Yiou et al. 2002). The results demonstrated that this procedure may accelerate

sphincter muscle repair by producing a significant increase in the diameter and

number of myofibers (Yiou et al. 2002), suggesting that MPC autografting repre-

sents a potential new therapeutic approach to urethral sphincter insufficiency.

4.3.2 Stem Cell Homing Signals

Beside direct injection of cells, utilization of cytokines and stem cell homing

signals as a treatment for SUI may represent an alternative treatment paradigm.

Recently, using a VD rat model of SUI, Woo et al. (2007) demonstrated MCP-3

overexpression in the urethra immediately following VD, as well as a strong

correlation between VD duration and the subsequent expression of MCP-3 and

one of its associated receptors, CCR1, in the urethra (Wood et al. 2008). This result

was consistent regardless of whether an inbred or outbred strain of rat was used

(Woo et al. 2009). These studies could form the basis for further evaluation of

MCP-3 and stem cell homing for treatment or prevention of SUI (Takacs 2007).

4.3.3 Adipose-Derived Stem Cell Therapy

ADSC can differentiate into adipogenic, myogenic, and osteogenic cells when

specific induction factors are present (Zuk et al. 2002). ADSC treatment may also

be a promising method for treatment of intrinsic urethral deficiency. Jack et al.

(2005) found that human-processed lipoaspirate cells, an accessible source of

pluripotent cells, remain viable up to 12 weeks after injection into the urethra
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with incorporation and differentiation, suggesting that processed lipoaspirate cells

may represent a feasible cell source for SUI treatment. They further reported LPP

and urethral functional improvement in a rat urethrolysis model of SUI after ADSC

injection with a biodegradable microbead carrier (Zeng et al. 2006). Further work is

needed to determine the fate of these cells and the mechanism of this effect.

4.3.4 Muscle-Derived Stem Cell Therapy

MDSC display significant regenerative capacity and an improved transplantation

capacity compared to MPC implantation (Furuta et al. 2007). In a rat PNT model of

SUI, urethral resistance was restored in both the short- and long-term (12 weeks)

with periurethral injection of MDSC (Lee et al. 2003, 2004). Although both MDSC

and fibroblast injection increased LPP, only the MDSC treatment group had

significantly improved urethral muscle contractility (Kwon et al. 2006). MDSC

injection also significantly increased LPP 4 and 6 weeks after urethral injury by

periurethral cauterization (Chermansky et al. 2004). Therefore, in addition to

providing a bulking effect, direct injection of MDSC may physiologically improve

urethral sphincter contraction and contribute to continence in animal models of

SUI. Clinical trials have commenced, and some results remain controversial (Carr

et al. 2008; Aboushwareb and Atala 2008). Therefore, further laboratory investiga-

tion is needed to elucidate the mechanism of this effect, and caution is advised in

commencing with clinical trials.

5 Summary and Perspective on SUI Animal Models

Investigation into the mechanisms of SUI and development of animal models to test

innovative treatments and preventions is relatively new and has blossomed over the

course of the last decade. The models and methods of testing provide promise in

utilization for preclinical testing of potential treatments and elucidation of the

mechanism of SUI development and the mechanism of effect of potential treat-

ments. Much of the testing to date has been observational, documenting the time

course of events after an injury, a treatment, or both. Even as the field moves to

clinical testing of innovative treatments, more laboratory research needs to be done

using interventional studies aimed specifically at determining the mechanism of

injury and the mechanism of potential treatments since many questions remain

unanswered regarding the mechanism of observed effects.
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Abstract Although the etiology of benign prostatic hyperplasia (BPH) is unknown,

various animal models have been used for several decades to identify potential

therapeutic approaches. These models can be divided into those measuring smooth

muscle tone and thosemeasuring cellular proliferation.Animalmodels have played an

important role in the development of the two drug classes currently approved for the

treatment of BPH: the a-adrenoceptor antagonists and the steroid 5-a-reductase
inhibitors. However, models measuring prostatic tone have not been particularly

useful in the identification of new a-adrenoceptor antagonists having advantages

over currently available drugs, and it is not certain that reduction of prostatic smooth

muscle tone is responsible for the relief of BPH symptoms. A further limitation with

BPH models is that prostatic hyperplasia similar to the human condition does not

occur spontaneously or cannot be induced in any suitable animal species. The identi-

fication of a more useful BPH model is focused on cellular mechanisms of prostatic

growth, looking similarities between humans and experimental animals.
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Keywords a1-Adrenoceptors � Fibromuscular Stroma � Glandular Epithelium �
Nodules � Steroid 5-a-reductase

1 Introduction

The human prostate is normally a walnut-sized organ located at the base of the

bladder surrounding the urethra. It is composed of glandular acini separated by

fibromuscular stroma. In benign prostatic hyperplasia (BPH), stromal nodules

appear and enlarge, eventually compressing the normal gland against the serous

capsule to form a muscular pseudocapsule (Hieble 2004). This results in both

obstructive voiding symptoms (e.g., reduced flow rate and hesitancy) resulting

from urethral compression and irritative storage symptoms (e.g., increased fre-

quency and urgency) resulting from changes in bladder function as a result of the

sustained obstruction.

The initiating event in the development of BPH is not known; however, the

nodules almost certainly result from a stromal–epithelial interaction (Cunha 2008).

The development of BPH is androgen dependent, although once developed, the

hyperplasia can only be partially reversed by androgen deprivation. Before 1980,

treatment of BPH was almost entirely surgical, although chemical castration was

occasionally used. The development of drugs for BPH was based on data from

Marco Caine and co-workers showing that phenoxybenzamine can block the

contractile action of norepinephrine in an isolated strip of rat prostate (Raz et al.

1973), and the observation that BPH did not develop in persons lacking the enzyme

steroid 5-a-reductase, which is responsible for conversion of testosterone to dihy-

drotestosterone (Imperato-McGinley et al. 1974). These two observations led to the

development of a-adrenoceptor antagonists and steroid 5-a-reductase inhibitors,

still the only two drug classes approved for the treatment of BPH.

2 Measurement of Prostatic Smooth Muscle Tone

2.1 Development of a1-Adrenoceptor Antagonists for BPH

The observation that phenoxybenzamine can block the constrictor activity of

noradrenaline in the rat prostate was extended to human prostate tissue (Caine

et al.1975) and led to clinical evaluation of well-known a-adrenoceptor antagonists
such as phenoxybenzamine and phentolamine in BPH patients (Caine and Perlberg

1977; Caine et al. 1978). The limited clinical data obtained with these compounds

suggested a reduction in the obstructive and irritative symptoms of BPH. This

correlation of results from isolated tissue with clinical efficacy appeared to confirm

the hypothesis of a “dynamic” component to the obstruction of bladder outflow by the

enlarged prostate (Caine 1986, 1988). Further studies using isolated strips of human,
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canine, and rabbit prostate showed that the a1-adrenoceptor subtype mediated the

contractile activity (Lepor and Shapiro 1984; Hieble et al. 1985, 1986; Honda et al.

1985). Terazosin and doxazosin, already approved for the treatment of hyperten-

sion, were shown to be effective for relief of BPH symptoms. Another potent and

selective a1-adrenoceptor antagonist, tamsulosin, was also developed for BPH. A

natural consequence of these results was to assume that the a-adrenoceptor on

prostatic smooth muscle represented a viable therapeutic target.

2.2 Use of Animal Models to Identify New a1-Adrenoceptor
Antagonists

Once it was established that prostatic smooth muscle contracts in response to a1-
adrenoceptor activation, the goal of smooth muscle studies was to determine

whether prostatic tone could be decreased without relaxation of other smooth

muscle tissues, in particular the resistance vessels controlling blood pressure. A

common in vivo assay used an anesthetized dog to measure the potency of a

compound against the pressure increase in the prostatic urethra induced by either

an a-adrenoceptor agonist or sympathetic nerve stimulation. This was compared

with either the potency against agonist or nerve-mediated increases in blood

pressure or the dose required to reduce basal blood pressure to a specific degree

(e.g., see Testa et al. 1997). The ratio between doses in the prostatic and vascular

assays was used to calculate the “uroselectivity” of the a-adrenoceptor antagonist.
The discovery of multiple a1-adrenoceptor subtypes, and the development of radi-

oligand binding assays for the determination of subtype selectivity, occurred while

a1-adrenoceptor antagonists were being developed for BPH. Of the a1-antagonists
known to be effective in BPH, doxazosin and terazosin did not differentiate between

subtypes, while tamsulosin was equally potent at a1A- and a1D-adrenoceptor and at
least an order of magnitude less potent at the a1B subtype. An obvious path for the

development of better drugs for BPH was to determine their subtype selectivity and

uroselectivity. Many thousands of compounds, and drug candidates showing sub-

stantial uroselectivity, were tested in this manner. All of these compounds had some

selectivity for the a1A-adrenoceptor versus the a1D and a1B subtypes, although

in vivo uroselectivity did not always require a high degree of a1A selectivity

(Testa et al. 1997). Several of these uroselective a-adrenoceptor antagonists were
evaluated in rigorous double-blind clinical trials. Surprisingly, these new antago-

nists were less effective against BPH symptoms than the older compounds already

in clinical use. The reason for this disparity is still not completely understood,

but does not appear to result from differences in human and animal prostatic a-
adrenoceptors, since data from isolated human and animal prostate correlate well.

The only selective a1A-adrenoceptor antagonist to successfully complete clinical

trials is silodosin (KMD-3213). Although silodosin has about 50-fold selectivity

for a1A- versus a1D-adrenoceptor (Tatemichi et al. 2006), the effective clinical

doses would suggest that both a1A- and a1D-adrenoceptor are blocked. Another new
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a-adrenoceptor antagonist showing efficacy in humans was naftopidil, which, like

tamsulosin, has highest affinity for the a1A and a1D subtypes but with a small

(threefold) preference for the a1D (Takei et al. 1999). The only other new a1-
adrenoceptor antagonist to be developed was alfuzosin, which, like terazosin

and doxazosin, had equal affinity at all three a1-adrenoceptor subtypes (Kenny

et al. 1994).

Hence, despite an extensive search by several pharmaceutical companies, a

superior a1-adrenoceptor antagonist for BPH was not found. However, it cannot

be claimed that these results were helpful in the design of better drugs for BPH. In

fact, this effort may have hindered the drug discovery process, since clinical

resources were devoted to drugs that did not prove to be effective. This has led to

the questioning of the correctness of the original hypothesis, i.e., is a-adrenoceptor-
mediated prostatic tone contributory to BPH symptoms? It has been proposed

(Lepor 2007) that, although the a1A-adrenoceptor is responsible for contraction of

prostatic smooth muscle inducing bladder outlet obstruction, another subtype is

responsible for other BPH symptoms; hence an a1A-selective compound is less

effective than an a1A/a1D-antagonist (e.g., tamsulosin) or a non-subtype-selective

a1-antagonist (e.g., terazosin, doxazosin, or alfuzosin).
In view of the clinical failure of selective a1A-antagonists, this class is no longer

being pursued. There is still interest in a1A/a1D-antagonists (Chiu et al. 2007; Liu

et al. 2009; Nanda et al. 2009), since some investigators feel that this profile offers a

superior efficacy versus side-effect profile compared to the non-subtype-selective

compounds. It has been proposed that bladder a1D-adrenoceptors may be upregu-

lated as a consequence of the chronic obstruction by the enlarged prostate and that

blockade of this receptor subtype may reduce bladder hyperactivity (González

Enguita et al. 2003; Schwinn and Roehrborn 2008). Other companies are no longer

pursuing new drugs targeting prostatic smooth muscle in view of the apparent lack

of correlation between animal and clinical results.

2.3 Other Factors Relating to Measurement of Prostatic
Muscle Contraction

In contrast to other smooth muscle tissues, such as blood vessels, trachea, or

intestine, the muscle fibers in prostate have no specific orientation. Therefore, the

tone generated by a strip of prostatic muscle cannot be optimized by cutting the

tissue in a specific manner. This results in lower maximal tension for a prostatic

strip (typically 1–3 g for dog prostate) vis-à-vis a vascular tissue such as saphenous

vein (typically >10 gm) where a ring or helical strip can be cut to measure tone of

the circular smooth muscle layer.

Although the first in vitro study on prostatic muscle contractility used rat tissue,

other species were more commonly used, since rat prostate has a low content of

fibromuscular stroma (Mori et al. 2009). Most of the early studies measuring
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contraction or relaxation of isolated prostate smooth muscle have been done in

canine or rabbit tissue. Recently, rat prostate has been studied more often for in vitro

studies, perhaps because it offers the advantage of testing the three a1-adrenoceptor
subtypes in tissues from a single species. Mouse prostate has been shown to contract

in response to noradrenaline, with pharmacology similar to that observed in human

prostate and prostate from other commonly used animal species (Gray and Ventura

2006). Mouse prostate has been used to test the effects of gene knockout on a-
adrenoceptor-mediated increases in smooth muscle tone (Gray et al. 2008).

Abnormal ejaculation has been associated with some of the a1-adrenoceptor
antagonists used for the treatment of BPH. In vivo experiments in the dog compare

the potency of these compounds against phenylephrine-induced increases in pres-

sure within the prostatic urethra and vas deferens (Noguchi et al. 2008). All

compounds tested were more potent in the vas deferens, providing a possible

explanation for this side effect.

Contractile mechanisms can also be studied in isolated prostate smooth muscle

cells (Lang et al. 2006; Boulbès et al. 2006; Nguyen et al. 2009). These techniques

do not seem to offer any practical advantages for studying adrenoceptor-mediated

contraction. They may be useful for investigation of other steps in the contractile

process, although the ability to maintain functional a-adrenoceptors in cultured

prostatic smooth muscle cells has not yet been established. The ultimate goal would

be to identify a molecular target specific to prostate smooth muscle. It remains to be

determined, however, whether more effective blockade of prostate muscle contrac-

tion would lead to more effective control of BPH symptoms in humans.

2.4 Hyperplastic Versus Normal Prostate

An ideal model for testing drug effects on prostatic tone would utilize an enlarged

rather than a normal prostate. The dog develops age-related spontaneous prostatic

hyperplasia. In contrast to human prostate, canine prostate is not divided into lobes,

and the hyperplasia is observed throughout the gland, rather than as discrete

nodules. Hyperplasia can also be induced in the dog by either testosterone or a

combination of testosterone and estrogen. The histology of induced prostatic

hyperplasia in the dog resembles spontaneous canine BPH, although addition of

estrogen produces some increase in stromal proliferation. There is no evidence that

the pharmacological properties of canine prostatic smooth muscle differ between

normal and hyperplastic prostate. A comparison of the effects of an a1-adrenocep-
tor antagonist (silodosin) on urethral pressure in young and old dogs with BPH

showed no difference, even though the old dogs had larger prostates (Kobayashi

et al. 2009). In the dog, prostatic enlargement does not often result in urethral

obstruction. If the prostate is wrapped in a nylon mesh, which mimics the muscular

capsule found in human BPH, testosterone-induced prostatic enlargement induces

urethral obstruction (Broderick et al. 1994).
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Commonly used strains of laboratory rat do not exhibit age-related prostatic

hyperplasia, although 24-month-old Brown Norway rats show areas of focal epi-

thelial hyperplasia in the dorsal and lateral prostatic lobes (Bethel et al. 2009).

Androgenic stimulation induces prostatic hyperplasia in the rat. Some investigators

attribute the increases in urethral resistance associated with this hyperplasia to the

enlarged prostate; however the rat urethra does not pass through the prostate, and it

seems more likely that increased urethral resistance results from hyperplasia of

urethral smooth muscle.

Large nonhuman primates such as the baboon or chimpanzee have prostates

showing anatomical and physiological similarity to that of the humans. Further-

more, these primates do develop spontaneous prostate hyperplasia (Mubiru et al.

2008; Steiner et al. 1999). An early experiment (Karr et al. 1984) showed that

testosterone could induce BPH in the baboon and that the resulting hyper-

plastic prostate had characteristics resembling clinical BPH in humans. The simi-

larity between biochemical markers such as PSA between baboon and human

BPH suggests that non-invasive studies in this species may be useful (Mubiru

et al. 2007). However, due to the length of time required for BPH to develop as

well as ethical and logistical concerns, these species are unlikely to be useful for

developing practical models for drug discovery. The effects of testosterone on

urethral resistance in the primate have not been reported; however experiments in

a few cynomolgus monkeys showed that 12-week testosterone treatment made

passing a catheter through the urethra into the bladder difficult and that treatment

with an a-adrenoceptor antagonist facilitated catheterization (Hieble, unpublished

observation).

3 Measurement of Prostatic Growth

3.1 Induction of Cellular Proliferation

The ideal drug for BPH would prevent or possibly reverse the development of

stromal nodules. It is difficult to evaluate this activity in animal models, since these

nodules are not normally formed in prostates from the commonly used experimental

animals. Androgenic stimulation is commonly used to induce prostatic hyperplasia.

The addition of estrogen to androgen results in an enhanced stromal hyperplasia. The

ratio of testosterone to estrogen appears to be important in achieving maximal effects

on the stroma (Yokota et al. 2004). An estrogen/androgen ratio of 100 was found to

be optimal for inducing stromal hyperplasia in the rat (Zhou et al. 2009).

While this type of model is commonly used for testing the effects of compounds

on cellular proliferation in the prostate, it is relatively nonspecific. The active

androgen for prostatic cells from both humans and experimental animals was

identified as dihydrotesterone. Therefore, to test for steroid-5-a-reductase activity,
the effect of a compound on dihydrotestosterone-induced hyperplasia is compared
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with the effects against testosterone. A nonspecific androgen antagonist blocks the

stimulatory activity of both androgens, while a steroid-5-a-reductase inhibitor

blocks testosterone, but not dihydrotesterone. Both rat and dog models were used

in the evaluation of the steroid 5-a-reductase inhibitors now approved for BPH. The

lack of stromal proliferation in these models is not important, since these com-

pounds act primarily on the glandular epithelium.

More specific models attempt to simulate the stromal–epithelial interaction

thought to initiate human BPH. It has been known for many years that if fetal

urogenital sinus is implanted into rat or mouse prostate, it will undergo hormonally

dependent growth (Chung et al. 1984; Cunha 2008). A recent study (Mori et al.

2009) shows that the tissue derived from implanted embryonic rat urogenital sinus

has a much higher stromal content (70%) compared with normal rat prostate (20%)

or rat prostate in which hypertrophy has been induced by exogenous testosterone

(15%). An antiandrogen was effective in preventing growth of the embryonic

tissue, but with lower potency than observed against testosterone-induced epithelial

hyperplasia. This model could potentially be useful for identifying agents capable

of inhibiting stromal proliferation.

Another method for inducing hyperplasia in the mouse prostate is by gene

knockout or growth factor overexpression. The liver X receptor (LXR) is a

ligand-activated transcription factor, which is activated by oxysterols, including

precursors to steroid hormones (Beltowski and Semczuk 2010). The LXR receptor

knockout mouse develops prostate hyperplasia with several characteristics resem-

bling human BPH (Kim et al. 2009). Likewise, overexpression of keratinocyte-

derived chemokine, the murine analog of the chemokine IL-8, produces prostate

hyperplasia with the stromal component similar to that found in humans (Schauer

et al. 2009). Similar results were observed in mice overexpressing prolactin

(Wennbo et al. 1997).

3.2 Effects of a-Adrenoceptor Antagonists on Cellular
Proliferation

Despite the lack of a significant reduction in prostate size in clinical trials with a1-
adrenoceptor antagonists, there have been several reports showing a reduction in

cellular proliferation in animal models. Thirty-day treatment of normal rats with a

high dose of doxazosin produced a 20% reduction in prostatic weight and an

increase in the density of stromal collagen fibers (Justulin et al. 2008). Using the

model described above, where BPH was induced in the rat by implantation of fetal

urogenital sinus, 21-day treatment with naftopidil, a preferential a1D-adrenoceptor
antagonist, inhibited cellular proliferation in both epithelia and stroma. The inhibi-

tion of stromal proliferation (60–75%) was especially impressive (Kojima et al.

2009). Although 120-day treatment of normal rats with a low dose of terazosin had

no effect on prostate weight, expression of basic FGF on both epithelial and stromal
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cells was reduced (Mitropoulos et al. 2009). Treatment of nude mice bearing a

xenograft of the human prostate tumor LNCaP with an a1A/a1D-antagonist resulted
in a dose-dependent reduction in LNCaP cell growth, and regular dosing with a-
adrenoceptor antagonist suppressed tumor growth (Liu et al. 2009).

4 Other Animal Models

Recently, animal models have been developed to evaluate therapies for BPH, which

may be considered as intermediate between traditional pharmacotherapy and sur-

gery. Inducing a “prostatic infarct” via embolization of the arterial blood supply to

the prostate may offer a less invasive alternative to the transurethral ablation

techniques currently in common use. Furthermore, reducing prostatic volume in

this manner preserves the urethra. This technique was evaluated in the dog;

introduction of polyvinyl alcohol beads to the artery supplying the prostate pro-

duced a significant reduction in prostate volume, measured by magnetic resonance

imaging, in dogs in which prostatic hyperplasia had been produced by treatment

with dihydrotestosterone and estradiol (Jeon et al. 2009). A similar study in intact

pigs showed a significant reduction in prostate volume (3.9 � 1.3 vs. 7.3 � 2.3 ml)

following intra-arterial administration of 500–700 mM microspheres (Sun et al.

2008).

Another novel therapy for BPH is the intra-prostatic injection of botulinum

toxin. Intra-prostatic injection of normal rats with purified botulinum toxin reduced

prostatic weight, inducing atrophy and diffuse apoptosis (Nishiyama et al. 2009).

This model may be useful for evaluating other neurotoxins or optimizing purifica-

tion procedures.

5 Conclusions

Although the action of drugs on the prostate has been studied for over three

decades, there is still a need for better animal models. The mechanism of action

for the a1-adrenoceptor antagonists, first-line therapy for most BPH patients, is not

yet understood. In contrast to long-held assumptions, their primary mechanism of

action may not involve reduction of bladder outlet resistance (Barendrecht et al.

2008), and the commonly used models comparing effects on prostatic/urethral

resistance and blood pressure probably do not correlate with clinical profile.

If relaxation of bladder outlet resistance is not sufficient for clinical efficacy, how

are new smooth muscle relaxant targets, such as PDE-5 inhibitors (Cornu and

Rouprêt 2007), to be validated?

The ideal drug for BPH would combine effects on outlet resistance with inhibi-

tion of stromal cell proliferation. It is possible that some a1-adrenoceptor antago-
nists may have such an action (Kojima et al. 2008), as well as other classes currently
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under clinical evaluation, such as vitamin D receptor agonists (Adorini et al. 2007).

A model allowing urodynamic evaluation in the presence of stromal hyperplasia

could reflect the true clinical potential of such compounds.
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Abstract Bladder problems are frequently disorders of control, which is exercised

from the brain. In such disorders, brain responses to bladder events are abnormal;

therapy is accompanied by regional changes that may be measured by functional

imaging and used to monitor the effect of treatment. The regional responses may be

understood in terms of a tentative model of the bladder control system. The model

helps also to interpret alterations in brain behavior (as imaged by functional

scanning) that occur when afferent signals from bladder or urethra are changed

experimentally or by an underlying disorder or treatment, for example, overactive

bladder (urge/urgency incontinence). Successful treatment may either increase the
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ability to cope with the problem or may be curative. The direction of treatment-

induced change of abnormal brain responses can distinguish these two possibilities

and shed light on the therapeutic mechanism. In addition, brain activity in regions

such as insula or dorsal anterior cingulate cortex may be regarded as a proxy for

sensations such as desire to void or urgency, which are otherwise difficult to define

or measure. Monitoring of brain responses in these regions offers an obvious way to

test the effect of drugs.

Keywords Brain � Bladder control � Bladder filling sensation � Functional brain
imaging � Urgency � Urge urinary incontinence

1 Introduction

Disorders of voluntary bladder control are prevalent and are of two main types:

inability to empty the bladder (retention, urinary) and inability to store urine,

manifested as the triad of symptoms making up the overactive bladder syndrome

overactive bladder (OAB) (frequency, urgency, and urge or incontinence, urge(ncy)).

In some cases, the symptoms are associated with neurological diseases such as

multiple sclerosis or spinal cord injury, or with neuropathy (e.g., in longstanding

diabetes), or with other peripheral changes (e.g., prostatic obstruction). Nevertheless

in many cases the underlying pathology is unknown. Until recently the cause of such

disorders has been sought in the peripheral organs or the afferent signals that they

generate. For example, Fowler’s syndrome (unexplained urinary retention in younger

women) has been ascribed to an overactive urethral sphincter, while overactive

bladder, as the name suggests, is usually supposed to be a manifestation of an under-

lying bladder abnormality, at least if no obvious pathological cause can be identified.

Correspondingly, and especially in OAB, most animal models and pharmacolog-

ical approaches to therapy have focused on the bladder or on bladder afferents. Yet

these symptoms are manifestations of loss of voluntary control of the bladder, and

control is exerted by an extensive spinal and supraspinal neuronal network, of which

the peripheral organs and their innervation form only a small part. On the face of it,

pathology of the control system seems equally or more likely to be responsible for

bladder control problems than an intrinsic bladder defect. This possibility was for a

long time ignored, however, because of the lack of technical means to study it.

Undoubtedly, this neglect has limited the range of potential therapeutic targets.

Recent advances in functional brain imaging, and especially the widespread

accessibility of these techniques during the past decade, have provided a basic

understanding of the supraspinal bladder control system, which makes it possible to

recognize normal and abnormal states of the brain and monitor response to therapy

(Kavia et al. 2005; Griffiths and Tadic 2008). Functional imaging has great advan-

tages: the ability to monitor the control system itself rather than just the behavior of

the peripheral organs and their afferent signals; and the ability to do this in human

beings, with or without disease, instead of experimental animals. Indeed, good

animal models of OAB symptoms such as urge incontinence are difficult to devise

because lack of communication makes it difficult to draw the critical distinction
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between involuntary loss of bladder control and voluntary voiding, or even to know

whether such a distinction is meaningful in an animal. Furthermore, functional

imaging may enable us to recognize neural correlates of clinically important but

difficult-to-define concepts, thus offering easily measured proxy markers that might

be used to monitor therapeutic effect. As we shall see moreover the direction of the

changes in brain activity brought about by therapy provides helpful information

about the therapeutic mechanism.

Functional brain imaging may be carried out by a number of techniques,

including SPECT scanning (single photon emission tomography), PET scanning

(positron emission tomography), and fMRI (functional magnetic resonance imag-

ing). All provide an indirect measure of regional cerebral blood flow, believed to

represent local neuronal activity. One potential problem that should be borne in

mind when interpreting functional imaging studies is that neuronal activity may be

either excitatory or inhibitory: without further information it is not possible to

distinguish these two possibilities. Both SPECT and PET require injection of a

radioactive tracer. SPECT has relatively poor temporal and spatial resolution. PET

is good for examining long-lived states and slow changes in brain activity and has

been used to investigate both storage and voiding. fMRI has better temporal and

spatial resolution than PET. It is relatively inexpensive and noninvasive, but

produces a weak and noisy signal. It is good for examining relatively short events,

but frequent repetitions are required in order to average out random errors due to

noise. This requirement has so far precluded fMRI measurements during actual

voiding [imagined voiding has been examined (Kuhtz-Buschbeck et al. 2005)], but

repetitive infusion and withdrawal of a small amount of water in and out of the

bladder has proved a fruitful way of mimicking bladder filling so as to investigate

the storage phase (Griffiths et al. 2005). (Technically, the fMRI BOLD [blood

oxygen level dependent] signal during withdrawal of fluid is subtracted from the

signal during infusion, and the result is averaged over numerous repetitions.)

Limitation to the storage phase has not proved a problem because disorders of

bladder control such as OAB are disorders of storage.

The following Sect. 2 continues with a description of a tentative model of the

normal bladder control system. Its purpose is to set in an overall framework the

many regions of the brain that respond to bladder events. There is then a summary

of the potential effects of pharmacological therapy and the existing evidence

concerning alterations in brain behavior (as imaged by functional scanning) when

afferent signals from bladder or urethra are changed experimentally, by disease, or

by treatment. There follows a more detailed description of brain responses to

bladder filling in subjects with OAB and how they are altered by therapy (although

unfortunately not pharmacological therapy).

2 The Bladder Control Network

The nodes of the supraspinal network that controls the bladder (the “centers” that

are involved) have been established during more than a decade of functional

imaging and to a large extent confirm the conclusions drawn from older animal
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experiments and clinical observations (Andrew and Nathan 1964; Torrens and

Feneley 1982). Merely to list the centers and ascribe a function to each has rightly

been labeled “phrenology.” Although the interpretation of functional scanning

results has frequently not gone far beyond this point, there have been attempts to

identify aspects of the connectivity of the various centers and to place them in a

model network with some indication of their function and interactions (Blok 2002;

Fowler et al. 2008; Tadic et al. 2008). During storage the ultimate result of the

network is tonic inhibition of detrusor contraction, preventing voiding and main-

taining continence. Only for voiding is this inhibition lifted.

Based on these findings and some imaginative extensions, a tentative model of

the bladder control network has several neural circuits working in parallel (Fig. 1).

They determine whether voiding is (1) mechanically appropriate (i.e., the bladder is

adequately filled), (2) emotionally safe, and (3) socially appropriate. If they concur

then voiding may take place. Neural circuit 1 of the network is part of the well-

known spinobulbospinal (long-loop) voiding reflex. It is driven by spinal afferent

signals that are believed to originate from mechanical transducers in the bladder

wall or urothelium and to increase with bladder filling (Fowler et al. 2008). Thus

circuit 1 is a mechanical reflex which by itself would ensure automatic and

involuntary voiding whenever the bladder volume reached a critical level. It

includes regions in the brainstem (pons) and midbrain.

Circuit 2 is concerned with the safety of the organism during voiding, a time of

increased vulnerability. Lack of safety engenders an emotion, fear, and the derived

concept anxiety. Correspondingly this circuit includes emotional (limbic) regions

of the brain. It receives input from circuit 1 and spinal afferents, evaluates safety,

and produces an output signal that prevents voiding unless the situation is deemed

safe. It still makes no provision for voluntary control of voiding.

Circuit 3 takes input from the previous circuits and from spinal afferents to

generate sensations of bladder filling (desire to void) and to evaluate the social

propriety of voiding. It modifies the primary emotion, fear, derived from circuit 2,

to generate secondary social emotions (Damasio 2003) such as fear of leakage

(associated with urgency) and embarrassment or shame about incontinence. If

voiding is judged acceptable then circuit 3 facilitates the lifting of voiding inhibi-

tion. Thus this circuit is involved in conscious sensation and voluntary control in the

social setting. It includes cortical and cingulate parts of the brain. Comparison with

recent publications in the cardiovascular field (Wager et al. 2009) suggests that

circuit 3 should be divided into two parts, as in Fig. 1, which are the origins of

pathways that become, respectively, the parasympathetic and sympathetic output

controlling bladder and urethral behavior. If confirmed, this hypothesis would

provide the missing link between brain activity and motor innervation at the

peripheral level.

A considerable number of regions in these various circuits have been identified

and some are shown in Fig. 1. Their interconnections, especially in circuit 3, are

known to be numerous but are still largely unstudied in the context of bladder

control. Some of the most important regions and their probable functions are as

follows.
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Fig. 1 Diagram suggesting how cerebral control may be exercised via neural circuits fulfilling

different functions, showing postulated circuits 1 (mechanical, reflex), 2 (emotional, limbic), and 3

(voluntary, social, cortical). In each circuit, specific regions known to be concerned with bladder

control are shown, together with a few of the many possible interconnections. Circuit 3 is divided

into 2 branches, 3P and 3S. In circuit 3P deactivation of vmPFC (see Sect. 2) inhibits the voiding

reflex at the PAG, thus suppressing voiding via an ultimately parasympathetic pathway. Activation

of dACC in circuit 3S suppresses voiding by a different pathway, bypassing circuit 1, that acts via

the sympathetic innervation to inhibit the detrusor and contract the urethral smooth muscle. Arrow
paths excitatory neural link; box paths inhibitory neural link; HC hippocampus and parahippo-

campal complex; mPFCmedial prefrontal cortex; lPFC lateral prefrontal cortex; RI (right) insula;
dACC dorsal anterior cingulate cortex; PMC pontine micturition center; PAG periaqueductal gray;

Sa parasympathetic regions of sacral cord
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In circuit 1

– Midbrain periaqueductal gray (PAG), receives bladder afferents (Blok and

Holstege 1998)

– Pontine micturition center (PMC; also known as Barrington’s nucleus or

M-region), on excitation sends a descending signal that promotes synergic

voiding by relaxing the urethral sphincter and contracting the detrusor (Blok

and Holstege 1998)

In circuit 2

– Hypothalamus (preoptic region), provides safe/unsafe signal controlling voiding

(Blok and Holstege 1998)

– Parahippocampal complex, provides emotional basis of bladder sensations; the

posterior parts of the cortex seem to function similarly

In circuit 3

– Insula, records bladder filling sensation (Craig 2002)

– Dorsal anterior cingulate cortex, dorsal (dACC), encodesmotivation, e.g., urgency

to void and concurrent motor output (Critchley et al. 2003) (see also Fig. 1)

– Medial prefrontal cortex, medial (mPFC), concerned with automatic reaction to

bladder filling and decision to void in social context; produces output that

inhibits voiding except when it is voluntarily desired

– Lateral prefrontal cortex, lateral (lPFC), concerned with voluntary regulation of

emotion and bladder sensation

In addition, the thalamus seems to serve as a relay/interaction station between

many regions.

When the bladder is filled, these regions become excited in a predictable way

(Fig. 2). The PAG is activated, suggesting reception of increased bladder afferents.

The thalamus lights up, consistent with its role in relaying these signals elsewhere

in the brain. The insula is activated, especially on the right, consistent with

increased bladder filling sensation (desire to void). The dACC is activated, rela-

tively weakly in normal subjects (Fig. 2) but much more strongly in those with

urge incontinence (see Sect. 5.2), consistent with a role as the neural correlate of

urgency (a sensation not experienced by normal subjects). The somatosensory area

(Brodmann Area 40) is activated bilaterally. The mPFC and pregenual anterior

cingulate cortex, pregenual ACC are deactivated, weakly in normals but more

strongly in urge incontinence, suggesting a unique role in controlling the bladder

(see Fig. 1) and/or in the genesis of urge incontinence (Griffiths et al. 2009).

3 Potential Effects of Drugs on Central Control

Up to the present there has been little actual measurement of drug effects

on central control of the bladder and none using the combination of fMRI,

urodynamics, and repetitive infusion/withdrawal which has proved fruitful in

86 D.J. Griffiths



understanding how the control system operates (Griffiths et al. 2005; Mehnert

et al. 2008; Kavia et al. 2010). Nevertheless there have been a few studies of the

effects of nonpharmacological treatments on regional brain responses to bladder

events (Blok et al. 2006; Kavia et al. 2010) (see also Sect. 5.5). In addition,

there have been studies in situations that can be viewed as natural experiments

mimicking alterations – especially alterations of bladder afferents – that might

also occur with drugs used to treat overactive bladder symptoms, such as

antimuscarinics or botulinum toxin. These studies offer guidance about what

changes to expect in brain responses and how to interpret them. One factor that

should be borne in mind when designing new studies of the effect of treatment

is that successive brain scanning sessions will yield progressively different

results whether or not therapy is performed, purely because of a changing

memory trace in the brain related to repetition of sessions. Thus either an

untreated control group should be included (note that, from a brain control

point of view, placebo is not equivalent to no treatment), or else the changes in

brain response that are significantly correlated with clinical success of therapy

should be examined, since they show where therapy has an effect regardless of

changing memory.

Fig. 2 For a group of ten normal females, regions responding to bladder filling when the bladder is

near full and sensation is strong. Red/yellow: activation (probability threshold P < 0.01, uncor-

rected for multiple comparisons); blue: deactivation (P < 0.05, uncorrected). PAG periaqueductal

gray; T thalamus; RI right insula; dACC dorsal anterior cingulate cortex; mPFC medial prefrontal

cortex; R right. Numbers indicate Montreal Neurological Institute (MNI) y-coordinates
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4 Effects of Changes in Afferent Signals

4.1 Aging

In old age, detrusor overactivity and urge incontinence become very common.

Among those who maintain normal bladder function, however, sensation becomes

weaker with increasing age (Pfisterer et al. 2006). Cortical – especially insula –

activation in response to bladder filling also becomes weaker (Griffiths et al. 2007)

as one would expect if insular activation represented the neural correlate of bladder

filling sensation (desire to void). Possible reasons for diminished sensation in old

age include diminished bladder afferents or impaired cerebral processing. Measure-

ments made at smaller bladder volumes show a similar reduction in insular

responses, which in this case is clearly related to weaker afferent signals. Thus

peripheral changes could be a contributing factor to the age-associated decrease in

response. Of course, supraspinal (or spinal) changes may also contribute.

At first sight it appears that pharmacotherapy with drugs that reduce bladder

afferent signals – e.g., antimuscarinics or botulinum toxin – might have a similar

effect. If so, one would expect to be able to monitor this effect by measuring the

decreasing insular response to bladder filling during the course of treatment.

However, the above observations were made in normal subjects. The situation

may be different in patients with overactive bladder problems, as discussed in

Sect. 5.

4.2 Fowler’s Syndrome

Young women with Fowler’s syndrome present with unexplained urinary retention,

inability to void, and reduced bladder sensation. There is an underlying overactivity

of the urethral sphincter, as shown by an abnormal sphincter EMG and elevated

urethral pressure (DasGupta and Fowler 2004). Based on the bladder findings, one

might expect reduced bladder afferents and reduced or absent brain responses to

bladder filling. In fact, however, there are widespread negative responses, espe-

cially with near-empty bladder and without treatment (Fig. 3a) (Kavia et al. 2010).

The interpretation of such negative responses is still widely debated (Shih et al.

2009), but we shall refer to them as deactivations. Deactivation during bladder

filling occurs even in the PAG (see Fig. 1), suggesting that the normal bladder

afferents are not reaching the brain at all. It occurs also in the insula, implying that

sensation is suppressed by bladder filling instead of being increased. One possible

interpretation is that in Fowler’s syndrome, the overactive urethral sphincter

responds to bladder filling with strong urethral afferents that inhibit bladder signals

via a spinal pro-continence reflex, thus causing deactivation of many brain regions.

It would be interesting to compare these results with those obtained after injection

of botulinum toxin in the bladder wall (a successful treatment for intractable
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incontinence, urge), which presumably affects bladder afferents, and therefore

should reduce responses to bladder filling without evoking abnormal deactivations.

4.3 Effect of Sacral Neuromodulation in Fowler’s Syndrome

In women with Fowler’s syndrome, deactivations are less pronounced if bladder

afferents are strengthened, for example, by prefilling the bladder (Fig. 3b). Therapy

with sacral neuromodulation (SNM), which presumably strengthens afferent signals

Fig. 3 Results for a group of six women with Fowler’s syndrome with and without treatment by

SNM. Top panels, A and B: Responses to bladder filling without treatment (with near-empty and

with full bladder respectively). Bottom panels,C andD: responses after SNM. Red activation; blue
deactivation; projected on surface of standard brain. Adapted from (Kavia et al. 2010) with

permission
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in a similar way, reenables voiding and improves sensation (DasGupta and Fowler

2004). Correspondingly, it reduces sacral neuromodulation and increases activation

of cortical regions, as well as PAG (Kavia et al. 2010) (Fig. 3c, d). It appears

therefore that treatment with SNM, although it does not cure the underlying urethral

sphincter abnormality (DasGupta et al. 2005), is partially curative in the sense that it

makes the brain responses more nearly normal. The effect of treatment could be

monitored by determining the relative extent of deactivation vs. activation.

4.4 Ice Water (Bladder Cooling) Test

In addition to the Ad fibers that convey afferent information about bladder filling to

the CNS, there are C-fibers that transmit information about bladder pain and

temperature. Instillation of cold fluid (“ice water”) into the bladder has long been

used to provoke and to test for neurogenic detrusor overactivity (Geirsson et al.

1993). Brain responses to this bladder cooling (presumably mediated by C-fibers)

have been measured with PET (Matsuura et al. 2002). They are different from those

evoked by bladder filling using room- or body-temperature liquid, mediated by Ad
fibers. In particular, there are cortical activations in regions different from those

shown in Fig. 2 and no significant changes in brainstem or PAG. These results

suggest that different afferent signals indeed activate different brain regions, and

possibly that thermal and pain signals may bypass the PAG and pass directly to the

thalamus (Mayer et al. 2006).

It would be interesting to study responses to bladder filling in patients with

painful bladder syndrome; presumably regions similar to those activated by ice

water would respond.

5 Overactive Bladder Syndrome: Urge Incontinence, Urgency,

and Detrusor Overactivity

5.1 Overactive Bladder: Symptoms and Urodynamics

In patients with OAB symptoms, urodynamic testing frequently reveals involuntary

bladder contractions (detrusor overactivity (DO)) during bladder filling. The con-

tractions may be associated with the sensation of urgency (see Sect. 5.2) or with

urine leakage (detrusor overactivity incontinence). Moreover cystometric capacity

may be limited by the onset of DO, because further filling is hindered by strong

bladder sensation or urine leakage. Together, these observations mimic the symp-

toms of the overactive bladder syndrome and therefore DO is often regarded as the

cause of OAB. Although DO itself is usually viewed clinically as idiopathic, the

90 D.J. Griffiths



terms used to refer to it (“detrusor overactivity” and “overactive bladder”) seem to

imply an underlying bladder abnormality. This view has limited the direction of

research and the choice of treatment targets for the past 50 years.

In practice, detrusor overactivity is frequently accompanied by involuntary

urethral sphincter relaxation, or involuntary urethral relaxation may occur with

urgency but without DO (McLennan et al. 2001). Thus the behavior of the urethra is

probably just as important clinically as that of the bladder, a complication that

should be borne in mind but is not emphasized in this chapter.

5.2 Urgency

As the bladder of a normal subject is filled, a sensation of desire to void is generated

which fluctuates but gradually becomes stronger and more difficult to ignore

(Abrams et al. 2002). It is associated with increased cortical response to bladder

filling in the insula, especially on the right (see Figs. 1 and 2). The insula is believed

to map afferents from the bladder and other visceral systems and thus to represent

the degree of bladder filling and the strength of the desire to void (Craig 2002;

Griffiths et al. 2007).

Patients with OAB symptoms, however, complain of an apparently different

sensation called urgency. One of the goals of treatment is to reduce this bothersome

sensation. Moreover urgency is a defining characteristic of incontinence, urge(ncy),

“leakage of urine accompanied or preceded by urgency” (Abrams et al. 2002). Thus

this sensation is a key symptom of the overactive bladder syndrome. In practice,

however, it has been difficult to define, as is reflected in a change of definition:

originally “a strong desire to void with fear of leakage [or pain]” (Abrams et al.

1988), but currently “a sudden compelling desire to void that is difficult to defer and

may be accompanied or preceded by detrusor overactivity” (Abrams et al. 2002).

Thus urgency seems to have several different aspects – a compelling nature, a

sudden onset, and an emotional component (fear of leakage). Indeed it has been

suggested that there are two types of urgency, one that is an intensification of the

normal strong desire to void and another, not experienced by all patients, which is

of a different nature (Blaivas et al. 2009). Clearly, it is difficult to use urgency,

however important it may be, as an outcome measure for treatment of OAB if it is

not unambiguously defined (Lowenstein et al. 2008). The above argument suggests

that reliable clinical assessment of urgency from patient reports may remain elusive

until the neural basis of the sensation – a particular state or states of brain activity –

has been established. It is therefore worthwhile to find objective neural correlates of

the various aspects of urgency and other sensations, which may help to identify and

ultimately to more precisely define them. Such neural correlates may ultimately be

viewed not so much as proxies for sensations such as urgency but their actual

definitions, of which patient reports are an ambiguous reflection.
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The probable neural correlate of the normal desire to void has been identified

above: it is the increased activation of the insula provoked by bladder filling (Figs. 1

and 2). In female patients who suffer from urge incontinence and therefore experi-

ence urgency, however, brain responses to bladder filling are abnormal. In addition

to insular activation there is a greatly enhanced response in dACC, especially if the

bladder is well filled and sensation is strong (Griffiths et al. 2007) (Fig. 4). This

abnormally strong reaction occurs in the absence of concurrent DO: i.e., prior to any

actual loss of bladder control. dACC activation is believed to indicate an emotional

response (e.g., fear of leakage) and to encode the motivation driven by this emotion

(Critchley et al. 2003), as well as provide concomitant motor output that inhibits

contraction of the bladder via its sympathetic innervation (see Fig. 1). Therefore

increased dACC response appears to be the neural correlate of at least one aspect of

urgency. At the same time, there is widespread activation of other parts of the

cortex that probably indicates recruitment of other motor output (e.g., to the striated

urethral sphincter) in an attempt to cope with imminent loss of control (Griffiths

et al. 2005). Therefore, dACC activation can be used as a proxy for urgency or

indeed as a defining characteristic of a type of urgency that includes the emotional

aspect (fear) and its compelling nature but not sudden onset. Thus insular activation

(by itself) seems to represent normal sensation, which has a relatively mild

Fig. 4 Brain responses to bladder filling in ten urge-incontinent women (with strong sensation but

in the absence of DO) (P < 0.01 uncorrected). Activation of dorsal anterior cingulate cortex

(dACC) is markedly more pronounced than in normal subjects (Griffiths et al. 2007). RI right
insula; PMC pontine micturition center; R right. x, y, z represent MNI coordinates of each section.

Adapted from (Griffiths et al. 2007) with permission
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emotional content (Fig. 1), while addition of dACC activation appears to corre-

spond to an intensification of the normal desire to void with greater emotional and

motivational content, perhaps corresponding to Blaivas’s first type of urgency

(Blaivas et al. 2009). The other aspect of urgency – sudden onset – may correspond

to a different situation, the onset of an involuntary detrusor contraction (DO) or

involuntary urethral relaxation, which signifies that loss of bladder control is not

just threatened but is actually occurring. Interestingly, the pattern of brain activa-

tion when DO develops is apparently quite different from Fig. 4 (see Sect. 5.3).

Even at our present level of understanding, it is clear that measurement of dACC

response to bladder filling offers a way to monitor therapeutically induced changes

in one type or aspect of urgency. This can be done with fMRI, but in the future it

may be possible to monitor dACC activation more simply with near-infrared

spectroscopy, electroencephalography, or magnetoencephalography. Other parts

of the brain (e.g., prefrontal cortex) may be even more accessible to such techno-

logies and may offer opportunities for noninvasive monitoring of the effect of

treatment.

Clearly, a therapy that is curative should reduce urgency and thus weaken dACC

activation. On the other hand, if dACC activation is a coping reaction to threatened

loss of bladder control, an alternative therapeutic mechanism would be to

strengthen this reaction by reinforcing dACC activation. Thus measurement of

dACC responses, and whether they are reduced or increased by successful therapy,

may be used not only to monitor the progress of therapy, but also to shed light on the

therapeutic mechanism.

5.3 Detrusor Overactivity

Detrusor overactivity (DO) (involuntary bladder contraction) is a urodynamic

observation that by definition is identified by monitoring bladder (detrusor) pres-

sures. Functional imaging in female subjects suggests that brain activation when

DO develops is quite different from the abnormally strong dACC responses seen

prior to development of DO and identified as urgency. There are several ways to

perform brain-imaging of DO. One is to study brain responses to infusion and

withdrawal during periods when DO (of whatever amplitude) is present; this is

simple but unphysiological. Another is to study the association between bladder

pressure (as it waxes and wanes with DO) and brain activity, regardless of infusion

or withdrawal; this requires florid and prolonged DO which may not be easy to

provoke in the scanner (see below).

Preliminary observations suggest that DO has a distinct neural signature involv-

ing reduced responses to bladder infusion in the prefrontal cortex (Griffiths et al.

2007), possibly suggesting abandonment of the attempt to control the bladder by

neural circuit 3. A critical question is whether the PMC is activated during DO. If

so, it would suggest that overactivity of the long-loop voiding reflex was responsi-

ble for idiopathic DO; if not, DO might be due to overactive spinal segmental
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reflexes of the type that is usually present in infants but suppressed in continent

adults (Fowler et al. 2008). So far the observations suggest that the PMC is not

activated during DO, although more measurements are required to be certain of this

rather surprising result.

DO is difficult to evoke in the scanner, presumably because circuit 2 assesses the

scanner environment as “unsafe” and inhibits detrusor contraction. Thus no neural

correlate of DO is likely to be useful clinically for monitoring the effects of therapy.

The main importance of observations made during DO would be to show that there

is a difference between the neural correlate of urgency viewed as the harbinger of

imminent loss of control (i.e., just prior to onset of DO) and the neural activation

pattern corresponding to actual DO. The present definition of urgency confuses the

two and will probably need to be revised.

5.4 Effect of Sacral Neuromodulation in Urge Incontinence

Blok has made PET observations of the acute and chronic effects of SNM on

patients with intractable urge incontinence (Blok et al. 2006). The acute effects,

as one might expect if SNM stimulates afferent signals, are increased brain activity

in a number of locations. However, after 6 or more months of SNM, there are

notable reductions in cerebral activity evoked by bladder filling, especially in

dACC at a location quite near to that shown in Fig. 2. Since dACC activation is

believed to represent urgency and to be part of a coping reaction to threatened loss

of control, this observation is consistent with a curative effect of SNM, leading to a

gradual reduction of urgency as the brain learns that loss of control is less likely to

occur.

An important observation is that acute and chronic effects of SNM are different,

presumably because of the learning process mentioned above. The situation may be

similar for drug therapy, which has an immediate effect on symptoms followed by a

slower long-term improvement. These changes could be monitored by studying

dACC response to bladder filling over the first few weeks and months of treatment.

5.5 Effect of Biofeedback Therapy on Urge Incontinence

Biofeedback therapy (BFB) is a recommended first-line conservative treatment for

urge incontinence (Abrams et al. 2009). In older patients (women), it evokes

relatively small changes in the properties of bladder and urethra, but seems to

improve urge incontinence mainly by teaching the patients how better to control

their bladder (unpublished observation). Thus it might be expected that fMRI

should register the improvement in control. If BFB is curative, for example, we

might expect abnormally pronounced dACC activation, representing urgency, to

diminish. In fact recent preliminary results suggest that after 12 weeks of BFB,
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there may be significant increases in response to bladder filling among those who

are successfully treated, in dACC as well as right insula and other parts of the

cortex. If this result is confirmed in larger numbers of subjects, dACC activation

representing urgency may prove to be a coping reaction to impending loss of

control, which is reinforced by biofeedback (BFB) training. Thus therapy may not

necessarily cure the condition, but may enable the individual to better cope with it,

presumably reflecting the feeling of improved control evoked by successful BFB.

Pharmacotherapy for urge incontinence presumably works differently. Indeed,

recent unpublished results suggest that there may be phenotypes of urge UI that

respond differently to drug or behavioral treatment. In a phenotype that responds

well to antimuscarinics, the drug may be curative and so may reduce abnormal

dACC activation (urgency). In contrast, in a phenotype that responds well to BFB,

successful treatment may improve coping by an increase in dACC activation, as

described above. In either case, it is clear that changes brought about by therapy,

whether drug or behavioral, can be monitored by functional brain imaging, espe-

cially of the dACC.

6 Conclusion

Symptoms such as unexplained urinary retention or the overactive bladder syn-

drome, including urge(ncy) incontinence, reflect defects in the voluntary control of

bladder and urethra. The control system is largely cerebral, and functional brain

imaging shows that the brain does indeed respond differently to bladder filling in

patients with such symptoms, as opposed to normal subjects. In principle, the

abnormal responses may be causal or they may represent a coping reaction to

threatened loss of bladder control. Observations of the effect of therapy (but

unfortunately not pharmacological therapy) indicate that some types of successful

treatment may strengthen the abnormal responses, suggesting that they increase the

ability to cope with the problem; while other types may normalize the responses,

suggesting that they are curative, reducing a causal abnormality. Thus monitoring

of regional brain activity enables one not only to follow the effect of treatment, but

also sheds light on the therapeutic mechanism.

In addition, enough is now known about brain control of the bladder to identify

regions that are particularly important and their functions. Moreover, activation of

these same regions is significantly correlated with the severity of urge incontinence

as measured clinically (by bladder diary or pad test) (Tadic et al 2010). Conse-

quently, brain activity in certain regions (e.g., insula or dACC) can be regarded as a

proxy for clinically important concepts, such as desire to void or the abnormal

sensation of urgency, which are expected to change when treatment is successful

but are otherwise difficult to define or measure. Monitoring of brain responses to

bladder filling in these regions offers an obvious way to test the effects of drugs.

We therefore stand on the threshold of a new era in testing of pharmacological

and nonpharmacological therapies which will produce an avalanche of new data.
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Inevitably, it will lead to new methods of treatment aimed not directly at the end

organs but at their control, the seat of so many of our patients’ symptoms.
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Abstract The lower urinary tract (LUT), which consists of the urinary bladder and

its outlet, the urethra, is responsible for the storage and periodic elimination of

bodily waste in the form of urine. The LUT is controlled by a complex set of

peripheral autonomic and somatic nerves, which in turn are controlled through

neural pathways in the spinal cord and brain. This influence of the central nervous

system allows for the conscious control of the bladder, allowing the individual to

choose an appropriate place to urinate. Defects in the CNS pathways that control the

LUT can lead to incontinence, an embarrassing condition that affects over 200

million people worldwide. As a first step in understanding the neural control of the

bladder, we will discuss the neuroanatomy of the LUT, focusing first on the

peripheral neural pathways, including the sensory pathways that transmit informa-

tion on bladder filling and the motoneurons that control LUT muscle contractility.

We will also discuss the organization of the central pathways in the spinal cord and
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brainstem that are responsible for coordinating bladder activity, promoting contin-

uous storage of urine except for a few short minutes per day when micturition takes

place. To conclude, we will discuss current studies underway that aim to elucidate

the higher areas of the brain that control the voluntary nature of micturition in

higher organisms.

Keywords Autonomic nervous system � Lower urinary tract � Periaqueductal gray �
Pontine micturition center � Somatic nervous system

1 Introduction

The lower urinary tract (LUT), which is commonly referred to as simply the bladder

although it also includes the urethra, is responsible for the storage and periodic

elimination of waste products in the form of urine. Similar to other visceral organs,

the LUT is controlled by the autonomic nervous system. However, proper function

of the LUT also relies on neural pathways located in the brain, brainstem, and spinal

cord, which sets it apart from other visceral organs that generally maintain some

function independent of extrinsic neural input. This control of the LUT by the

central nervous system allows the individual to choose the appropriate time and

place to urinate.

In the present chapter, the central and peripheral neural pathways controlling

micturition will be discussed, paying particular attention to the role of the brain in

the voluntary control of the LUT. We will first outline the anatomy of the bladder as

well as the neuroanatomy of the peripheral nerve fibers and central pathways

controlling the LUT, and then describe how these pathways are organized to form

the neural circuits responsible for both storage and voiding. We will also discuss the

centers in the brain that control the “switch” between storage and voiding, giving a

person voluntary control of micturition, allowing them to urinate only when it is

appropriate.

2 The Anatomy and Innervation of the Lower Urinary Tract

2.1 The Gross Anatomy of the Lower Urinary Tract

The LUT consists of two functional structures (1) a reservoir responsible for

holding urine, called the bladder and (2) an outlet to release urine, consisting of

the bladder neck, urethra, and external urethral sphincter (Brooks 2007). The

bladder is a sac-like organ with a wall consisting of three layers of smooth muscle,

called the detrusor. Lining the lumen of the bladder is a layer of transitional

epithelium, called the urothelium, which forms an almost impermeable barrier,

allowing the bladder to hold urine. Between the detrusor and the urothelium lies the
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submucosa and the lamina propria; layers of connective tissue that also house

capillaries, afferent nerve terminals, lymph vessels, and immune cells.

Urine is released from the bladder through an outlet, a tube of smooth muscle

called the urethra (Patel and Chapple 2008). The urethra is surrounded by the

striated muscles of the pelvic floor. That part of the pelvic floor which lies

immediately around the urethra is known as the external urethral sphincter. The

urethra joins the bladder at its neck with a circular ring of smooth muscle called the

internal urethral sphincter. During urine storage, both the internal and external

urethral sphincter muscles are contracted, closing the bladder outlet thereby holding

urine in the bladder. For a more detailed description of the structure and function of

the bladder and urethra, see Chapter 7.

2.2 Peripheral Innervation of the Lower Urinary Tract

The LUT is innervated by three sets of nerves: (1) parasympathetic sacral pathways

that travel the pelvic nerve, (2) sympathetic thoracolumbar pathways that travel the

hypogastric nerve, and (3) sacral somatic motoneurons that travel the pudendal

nerve (Fowler et al. 2008). These pathways work in concert in a reciprocal fashion

to control the two functions of the LUT; storage being mediated through the

sympathetic and somatic motoneurons, while voiding is induced via the parasym-

pathetic pathways. Another important role is played by sensory afferent nerves,

which carry information on bladder filling to the spinal cord.

2.2.1 Sympathetic Pathways

Sympathetic preganglionic motoneurons that innervate the bladder are located in

the thoracolumbar levels of the spinal cord (T11–L2) of humans (Fowler et al.

2008; Vera and Nadelhaft 1992). These neurons exit the spinal cord and pass

along the paravertebral sympathetic chain to the inferior splanchnic nerve and the

inferior mesenteric ganglion (Fig. 1). Although some fibers synapse on postgan-

glionic neurons in the inferior mesenteric ganglion, most preganglionic fibers

continue along the hypogastric nerve to terminate on postganglionic neurons in

the pelvic ganglion of the major pelvic plexus. From there postsynaptic fibers

innervate the bladder and urethra. Additionally, both the pelvic and pudendal

nerves, at least in the rat and cat, contain postganglionic sympathetic fibers from

the paravertebral chain ganglia (Kuo et al. 1984). The sympathetic innervation of

the bladder is divided into two distinct groups, those that innervate the main

portion of the bladder and those that innervate the bladder neck and the urethra

(Vera and Nadelhaft 1992). Of these two areas, the bladder neck and sphincter

receive the strongest innervation. The postganglionic sympathetic fibers release

norepinephrine to activate a-adrenergic receptors which constrict the smooth
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Fig. 1 Peripheral innervation of the LUT. Diagram depicting the peripheral innervation of the

lower urinary tract. Solid lines afferent nerve fibers; dashed lines parasympathetic pathways;

Dotted lines sympathetic pathways; dashed with dots somatic motoneurons
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muscle of the bladder neck and internal urethral sphincter. b-adrenergic receptors

on the detrusor also receive sympathetic innervation, and stimulation of these

receptors causes relaxation of the detrusor smooth muscle (Rohner and Hannigan

1980; Todd and Mack 1969).

2.2.2 Parasympathetic Pathways

Preganglionic parasympathetic motoneurons originate in the sacral spinal cord

(S2–S4 in humans, S2–S3 in the cat), although in some species, such as the rodent,

they may also originate in the caudal lumbar spinal cord (L6–S2) (Andersson and

Arner 2004; Petras and Cummings 1978). From the spinal cord, preganglionic

motoneurons send fibers along the pelvic nerve to release acetylcholine through

synapses on postganglionic neurons in the pelvic plexus or continue on to intramu-

ral ganglia located in the wall of the bladder (Fig. 1) (de Groat and Saum 1976).

Postganglionic parasympathetic fibers release acetylcholine and ATP on smooth

muscle fibers in the bladder by activating muscarinic (M3) and purinergic (P2X)

receptors, respectively. Parasympathetic fibers of the pelvic nerve also innervate the

smooth muscle of the internal urethral sphincter where they release nitric oxide

(NO), which has an inhibitory effect (Bennett et al. 1995).

2.2.3 Somatic Pathways

The innervation of the striated muscle of the external urethral sphincter originates

in a specific region of the lateral ventral horn of the sacral spinal cord, generally

centered in the human at the S2 segment, but also in the caudal end of the S1
segment and the middle of S3. In the cat, these neurons are present from the caudal

half of S1 and the rostral half of S2 (Vanderhorst and Holstege 1997). This region,

which is concentrated in lamina IX, has been termed Onuf’s Nucleus (ON), in

honor of Bronislaw Onufrowicz, a Polish scientist who discovered the nucleus in

1899 (Mannen 2000; Pullen et al. 1997). Motoneurons in ON send axons through

the pudendal nerve to the pelvic floor muscles, including the external anal and

external urethral sphincter (Fowler et al. 2008; Nyo 1969; Patel and Chapple 2008;

Vanderhorst and Holstege 1997). These neurons are cholinergic, releasing acetyl-

choline to activate postjunctional nicotinic receptors on the sphincter striated

muscle fibers.

There has been some debate as to the nature of the motoneurons of ON (Mannen

2000; Mannen et al. 1982). They are generally thought of as somatic motoneurons,

as they innervate striated muscle that can be voluntarily controlled and share similar

morphological traits to motoneurons, such as the presence of large Nissl granules

and the absence of a dense core of vesicles typically seen in preganglionic moto-

neurons. However, ON motoneurons also have autonomic properties. For example,

they receive afferents from the paraventricular nucleus of the hypothalamus, as all

autonomic, but not somatic, motoneurons do (Holstege 1987). Furthermore, there
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is no evidence that ON motoneurons receive propriospinal afferents from inter-

neurons in the adjacent intermediate zone, as all other somatic motoneurons do

(Holstege and Tan 1987). Additionally, in patients that suffer from Shy–Drager

syndrome, a disease that destroys autonomic motoneurons, ON motoneurons are

also obliterated, leading to urinary incontinence. In contrast, ON motoneurons have

been found to be undamaged in patients that suffer from amyotrophic lateral

sclerosis (ALS), a condition that destroys somatic motoneurons that control striated

muscle fibers. ALS patients rarely suffer from urinary incontinence (Mannen et al.

1982). While these results may bring into question the nature of the neurons

populating ON, they stress the importance of ON in the control of the external

urethral sphincter; when these neurons degenerate, urinary incontinence occurs.

2.2.4 Afferent Sensory Pathways

Sensory afferent nerves innervating the bladder and urethra travel along all three of

the previously discussed nerves (pelvic, pudendal, and hypogastric). Of these three

nerves, pelvic afferents play the most significant role in LUT function (Bahns et al.

1986; Janig and McLachlan 1986). Bladder afferent nerves are comprised of two

types, myelinated A–d fibers and unmyelinated C-fibers. Generally, these two

subtypes of afferent nerves can be differentiated by the stimulus that activates

them. A–d fibers respond to stretch of the bladder wall as the bladder fills with

urine and to bladder contraction when voiding occurs (Janig and Morrison 1986).

The threshold pressure to activate these fibers is relatively low; approximately

5–15 mm Hg (Rong et al. 2002), which corresponds to the pressure in the bladder

when most humans first report sensations of bladder filling. C-fibers, on the other

hand, are generally labeled as silent, as they have very high thresholds for firing

and are not activated by physiologically relevant bladder pressures. C-fibers

respond to nociceptive stimulation by chemicals, such as capsaicin or menthol,

or in response to inflammation (Habler et al. 1990). Additionally, chemical

stimulation can sensitize C-fibers, allowing them to become mechano-sensitive

(Cheng et al. 1993; Chuang et al. 2001). These findings suggest that the two types

of afferent nerves perform separate roles in transmitting sensory information from

the bladder; A–d fibers transmit information on bladder filling to the central

nervous system, while C-fibers, in case of pathological conditions in the bladder,

signal nociceptive information, leading to feelings of pain in the bladder or

bladder sphincter.

A number of studies have been conducted on dorsal root ganglion cells (DRGs)

that pair axonal tracing with patch clamp techniques to classify the populations

of afferent nerves innervating the LUT. These studies estimate that approxi-

mately 70% of the afferents innervating the LUT are of the C-fiber type, based

on their response to capsaicin (Yoshimura et al. 2003). A number of transmitters

and chemical mediators have been indentified that are capable of either modulating

the threshold of firing of afferent nerves or producing an action potential them-

selves. These substances include ATP (Dang et al. 2005), acetylcholine (Genzen
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et al. 2001), prostaglandins (England et al. 1996), tachykinins (Hong-Sheng

and Zhi-Qi 1998), neurotrophic factors (Carroll et al. 1998), and inflammatory

mediators (Dang et al. 2008; Wang et al. 2007). These substances can be released

from a number of sources in the bladder wall, such as urothelial cells, inflamma-

tory cells, smooth muscle cells, and endothelial cells in blood vessels (Apodaca

et al. 2007). These findings have led to the hypothesis that the sensory limb of the

LUT is not limited to only afferent nerves, but instead includes a number of cells

types, such as urothelial cells and myofibroblasts contained in the suburothelium,

that act as a sensory web, releasing chemical mediators to influence afferent

excitability. For more information on how afferent nerves are influenced by other

cell types in the LUT, see Chapters 9–11.

2.3 Central Circuits Controlling the Lower Urinary Tract

Neuronal tracing studies with retrograde tracers such as wheat germ agglutinin–

horseradish peroxidase (WGA–HRP), cholera toxin b, or pseudorabies virus (PRV)

have done much to elucidate the organization of micturition-related neurons in the

central nervous system. These agents, when injected into the bladder or urethra,

travel in a retrograde fashion through the peripheral nerves that relay information

from the bladder into the spinal cord (Oztas 2003). In some cases, these tracers can

also travel across synapses, allowing visualization of subsequent neurons in the

micturition pathway. Given enough time, it is possible for these tracers to travel into

the brain, labeling the centers in the brain that may be important in micturition. A

problem, however, is that PRV not only crosses synapses but also reach the

neurophil and hence reach nearby axons of cells not involved in micturition control.

An example is retrograde labeling of rubrospinal neurons in the mesencephalon

which terminate on premotor interneurons near the sympathetic or parasympathetic

motoneurons of the bladder, but do not terminate on them (Holstege and Kuypers

1982). Nevertheless, these tracers have given researchers a look into the organiza-

tion of the neural pathways controlling bladder function in the central nervous

system. These experiments, however, only give an idea as to the layout of the

neurons in the central nervous system that may play a role in micturition, they do

not tell us what that role might be (i.e., excitatory or inhibitory). Therefore, further

experiments are needed to elucidate those roles. Generally, data on the role of

particular areas of the spinal cord and brain are obtained through electrophysiologi-

cal experiments in animals, where neurons are electrically (or chemically) stimu-

lated in order to determine their effect on micturition. It is also possible to glean

information on the role of a particular group of neurons in humans through

functional imaging, such as functional magnetic resonance imaging (fMRI) and

PET scanning or through examination of patients that develop abnormal bladder

function following discernable injuries to the central nervous system (i.e., a lesion

to a particular area of the brain).
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2.3.1 Organization of the Spinal Pathways Controlling the LUT

Using retrograde tracing techniques, it is possible to elucidate the location in the

spinal cord of the motoneurons innervating the bladder. For example, it has been

shown that the parasympathetic preganglionic neurons that send axons along the

pelvic nerve are present in the intermediolateral nucleus of the lumbosacral spinal

cord (Morgan et al. 1993) (Fig. 2). These preganglionic neurons send dendrites

into a cell group ventrolateral to the dorsal horn, as well as medially into the

Fig. 2 Organization of neurons in the spinal cord. (a) Artist’s rendition of the organization of the

afferent, efferent, and interneurons in the sacral spinal cord are important for micturition. Spinal

innervation is bilateral; however, we have lateralized the depiction of afferent and efferent path-

ways in order to better visualize their distribution. On the left, the locations of afferent nerve

terminals are depicted. Black circles denote the A–d fiber terminals, while grey circles denote C
fiber terminals. On the right side, cell bodies of interneurons and efferent motoneurons are

depicted. Black squares: preganglionic parasympathetic motoneurons; grey squares: spinal inter-
neurons; Black triangles: somatic motoneurons that control the urethra. Abbreviations: DH dorsal

horn; VH ventral horn; GN Gert’s Nucleus; IML Intramediolateral cell group; IMM Intramedio-

medial cell group; CC central canal; DC Dorsal commissure; PGN preganglionic neurons; ON
Onuf’s Nucleus. (b) Diagram depicting the location of afferent nerve terminals in Gert’s Nucleus

of the cat. Note the change in distribution from the apex of the dorsal horn through the lateral

dorsal horn, the intermediolateral, and finally the intermediomedial cells groups as the spinal

section progress caudally
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intermediomedial cell group and the dorsal commissure (Morgan et al. 1991).

Sympathetic preganglionic motoneurons are found in a similar arrangement, origi-

nating in the intermediolateral nucleus of the caudal thoracic and rostral lumbar

levels of the spinal cord (T11–L2) (Vizzard et al. 2000). Retrograde tracing studies

have also confirmed the presence of somatic motoneurons that innervate the

external urethral sphincter in the ventrolateral portion of ON (Nadelhaft et al.

1992; Sasaki 1994).

Terminals in the spinal cord of afferent nerve fibers from the LUT enter the

spinal cord in the dorsal horn, terminating in Rexed’s lamina I and along the lateral

edge of the dorsal horn and in the intermediate zone (laminae V–VII) (Morgan et al.

1981; Thor et al. 1989). Additionally, LUT afferent nerves terminate in the central

portion of the spinal cord, in the intermediomedial cell group, and in the dorsal

commissure including lamina X, dorsal to the central canal. The two types of

afferent nerves of the LUT have distinct termination patterns in the spinal cord

(Birder and de Groat 1993; Vizzard 2000; Yamada et al. 2007). As shown in Fig. 2,

A–d fibers terminate in a cell group in the lateral funiculus, just lateral to the dorsal

horn, extending caudally into the intermediate zone. The cells of this cell group, in

turn, send long fibers to the central part of the midbrain periaqueductal gray (PAG)

bilaterally, but mainly contralaterally (Klop et al. 2005; Vanderhorst et al. 1996).

The cell group also receives dendrites from parasympathetic preganglionic moto-

neurons located in the intermediolateral nucleus (Holstege and Griffiths 1990) as

well as descending projections from the pontine micturition center (PMC) (Hol-

stege et al. 1979). Due to the number of pathways that converge here, this area is

thought to play an important role in the control of micturition and has been termed

“Gert’s nucleus” after Gert Holstege, whose lab was the first to identify this cell

group anatomically (Vanderhorst et al. 1996). The nociceptive C-fiber afferents, on

the other hand, terminate in the superficial dorsal horn, in an area starting in the

dorsal commissure and extending laterally through lamina I and superficial part of

lamina II into lamina V. From here nociceptive information is carried through

ascending interneurons to the thalamus, where nociceptive stimuli are processed

(Nishii et al. 2008).

Given these neuroanatomical studies, it is clear that afferent nerves innervating the

LUT terminate in close proximity to the preganglionicmotoneurons that control LUT

activity. Additional tracing studies have also demonstrated the presence of interneur-

ons in the dorsal horn, dorsal commissure, and intermediolateral nucleus of the spinal

cord that bridge the gap between afferent nerves and the preganglionic motoneurons

(Nadelhaft et al. 1992; Vizzard et al. 1995). For example, sympathetic preganglionic

motoneurons receive a strong innervation from enkephalin-positive interneurons

(Llewellyn-Smith et al. 2005). The origin of these interneurons is not known;

however, spinal cord transection does not alter the prevalence of enkephalin terminals

in the sympathetic nucleus, suggesting that the source is spinal and not supraspinal.

An electrophysiological study in the cat (Araki and De Groat 1996) has demonstrated

groups of interneurons that synapse on sacral parasympathetic neurons, such as a

group located in the intermediomedial nucleus. Another group of interneurons, which

also have excitatory effects on parasympathetic preganglionic neurons, is located just
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dorsal to the intermediolateral nucleus. These interneurons may play a role during

development in the cat, whenmicturition occurs in response to stimulation of perineal

afferents (i.e., when the mother cat licks the perineum of the neonate).

Interneurons present in the intermediomedial cell group of the lumbosacral

spinal cord are thought to coordinate the urinary bladder with other visceral

functions such as defecation, as it has been shown that afferents from both the

distal colon and the urinary bladder converge on spinal interneurons in the inter-

mediomedial cell group of the sacral spinal cord (McMahon and Morrison 1982;

Qin and Foreman 2004; Vizzard et al. 2000). There is also some convergence

between the pathways controlling bladder function and those controlling the sexual

organs, such as the penis (de Groat and Booth 1993).

Very little is currently known about the spinal interneurons that project to the

motoneurons present in ON. It is known that these motoneurons receive afferent

projections from segmental afferents, not directly but through interneurons, which

most likely consist of a polysynaptic pathway that includes at least two interneurons

based on the latency of evoked action potentials recorded from the urethral moto-

neurons following electrical stimulation of the contralateral pudendal nerve

(McMahon et al. 1982). These evoked action potentials can be greatly reduced by

increasing intravesical pressure, suggesting that they are tonically active during

storage and are only turned off during micturition to allow proper voiding. There

may also be inhibitory interneurons controlling the activity of ON motoneurons

(Blok et al. 1997a, b). The most direct evidence for these inhibitory neurons comes

from research demonstrating a group of GABAergic neurons present in the inter-

mediomedial cell group of the sacral spinal cord (Blok et al. 1997a). Electrical or

chemical stimulation of these neurons in the cat resulted in significant decreases of

urethral pressure. Additionally, there exist glycinergic neurons that inhibit ON

motoneurons, as the glycine receptor antagonist strychnine prevents sphincter

relaxation during micturition (Shefchyk et al. 1998). These glycinergic neurons

are also located in the intermediomedial cell group and may be identical to the

GABAergic neurons described previously, as studies have indicated a 50% colo-

calization of GABAergic and glycinergic staining in the intermediolateral cell

group (Sie et al. 2001).

2.3.2 Supraspinal Control of Voiding

The first description of an area of the brain that played a role in micturition was in

1925 by Barrington, who characterized a region of the pons in the cat that influ-

enced urinary bladder function (Barrington 1925). Electrical or chemical stimula-

tion of this area, located in the dorsolateral pontine tegmentum, ventral to the

mesencephalic trigeminal tract and locus coeruleus, results in a decrease in urethral

pressure, followed immediately by a contraction of the detrusor, mimicking mictu-

rition (Holstege et al. 1986; Sugaya et al. 1987). Bilateral ablation of this area

through electrically induced lesions results in the loss of bladder control and leads
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to complete urinary retention. Given its ability to cause micturition, it has been

termed the pontine micturition center (PMC) although it is also referred to as

“Barrington’s nucleus” in honor of its original investigator or the “M-region” for

its medial location in the pons (Griffiths et al. 1990; Holstege et al. 1986). While

PMC stimulation studies have been performed mostly in the cat, functional studies

in the human using fMRI or PET have also demonstrated an area in the dorsal

pontine tegmentum that is activated during voiding, suggesting that the PMC is also

located in this area of the brainstem in humans as well (Blok et al. 1997b, 1998b).

In the cat, there also exists an area of the pons more lateral to the PMC that has

an excitatory effect on the LUT. This area is known as the “L-region” because of its

lateral position in the pons. The L-region is also called the “pontine storage center”

or “continence center,” as stimulation of this region promotes urine storage. The

L-region is directly connected to the motoneurons of ON by a monosynaptic,

descending pathway (Holstege and Kuypers 1982; Holstege et al. 1979, 1986);

hence its effects are mediated through the control of the urethral sphincter and other

parts of the pelvic floor. While the L-region has an effect on urethral pressure in the

cat, its importance in the human is questionable. Transection of the spinal cord,

which damages the descending pathways from the L-region, does not affect the

bladder’s ability to store urine.

It has been shown using tracing experiments that the PMC is connected to

the parasympathetic preganglionic motoneurons controlling bladder contraction

through long, descending, monosynaptic pathways (Blok and Holstege 1997).

This descending pathway is likely to use glutamate as the major excitatory trans-

mitter (Matsumoto et al. 1995). In addition to this excitatory pathway, descending

neurons from the PMC also synapse on inhibitory, GABAergic, and glycinergic

interneurons located in the intermediomedial cell group of the sacral spinal cord

(Blok et al. 1997a). These interneurons synapse on and inhibit ON motoneurons,

causing a relaxation of the urethral sphincter. Because it can activate voiding, the

PMC was originally thought to be the main “switch” in the brain controlling

micturition, receiving afferent signals from the brain and activating voiding when

the bladder was full. However, it has been shown that the PMC only receives

afferent input from the LUT in the rat (Blok and Holstege 2000); in higher

organisms such as the cat or human, the PMC receives no direct input from bladder

afferent nerves (Blok et al. 1995). Therefore, while the PMC plays a role as the

ultimate efferent nucleus of the micturition pathway, another portion of the brain

must receive sensory input from the bladder and determine when to commence

voiding through activation of the PMC. In simple terms, the PMC is the switch that

turns on voiding, but another part of the brain decides when to throw that switch.

Holstege’s group was the first to demonstrate that the sensory control center in

the micturition pathway is a region of the brain known as the periaqueductal gray

(PAG) (Blok et al. 1995). The PAG consists of the gray matter encircling the

cerebral aqueduct in the mesencephalon, an area of the brain found to be important

in controlling a number of somatic and visceral responses to stress or fear in

the cat, such as freezing, jumping, tachycardia, and increased blood pressure
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(Bandler et al. 1991; Behbehani 1995). It has also been shown to be important in the

nociception, and chemical or electrical stimulation of the PAG can lead to analgesia.

Furthermore, the PAG has been shown to control respiration and sound production

in animals and humans (Holstege 1989; Subramanian et al. 2008). Therefore, the

PAG is a brain center that simultaneously receives sensory information as well as

modulates premotor interneurons that control a variety of organs, making it an ideal

candidate to play a role in micturition.

Structurally, the PAG appears to be divided into two subsections. For example, it

has been shown in the cat that ascending fibers from GN terminate in the central

area of the PAG, while most PAG neurons that project to the PMC are located

more laterally (Blok and Holstege 1994, 2000; Blok et al. 1995). This suggests that

the PAG possesses the ability to process the sensory information coming from the

bladder and “decides” when to activate the PMC and commence voiding. It has

been hypothesized that this “control center” is the basis for the voluntary control of

the LUT, as it receives projections from many higher brain centers (Holstege 2005).

These brain centers have been implicated in such aspects as introspective awareness

and appropriate social behavior. Thus the PAG may represent the major control

center which combines bladder filling information with higher levels of conscious

thought to determine if voiding is appropriate.

2.4 Higher Brain Centers Involved in Voluntary Voiding

Electrophysiological and anatomical studies in the cat have implicated a number of

areas of the brain, such as the medial frontal cortex and the preoptic area, para-

ventricular nucleus, and periventricular nucleus of the hypothalamus (Gjone 1966;

Holstege 1987; Holstege et al. 1986) (Fig. 3). Functional imaging of the human

brain during storage or voiding has added a few more areas to those found in animal

studies, such as the insula, thalamus, and anterior cingulate gyrus (Kavia et al.

2005). In some cases, these connections have been verified through injection of an

anterograde tracer into the brain to identify their terminals in the spinal cord. For

example, it has been shown that the paraventricular hypothalamic nucleus sends

fibers to the sacral parasympathetic nucleus, as well as the motoneurons of ON

(Holstege 1987; Holstege and Mouton 2003).

It is interesting to note that the majority of the higher brain centers labeled

following injections of retrograde tracers into the bladder are connected through

projections to the PAG, but not to the PMC (Kuipers et al. 2006). This further

supports the proposed role of the PAG as the major control center for micturition,

acting as the “switch” between storage and voiding depending on signals from the

brain. One exception to this would be the hypothalamic preoptic area, which sends

its projections directly to the PMC (Ding et al. 1999; Holstege 1987). The medial

preoptic area has been shown to be important for sexual function, specifically in

males where stimulation of this area in animals elicits penile erection (Giuliano

et al. 1996). Thus, the medial preoptic nucleus may be responsible for inhibiting
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bladder activity during sexual activity. The ventrolateral preoptic area is known to

be important for sleep control (Sallanon et al. 1989) and therefore may play a role in

preventing micturition during sleep. This area may also represent an area that

coordinates micturition and sexual arousal, as stimulation of cholinergic nerves in

the lateral preoptic nucleus with carbachol can elicit erections in male rats (Schmidt

et al. 2000).

The areas of the brain that are connected to the PAG have functions that fit well

with playing a role in micturition. For example, the hypothalamus, the anterior

cingulate gyrus, and the prefrontal cortex are parts of, or related to, the so-called

“limbic system,” which is thought to be involved in emotion, behavior, and long-

term memory (Holstege 1998). Proper toilet etiquette is a behavior learned early in

a child’s development, and instances where improper control of the bladder results

in an accident can be highly embarrassing. The anterior cingulate gyrus and the

hippocampus have profound influences on autonomic functions such as blood

pressure and respiration (Pool and Ransohoff 1949). Finally, areas such as the

thalamus and the insula are involved in the perception of sensations, including

nociception, from the viscera (Derbyshire 2003). Therefore, these areas would play

a significant role in introspection, or the phenomena where one is not aware of the

state of one’s bladder unless the situation calls for it (i.e., the bladder is full).

Fig. 3 Brain centers involved in micturition. Diagram depicting the connections in the brain that

may play a role in controlling micturition. Note that areas of the brain all send projections to the

periaqueductal gray (PAG); with only the medial preoptic area of the hypothalamus sending

projections directly to the pontine micturition center (PMC). This convergence of projections on

the PAG makes it the ideal center for coordinating sensory information from the bladder with

environmental and emotional conditions of the individual in order to determine if the timing is

right to activate the PMC and initiate micturition
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Retrograde tracing studies have also indicated connections between the PAG and

the raphe nuclei, the locus coeruleus, and the A5 noradrenergic cell group. These

areas of the brain are responsible for integration and “level-setting” of autonomic

and somatomotor responses in the body (Aston-Jones and Cohen 2005; Holstege

1991, 1992; Lovick 1997; Maiorov et al. 2000). This means that while these areas

of the brain are not directly involved in micturition, they play a role as a dynamic

gain control, modulating the level of excitability required from sensory pathways to

trigger awareness of the bladder’s fullness. A common example of these “level-

setting” actions is the “fight or flight” response, a response to acute emergency

situations such as an attack by a predator. In these cases, the survival of the animal

depends on the ability of certain physiological systems, such as the cardiovascular

system or the somatomotor pathways controlling the skeletal muscle of the limbs, to

respond quickly. In these cases, such systems as digestion, nociception, or micturi-

tion take a low priority as to not distract or divert vital resources away from the

systems that require them. Under a “fight or flight” situation, these areas of the brain

would be responsible for increasing the “level” of sensory input required to cause

conscious awareness of the bladder’s fullness. Therefore, even though the bladder

may be very full, the animal does not feel the desire to void until the threat has

passed.

3 Conclusions

The LUT is innervated by both autonomic and somatic motoneurons, which control

its function. These motoneurons are controlled by a complex set of neurons in the

spinal cord, brainstem, and brain, which coordinate the different parts of the LUT in

a reciprocal manner, maintaining proper urinary function. While some of these

neural systems have been well characterized, such as the peripheral nerves inner-

vating the bladder, others are not yet completely understood, such as the brain

centers that control voluntary voiding. Advanced imaging techniques, such as fMRI

and PET scanning, however, are rapidly expanding our knowledge of the brain’s

control of micturition. As we increase our understanding of the brain’s control of

the LUT, the more likely we are to understand the causes of disorders where

voluntary control of the LUT is lost and find ways to treat these diseases of

which so many humans deeply suffer from.
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Abstract The function of the lower urinary tract is basically storage of urine in the

bladder and the at-will periodic evacuation of the stored urine. Urinary incontinence

is one of the most common lower urinary tract disorders in adults, but especially in

the elderly female. The urethra, its sphincters, and the pelvic floor are key structures
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in the achievement of continence, but their basic anatomy is little known and, to

some extent, still incompletely understood. Because questions with respect to

continence arise from human morbidity, but are often investigated in rodent animal

models, we present findings in human and rodent anatomy and histology. Differ-

ences between males and females in the role that the pelvic floor plays in the

maintenance of continence are described. Furthermore, we briefly describe the

embryologic origin of ureters, bladder, and urethra, because the developmental

origin of structures such as the vesicoureteral junction, the bladder trigone, and

the penile urethra are often invoked to explain (clinical) observations. As the human

pelvic floor has acquired features in evolution that are typical for a species with

bipedal movement, we also compare the pelvic floor of humans with that of rodents

to better understand the rodent (or any other quadruped, for that matter) as an

experimental model species. The general conclusion is that the “Bauplan” is well

conserved, even though its common features are sometimes difficult to discern.

Keywords Bladder � Lower urinary tract � Man � Mouse � Pelvic floor � Prostate �
Ureter � Urethra � Urethral sphincter � Vestibular glands

1 Introduction

The urinary tract produces, stores, and evacuates urine. In all vertebrates, urine is

produced by the kidneys, transported to the bladder for temporary storage via the

ureters, and evacuated from the bladder via the urethra (Fig. 1). The lower urinary tract

(LUT) is basically organized for urinary storage in the bladder and the at-will periodic

evacuation of stored urine. It consists of two ureters, the bladder, and the urethra.

1.1 Sex Differences

Major differences between males and females mostly concern the urethra. The best-

known differences concern the prostate gland, which surrounds the urethra in its

proximal portion in males and the distal urethra, which is much longer in males than

in females due to its distal extension into the urethral plate of the penis. The almost

epidemic levels of urinary incontinence in peri- and postmenopausal multiparous

women (see below) have also implicated the pelvic floor as an important determi-

nant of continence. The anatomy of the pelvic floor and the pronounced and well-

defined differences in makeup between females and males are, therefore, also

discussed in detail.

1.2 Species Differences

Amajor species difference is the encapsulation of the prostate within a well-formed

prostatic fascia in human, which is not found in, e.g., rodent males. In addition, the
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architecture of the bony pelvis and pelvic floor corresponds directly to a bi- or

quadruped way of locomotion. These structural differences obviously affect the

functional outcome of experimental modification in animal models of prostate size

or pelvic floor atrophy. Since the widespread availability of genetically modified

strains makes mice an increasingly more important experimental animal model, the

differences in LUT and pelvic floor anatomy between mice and humans are

discussed in detail.

1.3 Embryology

Tissue interactions and responses can often be predicted from their developmental

history. Advances in techniques to genetically modify gene expression in mice have

yielded much insight into similarities and differences in the signaling cascades that

govern development and remain important in the adult period. The embryology of

the mouse LUT, therefore, is also summarized.

2 Anatomy of the Human LUT and Pelvic Floor

The ureters are 25–35 cm long tubular structures that connect the renal pelvis to the

base of the bladder. The wall of the ureter is composed of an inner, longitudinal and

an outer, circular smooth muscle layer. Urine is stored in the bladder, a hollow,

smooth muscular, and elastic organ. Anteriorly, the bladder base lies against the

pubic symphysis. Posteriorly, the bladder neighbors the genital tract in the female

(uterus and vagina) and the rectum in the male. The detrusor muscle is the smooth

muscular layer of the bladder wall. During the filling phase, the detrusor is stretched

slowly and at a certain level of filling, the urge to void increases. The parasympa-

thetic nervous system is then responsible for initiating the opening of the bladder

outlet and the contraction of the detrusor. This leads to opening of the bladder outlet

and to expulsion of urine through the urethra (micturition).

2.1 The Urethra and Its Accessory Glands

In both sexes, the urethra connects the urinary bladder to the outside world to pass

urine. Furthermore, it is a conduit for the passage of semen in the male. The urethra

is sexually highly dimorphic with regard to the accessory glands that drain on it and

in the extension of the urethra into the penis in the male (penile urethra).
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2.1.1 Male

The ~20 cm-long-male urethra is subdivided into the pelvic urethra, with prostatic

and membranous portions, and the penile urethra, which includes the bulbar

portion. The prostatic portion of the urethra connects to the bladder neck and runs

through the core of the prostatic mass and is lined with transitional cell epithelium

(“urothelium”; for a definition, see section “Urothelium”). This segment contains

the openings of the ejaculatory ducts and the numerous openings of the prostatic

ducts. The relatively narrow membranous portion of the urethra is surrounded by

the external urethral sphincter proximally and the perineal membrane (for a defini-

tion, see section “External urethral sphincter muscles”) distally. The penile urethra

courses through the spongious body within the body of the penis to end at the

external meatus. The ducts of the bulbourethral glands enter the urethra just distal to

the perineal membrane. The membranous urethra and the proximal parts of the

penile urethra up to the fossa navicularis are lined with pseudostratified columnar

epithelium. The fossa itself and the external meatus are lined by stratified squamous

epithelium. The ducts of the numerous small (peri-) urethral glands (glands of

Littré) drain into the penile urethra.

Accessory Glands

The male accessory glands consist of the vesicular glands (formerly called the

seminal vesicles), the prostate, the bulbourethral glands, and the (peri-) urethral

glands. The secretions from the vesicular glands and the prostate together constitute

the seminal fluid, with only small contributions from the bulbourethral and peri-

urethral glands.

Vesicular Glands

The paired vesicular glands are saccular structures that are apposed to the postero-

inferior surface of the urinary bladder. Each gland consists internally of mucosal

folds that are lined with simple columnar epithelium. Each gland has a short duct

that drains into the ampulla of the deferent duct. Between the ampulla and its

outflow into the urethra, the deferent duct is called the ejaculatory duct.

Prostate Gland

The prostate gland is situated immediately inferior to the bladder and surrounds the

most proximal portion of the urethra (Fig. 1). The prostate gland produces a slightly

alkaline fluid, which is the major component of ejaculated semen. The adult

prostate is a firm, dense structure that rests on the anterior portion of the pelvic

floor (Myers et al. 2010). Only its posterior portion can be palpated during a rectal

examination. The glands of the prostate drain via numerous short ducts into the

prostatic portion of the urethra. The normal development of the prostate is dependent
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on a sufficient level of testosterone secretion by the fetal testis. From birth to

puberty, the prostate weighs 1–2 g, but increases to ~20 g or the size of a chestnut

or small plum during puberty (Haddad et al. 2001).

As in other mammals, the human prostate develops from separate lobes (see

below), but this common origin is not reflected in the four anatomically distinct

zones that are now used to describe the adult prostate anatomically (Fig. 2). The

peripheral zone comprises 70–75% of the gland, the central zone 20–25%, and the

transitional zone 5–10%, while the anterior surface consists of fibromuscular stroma

(McNeal 1968;Myers et al. 2010). The peripheral zone occupies the posterior aspect

of the prostate, while the central zone occupies and surrounds the superior, juxta-

vesical part around the ejaculatory ducts. The transitional zone surrounds the urethra

laterally and ventrally. The anterior fibromuscular zone is usually devoid of glan-

dular tissue and largely composed of smooth muscle and fibrous tissue.

The prostate doubles in size during the 50 years following puberty, but the

increase differs between the different zones: the central zone triples in size (Well

et al. 2007), whereas the peripheral zone remains similar in size (McNeal 1968).

Approximately 70% of prostatic cancers are found in the peripheral zone, while

~25% develop in the central zone (McNeal et al. 1988). The transitional zone grows

throughout life, but is rarely associated with carcinoma. Instead, its growth under-

lies benign prostatic hyperplasia (BPH) as a part of the aging process and causes the

symptoms associated with this process (Sampson et al. 2007).

The prostate is richly innervated. Gross dissection and immunostaining have

shown that the peripheral zone is more densely innervated than the transition zone,

and the posterior portion of the prostatic capsule is more densely innervated than

the anterior portion. Furthermore, innervation declines with aging (Xue et al. 2000;

Powell et al. 2005).

ED 20 %
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Fibromuscular
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Fig. 2 Schematic diagram of the zones of the human prostate. Anterior is at the upper side of the
drawing and posterior at the lower, rectal side. ED ejaculatory duct. Adapted from http://network.

nature.com/people/basanta/blog/2008/01/14/facts-about-prostate-cancer
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Microscopically, the glandular tissue in the entire prostate is tubuloalveolar in

architecture. The pseudostratified epithelium contains stem, transit-amplifying, basal,

secretory, and neuroendocrine cells (McNeal 1988; Xue et al. 2000; Tokar et al.

2005). The smooth muscle cells surrounding the prostatic acini are thinner than those

surrounding the seminal vesicle. The stromal fibroblasts express androgen (AR) and

estrogen receptor b (ERb), as well as 5a-reductase and aromatase, which catalyze the

local synthesis of 5a-dihydrotestosterone and of estrogens, respectively. (Sampson

et al. 2007). In aging men with BPH, the stromal compartment in the transition zone

of the prostate becomes enlarged and altered in its cellular composition. These

changes are followed by focal proliferation of smooth muscle cells and basal epithe-

lial cell hyperplasia (Sampson et al. 2007; Well et al. 2007).

The secretory epithelial cells also express AR and ERb. In the elderly, the

epithelial cells in the peripheral zone are reported to contain approximately twofold

higher AR levels than the epithelial cells in the central and transitional zones

(Sanchez-Visconti et al. 1995; Sampson et al. 2007). The epithelial acinar cells

contribute to the seminal fluid. One of the products is prostate-specific antigen

(PSA), a glycoprotein with a trypsin-like protease function that helps to keep the

semen liquefied. PSA is a marker of prostate cellular activity and serves as a

nonspecific plasma biomarker for prostate cancer (LeBeau et al. 2009), but is also

increased in (chronically) inflamed prostates. In the absence of cancer and prostati-

tis, PSA is a useful marker for (changes in) prostate size (for review, see Roehrborn

2008). Within the lumina of prostatic acini, dense calcified proteinaceous concre-

tions or corpora amylacea accumulate with aging.

Bulbourethral Gland

The pea-sized bulbourethral (Cowper’s) glands are located postero-superiorly to the

penal bulb. A short duct from each gland enters the urethra at the bulb. The lining of

these paired, compound, tubuloalveloar glands is simple columnar epithelium. A

capsule of dense connective tissue with some smooth and skeletal muscle of the

bulbocavernous and urethral muscles is present around them.

Urethral Glands

The male urethral (Littré’s) glands are mucous glands in the wall of the penile

urethra.

2.1.2 Female

The ~4 cm-long-female urethra ends between the clitoris and the vagina. The

mucosal lining of the urethra is composed of pseudostratified columnar epithelium

proximally and of stratified squamous epithelium distally. The female urethra is

surrounded anteriorly by the external urethral sphincter.
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Accessory Glands

The female accessory glands consist of the lesser and the greater vestibular glands.

The ducts of the lesser vestibular glands end distally near the mouth of the urethra,

whereas the ducts of the greater vestibular glands drain on the vaginal vestibule at

either side of the vaginal orifice. Strictly speaking, the greater vestibular glands are,

therefore, not accessory glands of the urethra.

The Lesser Vestibular Glands

The lesser vestibular (Skene’s) glands are located on the anterior wall of the vagina,

around the distal end of the urethra. They drain into the urethra or near the urethral

opening. Skene’s gland is also known as the female prostate (see below). The

microscopic anatomy and the composition of the secretions of the female lesser

vestibular glands and the male prostate are similar (Zaviacic and Ablin 2000;

Zaviacic et al. 2000). The secretions of Skene’s gland also include a low concen-

tration of PSA and the plasma PSA increases in women with, e.g., Skene’s gland

carcinoma. It should be kept in mind, though, that PSA in the female is also

produced by, e.g., diseased breast tissue (Zaviacic and Ablin 2000).

The Greater Vestibular Glands

The greater vestibular (Bartholin’s) glands are homologous to the bulbourethral

glands in males. These paired glands are nonpalpable structures that are located in

the labia minora.

2.2 The Human Pelvic Floor

2.2.1 The Pelvic Floor and Continence

Lower urinary tract symptoms (LUTS) are highly prevalent. The cost of illness due

to LUTS is a substantial human and economic burden and will increase further with

the aging of the general population in future, stressing the need for effective forms

of management (Milsom 2009). Loss of urine (urinary incontinence) is one of the

most common LUTS in adults, especially in the female (Coyne et al. 2009). Drug

treatment for urinary incontinence, particularly stress urinary incontinence (SUI),

until now has met only limited success (Alhasso et al. 2005). In most cases, pelvic

floor dysfunction is considered to be a major factor in the development of inconti-

nence. For this reason, the anatomical properties of the pelvic floor are highlighted

here.

The pelvic floor plays not only an important role in pelvic organ support, but also

in urinary and fecal continence (Bharucha 2003; Madoff et al. 2004; Norton and

Brubaker 2006; Wald 2007; Jelovsek et al. 2007; Ashton-Miller and DeLancey
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2007). Pelvic floor dysfunction is a serious public health problem. Depending on

the definition used, at least 30% of (post) menopausal women suffer from urinary

incontinence (Hunskaar et al. 2003) and as many as 10% of all women may suffer

from pelvic floor dysfunction that requires surgery (Olsen et al. 1997; DeLancey

2005). In the United States alone, almost 300,000 operations for pelvic organ

prolapse and SUI are performed each year (Boyles et al. 2003a, b).

2.2.2 The Anatomy of the Pelvic Floor

Anatomically, the pelvic floor is an intricate complicated part of the human body. In

the last few years, several functional and anatomical studies were performed that

have provided new insights into its function and dysfunction. The urethra and

prostate are embedded in the pelvic floor, while the bladder lies on top of it

(Fig. 1). The following components of the pelvic floor are discussed: (1) levator

ani muscle (LAM) and coccygeal muscle, (2) urethral sphincter muscles, (3)

bulbospongious and ischiocavernous muscles, and (4) connective tissue and smooth

muscle components of the levator hiatus.

The Levator Ani Muscle

The LAM is the main muscle of the pelvic floor and is believed to play an important

role in both urinary (Bharucha 2003; Norton and Brubaker 2006) and fecal conti-

nence (Bharucha 2003; Wald 2007). The superior part of the LAM is attached to the

pubic bone, the ischial spine, the sacrum/coccyx, and the tendinous arch of the

levator ani between the pubic bone and ischial spine (Fig. 1). Because its primary

function is support rather than movement, fibrous tissue often replaces the muscular

component later in life. The puborectal part of the LAM, which is situated inferior

to the LAM’s posterior attachment to the coccyx (Wallner et al. 2009a), is attached

to the pubic bone anteriorly and forms a sling around the dorsal aspect of the

rectum. If the puborectal muscle contracts, the rectum is pulled anteriorly and

closed to retain feces (Padda et al. 2007).

Different populations of patients with SUI were shown to have a thinner

(Kirschner-Hermanns et al. 1993; Hoyte et al. 2001, 2004; Stoker et al. 2003;

Aukee et al. 2004) or damaged LAM (Tunn et al. 1998), or have damage to the

nerve supply to the pelvic floor (Snooks et al. 1984, 1985). Women with a levator

ani trauma are not only prone to develop SUI (Kirschner-Hermanns et al. 1993;

DeLancey et al. 2003; Stoker et al. 2003), but also often suffer from pelvic organ

prolapse (Dietz and Lanzarone 2005; DeLancey et al. 2007). The LAM is particu-

larly prone to damage during vaginal delivery. Imaging studies of postdelivery

females showed that the LAM can be damaged especially at its pubic attachment

(DeLancey et al. 2003; Dietz and Lanzarone 2005; Margulies et al. 2007; Dietz and

Simpson 2008). Different stretch models of the LAM – a skeletal muscle – during

passage of the fetal head through the pelvic outlet have been suggested and predict a
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maximum muscle stretch of 160% (Martins et al. 2007; Parente et al. 2007), 326%

(Lien et al. 2004), and 350% (Hoyte et al. 2008). The last numbers equal or exceed

the 150% limit that is physiologically permissible before overstretching the actin–

myosin complexes injures the muscle fibers structurally (Brooks et al. 1995). If the

outcome of the two studies that predict maximum stretches of >300% would apply

to real-life deliveries, every delivery should then result in a major trauma to the

LAM. Two anatomical aspects seem crucial for the predictions of these models: (1)

the attachments of the different parts of the LAM; and (2) the muscle fiber direction

within this muscle.

The superior part of the LAM is fixed by its attachments to the pubic bone, the

ischial spine, and the coccyx. During delivery, this part of the LAM will not be

stretched much. The portion of the LAM that is subject to stretch is the puborectal

muscle.

In one model (Lien et al. 2004), the muscle with the highest stretch (326%) is a

part of the pubococcygeal muscle that inserts into the perineal body between the

vagina and the rectum. This relatively short muscular sling would have to stretch

enormously when the fetal head passes through the vagina. However, we were not

able to confirm the presence of this specific part of the pubococcygeal muscle as a

striated muscle (Wallner et al. 2009a). The model, which predicts a maximum

stretch of 350%, was developed from a 3D reconstruction of an MRI of a nullipa-

rous woman (Hoyte et al. 2008). The LAMwas modeled as a single muscle that was

equally stretchable in all directions, even though muscles can only stretch physio-

logically in the direction of the muscle fibers. Stretch in another direction will not

result in overstretched muscle fibers, but in the loss of the integrity of the endo-,

peri-, and epimysial connective tissue.

This observation reveals that a universally accepted, detailed topographic

description of the anatomy of the LAM is not yet available. The only model in

the literature that did implement muscle fiber direction was the one that showed a

maximum stretch of 160% (Janda et al. 2003; d’Aulignac et al. 2005; Martins et al.

2007; Parente et al. 2007). This figure comes close to the maximally allowable

stretch without injury to skeletal muscle. This model assumes that the muscle fibers

in the iliococcygeal and puborectal muscles have a parallel orientation (Janda et al.

2003; d’Aulignac et al. 2005; Martins et al. 2007; Parente et al. 2007). By contrast,

in the model predicting a 326% stretch, the muscle fibers in the iliococcygeal

muscle have a latero-medial orientation as opposed to the antero-posterior orienta-

tion of the fibers in the puborectal muscle (Lien et al. 2004). Even if the boundary

conditions of the “160%” model are confirmed, this finding demonstrates that

giving birth touches the physiological limits of the human “Bauplan.” The diver-

gent findings in these cited studies emphasize that it is important not only to

determine the proper topographic anatomy of the pelvic muscles, but also to take

into account the regional differences in fiber orientation.

The interpretation of the measurements of stretch during vaginal deliveries may

have been biased by the fact that>300%-stretch models of the pelvic floor are based

on MRI images. The normal pelvic floor of a person in an upright position is subject

to intra-abdominal pressure. In the supine position, the intra-abdominal pressure is
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lower, which may relax the LAM and induce the typical funnel configuration of the

LAM seen on MRI studies. The 160%-stretch model, on the other hand, was based

on cadaver measurements (Janda et al. 2003; d’Aulignac et al. 2005; Martins et al.

2007; Parente et al. 2007). It is self-evident that the anatomical basis of this

discrepancy between MRI findings and cadaveric models needs to be resolved.

Interestingly, the part that is stretched the most in the most detailed model (Lien

et al. 2004) is positioned at the level where smooth muscle anchors the pelvic

organs to the pelvic floor (see section “Connective tissue and smooth muscle

components of the levator hiatus”). Such an extreme stretch is detrimental for

striated muscle, but can be readily accommodated by smooth muscle (An and

Fredberg 2007; Bosse et al. 2008).

The Coccygeal Muscle

The coccygeal muscle arises from the tip of the ischial spine, posterior to the LAM.

The muscle fibers fan out and attach to the lateral side of the coccyx and the inferior

part of the sacrum. The sacrospinous ligament is situated inferior to this muscle and

is tightly fused with it (Stoker and Wallner 2008).

The External Urethral Sphincter Muscles

Women with SUI often have a weakened or asymmetric contractility of the pelvic

floor (Kirschner-Hermanns et al. 1993; Stoker et al. 2003), which implies a role for

the LAM in urinary continence. The mechanism by which the LAM aids in urinary

continence is less well delineated than in fecal continence. The established model

states that the “intrinsic continence mechanism” causes urethral closure by contrac-

tion of the external urethral sphincter muscle (striated muscle) and the internal

urethral sphincter muscle (smooth muscle). The “extrinsic continence mechanism,”

which is formed by the pelvic floor muscles, organs, and support structures sur-

rounding the urethra and urethral sphincter muscles (DeLancey 1988), is thought to

support the intrinsic continence mechanism. In our opinion, however, such a

functional dichotomy does not exist.

In females, the EUS is a horseshoe-shaped muscle rather than a “true” circular

sphincter (for a comparison of the basic male and female morphology, see Fig. 3).

The EUS has no direct muscular attachment to the bony pelvis (Wallner et al.

2009a). The EUS consists of a superior part (adjacent to the bladder) and an inferior

part (distal from the bladder). In females, the superior part covers only the urethra,

while the inferior part covers both the urethra and an antero-lateral portion of the

vagina. This latter part of the EUS is firmly attached to the puborectal part of the

LAM by a tendinous connection (Wallner et al. 2009a). In males, the EUS also

originates as a horseshoe-shaped structure with the opening on the dorsal side, but

the involution of the M€ullerian tubes in the male fetus allows the inferior part of the

muscle to fold back on the posterior surface of the urethra. As a result, a fibrous
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connection with the LAM does not develop (Wallner et al. 2009a). Only the most

ventral and inferior aspect of the prostate is enclosed by the EUS (Fig. 3). In all

probability, the male EUS functions as a “true sphincter,” as it is not attached to the

LAM, but, instead, almost completely surrounds the urethra.

In females, contraction of the puborectal muscle pulls the rectum and vagina

anteriorly (Padda et al. 2007), so that increased pressure develops on the posterior

urethral wall, compressing the urethral lumen (DeLancey 1988; Wallner et al.

2009a). In addition, the contraction of the puborectal sling moves the recto-vaginal

complex anteriorly and superiorly toward the urethra in a plane that lies parallel, but

superior to that of the EUS (Wallner et al. 2009a). Simultaneous contraction of the
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Fig. 3 The external urethral sphincter (EUS) in a male foetus (a–c, 22 weeks of gestation) and a

female foetus. Panels a–c: 3D reconstruction of the male EUS (blue) in anterior view (a), posterior

view (b), and right-lateral view (c). The EUS is shown in blue and the urethra and prostate are

shown in light grey. Note that the EUS partly covers the ventral part of the prostate. Panels d–f: 3D

reconstruction of the EUS (blue) and the smooth internal urethral sphincter muscle (pink) in right-
lateral view (d), oblique view (e, with urethra in light grey), and inferior view (f). Note the superior

and inferior part of the EUS (shown in e) and the absence of striated muscle on posterior aspect of

the urethra. The inferior part of the EUS exists of large muscular “wings” that laterally also

surround the vagina (position of the vagina illustrated by asterisk in e). The arrowheads in d and

e illustrate the level at which the inferior part of the EUS is firmly attached to the puborectal part of

the LAM by a tendinous connection. Anterior and posterior directions are represented by “a” and

“p.” This figure has been adapted from Wallner et al. (2009a 600/id)
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LAM and EUS, therefore, causes an anteriorly convex bend in the mid-urethra, i.e.,

at the position where the greatest increase in intraurethral pressure upon voluntary

pelvic floor contraction develops (Hutch and Rambo 1967; DeLancey 1986).

Interestingly, this is exactly the level where the tension-free vaginal tape is advised

to be placed (Rahn et al. 2006).

This description shows that EUS function in females is dependent on an intact

LAM. If this muscle is damaged, stretched, or has its attachments loosened during

delivery, the EUS loses its fixation point on the LAM and can no longer function

properly. In our view, this dependence of the EUS on the integrity of the LAM

explains why urinary continence is so often affected by LAM lesions.

The anatomy and presence of the “transverse perineal muscle” has long been a

controversial issue. Anatomically, it can be concluded that the “deep transverse

perineal muscle” is, in fact, the inferior part of the EUS, and not a separate muscle of

the pelvic floor (Kato et al. 2008; Stein and DeLancey 2008; Wallner et al. 2009a).

The “urogenital diaphragm” [also known as the “perineal membrane” (Stein and

DeLancey 2008)], which is described as formed by the deep transverse perineal

muscle and surrounding connective tissue fascia, is therefore not a separate anato-

mical structure in the pelvic floor. As explained above, the inferior part of the EUS

in males bends dorsally around the urethra, so that a separate deep transverse

perineal muscle or perineal membrane does not exist in males. These conclusions

explain why previous descriptions of the urogenital diaphragm were contradictory

in the sense that some studies clearly identified a urogenital diaphragm, whereas

others denied its existence (Kaye et al. 1997; Dorschner et al. 1999; Haderer et al.

2002; Mirilas and Skandalakis 2004; Nakajima et al. 2007; Stein and DeLancey

2008; Kato et al. 2008; Wallner et al. 2009a).

Bulbospongious, Ischiocavernous, and “Transverse Perineal” Muscles

The weak point in the pelvic organ support system is the levator hiatus, through

which the organs pass the LAM. The bulbospongious and ischiocavernous muscles

are traditionally thought to have a sexual function (Ballard 1997). However, since

these muscles partly fill the space inferior to the levator hiatus, they can also support

the pelvic floor during episodes of increased intra-abdominal pressure, such as

coughing, laughing, or during weight lifting. This putative role of the bulbospon-

gious and ischiocavernous muscles is underscored by the marked hypertrophy of

these muscles in the male individual of the Visible Human Project, who was an

active bodybuilder (Spitzer et al. 1996). In females, these muscles are less deve-

loped (Francis 1952) and may therefore represent an additional weak spot in the

pelvic organ support system.

Connective Tissue and Smooth Muscle Components of the Levator Hiatus

While the striated muscles of the pelvic floor give active support, the connective

tissue fascia of the pelvic floor is considered to provide continuous passive support
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to counterbalance the effects of constant and intermittent elevations of intra-

abdominal pressure (Ashton-Miller and DeLancey 2007). Connective tissue fascias

cover the superior and inferior surface of the pelvic floor. Additionally, the different

muscles of the pelvic floor are connected to each other by connective tissue and to

the bony pelvis.

From several studies (Von Hayek 1969; Albers et al. 1973; Wilson et al. 1983;

Petros 1998; Jones et al. 2003; Suzme et al. 2007; Nakajima et al. 2007; Reisenauer

et al. 2008; Wallner 2008; Wallner et al. 2009b), it is established that the connective

tissue of the adult pelvis contains smooth muscle cells. Smooth muscle has also

been demonstrated in the adult pubourethral, pubovesical, puboprostatic (Albers

et al. 1973; Wilson et al. 1983; Petros 1998), and uterosacral “ligaments” (Jones

et al. 2003; Suzme et al. 2007; Reisenauer et al. 2008), as well as in the tendinous

arch of the pelvic fascia (Von Hayek 1969; Pit et al. 2003). The presence of

ligaments between the urethra, bladder, prostate, and the pubic bone has, however,

been questioned (Fritsch et al. 2006). Also structures in the pelvis that are called

“ligaments,” such as the cardinal ligament, uterosacral ligament, and the lateral

ligament of the rectum, are actually not genuine ligaments, but nerves and vessels

surrounded or covered by strands of connective tissue (De Caro et al. 1998).

We have recently demonstrated that, in the fetus, smooth muscle cells in the

levator hiatus connect the medial surface of the LAM to the pelvic organs (Wallner

2008; Wallner et al. 2009b). Around the rectum, this smooth “levator hiatus

muscle” (LHM) merges with and is part of the longitudinal smooth muscle layer

of the rectum. The LHM remains present throughout life, expanding coincident

with the increasing size of the pelvis and pelvic organs. Additional myofibroblasts

in the adult pelvic floor may be recruited from fibroblasts (Wallner 2008; Wallner

et al. 2009b).

The LHM anchors the urethra, prostate, vagina, and rectum to the LAM at the

level of the levator hiatus. This architecture prevents these organs from descending

through the hiatus. Although women with prolapse have a larger levator hiatus than

women without prolapse (DeLancey and Hurd 1998), prolapses are believed not to

originate at the level of the hiatus itself, but more superiorly and descend through

the vagina (Jelovsek et al. 2007). The pelvic organs are further supported by an

endopelvic fascia. As stated previously, the pelvic floor includes this complex

system of ligamentous supports known as the endopelvic fascia, which envelopes

the pelvic organs and attaches them to the pelvic sidewall. Many parts of this

endopelvic fascia have been separately named as the uterosacral and cardinal

ligaments, and the pubocervical and rectovaginal fascias. The endopelvic fascia

differs from fascias in other parts of the body in that it is not a uniform sheet of

densely woven collagen fibers, but rather a heterogeneous mesh of collagen, elastin,

perivascular smooth muscle, fibroblasts, vessels, and nerves (Handa et al. 1996).

The contribution of these components needs to be clarified.

Smooth muscle tissue is usually present in the wall of organs that are hollow. To

accommodate volume changes, smooth muscle tissue can maintain stretch over at

least threefold of its resting length (An and Fredberg 2007; Bosse et al. 2008).

Smooth muscle can stretch to such a length, because it is continuously remodeling:
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length adaptation starts with a partial disassembly of the contractile and cytoskeletal

units followed by reassembly of the units at the new cell length (Bosse et al. 2008).

Nerve Supply of the Pelvic Floor

The pelvic floor is innervated by the levator ani and pudendal branches of the sacral

plexus. The levator ani nerve courses superior to the pelvic floor and is the main

nerve to the LAM (Wallner et al. 2006a, 2006b, 2008a, 2008b). The pudendal nerve

courses inferior to the pelvic floor and innervates the striated portions of the urethral

and anal sphincters, as well as the bulbospongious and ischiocavernous muscles.

The pudendal nerve contributes to the innervation of the LAM only in ~50% of

cases (Wallner et al. 2008b). The levator ani nerve is especially prone to damage

due to stretch during vaginal delivery. It can also be damaged during pelvic surgery

(Wallner et al. 2006b, 2008a, b).

3 Anatomy and Development of the Rodent LUT

and “Pelvic Floor”

3.1 The Components of the Rodent LUT

It is well established that the “Bauplan,” that is, the blueprint of the body architec-

ture, is similar in all mammals, including primates and rodents, but substantial

quantitative differences, particularly with respect to the accessory sex glands, exist.

Even larger differences exist between the pelvic floor of bipeds and quadrupeds. A

general difference between rodents and humans is the intraperitoneal location of the

abdominal organs, including the kidneys and the bladder, in rodents, whereas these

organs are retroperitoneal in humans. Several useful dissection guides of the adult

rat and mouse exist (Walker 1995; The Staff of the Jackson Laboratory 1996)

(http://www.informatics.jax.org/greenbook/). In addition, the “GenitoUrinary

Development Molecular Anatomy Project” (McMahon et al. 2008) (http://www.

gudmap.org/) provides useful background information, while a dissection guide for

the embryonic rodent urinary tract is also available (Staack et al. 2003). Here, we

briefly review the gross anatomy of the rodent urinary tract and expand in more

detail on a couple of aspects of rodent anatomy and development that may be of

relevance if rodents are used as an animal model.

3.1.1 Gross Anatomy of the Kidney, Ureter, and Bladder

Rodent kidneys differ from their human counterparts in having a single renal

papilla that is surrounded by a funnel-shaped calyx, whereas human kidneys are
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multipapillate with major and minor calyces. A further difference exists in the more

cranial location of the right kidney as compared with the left one in rodents,

whereas the reverse is true of humans (Yokota et al. 2005). Interestingly, the

right renal artery does have a more cranial origin from the aorta than the left one

in all mammals (Yokota et al. 2005), indicating a similar level of origin from the

aorta, but a different definitive location in humans.

The ureter begins at the renal pelvis and courses dorsal to the uterine horn or

deferent duct from the kidney to the base of the bladder. The bladder occupies the

lower (pelvic) portion of the abdomen, but can rise, when filling, into the main

portion of the abdomen. Parts of the bladder that are often distinguished are the

dome, the trigone at the base of the bladder between the entrance of both ureters

craniolaterally and the deferent ducts caudomedially, and the bladder neck with the

smooth internal urethral sphincter at the transition to the urethra.

3.1.2 Ureter, Vesicoureteral Junction, and Bladder Trigone

The upper urinary tract (UUT) derives from the ureteric bud, an epithelial tube that

emerges from the caudal end of the Wolffian (or mesonephric) duct between

embryonic day (ED) 10.5 and 11.5 in the mouse embryo. Its distal end grows into

the adjacent kidney mesenchyme and forms the renal collecting duct, while its more

proximal parts form the renal pelvis and the ureter [for review, see, e.g., Costantini

(2006)]. Initially, the ureter and the Wolffian duct drain into the bladder via the

“common nephric duct.” According to the widely accepted, but never tested

“ureteral bud theory” of Mackie and Stephens (1975), the wall of the common

nephric duct would expand and unfold to become the bladder trigone (Fig. 4a, b) in

such a way that the ureteric orifice becomes located craniolaterally in the wall of the

base of the bladder and the orifice of the Wolffian (deferent) duct caudomedially in

the dorsal wall of the intraprostatic part of the urethra at the level of the colliculus

(“hill”) seminalis. If the ureteral bud develops too cranially from the Wolffian duct,

the common nephric duct does not become integrated in its entirety into the trigone

and the ureter drains into the urethra. If, on the other hand, the ureteral bud develops

too caudally from the Wolffian duct, the ureteric orifice does become located more

caudally and medially in the trigone. The first condition often interferes with

normal urine drainage, whereas the second condition is accompanied by urinary

reflux due to too straight a course of the distal end of the ureter through the bladder

wall (the valve mechanism of the vesicoureteral junction is largely dependent on

the oblique course of the ureter through the bladder wall and the passive closure of

the junction due to the intraluminal bladder pressure (Fig. 4a). If two ureteric buds

develop on the same side, the upper usually drains into the urethra and the lower is

inserted at its proper position.

The hypothesis of Mackie and Stephens confers a mesodermal origin to the

trigonal wall, whereas the remaining bladder wall is of endodermal origin.

Recently, very elegant work with Hoxb7-Gfp and Hoxb7-Cre transgenic mice,

which specifically label the epithelial cells of the Wolffian duct and ureter, has
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confirmed the insertion of the common nephric duct into the bladder wall, but has

also shown that this tissue then regresses by programmed cell death (Viana et al.

2007; Mendelsohn 2009). The wall of the bladder trigone, therefore, does not differ

in embryonic origin from the remaining part of the bladder wall, but remains unique

because of its transient interaction with the cells of the common nephric duct.

These findings indicate that the site of sprouting of the ureteric bud is critical for

its subsequent developmental fate and must be tightly regulated. The position where

the ureteric bud emerges from the Wolffian duct is determined by the Gdnf/Ret

signaling pathway (see (Murawski and Gupta 2006; 2008; Reidy and Rosenblum

2009) for review). Glial-derived neurotrophic factor (Gdnf) that is expressed in the

mesenchyme along the Wolffian duct becomes restricted to the site of budding by a

rather complex signaling cascade [reviewed by Bouchard (2004), Airik et al.

(2006), Reidy and Rosenblum (2009)]. Gdnf promotes budding by binding to the
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Fig. 4 Functional anatomy of the ureters, bladder, and urethral sphincter. Panel a: Frontal section

through main axis of rat bladder, with the trigone and both ureters at the bottom and the bladder

dome at the top. The urothelium and smooth muscle components are stained. Note the long

intramural course of the ureter with the flap valve. The longitudinal muscle layer of the intramural

portion of the ureter facilitates fluid discharge into the bladder lumen (Roshani et al. 1996). Panels

b: Rich innervation of basal trigonal urothelium with neurofilament-positive fibers. Panel b2 is a

magnification of the boxed area in panel b1. Arrows in b1 indicate nerves; arrowheads in b2

indicate neurofilament-positive plexus in epithelio-mesenchymal junction. Panels c: Serial sec-

tions of the urethral sphincter, stained with haematoxylin and azophloxin (c1), or with antisera

identifying the urothelium (c2), the smooth muscular internal urethral sphincter (c3), and the

striated external urethral sphincter (c4)
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receptor tyrosine kinase Ret and the GPI-linked cell surface co-receptor Gfra1 that

are expressed in the epithelium of the mesonephric duct (reviewed in Costantini and

Shakya 2006; Murawski and Gupta 2006). The resulting position of the ureteric bud

is a quantitative trait (Murawski and Gupta 2008), in the sense that its location

follows a continuous distribution and, consequently, that the intravesicular course

of the ureter varies on both sides and between individuals, as does proneness to

reflux. Mouse reflux models have abnormally located ureteric buds (Murawski and

Gupta 2008), but reflux also develops if the ureteric orifice is enlarged due to, e.g.,

a uroplakin deficiency (Wu et al. 2009).

3.1.3 Urothelium

The smooth muscle layers that surround the ureter, bladder, and pelvic urethra need

a signal (probably sonic hedgehog) from the overlying epithelium to differentiate

from the mesenchyme. Remarkably, this signal remains expressed throughout life

and is not specific for the urothelium (Cao et al. 2008). In contrast, the urothelium

itself is highly specific for the urinary tract and covers the surface of the renal

pelvis, ureter, bladder, and pelvic urethra proximal to the outlet of the deferent

ducts in rodents. Urothelium, also known as “transitional epithelium,” consists of a

basal cell layer, one (in rodents) or more (in larger animals such as cattle and

humans) intermediate cell layers, and a superficial cell layer. The “umbrella” cells

that form the highly characteristic superficial layer of the urothelium do not extend

to the basement membrane. Pseudostratified epithelium covers, instead, the collect-

ing ducts and papilla of the kidney (Romih et al. 2005), that is, the most distal part

of the ureteric bud (humans, however, differ from rodents in that the epithelium

covering the papilla is covered with urothelium rather than pseudostratified epithe-

lium). Although the urothelium turns over very slowly (turnover rate of ~200 days

(Wu et al. 2009), progenitor cells are found throughout the urothelium. However,

their density differs regionally and is approximately twofold higher in the bladder

base than in the bladder dome (Nguyen et al. 2007).

Two physiological characteristics of the urothelium are its ability to accommo-

date stretch and its very high transepithelial electric resistance (Wu et al. 2009). The

so-called urothelial “plaques” account for both properties. Urothelial plaques are

concave-shaped two-dimensional crystalline structures that are 0.3–1 mm in diam-

eter and occupy ~90% of the urothelial apical surface. The plaques are aggregates

of hexameric 16-nm particles that, in turn, consist of four different uroplakin

subunits. The plaques of asymmetric, outwardly concave unit membranes are

joined by narrow “hinge” regions (Wu et al. 2009). Urothelia differ quantitatively

at different anatomical sites (for review, see Romih et al. 2005). The ureteral

urothelium has, for instance, a lower content of cytoplasmic fusiform vesicles and

uroplakin proteins than the bladder urothelium (Wu et al. 2009). However, whether

or not the urothelium differs qualitatively in different regions remains to be settled.

The plaques also have clinical relevance, because they allow adherence of uro-

pathogenic Escherichia coli to their surface (Wu et al. 2009).
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The late fetal and early postnatal period of rodents is associated with intense

remodeling of the lining of the bladder. In this period, programmed cell death,

desquamation, and proliferation of the urothelium are much more active than at any

other moment thereafter (Erman et al. 2001, 2006). Uroplakins and cytokeratin7 are

permanently expressed in the urothelium, but the transition of cytokeratin18 to

cytokeratin20 expression (Erman et al. 2006) and the appearance of polyploidy

(Walker 1958) in the urothelial cells coincide with the onset of the remodeling

period on the last prenatal day. Uroplakin-positive cells always co-express cytoker-

atin20 (Romih et al. 2005).

The urothelium expresses many types of receptors, including cholinergic recep-

tors. These receptors have a sensory function and regulate the activity of the

suburothelial nerve plexus and, thus, local changes in vascular perfusion and/or

reflex bladder contractions (reviewed in Fowler et al. 2008]). The suburothelial

nerve plexus is especially well developed in the trigone area (Fig. 4b).

3.1.4 Urethra

The urethra connects the bladder neck with the external world. Its anatomy and that

of the accessory sex glands that drain into it are similar in different rodents

(Pinheiro et al. 2003a). The rodent male urethra is usually divided into two portions,

namely, the pelvic and the penile urethra. Both portions are connected at the penile

bulb, a ventrocaudal diverticle of the urethra just distal to its passage through the

pelvic floor. The pelvic urethra corresponds with the prostatic and membranous

urethra in humans. The penile bulb in rodents is well developed and larger (relative

to body size) than the human equivalent. The pelvic urethra of rodents is surrounded

by the prostate, a layer of smooth muscle (which extends to and includes the bulb),

and a well-developed striated urethral sphincter (Fig. 4c). The penile urethra and

bulb are surrounded by the corpus spongiosum urethrae (Ciner et al. 1996) and

supported by both corpora cavernosa dorsolaterally. While both corpora cavernosa

appose in the pendular part of the penis, they separate near the penile bulb to curve

laterally toward the ischial bone. As in humans, the urethra of rodents curves

35–40� ventrally during its passage through the prostate and again almost 90�

after passing through the pelvic floor, just before entering the penile bulb (Pinheiro

et al. 2003a). Since the latter location is also the narrowest (the so-called urethral

isthmus), it forms the major obstacle to catheterizing or instrumenting the bladder

in male animals. In rodents, a penile bone is present in the distal part of the septum

separating both corpora cavernosa.

3.1.5 Urethral Epithelium

The urethra is covered with urothelium in its juxtavesicular portion, with stratified

squamous epithelium at its external orifice on the penile glans, and with pseudos-

tratified columnar epithelium in between. The female urethra corresponds to the

Anatomy and Histology of the Lower Urinary Tract 135



pelvic portion of the male urethra, with its external orifice located at the base of the

clitoris. The pseudostratified columnar epithelium contains basal cells with staining

properties of neurosecretory cells (Pinheiro et al. 2003b). Using Cre-Lox-mediated

cell marking, it has now been definitively settled that the penile urethra develops in

its entirety from the endodermal urethral plate, without material contribution of the

ectoderm of the genital tubercle (Kurzrock et al. 1999; Seifert et al. 2008). The

urethral plate is transformed into the urethral tube by the bilateral formation of

“urethral folds,” which fuse ventrally in a proximal-to-distal direction starting at the

penile bulb (which has no homologue in the female). Defects of fusion explain the

occurrence of different forms of hypospadias in males.

3.1.6 Urethral Glands

The pelvic urethra, including the urethral bulb, is surrounded by urethral glands,

most of which are small and located immediately below the urethral epithelium

inside the smooth muscle sheath (Hall 1936). The larger glands are the prostate and

bulbourethral (Cowper’s) glands [Skene’s paraurethral (Shehata 1974; dos Santos

et al. 2003) and Bartholin’s (bulbourethral) glands, respectively, in the female]. The

accessory glands of the urethra develop extensively in the perinatal period, with a

strong quantitative influence of androgens (Cooke et al. 1987; Timms 2008). The

ducts of the prostate and bulbourethral glands perforate the smooth muscle layer,

but the paraurethral glands do not, because the lack of androgens allows the

development of a continuous intervening smooth muscle layer in perinatal females

(Thomson et al. 2002). The bulbourethral glands are located external to the pelvic

floor and are covered by the striated bulbospongious muscle medially and the

striated ischiocavernous muscle laterally. The ducts of the bulbourethral glands

enter the urethra just proximal to the urethral bulb in the male and on the papilla of

the urethral orifice in the female. The position of the orifice of these ducts is,

therefore, a convenient landmark to delineate the exclusively male portion of the

urethra.

The preputial (male) or clitoral (female) glands are sebaceous glands that lie in

the subcutis and drain on the base of the preputial fossa. Their secretions confer the

typical odor to especially male mouse urine and are said to function as territorial

marker. It is somewhat confusing that both the peri-urethral glands and the seba-

ceous glands of the genital tubercle are associated with the name of Littré.

3.1.7 Prostate Gland

The rodent prostate (Fig. 5) lacks a well-developed capsule, so that it is difficult to

discern it macroscopically at the neck of the bladder. The epithelium of the prostate

glands is of the columnar type. Although the prostate glands drain via many ducts

into the urethra, these ducts can be grouped as belonging to four lobes, i.e., a

ventral, two lateral, and a dorsal lobe (Price 1963; Jesik et al. 1982; Timms 2008).
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Among these lobes, the dorsal and lateral lobes resemble each other more closely

than the ventral lobe (Jesik et al. 1982). This difference may correspond to the

differences in hormonal sensitivity and secretory properties of the mesenchyme

surrounding the ventral lobe (“ventral mesenchymal pad”) from that surrounding

the dorsolateral parts of the developing prostate (Timms 2008). The initial deve-

lopment of the prostate gland occurs largely in the perinatal period (Thomson and

Marker 2006; Timms 2008). Although large increases in size of the gland still occur

thereafter, the number and position of the ductal openings into the prostate do not
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Fig. 5 Transverse sections through the bladder and bladder neck to demonstrate topography of

accessory male glands in the rat. The top is ventral and the bottom (colon) dorsal. Between the

bladder and the colon (panel a), the deferent ducts (def duct), coagulating glands (coag gl),

vesicular glands (ves gl), and ureters are seen. In panel b, the lateral and posterior lobes of the

prostate are also present. Panel c is a section through the bladder neck just superior to the entrance

of the ejaculatory ducts (eja ducts) into the urethra. Panel c1 is stained for the presence of the

striated external urethral sphincter, while panel c2 is stained for the presence of smooth muscle
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change anymore (Price 1963). In agreement, the stem cells of the prostate have been

localized in the proximal regions of the glandular ducts (Tsujimura et al. 2002;

Leong et al. 2008).

Even though the developmental anatomy of the four lobes of the prostate is

similar in rodents and humans, the nomenclature used in human clinical practice

differs markedly. In human anatomy, a “central zone” of glands adjacent to the

bladder neck and surrounding the ejaculatory ducts (the intraprostatic portions of

the deferent ducts) is distinguished from a “peripheral zone” that surrounds the

central zone dorsocaudally (McNeal 1968). The central zone therefore corresponds

to the cranial portion of the dorsal lobe, while the peripheral lobe corresponds to the

caudal dorsal and lateral lobes.

3.1.8 Vesicular and Coagulating Glands

The deferent duct (inside the prostate named the ejaculatory duct) drains into the

urethra at what is called the colliculus seminalis. The large, whitish, semilunar-

shaped vesicular gland (previously known as seminal vesicle) develops from the

ampullary portion of the deferent duct (Pinheiro et al. 2003a) and extends dorso-

laterally from the bladder. The vesicular gland drains into the urethra via the

ejaculatory duct or, more rarely, independently just lateral to the ejaculatory

ducts. The more translucent coagulating gland is found in the medial, concave

border of the vesicular gland. This gland drains independently into the urethra

between the colliculus seminalis and the bladder neck (Pinheiro et al. 2003a). The

epithelium of the vesicular and coagulating glands (Fig. 5) is of the columnar type.

3.2 The Muscles of the Rodent LUT

3.2.1 Smooth Muscle

Smooth muscle surrounds the parts of the LUT that are covered with urothelium. In

the renal pelvis, bundles of smooth muscle cells adjacent to the urothelium increase

in numbers and thickness with increasing distance from the papillar base. Along the

ureter, the smooth muscle layer forms an inner longitudinal and an outer circular

layer. In larger animals, including humans, the third layer, which is typical for the

bladder, becomes identifiable in the juxtavesical portion of the ureter. Smooth

muscle also covers the pelvic portion of the urethra. The smooth muscle layers

are not as regularly oriented as in the gut and differ in preferential orientation: the

inner layer is mostly longitudinal in orientation and the outer circular.

In addition to the “typical” spindle-shaped smooth muscle cells, a further outer

layer of atypical smooth muscle cells is found between the base of the renal papilla

and the uretero-pelvic junction. These “interstitial cells” function as the pacemaker

cells for pyeloureteric peristalsis (Lang et al. 2006). Similar interstitial cells form,
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together with peripheral neurons, the myovesical plexus of the bladder wall, which

appear to represent the functional contractile units of the bladder (Drake 2007).

This suburothelial nerve plexus, which has some terminal fibers projecting into the

urothelium, is particularly prominent at the bladder neck, but relatively sparse at the

dome of the bladder (Fowler et al. 2008). The urothelium, the suburothelial regular

and interstitial smooth muscle cells, and the suburothelial nerve plexus are hypothe-

sized to function as a stretch-receptor organ [reviewed in Fowler et al. (2008)]

3.2.2 Urethral Sphincter

The general topography of the male and female urethral sphincter (of the rat) is

similar in that the urethral epithelium is surrounded by a submucous layer contain-

ing a well-developed venous plexus and smooth internal urethral sphincter muscle,

while the striated external urethral sphincter muscle forms the outer layer (Figs. 4c

and 5c). The prostate glands are not covered by striated muscle (Fig. 5a, b) (Bierinx

and Sebille 2006). This was also observed in humans (Wallner et al. 2009b).

Striated muscle covers the remaining part of the pelvic urethra in the male (Bierinx

and Sebille 2006) and the lower 60–70% of the urethra in the female (Kim et al.

2007). The striated urethral sphincter is circular in its upper part with only a fibrous

raphe connecting both sides on its dorsal aspect. A ventral fibrous tissue strip

connecting the left- and a right-sided portion of the urethral sphincter (Bierinx

and Sebille 2006) was never observed by us in sections of either rat or mouse. In the

female rat, the lower part differs from the upper part in that it has dorsolateral wings

in its lower part that cover the vagina laterally (Praud et al. 2003; Kim et al. 2007).

Our findings on the anatomy of the male and female urethral sphincter in fetal and

neonatal mice confirm the description in the rat. In humans, the lower part of the

external urethral sphincter forms the so-called urethrovaginal” sphincter (Wallner

et al. 2009a). The additional third fascicle of the urethral sphincter described by

Biérinx c.s. (Bierinx and Sebille 2006) is, in our opinion, the ischiourethral muscle

(see section “Anatomy of the perineal muscles”).

3.3 The Pelvic Floor Muscles in the Mouse

3.3.1 The Bauplan

The main pelvic floor muscles in humans (LAM and coccygeal muscle) are

homologous with the tail-moving muscles in quadruped vertebrates (Schimpf and

Tulikangas 2005). In humans, upright walking and the tail remnant lashed between

the legs no longer allows isotonic contractions of these muscles (with the exception

of the puborectal muscle). This new configuration apparently changed the function

of these muscles adaptively toward support of the pelvic organs instead and to assist

the connective tissue in this role. Such a support function could, however, also be
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performed in an more energy-efficient way by connective tissue fascia (McNeill

Alexander 2002), which may explain why there is a relatively strong development

of connective tissue support in the pelvic floor as compared with the weaker

development of pelvic floor musculature in humans (Stewart 1984; Abitbol 1988;

Schimpf and Tulikangas 2005).

The human LAM is composed of the pubococcygeal, the iliococcygeal, and the

puborectal muscle. The coccygeal muscle is also part of the human pelvic floor. The

muscles in rodents that are homologous to the human pubococcygeal, iliococcy-

geal, and coccygeal muscles are the pubocaudal, iliocaudal, and coccygeal muscles

(Fig. 6) (Bremer et al. 2003). The pubocaudal, iliocaudal, and coccygeal muscles

are functionally tail muscles and attach to the medial surface of the bony pelvis at

one end and via long tendons to the tail vertebrae on the other hand. The pubocaudal

and iliocaudal muscles develop as separate muscle units but fuse during later

development. The muscles can then only be distinguished by their separate attach-

ments to the superior portion of the pubic bone (pubocaudal muscle) and the ilium

(iliocaudal muscle; Fig 6b). The muscles are termed “-caudal” because of the

attachment to the caudal (tail) vertebrae. The coccygeal muscle is termed “coccy-

geal” in homology to the muscle in humans. It is, however, still attached to the tail

vertebrae. A puborectal portion of the pubocaudal muscle, which forms a sling

around the rectum (homologous to the human puborectal muscle), cannot, however,

be identified in the rodents.

3.3.2 Anatomy of the Perineal Muscles

The ischiocavernous and bulbospongious muscles are topographically separated

from the pubo- and iliocaudal muscles (Fig. 6). The development of the ischioca-

vernous and bulbospongious muscles is androgen-dependent in rodents (Hayes

1965; Cihak et al. 1967, 1970; Sachs 1982; Holmes and Sachs 1994; Joubert

et al. 1994; Nnodim 1999; Yiou et al. 2001), that is, the muscles develop in both

sexes, but regress postnatally in the female. In the male, the bulbospongious muscle

consists of two pairs of muscle bellies and encircles both the urethra and the rectum

(Fig. 6d–f). The ventral muscle bellies enclose the bulb of the penis, while the

dorsal muscle belly (dorsal bulbospongious muscle) forms a sling around the dorsal

aspect of the rectum. Erroneously (Poortmans and Wyndaele 1998), the dorsal

portion of the bulbospongious muscle in rodents has previously been called the

“levator ani muscle” (Hayes 1965; Cihak et al. 1967, 1970; Sachs 1982; Holmes

and Sachs 1994; Joubert et al. 1994; Nnodim 1999; Yiou et al. 2001). The muscle is,

however, not homologous to the human LAM but to the dorsal component of the

bulbospongious muscle, which, like the ventral part of the bulbospongious muscle,

is exquisitely androgen-dependent and regresses in the female due to the very low

concentration of circulating androgens (Joubert et al. 1994).

The prenatal development of ventral and dorsal portions of the bulbospongious

muscle is similar in the male and female. However, already in 7-day-old female

mice (equivalent to a human neonate) the muscles have become strongly reduced in
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size: the volume of the female bulbospongious muscle at that age is only 6% of the

male bulbospongious muscle. For comparison, the volume of the non-androgen-

dependent iliocaudal in the female is 95% of that in a male of the same age.

Similarly, the ischiocavernous muscle regresses in the female (Yiou et al. 2001).

The ischiourethral muscle (Fig. 6i) lies ventral to the urethra and spanning itself

between the left and right ischiocavernosus muscles. It forms a sling around the

ventral aspect of the deep dorsal vein of the clitoris/penis, ventrally. The muscle

presumably has a sexual role, by contributing to intense erection by compressing

the deep dorsal vein (Dail and Sachs 1991). This muscle does not exist in humans.

The external anal sphincter is a completely circular muscle surrounding the

anorectum. The muscular tissue of the external anal sphincter has no muscular

connections to the muscles of the pelvic floor, i.e., the bulbospongious muscle

(including the dorsal bulbospongious muscle) or the ischiocavernous muscle

(Fig. 6g).

The pubocaudal, iliocaudal, and coccygeal muscles are all innervated directly by

nerve branches from the sacral plexus on their medial surface (Bremer et al. 2003).

These nerve branches are, therefore, homologous to the levator ani nerve in the

human. The somatic nerve supply to the bulbospongious and ischiocavernous

muscles, and to the striated urethral and anal sphincter muscles, occurs through

the pudendal nerve that courses inferior to the pubocaudal, iliocaudal, and coccy-

geal muscles. In humans, the pudendal nerve contributes to innervation of the LAM

in about 50% of cases.
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Abstract The lower urinary tract (LUT) has two functions: (1) the storage of waste

products in the form of urine and (2) the elimination of those wastes through

micturition. The LUT operates in a simple “on–off” fashion, either storing urine

or releasing it during voiding. While this activity may seem simple, micturition is

controlled by a complex set of peripheral neurons that are, in turn, coordinated by

cell groups in the spinal cord, brainstem, and brain. When this careful coordination

is interrupted, the control of the bladder is lost, resulting in incontinence or

retention of urine. The purpose of this chapter is to review how the neural systems

coordinating the activity of the lower urinary tract form neural circuits that are
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responsible for either maintaining continence (the storage reflex) or inducing

micturition (the voiding reflex). We will also discuss the brain centers that enable

higher organisms to voluntarily choose the time and place for voiding. Finally, we

will discuss how defects in the pathways controlling micturition can lead to urinary

incontinence and which treatments may normalize LUT function.

Keywords Autonomic nervous system � Bladder physiology � Lower urinary tract �
Periaqueductal gray � Spinal cord injury � Urinary incontinence

1 Introduction

The lower urinary tract (LUT) has two functions: (1) the storage of waste products

in the form of urine and (2) the elimination of those waste products from the body

through micturition. These functions are controlled by autonomic and somatic

motoneurons that innervate the bladder and urethra. These motoneurons control

the components of the LUT in a reciprocal manner to maintain proper function. For

example, during storage bladder smooth muscle is relaxed while the muscles of the

internal and external urethral sphincters are contracted, preventing urine from

leaving the bladder. During micturition, the opposite occurs, with contraction of

the bladder and relaxation of the urethral sphincters. In this chapter, we will discuss

the pathways that are responsible for storage and those responsible for voiding,

including the higher centers of the brain that allow an individual to voluntarily

control urination. Finally, we will put forward some ideas about how defects in

these systems can lead to pathophysiological conditions of the LUT.

2 Neural Circuits Controlling the Lower Urinary Tract

The LUT is innervated by both autonomic and somatic motoneurons (de Groat

2006). The autonomic motoneurons consist of both sympathetic preganglionic

motoneurons that send their fibers through the hypogastric nerve and parasympa-

thetic motoneurons that send their fibers through the pelvic nerve, while somatic

motoneurons send their fibers through the pudendal nerve. As discussed in Chap. 6,

each type of motoneuron has a specific role in the physiology of the LUT. For

example, sympathetic motoneurons are responsible for relaxation of the bladder

detrusor muscle and for the contraction of the internal urethral sphincter, while

parasympathetic activation contracts the bladder and relaxes the internal urethral

sphincter (Fowler et al. 2008). Somatic motoneurons control the striated muscle of

the external urethral sphincter. In order for the LUT to operate properly, these

peripheral nerves must act in concert to either promote storage or eliminate urine.

This coordination is achieved by neurons in the spinal cord, brainstem, and brain

(Holstege and Mouton 2003).
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2.1 The Storage Reflex

During filling, the bladder acts as a reservoir for urine, maintaining relatively low

intravesical pressures. This is due to a lack of parasympathetic nerve activity and

the viscoelastic properties of the bladder wall that allow the bladder to stretch to

accommodate a continuously growing volume of urine (Yoshimura and de Groat

1997). During filling, mechano-sensitive receptors present in the bladder wall

activate bladder afferent nerves, resulting in increased neural activity in the hypo-

gastric and pelvic nerves (de Groat and Lalley 1972; Floyd et al. 1976; Sengupta

and Gebhart 1994) (Fig. 1). Activation of bladder afferent nerves in animal studies,

either through electrical stimulation of the pelvic of hypogastric nerve or through

stretch of the bladder wall, results in increased activity in lumbar sympathetic

preganglionic and postganglionic fibers that innervate the bladder and internal

urethral sphincter (Andersson et al. 1990; de Groat and Theobald 1976; Floyd

et al. 1982; Schondorf et al. 1983). Activation of sympathetic postganglionic fibers

releases norepinephrine, which acts on b-adrenergic receptors present on bladder

smooth muscle fibers to cause relaxation (Andersson and Arner 2004). Sympathetic

postganglionic neurons also release norepinephrine to activate a-adrenergic recep-
tors on the internal urethral sphincter smooth muscle fibers, contracting the bladder

neck. There is also some evidence that sympathetic preganglionic neurons have

access to parasympathetic postganglionic neurons, where they inhibit or excite

them depending on which receptor is activated (a2- or a1-adrenergic receptors,

respectively) (de Groat and Saum 1976; Keast et al. 1990; Nakamura et al. 1984).

Physiological experiments in animals indicate a link between pelvic afferents and

lumbar sympathetic preganglionic neurons (de Groat and Lalley 1972; de Groat and

Theobald 1976; Schondorf et al. 1983). For example, it has been demonstrated that

increased afferent activity in the pelvic nerve induces increased activity in sympa-

thetic efferent fibers in the hypogastric nerve (de Groat and Theobald 1976; Floyd

et al. 1982). It is thought that these pathways are connected through a putative

interneuronal connection between the sacral spinal cord, where pelvic afferent nerves

terminate, and the intermediolateral nucleus of the rostral lumbar spinal cord, where

sympathetic preganglionic neurons are located (de Groat 2006). Indeed, evoked

sympathetic activity following pelvic nerve stimulation is not affected by spinal

cord transection above the lumbar level (de Groat and Lalley 1972; de Groat and

Theobald 1976). Moreover, there is electrophysiological evidence of interneurons in

the sacral spinal cord that receive input from the pelvic, hypogastric, and pudendal

nerves that send ascending projections to the lumbar spinal cord (McMahon and

Morrison 1982). On the other hand, there is no anatomical evidence that supports

the existence of ascending fibers between sacral cord interneurons and sympathetic

preganglionic motoneurons. Injection of retrograde viral tracers into the bladder or

major pelvic ganglion of the cat or rat labels sympathetic preganglionic motoneurons

in the lumbar spinal cord, parasympathetic preganglionic motoneurons in the sacral

spinal cord, as well as a significant number of interneurons in the dorsal commissure

and intermediolateral nucleus of the sacral spinal cord (de Groat 1998; Marson 1997;
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Fig. 1 Organization of the storage reflexes in the spinal cord. Diagram depicting the proposed

organization of neural pathways responsible for continence. Continence is maintained through

sympathetic and somatic motoneurons that innervate the bladder. Sympathetic preganglionic

neurons originating in the lumbar spinal cord synapse on postganglionic neurons in the inferior

mesenteric ganglia. These postganglionic neurons innervate the bladder detrusor and the internal
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Nadelhaft et al. 1992). Bladder specific interneurons in the spinal cord were also

visualized using c-fos expression following stimulation of bladder afferents (Birder

and de Groat 1993). However, in these same studies only very sparse labeling of

terminals in the lumbar spinal cord near sympathetic preganglionic motoneurons was

found. Sympathetic preganglionicmotoneurons are innervated bymanyglutamatergic

terminals, the cell bodies of which orginate in the thoracic and lumbar segments of the

spinal cord, but not in the sacral segments (Llewellyn-Smith et al. 2007). There

also exists a strong enkephalinergic innervation of bladder sympathetic pregan-

glionic motoneurons (Llewellyn-Smith et al. 2005). These enkephalinergic inter-

neurons appear to be located in the spinal cord, as transection of the spinal cord at

the T10 level did not eliminate enkephalin containing terminals innervating the

sympathetic preganglionic bladder motoneurons. However, the exact origin of

these enkephalinergic interneurons was not elucidated. Therefore, while physio-

logical experiments support a connection between interneurons receiving pelvic

nerve afferent terminals and sympathetic preganglionic motoneurons, the exis-

tence of such a connection is still questionable.

One possible explanation may lie in the convergence of peripheral nerves

outside of the spinal cord. For example, the pelvic nerve in rat and cat contains a

large number of sympathetic fibers that originate in the lumbar paravertebral

sympathetic chain (Giuliano et al. 1997; Kuo et al. 1984). Additionally, sympa-

thetic fibers have been shown that travel to the hypogastric nerve through the

sympathetic chain and pelvic nerve (Nadelhaft and Vera 1991). Therefore, the

evoked responses observed in sympathetic fibers of the hypogastric nerve following

pelvic nerve stimulation may not be due to connections within the spinal cord, but

to convergence of the peripheral nerves outside the spinal cord. Electrical stimula-

tion of hypogastric afferent nerves in the cat inhibits the bladder, causing a relaxa-

tion of bladder smooth muscle and a contraction of the internal urethral sphincter

(Vaughan 1992). Hypogastric afferents are mechanosensitive and respond to stretch

of the bladder wall (Floyd et al. 1976, 1982). Given this mechanosensitivity and

their ability to drive sympathetic motoneuron activity, hypogastric afferents may

play a major role in maintaining continence.

Little is also known about the excitatory interneurons that control the somatic

motoneurons of Onuf’s Nucleus (ON). During storage, pudendal motoneurons are

tonically active, releasing acetylcholine to activate a1 nicotinic receptors present on

�

Fig. 1 (continued) urethral sphincter, where they release norepinephrine. Norepinephrine has

inhibitory actions on bladder smooth muscle fibers through b-adrenergic receptor (b-AR) activa-
tion and excitatory actions on the internal urethral sphincter through a-adrenergic receptor (a-AR)
activation. During storage, somatic motoneurons in Onufs Nucleus are also activated, releasing

acetylcholine to contract the striated muscle of the external urethral sphincter through nicotinic

receptors (nAChRs). These actions are driven by low level activity in bladder afferent nerves;

however, the spinal interneurons that connect afferent and efferent pathways are not yet fully

understood. Therefore, question marks and dashed lines indicate putative neural pathways that

have not yet been confirmed. (Plus) Indicates an excitatory postsynaptic action while (Minus)
indicates an inhibition
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the striated muscle fibers of the external urethral sphincter, causing continuous

contraction and closing of the urethra (Fraser and Chancellor 2003; Nyo 1969).

Given the fact that activity of motoneurons in ON increases as the bladder fills, it is

thought that tonic activity of these motoneurons is also driven by bladder afferent

activity. This idea was strengthened when a group of interneurons in the sacral cord

was discovered that was excited by perineal afferents and inhibited by pelvic nerve

stimulation (McMahon et al. 1982). This suggests that external sphincter motoneur-

ons are tonically activated by spinal interneurons which are inhibited during voiding.

Additional research by Fedirchuk and colleagues isolated an area in the intermedio-

medial nucleus of the sacral spinal cord that contains excitatory interneurons that

innervate ON (Fedirchuk et al. 1992). However, whether these interneurons also

receive bladder afferents and project to ON is not known.

It is often stated that the neural pathways that control continence are contained

in the spinal cord, with little influence from supraspinal areas. This is due to the

observations that only voiding, not storage, is affected when the spinal cord is

transected rostral to the T10 spinal segment (de Groat 1995). It should be noted,

however, that ON motoneurons do receive afferents from the brainstem, specifi-

cally from the so-called “pontine storage center,” also known as the L-region

because of its lateral location in the pons (Griffiths 2002). The L-region sends

direct projections to ON in the sacral spinal cord, and stimulation of this pontine

region in cats results in contraction and of the pelvic floor musculature including the

external urethral sphincter. Lesions in the L-region of the cat resulted in complete

incontinence, further supporting its role for maintaining continence. A homologous

area in the lateral pons of humans is activated in patients with a “full” bladder who

are emotionally withholding micturition (Griffiths and Tadic 2008). Therefore, this

region of the pons may play a role in the continuous closure of the bladder

sphincter. There is also evidence that the nucleus retroambiguus controls pelvic

floor muscles in response to abdominal pressure. The nucleus retroambiguus

projects directly to Onuf’s Nucleus (Vanderhorst and Holstege 1997) and, in

cases of high abdominal pressure, further increases the contraction of the muscles

innervated by Onuf’ Nucleus (i.e., the external urethral sphincter, as well as the anal

sphincter and other muscles of the pelvic floor) (Holstege and Tan 1987).

2.2 Voiding Reflexes

Voiding is initiated in a cell group located dorsally in the pontine medial tegmentum

known as the pontine micturition center (PMC) (Blok and Holstege 1997; Griffiths

2002). It has also been called the “M-region” for its medial location in the pontine

tegmentum as compared to the more laterally located L-region. The PMC is also

called “Barrington’s nucleus” after F.J.F Barrington (1884–1956), who first charac-

terized the region in 1925 (Barrington 1925). The PMC is the ultimate efferent

nucleus in the micturition pathway, as electrical or chemical stimulation of the

PMC causes contraction of the detrusor and relaxation of the urethra, mimicking
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micturition (Sugaya et al. 1987). To induce micturition, the PMC sends long

descending fibers to the intermediolateral nucleus of the sacral spinal cord, where

they terminate on parasympathetic preganglionic motoneurons (Fig. 2) (Blok and

Holstege 1997). This activation results in the excitation of two groups of para-

sympathetic postganglionic neurons that innervate the LUT: (1) those that release

acetylcholine and ATP to contract the bladder smooth muscle and (2) those that

release nitric oxide, which relaxes the smooth muscle of the internal urethral

sphincter (de Groat and Yoshimura 2001). Activation of the PMC also causes

relaxation of the external urethral sphincter (Blok 2002). This relaxation is not

mediated through direct interactions between descending fibers from the PMC

and the urethral motoneurons of Onuf’s nucleus, but on PMC terminations on

inhibitory GABAergic and glycinergic interneurons located in the intermediome-

dial cell group of the sacral spinal cord. These interneurons, in turn, inhibit the

somatic motoneurons of Onuf’s nucleus (Blok et al. 1997b; Sie et al. 2001). The

combined effect of activation of the PMC, thus, is a relaxation of the smooth and

striated muscle of the internal and external urethral sphincters and a contraction of

the bladder itself, resulting in the expulsion of urine.

There is some debate as to the role of the sympathetic nervous system during

voiding. Studies indicate that activity in sympathetic hypogastric motoneurons

decreases during micturition, suggesting that the sympathetic innervation of the

bladder maintaining storage is inhibited during voiding (de Groat and Lalley 1972).

This hypothesis proposes that the PMCacts as a neurological “switch,” turning off the

sympathetic and somatic storage circuit and turning on the parasympathetic voiding

pathway. However, in tracing studies on the projections of the PMC, which show

strong connections with parasympathetic preganglionic motoneurons, no projections

to sympathetic preganglionic motoneurons in the thoracolumbar spinal cord could be

found. Another possibility may be that micturition does not require inhibition of

sympathetic motoneurons. In this case, the PMC’s activation of parasympathetic

motoneurons and inhibition of ON motoneurons would overwhelm the inhibitory

action of sympathetic motoneurons during the short time of micturition.

While the PMC is the ultimate efferent nucleus of the neural pathway controlling

voiding, its neurons do not receive direct afferent input from the LUT (Blok et al.

1995). Sensory information on bladder filling is carried by A-d fibers from the

bladder to a distinct cell group, called Gert’s Nucleus (GN) located ventrolateral to

the dorsal horn of the S1–S2 spinal cord (Holstege 2005; Klop et al. 2005). GN, in

turn, sends ascending projections to a region of the mesencephalon known as the

periaqueductal gray (PAG) (Klop et al. 2005; Vanderhorst et al. 1996). The PAG

has been shown to play a critical role in the control of micturition, as it is strongly

connected to the PMC (Blok and Holstege 1994). Additionally, lesions in the PAG

in both cats and humans have resulted in urinary retention (Griffiths et al. 1990;

Komiyama et al. 1998). Therefore, the PAG serves as an important regulator of the

LUT, receiving sensory information from the bladder, processing it, and choosing

whether to activate the PMC to initiate voiding (Holstege and Mouton 2003). Put

into layman’s terms, if the PMC is the “switch” that initiates the voiding circuitry,

the PAG is the operator who decides when to throw that switch.
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Fig. 2 Neural pathways controlling voiding reflexes. Diagram depicting the proposed neuronal

pathways responsible for the voiding reflex. Sensory information from the bladder is carried to the

sacral spinal cord by afferent fibers of the pelvic nerve where they synapse on interneurons in

Gert’s Nucleus. From here, ascending interneurons carry sensory information to the central part of

the lateral periaqueductal gray in the mesencephalon. When the bladder reaches a threshold

pressure, descending neurons from the lateral periaqueductal gray to the pontine micturition center

are activated. The pontine micturition center activates parasympathetic preganglionic motoneur-

ons in the sacral spinal cord which, in turn, activates postganglionic neurons that innervate the
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While voiding is controlled through supraspinal mechanisms, there is some

evidence of spinal circuits that may aid in micturition without supraspinal input.

For example, electrical stimulation of pudendal afferents resulted in bladder con-

tractions in healthy (Shefchyk and Buss 1998; Yoo et al. 2008) as well as in spinal

cord transected cats (Tai et al. 2007). It has also been demonstrated that electrical

stimulation of the urethra can excite the detrusor in humans with spinal cord injury

(Gustafson et al. 2004). It is hypothesized that this reflex supports micturition by

strengthening the excitatory signal to the detrusor when urine is passing through

the urethra, promoting a complete emptying of the bladder. There is also a spinal

reflex connecting somatosensory neurons innervating the skin of the perigenital

area to the LUT (Tai et al. 2008). Mechanical stimulation of the perigenital area in

postnatal kittens excites the bladder and relaxes the urethra, leading to micturition.

The mother cat commonly activates this reflex by licking the perigenital region of

the kitten to induce voiding. This reflex is lost during development of the kitten,

when the supraspinal regions controlling voluntary voiding take over. In the adult,

this reflex excites the external urethral sphincter, promoting storage.

3 The Role of the Brain in Voluntary Voiding

The neural circuits described above are responsible for controlling reflex bladder

function; that is, the involuntary voiding exhibited by rodents or by infants. In

humans over the age of 2 or 3, however, the timing of voiding can be voluntarily

decided (de Groat et al. 1998). That is, an individual can choose to delay voiding

even when the fullness of the bladder is past that where sensations become

uncomfortable. There must then exist centers of the brain that can prevent the reflex

activation of the PMC, allowing the individual to consciously determine the appro-

priate time to void. As discussed in Chap. 6, very few areas of the brain connect

directly to the PMC; however, a number of brain centers, including the lateral,

caudal, and anterior parts of the hypothalamus, the central nucleus of the amygdala,

the bed nucleus of the stria terminalis, the medial and lateral preoptic region, and

large portions of the prefrontal cortex, project strongly to the PAG (Blok and

Holstege 1998; de Groat 1998; Nadelhaft et al. 1992). These areas all take part in

the limbic system of the brain, which plays a role in emotion, memory, and social

cognition and is responsible for regulating the autonomic nervous system in

response to emotion (such as the “fight or flight” response) (Holstege 1998,

2005). Therefore, it is thought that the PAG is responsible for determining when

to activate voiding, not based solely on the afferent information from the bladder,

�

Fig. 2 (continued) bladder smooth muscle, releasing acetylcholine to evoke a bladder contraction

through muscarinic receptors (mAChR). Descending interneurons from the PMC also activate

GABAergic and glycinergic inhibitory interneurons in the sacral spinal cord that inhibit the

motoneurons of Onuf’s Nucleus. This results in the relaxation of the external urethral sphincter
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but in conjunction with information from higher brain centers. This could include

information on environment (“Am I in the proper place to begin voiding?”),

emotion (the fear of voiding in public), memory (“where is the closest bathroom?”),

and proper social behavior (“Is this an acceptable place to void?”). If this informa-

tion tells the PAG that it is inappropriate to void at that particular time, then the

PAG does not activate the PMC and voiding does not occur, no matter how full the

bladder is.

It has only been recently possible to examine the role of higher brain centers in

micturition in humans, as functional imaging techniques such as PET and fMRI

have become available that allow a noninvasive look into which brain centers are

activated during storage and voiding (Kavia et al. 2005). A number of imaging

studies have been completed, with the majority giving evidence of two main areas

of the forebrain as being important during storage and/or micturition in the human:

the anterior cingulate gyrus and the prefrontal cortex (For more information, refer

to Chap. 5).

3.1 The Anterior Cingulate Gyrus

The anterior cingulate gyrus (ACG) is connected to a number of brain centers such

as the amygdala, hippocampus, hypothalamus, insula, the dorsal medial nucleus of

the thalamus, frontal motor areas, the caudate nucleus and putamen, and the PAG

(Musil and Olson 1988). These connections have prompted the hypothesis that the

ACG is a major control center integrating all information regarding the environ-

ment of the individual with emotional and motor stimuli and is of crucial impor-

tance for initiating goal oriented behavior (Bush et al. 2000). The ACG, therefore,

plays a role in cognitive functions, such as attention and introspection (i.e., being

aware that the bladder is full and it is time to void), and executive control (i.e., only

voiding in an “appropriate” place).

All of the current functional imaging studies have shown an upregulation of

activity in the anterior cingulate gyrus during filling or voiding, indicating a role

for this area in micturition (Athwal et al. 2001; Blok et al. 1997a, 1998; Matsuura

et al. 2002). Some discrepancies exist between studies on what part of the ACG

is important to bladder function, with earlier studies mapping activation of the

posterior ACG during bladder filling than later studies (Athwal et al. 2001;

Matsuura et al. 2002). This is thought to highlight a functional difference in the

two regions of the ACG; activity was increased in the posterior/dorsal portion of the

ACG when patients were asked to rate the level of their desire to void, a cognitive

task. The dorsal portion of the ACG also seems to be strongly activated in subjects

that had poor bladder control, possibly indicating that these patients exhibit a

greater awareness of the volume of their bladder as they dread an embarrassing

accident. A more anterior/ventral area of the ACG is activated when the bladder is

merely full, without the patient being required to think about it. The ACG is also

activated during micturition. Because the ACG projects heavily to the PAG, this
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activation during micturition may indicate that the ACG may also play a role in the

activation of the PMC by the PAG (Blok et al. 1997a, 1998).

Experiments in animals support the role of the ACG in micturition. For example,

electrical stimulation of the ACG in the anesthetized cat causes a contraction of the

detrusor muscle (Gjone 1966; Gjone and Setekleiv 1963). In the rat, a chemical

lesion of the ACG can cause an inhibition in the timing of bladder contractions,

lengthening the interval between reflex bladder contractions without altering the

strength of the contraction (Matsumoto et al. 2006). Clinically, patients with lesions

in the ACG report having symptoms of urge incontinence (Andrew and Nathan

1964; Duffau and Capelle 2005). There is also a report of urinary retention

following a cerebral infarct in the right caudal ACG (Funakoshi et al. 2005).

Finally, SPECT brain scans of patients that had symptoms of urge incontinence

exhibited decreased blood flow in the ACG as compared to normal patients

(Griffiths 1998).

3.2 Prefrontal Cortex

The prefrontal cortex, an area of the frontal lobe anterior to the motor and premotor

cortices of the brain, is also thought to play a role in controlling voluntary micturi-

tion. The prefrontal cortex has been implicated in the planning of complex cogni-

tive behaviors that involve the expression of appropriate social behavior (Miller and

Cohen 2001). This could also relate to the executive control of the urinary bladder,

i.e., the ability to prevent urination until an acceptable place can be found to void,

based on social expectations and consequences of actions.

The prefrontal cortex is connected with the ACG, the PAG, the hypothalamus,

the thalamus, and the insula, i.e., all brain regions that have been implicated in the

control of micturition (Carmichael and Price 1995). During brain imaging, a

number of studies have demonstrated an activation of the prefrontal cortex, specifi-

cally the right inferior frontal gyrus, during both the voiding and filling phases

(Athwal et al. 2001; Blok et al. 1997c, 1998; Matsuura et al. 2002; Nour et al. 2000).

It is not known what significance of this lateralization of the prefrontal cortex may

play. Clinically, lesions in the prefrontal cortex cause an inability to withhold urine,

resulting in symptoms of urge incontinence, including frequent urination and

nocturesis (Griffiths et al. 2005).

4 Central Nervous System Pharmacology Controlling

Micturition

Research has indicated that a number of transmitters in the central nervous sys-

tem play a role in micturition control. For example, glutamic acid, a major excitatory

transmitter in the central nervous system, is crucial for proper micturition. Excitatory
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glutamatergic signaling is mediated both by N-methyl-D-aspartate (NMDA) and

a-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) receptors in the spi-

nal cord, as both NMDA and AMPA receptor antagonists have an inhibitory effect

on bladder contractions (Maggi et al. 1990; Sugaya and de Groat 1994; Yoshiyama

et al. 1993a, b, 1994, 1995a, b). Glutamatergic signaling in the spinal cord plays a

significant role in the descending pathways from the PMC that activate micturition.

Intrathecal administration of NMDA or AMPA antagonists can block reflex voiding

in the anesthetized rat (Yoshiyama et al. 1993a, b, 1995a, b). These antagonists can

also block evoked micturition reflexes following electrical stimulation of the PMC

(Matsumoto et al. 1995). Glutamatergic signaling may also play a role in the

activation of spinal interneurons by bladder afferent nerves, as c-fos production

in spinal interneurons in response to bladder afferent activation is diminished by

NMDA or AMPA antagonists (Birder and de Groat 1992).

Noradrenergic signaling in the spinal cord can also influence bladder activity

(de Groat et al. 1999). The locus coeruleus sends numerous noradrenergic projec-

tions to the sacral spinal cord, where they may participate in modulating the

excitability of spinal neurons controlling micturition. For example, activation of

spinal a2 receptors promotes detrusor contraction and inhibits external urethral

sphincter activity in the rat and cat (Galeano et al. 1986; Ishizuka et al. 1996a).

Additionally, a1 adrenergic receptors may play a role in storage, as intrathecal

administration of prazosin (an a1 antagonist) in cats suppresses activity in both

sympathetic motoneurons and the motoneurons of ON (Danuser and Thor 1995).

However, this role is not yet certain, as a1 antagonists also have an inhibitory effect
on bladder contractions in the anesthetized rat (Ishizuka et al. 1996b). Bladder

contractions evoked by stimulation of the PMC in the cat are also blocked by

intrathecal prazosin, further supporting an excitatory role for these receptors in the

spinal cord (Yoshimura et al. 1990a, b, 1988).

Endogenous opioids have various inhibitory effects on the spinal pathways

controlling micturition. This has been demonstrated in animals where intrathecal

administration of opioid antagonists had an excitatory effect on the bladder, indi-

cating the presence of a tonic inhibition of the bladder through spinal opioid

mechanisms (de Groat et al. 1983). This tonic inhibition of the bladder is mediated

through d receptors in the spinal cord. Additionally, intrathecal administration of

k opioid receptor agonists suppresses external urethral sphincter activity (Thor

et al. 1989).

There is evidence for inhibitory neurotransmission in the spinal cord, mediated

through GABAergic signaling. GABAergic interneurons in the sacral intermedio-

medial cell group send fibers to the sacral parasympathetic nucleus, where GABAA

receptor activation inhibits parasympathetic motoneuron activity (Araki 1994).

Clinically, intrathecal administration of baclofen, a GABAA receptor agonist,

increases the pressure threshold needed to activate micturition (Steers et al. 1992).

Glycine is another inhibitory amino acid important for micturition. Its role

in inhibiting parasympathetic neurons is debated, as activation of glycinergic path-

ways can inhibit activity in parasympathetic preganglionic neurons of the rat (Araki

1994), yet no such pathway has been discovered in the cat (Kruse et al. 1990). In the
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cat, glycinergic interneurons can inhibit external sphincter motoneurons (Shefchyk

et al. 1998; Sie et al. 2001) and are thought to be responsible for relaxing the

sphincter in response to activation of descending pathways from the PMC during

micturition.

Various studies have elucidated a number of other transmitters in the brain that

are important to micturition. Stimulation of the PMC with acetylcholine, carbachol,

dopamine, glutamate, and norepinephrine can evoke micturition (Sugaya et al.

1987). Additionally, injection of naloxone (a m opioid receptor antagonist) (Noto

et al. 1991) or bicuculline (a GABAA receptor antagonist) (Mallory et al. 1991) into

the PMC can excite the micturition reflex, indicating that these receptors have a

tonic inhibitory role in the PMC. Injection of fentanyl or leucine-enkephalin into

the PMC has an inhibitory effect (Noto et al. 1991; Sugaya et al. 1987), further

supporting the inhibitory role for opioid receptors in the PMC. While research has

elucidated a number of transmitters important for signaling in the PMC, no signifi-

cant research has yet been performed to examine the transmitters important in the

other areas of the brain hypothesized to play a role in micturition.

5 Central Causes of Pathophysiology of the Lower

Urinary Tract

Voluntary control of voiding requires supraspinal neural pathways, if these path-

ways are interrupted, the individual suffers from incontinence. Urinary inconti-

nence is a generic term which refers to “any involuntary leakage of urine” and

includes a number of different disorders. In the following section, we will discuss a

few of the pathological conditions that can occur when central nervous system

pathways controlling micturition are interrupted.

5.1 Spinal Cord Transection

An interruption of the brainstem-spinal pathways controlling micturition can occur

when the spinal cord is injured. Loss of voluntary bladder control represents a major

quality of life issue for patients with spinal cord transection (SCT). When SCT

patients were asked in a recent survey which functional recovery would most

greatly improve their lives, bladder and bowel function was ranked higher than

regaining the use of their legs to walk (Anderson 2004). Therefore, bladder research

has become a major focus of SCT researchers.

When SCT occurs rostral to the lumbosacral spinal cord, the immediate result is

complete urinary retention (de Groat 1995). During this stage, the bladder cannot

empty and the individual must be continuously catheterized to drain urine. If urine

is not drained by catheterization, high bladder pressure will cause vesicoureteral
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reflux and eventually renal failure and death. However, after a period of a few

weeks in animals to a few months in humans, the bladder recovers its function much

like that of an infant, where the bladder empties reflexively after reaching a

threshold pressure (de Groat et al. 1998). For this to occur, pathways in the spinal

cord that connect bladder afferent nerves to the parasympathetic neurons

controlling bladder contractions must be activated (Fig. 3). It is thought that these

spinal pathways play a role during infancy and are subsequently overruled during

the development of the descending pathways of the supraspinal regions that control

bladder function in the adult. Following SCT, these dormant pathways might be

activated once again to control reflex voiding.

Fig. 3 Reflex control of the lower urinary tract following spinal cord transection. Diagram
depicting the proposed changes in the organization of the neural pathways controlling micturition

following spinal cord transection. When the spinal cord is transected, both the ascending afferent

pathways to the brain and the descending efferent pathways from the pontine micturition center are

cut off. As a result, neural pathways that would normally excite parasympathetic motoneurons and

inhibit motoneurons in Onuf’s Nucleus are not activated. However, a few weeks after spinal cord

transection a spinal reflex forms that is driven by C-fiber afferent nerves. C-fiber activation results

in excitation of spinal interneurons that directly activate parasympathetic motoneurons, contract-

ing the bladder. However, these interneurons also activate Onuf’s nucleus, contracting the external

urethral sphincter, causing detrusor–sphincter dyssynergia. Dotted lines indicate neural pathways
silenced following spinal cord transection
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This reflex voiding, however, is inefficient for a number of reasons. First, the

bladder smooth muscle is highly active, exhibiting small, nonvoiding contractions

during the filling phase, called detrusor hyperreflexia (de Groat 1995). This

increased bladder smooth muscle activity can be so strong that it results in urine

leakage. Detrusor hyperreflexia is caused by a shift in the electrophysiological and

chemical properties of bladder afferent nerves following SCT (Yoshimura 1999).

In the normal bladder, capsaicin-sensitive, unmyelinated C-fiber afferent nerves are

mechano-insensitive, reacting only to noxious stimuli. However, following SCT,

C-fiber afferents become sensitized to mechanical stimuli and respond to stretch of

the bladder wall as the bladder fills (de Groat et al. 1990). The increased sensitivity

of bladder C-fiber afferents is thought to be the driving force behind detrusor

hyperreflexia, as desensitization of C-fibers through the application of capsaicin

can completely block bladder contractions in the spinalized cat (de Groat et al.

1990). These experiments also suggest that the change in afferent nerve phenotype

following SCT is complete, with A-d fibers no longer playing any role inmicturition.

Voiding following SCT is also inefficient due to detrusor sphincter dyssynergia

(DSD). In the normal bladder, descending pathways from the PMC excite the

parasympathetic neurons responsible for contracting the bladder and indirectly

inhibit the motoneurons responsible for keeping the urethra contracted (Griffiths

et al. 1990). This coordination of bladder contraction and urethral relaxation allows

for efficient voiding. However, when the supraspinal control is eliminated, this

coordination disappears. Activation of bladder afferent nerves not only activates a

spinal reflex that contracts the detrusor, but it also activates spinal reflexes that

contract the external urethral sphincter (de Groat 1995; de Groat et al. 1998;

Yoshimura and de Groat 1997). This simultaneous contraction of the detrusor and

the sphincter prevents complete emptying of the bladder. For the patient this means

intermittent catheterization to drain the residual urine in the bladder, which greatly

increases the chances of acquiring a bladder infection. Additionally, the bladder

must exert a greater force in order to expel urine through the closed urethra, which

leads to a substantial thickening of the bladder smooth muscle (Kruse et al. 1993).

This hypertrophy of the bladder wall reduces its compliance and decreases the

bladder’s capacity. It is also thought that this hypertrophy of the bladder wall is

responsible for sensitization of C-fiber afferents in the bladder following SCT

(Yoshimura 1999). Hypertrophied bladder smooth muscle releases increased levels

of nerve growth factor, which has been shown to alter the expression of ion

channels in bladder C-fiber afferents, increasing their excitability (Yoshimura

et al. 2006).

5.2 Urge Urinary Incontinence

Urge urinary incontinence is defined as “the complaint of involuntary leakage of

urine accompanied by or immediately preceded by urgency” (Abrams et al. 2002).

Because the urgency experienced by the patient often occurs with little warning and
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at volumes that are lower than the normal threshold for causing urgent bladder

sensations, researchers have focused on peripheral sensory nerves for an etiology to

urge urinary incontinence (Andersson 2002; Cruz 2004; Fowler 2002). However,

research has indicated that defects in the central nervous system may be responsible

for the pathophysiology of the disease.

For example, lesions in the centers of the brain thought to play a role in voluntary

control of micturition, such as the prefrontal cortex or the anterior cingulate gyrus

can lead to urge urinary incontinence (Andrew and Nathan 1964; Duffau and

Capelle 2005; Griffiths et al. 2005). Additionally, it is known that some individuals

develop small cerebral white matter lesions as they age, a condition known as

leukoaraiosis (Brant-Zawadzki et al. 1985). Leukoaraiosis often occurs during

aging, mainly due to vascular disease, such as atherosclerosis and subsequent

hypertension and heart disease (Pantoni and Garcia 1997). It is also thought to

play a role in a number of neurological conditions such as Alzheimer’s and

Parkinson’s disease. Patients suffering from these neurological conditions often

suffer from urinary incontinence (Kuchel et al. 2009); therefore, it is thought that

this urinary dysfunction may also be due to leukoaraiosis and may represent a first

stage of the other neurological disorders, as it appears that the urological symptoms

often occur before leukoaraiosis is pronounced (Sakakibara et al. 1999). Therefore,

it is becoming clear that urge incontinence is caused by an interruption of the

inhibitory signals from the prefrontal cortex, the anterior cingulate gyrus and/or

other areas of the brain to the PAG, preventing activation of the PMC by the PAG

when the bladder is full. The result is an inability of the patient to maintain

continence when they feel their bladder is full because they lack the time to find

an acceptable place to void. Therefore, urge urinary incontinence is not a “bladder

disease” as much as it is a “brain disease.” Successful treatments for urge urinary

incontinence might therefore be found in attempts to restore tonic inhibition to the

PAG, either through pharmacological intervention or through electrical deep brain

stimulation, similar to that currently being studied to treat Parkinson’s patients

(Weaver et al. 2009).

6 Conclusions

The motoneurons controlling the function of the LUT are carefully controlled by

neurons in the spinal cord, brainstem, and brain. If these CNS pathways should

become perturbed, the resulting loss of voluntary bladder control can drastically

reduce one’s quality of life. Given the multitude of transmitters in the central

nervous system that play a role in controlling micturition, a number of potential

drug targets for the treatment of bladder disorders exist. Only through better

understanding of the central pathways controlling micturition can we develop

novel techniques for the treatment for bladder pathology, such as that seen follow-

ing spinal cord injury or leukoaraiosis.
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Abstract Much of the current research on lower urinary tract dysfunction is

focused on afferent mechanisms. The main goals are to define and modulate the

signaling pathways by which afferent information is generated and conveyed to the

central nervous system. Alterations in bladder afferent mechanisms are a potential

source of voiding dysfunction and an emerging source of drug targets. Even some
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established drug therapies such as muscarinic receptor antagonists, as well as

emerging therapies such as botulinum toxin type-A, may act partly through afferent

mechanisms. This review presents up-to-date findings on the localization of afferent

fiber types within the bladder wall, afferent receptors and transmitters, and how

these may communicate with the urothelium, interstitial cells, and detrusor smooth

muscle to regulate micturition in normal and pathological bladders. Peripheral and

central mechanisms of afferent sensitization and myogenic mechanisms that lead to

detrusor overactivity, overactive bladder symptoms, and urgency sensations are

also covered as well as new therapeutic approaches and new and established

methods of measuring afferent activity.

Keywords Afferent sensitization � Animal models � Boutlinum toxin type-A � Myo-

genic and neurogenic bladder overactivity �Optical mapping �Voltage-sensitive dyes

1 Introduction

Over the last 10 years, studies of lower urinary tract (LUT) dysfunction have pro-

vided a number of new concepts regarding central and peripheral nervous involve-

ment (Andersson and Arner 2004; Tai et al. 2006; Yoshimura et al. 2008). This has

led to an intensive search for new therapeutic targets aimed at micturition control

through modulation of urothelial and afferent signaling mechanisms (Andersson

2002; Apodaca et al. 2007). Although our understanding of bladder function has

increased during this period, the functional regulation of the detrusor and its

innervation remains challenging. The detrusor muscle has for many years been

the target for antimuscarinic drug therapy. However, even though antimuscarinics

have proved effective at ameliorating symptoms of bladder overactivity, there is

poor patient compliance due to significant side effects. Voiding is the result of the

coordinated contraction of the detrusor and sphincter relaxation, made possible

by the interaction of afferent and efferent nerves as well as the urothelium and

interstitial cells in the bladder. The goal in treating detrusor overactivity (DO) and

overactive bladder (OAB) symptoms is not to interfere with bladder emptying, but

to eliminate involuntary bladder contractions.

The detrusor muscle in healthy bladders is not quiescent during the filling

phase as the myocytes exhibit an uncoordinated low amplitude spontaneous

activity. In detrusor overactivity, this spontaneous activity becomes coordinated,

increases in amplitude, and can stimulate afferent nerves. This may contribute to

uncontrolled activation of the micturition reflex and sensations of urgency.

Accordingly, much of the current research on LUT function is focused on afferent

mechanisms and how information is generated and conveyed to the central

nervous system and the roles of the urothelium and interstitial cells. The present

review focuses on these interactions along with peripheral and central afferent

sensitization as it relates to the pathophysiology of DO and the OAB syndrome. It

also discusses new and established methods for measuring afferent activity and

new therapeutic approaches aimed at controlling it.
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2 Afferent Recordings

2.1 Multi- and Single-Unit Recordings

Anumber of in vivo and in vitro approaches have been used to investigate the different

classes and roles of afferent nerve fibers within the bladder. Many investigators record

from afferent nerves using platinum or silver wire electrodes with the nerves electri-

cally isolated from the bladder in a chamber containing oil. Dissected nerve bundles

are placed on a recording electrode in close proximity to a reference/null electrode. In

this way, multi- and single-unit recordings can be obtained depending upon the extent

of nerve dissection (see Fig. 1). The decision to use multi- or single-unit recordings

depends on the data desired. There are advantages and disadvantages to both

approaches. Multiunit afferent recordings describe overall activity as it is not easy to

distinguish between changes in the firing of a particular fiber, summation of a number

of fibers, or recruitment of new fibers, although offline analysis can be performed in an

attempt to distinguish individual fibers from the data collected. Suction electrodes can

also be used in vivo or in vitro to record multiunit activity. This technique involves

exposure of either the attached pelvic or hypogastric nerve, followed by careful

splitting into smaller branches. A nerve branch is then sucked into a glass tube

(~0.75mm ID)with a small silver electrode (~0.2mmdia). One benefit of this method

is that all the tissues remain in physiological solution. The use of this approach has

led to a number of important findings including the potential role of transient

receptor potential vanilloid 1 (TRPV1) in normal bladder function (Daly et al.

2007) and the mechanosensory actions of P2X3 receptors (Vlaskovska et al. 2001).

There are a number of benefits to single unit recordings: (1) The type of fiber

being studied can be characterized based on responses to stimuli; (2) conduction
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Fig. 1 This figure contrasts single unit afferent nerve recordings frommouse whole bladder sheets

(left panel) with multiunit (right panel) recordings from intact mouse bladders during stretch and

distension, respectively. In the single unit recording, it is clear that the frequency of firing increases

as a function of tension. However, while the frequency of afferent firing can be seen to also

increase in the multiunit recording, the response of individual units is difficult to interpret due to

the simultaneous firing and recruitment of some afferents (summation) as well as the decrease in

firing and loss of other fibers (adaptation). Left panel fromMcCarthy et al. (2009); right panel from

Daly et al. (2007)
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velocities can be measured to determine if the fiber is an Ad- or C-fiber neuron; (3)
thresholds can be investigated; and (4) variations in firing rates can easily be recog-

nized. However, an extensive number of individual fibers have to be studied to give

a representation of any overall effect on all the various types of fibers located in the

bladder. Multiunit recordings have been used to show that the excitability of affer-

ent nerves is increased by both P2X receptor activation and cyclophosphamide

(CYP)-induced cystitis. Distension of the bladder resulted in spontaneous contrac-

tions, leading to multiple afferent unit firing, which increased in the presence of a,b-
methyleneATP, even though the contraction amplitude remained the same (Yu and de

Groat 2008). However, these results could not determine which fibers precisely in-

creased in activity, just that there was an overall increase. In a number of other studies

aimed at characterizing the afferent nerves that supply the bladder, single-unit activity

was recorded. Sengupta and Gebhart demonstrated that of the mechanosensitive

fibers studied, 80% were low threshold while 20% were high threshold (Sengupta

and Gebhart 1994a). Zagorodnyuk et al. (2006) and Xu and Gebhart (2008) have tried

to characterize and determine the properties of the types of fibers based on various

stimuli including, stretching, probing, stroking, and chemicals.

2.2 Patch Clamp Recording

Patch clamp recording has been used to study the activity of bladder afferent

neurons isolated from dorsal root ganglia (DRG) as shown in Fig. 2. For example,

Yoshimura et al. (2003) used this approach to investigate the electrophysiological

properties of afferent neurons innervating different regions of the LUT. While only

a small proportion (1–2%) of the neurons in S1–S3 ganglia send projections to the

pelvic viscera including the bladder (Janig and Morrison 1986; De Groat 1986),

those innervating the bladder can be differentiated by retrograde axonal labeling

using fluorescent dyes such a fast blue. The advantage of the patch clamp technique

is that it allows for the analysis of ionic currents in discrete cells and their response

to pharmacological agents. This approach has been used to identify receptors on the

cell bodies with the assumption that these are also expressed at the terminals.

2.3 Afferent Recording and Optical Mapping

To better analyze afferent activity, many studies combine nerve recordings with

complimentary techniques. For example, cystometry can be performed when affer-

ent activity is recorded in vivo from intact bladders (De Groat and Lalley 1972;

Shea et al. 2000). Also, pressure or tension measurements can be taken when

afferent activity is recorded in vitro using intact bladders (Namasivayam et al.

1998; Rong et al. 2002) or bladder sheet-nerve preparations (Zagorodnyuk et al.

2006; Xu and Gebhart 2008; McCarthy et al. 2009), respectively. Intact bladders
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allow for physiological multidirectional distension using saline with or without

drugs. However, identification of specific receptive fields is not easy. Bladder

sheets, on the other hand, permit the determination of receptive fields, but stretch

can only be applied in one or two directions.

The chemosensitivity of bladder afferents can be tested by intravesical applica-

tion of chemical mediators into intact bladders or on isolated areas on bladder

sheets by placing solutions of inflammatory agents into small rings set on the

bladder surface (Zagorodnyuk et al. 2007). A general problem with the application

of chemical agents is that they may not penetrate to the afferent nerves in deeper

layers of the bladder.

In order to demonstrate that multiple receptive fields can interact to encode

mechanical information, spatiotemporal mapping has been tested. Indian ink car-

bon particles were used to mark the receptive fields in ileum (Brookes et al. 1999)

and esophagus (Zagorodnyuk and Brookes 2000), following their identification

using Von Frey stimulation. The deflections of the carbon particles by distension

were video recorded and correlated with afferent firing. To demonstrate that
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Fig. 2 Characteristics of a bladder afferent neuron (24 mm diameter, C-fiber afferent neuron, top

records) exhibiting tetrodotoxin (TTX)-resistant action potentials and a bladder afferent neuron

(33 mm diameter, Ad-fiber afferent neuron, bottom records) exhibiting TTX-sensitive action

potentials. (a) Voltage responses and action potentials evoked by 30 ms depolarizing current

pulses injected through the patch pipette in current-clamp conditions. Asterisks with dashed lines

indicate the thresholds for spike activation. (b) Effects of TTX application (1 mM) on action

potentials. (c) Firing patterns during membrane depolarization (700 ms duration). (d) Responses to

extracellular application of capsaicin (1 mM) in voltage-clamp conditions. Note that the TTX-

resistant bladder afferent neuron exhibited phasic firing (i.e., 1–2 spikes during prolonged mem-

brane depolarization) and an inward current in response to capsaicin while the TTX-sensitive

afferent neuron exhibited tonic firing (i.e., repetitive firing during membrane depolarization) and

no response to capsaicin. Adapted from Yoshimura et al. (2003)
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spontaneous smooth muscle contractions can stimulate afferent firing within a

receptive field, Ca2+ transients were mapped across the mucosal surface of a

bladder sheet while simultaneously recording afferent activity and bladder tension

(McCarthy et al. 2009) as shown in Figs. 3 and 4. In this way, the size of a receptive

field can also be determined.

3 Afferent Nerve Localization Within the Bladder Wall

3.1 Peripheral and Central Pathways

The coordination between the urinary bladder and the outlet (the bladder neck,

urethra, and urethral sphincters) is mediated by a complex neural control sys-

tem located in the brain, spinal cord, and the peripheral ganglia as depicted in

Fig. 5. This includes innervations through sympathetic (hypogastric), parasympa-

thetic (pelvic), and somatic (pudendal) nerves. Sympathetic fibers originate in the

T11-L2 segments of the spinal cord. They run through the ganglia in the inferior

mesenteric plexus and then the hypogastric nerves to enter the pelvic plexus and
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using the photodiode array. (f) Isochronal map derived from the data in e. The initiation site
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then the base of the bladder and the urethra (de Groat 1997). Parasympathetic fibers

arise from the S2–S4 spinal segments and travel in the sacral roots and the pelvic

nerves through ganglia in the pelvic plexus and into the bladder wall. Somatic

nerves supplying the striated muscles of the external urethral sphincter arise from

S2–S4 motor neurons in Onuf’s nucleus and pass through the pudendal nerves.

The afferent components of these nerves consist of myelinated (Ad-) and non-

myelinated (C-) fibers. Sensory input from the bladder is conveyed to the spinal

cord through the pelvic and hypogastric nerves (Morrison 1999; Weaver 1985),

whereas sensations from the bladder neck and urethra are carried by the pudendal

and hypogastric nerves (Fowler et al. 2008). The main function of afferent fibers in

the hypogastric nerves is to carry painful impulses upon maximal distensions of the

bladder and urethra (Talaat 1937). Ad-fibers mediate mechanotransduction and

volume-sensing functions, conveying information about bladder filling. These

fibers are more sensitive, have thinly myelinated axons, are larger in the diameter,

and conduct action potentials more rapidly than C-fibers (conduction velocities are

< 2 m/s for C-fibers and 3–10 m/s for Ad-fibers). The majority of C-fibers (~90%)

(Habler et al. 1990) are insensitive under normal physiological conditions and are
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Fig. 4 Spontaneous contractions in a pathological bladder that drive afferent firing. Simultaneous

recordings of spontaneous contractile activity and corresponding afferent firing from (a) the

normal adult and (c) spinal cord transected (SCT, T8–T9 level) mouse bladders (expanded time

base in panels b and d, respectively). (e) The effect of nifedipine (10 mM) on spontaneous

contractions and afferent firing in a SCT mouse bladder. The arrows in d indicate action potentials

of different amplitude recorded from three separate fibers that responded to the spontaneous

contraction above. This figure is from McCarthy et al. (2009)
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termed “silent” responding primarily to noxious stimuli such as chemical irritation

or inflammation.

The primary cell bodies of the Ad- and C-fiber afferents that travel in the pelvic

and pudendal nerves are contained in the lower lumbar and sacral dorsal root

ganglia (DRG); the cell bodies of the afferents that travel in the hypogastric nerves

arise in the rostral lumbar DRG. The central axons of the DRG neurons carry

sensory information from the LUT to second order neurons in the spinal cord.
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Fig. 5 Innervation of the LUT. The coordination between the urinary bladder and the outlet (the

bladder neck, the urethra, and the urethral sphincters) is mediated by sympathetic (hypogastric),

parasympathetic (pelvic), and somatic (pudendal) nerves. The primary cell bodies of Ad- and
C-fiber afferents of the pelvic and pudendal nerves are contained in lower lumbar and sacral dorsal

root ganglia (DRGs); whereas afferent innervation in the hypogastric nerves arise in the rostral

lumbar DRGs
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In the 1970s and 1980s, ventral afferents were reported to constitute an alternative

pathway for nociception entering the spinal cord directly (Coggeshall et al. 1974;

Coggeshall 1980). However, very few afferent fibers enter the central nervous system

through the ventral roots and they now are believed to be of little importance (Risling

et al. 1984). They can arise from: (1) specialized Ruffini-like endings within the

ventral roots; (2) from free sensory nerve endings in the connective tissue of the pia

mater on the ventral surface of the spinal cord; or (3) double back, in a hairpin-like

loop, toward the distal end of the ventral roots, thus entering the spinal cord through

the corresponding dorsal roots (Nilsson Remahl et al. 2008).

Parasympathetic and sympathetic central (preganglionic) neurons are located in

the intermediate gray matter (laminae V–VII) of the sacral and lumbar segments of

the spinal cord, respectively. Visceral afferent fibers of the pelvic nerves enter the

cord and travel rostrocaudally within Lissauer’s tract and transversely around the

dorsal horn via the lateral collateral pathway (LCP) and medial collateral pathway

(MCP) to reach the deeper layers of the spinal cord (Morgan et al. 1981). Within

the spinal gray matter, the LCP and MCP provide a dense innervation to laminae I

(superficial dorsal horn), V, and VII and the dorsal commissure. A similar axon

collateral system has not been identified in sympathetic preganglionic neurons

(Fowler et al. 2008). The somatic motor neurons innervating the external urethral

sphincter are located in the ventral horn (lamina IX) in Onuf’s nucleus (level S2). They

have similar arrangements of transverse dendrites, as parasympathetic neurons do,

and an extensive system of longitudinal dendrites that travel within Onuf’s nucleus

(Thor et al. 1989). The overlap between parasympathetic and somatic interneurons

and dendrites in the dorsal commissure and lateral dorsal horn indicates that these

regions are probably important sites of coordination of bladder and sphincter activity.

Some of the lumbosacral spinal cord interneurons send long projections to the

brain (Birder et al. 1999); others make local connections in the spinal cord and

participate in segmental spinal reflexes (Araki and de Groat 1997). Brain neuron

populations specific for micturition include the neurons of the periaqueductal gray,

believed to receive bladder afferents from the cord (Duong et al. 1999); the insula,

especially on the right, activation of which is linked to subjective visceral sensation

(“feeling states”); and the dorsal anterior cingulate cortex, responsible for emo-

tional responses and motivational behaviors. In addition, the prefrontal cortex,

particularly the medial part, is believed to be responsible for deciding whether to

void based on the social situation. Finally, if voluntary voiding occurs, there is

activation of the anterior cingulated cortex and of the pontine micturition center

(PMC, or Barrington’s nucleus) that results in the coordination of urethral sphincter

relaxation, detrusor contraction, and urination (Griffiths et al. 2009).

3.2 Myelinated Ad-and Unmyelinated C-Fibers

Afferent fibers traveling in the pelvic, hypogastric (lumbar splanchnic), and puden-

dal nerves continually convey information from the bladder, urethra, and sphincters
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to the spinal cord. The sensations transmitted (from fullness to pain) and the

activation stimuli (e.g., stretch/volume/chemicals) of bladder afferents are wide

ranging; consequently, the types of afferent fibers, their location, and properties are

diverse. The characterization of afferent nerves has been studied in a number of

species including cat (de Groat and Ryall 1969; Habler et al. 1993b; Yu and de

Groat 2008; Jiang et al. 2009), guinea-pig (Zagorodnyuk et al. 2007), rat (Charrua

et al. 2008, Yu and de Groat 2008; Cefalu et al. 2009), and mouse (Xu and Gebhart

2008; McCarthy et al. 2009; Walczak et al. 2009). The major afferent supply from

the bladder travels in the pelvic nerves, which, along with the hypogastric nerves,

have been more extensively studied.

Habler et al. (1990, 1993a, b) comprehensively studied both myelinated and

unmyelinated axons within the cat bladder. Only a small subpopulation of unmy-

elinated afferents responded to high intravesical pressure and chemical irritants.

When myelinated afferents were tested, all responded in a graded manner to bladder

distension through slow intravesical filling. Habler et al. also showed the chemo-

sensitive nature of the mechanoreceptive myelinated afferents.

Both Ad- and C-fibers populations have been demonstrated to consist of low and

high threshold fibers. The mechanosensitive fibers can be divided into 80% low

threshold and 20% high threshold (>20 mmHg) (Sengupta and Gebhart 1994b).

In the same study, it was shown that the majority of the fibers that responded

to noxious stimuli were C-fibers (68%). Many of the low threshold fibers also

responded to contraction. Given the role of afferent fibers in gaging the degree of

bladder wall distension, the proportions of low and high threshold fibers are

important for normal physiological filling. Studies have shown that the low thresh-

old stretch-sensitive fibers fire in proportion to intravesical pressure and have

therefore been described as in-series tension receptors (Shea et al. 2000). Separate

from the in-series tension receptors are the proposed volume receptors that sense

distension irrespective of bladder pressure. The volume receptors do not respond

to increases in intravesical bladder pressure in the same manner as the tension

receptors. Instead of responding linearly, they reach a threshold or even decrease in

activity with increasing pressure (Shea et al. 2000). Morrison et al. (1999) reported

that the volume receptors had a higher threshold than the in-series tension receptors.

The high threshold fibers have been associated with the transduction of pain (de

Groat 1997).

There is a class of “silent” C-fibers that are not excited by known physiological

stimuli even at intensities that can damage the innervated tissue (Michaelis et al.

1996). These fibers are particularly numerous in the bladder and other viscera and

may constitute up to 90% of the C-fibers (Habler et al. 1990). During inflammation

induced by mustard oil, about 45% of these silent fibers become spontaneously

active with 10% thereafter becoming sensitized to physiological stimuli. It is sug-

gested that these fibers are nociceptors with their orthodromic activity summing

spatially and temporally at second order neurons to contribute to different pain

states (Michaelis et al. 1996). This correlates with the activity of C-fibers increasing

in pathological conditions including bladder outlet obstruction (BOO) (Steers et al.

1991), spinal cord injury (Cheng and de Groat 2004), diabetes (Steers et al. 1994),
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cystitis (Yoshimura and de Groat 1999), and colitis (Ustinova et al. 2007). C-fibers

are also sensitive to overdistension. A model of afferent nerve activity being

proportional to the bladder stress (pressure � volume) was proposed where bladder

contraction is initiated by exceeding an afferent threshold due to increasing pres-

sure and volume. The contraction then continues until afferent activity drops below

threshold as a result of the decreasing volume (le Feber et al. 2004).

3.3 Chemo-, Mechano-, and Thermo-Sensitivity

Two main mechanisms of afferent activation have been described, direct and

indirect. Direct refers to physical activation of afferent nerve endings via stimula-

tion of mechanogated receptors such as ENaC, TREK-1, TRPA1, and the osmolar-

ity receptor, TRPV4 (Fig. 6), whereas indirect describes activation of receptors on

the nerve fibers by mediators that are released from surrounding non-neuronal cells
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Fig. 6 The regional distribution of chemo-, mechano-, and thermosensitive afferent receptors

within the bladder wall. UT urothelium, LP lamina propria, and SM smooth muscle
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activated by mechanical stimuli. An example is ATP, which is released from the

urothelium in response to stretch (Ferguson et al. 1997) and may activate

purinoreceptors on afferent nerve endings. In fact, the use of antagonists such as

PPADS and TNP–ATP reduces the mechanosensitivity of afferent nerves (Nama-

sivayam et al. 1999; Rong et al. 2002). The bladder also displays reflex responses to

acidity, heat, cold, and noxious cold. These are mediated, respectively, by the ASIC

(pH < 7) and TRPV1 (pH < 7) receptors; TREK-1 (>24–33�C), TRPV1 (>43�C),
TRPV2 (>53�C), and TRPV3 (>39�C) receptors; and the TRPM8 (<22�C) and
TRPA1 (<10�C) receptors.

3.4 Mucosal, Muscle, and Serosal Afferents

The response of mechanosensitive afferent nerves in the mouse to stretching,

probing, and stroking was used by one group to characterize the fibers tested as

either mucosal, muscle-mucosal, muscle, or serosal (Xu and Gebhart 2008) as

shown in Fig. 7. However, a second group using similar mechanical tests with the

addition of chemical (a,b-methyleneATP and capsaicin) and hypertonic solution

stimuli differentiated the fibers into four different functional populations in the guinea
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hypogastric
nerve

pudendal nerve

muscle
63%

serosal
14%

muscle-
urothelial

14%

urothelial
9%

urothelial

serosal

muscle

a b c

ed

urothelial
serosal
muscle
muscle-urothelial

high threshold
low threshold

stretch

5g 10g 20g

stroke probe

muscle-
urothelial

Fig. 7 Classes and distribution of afferent nerves in the LUT. (a) The distribution of the different

classes of fibers in the bladder wall and urethra. (b) In the pelvic nerve, four types of mechan-

osensitive fibers were identified by stretch, stroke, and probe. (c) Proportions of afferent fiber types

recorded in the pelvic nerve. (d) Distribution of low- and high-threshold receptive fields of pelvic

nerve muscle fibers based on responses to stretch and (e) Distribution of receptive fields of the four

classes of pelvic nerve fibers. The data and illustrations in b–e are adapted from Xu and Gebhart

Xu and Gebhart (2008)
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pig. They are muscle, muscle-mucosal, mucosal high responding, and mucosal low

responding mechanoreceptors (Zagorodnyuk et al. 2007). Comparing the response

of these different groups of fibers to the particular stimuli suggests overlap between

the proposed fiber categories demonstrating consistency as shown in Table 1.

3.5 Pelvic Organ Cross Innervation

Afferent neurons typically innervate a single visceral organ, but there are DRG

neurons with multiple or dichotomizing axons, which can innervate adjacent

structures (Dawson et al. 1992; Yoshimura et al. 1994). For example, convergent

neurons innervating both the bladder and the colon are predominantly found in

T12-L2 and L6-S2 DRG (Christianson et al. 2007; Malykhina et al. 2006). Cross-

sensitization between pelvic organs promotes the antidromic transmission of nox-

ious stimuli from an irritated organ to an adjacent structure sensitizing the neurons

via dichotomizing axons (Pezzone et al. 2005; Malykhina 2007).

There are several theories regarding the mechanism(s) underlying pelvic organ

cross-sensitization as shown in Fig. 8. These include an antidromic axon reflex via a

single DRG afferent neuron with several branches supplying different organs

(Christianson et al. 2007) and afferent convergence in the spinal cord or the brain

(Malykhina 2007). Studies in animals showing increased Na+ currents in bladder

afferent neurons in DRG (Malykhina et al. 2004), sensitization of bladder afferent

neurons in the spinal dorsal horn by chemically induced colitis (Qin and Foreman

2004), and convergence of information from the bladder and colon to individual

Barrington’s nucleus neurons (Rouzade-Dominguez et al. 2003) support all three

theories, respectively. Cross-sensitization is often implicated as one of the major

contributing factors in studies of chronic pelvic pain and bladder overactivity, but it

is not limited to the bladder and the bowel. Women with vulvar vestibulitis in many

cases also report symptoms of interstitial cystitis (IC) (Fitzpatrick et al. 1993).

Experimental studies showed increased uterine motility following bladder inflam-

mation (Dmitrieva et al. 2001). The inflammation of the uterus and endometriosis

resulted in increased vascular permeability of the bladder (Morrison et al. 2006).

About half of all men with chronic prostatitis also exhibit painful bladder filling

(Moldwin 2002).

Table 1 Localization &

Characterization of Afferent

Nerves in the Bladder Wall

Xu et al. Zagorodnyuk

et al.

Stimulus response

Mucosal Mucosal high

Mucosal low

Stroke and probe

Muscle-mucosal Muscle-mucosal Stretch, stroke,

and probe

Muscle Muscle Stretch and probe

Serosal Probe
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During the last decade, the problem of pelvic organ cross-sensitization has

attracted much interest. The more widely used model for investigation of the

symptoms overlapping with gastrointestinal inflammation is colonic irritation

induced by intrarectal instillation of inflammatory agents such as trinitroben-

zene sulfonic acid (TNBS) and dextran sulfate sodium (DSS). Using TNBS-

induced colitis, some groups of investigators reported increased sensitivity of

convergent DRG neurons to mechanical and chemical (capsaicin, bradykinin and

Substance P) stimuli 1 h after induction of colitis. This enhanced sensitivity

persisted in rats (Ustinova et al. 2006) for 10–30 days (Malykhina et al. 2006) in

the absence of obvious colonic inflammation. Studies using DSS-induced colitis

showed increased sensitization of spinal lumbosacral neurons receiving input

from the bladder (Qin et al. 2005). The instillation of 10% mustard oil intrarec-

tally and into the uterine horn (in proestrus) resulted in protein extravasation in

the urinary bladder within 2 h. Hypogastric neurectomy eliminated these effects

(Winnard et al. 2006), suggesting that the mechanism involves neurogenic

inflammation.

The consequences of bladder irritation on the colon, uterus, and cutaneous sites

were studied by several groups. Bielefeldt et al. showed that CYP-induced cystitis

and nerve growth factor (NGF) overexpression in the bladder caused enhanced

responses to colorectal distention and mechanical and thermal hypersensitivity of

the cutaneous referral sites (Bielefeldt et al. 2006). Bladder irritation with instilled

protamine sulfate and KCl resulted in reduced thresholds to colorectal distention

(Pezzone et al. 2005). Fifty percent turpentine (in olive oil)-induced bladder
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Fig. 8 Putative pathways for peripheral (1 and 2) and central (3) co-innervation of the colon and

urinary bladder. (1 and 2) show a dorsal root ganglion (DRG) neuron with multiple axons or

branches innervating the colon and the bladder and (3) depicts afferent converge in the spinal

cord
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inflammation resulted in increased uterine contractions where the hypogastric

nerves were shown to be involved (Dmitrieva et al. 2001).

4 Receptors on Afferent Neurons

4.1 Vanilloids (Table 2)

Transient receptor potential vanilloids (TRPV) are nonspecific ion channels

expressed predominantly on unmyelinated C-fibers, which are activated by heat,

protons, and vanilloid compounds such as capsaicin. TRPV1 receptors are expressed

on bladder afferents, detrusor smooth muscle, and urothelial cells, and appear to have

a role in modulating bladder sensory function, particularly nociception (Avelino et al.

2002). TRPV1 has been implicated in the development of visceral pain conditions

that are triggered by inflammation, e.g., cystitis. CYP- or acrolein-induced cystitis in

TRPV1 knockout (TRPV�/�) mice have demonstrated that the channel is necessary

for the development of hypersensitivity to mechanical and thermal stimulation of

the pelvic region (Wang et al. 2008). The sensitization mechanism is thought to

involve upregulation of protease-activated receptors (PAR) that co-localize with

TRPV1 receptors on afferent nerves in the bladder (Dattilio and Vizzard 2005;

Shimizu et al. 2007). In addition, there is increased expression of PAR in patients

with IC, which may enhance the sensitization of TRPV1 afferent nerves.

It has also been demonstrated that TRPV1�/� mice have impaired micturition,

with increased bladder capacity and decreased force of voiding contractions (Birder

et al. 2002). Pelvic nerve recordings from TRPV1�/� mice during voiding cysto-

metry have demonstrated markedly reduced nerve firing in response to bladder

distension, indicating that TRPV1 receptors also contribute to mechanosensory

function during filling.

TRPA1 receptors have been described as responding to mechanical stimuli and

noxious cold (see Fig. 6) and are expressed on sensory nerves in the bladder wall

and in the DRG (Du et al. 2007). In recent studies, TRPA1 has been shown to

specifically localize to TRPV1-expressing C-fibers (Streng et al. 2008), adding

further evidence for their role in mediating nociceptive responses.

TRPV4 is also postulated to have a mechanosensory function in the bladder as

well as in detecting changes in osmolality and pressure. This receptor is believed to

act as a sensor in the urothelium, where it is abundantly expressed. TRPV4�/� mice

also display symptoms of incontinence with spontaneous voiding and increases in

micturition contraction intervals (Gevaert et al. 2007).

TRPM8 is believed to be the receptor responsible for detecting and eliciting

bladder reflexes to cold. These receptors are expressed throughout the urothelium

and on sensory nerve terminals. They may play a role in enhancing sensory responses

in idiopathic DO as there is increased numbers of TRPM8-positive nerves in the

suburothelium of these patients. However, there is no change in TRPM8with DO as a

result of BOO (Araki et al. 2008).
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Table 2 Receptors Localized on Afferent Nerves

Receptor Agonist/stimuli Localization Physiological role

TRPV1 Heat and protons,

Capsaicin and

resiniferatoxin

C-fibers (DRG and

terminals)

Kobayashi et al.

(2005), Urothelium

and detrusor

Nociception

TRPV4 Osmolarity and

pressure,

bisandrographolide

A

C-fibers (DRG and

terminals)

Kobayashi et al.

(2005), Urothelium

Osmolarity and

pressure sensor

TRPA1 Noxious cold, trans-
cinnamaldehyde

C-fibers (DRG and

terminals)

Kobayashi et al.

(2005)

Mechano and noxious

cold sensor

TRPM8 Cold, menthol Ad and C-fibers (DRG

and terminals)

Kobayashi et al.

(2005)

Cold sensor

P2X2 ATP C-fibers (DRG and

terminals),

urothelium

Enhances afferent firing,

nociception Cockayne

et al. (2005)

P2X3 ATP C-fibers (DRG and

terminals),

urothelium

Enhances afferent firing

Vlaskovska et al. (2001)

M3 Acetylcholine C-fibers (brain, DRG,

and terminals),

detrusor

Enhances afferent firing

Kullmann et al. (2008)

M2 Acetylcholine C-fibers (Spinal cord) Inhibitory effect on

micturition Masuda et al.

(2009a)

EP receptors Prostaglandins C-fibers (terminals) Increases bladder afferent

firing and sensitization

through action on NaV1.9

channel Ritter et al. (2009)

Neurokinin

(NK)-1,

NK-2,

NK-3

receptors

Tachykinins C-fibers (DRG and

terminals), Detrusor

NK1 – nociceptive responses

Laird et al. (2000)

NK2 – enhances detrusor

contractions Lecci et al.

(1998)

NK3 – inhibition of

micturition reflex Kamo

et al. (2005)

TrkA1 Nerve growth

factor (NGF)

Ad and C-fibers (DRG

and terminals)

Responsible for nerve

survival, growth and

differentiation. May be

involved in development

of chronic pain following

bladder injury Guerios

et al. (2006)

5-HT/

serotonin

receptors

5-HT/serotonin Ad and C-fibers (DRG

and terminals)

Inhibits relaxation of bladder

neck/urethra through

action on receptors in

the spinal cord Thor et al.

(2002)

Guanylyl

cyclase

Nitric oxide Afferents, urothelium

interstitial cells

Inhibits afferent firing

Yoshimura et al. (2001)
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4.2 Purinergics

The role of purinergic receptors in bladder sensory function was demonstrated

using animal cystometric studies, where desensitization of the P2X receptors with

a,b-methylene ATP or blockade with a nonspecific antagonist such as suramin

significantly reduced pelvic nerve firing. The receptor subtypes were later identified

as P2X2, P2X3, and the heteromeric P2X2/3, and their role in bladder function has

since been extensively studied in knockout mice. In P2X3
�/� animals, it was found

that there was increased bladder capacity and reduced afferent firing in response to

distension during filling (Cockayne et al. 2005). It was suggested that a subpopula-

tion of P2X2/3 positive afferent nerves in the urothelial/suburothelial region are

responsible for ATP-mediated firing. This promoted the hypothesis that ATP

released endogenously in the bladder in response to distension (potentially from

the urothelium) can affect bladder afferent nerve firing. Central and peripheral

P2X3 and P2X2/3 receptors appear to mediate different sensory pathways, with

P2X3 predominantly regulating mechanosensitivity and P2X2/3 regulating nocicep-

tion following neurogenic or externally mediated inflammation.

The P2Y receptors are also believed to have a regulatory role in bladder sensory

neurons. Immunohistochemical studies have shown that P2Y1 and P2Y4 subtypes

are mostly expressed on sensory neurons in the DRG and that these neurons also

express P2X3 (Ruan and Burnstock 2003; Ruan et al. 2005). P2Y2 and P2Y4

receptors on the urothelium (Chopra et al. 2008) and P2Y6 receptors on suburothe-

lial interstitial cells (Sui et al. 2006) may also have a role in modulating the activity

of afferent terminals.

4.3 Muscarinics

Muscarinic antagonists are the first-line pharmacological agents utilized for the

treatment of OAB. They were originally thought to be acting by inhibiting the

contractile activity of the detrusor smooth muscle; however, there is evidence that

they have efficacy in the treatment of urgency symptoms in the absence of detrusor

overactivity. This suggests that there are targets other than the detrusor that they are

acting on to ameliorate these symptoms.

Afferent firing in the rat pelvic nerve was found to decrease in response to

systemic administration of the M3-selective antimuscarinic drug, darifenacin

(Iijima et al. 2007). However, it is not known if antimuscarinic drugs directly act

through afferent nerves as they may be acting up or downstream of the afferent

firing. Alternative targets include the urothelium and IC, which both abundantly

express muscarinic receptors. Intravesical administration of the nonspecific musca-

rinic antagonist, oxybutynin, in rats caused a reduction in C-fiber firing, presumably

by acting on muscarinic receptors on the urothelium (De Wachter and Wyndaele

2003). Oxybutynin was also found to be effective in increasing intercontractile

intervals in rats with bladder irritation, bringing the interval length closer to those
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seen in control rats (Masuda et al. 2009b). Long-term administration of oxybutynin

also decreased c-fos expression in the lumbosacral spinal cord in response to

bladder distension (Haga et al. 2009). These studies suggest there are different

levels at which muscarinic receptors may be acting to modulate bladder afferent

nerves and that the detrusor is not the sole target.

4.4 Other Receptors

There are five classes of prostaglandins (PGD2, PGE2, PGF2, PGI2, and thrombox-

ane A2), with specific receptors for each type (DP, EP, FP, IP, and TP, respectively).

Prostaglandins are produced by various cell types in the bladder and have been

shown to increase in expression under conditions such as IC. Some clinical trials

have demonstrated efficacy of cyclooxygenase inhibitors in ameliorating the symp-

toms of IC. Prostaglandins may have effects both centrally and peripherally.

Intrathecal administration of EP3 receptor antagonists reduced intercontractile

intervals and nociceptive responses to bladder distention (Su et al. 2008b). Similar

responses were obtained with peripheral administration (Su et al. 2008a).

5-Hydroxytryptamine (5-HT) or serotonin releasing neurons innervate various

regions of the bladder, but their interaction with bladder afferents is believed to

occur predominantly at the spinal cord level. There are numerous 5-HT receptors

expressed on visceral afferent DRG cells in the dorsal horn (5-HT1A, 5-HT2 and

5-HT3) (Burgard et al. 2003). The action of each 5-HT subtype on afferent activity

appears to be different. For example, 5-HT2 receptors appear to mediate an inhibi-

tory effect on parasympathetic neurons innervating the bladder, potentially through

activation of inhibitory interneurons. Nociceptive activity of bladder afferents

appears to be modulated by 5-HT1 receptors, where activation of the receptor

dampens nociceptive responses (Thor et al. 2002). 5HT-receptors also appear

to modulate smooth muscle contractions, with an excitatory effect on the cells

(Messori et al. 1995; Sellers et al. 2000; Darblade et al. 2005). There have also been

clinical trials with serotonin/norepinephrine reuptake inhibitors as a potential

treatment for stress urinary incontinence (Mariappan et al. 2007).

NGF is a survival factor that binds to the tyrosine receptor kinase A (trkA)

receptor and has been shown to be essential for certain neuronal cells such as those

in DRG and sympathetic neurons. It is also involved in regulating neuronal function

and plasticity, and has been implicated in the development of visceral pain.

Increased levels of NGF in the urine have been found in multiple bladder patho-

logies including patients with IC (Liu et al. 2009), BOO (Liu and Kuo 2008), and

neurogenic and idiopathic bladder overactivity (Liu et al. 2008; Yokoyama et al.

2008), thus making it a potential target for the treatment of sensory disorders of the

urinary tract. NGF levels increase in animal models following chemical irritation or

inflammation in the bladder (Oddiah et al. 1998; Saban et al. 2002). Intravesical

instillation of NGF can also cause symptoms of bladder overactivity (Guerios et al.

2006). Adenoviral vector-mediated overexpression of NGF in the urinary bladder
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caused overactivity similar to that observed with acetic acid irritation. This suggests

that along with inflammatory mediators, there is an additional contribution of NGF

to peripheral afferent sensitization (Lamb et al. 2004).

Nitric oxide (NO) is believed to be an important modulator of bladder activity,

including sensory nerves. Nitric oxide synthase (NOS) is expressed in afferent

nerves that innervate all regions of the bladder. Their role in afferent sensitization

was postulated by demonstration of increased expression of NOS in neurons from

the upper lumbar ganglia (L1–L2) following inflammation of the bladder. However,

an increase in NOS was not observed in the lumbarsacral (L6-S1) DRG (Vizzard

et al. 1995a, b, 1996; Callsen-Cencic and Mense 1997). Increased release of NO

from the bladder has also been demonstrated following chemical irritation. It was

suggested that the increased production of NO by rostral lumbar sensory nerves

enhances bladder overactivity by reducing sympathetic inhibition.

5 Afferent Adaptation

5.1 Peripheral and Central Afferent Sensitization

Animal models exhibiting myogenic and neurogenic bladder overactivity, respec-

tively, include the established upper motor neuron lesioned mouse, spinal cord

transected (SCT) between T8 and T9, and a new irradiation-induced colitis mouse

model (developed in the author’s laboratory) (Zabbarova et al. 2009). Both of these

models exhibit bladder overactivity when studied using in vivo cystometry. How-

ever, when the bladders are excised and studied as whole sheets, only those from

SCT mice exhibited overactivity, suggesting that the colitis-induced overactivity

involves central sensitization (Fig. 9, left panel). Urinary diversion prior to upper

motor neuron lesion prevented the development of overactivity, demonstrating the

importance of urinary retention and bladder distension in the development of

myogenic overactivity (Fig. 9, center panel).

Some afferent fibers not only serve sensory functions but also possess local

efferent functions, which take place at the level of their peripheral endings. These

fibers are thought to be mainly C-fibers, although Ad-fibers can also be involved

(Maggi 1995). They can be pharmacologically characterized by sensitivity to

capsaicin, which can initially excite, but subsequently desensitize them (Holzer

1991). Their efferent functions are mediated by the local release of a number of

agents including calcitonin gene related-peptide (CGRP), neurokinin A (NKA),

substance P (SP), and vasoactive intestinal polypeptide (VIP) in response to

noxious stimuli (see Fig. 10). These peptides are co-stored in the large dense core

vesicles; probably co-released from sensory terminals and, on their peripheral

targets, bind to CGRP, NK2 (NKA), NK1/NK2 (SP), and VPAC1/VPAC2 (VIP)

receptors, producing neurogenic inflammation either directly or through activa-

tion of mast cells (Andrews and Helme 1987; Pontari and Ruggieri 2008). The

Afferent Mechanism in the Urinary Tract 189



neurogenic inflammation is characterized by vasodilatation and plasma extravaga-

tion (Wesselmann 2001). Glutamate (Glu) has been also recognized as a neuro-

transmitter. Many studies have focused on its release from central synapses in the

dorsal horn (Yoshimura and Jessell 1990; King and Lopez-Garcia 1993). However,

Glu receptors are also expressed on the peripheral terminals of many sensory

neurons (Coggeshall and Carlton 1998; Zhou et al. 1996), and their expression is

increased during inflammation (Carlton and Coggeshall 1999; Westlund et al. 1992;

Keast and Stephensen 2000).

Another mechanism of afferent adaption involves neuronal remodeling and

sprouting. Following a damaging insult to the bladder, there can be alterations in

the function or architecture of the peripheral afferent terminals or within the spinal

cord. It has been demonstrated recently in T4-SCT rats that there is increased

sprouting of unmyelinated CGRP containing nerves in the lumbosacral region of
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Fig. 9 Mouse models for myogenic (T8–T9 SCT; center panels) and neurogenic (radiation-

induced colitis; right panels) bladder overactivity. Using in vivo cystometry, both pathological

models exhibited bladder overactivity at 7–14 days. However, upon excision and in vitro sheet

tension measurements, only bladders from SCT animals exhibited spontaneous contractions,

demonstrating myogenic overactivity in the SCT model. Diversion of the ureters to the uterus

prior to SCT prevented bladder distension, hypertrophy and the development of overactivity. The

control bladder sheet preparation, cystometrogram, and tension measurements are shown in the

left panels. Live animal photos by permission of the IACUC, University of Pittsburgh
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the spinal cord (Zinck et al. 2007; Hou et al. 2009). This regeneration and remodel-

ing of the afferent nerves is believed to facilitate the emergence of reflex bladder

activity as well as contribute to the development of visceral pain.

The functional remodeling of afferent nerves is driven by a variety of neuro-

trophic factors including NGF, not only at the spinal cord level but also in the

periphery. There have been numerous studies suggesting that peripheral NGF

contributes to the sensitization of sensory nerves and the development of chronic

pain in various visceral organs.

An increase in the responsiveness of dorsal root neurons to noxious stimuli and

changes in gene expression can cause a decrease in pain thresholds that characterize

the phenomenon of central sensitization. Stimuli that can cause central sensitization

include tissue inflammation and nerve injury where there is repeatable or intense

C-fiber stimulation. Injury-induced central sensitization is thought to underlie

allodynia and hyperalgesia in acute and chronic pain. Cellular changes associated

with central sensitization are not restricted to neurons. Non-neuronal cell types,

particularly immune cells, can play a role in the induction and maintenance of

hyperalgesia. Primary afferents excited by a variety of strong noxious stimuli

release neurotransmitters (including glutamate, tachykinins, etc.) antidromically

from the peripheral terminals as well as in the spinal cord dorsal horn. Neurotrans-

mitters released in the latter case can sensitize second and higher order sensory
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Fig. 10 Schematic depicting the antidromic release of excitatory neuropeptides (CGRP, neuro-

kinin A, substance P, VIP, and glutamate) from afferent neurons
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neurons including projection neurons, leading to the transmission of noxious

signals to the brain (Table 3).

A range of Ca2+ and K+ ion channels also regulate the activation of afferent

nerves. Changes to these channels following a sensitizing insult to the sensory

nerves could explain alterations in their excitability. The majority of studies on

afferent nerve ion channels have used isolated DRG cells and patch clamping

methods. Capsaicin-sensitive bladder afferent C-fibers show high threshold Na+

currents, with action potentials resistant to TTX. They also express slowly inacti-

vating A-type K+-currents that decrease the excitability of the nerves. Following

CYP-induced cystitis, it was observed that there was hypertrophy and increased

excitability of C-fiber neurons (Yoshimura and de Groat 1999). Therefore,

K+-channels on DRG cell bodies may be a potential therapeutic target for bladder

overactivity. Several specific K+-channel openers have been shown to decrease the

excitability of these neurons (Sculptoreanu et al. 2004).

5.2 Myogenic Enhancement of Afferent Firing

In addition to the functional alterations that occur to sensory nerves, other structures

in the bladder may contribute to or exacerbate afferent sensitization as shown in

the models in Fig. 11. Isolated in vitro bladder preparations exhibit spontaneous

contractile activity, which appear to be driven by structures intrinsic to the bladder

(e.g., smooth muscle, intramural ganglia, interstitial cells or the urothelium). Using

animal models, it has been demonstrated that BOO can cause significant remodel-

ing of the bladder wall affecting all cell types. In addition, the detrusor smooth

muscle from obstructed bladders displays enhanced spontaneous contractile activ-

ity, likely a consequence resulting from the hypertrophy of the smooth muscle.

There is also a change in the pattern of spontaneous contractions in obstructed

versus control bladders, where pathological bladders display an increase in the

amplitudes of spontaneous contractions, a decrease in their frequency, and a regular

periodicity. This suggests that there is a mechanism that organizes smooth muscle

bundles to coordinate and drive spontaneous contractions. One possible mechanism

would be the development of a syncytial interstitial cell network following an insult

to the bladder, one that is similar to the network found in the digestive tract.

McCarthy et al. 2009 demonstrated that mechanosensitive afferent nerves are

activated by enhanced spontaneous contractions in the bladders of SCT mice

Table 3 List of some of

the excitatory

neuropeptides that can

be released antidromically

from afferent neurons and

their target receptor

Peptide Target receptor

CGRP CGRP

Neurokinin A NK2

Substance P NK1/NK2

VIP VPAC1/VPAC2

Glutamate NMDA, AMPA, mGluRs1–8
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(Figs. 3 and 4). Moreover, SCT causes inflammation, which may lead to the

sensitization of C-fibers, which would not normally be mechanosensitive. This

combination of large amplitude spontaneous contractions and sensitized C-fibers

could result in increased sensation at lower filling volumes and potentially urgency.

The urinary bladders of many species, including man, normally exhibit low

amplitude spontaneous contractions during bladder filling. This activity involves

waves of contraction and localized stretches of the wall that are influenced by

several factors including the myocytes themselves (Gillespie 2004). The role of

spontaneous contractions in the normal bladder is still unclear. It has been sug-

gested that they help to adjust muscle tone and keep the bladder taut against the

developing bolus of urine as the bladder fills (Brading 2006). They may also have a

role in delivering additional signals to mechanosensitive afferents regarding blad-

der fullness. Accordingly, changes in spontaneous activity may alter the ability of

afferent nerves to correctly respond during the filling phase.
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Fig. 11 Modeling of different types of afferent sensitization. In normal bladders, Ad-fibers begin
to fire as the bladder fills in order to initiate a micturition contraction. In different pathologies, this

pattern of afferent activity can be altered. For example, following afferent sensitization, Ad-fibers
may begin to respond at lower levels of distention, and previously nonresponsive C-fibers may be

recruited. Ad-fibers also fire in response to increased contractile activity of the detrusor
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Spontaneous contractile activity has been shown to develop more often in muscle

strips from overactive than normal bladders (Kinder and Mundy 1987; Brading

1997; Mills et al. 2000). In isolated detrusor smooth muscle preparations, the

frequency of the spontaneous rhythmic contractions varies between species and is

probably influenced by experimental factors (Andersson and Arner 2004; Gillespie

2004). These contractions are resistant to the Na+ channel blocker, tetrodotoxin

(TTX), hexamethonium, atropine, a-adrenoceptor blockers, b-adrenoceptor
blockers, and the nonselective purinergic antagonist, suramin, excluding direct

involvement of nerves and nerve-released transmitters (Andersson and Arner

2004). However, they can be effectively inhibited by L-type Ca2+ channel blockers,

K+ channel openers and agents that decrease K+ permeability, supporting the

important role of L-type Ca2+ channels for the activity.

There are reasons to believe that the spontaneous activity of the detrusor

during filling can generate afferent input (“afferent noise”) and that this activity

may contribute to pathological conditions, e.g., in OAB/DO (Gillespie et al.

2009). The influence of spontaneous contractions on afferent excitability in

normal and CYP treated rats, using an in vitro bladder pelvic nerve preparation

and multiunit afferent recordings, was studied by Yu and de Groat (2008). In

normal rat bladders, distension resulted in phasic and tonic afferent activity.

Phasic firing mirrored spontaneous contractions, while tonic activity increased

as a function of stretch, which is a consequence of fiber recruitment in multiunit

recordings. CYP-induced cystitis increased bladder afferent nerve activity mim-

icking the sensitizing effect of purinergic agonists. Antagonists of purinergic

receptors (TNP–ATP and PPADS) reduced these effects, suggesting the contri-

bution of purinergic mechanisms to afferent sensitization induced by chemical

cystitis.

The contribution of afferent hyperexcitability to the emergence of DO and

OAB symptoms has been identified in clinical studies using botulinum toxin type-

A (BTX-A) and resiniferatoxin (RTX). The upregulation of C-fiber in subjects

with neurologic DO and BOO can be brought out using ice water cystometry,

which elicits a C-fiber-dependent spinal micturition reflex (Hirayama et al. 2003).

The use of BTX-A, which in effect produces chemical denervation and suppresses

bladder afferent activity, mitigated urgency in both neurogenic and idiopathic

DO and, with sustained therapy, reduced the expression of TRPV1 and P2X3

receptors in C-fibers (Apostolidis et al. 2005a). In patients with DO induced by

spinal cord injury, intravesical therapy with the C-fiber toxin, RTX, led to a

decrease in the number of nerve fibers positively stained for the neuronal marker,

PGP9.5, a decrease in the expression of TRPV1 receptors and an improvement in

cystometric parameters (Brady et al. 2004). In patients with idiopathic DO,

intravesical RTX delayed or suppressed involuntary detrusor contractions during

filling cystometry (Silva et al. 2002). Overall, it is likely that the hyperexcitability

of bladder afferent pathways, especially the C-fiber population, contributes to

the emergence of OAB symptoms. Therefore, therapies targeting receptors and

ion channels expressed in C-fibers may help to decrease DO and reduce OAB

symptoms.
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6 New Pharmacological Approaches

Anti-muscarinic drugs are currently the only orally administered pharmacological

therapy approved for use in the treatment of OAB symptoms. They were initially

designed to inhibit postsynaptic muscarinic receptors as it was assumed that theywere

acting on the detrusor muscle to inhibit contractile activity. However, detrusor

overactivity is not always associated with OAB, suggesting that antimuscarinics

may have effects on sensory mechanisms to ameliorate symptoms. M3-receptors

are expressed not only on the detrusor but also on the urothelium (Bielefeldt et al.

2006; Zarghooni et al. 2007) and interstitial cells (Grol et al. 2009). Muscarinic

receptors may also act directly on sensory nerves as the M3 selective antagonist,

darifenacin, can inhibit afferent nerve firing during bladder filling in rats (Iijima et al.

2007). Therefore, the mechanisms and sites of action of antimuscarinics are varied.

Nevertheless, although antimuscarinics have been effective in reducing OAB symp-

toms, there are significant sides effects that can affect patient compliance (Yu et al.

2005). These commonly include dry mouth, constipation, and blurred vision (Abrams

and Andersson 2007). Therefore, there has been a drive to elucidate alternative

pharmacological targets for the treatment of OAB as depicted in Fig. 12.

Other potential targets that have been suggested include b3-receptors. It has been
well established that activation of b3-receptors can cause relaxation of detrusor

smooth muscle (Yamanishi et al. 2002, 2006). However, there are recent studies

suggesting that b3-receptors may also be involved in urothelial signaling as they are

highly expressed on the urothelium (Otsuka et al. 2008). It has been suggested that

sensory nerves may contribute to the relaxation effect of b3 receptor agonists (Tucci
et al. 2002).

There has also been a focus on directly modulating the activity of bladder

sensory nerves. The P2X3/P2X2 receptors have been suggested as potential targets

as they increase in expression following bladder inflammation and contribute to

enhanced afferent firing (Dang et al. 2008). Inhibition of these receptors has been

shown to decrease bladder hyperactivity induced by inflammation potentially by

affecting afferent activity (Ito et al. 2008). Therefore, P2X2/3 receptor antagonists

may aid in treating conditions such as IC or neurogenic overactivity.

Oral therapeutics is the most desired method for clinical treatment. Intravesical

therapies, however, are still utilized as they may have less systemic effects.

Intravesical capsaicin and RTX have been tested clinically to treat IC (Lazzeri

et al. 1996; Payne et al. 2005), idiopathic (Yokoyama et al. 2005) and neurogenic

bladder overactivity (Watanabe et al. 2004; Silva et al. 2005). Both these groups of

patients showed improvement in bladder function and the quality of life scores.

However, in patients with IC, there appeared to be mixed results on pain symptoms,

with some studies reporting no effect (Payne et al. 2005) and others reporting

significant improvements (Apostolidis et al. 2006).

It is hypothesized that suburothelial interstitial cells may be involved in mod-

ulating sensory nerve activity (Wiseman et al. 2003) (see Fig. 12). Similarly to

intestinal interstitial cells, those in the bladder express the pro-oncogene tyrosine
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kinase receptor, c-kit. In isolated bladder tissue, inhibition of c-kit receptors using
imatinib myselate (known as Gleevec or Glivec) resulted in reduction of spontane-

ous contractile activity in the bladder (Kubota et al. 2006), which correlated with

increased numbers of c-kit positive interstitial cells in OAB human bladder samples

(Biers et al. 2006). However, a direct link between interstitial cell activity and

afferent firing has yet to be established.

The use of BTX-A has received considerable attention recently for the treatment

of a number of bladder disorders including OAB and IC. There is evidence that in

addition to the known effect on neurotransmitter release from efferent nerves,

BTX-A has a therapeutic effect on sensory nerves. For example, one study has

shown that intravesical administration of BTX-A reduced the release of CGRP from

sensory nerves (Chuang et al. 2004), which may improve IC symptoms. However,

in order to enable the large molecular weight toxin (~150 kDa) to access the nerves,

protamine sulfate was used to increase urothelial permeability. An alternative is

to inject the toxin directly into the detrusor. Using this route of administration,
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Fig. 12 There are multiple therapeutic targets within the bladder that can be selected to modulate

afferent activity. These include receptors on the urothelium, interstitial cells, and afferent term-

inals. For example, stretch-mediated release of transmitters from the urothelium can be inhibited

by desensitizing TRPV1 channels using capsaicin or RTX. Interstitial cell activity can be inhibited

by blocking P2Y6 receptor activation (e.g., MRS2578, a selective P2Y6 antagonist) or c-kit (e.g.,
Gleevec, a c-kit tyrosine kinase inhibitor). Afferent nerves can be modulated directly by targeting

numerous receptors such as those shown in the diagram. Clinical studies have also demonstrated

the efficacy of compounds such as botulinum toxin A (BTX-A) on sensory symptoms indicating an

action on afferent nerves
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Apostolidis et al. demonstrated a decrease in sensory receptors on suburothelial

nerves in patients with detrusor activity (Apostolidis et al. 2005b). Although these

methods of delivery have proven to be successful, there are a number of potential

complications such as leakage, pain, and uneven distribution. More recently, a

study has demonstrated the feasibility of using liposomes as a vehicle to deliver

the toxin without the need to disrupt the urothelium or inject the bladder (Chuang

et al. 2009) (see Fig. 12). In this study, liposomal delivery of BTX-A in rats reduced

acetic acid-induced bladder hyperactivity.

7 Conclusion

Current research on afferent mechanisms in bladder pathophysiology, focusing on

afferent mechanisms initiated by the urothelial and the myogenic pathways, has

revealed a number of peripheral mechanisms involved in the regulation of normal

and dysfunctional micturition. While some of these mechanisms may be realistic

drug targets, it is important to keep in mind the large number of steps between a

preclinical target and a successful drug candidate.

References

Abrams P, Andersson KE (2007) Muscarinic receptor antagonists for overactive bladder. BJU Int

100:987–1006

Andersson KE (2002) Bladder activation: afferent mechanisms. Urology 59:43–50

Andersson KE, Arner A (2004) Urinary bladder contraction and relaxation: physiology and

pathophysiology. Physiol Rev 84:935–986

Andrews PV, Helme RD (1987) Neurogenic plasma extravasation in response to mechanical,

chemical and thermal stimuli. Clin Exp Neurol 23:95–100

Apodaca G, Balestreire E, Birder LA (2007) The uroepithelial-associated sensory web. Kidney Int

72:1057–1064

Apostolidis A, Brady CM, Yiangou Y, Davis J, Fowler CJ, Anand P (2005a) Capsaicin receptor

TRPV1 in urothelium of neurogenic human bladders and effect of intravesical resiniferatoxin.

Urology 65:400–405

Apostolidis A, Popat R, Yiangou Y, Cockayne D, Ford AP, Davis JB, Dasgupta P, Fowler CJ,

Anand P (2005b) Decreased sensory receptors P2X3 and TRPV1 in suburothelial nerve fibers

following intradetrusor injections of botulinum toxin for human detrusor overactivity. J Urol

174:977–982, discussion 82–83

Apostolidis A, Gonzales GE, Fowler CJ (2006) Effect of intravesical Resiniferatoxin (RTX) on

lower urinary tract symptoms, urodynamic parameters, and quality of life of patients with

urodynamic increased bladder sensation. Eur Urol 50:1299–1305

Araki I, de Groat WC (1997) Developmental synaptic depression underlying reorganization of

visceral reflex pathways in the spinal cord. J Neurosci 17:8402–8407

Araki I, Du S, Kobayashi H, Sawada N, Mochizuki T, Zakoji H, Takeda M (2008) Roles of

mechanosensitive ion channels in bladder sensory transduction and overactive bladder. Int J

Urol 15:681–687

Afferent Mechanism in the Urinary Tract 197



Avelino A, Cruz C, Nagy I, Cruz F (2002) Vanilloid receptor 1 expression in the rat urinary tract.

Neuroscience 109:787–798

Bielefeldt K, Lamb K, Gebhart GF (2006) Convergence of sensory pathways in the development

of somatic and visceral hypersensitivity. Am J Physiol Gastrointest Liver Physiol 291:

G658–G665

Biers SM, Reynard JM, Doore T, Brading AF (2006) The functional effects of a c-kit tyrosine

inhibitor on guinea-pig and human detrusor. BJU Int 97:612–616

Birder LA, Roppolo JR, Erickson VL, de Groat WC (1999) Increased c-fos expression in spinal

lumbosacral projection neurons and preganglionic neurons after irritation of the lower urinary

tract in the rat. Brain Res 834:55–65

Birder LA, Nakamura Y, Kiss S, Nealen ML, Barrick S, Kanai AJ, Wang E, Ruiz G, De Groat WC,

Apodaca G, Watkins S, Caterina MJ (2002) Altered urinary bladder function in mice lacking

the vanilloid receptor TRPV1. Nat Neurosci 5:856–860

Brading AF (1997) A myogenic basis for the overactive bladder. Urology 50:57–67, discussion

68–73

Brading AF (2006) Spontaneous activity of lower urinary tract smooth muscles: correlation

between ion channels and tissue function. J Physiol 570:13–22

Brady CM, Apostolidis AN, Harper M, Yiangou Y, Beckett A, Jacques TS, Freeman A, Scaravilli

F, Fowler CJ, Anand P (2004) Parallel changes in bladder suburothelial vanilloid receptor

TRPV1 and pan-neuronal marker PGP9.5 immunoreactivity in patients with neurogenic

detrusor overactivity after intravesical resiniferatoxin treatment. BJU Int 93:770–776

Brookes SJ, Chen BN, Costa M, Humphreys CM (1999) Initiation of peristalsis by circumferential

stretch of flat sheets of guinea-pig ileum. J Physiol 516(Pt 2):525–538

Burgard EC, Fraser MO, Thor KB (2003) Serotonergic modulation of bladder afferent pathways.

Urology 62:10–15

Callsen-Cencic P, Mense S (1997) Expression of neuropeptides and nitric oxide synthase in

neurones innervating the inflamed rat urinary bladder. J Auton Nerv Syst 65:33–44

Carlton SM, Coggeshall RE (1999) Inflammation-induced changes in peripheral glutamate recep-

tor populations. Brain Res 820:63–70

Cefalu JS, Guillon MA, Burbach LR, Zhu QM, Hu DQ, Ho MJ, Ford AP, Nunn PA, Cockayne DA

(2009) Selective pharmacological blockade of the TRPV1 receptor suppresses sensory reflexes

of the rodent bladder. J Urol 182:776–785

Charrua A, Reguenga C, Paule CC, Nagy I, Cruz F, Avelino A (2008) Cystitis is associated with

TRPV1b-downregulation in rat dorsal root ganglia. Neuroreport 19:1469–1472

Cheng CL, de Groat WC (2004) The role of capsaicin-sensitive afferent fibers in the lower urinary

tract dysfunction induced by chronic spinal cord injury in rats. Exp Neurol 187:445–454

Chopra B, Gever J, Barrick SR, Hanna-Mitchell AT, Beckel JM, Ford AP, Birder LA (2008)

Expression and function of rat urothelial P2Y receptors. Am J Physiol Renal Physiol 294:

F821–F829

Christianson JA, Liang R, Ustinova EE, Davis BM, Fraser MO, Pezzone MA (2007) Convergence

of bladder and colon sensory innervation occurs at the primary afferent level. Pain

128:235–243

Chuang YC, Yoshimura N, Huang CC, Chiang PH, Chancellor MB (2004) Intravesical botulinum

toxin a administration produces analgesia against acetic acid induced bladder pain responses in

rats. J Urol 172:1529–1532

Chuang YC, Tyagi P, Huang CC, Yoshimura N, Wu M, Kaufman J, Chancellor MB (2009)

Urodynamic and immunohistochemical evaluation of intravesical botulinum toxin A delivery

using liposomes. J Urol 182:786–792

Cockayne DA, Dunn PM, Zhong Y, Rong W, Hamilton SG, Knight GE, Ruan H-Z, Ma B, Yip P,

Nunn P, McMahon SB, Burnstock G, Ford APDW (2005) P2X2 knockout mice and P2X2/

P2X3 double knockout mice reveal a role for the P2X2 receptor subunit in mediating multiple

sensory effects of ATP. J Physiol 567:621–639

Coggeshall RE (1980) Law of separation of function of the spinal roots. Physiol Rev 60:716–755

198 A.J. Kanai



Coggeshall RE, Carlton SM (1998) Ultrastructural analysis of NMDA, AMPA, and kainate

receptors on unmyelinated and myelinated axons in the periphery. J Comp Neurol 391:78–86

Coggeshall RE, Coulter JD, Willis WD Jr (1974) Unmyelinated axons in the ventral roots of the

cat lumbosacral enlargement. J Comp Neurol 153:39–58

Daly D, Rong W, Chess-Williams R, Chapple C, Grundy D (2007) Bladder afferent sensitivity in

wild-type and TRPV1 knockout mice. J Physiol 583:663–674

Dang K, Lamb K, Cohen M, Bielefeldt K, Gebhart GF (2008) Cyclophosphamide-induced bladder

inflammation sensitizes and enhances P2X receptor function in rat bladder sensory neurons.

J Neurophysiol 99:49–59

Darblade B, Behr-Roussel D, Gorny D, Lebret T, Benoit G, Hieble JP, Brooks D, Alexandre L,

Giuliano F (2005) Piboserod (SB 207266), a selective 5-HT4 receptor antagonist, reduces

serotonin potentiation of neurally-mediated contractile responses of human detrusor muscle.

World J Urol 23:147–151

Dattilio A, Vizzard MA (2005) Up-regulation of protease activated receptors in bladder after

cyclophosphamide induced cystitis and colocalization with capsaicin receptor (VR1) in blad-

der nerve fibers. J Urol 173:635–639

Dawson NJ, Schmid H, Pierau FK (1992) Pre-spinal convergence between thoracic and visceral

nerves of the rat. Neurosci Lett 138:149–152

De Groat WC (1986) Spinal cord projections and neuropeptides in visceral afferent neurons. Prog

Brain Res 67:165–187

de Groat WC (1997) A neurologic basis for the overactive bladder. Urology 50:36–52, discussion

53–6

De Groat WC, Lalley PM (1972) Reflex firing in the lumbar sympathetic outflow to activation of

vesical afferent fibres. J Physiol 226:289–309

de Groat WC, Ryall RW (1969) Reflexes to sacral parasympathetic neurones concerned with

micturition in the cat. J Physiol 200:87–108

De Wachter S, Wyndaele JJ (2003) Intravesical oxybutynin: a local anesthetic effect on bladder C

afferents. J Urol 169:1892–1895

Dmitrieva N, Johnson OL, Berkley KJ (2001) Bladder inflammation and hypogastric neurectomy

influence uterine motility in the rat. Neurosci Lett 313:49–52

Du S, Araki I, Yoshiyama M, Nomura T, Takeda M (2007) Transient receptor potential channel

A1 involved in sensory transduction of rat urinary bladder through C-fiber pathway. Urology

70:826–831

Duong M, Downie JW, Du HJ (1999) Transmission of afferent information from urinary bladder,

urethra and perineum to periaqueductal gray of cat. Brain Res 819:108–119

Ferguson DR, Kennedy I, Burton TJ (1997) ATP is released from rabbit urinary bladder epithelial

cells by hydrostatic pressure changes – a possible sensory mechanism? J Physiol 505

(Pt 2):503–511

Fitzpatrick CC, DeLancey JO, Elkins TE, McGuire EJ (1993) Vulvar vestibulitis and interstitial

cystitis: a disorder of urogenital sinus-derived epithelium? Obstet Gynecol 81:860–862

Fowler CJ, Griffiths D, de Groat WC (2008) The neural control of micturition. Nat Rev Neurosci

9:453–466

Gevaert T, Vriens J, Segal A, Everaerts W, Roskams T, Talavera K, Owsianik G, Liedtke W,

Daelemans D, Dewachter I, Van Leuven F, Voets T, De Ridder D, Nilius B (2007) Deletion of

the transient receptor potential cation channel TRPV4 impairs murine bladder voiding. J Clin

Invest 117:3453–3462

Gillespie JI (2004) The autonomous bladder: a view of the origin of bladder overactivity and

sensory urge. BJU Int 93:478–483

Gillespie JI, van Koeveringe GA, de Wachter SG, de Vente J (2009) On the origins of the sensory

output from the bladder: the concept of afferent noise. BJU Int 103:1324–1333

Griffiths DJ, Tadic SD, Schaefer W, Resnick NM (2009) Cerebral control of the lower

urinary tract: How age-related changes might predispose to urge incontinence. Neuroimage

47(3):981–986

Afferent Mechanism in the Urinary Tract 199



Grol S, Essers PB, van Koeveringe GA, Martinez-Martinez P, de Vente J, Gillespie JI (2009) M(3)

muscarinic receptor expression on suburothelial interstitial cells. BJU Int 104:398–405

Guerios SD, Wang ZY, Bjorling DE (2006) Nerve growth factor mediates peripheral mechanical

hypersensitivity that accompanies experimental cystitis in mice. Neurosci Lett 392:193–197

Habler HJ, Janig W, Koltzenburg M (1990) Activation of unmyelinated afferent fibres by

mechanical stimuli and inflammation of the urinary bladder in the cat. J Physiol 425:545–562

Habler HJ, Janig W, Koltzenburg M (1993a) Myelinated primary afferents of the sacral spinal cord

responding to slow filling and distension of the cat urinary bladder. J Physiol 463:449–460

Habler HJ, Janig W, Koltzenburg M (1993b) Receptive properties of myelinated primary afferents

innervating the inflamed urinary bladder of the cat. J Neurophysiol 69:395–405

Haga N, Aikawa K, Shishido K, Takahashi N, Yanagida T, Yamaguchi O (2009) Effect of long-

term oxybutynin administration on c-Fos expression in spinal neurons: inhibition of antimus-

carinics on bladder afferents in conscious rats. Urology 73:200–204

Hirayama A, Fujimoto K, Matsumoto Y, Ozono S, Hirao Y (2003) Positive response to ice water

test associated with high-grade bladder outlet obstruction in patients with benign prostatic

hyperplasia. Urology 62:909–913

Holzer P (1991) Capsaicin: cellular targets, mechanisms of action, and selectivity for thin sensory

neurons. Pharmacol Rev 43:143–201

Hou S, Duale H, Rabchevsky AG (2009) Intraspinal sprouting of unmyelinated pelvic afferents

after complete spinal cord injury is correlated with autonomic dysreflexia induced by visceral

pain. Neuroscience 159:369–379

Iijima K, De Wachter S, Wyndaele JJ (2007) Effects of the M3 receptor selective muscarinic

antagonist darifenacin on bladder afferent activity of the rat pelvic nerve. Eur Urol 52:842–847

Ito K, Iwami A, Katsura H, Ikeda M (2008) Therapeutic effects of the putative P2X3/P2X2/3

antagonist A-317491 on cyclophosphamide-induced cystitis in rats. Naunyn Schmiedebergs

Arch Pharmacol 377:483–490

Janig W, Morrison JF (1986) Functional properties of spinal visceral afferents supplying abdomi-

nal and pelvic organs, with special emphasis on visceral nociception. Prog Brain Res

67:87–114

Jiang CH, Mazieres L, Lindstrom S (2009) Gating of the micturition reflex by tonic activation of

bladder cold receptors in the cat. Neurourol Urodyn 28(6):555–560

Kamo I, Chancellor MB, de Groat WC, Yoshimura N (2005) Differential effects of activation of

peripheral and spinal tachykinin neurokinin(3) receptors on the micturition reflex in rats. J Urol

174:776–781

Keast JR, Stephensen TM (2000) Glutamate and aspartate immunoreactivity in dorsal root

ganglion cells supplying visceral and somatic targets and evidence for peripheral axonal

transport. J Comp Neurol 424:577–587

Kinder RB, Mundy AR (1987) Pathophysiology of idiopathic detrusor instability and detrusor

hyper-reflexia. An in vitro study of human detrusor muscle. Br J Urol 60:509–515

King AE, Lopez-Garcia JA (1993) Excitatory amino acid receptor-mediated neurotransmission

from cutaneous afferents in rat dorsal horn in vitro. J Physiol 472:443–457

Kobayashi K, Fukuoka T, Obata K, Yamanaka H, Dai Y, Tokunaga A, Noguchi K (2005) Distinct

expression of TRPM8, TRPA1, and TRPV1 mRNAs in rat primary afferent neurons with

adelta/c-fibers and colocalization with trk receptors. J Comp Neurol 493:596–606

Kubota Y, Biers SM, Kohri K, Brading AF (2006) Effects of imatinib mesylate (Glivec) as a c-kit

tyrosine kinase inhibitor in the guinea-pig urinary bladder. Neurourol Urodyn 25:205–210

Kullmann FA, Artim DE, Birder LA, de Groat WC (2008) Activation of muscarinic receptors in

rat bladder sensory pathways alters reflex bladder activity. J Neurosci 28:1977–1987

Laird JM, Olivar T, Roza C, De Felipe C, Hunt SP, Cervero F (2000) Deficits in visceral pain and

hyperalgesia of mice with a disruption of the tachykinin NK1 receptor gene. Neuroscience

98:345–352

Lamb K, Gebhart GF, Bielefeldt K (2004) Increased nerve growth factor expression triggers

bladder overactivity. J Pain 5:150–156

200 A.J. Kanai



Lazzeri M, Beneforti P, Benaim G, Maggi CA, Lecci A, Turini D (1996) Intravesical capsaicin for

treatment of severe bladder pain: a randomized placebo controlled study. J Urol 156:947–952

le Feber J, van Asselt E, van Mastrigt R (2004) Afferent bladder nerve activity in the rat: a

mechanism for starting and stopping voiding contractions. Urol Res 32:395–405

Lecci A, Tramontana M, Giuliani S, Criscuoli M, Maggi CA (1998) Effect of tachykinin NK2

receptor blockade on detrusor hyperreflexia induced by bacterial toxin in rats. J Urol

160:206–209

Liu HT, Kuo HC (2008) Urinary nerve growth factor levels are increased in patients with bladder

outlet obstruction with overactive bladder symptoms and reduced after successful medical

treatment. Urology 72:104–108, discussion 08

Liu HT, Chancellor MB, Kuo HC (2008) Urinary nerve growth factor levels are elevated in

patients with detrusor overactivity and decreased in responders to detrusor botulinum toxin-A

injection. Eur Urol 56(4):700–706

Liu HT, Tyagi P, Chancellor MB, Kuo HC (2009) Urinary nerve growth factor level is increased in

patients with interstitial cystitis/bladder pain syndrome and decreased in responders to treat-

ment. BJU Int 104(10):1476–1481

Maggi CA (1995) Tachykinins and calcitonin gene-related peptide (CGRP) as co-transmitters

released from peripheral endings of sensory nerves. Prog Neurobiol 45:1–98

Malykhina AP (2007) Neural mechanisms of pelvic organ cross-sensitization. Neuroscience

149:660–672

Malykhina AP, Qin C, Foreman RD, Akbarali HI (2004) Colonic inflammation increases Na +

currents in bladder sensory neurons. Neuroreport 15:2601–2605

Malykhina AP, Qin C, Greenwood-van Meerveld B, Foreman RD, Lupu F, Akbarali HI (2006)

Hyperexcitability of convergent colon and bladder dorsal root ganglion neurons after colonic

inflammation: mechanism for pelvic organ cross-talk. Neurogastroenterol Motil 18:936–948

Mariappan P, Alhasso A, Ballantyne Z, Grant A, N’Dow J (2007) Duloxetine, a serotonin and

noradrenaline reuptake inhibitor (SNRI) for the treatment of stress urinary incontinence: a

systematic review. Eur Urol 51(1):67–74

Masuda H, Chancellor MB, Kihara K, Sakai Y, Koga F, Azuma H, de Groat WC, Yoshimura N

(2009a) Effects of cholinesterase inhibition in supraspinal and spinal neural pathways on the

micturition reflex in rats. BJU Int 104(8):1163–1169

Masuda H, Ichiyanagi N, Yokoyama M, Sakai Y, Kihara K, Chancellor MB, de Groat WC,

Yoshimura N (2009b) Muscarinic receptor activation in the lumbosacral spinal cord amelio-

rates bladder irritation in rat cystitis models. BJU Int 104(10):1531–1537

McCarthy CJ, Zabbarova IV, Brumovsky PR, Roppolo JR, Gebhart GF, Kanai AJ (2009) Sponta-

neous contractions evoke afferent nerve firing in mouse bladders with detrusor overactivity.

J Urol 181:1459–1466

Messori E, Rizzi CA, Candura SM, Lucchelli A, Balestra B, Tonini M (1995) 5-Hydroxytrypta-

mine receptors that facilitate excitatory neuromuscular transmission in the guinea-pig isolated

detrusor muscle. Br J Pharmacol 115:677–683

Michaelis M, Habler HJ, Jaenig W (1996) Silent afferents: a separate class of primary afferents?

Clin Exp Pharmacol Physiol 23:99–105

Mills IW, Greenland JE, McMurray G, McCoy R, Ho KM, Noble JG, Brading AF (2000) Studies

of the pathophysiology of idiopathic detrusor instability: the physiological properties of the

detrusor smooth muscle and its pattern of innervation. J Urol 163:646–651

Moldwin RM (2002) Similarities between interstitial cystitis and male chronic pelvic pain

syndrome. Curr Urol Rep 3:313–318

Morgan C, Nadelhaft I, de Groat WC (1981) The distribution of visceral primary afferents from the

pelvic nerve to Lissauer’s tract and the spinal gray matter and its relationship to the sacral

parasympathetic nucleus. J Comp Neurol 201:415–440

Morrison J (1999) The activation of bladder wall afferent nerves. Exp Physiol 84:131–136

Morrison J, Wen J, Kibble A (1999) Activation of pelvic afferent nerves from the rat bladder

during filling. Scand J Urol Nephrol Suppl 201:73–75

Afferent Mechanism in the Urinary Tract 201



Morrison TC, Dmitrieva N, Winnard KP, Berkley KJ (2006) Opposing viscerovisceral effects of

surgically induced endometriosis and a control abdominal surgery on the rat bladder. Fertil

Steril 86:1067–1073

Namasivayam S, Eardley I, Morrison JF (1998) A novel in vitro bladder pelvic nerve afferent

model in the rat. Br J Urol 82:902–905

Namasivayam S, Eardley I, Morrison JF (1999) Purinergic sensory neurotransmission in the

urinary bladder: an in vitro study in the rat. BJU Int 84:854–860

Nilsson Remahl AI, Masterman T, Risling M (2008) Re-utilization of Schwann cells during

ingrowth of ventral root afferents in perinatal kittens. J Anat 213:194–201

Oddiah D, Anand P, McMahon SB, Rattray M (1998) Rapid increase of NGF, BDNF and NT-3

mRNAs in inflamed bladder. Neuroreport 9:1455–1458

Otsuka A, Shinbo H, Matsumoto R, Kurita Y, Ozono S (2008) Expression and functional role of

beta-adrenoceptors in the human urinary bladder urothelium. Naunyn Schmiedebergs Arch

Pharmacol 377:473–481

Payne CK, Mosbaugh PG, Forrest JB, Evans RJ, Whitmore KE, Antoci JP, Perez-Marrero R,

Jacoby K, Diokno AC, O’Reilly KJ, Griebling TL, Vasavada SP, Yu AS, Frumkin LR (2005)

Intravesical resiniferatoxin for the treatment of interstitial cystitis: a randomized, double-blind,

placebo controlled trial. J Urol 173:1590–1594

Pezzone MA, Liang R, Fraser MO (2005) A model of neural cross-talk and irritation in the pelvis:

implications for the overlap of chronic pelvic pain disorders. Gastroenterology 128:1953–1964

Pontari MA, Ruggieri MR (2008) Mechanisms in prostatitis/chronic pelvic pain syndrome. J Urol

179:S61–S67

Qin C, Foreman RD (2004) Viscerovisceral convergence of urinary bladder and colorectal inputs

to lumbosacral spinal neurons in rats. Neuroreport 15:467–471

Qin C, Malykhina AP, Akbarali HI, Foreman RD (2005) Cross-organ sensitization of lumbosacral

spinal neurons receiving urinary bladder input in rats with inflamed colon. Gastroenterology

129:1967–1978

Risling M, Dalsgaard CJ, Cukierman A, Cuello AC (1984) Electron microscopic and immunohis-

tochemical evidence that unmyelinated ventral root axons make u-turns or enter the spinal pia

mater. J Comp Neurol 225:53–63

Ritter AM,Martin WJ, Thorneloe KS (2009) The voltage-gated sodium channel Nav1.9 is required

for inflammation-based urinary bladder dysfunction. Neurosci Lett 452:28–32

Rong W, Spyer KM, Burnstock G (2002) Activation and sensitisation of low and high threshold

afferent fibres mediated by P2X receptors in the mouse urinary bladder. J Physiol 541:591–600

Rouzade-Dominguez ML, Pernar L, Beck S, Valentino RJ (2003) Convergent responses of

Barrington’s nucleus neurons to pelvic visceral stimuli in the rat: a juxtacellular labelling

study. Eur J Neurosci 18:3325–3334

Ruan HZ, Burnstock G (2003) Localisation of P2Y1 and P2Y4 receptors in dorsal root, nodose and

trigeminal ganglia of the rat. Histochem Cell Biol 120:415–426

Ruan HZ, Birder LA, de Groat WC, Tai C, Roppolo J, Buffington CA, Burnstock G (2005)

Localization of P2X and P2Y receptors in dorsal root ganglia of the cat. J Histochem Cytochem

53:1273–1282

Saban MR, Nguyen NB, Hammond TG, Saban R (2002) Gene expression profiling of mouse

bladder inflammatory responses to LPS, substance P, and antigen-stimulation. Am J Pathol

160:2095–2110

Sculptoreanu A, Yoshimura N, de Groat WC (2004) KW-7158 [(2 S)-(+)-3, 3, 3-trifluoro-2-

hydroxy-2-methyl-N-(5, 5, 10-trioxo-4, 10-dihydro thieno[3, 2-c][1]benzothiepin-9-yl)propa-

namide] enhances A-type K + currents in neurons of the dorsal root ganglion of the adult rat.

J Pharmacol Exp Ther 310:159–168

Sellers DJ, Chess-Williams R, Chapple CR (2000) 5-Hydroxytryptamine-induced potentiation of

cholinergic responses to electrical field stimulation in pig detrusor muscle. BJU Int 86:714–718

Sengupta JN, Gebhart GF (1994a) Characterization of mechanosensitive pelvic nerve afferent

fibers innervating the colon of the rat. J Neurophysiol 71:2046–2060

202 A.J. Kanai



Sengupta JN, Gebhart GF (1994b) Mechanosensitive properties of pelvic nerve afferent fibers

innervating the urinary bladder of the rat. J Neurophysiol 72:2420–2430

Shea VK, Cai R, Crepps B, Mason JL, Perl ER (2000) Sensory fibers of the pelvic nerve

innervating the Rat’s urinary bladder. J Neurophysiol 84:1924–1933

Shimizu N, Nakahara T, Saito M, Ishii K (2007) Role of capsaicin-sensitive sensory nerves in

protease-activated receptor-2-mediated contraction of rat urinary bladder. Eur J Pharmacol

569:145–148

Silva C, Ribeiro MJ, Cruz F (2002) The effect of intravesical resiniferatoxin in patients with

idiopathic detrusor instability suggests that involuntary detrusor contractions are triggered by

C-fiber input. J Urol 168:575–579

Silva C, Silva J, Ribeiro MJ, Avelino A, Cruz F (2005) Urodynamic effect of intravesical

resiniferatoxin in patients with neurogenic detrusor overactivity of spinal origin: results of a

double-blind randomized placebo-controlled trial. Eur Urol 48:650–655

Steers WD, Ciambotti J, Etzel B, Erdman S, de Groat WC (1991) Alterations in afferent pathways

from the urinary bladder of the rat in response to partial urethral obstruction. J Comp Neurol

310:401–410

Steers WD, Mackway-Gerardi AM, Ciambotti J, de Groat WC (1994) Alterations in neural

pathways to the urinary bladder of the rat in response to streptozotocin-induced diabetes.

J Auton Nerv Syst 47:83–94

Streng T, Axelsson HE, Hedlund P, Andersson DA, Jordt SE, Bevan S, Andersson KE, Hogestatt

ED, Zygmunt PM (2008) Distribution and function of the hydrogen sulfide-sensitive TRPA1

ion channel in rat urinary bladder. Eur Urol 53:391–399

Su X, Lashinger ES, Leon LA, Hoffman BE, Hieble JP, Gardner SD, Fries HE, Edwards RM, Li J,

Laping NJ (2008a) An excitatory role for peripheral EP3 receptors in bladder afferent function.

Am J Physiol Renal Physiol 295:F585–F594

Su X, Leon LA, Wu CW, Morrow DM, Jaworski JP, Hieble JP, Lashinger ES, Jin J, Edwards RM,

Laping NJ (2008b) Modulation of bladder function by prostaglandin EP3 receptors in the

central nervous system. Am J Physiol Renal Physiol 295:F984–F994

Sui GP, Wu C, Fry CH (2006) Characterization of the purinergic receptor subtype on guinea-pig

suburothelial myofibroblasts. BJU Int 97:1327–1331

Tai C, Smerin SE, de Groat WC, Roppolo JR (2006) Pudendal-to-bladder reflex in chronic spinal-

cord-injured cats. Exp Neurol 197:225–234

Talaat M (1937) Afferent impulses in the nerves supplying the urinary bladder. J Physiol

89:1–13

Thor KB, Morgan C, Nadelhaft I, Houston M, De Groat WC (1989) Organization of afferent and

efferent pathways in the pudendal nerve of the female cat. J Comp Neurol 288:263–279

Thor KB, Katofiasc MA, Danuser H, Springer J, Schaus JM (2002) The role of 5-HT(1A) receptors

in control of lower urinary tract function in cats. Brain Res 946:290–297

Tucci P, Bartocci C, Bolle P (2002) Cyclo-oxygenase- and capsaicin-sensitive afferent fibres

affect Beta-adrenoceptor-evoked response in the rat urinary bladder. Pharmacology 64:57–62

Ustinova EE, Fraser MO, Pezzone MA (2006) Colonic irritation in the rat sensitizes urinary

bladder afferents to mechanical and chemical stimuli: an afferent origin of pelvic organ cross-

sensitization. Am J Physiol Renal Physiol 290:F1478–F1487

Ustinova EE, Gutkin DW, Pezzone MA (2007) Sensitization of pelvic nerve afferents and mast

cell infiltration in the urinary bladder following chronic colonic irritation is mediated by

neuropeptides. Am J Physiol Renal Physiol 292:F123–F130

Vizzard MA, Erdman SL, de Groat WC (1995a) Increased expression of neuronal nitric oxide

synthase (NOS) in visceral neurons after nerve injury. J Neurosci 15:4033–4045

Vizzard MA, Erdman SL, de Groat WC (1995b) Increased expression of neuronal nitric oxide

synthase in dorsal root ganglion neurons after systemic capsaicin administration. Neuroscience

67:1–5

Afferent Mechanism in the Urinary Tract 203



Vizzard MA, Erdman SL, de Groat WC (1996) Increased expression of neuronal nitric oxide

synthase in bladder afferent pathways following chronic bladder irritation. J Comp Neurol

370:191–202

Vlaskovska M, Kasakov L, Rong W, Bodin P, Bardini M, Cockayne DA, Ford AP, Burnstock G

(2001) P2X3 knock-out mice reveal a major sensory role for urothelially released ATP.

J Neurosci 21:5670–5677

Walczak JS, Price TJ, Cervero F (2009) Cannabinoid CB1 receptors are expressed in the mouse

urinary bladder and their activation modulates afferent bladder activity. Neuroscience

159:1154–1163

Wang ZY, Wang P, Merriam FV, Bjorling DE (2008) Lack of TRPV1 inhibits cystitis-induced

increased mechanical sensitivity in mice. Pain 139:158–167

Watanabe T, Yokoyama T, Sasaki K, Nozaki K, Ozawa H, Kumon H (2004) Intravesical

resiniferatoxin for patients with neurogenic detrusor overactivity. Int J Urol 11:200–205

Weaver LC (1985) Organization of sympathetic responses to distension of urinary bladder. Am J

Physiol Regul Integr Comp Physiol 248:R236–R240

Wesselmann U (2001) Neurogenic inflammation and chronic pelvic pain. World J Urol

19:180–185

Westlund KN, Sun YC, Sluka KA, Dougherty PM, Sorkin LS, Willis WD (1992) Neural changes

in acute arthritis in monkeys. II. Increased glutamate immunoreactivity in the medial articular

nerve. Brain Res Brain Res Rev 17:15–27

Winnard KP, Dmitrieva N, Berkley KJ (2006) Cross-organ interactions between reproductive,

gastrointestinal, and urinary tracts: modulation by estrous stage and involvement of the

hypogastric nerve. Am J Physiol Regul Integr Comp Physiol 291:R1592–R1601

Wiseman OJ, Fowler CJ, Landon DN (2003) The role of the human bladder lamina propria

myofibroblast. BJU Int 91:89–93

Xu L, Gebhart GF (2008) Characterization of mouse lumbar splanchnic and pelvic nerve urinary

bladder mechanosensory afferents. J Neurophysiol 99:244–253

Yamanishi T, Chapple CR, Yasuda K, Yoshida K, Chess-Williams R (2002) The role of beta(3)-

adrenoceptors in mediating relaxation of porcine detrusor muscle. Br J Pharmacol 135:129–134

Yamanishi T, Yasuda K, Kitahara S, Nakai H, Yoshida K, Iizuka H (2006) Effects of 138-355, a

beta3-adrenoceptor selective agonist, on relaxation of the human detrusor muscle in vitro.

Neurourol Urodyn 25:815–819

Yokoyama O, Yusup A, Miwa Y, Oyama N, Aoki Y, Akino H (2005) Effects of tolterodine on an

overactive bladder depend on suppression of C-fiber bladder afferent activity in rats. J Urol

174:2032–2036

Yokoyama T, Kumon H, Nagai A (2008) Correlation of urinary nerve growth factor level with

pathogenesis of overactive bladder. Neurourol Urodyn 27:417–420

Yoshimura N, de Groat WC (1999) Increased excitability of afferent neurons innervating rat

urinary bladder after chronic bladder inflammation. J Neurosci 19:4644–4653

Yoshimura M, Jessell T (1990) Amino acid-mediated EPSPs at primary afferent synapses with

substantia gelatinosa neurones in the rat spinal cord. J Physiol 430:315–335

Yoshimura N, White G, Weight FF, de Groat WC (1994) Patch-clamp recordings from subpopula-

tions of autonomic and afferent neurons identified by axonal tracing techniques. J Auton Nerv

Syst 49:85–92

Yoshimura N, Seki S, de Groat WC (2001) Nitric oxide modulates Ca(2+) channels in dorsal root

ganglion neurons innervating rat urinary bladder. J Neurophysiol 86:304–311

Yoshimura N, Seki S, Erickson KA, Erickson VL, Hancellor MB, de Groat WC (2003) Histologi-

cal and electrical properties of rat dorsal root ganglion neurons innervating the lower urinary

tract. J Neurosci 23:4355–4361

Yoshimura N, Kaiho Y, Miyazato M, Yunoki T, Tai C, Chancellor MB, Tyagi P (2008) Thera-

peutic receptor targets for lower urinary tract dysfunction. Naunyn Schmiedebergs Arch

Pharmacol 377:437–448

204 A.J. Kanai



Yu Y, de Groat WC (2008) Sensitization of pelvic afferent nerves in the in vitro rat urinary

bladder-pelvic nerve preparation by purinergic agonists and cyclophosphamide pretreatment.

Am J Physiol Renal Physiol 294:F1146–F1156

Yu YF, Nichol MB, Yu AP, Ahn J (2005) Persistence and adherence of medications for chronic

overactive bladder/urinary incontinence in the california medicaid program. Value Health

8:495–505

Zabbarova I, Birder L, Roppolo J, de Groat W, Kanai A (2009) Bladder-colon cross-sensitization

induced bladder overactivity. Neurourol Urodyn 28:914–915

Zagorodnyuk VP, Brookes SJ (2000) Transduction sites of vagal mechanoreceptors in the guinea

pig esophagus. J Neurosci 20:6249–6255

Zagorodnyuk VP, Costa M, Brookes SJ (2006) Major classes of sensory neurons to the urinary

bladder. Auton Neurosci 126–127:390–397

Zagorodnyuk VP, Gibbins IL, Costa M, Brookes SJ, Gregory SJ (2007) Properties of the major

classes of mechanoreceptors in the guinea pig bladder. J Physiol 585:147–163

Zarghooni S, Wunsch J, Bodenbenner M, Bruggmann D, Grando SA, Schwantes U, Wess J,

Kummer W, Lips KS (2007) Expression of muscarinic and nicotinic acetylcholine receptors in

the mouse urothelium. Life Sci 80:2308–2313

Zhou S, Bonasera L, Carlton SM (1996) Peripheral administration of NMDA, AMPA or KA

results in pain behaviors in rats. Neuroreport 7:895–900

Zinck ND, Rafuse VF, Downie JW (2007) Sprouting of CGRP primary afferents in lumbosacral

spinal cord precedes emergence of bladder activity after spinal injury. Exp Neurol

204:777–790

Afferent Mechanism in the Urinary Tract 205



.



Urothelial Signaling

Lori A. Birder

Contents

1 Anatomy and Barrier Function of the Urothelium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

2 Urothelial Heterogeneity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

3 Evidence Suggesting a Role for Urothelial Cells

in Visceral Sensation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

4 Involvement of the Urothelium in “Sensing” Chemical and Mechanical Stimuli . . . . . . . . . 212

5 Urothelial Sensor Targets and Mediators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

5.1 ATP and Purinergic Receptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

5.2 TRPV1 Channels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

5.3 Additional TRP Channels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

5.4 Nicotinic and Muscarinic Acetylcholine Receptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

5.5 Estrogen and Estrogen Receptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217

5.6 Adrenergic Receptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218

5.7 Nitric Oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

6 Pathology-Induced Urothelial Plasticity and Effect on Barrier Function . . . . . . . . . . . . . . . . . 220

7 Clinical Significance of the Sensory Web . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

8 Conclusions: Potential Clinical Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

Abstract The urinary bladder “mucosa” or innermost portion of the bladder is

composed of transitional epithelium, basement membrane, and the lamina propria.

This chapter reviews the specialized anatomy of the bladder epithelium (urothe-

lium) and speculates on possible communication mechanisms from urothelial cells

to various cell types within the bladder wall. For example, beyond serving as a

simple barrier, there is growing evidence that the urinary bladder urothelium

exhibits specialized sensory properties and plays a key role in the detection and

transmission of both physiological and nociceptive stimuli. Findings from a number

of studies suggest that the urothelium exhibits both “sensor” (expressing receptors/
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ion channels capable of responding to thermal, mechanical, and chemical stimuli)

and “transducer” (ability to release chemicals) properties. Thus, urothelial cells

exhibit the ability to sense changes in their extracellular environment including the

ability to respond to chemical, mechanical, and thermal stimuli that may commu-

nicate the state of the urothelial environment to the underlying nervous and

muscular systems.

Keywords Barrier function � Sensory web � TRP channels � Urothelium

1 Anatomy and Barrier Function of the Urothelium

The urothelium forms the interface between the urinary space and the underlying

vasculature, connective, nervous, and muscular tissues. Urothelium is composed of

at least three layers: a basal cell layer attached to a basement membrane,

an intermediate layer, and a superficial or apical layer composed of large hexagonal

cells (diameters of 25–250 mm) known as “umbrella cells” (Lewis 2000; Apodaca

2004; Abraham et al. 2009; Khandelwal et al. 2009). Intermediate cells are pear

shaped (pyriform; diameter 10–15 mm), while the basal cell layer is composed of

mononucleate cells (diameter 10 mm) that are in contact with an underlying capillary

bed. The umbrella cells are interconnected by tight junctions (which are composed

of multiple proteins such as the claudins) and are covered on their apical surface

(nearly 70–80%) by crystalline proteins called uroplakins that assemble into hexag-

onal plaques (Hicks 1975; Liang et al. 2001; Sun 2006). Interestingly, uroplakins

and other urothelial cellular differentiation markers, such as cytokeratin 20, are

not expressed in the stratified epithelium of the urethra. There have been reports

of thin cytoplasmic extensions connecting the various cell layers to the basement

membrane, suggesting a pseudostratified urothelium.More recent evidence supports

a stratified urothelium with a relative lack of cytoplasmic extensions.

The ability of the bladder to maintain a barrier, despite large alterations in

urine volume and increases in pressure during bladder filling and emptying, is

dependent on several features of the umbrella cell layer. These features include

tight junction complexes that reduce the movement of ions and solutes between

cells and specialized lipid molecules and uroplakin proteins in the apical mem-

brane, which reduce the permeability of the cells to small molecules (water,

urea, and protons) (Acharya et al. 2004; Apodaca 2004; Abraham et al. 2009;

Khandelwal et al. 2009). Mice lacking genes for uroplakins IIIa and II (UPIIIa and

UPII) exhibit a number of abnormalities that lead to a compromised urothelial

barrier. The apical surface of the urothelium is also covered with a sulfated

polysaccharide glycosaminoglycan (GAG) or mucin layer that is thought to act

as a nonspecific antiadherence factor and as a defense mechanism against infec-

tion (Parsons et al. 1977, 1990, 1991).

The size and shape of the umbrella cells is dependent upon the filling state of the

urinary bladder. For example, umbrella cells are cuboidal in unfilled bladders, but

208 L.A. Birder



during bladder filling, the umbrella cells become flat and squamous and this shape

change is accompanied by vesicular traffic (i.e., exocytosis/endocytosis), adding

membrane to the apical surface and thereby increasing overall urinary bladder

surface area (Hicks 1975; Wang et al. 2005; Balestreire and Apodaca 2007).

There is evidence that this stretch-induced exocytosis is dependent on activation

of epidermal growth factor receptor (EGFR) (Cheng and Zhang 2002; Balestreire

and Apodaca 2007). These processes allow the bladder to accommodate increasing

volumes of urine during filling without compromising barrier function. Exocytosis/

endocytosis (vesicular recycling) may also play an important role in modulating the

release of a number of neurotransmitters/mediators as well as regulating the

function of many receptors and ion channels in urothelial cells (Apodaca 2004;

Birder and de Groat 2007).

2 Urothelial Heterogeneity

Studies of different species have shown that the major part of the urinary tract is

lined with a fully differentiated urothelium (Sun 2006). Findings in cultured cells

reveal a distinct difference in morphology of ureteral and bladder urothelial cells,

supporting a difference in cell lineage. There seems to be no apparent difference

between the urothelium of the trigone compared to the detrusor. This is in contrast

to the proximal urethra, a region in which a complete “barrier” is unnecessary,

which transitions from urothelium to a stratified or columnar epithelium accom-

panied by a lack of urothelial-specific differentiation markers (Romih et al. 2005;

Thomas et al. 2005; Sun 2006). There are also reports of microvilli on the apical

surface of the urethral epithelium. The presence of microvilli may play a role in

increasing the surface area of the cell, participation in both sensory and transducer

functions, as well as in fluid transport. Taken together, present evidence suggests at

least three urothelial lineages (1) those of the ureter/renal pelvis, (2) detrusor/

trigone, and (3) bladder neck/proximal urethra (Liang et al. 2005). The functional

significance of these findings has yet to be determined.

3 Evidence Suggesting a Role for Urothelial Cells

in Visceral Sensation

While urothelial cells are often viewed as bystanders in the process of visceral

sensation, recent evidence has supported the view that these cells function as

primary transducers of some physical and chemical stimuli and are able to commu-

nicate with underlying cells including bladder nerves, smooth muscle, and even

inflammatory cells (Fig. 1a).
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There are at least three lines of evidence that suggest that urothelial cells

participate in the detection of both physical and chemical stimuli. First, bladder

nerves (afferent and efferent) are localized in close proximity, and some within the

urothelium (Jen et al. 1995; Kunze et al. 2006; Birder and de Groat 2007).

Ultrastructural studies of nerves in the human bladder have found only unmyelin-

ated nerves in the urothelial and immediate suburothelial layer (Wiseman et al.

2002). Peptidergic, P2X-, and TRPV1-immunoreactive nerve fibers presumed to

arise from afferent neurons in the lumbosacral dorsal root ganglia are distributed

throughout the urinary bladder musculature as well as in a plexus beneath and

extending into the urothelium (Birder et al. 2002a; Birder and de Groat 2007)

(Fig. 1b). These axon collaterals are able to release neurotransmitters onto the

various tissues in the bladder wall. In humans with neurogenic detrusor overactivity,

intravesical administration of resiniferatoxin, a C-fiber afferent neurotoxin, reduces

the density of TRPV1- and P2X3-immunoreactive suburothelial nerves, indicating

that these are sensory nerves (Brady et al. 2004; Apostolidis et al. 2005). In addition,

immunohistochemical studies have also revealed both adrenergic (tyrosine hydrox-

ylase-positive) and cholinergic (choline acetyltransferase, ChAT-positive) nerves in

close proximity to the urothelium (Jen et al. 1995). While this would commonly

indicate the presence of efferent autonomic nerves, it has been reported in the guinea

pig bladder that some ChAT immunoreactivity near the urothelium may be present

in sensory rather than efferent nerves (Gillespie et al. 2006).

Additionally, there is also evidence that a suburothelial population of intersti-

tial cells (IC) may play a relay role in the sensory response to bladder wall stimuli

(Sui et al. 2004; Brading and McCloskey 2005; Ikeda et al. 2007; Grol et al.

2008). These cells may act as a variable amplifier of the sensory response,

mediating signals between the urothelium and sensory afferents or the detrusor

smooth muscle layer, either directly or via the activation of afferent nerve fibers

(Fry et al. 2007). These suburothelial IC cells, which are extensively linked by

gap junctions and have close contacts with nerves, can respond to neurotransmit-

ters such as ATP released from nerves or urothelial cells, suggesting that they can

mediate signals between the urothelium and sensory afferents or the detrusor

smooth muscle layer (Sui et al. 2004; Brading and McCloskey 2005; Ikeda et al.

2007). In some types of cells, intercellular calcium “waves” may be a common

way of translating extracellular stimuli into functional processes that can spread

to nearby cells, ultimately leading to the release of neuroactive mediators. Studies

using optical mapping techniques in both rodent and cat urinary bladder have

revealed that both chemical and physical stimulation of cross-sections of the

bladder can generate a series of calcium and membrane potential “waves,”

which propagate across the urothelial–suburothelial layers before invading the

underlying smooth muscle (Ikeda et al. 2007, 2009; Ikeda and Kanai 2008). Thus,

the flow of information between urothelium and other cell types within the

bladder wall is not unidirectional but a complex chemical communication net-

work between various cells including nerve fibers, IC cells, immune cells, and

smooth muscle.
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4 Involvement of the Urothelium in “Sensing” Chemical

and Mechanical Stimuli

A second line of evidence suggesting that urothelial cells play a role in sensory

function is the expression of numerous receptors/ion channels similar to that found

in both nociceptors and mechanoreceptors. Examples of neuronal “sensor mole-

cules” (receptors/ion channels) that have been identified in urothelium include

receptors for purines (P2X1�7 and P2Y1,2,4) (Ferguson et al. 1997; Chopra et al.

2008; Burnstock 2001; Birder et al. 2003); adenosine (A1, A2a, A2b, and A3)

(Yu et al. 2006); norepinephrine (a and b) (Birder et al. 2002b); acetylcholine
(muscarinic and nicotinic) (Chess-Williams 2002; Kullmann et al. 2008; Beckel

et al. 2006); protease-activated receptors (PARs) (Ossovskaya and Bunnett 2004);

fractalkine receptors (Yuridullah et al. 2006); amiloride- and mechanosensitive

epithelial sodium channels (ENaC) (Carattino et al. 2008); NSCC, TRAAK, and

TREK-1 (Wang et al. 2003; Araki et al. 2008; Yu et al. 2009); bradykinin (B1 and

B2) (Chopra et al. 2005); neurotrophins (p75, trkA) (Murray et al. 2004); epidermal

growth factor (EGF family ErbB1-3) (Balestreire and Apodaca 2007); vascular

endothelial growth factor (VEGF) and neuropilins (NRP) (Saban et al. 2008);

pituitary adenylate cyclase-activating peptide (PACAP) (Girard et al. 2008); corti-

cotrophin releasing factor (CRF1 and CRF2) (LeBerge et al. 2006); estrogen

receptors (ERa and ERb) (Taylor and Al-Azzawi 2000); cannabinoid (CB1) recep-
tors (Walczak et al. 2009); ASIC-sensing ion channels and various TRP channels

(TRPV1, TRPV2, TRPV4, TRPM8, and TRPA1) (Birder et al. 2002a; Birder and

de Groat 2007; Kullmann et al. 2009). The expression of these various receptors

enables the urothelium to respond to a number of “sensory inputs” from a variety of

sources. These inputs include increased stretch during bladder filling; soluble

factors (many found in the urine) such as EGF; or chemical mediators, peptides,

and/or transmitters such as substance P, calcitonin gene-related peptide (CGRP),

CRF, acetylcholine, adenosine, or norepinephrine released from nerves, inflamma-

tory cells, and even nearby blood vessels (Apodaca 2004; LeBerge et al. 2006;

Apodaca et al. 2007; Birder and de Groat 2007; Hanna-Mitchell et al. 2007).

The third line of evidence for a sensor role for urothelial cells is the secretion of

transmitters or mediators such as neurotrophins, peptides, ATP, acetylcholine,

prostaglandins, prostacyclin, nitric oxide (NO), and cytokines that are capable of

modulating, activating, or inhibiting sensory nerves, smooth muscle, and/or cells of

the immune and inflammatory systems (Apodaca et al. 2007; Birder and de Groat

2007). For example, the secretion of a diffusible factor from the urothelium

(sonic hedgehog, Shh) has been proposed to induce smooth muscle differentiation

(Shiroyanagi et al. 2007). In addition, the release of urothelial-derived factors in

response to mechanical as well as chemical stimulation has been shown to either

facilitate or inhibit the activity of bladder afferent nerves (Andersson and Persson

1995; Birder and de Groat 2007). There is evidence that intravesical administration

of oxyhemoglobin (may act to scavenge NO) results in a bladder hyperactivity,

demonstrating an inhibitory role of NO in the control of bladder reflexes
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(Pandita et al. 2000). It has also been shown that removal of the urothelium using

in vitro detrusor preparations can significantly increase the detrusor muscle con-

tractile response evoked by acetylcholine. These findings suggest that the urothe-

lium can release a factor that exerts an inhibitory effect on bladder smooth muscle

contractility (Hawthorn et al. 2000). Though this “urothelial-derived inhibitory

factor or UDIF” has not yet been identified, it is unlikely to be NO, adenosine,

GABA, a cyclo-oxygenase product, or mediated by the small conductance Ca2+-

sensitive K+ channel (Fovaeus et al. 1999; Hawthorn et al. 2000; Chaiyaprasithi

et al. 2003; Murakami et al. 2007).

The mechanism underlying release of chemical mediators from the urothelium,

including whether all sensory “inputs” stimulate membrane turnover (i.e., vesicular

exocytosis), is not well understood. It is also not known whether different layers of

the urothelium may secrete different mediators with differing effects. What little is

known about the roles and dynamics of membrane-bound cytoplasmic vesicles in

urothelial cell physiology is derived from measurements of membrane capacitance

and microscopy of fixed tissues and cells. For example, there is evidence that once

released, ATP can act as an important autocrine mediator, which can induce

membrane turnover as well as enhance both stretch-induced exocytosis and endo-

cytosis (Wang et al. 2005). Alterations in membrane turnover can not only increase

apical surface area (as described earlier) but also regulate the number and function

of receptors and channels at the cell surface.

5 Urothelial Sensor Targets and Mediators

5.1 ATP and Purinergic Receptors

Since the first report of distension-evoked ATP release from the urothelium, there

has been abundant evidence supporting a role for urothelially derived release of

ATP in autocrine and paracrine signaling within the lower urinary tract. ATP is

released from both the apical and basolateral urothelial surfaces in response to

bladder stretch and can act on P2X2 and P2X3 urothelial receptors to stimulate

stretch-induced exocytosis (Wang et al. 2005) (Fig. 1c). It has been suggested that

the amiloride-sensitive apical sodium channel or ENaC, expressed within the

urothelium, may be involved in mechanotransduction by controlling basolateral

release of ATP (Du et al. 2007). Additionally, the expression of both P2X and P2Y

receptors in nerve fibers and suburothelial interstitial cells in close proximity to the

bladder lumen and the sensitivity of these cells to ATP raises the possibility that

basolateral ATP release from urothelial cells could influence not only adjacent

urothelial cells, but also interstitial cells and nerves (Sui et al. 2006; Fry et al. 2007).

The intercellular communication mediated by gap junctions in interstitial cells may

provide a mechanism for long-distance spread of signals from the urothelium to the

detrusor muscle (Ikeda et al. 2007).
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Pathology results in augmented release of ATP from the bladder urothelium,

which can cause painful sensations via excitation of purinergic receptors on nearby

sensory fibers (Sun et al. 2001; Birder et al. 2003). This type of noncholinergic

mechanism is likely to play an important role in a number of bladder pathologies

such as bladder pain syndrome/interstitial cystitis (BPS/IC), a chronic clinical

disease characterized by urgency, frequency, and bladder pain upon filling (Gillenwater

and Wein 1998; Parsons et al. 1998; Nickel 2003; Parsons 2007). Studies of a

comparable disease in cats (i.e., feline interstitial cystitis, FIC) revealed an aug-

mented stretch-evoked release of urothelial-derived ATP and changes in purinergic

receptor profiles in urothelial cells (Birder et al. 2003). This observation is consis-

tent with similar findings in patients with BPS/IC and suggests that urothelial sensor

molecules exhibit plasticity in pathologic conditions (Sun et al. 2001). ATP can also

act in an autocrine manner to enhance its own release from urothelial cells. This

autofeedback mechanism may be more important in pathological conditions. The

enhanced release of ATP into the bladder lumen in response to bladder distension

has also been observed in chronic spinal cord injured rats and in rats with chemi-

cally irritated bladders (Salas et al. 2007; Girard et al. 2008). ATP released from the

urothelium can directly depolarize and initiate firing in sensory nerves by activating

ionotropic P2X channels or by activating metabotropic P2Y receptors on afferent

nerves (as well as the urothelium) to stimulate intracellular second messenger

pathways that in turn modulate other ion channels. For example, it has been

shown in sensory neurons that ATP can enhance TRPV1 currents by lowering the

threshold for protons, capsaicin, and heat (Tominaga et al. 2001). This action,

which is presumably mediated by activating intracellular protein kinases and

phosphorylation of the TRPV1 channel, represents a mechanism by which large

amounts of ATP released from damaged or sensitized cells in response to injury or

inflammation may trigger the sensation of pain.

5.2 TRPV1 Channels

The ability of capsaicin to evoke NO release from rat urothelium, reported in 1998,

provided the first, albeit indirect, demonstration that TRPV1 channels are expressed

in urothelial cells and that urothelial cells and afferent nerves, which also express

these channels, share a number of common properties (Birder et al. 1998). This ion

channel protein is activated by capsaicin, as well as moderate heat, protons, and

lipid metabolites such as anandamide (an endogenous ligand of both cannabinoid

and vanilloids receptors) (Caterina et al. 1997).

TRPV1 is expressed not only by afferent nerves that form close contact with the

bladder epithelium but also by nonneuronal cells such as urothelial cells and

interstitial cells (Birder et al. 2001; Ost et al. 2002) (Fig. 1d). The activation of

urothelial cells with capsaicin or resiniferatoxin can increase intracellular calcium,

elicit transient currents, and evoke transmitter (NO or ATP) release. Similar to that

in sensory neurons, urothelial response to vanilloids is enhanced by low pH, blocked
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by TRPV1 antagonists, and eliminated in TRPV1-null mice (Birder et al. 2001,

2002a). In addition, in the presence of the TRPV1 antagonist capsazepine, changes

in pH induced by HCl elicited ionic currents and increases in intracellular calcium

(Kullmann et al. 2009). As these currents are sensitive to amilioride, these findings

suggest the expression of ASIC-like channels within the urothelium. In afferent

neurons, TRPV1 is thought to integrate/amplify the response to various stimuli and

to play an essential role in the development of inflammation-induced hyperalgesia.

It seems likely that urothelial-TRPV1 might participate in a similar manner, in the

detection of irritant stimuli following bladder inflammation or infection.

Though TRPV1-null mice are anatomically normal, they exhibit a number of

alterations in bladder function including a higher frequency of low-amplitude,

nonvoiding bladder contractions, suggesting the possibility of a small but ongoing

role for TRPV1 in normal urine storage function. In addition, TRPV1-null mice

exhibit a reduction in stretch- and hypotonic-evoked ATP release from the urothe-

lium and also an attenuated response of bladder afferents to distension (Birder et al.

2002a; Daly et al. 2007). These findings demonstrate that the functional signifi-

cance of TRPV1 in the bladder extends beyond pain sensation to include participa-

tion in normal voiding function and is essential for mechanically evoked signaling

by bladder afferents as well as the urothelium.

TRPV1 has attracted considerable attention as a potential contributor to bladder

diseases. TRPV1 knockout mice also display differences in the response to chemi-

cally induced irritation or inflammation of the bladder as compared with their wild-

type counterparts (Szallasi et al. 2006; Charrua et al. 2007; Wang et al. 2008).

Furthermore, patients suffering from neurogenic detrusor overactivity exhibit signif-

icant increases in the number of TRPV1-expressing nerves as well as increased

TRPV1 expression within the urothelium (Brady et al. 2004; Apostolidis et al.

2005). Intravesical instillation of vanilloids (capsaicin or resiniferatoxin) improves

urodynamic parameters in patients with neurogenic detrusor overactivity and reduces

pain in patients with hypersensitivity disorders, presumably by desensitizing bladder

nerves (Fowler et al. 1992; Chancellor and de Groat 1999; Kalsi and Fowler 2005;

Apostolidis et al. 2006). However, this treatment, which had some clinical success,

could also target TRPV1 on urothelial cells, whereby a persistent activation might

lead to receptor desensitization or depletion of urothelial transmitters.

5.3 Additional TRP Channels

Much less is known about the involvement of other TRPs in bladder function or

disease. TRPV4, which is a nonselective cation channel activated by a number of

stimuli including heat, shear stress, changes in osmolarity, and lipid ligands, is

expressed mainly within the epithelium of the urinary bladder (Liedtke 2005;

Birder et al. 2007; Gevaert et al. 2007). While a definitive role for TRPV4 in

bladder function has not been established, there is evidence that null mice exhibit

impaired voiding responses, and intravesical instillation of a TRPV4 agonist in the

Urothelial Signaling 215



rat triggers a novel voiding reflex, which could regulate the late phase of micturition

(Birder and de Groat 2007; Gevaert et al. 2007). In addition, in the awake ewe,

TRPV4 may also be involved in a urethra to bladder reflex, proposed to facilitate

bladder emptying (Combrisson et al. 2007).

While little is known about the involvement of the cold-sensing TRP channels

(TRPM8 and TRPA1) in bladder function, the effect of cold temperatures on lower

urinary tract function has long been of interest (Cheng et al. 1997). The instillation

of cold solutions (known as the ice water test) elicits involuntary detrusor contracts

in patients with either chronic spinal cord lesions or following bladder outlet

obstruction (Chai et al. 1998; Gotoh et al. 1999). This reflex may be mediated by

activation of C-type bladder afferent nerves sensitive to cold temperatures. The

finding that intravesical instillation of menthol facilitates the bladder cooling reflex

in both cats and humans suggests that TRPM8, a cold- and menthol-sensing channel

expressed in both nerves and the urothelium, may be involved in triggering the

reflex (Jiang et al. 2002; Peier et al. 2002). Another member of the TRP family,

TRPA1 (characterized as a thermoreceptor activated by noxious cold), is expressed

in C-fiber afferents as well as urothelium and agonists to this channel induce bladder

hyperreflexia (Du et al. 2007; Streng et al. 2008). In addition, hydrogen sulfide,

which may be formed during infection/inflammation, is an activator of TRPA1

(Streng et al. 2008).

While the functional role of thermosensitive channels in the urothelium remains

to be clarified, it seems likely that a primary role for these proteins may be to

recognize noxious stimuli in the bladder. In lung epithelium, activation of a variant

of TRPM8 results in secretion of mediators that are thought to play a role in airway

inflammation (Sabnis et al. 2008). However, the diversity of stimuli that can

activate these proteins suggests a much broader sensory and/or cellular role. For

example, TRPM8 expression is increased in some epithelia in prostate tumors,

suggesting a role in proliferating cells (Bidaux et al. 2005). Thus, further studies are

needed to fully elucidate the role of TRP channels in urothelium and their influence

on bladder function.

5.4 Nicotinic and Muscarinic Acetylcholine Receptors

The presence of muscarinic and nicotinic receptors in the urothelium has attracted

interest in the role of acetylcholine as a chemical mediator of neural–urothelial

interactions (Hawthorn et al. 2000; Templeman et al. 2002; Beckel et al. 2006;

Hanna-Mitchell et al. 2007). These receptors could be stimulated by acetylcholine

released from urothelial cells as well as by cholinergic nerves that have been

detected in close proximity to the urothelial cells in the rat bladder (Hanna-Mitchell

et al. 2007; Kullmann et al. 2008). Exogenous muscarinic and nicotinic cholinergic

agonists applied to cultured urothelial cells can elicit an increase in intracellular

calcium concentration and evoke the release of NO and ATP (Beckel et al. 2006;

Kullmann et al. 2008). In bladder strips or whole bladder preparations, muscarinic
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agonists also stimulate the release of a smooth muscle inhibitory factor from the

urothelium (Hawthorn et al. 2000; Templeman et al. 2002). Electrical stimulation

of the pelvic nerve or reflex activation of the autonomic nervous system by spinal

cord injury (SCI) (Apodaca et al. 2003) can elicit changes in urothelial permeability

as well as changes in the morphology of the urothelium in the rat, raising the

possibility that autonomic or sensory nerves make “synaptic connections” with

urothelial cells.

There is evidence that the urothelium expresses the full complement of musca-

rinic receptors as well as enzymes necessary for the synthesis and release (except

vesicular choline transporter) of acetylcholine (Hanna-Mitchell et al. 2007; Lips

et al. 2007; Zarghooni et al. 2007; Kullmann et al. 2008). Furthermore, the

urothelium is able to release acetylcholine following both chemical and mechanical

stimulation. Once released, urothelial-derived acetylcholine is likely to exert effects

via a number of sites including smooth muscle, nerves, as well as urothelial-

associated muscarinic or nicotinic receptors, the latter that could contribute to

feedback mechanisms modifying urothelial function. Recent studies have demon-

strated alterations in muscarinic receptor expression or sensitivity of urothelial

muscarinic receptors to cholinergic agonists in a number of bladder pathologies

(Cheng et al. 2007; Gupta et al. 2009) Thus, stimulation of urothelial–cholinergic

receptors elicits release of mediators such as nitric oxide and ATP, which could

alter bladder sensation by stimulating nearby sensory afferent nerves.

It has been speculated that the urothelium could be affected by antimuscarinics

via the bloodstream as well as affecting luminal muscarinic receptors (since some

of these agents and/or metabolites are likely to be excreted in urine) (Andersson

et al. 2008). Thus, targeting muscarinic receptors and/or urothelial release mechan-

isms may play an important role in the treatment for a number of bladder disorders.

However, the mechanism of release is uncertain. Recently, botulinum toxin type A

(BoNTA) has been used to evaluate the release mechanism. Botulinum toxin type

A is currently undergoing clinical investigation to treat a number of bladder

disorders including neurogenic detrusor overactivity, detrusor-sphincter dyssyner-

gia, as well as BPS/IC (Chancellor 2005; Tiwari and Naruganahalli 2006). Studies

have shown that this treatment may inhibit detrusor muscle contractions by sup-

pressing the release of transmitters such as ATP and acetylcholine from bladder

nerves by blocking exocytosis. Recent evidence suggests that botulinum toxins

prevent the release of transmitters such as ATP from the urothelium, which may

suggest that urothelial-released mediators contribute to sensory urgency (Khera

et al. 2004; Smith et al. 2005).

5.5 Estrogen and Estrogen Receptors

While not well studied, it has been suggested that age or hormonal changes could

influence urinary bladder function. A number of dysfunctions of the lower urin-

ary tract, such as urgency, incontinence, and nocturia, are altered in the aging
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population and also following menopause (Fanti 1994; Robinson and Cardozo

2002, 2003). The steroid hormone 17b-estradiol (E2) is a key regulator of growth,

differentiation, and function in a wide array of target tissues. Its predominant

biological effects are mediated through two distinct estrogen receptors (ER): ERa
and ERb (Hall et al. 2001). The urothelium expresses both subtypes of estrogen

receptors, ERa and ERb, which may mediate estrogen-mediated proliferation in

urothelial cells (Teng et al. 2008). Studies in estrogen-deficient animals have

revealed a loss of mucosal barrier function and alterations in prostaglandin levels;

the latter has been associated with preserving mucosal integrity (Hass et al. 2009).

In addition, it has been shown that female ERb�/� mice exhibit ulcerations and

atrophy of the urinary bladder urothelium, which resembles changes in the urothe-

lium in patients diagnosed with BPS/IC (Imamov et al. 2007). Thus, alterations in

estrogen or ER signaling can alter the structure of the urothelium in addition to

maintenance of barrier function.

In addition to the well-established classical (“genomic”) pathway, which

involves interaction with an estrogen response element on the promoter region of

the target gene, E2 can exert rapid “nongenomic” effects (Seval et al. 2006), which

involve putative estrogen-binding proteins in the cell membrane and cytoplasm

(Song and Santen 2006). The rapid effects of estrogen involve activation of distinct

signal transduction cascades, such as the mitogen-activated protein kinase (MAPK)

pathways. The p38 MAPK pathway can be activated in response to chemical and

physical stresses and have therefore been termed “stress-activated kinases.” In

addition, p38 MAP is thought to play an important role in a number of cellular

processes including cellular proliferation (Chang and Karin 2001). Studies have

shown that E2 can trigger an estrus-modifiable activation of p38 MAP in endome-

trial cells as well as the urinary bladder urothelium (Birder et al. 2009). Further

studies are needed to elucidate the full range of the influences of alterations in

ovarian hormones on lower urinary tract structure and function, which may be

important in a number of bladder dysfunctions such as urethra and pelvic floor

weakness, detrusor instability, BPS/IC, and even underactive detrusor.

5.6 Adrenergic Receptors

The activation of sympathetic nerves promotes bladder relaxation during the

storage phase, via the activation of b-adrenergic receptors (Yamaguchi and Chapple

2007; Fowler et al. 2008). In humans, it has been shown that this relaxation is

mediated through the activation of a b3 subtype adrenergic receptor. Recent reports
have identified all three (b1, b2, and b3) adrenergic subtypes within the urinary

bladder urothelium (Tyagi et al. 2009). The activation of urothelial b3-receptors
could, via release of mediators including NO, alter afferent excitability and, in turn,

bladder sensation. These findings suggest that the activation of urothelial b-receptors
may be a potential target in the treatment of overactive bladder as well as other

bladder sensory disorders.
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Patients with a variety of lower urinary tract disorders including overactive

bladder, benign prostatic hyperplasia, and even BPS/IC are often treated with

selective a1-adrenergic antagonists (Toh and Ng 2006; Yassin et al. 2006). Studies

in mice that lack the a1D-adrenergic receptor have indicated that there is an

important role of these receptors in the regulation of bladder function (Chen et al.

2005). The a1D subtype adrenergic receptor is expressed within the bladder urothe-

lium, and it seems that tonic activation of urothelial a1D-receptors by catechola-

mines might be involved in bladder sensory mechanisms (Ishihama et al. 2006). For

example, catecholamines could be released from nerves adjacent to the urothelium

or from nerves that innervate nearby blood vessels, as the suburothelial region

receives a rich blood supply (Inoue and Gabella 1991; Jen et al. 1995). In turn,

stimulation of both urothelial a- and b-adrenergic receptors could lead to the

release of a number of transmitters including ATP and NO (Birder et al. 1998,

2002b). Cats diagnosed with FIC exhibit an increase in norepinephrine content in

the urinary bladder (Buffington et al. 2002) and an augmented release of mediators

including ATP and NO, compared with healthy cats (Birder et al. 2003, 2005). It is

not known whether catecholamines are involved in the increased release of these

mediators, or whether a tonic activation of the urothelium via circulating or other

sources of catecholamines has a role in the sensory abnormalities of FIC.

5.7 Nitric Oxide

Nitric oxide (NO) is thought to be involved in many functions of the lower urinary

tract, ranging from inhibition of neurotransmission in the urethra to modulation of

bladder afferent nerves and bladder reflex pathways in the spinal cord (Andersson

and Persson 1995). The localization of neuronal nitric oxide synthase (NOS) and/or

NADPH diaphorase (a marker for neuronal NOS) in efferent and afferent nerve

fibers and the expression of multiple NOS isoforms (neuronal, endothelial, and

inducible) within the urothelium indicate that NO has a role in the micturition reflex

pathway (Andersson and Persson 1995; Birder et al. 2002b). The release of NO

from the urothelium or other cells is thought to either facilitate or inhibit the activity

of bladder afferent nerves. For example, a reduction in NO levels adjacent to the

urothelium (caused by intravesical administration of oxyhemoglobin) results in

bladder hyperactivity, which suggests that there is an inhibitory role of NO in the

control of bladder function (Pandita et al. 2000).

Injury or chronic inflammation has been shown to alter the expression of NOS,

which raises the possibility that the neurotransmitter function of NO is plastic and

can be altered by chronic pathological conditions (de Groat et al. 1997). Alterations

in NO levels have been demonstrated in both patients with BPS/IC and cats

diagnosed with FIC (Hosseini et al. 2004; Birder et al. 2005), both of which are

associated with abnormalities in urothelial barrier function including increased

urothelial permeability (Lavelle et al. 2000; Parsons 2007). It has been shown

that a change in NO production or synthesis in intestinal epithelial cells can increase
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their permeability to hydrophilic macromolecules (Kolios et al. 2004). In addition,

aminoguanidine, an inhibitor of inducible nitric oxide synthase (iNOS), has been

shown to prevent oxidative stress-induced changes in urinary bladder following

cyclophosphamide treatment in rats (Abraham et al. 2009; Korkmaz et al. 2005).

These findings suggest that alterations in NO levels may also have a role in the

modulation of epithelial function, and this mechanism might contribute to the loss

of membrane barrier integrity in many disease states.

6 Pathology-Induced Urothelial Plasticity and Effect

on Barrier Function

Basal cells, which are thought to be precursors for other cell types, normally exhibit

a low (3- to 6-month) turnover rate, in fact the slowest turnover of any mammalian

epithelial cells (Hicks 1975; Apodaca 2004). It has been well described that the

urothelium exhibits regenerative ability, which can occur within days following

injury or insult to the urinary bladder. It has been shown that neither urine-derived

factors nor cyclic mechanical changes contribute to urothelial proliferation and

differentiation; however, accelerated proliferation can occur in pathology. For

example, psychological stress, streptozotocin (STZ)-induced diabetes, and sucrose-

induced diuresis in rodents can all result in significant urothelial remodeling (Lui

and Daneshgari 2006; Chang et al. 2009). In addition, using protamine sulfate, an

agent that selectively damages the umbrella cell layer, it has been shown that the

urothelium rapidly undergoes both functional and structural changes in order to

restore the barrier in response to injury (Lavelle et al. 2002). The initiation of

urothelial proliferation is thought to involve upregulation of growth factors such as

fibroblast growth factor and nerve growth factor (NGF) (de Boer et al. 1996; Bassuk

et al. 2003).

In the periphery, NGF is produced and utilized by several nonneuronal cell types

including immune inflammatory cells, epithelial cells, and smooth muscle cells;

because of these functions, NGF is better described as a pleiotropic factor (Micera

et al. 2007). A specific “epitheliotropic” (Botchkarev et al. 1999) role for NGF is

seen in the epidermis, where it is endogenously synthesized and plays an important

role in wound healing (Li et al. 1980; Matsuda et al. 1998). Numerous inflammatory

cytokines including interleukin (IL)-1, tumor necrosis factor (TNF)-a, and IL-6 can
induce NGF production in nonneuronal cell types such as fibroblasts, endothelial

cells, and glial cells.

Increased NGF levels have been identified in urothelium in animals with bladder

outlet obstruction, SCI, FIC, and cyclophosphamide-induced inflammation. In

animals, increased target NGF expression has been linked with increased urinary

frequency and unstable bladder contractions, and intravesical NGF produces a

hyperreflexia, suggestive of inflammatory pain, likely by sensitizing bladder affer-

ents (Chuang et al. 2001; Seki et al. 2002). The increased target NGF may be linked
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with alterations in urinary frequency and unstable bladder contractions (Vizzard

2000; Kim et al. 2004; Steers and Tuttle 2006). The increased NGF has also been

identified in urine of patients with overactivity, idiopathic sensory urgency, and

those diagnosed with BPS/IC (Liu and Kuo 2007). In fact, NGF has been proposed

as a potential biomarker for certain bladder disorders due to the possible link

between elevated NGF levels in tissue and urine to overactivity and painful

inflammatory conditions (Liu et al. 2008), and an antibody to NGF is currently in

phase II clinical trial (ClinicalTrials.gov identifier NCT00601484) for BPS/IC-

associated pain (Vastag 2006).

Though the urothelium maintains a tight barrier to ion and solute flux, a number

of local factors such as tissue pH, mechanical or chemical trauma, or bacterial

infection can modulate the urothelial barrier (Hicks 1975; Anderson et al. 2003). A

number of pathologies including diabetes have been shown to increase the suscep-

tibility of the urothelium to infections, in particular by Escherichia coli. Urinary
tract infections produced by uropathogenic E. coli (UPEC) are initiated by bacterial
adherence to uroplakin proteins on the apical surface of umbrella cells (Anderson

et al. 2003) (Fig. 1e). The UPEC express filamentous adhesive organelles (type 1

pili) that mediate both bacterial attachment and invasion of the urothelial cells.

Internalization of UPEC in the umbrella cells and formation of intracellular colo-

nies (biofilm-like pods) of UPEC in umbrella cells have been implicated in the

mechanism of recurrent urinary tract infections (Mulvey et al. 1998; Klumpp et al.

2006; Billips et al. 2008). Recent evidence suggests that induction of differentiation

markers such as uroplakin III may play an important role in UPEC-induced cell

death (Thumbikat et al. 2009).

Other conditions such as BPS/IC or SCI are also associated with changes in

urothelial barrier. When the barrier is compromised, water, urea, and toxic sub-

stances can pass into the underlying tissue (neural/muscle layers), resulting in

urgency, frequency, and pain during bladder filling and voiding. In some pathological

conditions, the disruption of the urothelial barrier is associated with ultrastructural

changes and alterations in the levels of chemical mediators such as nitric oxide and

ATP that may alter epithelial function and/or integrity. The disruption of urothelial

barrier integrity has also been linked to the expression of substances such as

antiproliferative factor (APF), which also slows urothelial cell growth (Keay

et al. 2004). APF, a frizzled eight protein detected in the urine of patients with

BPS/IC, is secreted by bladder epithelial cells obtained from these patients. Treat-

ment of urothelial cells from normal patients with purified APF decreases the

expression of adhesion and tight junction proteins.

The disruption of urothelial function can also be induced by more remote

pathological conditions that influence neural or hormonal mechanisms. For exam-

ple, both physical and psychological stresses have been associated with alterations

in epithelial permeability and even mucosal inflammation (Mayer and Fanselow

2003; van de Merwe 2007). Short-term ischemia can result in decreased blood flow

and oxygenation and may occur with conditions that produce urinary retention or

detrusor instability. The urothelium is highly sensitive to ischemic alterations, such

that 1 h of ischemia in an in vivo animal model can produce a reversible loss of tight
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junction integrity and increased permeability with detachment and desquamation of

urothelial cells (Korosec and Jezernik 2000). It has also been shown that estrogen

deficiency is linked to urinary bladder dysfunctions including urgency, frequency,

unstable bladder contractions, and even underactive bladder (Zhu et al. 2001;

Robinson and Cardozo 2003). Some of these symptoms may be associated with

alterations in the epithelial lining of the urinary bladder as estrogen deficiency can

lead to epithelial shedding or mucosal atrophy (Imamov et al. 2007; Hass et al.

2009). Alteration in the mucosal barrier can be a result of spinal cord transection,

which in rats has been shown to result in a rapid alteration in the urothelial barrier

including ultrastructural changes and increased permeability (Apodaca et al. 2003).

These changes are blocked by pretreatment with a ganglionic blocking agent,

suggesting the involvement of the efferent autonomic pathways in the acute effects

of SCI on bladder urothelium. Other types of urothelial–neural interactions are also

likely, based on recent reports that various stimuli induce urothelial cells to release

chemical mediators that can, in turn, modulate the activity of afferent nerves. This

has raised the possibility that the urothelium may have a role in sensory mechan-

isms in the urinary tract.

7 Clinical Significance of the Sensory Web

Defects in urothelial sensor molecules and urothelial cell signaling are likely to

contribute to the pathophysiology of bladder diseases. For example, a number of

bladder conditions (e.g., BPS/IC, SCI, and chemically induced cystitis) are asso-

ciated with augmented release of urothelial-derived ATP, which is likely to result in

altered sensations and changes in bladder reflexes induced by excitation of pur-

inergic receptors on nearby sensory fibers (Birder et al. 2003; Chopra et al. 2005;

Salas et al. 2007; Girard et al. 2008). ATP can also act in an autocrine manner to

facilitate its own release from urothelial cells (Wang et al. 2005), and once released,

ATP can alter the threshold for activation of additional ion channels that could alter

afferent excitability. Changes in epithelial signaling/barrier function are not unique

to the urinary bladder. Like the urinary bladder urothelium, the epithelial cells

lining both the airway and skin keratinocytes form a selective physical barrier

between the external environment and internal tissues. It has also been shown

that the airway epithelia in asthmatic patients as well as keratinocytes in certain

types of skin diseases also exhibit a number of similar abnormalities and compro-

mised repair processes (Holgate 2007, 2008; Bosse et al. 2008; Proksch et al. 2008).

This is particularly relevant given the high incidence of associated diseases that can

include both visceral and somatic conditions, many of which exhibit a shared loss of

epithelial barrier function. Taken together, epithelial cells can respond to a number

of challenges (including environmental pollutants and mediators released from

nerves or nearby inflammatory cells) resulting in altered expression and/or sensi-

tivity of various receptor/channels as well as changes in release of mediators, all of

which could impact function.
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8 Conclusions: Potential Clinical Implications

It is conceivable that the effectiveness of some agents currently used in the

treatment of bladder disorders may involve urothelial receptors and/or release

mechanisms. For example, intravesical instillation of vanilloids (capsaicin or resi-

niferatoxin) improves urodynamic parameters in patients with neurogenic detrusor

overactivity and reduces bladder pain in patients with hypersensitivity disorders,

presumably by desensitizing bladder nerves (Kim et al. 2003) This treatment could

also target TRPV1 on urothelial cells, whereby a persistent activation might lead to

receptor desensitization or depletion of urothelial transmitters. Recent studies have

demonstrated that intradetrusor injection with botulinum neurotoxin type A

(BoNTA) is an effective treatment for bladder hypersensitivity disorders including

neurogenic detrusor overactivity (Chancellor et al. 2007). Following injection, the

toxin binds to bladder cholinergic nerve terminals and cleaves the protein,

SNAP25, necessary for exocytosis and release of acetylcholine (Chancellor et al.

2007). There is evidence that the BoNTA can suppress the release of a number of

mediators (acetylcholine, ATP, and neuropeptides) from both neural and nonneural

cells (Khera et al. 2004; Chancellor et al. 2007). Suppression of neurotransmitter

release from urothelium would serve to blunt afferent activity driven by urothelial-

derived release of mediators in a number of lower urinary tract dysfunctions. In

addition, studies have shown that intravesical administration of liposomes, which

have been shown to promote wound healing, may prove useful to improve barrier

function in bladder pathologies such as BPS/IC (Fraser et al. 2003 ; Giannantoni

et al. 2006). These findings suggest that urothelial cells exhibit specialized sensory

and signaling properties that could allow them to respond to their chemical and

physical environments and to engage in reciprocal communication with neighbor-

ing urothelial cells as well as nerves within the bladder well. Taken together,

pharmacologic interventions aimed at targeting urothelial receptor/ion channel

expression or release mechanisms may provide a new strategy for the clinical

management of bladder disorders.
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Abstract The study of novel interstitial cells in the tissues of the urinary tract has

defined advances in the field in the last decade. These intriguing cells belong to the

same family as the better known interstitial cells of Cajal (ICC) of the gastrointes-

tinal tract, and their discovery has been interpreted to suggest that pacemaker cells

may be present in the urinary tract, driving the spontaneous or myogenic activity of

the neighboring smooth muscle. This scenario may be true for the urethra where

ICC have been described as “loose pacemakers” providing multiple, random inputs

to modulate urethral smooth muscle activity. However, there is a paucity of direct

evidence available to support this hypothesis in the bladder (where the smooth
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muscle cells are spontaneously active) or the renal pelvis (where atypical smooth

muscle cells are the pacemakers), and it now seems more likely that urinary tract

ICC act as modulators of smooth muscle activity.

Interestingly, the literature suggests that the role of urinary tract ICC may be

more apparent in pathophysiological conditions such as the overactive bladder.

Several reports have indicated that the numbers of ICC present in overactive

bladder tissues are greater than those from normal tissues; moreover, the contrac-

tility of tissues from overactive bladders in vitro appears to be more sensitive to the

Kit antagonist, glivec, than those from normal bladder. Future research on urinary

tract ICC in the short to medium term is likely to be dynamic and exciting and will

lead to increasing our understanding of the roles of these cells in both normal and

dysfunctional bladder.

Keywords c-Kit � Interstitial cells of Cajal � Smooth muscle � Ureter � Urethra �
Urinary bladder

The study of interstitial cells of Cajal (ICC) in the gastrointestinal tract has

revolutionized the way that researchers understand gut motility and neurotransmis-

sion. ICC were discovered by the Spanish neuroanatomist, Ramon and Cajal, one

century ago (Cajal 1911) and are now known to be a specialized class of cells who

act as pacemakers, driving peristaltic activity throughout the gut and who play a key

role in the transmission of signals from nerves to smooth muscle (Sanders 1996;

Horowitz et al. 1999). Outside the gastrointestinal field, ICC have been most widely

studied in tissues of the urinary tract with numerous independent laboratories

publishing research which points to the seemingly ubiquitous presence of ICC in

the urinary tract. The discovery of cells with morphological and physiological

properties of ICC in renal pelvis, ureter, bladder, and urethra not only provides

new opportunities to advance our knowledge of cellular interactions within these

tissues but is also of significant clinical impact in the development of new therapies

to treat urinary tract disorders.

1 ICC in the Urinary Tract

The established role of ICC as pacemakers in the gut naturally led to the suspicion

that other smooth muscle preparations with properties of spontaneous activity

might contain similar cells. While gut ICC provide a useful point of reference, it

is unwise to consider that ICC may play similar roles in other tissues in the absence

of direct experimental evidence. The urinary bladder has long been shown to

display myogenic, low-level, nonvoiding, “background” spontaneous contractions

which are thought to underpin bladder tone and shape during filling (Turner and
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Brading 1997). In vitro tension recordings from renal pelvis preparations showed

rhythmic activity in the smooth muscle, implying the existence of a pacemaker

mechanism (Lang et al. 1998), although activity in the ureter was less frequently

encountered. The ability of urethral strips to develop tone in similar experiments

also hinted at a specialized means of modulating contractility of the urethral smooth

muscle (Brading 1999).

Transmission electron microscopy (TEM) has been the gold-standard tool for

identifying ICC, and there are accepted ultrastructural criteria that a candidate cell

must satisfy before being termed an ICC (Komuro 1999; Komuro et al. 1999).

While there is some ultrastructural heterogeneity between ICC subtypes in the gut,

ICC typically have thin (5 nm) and intermediate filaments (10 nm), abundant

mitochondria, caveolae, rough and smooth endoplasmic reticulum, Golgi com-

plexes, a basal lamina which may be discontinuous but do not tend to have thick

filaments (15 nm), dense bodies or dense bands which are characteristic of smooth

muscle cells (SMC). In TEM, an electron beam is passed through ultrathin sections

of tissue, typically 70 nm thickness which enables investigation of the ultrastructure

of the cells present within the section at high magnifications (up to 80,000�). The

advantage of TEM is that one can establish that ICC are present within the tissue of

interest, and with meticulous (and time consuming) serial sectioning, it is possible

to study interactions between the cell of interest and neighboring cells. Confocal

fluorescent microscopy is perhaps the method of choice to image interactions

between cells as this allows the acquisition of optical sections from a “thicker”

specimen, up to a volume of 50 mm. Reconstruction of the optical sections in three-

dimensions (3D) enables one to analyze the 3D arrangement of a cellular network,

and if the sample has been labeled with antibodies and fluorophores of different

wavelengths to label, e.g., ICC and nerves, it is possible to visualize relationships

between several cell populations. Both of these techniques have been successfully

exploited in the study of ICC in the urinary tract and have provided morphological

evidence that specialized cells are indeed present.

2 Nomenclature

There has been much debate on the correct nomenclature that should be adopted

when describing these novel cells in tissues outside of the gastrointestinal tract, and

the literature contains many papers which refers to them as: interstitial cells (IC);

ICC; ICC-like cells or myofibroblasts. This issue was debated at the “Vth Interna-

tional Symposium on ICC” held in Ireland, July 2007 and a consensus was reached

that these cells should be termed “ICC.” This terminology describes a family of cells
found in many disparate tissues including bladder, urethra, ureters, renal pelvis,

other genitourinary tissues and blood vessels which possess morphological, ultra-

structural, and physiological properties of ICC while not implying that physiologi-

cal functions of gut ICC would be universal. This consensus was timely and served
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to consolidate the work of many groups working on similar cells in many smooth

muscle preparations. It should be noted, however, that this debate is ongoing and

as knowledge in the field continues to advance, there may be changes to this

nomenclature in the future. In this chapter, the term ICC will be used, and no

disrespect is intended to the original authors who may have chosen an alternative

description.

3 Urinary Bladder

3.1 Location and Morphology of Bladder ICC

The traditional view of the bladder considered the organ to be comprised of mucosa,

including urothelium and lamina propria, and underlying muscularis of the detru-

sor, containing smooth muscle. A rich microvasculature was known to be in the

lamina propria, along with sensory nerves and connective tissue, and the detrusor’s

rich innervation was widely demonstrated with many species exhibiting intramural

ganglia. Bladder filling and emptying is well described in text books in terms of

nervous control and smooth muscle contractility; however, the field has moved

considerably in the last decade with the discovery that previously unknown cell

types are also located throughout the bladder wall.

A study of the targets of cGMP signaling in guinea-pig and human bladder (Smet

et al. 1996, later confirmed by Gillespie et al. 2004), after nitric oxide stimulation,

first indicated that the bladder contained cells which were reminiscent of gut ICC by

their morphological appearance (i.e., the cells had lateral processes or branches).

The same study also showed a population of cells which were immunopositive for

the intermediate filament, vimentin, which is typically found in ICC and other cells

of mesenchymal origin, but not smooth muscle, leading the authors to speculate that

the bladder may contain cells resembling ICC. Although not a selective ICC

marker, vimentin antibodies provide a helpful means of visualizing cell types

which may include ICC, within a tissue preparation without labeling SMC.

McCloskey and Gurney (2002) later used antibodies to the established ICC marker,

c-Kit to demonstrate that the guinea-pig bladder did indeed contain ICC, and this

work has since been confirmed by several independent laboratories (Hashitani et al.

2004; Biers et al. 2006; Shafik et al. 2004; Piaseczna Piotrowska et al. 2004; Roosen

et al. 2009). c-Kit is a proto-oncogene that encodes the tyrosine kinase receptor, Kit
which is expressed by ICC and mast cells but not SMC or fibroblasts (Maeda et al.

1992). The discovery that gastrointestinal ICC could be labeled with anti-c-Kit was
a milestone for ICC research, providing a reliable tool for identifying ICC in

smooth muscle tissues with light microscopy, moreover, presenting the opportunity

to manipulate the function of ICC in tissue preparations or animal models using

pharmacological tools or neutralizing Kit antibodies (Sanders et al. 2002; Sanders

and Ward 2007).
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3.1.1 ICC in the Lamina Propria

A population of ICC has been identified with c-Kit and vimentin antibodies in

the lamina propria region (ICC-LP) between the urothelium and the detrusor

muscularis (Sui et al. 2002; Davidson and McCloskey 2005; see Figs. 1 and 2).

These ICC-LP have a stellate-shaped morphology with several branches ema-

nating from a central cell body (Davidson and McCloskey 2005) and make

connections with neighboring ICC-LP to form an interconnected network.

Immunohistochemistry and TEM have shown that this network is connected

by connexin 43 gap junctions (Sui et al. 2002; Wiseman et al. 2003). The ICC-

LP network is closely associated with mucosal nerves as shown by confocal

imaging where Kit-positive cells made contacts with anti-PGP9.5 labeled nerves

Fig. 1 Kit-positive ICC in guinea-pig and mouse bladder. ICC labeled with anti-c-Kit in guinea-

pig bladder lamina propria at low magnification (a) and at higher magnification (b) where nuclei

have been counterstained with DAPI (blue). Mouse detrusor Kit-positive ICC are elongated,

branched cells orientated in parallel with the muscularis (c). Guinea-pig (d) detrusor ICC

(green) are associated with nerves (red) and have similar arrangement to those in mouse detrusor.

Images courtesy of Dr RA Davidson and Dr KD McCloskey
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(Davidson and McCloskey 2005) and by TEM which demonstrated close con-

tacts between ICC-LP and nerve endings (Wiseman et al. 2003). Recent work

has shown that human bladder ICC-LP make frequent structural associations

with a mucosal cholinergic plexus (Johnston et al. 2008; submitted), consistent

with the finding that ICC-LP express M2 and M3 muscarinic receptors (Mukerji

et al. 2006; Grol et al. 2009). de Jongh et al. (2007, 2009) suggested that cells

resembling lCC-LP were immunopositive for cyclooxygenase 1; furthermore,

Ost et al. (2002) reported vanilloid receptor immunoreactivity giving further

insight into the pharmacological profile of these cells. The finding that puriner-

gic receptors including P2X3, P2Y2, and P2Y4 but predominantly P2Y6 are

expressed on ICC-LP (Sui et al. 2006) is particularly interesting as there is now

substantial functional evidence for physiological responses to ATP in this cell

type (see below).

50 µm 20 µm

50 µm100 µm

a b

c d

Fig. 2 Kit-positive ICC in human bladder. ICC labeled with anti-c-Kit (green) in human

bladder lamina propria (a) forming a loose network between urothelium and detrusor and

making connections with cholinergic nerves (red), labeled with antivesicular acetylcholine

transferase. Kit-positive ICC in the human detrusor (c, d) have an elongated, branched mor-

phology and are associated with smooth muscle bundles (red). Images courtesy of Dr L Johnston

and Dr KD McCloskey
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3.1.2 ICC and the Bladder Microvasculature

A current study has demonstrated a new class of bladder Kit-positive cell, asso-

ciated with blood vessels in the lamina propria of human bladder (Johnston et al.

2010). These cells are located on the outer surface of the microvessels with the

branches of individual cells contacting up to six vascular SMC and may represent

pericytes. Cells resembling ICC, associated with vascular smooth muscle, have

been reported in guinea-pig gall-bladder (Lavoie et al. 2007) and may represent a

local control of perfusion within the tissue in response to metabolic needs. The

vascular perfusion of the bladder wall is a key determinant of normal bladder

contractility as in vivo ischemia in animal models has been shown to induce bladder

overactivity (Azadzoi et al. 1999). Further work is needed to determine whether

Kit-positive cells on the bladder microvessels have any physiological role in the

regulation of bladder blood flow.

3.1.3 ICC in the Detrusor

The arrangement of ICC in the detrusor region of guinea-pig, mouse, and human

bladder is distinctively different from that of the mucosa. Confocal imaging of

detrusor whole-mount, flat-sheet preparations, and subsequent 3D reconstruction

has revealed that Kit-positive ICC are located on the boundary of detrusor smooth

muscle bundles apparently tracking them (McCloskey and Gurney 2002; Hashitani

et al. 2004; Davidson and McCloskey 2005; McCloskey et al. 2009; Johnston et al.

2010). These ICC have a distinctive elongated morphology with several lateral

branches and appear to be placed as discrete cells with little evidence that they

form complex networks (see Figs. 1 and 2). They have previously been termed

“intramuscular ICC” (ICC-IM; Brading and McCloskey 2005) and have also been

reported to be present within the smooth muscle bundles (Hashitani et al. 2004).

These ICC-IM are associated with detrusor nerves as shown in double-labeling

experiments with anti-c-Kit and the general neuronal marker, anti-PGP9.5 (Davidson

and McCloskey 2005) and cholinergic nerves in particular with anti-vAChT (vesicu-

lar acetylcholine transferase, Johnston et al. 2008). Like the ICC-LP, Kit-positive

ICC-IM also contain vimentin filaments (Davidson and McCloskey 2005).

Ultrastructurally, ICC-IM are very similar to gut ICC as shown by Kubota et al.

(2008), Rasmussen et al. (2009) and Cunningham et al. (2009). These elongated,

branched cells on the boundary of smooth muscle bundles have a basal lamina

(or membrane dense bands), extensive rough and smooth endoplasmic reticulum,

Golgi complexes, caveolae, mitochondria, thin and intermediate filaments, and a

centrally placed nucleus. They are distinct from SMC by the absence of thick

filaments and dense bodies and differ from fibroblasts by the absence of dilated

rough endoplasmic reticulum which is a defining characteristic of fibroblasts and

the presence of a basal lamina. Two studies reported the interesting finding that

detrusor ICC contained vesicles or coated pits, perhaps indicative of a secretory

function (Rasmussen et al. 2009; Cunningham et al. 2009).
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A further ICC subtype is also present in the detrusor which has a stellate

morphology and more closely resembles the ICC-LP (Davidson and McCloskey

2005). These so-called ICC-IB (interbundle ICC; Brading and McCloskey 2005)

are c-Kit- and vimentin-positive and make connections with each other in the

spaces between the detrusor smooth muscle bundles. The TEM work of Rasmussen

et al. (2009) demonstrated detrusor ICC–ICC contacts via gap junctions and peg

and socket junctions, supporting the existence of interconnected ICC occupying the

space between the smooth muscle bundles.

Davidson and McCloskey (2005) proposed that bladder ICC could form a

conduit for the relay of information from urothelium to detrusor, incorporating

ICC-LP, ICC-IB, and ICC-IM. This view has been shared by others and is consis-

tent with findings from studies of bladder ICC from mice, guinea-pigs, and humans.

The morphological evidence suggests that ICC-LP form a network below the

urothelium which presumably could respond to chemical transmitters released

by urothelial cells, communicate with mucosal nerves, and/or relay information

directly to underlying detrusor ICC and/or smooth muscle. Alternatively, ICC-LP

could act as stretch-sensors, as proposed by Sui et al. (2004) capable of sensing

bladder fullness and relaying information to mucosal sensory afferents.

3.2 Physiological Properties of Bladder ICC

The study of bladder ICC with traditional physiological techniques has been both

intriguing and productive, generating a significant body of literature in less than a

decade. Several laboratories have used the patch-clamp technique and real-time

fluorescent Ca2+-imaging to characterize the physiological properties of bladder

ICC, and the overall picture is rather different from urethral ICC or their counter-

parts in the gastrointestinal tract. Furthermore, ICC-LP and detrusor ICC have been

shown to have idiosyncratic differences which may hint at their uniquely different

roles in bladder function.

3.2.1 ICC-LP Physiological Properties

Patch-clamp studies of enzymatically dispersed ICC-LP have shown the presence of

voltage-dependent Ca2+ currents and TEA-sensitive K+ currents (Sui et al. 2004). Wu

et al. (2004) reported spontaneous transient inward currents (STICs) in 45% of cells

tested, which reversed close to the chloride equilibrium potential, were associated

with increases in intracellular Ca2+-concentration [Ca2+]i and were reduced by the

Cl� channel blocker, DIDS. Inward currents, generated in response to ATP applica-

tion (Sui et al. 2004; Wu et al. 2004), had a similar profile, indicative of a Ca2+-

activated Cl� current. The ATP-generated conductance was attenuated by capsaicin

(Sui et al. 2008) in keeping with reports that ICC-LP possess vanilloid or TRPV1

receptors (Ost et al. 2002). The original authors recently questioned the reliability of
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the TRPV1 antibody as nonspecific cellular TRPV1-immunoreactivity was observed

in bladders from TRPV1 knockout mice (Everaerts et al. 2009); however, further

work with more selective antibodies or molecular techniques should clarify this issue.

ICC-LP also fired Ca2+-activated Cl� currents and Ca2+-transients in response to

reduction of extracellular pH (Sui et al. 2008) which were similar to those evoked by

ATP application.

The mean resting membrane potential (RMP) of ICC-LP from current-clamp

studies was found to be around �60 mV (Sui et al. 2004; Wu et al. 2004), and

spontaneous depolarizing fluctuations were recorded, demonstrating that ICC-LP

are electrically active. The RMP was shown to lie between EK and ECl as recordings

with K+ filled pipettes gave a RMP of �60 mV, whereas recordings with Cs+-filled

pipettes gave RMPs of �30 mV. The spontaneous depolarizations were supported

by Ca2+-signaling studies of isolated ICC-LP which demonstrated the ability of

ICC-LP to undergo spontaneous changes in [Ca2+]i (Sui et al. 2004; Wu et al. 2004).

3.2.2 Detrusor ICC Physiological Properties

Detrusor ICC have also been studied with patch clamp and been shown to possess

several ion channels including L-type Ca2+ currents, a nickel-sensitive Ca2+ current

which was not a T-type conductance (McCloskey 2006); Ca2+-activated K+ currents

(BK) and voltage-dependent K+ currents (McCloskey 2005) including a KCNQ

component (Anderson et al. 2009). The urethral pacemaker conductance, a Ca2+-

activated Cl� current (Sergeant et al. 2000), similar to that found in bladder ICC-LP

(see above), has not yet been clearly demonstrated in detrusor ICC, although sponta-

neous transient depolarizations (STDs) (of an uncharacterized ionic basis) have been

recorded from detrusor ICC in current-clamp mode (Anderson et al. 2009), implying

rhythmic electrical firing, consistent with pacemaker-like behavior.

Spontaneous activity was also seen in Ca2+-imaging experiments from detrusor

ICC which fired long-duration Ca2+-transients at a rate of approximately three per

minute both in isolated cells and in tissue sheets (McCloskey and Gurney 2002;

Hashitani et al. 2004; Johnston et al. 2008). This pattern of spontaneous activity was

clearly different from SMC which fired Ca2+-transients of comparatively greater

frequency and shorter duration. The relationship between ICC and SMC Ca2+-

signaling remains rather elusive and is not easily explained by either the views that

ICC act as pacemakers or indeed the view that ICC have no meaningful role in

bladder spontaneous activity. The observation that the SMC never fire at a rate less

than the ICC may suggest that ICC provide a baseline input; moreover, multiple

ICC may “pace” a smooth muscle bundle in response to local needs, providing a

fine-control on smooth muscle myogenic activity. The situation has similarities to

urethral ICC and urethral SMC (see below), where urethral ICC are considered to

randomly enhance the activity of neighboring SMC (Hashitani and Suzuki 2007),

rather than act as a coordinated pacemaker cellular network.

Muscarinic stimulation by application of carbachol to whole-sheet “in situ”

preparations increased the frequency of detrusor ICC Ca2+-transients (Johnston
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et al. 2008; see Fig. 3), suggesting that detrusor ICC activity can be modulated by

parasympathetic nerves. Application of carbachol to enzymatically dispersed detru-

sor ICC induced an intracellular Ca2+-transient which was not associated with

contraction, in contrast to detrusor SMC which were vigorously contractile under

identical experimental conditions. The cholinergic signaling pathway in these cells

has been shown to be mediated largely via M3 muscarinic receptors and an IP3 and

ryanodine receptor-dependent release of Ca2+ from intracellular stores (Johnston
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Fig. 3 Bladder detrusor ICC physiology. (ai) Typical morphology of bladder ICC. (aii–iii) Time

series micrograph showing Ca2+ response to 1 mM carbachol which was blocked by the M3

antagonist 4-DAMP (1 mM). Traces show intensity time series of responses to carbachol and the

effects of 4-DAMP and the M2 antagonist methoctramine (1 mM). Fluorescence (F) of an event is

expressed as a ratio of background (F0). CCh carbachol. (b) Graph summarizing the effect of

4-DAMP and methoctramine on 7 and 11 cells, respectively. Asterisk denotes statistical signifi-

cance. Figure taken from Johnston et al. (2008)
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et al. 2008). It is interesting that while carbachol generates an increase in [Ca2+]i in

detrusor ICC, there is no such response in ICC-LP (Wu et al. 2004) and this

difference may represent an important division of labor between two ICC subtypes

in the bladder. The physiological consequence of the detrusor ICCs’ Ca2+-response

to cholinergic stimulation has not yet been ascertained, although Johnston et al.

(2008) suggested that release of transmitter substances may result, consistent with

the observation of vesicles in ICC from TEM studies (Rasmussen et al. 2009;

Cunningham et al. 2009). de Jongh et al. (2007) suggested that ICC may release

prostaglandins and further work is necessary to determine whether detrusor ICC

actually exhibit a secretory-type function.

3.3 Clinical Significance of Bladder ICC

The morphological and physiological studies of the various subtypes of bladder

ICC indicate that these are novel cells, with many properties of classical gut ICC

which are ideal candidates to contribute to normal bladder function. However,

current research does not adequately resolve the issue of what the actual roles of

ICC are in bladder filling and emptying. When these cells were first discovered,

several groups considered that ICC could fulfill a pacemaking role, responsible for

the origin and propagation of spontaneous activity in the bladder wall during filling.

While both ICC-LP and detrusor ICC have been shown to exhibit spontaneous

electrical and Ca2+-signaling, a profile consistent with a pacemaking phenotype,

direct evidence that this signaling acts to modulate the activity of detrusor smooth

muscle has not yet been published.

Pharmacological and animal model-based experimental approaches have been

used in the study of ICC function in bladder. The fact that ICC express the tyrosine

kinase receptor, Kit, has been exploited using the drug imatinib mesylate (Glivec) to

block the Kit receptor in in vitro and in vivo studies. Glivec is used clinically in the

treatment of chronic myeloid leukemia and gastrointestinal stromal tumors and

targets the tyrosine kinases PDGF receptor, bcr–abl, and c-Kit. Biers et al. (2006)

found Glivec to improve capacity, compliance, urinary frequency and to reduce

spontaneous activity in cystometric studies in guinea-pigs. This was consistent with

the finding that Glivec reduced spontaneous electrical and mechanical activity in

isolated guinea-pig detrusor tissues (Kubota et al. 2004, 2006). The study of a mutant

mouse strain which had been pivotal in revealing the role of ICC in the gut (Sanders

et al. 1999, 2006; Sanders and Ward 2007) was less promising for bladder ICC

research. TheW/Wvmouse has defects in theW locus which encodes the Kit receptor

and does not contain several populations of gut ICC; however, detrusor ICC were

apparently little affected by the mutation and were present in comparable numbers

and localization to bladders from wild-type animals (McCloskey et al. 2009).

The activity and presence of ICC seems to be less prominent in normal, healthy

bladders compared with pathological conditions, and studies of “abnormal” bladder

have enhanced our understanding of the implications of ICC in a clinical setting.
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Biers et al. (2006) demonstrated increased numbers of Kit-positive ICC in over-

active human bladder samples compared with normal tissues and interestingly

demonstrated a greater inhibitory effect of Glivec on detrusor contractions in

samples from overactive bladder. Kubota et al. (2008) reported an increase in the

population of ICC in guinea-pig bladder after outlet obstruction. Increased expres-

sion of connexin 43 in the bladder lamina propria of rats after spinal cord transec-

tion (SCT) was associated with increased coordination of spontaneous activity

compared with normal adult rats (Ikeda et al. 2007). Moreover, Glivec was found

to have a marked inhibitory effect on the enhanced spontaneous contractions of

whole bladders from spinal cord transected rats, whereas there was little effect on

control bladders (Sui et al. 2008). Roosen et al. (2009) found increased lamina

propria connexin 43-immunostaining in human overactive bladder but noted little

change in c-Kit expression perhaps indicating that gap junctions numbers were

upregulated rather than the actual numbers of ICC. Piaseczna Piotrowska et al.

(2004) compared the presence of ICC in normal bladders and samples from patients

with megacystis-microcolon intestinal hypoperistalsis syndrome and demonstrated

marked lack of ICC in the MMIHS sample set. This is particularly interesting as the

MMIHS bladder is distended, unobstructed, and dysfunctional and supports the

finding of increased numbers of ICC in obstructed, overactive bladders.

The literature currently seems to support a more prominent role for ICC in

diseased or abnormal bladders, largely explained by an increase in their populations

and/or the gap junctions connecting the network. The question remains for the

normal bladder, do ICC simply act as bystanders, capable of fine-tuning and regu-

lating SMC activity in response to the needs of the tissue or do they have a primary

role as communicators, sensing and relaying information between the complex

system of heterogeneous cells (SMC, ICC, nerves, microvessels, and urothelial

cells) that make up the bladder wall? The existing body of evidence points to

multiple roles for ICC in the bladder, dependent on their location, structural con-

nections with neighboring cells, expression of membrane receptors, and ion chan-

nels and appears to be tightly controlled by the physiological/pathophysiological

state of the organ. This area of research is dynamic and exciting and is contributing

to many areas of inquiry. For example, the multiple and complex functions of the

urothelium is a rapidly progressing field in which ICC are clearly involved. The

areas of painful bladder syndrome (PBS) and interstitial cystitis are also likely to

reveal ICC participation. The work of Mukerji et al. (2006) correlated ICC and

M2/M3 receptors to urgency scores in patients with PBS and idiopathic detrusor

overactivity. Furthermore, we do not yet know the fate of ICC in diabetic or age-

related lower urinary tract symptoms.

Further research should be directed to address the current gaps in our knowledge

of bladder ICC with the full complement of techniques available at the level of the

gene, protein, cell, tissue, organ, animal model, and translational research in patients.

This area has attracted attention from many reputable research groups but remains

largely unexploited. Given that present therapies for the treatment of urgency and

many of the types of incontinence are effective in only a subset of patients, ICC may

present novel opportunities for the development of better treatments.
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4 Urethra

The study of urethral ICC is arguably more advanced than our knowledge of ICC

in other tissues of the urinary tract, particularly in terms of cellular physiology. Smet

et al. (1996) first demonstrated cells morphologically resembling ICC in the guinea-

pig and human urethra using cGMP immunohistochemistry. A study of the electrical

activity of rabbit urethral smooth muscle with intracellular microelectrode record-

ings demonstrated STDs which were reminiscent of gut slow waves, normally

generated by ICC (Callahan and Creed, 1981; Hashitani et al. 1996). However, the

first direct evidence that the urethra contained ICC-like cells was reported by

Sergeant et al. (2000), who observed a mixed population of enzymatically dispersed

cells from the rabbit urethra muscularis including majority spindle-shaped SMC

and a smaller population of branched stellate-shaped cells and elongated cells with

lateral branches, both of which were morphologically reminiscent of gut ICC.

4.1 Location and Morphology of ICC in the Urethral Wall

Sergeant et al. (2000) used vimentin immunohistochemistry to distinguish the

branched cells from the SMC which contained myosin filaments but not vimentin.

In addition, they demonstrated with TEM that the cell dispersal contained branched

cells with the defining ultrastructural characteristics of ICC, i.e., abundant mito-

chondria, intermediate filaments, Golgi complexes, rough and smooth endoplasmic

reticulum, caveolae, and a basal lamina. These ICC were clearly distinct from the

SMC ultrastructural phenotype, adding support to the hypothesis that the urethra

contained specialized ICC. The ICC identified in enzymatic cell dispersals were

derived from the muscularis layers and this work was later advanced by Lyons et al.

(2007) who carried out a morphological characterization of ICC in whole-mount

preparations of rabbit urethra with confocal microscopy (see Fig. 4). Immunohisto-

chemical labeling with anti-c-Kit and anti-vimentin showed that ICC were located

within the circular and longitudinal layers of the muscularis and were arranged in

parallel with the SMC. Moreover, reconstruction of optical sections demonstrated

that ICC were in close proximity to the SMC, consistent with the idea that urethral

ICC may have a pacemaker type role. The morphological profiles of the Kit-

positive cells described by Lyons et al. (2007) were consistent with those found

in the cell dispersals by Sergeant and clearly comprised several subtypes; unipolar,

bipolar, stellate, and elongated with several lateral branches. Similar to bladder,

several subpopulations of ICC have been reported in the urethral wall; lamina

propria ICC, ICC in the muscularis, and ICC associated with the serosa (Garcı́a-

Pascual et al. 2008).

Investigation of the relationships between intramural nerves and ICC in the

urethra in double-labeling experiments with anti-c-Kit and antineurofilament (or

anti-PGP 9.5) showed a close association between ICC and nerves within the
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muscularis layer. This suggested that the activity of ICC could be controlled by

neurotransmitters released by adjacent urethral nerves perhaps providing a means

of pacemaker regulation. More specifically, close relationships have been reported

between urethral ICC and nitergic nerves labeled with antinitric oxide synthase

(Lyons et al. 2007; Garcı́a-Pascual et al. 2008).

4.2 Physiological Properties of Urethral ICC

Investigation of urethral ICC with patch-clamp electrophysiology and fluorescent

Ca2+-imaging has established that these cells possess properties expected of
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Fig. 4 Kit-positive ICC in the rabbit urethra. ICC in rabbit urethra labeled with anti-c-Kit (green).
Smooth muscle is labeled with antismooth muscle myosin (red). Urethral ICC are located on the

both the edge of and between the smooth muscle bundles, running in parallel with the bundle

orientation. Figure from Lyons et al. (2007)
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pacemaker cells. The initial study of Sergeant et al. (2000) demonstrated that non-

contractile cells morphologically resembling ICC fired STDs, larger slow waves

and STICs. The ionic basis of the pacemaking conductance was a depolarizing Ca2

+-activated Cl� current which had previously been found in sheep urethral SMC

(Cotton et al. 1997; Sergeant et al. 2001) and which depolarized the RMP until

L-type Ca2+-currents were activated, carrying the “upstroke” of the slow wave. The

finding that in rabbit urethra, the pacemaking current was exclusively found in ICC

and notably absent in SMC attributed a pacemaking function to rabbit urethral ICC.

This work defined the earlier findings of Hashitani et al. (1996) at the cellular level

who had demonstrated Cl�-dependent STDs in rabbit urethral tissue preparations.

The pacemaker current was found to be regulated by exogenously applied nor-

adrenaline via a1 adrenergic receptors or ATP mediated by purinergic P2Y receptors,

as demonstrated by an increase in the frequency of firing (Sergeant et al. 2002, 2009),

consistent with the morphological studies which showed structural relationships

between ICC and nerves. The source of Ca2+ to activate the current was shown to

be largely via release from the IP3 sensitive intracellular Ca
2+-stores (Sergeant et al.

2001). Rhythmic Ca2+-waves were initiated by ryanodine-mediated release of Ca2+

and wave propagation was controlled by the IP3-sensitive stores and also found to be

highly sensitive to the external Ca2+ concentration (Johnston et al. 2005). These Ca2+

events are the primary signal which activates Ca2+-activated Cl� channels, leading to

depolarization of the cell membrane and subsequent opening of L-type Ca2+-channels

and slow wave firing. Interestingly, the frequency of spontaneous Ca2+-waves was

increased by noradrenaline or ATP (Sergeant et al. 2009), as suggested by the finding

of adrenergic and purinergic modulation of the pacemaker conductance. Further

characterization of the pacemaking mechanism has revealed the role of the mem-

brane Na+/Ca2+ exchanger in regulating the frequency of the pacemaker conductance

(Bradley et al. 2006); moreover, mitochondrial buffering of [Ca2+]i has also been

demonstrated to regulate urethral ICC Ca2+-signaling (Sergeant et al. 2008).

4.3 Functional Role of Urethral ICC

The work described above from isolated cells has been furthered by Ca2+-imaging

experiments from whole-sheet preparations of rabbit urethra Hashitani and Suzuki

(2007). Spontaneous Ca2+-signals were recorded from both ICC and SMC, which

like the bladder were different in frequency and duration, with the ICC firing events

at a mean rate of three per minute of longer duration than SMC events. While

signals from neighboring ICC were often synchronized, there was little evidence of

correlation with the SMC events. The hypothesis that urethral ICC act as pace-

makers, regulating the activity of the smooth muscle was not necessarily supported;

however, the authors speculated that the ICC could act as a “loose” pacemaker,

providing multiple random depolarizing inputs to the smooth muscle to maintain

activity at the optimum level to generate appropriate urethral tone.
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The physiological characteristics of urethral ICC have been convincingly

established by the McHale laboratory and clearly, these novel cells are among

the most promising areas in the study of urethral function. However, much work

needs to be done in order to consolidate any clinical implications of ICC in the

urethra, not least the need to develop robust animal models in which the func-

tional roles of urethral ICC can be deduced and the necessary translation of work

from animal cells to human urethral ICC. The limited availability of “normal”

human urethral tissue has undoubtedly been a major limiting factor; however, van

der Aa et al. (2004) demonstrated kit-positive cells resembling ICC in unfixed,

frozen sections of human urethra. Urethral smooth muscle tone is known to

contribute to urinary continence and if this tone is indeed regulated by ICC

activity, it remains to be shown whether aspects of LUTS are attributable to

defects in either the quantities or function of urethral ICC.

5 Upper Urinary Tract: Renal Pelvis and Ureter

The upper urinary tract has long been known to display spontaneous peristaltic

activity which propels urine from the kidneys to the bladder via the ureters. This

activity is predominant in the renal pelvis and lessens along the tract to the distal

ureter which is comparatively quiescent in the majority of mammalian species, with

the exception of human and pig (Constantinou et al. 1978; Constantinou 1977). For

several decades, it has been known that the pacemaker region, driving the sponta-

neous electrical and mechanical activity is located in a group of specialized cells,

termed atypical smooth muscle cells (ASMC; Gosling and Dixon 1971, 1974).

These cells are dominantly present in the proximal renal pelvis but absent in the

ureter and are morphologically and ultrastructurally distinct from the SMC (Klemm

et al. 1999). A defining feature of ASMC was the fact that 40% of their cellular

sectional area contained contractile filaments, compared with the SMC which had

more than 60%. ASMC possessed branched processes, formed a cellular network

and were not immunopositive for c-Kit. The high-frequency pacemaking properties

of the ASMC were elegantly demonstrated in intracellular microelectrode record-

ings in which the cell of interest was filled with neurobiotin so that its morphology

could be visualized (Klemm et al. 1999).

5.1 Location and Morphology of ICC in the
Upper Urinary Tract

Klemm et al. (1999) first described a new cell type in guinea-pig renal pelvis which

was absent from ureter, morphologically resembling ICC. These cells differed from

fibroblasts by the presence of numerous membrane-associated caveolae and an

incomplete basal lamina. Like the ASMC, the ICC also had many processes and
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formed junctional contacts with similar cells or SMC, but differed from both ASMC

and SMC by their distinct lack of contractile filaments. While the initial study in

guinea-pig did not find the ICC to be immunopositive for c-kit, others have since

reported c-Kit-positive ICC in upper urinary tract tissues, indicating that as in

bladder and urethra, detection of c-Kit positivity depends on the use of a panel of

c-Kit antibodies and perhaps interspecies differences. Kit-positive ICC have been

reported to be located between the smooth muscle bundles in uteropelvic junction

samples (Solari et al. 2003; Lang and Klemm 2005) and in lamina propria and muscle

layers in ureter frommouse (Pezzone et al. 2003; David et al. 2005), human (Metzger

et al. 2004) and other mammalian species (Metzger et al. 2005, 2008). Typically, the

presence of ICC is reported to decrease from proximal to distal segments.

5.2 Physiological Properties of Upper Urinary Tract ICC

Neurobiotin experiments, similar to those described above, revealed that the ICC cell

population fired intermediate-type action potentials (Klemm et al. 1999) characterized

by a single spike, quiescent plateau phase, and abrupt repolarization. Interestingly,

ICC were found in distal regions of renal pelvis where pacemaker type activity was

absent, leading the authors to speculate that ICC in the upper urinary tract were not

primary pacemakers but could form a conduit for transmission of signals from the

ASMCpacemakers to the SMC. Further study of the three cell types in themouse renal

pelvis examined the electrical and Ca2+-signaling basis of their spontaneous activity.

Again, the ASMC were found to be the main pacemakers, whereas the ICC had more

of a supportive role, firing less frequent Ca2+-transients, and long duration action

potentials (Lang et al. 2007a and b). SpontaneousCa2+ signals in ICCwere sensitive to

blockade of Ca2+ release from IP3 or ryanodine-dependent intracellular stores (Lang

et al. 2010). Study ofW/Wv transgenic mice unfortunately showed no change in ICC

Ca2+-signaling (Lang et al. 2009), suggesting that the renal pelvis, like the urinary

bladder, is not significantly affected by the c-Kitmutation (McCloskey et al. 2009).

Lang et al. (2007b) studied isolated ICC from mouse UPJ under voltage-clamp

and found high-frequency STICs and long-lasting large inward currents (LICs).

These currents were relatively insensitive to Cl� channel blockers and were con-

sidered to represent cationic-selective currents. This direct evidence of depolarizing

spontaneous electrical activity in the ICC suggested that these cells could perhaps

provide a type of pacemaking or modulatory input to adjacent smooth muscle

bundles, especially if activity from ASMC was not present.

5.3 Functional Implications of ICC in the Upper Urinary Tract

As seems to be the case for bladder, the putative role of upper urinary tract ICC

has been revealed in studies outside of the normal adult physiological situation.
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Solari et al. (2003) noted a decrease in the density of Kit-positive ICC in obstructed

human UPJ specimens. Incubation of murine ureter tissues with neutralizing Kit

antibodies under tissue culture conditions not only altered ureter morphology

but also disrupted peristalsis leading the authors to suggest that Kit was required

for the spontaneous activity (David et al. 2005). Consistent with this, the same study

investigated the embryonic development of ureter ICC and contractility and

reported a correlation between the ability of isolated ureter preparations to exhibit

unidirectional contractions and an upregulation of c-Kit expression. To date, the

literature supports pacemaking in the upper urinary tract coming primarily from

ASMC but also with a convincing, although less dominant input from ICC.

6 Future Perspectives for Urinary Tract ICC

The last decade has seen significant advances in our knowledge of the complexity of

cells present in the tissues of the urinary tract and their morphological and physio-

logical characteristics. Cells with properties typical of ICC are expressed in renal

pelvis, ureter, urinary bladder, and the outlet urethra in many species, including

human. What has become clear is that these cells have a unique arrangement in

urinary tract tissues compared with the gastrointestinal tract. The extensive and

dense networks of ICC typical of the pacemakingmyenteric plexus regions of the GI

tract have not yet been shown in any of the urinary tract tissues.Whether this is a true

reflection of the actual arrangement of ICC or represents limitations in currently

available detection methods remains to be seen. However, the comparatively less-

dense networks of ICC in the lamina propria regions of the tissues are clearly distinct

from the ICC present in the muscularis regions, which do not appear to be widely

networked but are placed along the boundary of smooth muscle bundles. Another

common finding in the urinary tract is that the ICC do not appear to be the main

pacemaker or “driver” for the adjacent smooth muscle. This is perhaps most evident

in the renal pelvis and ureter where the ASMC population have already been directly

demonstrated to be the primary pacemakers. In addition, in the bladder and urethra,

the smooth muscle activity appears to be myogenic in origin, with the ICC perhaps

providing positive or negative signals to regulate the activity.

For those who have perhaps lost faith in the urinary tract ICC having clearly

defined physiological roles, the answer may lie in the study of pathological condi-

tions. There is good agreement, for example, that numbers of ICC and spontaneous

activity are increased in obstructed bladder, and the Kit-blocking drug Glivec

appears to have a more convincing effect in those tissues compared with normal

controls. Similar findings in spinal cord injury bladders add support to these findings.

The studies of patient samples with megacystic-microcolon intestinal hypoperistal-

sis are especially relevant as the dysfunctional, distended, and unobstructed bladders

were correlated with a clear lack of ICC. Future work should be directed to the study

of ICC in patient samples with clinically defined lower urinary tract symptoms with

the specific aim of assessing the presence of ICC and their activity in each condition.
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Furthermore, work on animal models will perhaps enable the field to progress more

rapidly providing the opportunity to correlate urinary tract activity with the absence,

presence, or increased numbers of ICC.

While there are many unknowns relating to urinary tract ICC and the field lags

behind knowledge of gut ICC, the fact that urinary tract ICC persist under normal

adult physiological conditions strongly suggests that they are important players in

the concert type of activity from all the cells present within these complex tissues.

Their roles may not be dominant in primary pacemaking as initially anticipated, yet

they are unlikely to be maintained as uninvolved bystanders. To use an orchestral

analogy, which is the most important instrument (or cell)? ICC may not be the

applauded classical solo instruments such as violin, clarinet or flute, but even the

percussionist’s humble triangle has its own part to play in the most wonderful of

concertos. I have no doubt that the roles of ICC in the normal and pathophysiologi-

cal urinary tract will ultimately be discovered and may even surprise us.
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pp 891–942

Callahan SM, Creed KE (1981) Electrical and mechanical activity of the isolated lower urinary

tract of the guinea-pig. Br J Pharmacol 74:353–358

Constantinou CE, Silvert MA, Gosling J (1977) Pacemaker system in the control of ureteral

peristaltic rate in the multicalyceal kidney of the pig. Invest Urol 14:440–441

Constantinou CE, Neubarth JL, Mensah-Dwumah M (1978) Frequency gradient in the autorhyth-

micity of the pyeloureteral pacemaker system. Experientia 34:614–615

Cotton KD, Hollywood MA, McHale NG, Thornbury KD (1997) Ca2þ current and Ca2þ-activated
chloride current in isolated smooth muscle cells of the sheep urethra. J Physiol 505:121–131

Cunningham RMJ, Larkin P, McCloskey KD (2011) Ultrastructural Properties of Interstitial Cells

of Cajal in the Guinea Pig Bladder. J Urol (in press)

David SG, Cebrian C, Vaughan ED Jr, Herzlinger D (2005) c-kit and ureteral peristalsis. J Urol

173:292–295

Davidson RA, McCloskey KD (2005) Morphology and localization of interstitial cells in the

guinea-pig bladder: structural relationships with smooth muscle and neurons. J Urol 173:

1385–1390

Interstitial Cells of Cajal in the Urinary Tract 251
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Abstract Identification of molecular targets for novel therapeutics is a natural

consequence of the age of molecular and personalized medicine. How this infor-

mation is leveraged and applied to the treatment of functional diseases/disorders of

the lower urinary tract will determine if this field of medicine can keep pace with

technological developments and patient expectations for improved therapies. In this

regard, therapeutic improvements for the treatment of lower urinary tract diseases

and disorders have been largely incremental over the past 30 years. The goal of this

report is to review the evidence pointing toward the enormous potential of gene

therapy/transfer to provide a paradigm shift from palliative to curative therapeutic

solutions for lower urinary tract diseases/disorders. In fact, it seems clear that gene

therapy represents a biotechnology approach particularly suitable to applications in

the lower urinary tract. Although much more research is required, ample preclinical

evidence already indicates that, for example, gene therapy can favorably impact/

alter virtually every aspect of bladder physiology/function. In short, further
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investigations and continued applications of gene therapy to the treatment of lower

urinary tract diseases/disorders seems a prudent step toward potentially marked and

more durable therapeutic improvements.

Keywords Benign disease � Bladder �Gap junctions �Gene therapy �Gene transfer �
Localized delivery � Quality of life � Smooth muscle � Ureter � Urethra � Urothelium

1 Introduction to Gene Therapy

The age of molecular and personalized medicine has arrived (Hamburg and Collins

2010), bringing with it the promise of using biotechnology approaches to create novel

and exciting therapies for the treatment of a diversity of human diseases and

disorders, including the various bladder-related dysfunctions that are the subject of

this report. Gene therapy or gene transfer is one particularly attractive approach, and

further, one that offers the potential to provide curative rather than palliative or

symptomatic relief of cell, tissue, and organ disease and pathology of the lower

urinary tract. According to the American Society of Gene and Cell Therapy (ASGCT;

http://www.asgct.org/the_society/history.php), gene therapy can be defined as the use

of genetic material to modify a patient’s cells for the treatment of an inherited or

acquired disease. As pointed out by Morgan and Anderson (1993), the technology

originally derives from work in the early 1970s on RNA and DNA tumor viruses and

the recognition that the mechanism(s) of cellular transformation was related to the

transfer of genetic material – leading to the seminal concept that the virus itself could

be used as a vector to shuttle genes of interest into target cells. Certainly, the gene

therapy field has developed tremendously in the past 20 years, but nonetheless, the

therapeutic use of viral vectors is not without risk.

2 Current Clinical Applications of Gene Therapy

In fact, it is because of the inherent risks and uncertainties concerning the long-term

impact ofmanipulation of genetic material on cell, tissue, and organismal biology that

gene therapy has most commonly been applied to the treatment of life-threatening

diseases such as cancer and other acquired and hereditary disorders where few

effective treatment options are available. In the case of such life-threatening scenarios,

the risk/benefit ratio intrinsic to gene transfer is considered to be acceptable. Unfortu-

nately, the wisdom and scientific rationale for this conservative approach has become

clear on at least a few occasions. The first widely reported gene therapy tragedy

occurred in 1999 for a patient being treated in order to correct ametabolic disorder due

to a deficiency of ornithine transcarbamylase (OTC). That patient, 18-year-old Jessie

Gelsinger, suffered multiple organ failure and died within 48 h of the intrahepatic

administration of a recombinant adenoviral vector containing the OTC gene. On

another occasion, in 2002, two children in Paris developed leukemia after treatment
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to modify stem cells with a retroviral vector for the treatment of severe combined

immunodeficiency syndrome (SCID). More recently, in 2005, a 36-year-old woman,

JoleeMohr, died following use of an adeno-associated viral vector for the treatment of

chronic painful rheumatoid arthritis (Johnston and Baylis 2004; Kay and High 1999;

Kay et al. 2000; Marshall 2001; Pattee 2008). These tragic deaths have created a

legitimate atmosphere of concern that has had a significant impact on the progress

of the entire field, especially for those clinical applications for nonlife-threatening

conditions such as that proposed herein.

Perhaps it is not surprising then that although the first clinical trial for gene therapy

occurred in 1990 (Morgan and French), there are still no FDA-approved gene therapy

treatments. To put this into proper perspective with respect to urological application(s)

of gene therapy, there are currently 1579 ongoing clinical trials worldwide (see http://

www.wiley.co.uk/genetherapy/clinical/; this database was queried in June, 2010 – but

is updated regularly), with roughly 63% of these in the USA alone. Themajority of the

indications are for cancer (64.5%; n ¼ 1,019), cardiovascular (8.7%; n ¼ 138), and

monogenic diseases (7.9%; n ¼ 125), which together account for more than 80% of

all ongoing trials. Trials for infectious (8%; n ¼ 12), neurological (1.9%; n ¼ 30),

and ocular diseases (1.1%; n ¼ 18), as well as genemarking (3.3%; n ¼ 50) push the

total to over 90%. In fact, even trials on healthy volunteers (2.3%; n ¼ 37) exceed the

number of trials on ALL other diseases (not listed above), which account for only

2.2% of clinical trials (n ¼ 33). From the information available, it seems that at

present only two clinical trials have been conducted related to the lower urinary

tract for nonlife-threatening diseases (0.1%). One of these trials is for ED (Melman

et al. 2005) and the other is for the treatment of overactive bladder in postmenopausal

women [see GeMCRIS (Genetic Modification Clinical Research Information Sys-

tem); http://www.gemcris.od.nih.gov for more details]. Both of these trials were

sponsored by the same company, Ion Channel Innovations, LLC.

The published literature database on gene therapy is of course correspondingly

large. For example, aMedline search using the key word “gene therapy” yields more

than 110,000 hits, including nearly 29,000 review articles alone. Clearly, this is an

expansive field of translational research with numerous potential applications. The

goal of this report is to focus on potential applications of gene therapy to the ureter,

bladder, and urethra. The rationale for this approach is related to the fact that proper

and coordinated function of these three components is an absolute prerequisite for

the bladder to be able to fill, store, and empty as required, and moreover, each of

these components can be accessed individually to ensure local gene delivery.

3 The Current Status of Gene Therapy for the Lower

Urinary Tract

So, what is the state of gene therapy for treatment of benign diseases/disorders of

the lower urinary tract? To begin to address this question, the medline database was

queried again, and this time, “gene therapy” was crossed with “bladder,” and 961
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hits were found, although many of these were related to cancer therapeutics. To

further refine the query, a text search for “gene therapy” and “bladder dysfunction”

was conducted, and that search provided a much better approximation of the

applications of gene transfer to benign bladder disease (91 hits). However, even

so, only a fraction of these “hits” are truly related to gene therapy for the lower

urinary tract, and most of those will be discussed herein. Similar searches crossing

“gene therapy” with “ureter” (30 hits) or “urethra” (24 hits) yielded very few

publications, and of those, only two were truly relevant to the former and only

one to the latter. Moreover, all of the aforementioned “hits” describe preclinical

work. The bottom line is that to date there is still a relative paucity of information

available concerning the utility of gene therapy for the treatment of benign disease

in the lower urinary tract. Again, of particular interest to this report is bladder

disease/dysfunction.

In light of the fact that there have been no FDA-approved therapies, and

furthermore, that there has been relatively little exploration of the utility of gene

therapy/transfer to the lower urinary tract, what is the rationale for pursuing this

avenue of research for clinical development? There are at least two major reasons

for doing so. First, bladder dysfunction is one of the most common (and costly)

urologic conditions. In this regard, despite progress, even the most recently deve-

loped pharmacologic therapies for urinary incontinence and lower urinary tract

symptoms (LUTS) represent incremental improvements that have contraindications

as well as untoward side effects and/or limited efficacy in certain patient popula-

tions (Andersson 2009; Andersson et al. 2005, 2009). Moreover, the goals of

treatment have shifted. That is, the therapeutic focus is no longer to merely relieve

symptoms but also to delay or prevent disease progression, and further, to provide

amelioration of disease-related morbidities. Taken together, such improvements

would significantly increase the patient’s quality of life. These facts clearly empha-

size the importance of developing new lines of investigation for improved thera-

peutics, and the thesis of this short report is that gene therapy is a very viable

solution. A second reason for pursuing gene therapy/transfer for the treatment of

lower urinary tract disease/disorder is that the ureters, bladder, and urethra are all

individually accessible on a routine basis by urologists. In fact, the utility of

localized delivery in the treatment of bladder disease/dysfunction has been previ-

ously described (Christ et al. 2006, 2007; Christ 2004; Fraser et al. 2002; Tyagi

et al. 2006; Yokoyama et al. 2001). This has important implications to the applica-

bility and clinical translation of gene therapy, as it will provide for localized

delivery of the gene therapy product, thus ensuring minimal systemic distribution

of therapeutic genes of interest.

In summary, the current environment undoubtedly signals the need for a para-

digm shift in the direction of research in this important field of medicine. More

specifically, improvements in the treatment of lower urinary tract diseases/disorders

is dependent on the identification of more rational therapeutic targets coupled to the

advent of novel therapeutics. In this regard, gene therapy is a biotechnology that

provides an opportunity for the treatment of lower urinary tract diseases/disorders

that will allow urologists to keep pace with technologic advances and patient
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expectations. Presented below are some key examples that highlight the enormous

possibilities of this technology.

4 Preclinical Investigations of Gene Therapy for the Lower

Urinary Tract: A Variety of Targets and Possibilities

As described above, a review of the published literature reveals only a handful of

articles relevant to gene therapy for benign lower urinary tract disease. The vast

majority of these are squarely focused on the bladder, with only a few preliminary

“proof of concept” studies available on gene therapy in the ureter and urethra. All

of the available information is compiled in Table 1. Recent reviews on the subject

have documented the numerous gene therapy strategies currently being contem-

plated for the treatment of bladder diseases/dysfunction (Christ et al. 2006, 2007;

Goins et al. 2009). More specifically, gene therapy approaches exist for virtually

all of the commonly observed clinical conditions. These include the following

(1) use of muscle-derived cells and ex vivo gene therapy, as well as in vivo gene

transfer (with the M3 receptor) for the treatment of the hypocontractile bladder,

(2) use of nerve growth factor for the treatment of neuropathy (i.e., diabetic

neuropathy), (3) use of endogenous opioids to treat interstitial cystitis/painful

bladder syndromes, (4) use of manganese superoxide dismutase for the treatment

of irradiation-induced cystitis, (5) use of ion channels (i.e., K channels) for the

treatment of detrusor overactivity and OAB, (6) use of glutamic acid decarboxyl-

ase for the amelioration of nonvoiding contractions due to spinal cord injury, and

(7) Use of hepatocyte growth factor to reduce bladder wall fibrosis following outlet

obstruction. As such, one of the most attractive characteristics of gene therapy is

that it affords one the opportunity to affect virtually every aspect of the micturition
process (at the end organ level) by selectively, altering the expression of relevant

targets.

5 Tuning Gene Therapy for the Lower Urinary Tract

Despite the undeniable level of preclinical success that currently exists, the devil

will be in the details of clinical translation and therapeutic durability. In this regard,

tuning the gene therapy approach for each indication will be a key factor. In fact,

the successful delivery of the gene of interest to the target cell or tissue depends

entirely on the use of “vector,” that is, the vehicle or package into which the gene is

placed, so that the gene can be shuttled into the cell and survive without enzymatic

breakdown in body fluids, cytoplasm, or nucleoplasm. For example, since gene

therapy for malignant cancers requires a high transfection efficiency and genetic

durability, viral vectors are required. However, in the case of common smooth
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muscle disorders of the lower urinary tract, such as overactive bladder syndrome,

the use of naked DNA, with its intrinsic limitations in transfection efficiency,

appears to be effective nonetheless, without an absolute requirement for viral

vectors (see Christ et al. 2001, 2006, 2007; Christ 2004). The major implication is

that the frequency of incorporation of naked DNA into the cellular genome is

vanishingly small, and thus, the risk of future malignancy as a result of gene

therapy is correspondingly low. How is this possible? In the case of the bladder,

specifically detrusor overactivity related to partial outlet obstruction in rodents,

there appears to be a “physiological tolerance” for lower transfection efficiencies

as a result of the presence of an intercellular network of connexin43-derived gap

junction channels that allow rapid transmission of ions and second messengers

between coupled smooth muscle cells (Christ et al. 2003a, b; Christ and Hodges

2006). More specifically, this mechanism reduces the need for a high transfection

efficiency for the gene transfer target and provides an important distinction

between naked DNA plasmid-based gene transfer for benign disorders such as

bladder disorders, relative to the viral vectors required for the treatment of

malignancies. In this scenario, the therapeutic goal of gene therapy for lower

urinary tract dysfunction is based on the concept of achieving only the minimal

cellular perturbation required to restore normal end organ function. That is, if

subtle perturbations can create organ dysfunction, then it follows logically that

relatively subtle modulation/restoration of cellular (i.e., smooth muscle tone)

function would be sufficient to elicit therapeutic efficacy. Taken together, it is

clear that this approach bodes well for the treatment of dysfunction of the lower

urinary tract.

6 Summary and Conclusions

In summary, gene therapy is a potentially attractive treatment option for disease or

dysfunction of the lower urinary tract. Preclinical gene therapy applications to

bladder disease and dysfunction are particularly compelling at present, where, in

fact, gene therapy offers the opportunity to virtually normalize bladder function,

thus potentially eliminating the need for other forms of treatment. Moreover, the

ability to locally deliver the gene therapy to the cell or tissue of interest minimizes

the potential for systemic side effects, overcoming another major barrier to the

eventual clinical translation of this technology. Since relatively subtle perturbations

in a variety of modulators of bladder function can predispose to bladder dysfunction

(i.e., urothelial, neural, smooth muscle, etc.), and, further, can be leveraged at the

molecular level, there are a correspondingly large number of potential targets. In

addition, given the known level of cellular and intercellular connectivity that exists

throughout the bladder wall, there will undoubtedly be “physiological tolerance”

for lower transfection efficiencies (see Christ et al. 2001, 2003a, b, 2006, 2007;

Christ 2004; Christ and Hodges 2006 for more details), perhaps permitting the use

of less invasive vectors. Finally, another positive attribute of gene therapy is that
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when necessary it can be combined with other treatment options, for example, drug

therapy, with the potential to reduce the dosage, and thereby, any dose-related

side effects of available medications. As such, the application of gene therapy

represents a natural progression in the treatment of urological disease whose time

has finally arrived. Further investigations and applications of gene therapy to the

lower urinary tract would seem a prudent step toward the therapeutic improve-

ments that will be required to treat a seemingly ever-aging US and worldwide

population in which the incidence of “quality of life” diseases/disorders will only

continue to rise.
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Abstract This chapter reviews the evidence for “specific” pharmacokinetics playing

a role in currently marketed drugs intended to treat lower urinary tract (LUT)

symptoms. Principles of drug targeting include intrinsic properties of drugs or organs

as well as drug formulations to modify drug release or to create confinement of drug

presence. Prodrugs and specific formulations to deliver high drug concentrations at

the site(s) of action as well as other ways to manipulate drug distribution to achieve

enrichment in target tissues are considered. In overactive bladder (OAB), specific

formulations for oxybutynin have been introduced to reduce the level of side effects

of the active drug. Extended release tablet formulations and a topical gel formulation

have been introduced, with efficacy similar to immediate release (IR) tablets, but with

a reduction in anticholinergic adverse effects. However, these modifications have not

led to outstanding performance parameters compared to other anticholinergic drugs

marketed as IR formulations. Urinary excretion is discussed as potential mechanism

for targeting LUT symptoms, but no strong indications appear to exist that this
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mechanism would contribute for currently available drugs. Intravesical administra-

tion of drugs is not a preferred option and only considered for drugs like botulinum

toxin, where the inconvenient application compensates for a reasonable degree of

long-term efficacy in severe refractory OAB. Alpha acid glycoprotein binding is

discussed as a potential factor to influence drug tissue distribution, and it is concluded

that there is reasonable evidence that for tamsulosin this mechanism is responsible for

the difference in free fraction of the drug observed in plasma and prostate, which

could contribute to its relative absence of blood pressure effects in patients with LUT

symptoms related to benign prostate hyperplasia (LUTS-BPH). The principle of

irreversible inhibition of type II 5a-reductase as a tool to develop drugs to reduce

prostatic levels of dihydrotestosterone is employed by both dutasteride and finasteride

for treatment of LUTS-BPH. Of the mechanisms discussed, the principles employed

for the 5a-reductase blockers and tamsulosin in this respect can be considered

relatively specific for its urological indication.

Keywords Alpha acid glycoprotein � Drug targeting � Drug tissue distribution �
Irreversible enzyme inhibition � Prodrug � Prostate � Urinary bladder

1 Introduction

The question to address in this chapter is whether there is a place for specific

pharmacokinetic approaches for optimal pharmacotherapy in the lower urinary tract

(LUT). For this, currently available drugs and potential possibilities in the LUT

segment are reviewed and the potential added value is discussed.

Although local application of a drug usually is the simplest way to get targeted

drug delivery, this is only achievable for local diseases at accessible places (e.g.,

skin, teeth, and eyes), while suitable formulation devices allow local treatment in

more interior places of the body, like bronchial-inhalers for treatment of asthma.

Principles of drug targeting include intrinsic properties of drugs or organs as well

as drug formulations to modify drug release or to create confinement of drug

presence.

Probably the best known example to urologists is that of antibiotics such as

nitrofurantoin for treatment of urinary tract infections. After oral dosing and

absorption, nitrofurantoin is excreted in urine, thereby reaching adequate drug

levels to kill pathogenic bacteria localized in urine, kidney, and in urothelium of

the urether and bladder.

Pharmacokinetic properties that determine the concentration of a drug at its target

after absorption are the distribution of the drug to the target and its clearance from the

target. Distribution of a drug is to a large extent related to its molecular size, lipo-

philicity, ionic charge(s), and affinity for endogenic transporters, like P-glycoprotein

(limiting brain penetration). Drug–protein binding in blood can limit or slow the free

exchange of drug to tissues. Drug clearance is the process to remove drug from tissues

via the blood. The main clearing organs are the liver (by metabolizing drugs), the
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kidney (by transporting drug and metabolites into urine), and the lung (low metabo-

lizing capacity and excretion of volatile substituents). The general principles that

apply for this can be found in textbooks andwill therefore not quantitatively be treated

in this chapter. This chapter reviews the potential for “specific” pharmacokinetic

aspects relevant for drugs intended to treat LUT symptoms.

The question is what LUT is different as a target from, for example, the heart or

the lungs in the context of drug specificity in treating diseases affecting LUT? To

start with, the problem starts with the word “target.” For a medical doctor, the target

may be the site of the disease and is often felt to be an organ. For the pharmaco-

logist, the target usually is the molecular site where the drug should act at and this is

often a receptor or an enzyme. For the pharmacokineticist, the target usually is a

volume like the blood, total body fluid, or the spinal fluid. This differential

interpretation of the word target should be realized when discussing ways for

specificity in treatment based on pharmacokinetic properties of a drug.

Considering the LUT, some of it is piping: urether, urethra; some is an organ:

prostate; and some is mixed: the bladder. Control/pharmacological manipulation of

LUT function for some diseases is at the level of the organ/pipe, while for other

diseases treatment is at the level of the control system, which can be in the brain

(e.g., pontine micturition center), spine (e.g., Onuf’s body), ganglia, or lining of the

organs that convey the symptoms of the disease (e.g., the urothelium of the bladder).

This implies that there is no unification of “urinary tract pharmacokinetics.” It is

important to know where the biological target of the pharmacological agent is

situated and if its environment has specific characteristics that would have impact

on the kinetics of the drug (e.g., is the target after the blood–brain barrier or not; how

is the vascularisation and blood supply of the target; can the drug penetrate to the

target from urine). To see what is “optimal” or “specific” in this respect, currently

used drugs in LUT diseases will be reviewed for potential properties in this respect.

In the treatment of LUT symptoms, the treated targets in terms of tissues or

organs may be heterogeneous (prostate, bladder) and the target for treatment may

be different from the affected organ. Examples of treatment targets that are different

from the organ suffering the symptoms are in stress urinary incontinence (SUI)

where the target of treatment is Onuf’s nucleus in the spinal cord, and potentially in

the treatment of pelvic, prostatic, and bladder pain, where afferent projections to the

spinal cord or the brain, or ganglia may be the drug target. In overactive bladder

(OAB), drug targets are receptors at bladder smooth muscle as well as at endothelial

sites in the bladder at the detrusor part.

Is there evidence for “specific” pharmacokinetics playing a role in currently

marketed drugs for LUT diseases?

2 Mechanisms of Drug Targeting

Let us consider the mechanisms of drug targeting that are being used, or may be

relevant for LUT diseases:
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Prodrugs and specific formulations to deliver high drug concentrations at the site(s)

of action.

Other ways to manipulate drug distribution to achieve enrichment in target tissues.

2.1 Prodrugs in OAB

Of the drugs used in OAB, tolterodine and fesoterodine have active metabolites and

could therefore be considered prodrugs. Tolterodine is a nonselective antimuscarinic

drug. It is primarily metabolized by CYP2D6, resulting in the active metabolite

5-hydroxymethyl tolterodine (5HMT), which is equipotent to tolterodine (Nilvebrant

2000). Consequently, in poor CYP2D6 metabolizers (about 7% of Caucasians), only

negligible amounts of 5HMT are formed. So, pragmatically, tolterodine cannot be

considered as a prodrug, because tolterodine itself is the dominant moiety that

determines the activity. Fesoterodine is the isobutyric acid ester of 5HMT. During

absorption, it is rapidly metabolized by nonspecific esterases into 5HMT (Cole

2004). Fesoterodine itself does not reach quantifiable plasma concentrations after

oral administration (Simon and Malhotra 2009), and has lower affinity for the M1 to

M5 muscarinic receptor subtypes compared with 5HMT. Therefore, it can be

regarded as a prodrug. Although formation of 5HMT from fesoterodine is not

dependent on CYP2D6, further metabolism of 5HMT does involve CYP2D6. After

an oral dose of 8 mg fesoterodine, approximately 42% of the dose reaches the

circulation as 5HMT. Once daily dosing of 4 mg fesoterodine for 3 days results in

a mean � SD: Cmax of 2.12 � 1.28 ng/ml, a Ctrough of 0.37 � 0.19 ng/ml, and

an AUC0–24 h of 20.16 � 11.44 ng h/ml. In comparison, oral dosing of 4 mg

tolterodine ER to extensive CYP2D6 metabolizers results in a mean (range) Cmax

of 7.3 (2.9–13) nmol/l, and an AUC0–24 h of 94 (38–187) nmol h/l for 5HMT, which

corresponds to approximately 2.5 (1.0–4.4) ng/ml and 32 (13–64) ng h/ml for Cmax

and AUC0–24 h, respectively (Olsson and Szamosi 2001). For tolterodine, a 100-fold

range in Cmax values of 5HMT has been reported; however, the sum of tolterodine

and 5HMT appears to be less variable. For fesoterodine, the range appears to be

about tenfold narrower, possibly because in case of tolterodine CYP2D6 is involved

in the production and elimination of 5HMT, while in case of fesoterodine it only

plays a role in the elimination of 5HMT.

2.2 Specific Formulations in OAB

Oxybutynin is one of the first anticholinergics used in OAB. It is a nonselective

antimuscarinic drug. It has a higher withdrawal rate in immediate release (IR)

formulations than other antimuscarinic drugs/pharmaceutical compositions (Chapple

et al. 2008). Compared to more recently marketed anticholinergics, it has a short
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t1/2 of about 2–3 h. Consequently, when administered as immediate release (IR)

tablets, three times daily dosing of the IR tablet are necessary to maintain effective

plasma concentrations. The bioavailability is low, around 6%, due to extensive

first-pass metabolism. Metabolism proceeds mainly via CYP3A4, resulting in the

formation of the active metabolite N-desethyloxybutynin. To overcome the

disadvantage of frequent dosing, a number of alternative dosage forms have

been developed. It is available as an extended release tablet (OROS®), which

delivers oxybutynin at a controlled rate over a period of 24 h, allowing once

daily dosing of 5–30 mg. Dosing frequency can be further reduced by using the

transdermal patch formulation, which needs to be replaced every 3–4 days. It

delivers 3.9 mg of oxybutynin per day. Finally, a topical gel formulation has

been introduced, which should be applied once daily. The daily dose of the gel

amounts to 100 mg.

Although both oxybutynin and its metabolite posses anticholinergic activity,

there are indications for small differences in receptor and/or organ selectivity. It is

suggested that N-desethyloxybutynin has a somewhat higher affinity for the recep-

tors in the salivary gland than for those in the bladder (Waldeck et al. 1997), and

occurrence of dry mouth is claimed to be related to N-desethyloxybutynin exposure
(Sathayan et al. 2001). Consequently, reducing the exposure of the metabolite may

help in reducing the commonly reported adverse event of dry mouth. Lowering peak

concentrations may also be of benefit in reducing the occurrence of adverse events.

Comparison of the IR tablet with the OROS formulation by Gupta and Sathyan

(1999) in 13 healthy subjects showed that the OROS formulation is able to deliver

oxybutynin with considerably reduced fluctuation in oxybutynin plasma concentra-

tion. Furthermore, a more favorable metabolite/parent drug ratio was achieved with

the OROS formulation. On the fourth day of dosing of 5 mg oxybutyinin IR t.i.d. and

once daily dosing of 15 mg oxybutynin as the OROS formulation, the mean � SD

AUCtau ofN-desethyloxybutynin amounted to 483 � 281 ng/ml vs. 81 � 43 ng h/ml

for oxybutynin, while with the OROS formulation the respective AUCtau amounted

to 304 � 145 and 109 � 43 ng h/ml, respectively. Studies in patients in which

the OROS formulation was compared with IR tablets showed a reduction in the

frequency of dry mouth with the OROS formulation, but with a similar efficacy

(Anderson et al. 1999; Versi et al. 2000). Unfortunately, no population pharmaco-

kinetics was used in these studies, which would have helped to assess the exposure

to oxybutynin and N-desethyloxybutynin in these patients.

Administration via a transdermal system prevents the formation of metabolites

via first-pass metabolism completely, although it cannot prevent metabolism as

part of systemic clearance. Administration of 3.9 mg/day resulted in a mean

AUCinf of oxybutynin varying between 284 and 324 ng h/ml when applied to

the buttock, hip, and abdomen, while the AUCinf of the N-desethyl metabolite

amounted to 435–504 ng h/ml, indicating a further reduction in the exposure of

N-desethyloxybutynin relative to the exposure to oxybutynin compared with the

OROS tablet (Zobrist et al. 2003). This was confirmed in a study by Appell et al.

(2003), showing that compared with the OROS formulation, the AUC ratio of

N-desethyloxybutynin to oxybutynin was reduced from 4.1 to 1.2. Administration

Specific Pharmacokinetic Aspects of the Urinary Tract 271



via the transdermal system further reduced the occurrence of typical anticholin-

ergic AEs, like dry mouth, compared with oral extended release tablets, but it

was also associated with local application site reactions in part of the patients

(Baldwin and Keating 2009). Application of the gel resulted in similar exposure to

oxybutynin and N-desethyloxybutynin as with the transdermal patch system

(Caramelli et al. 2008), or may even reduce the exposure to the metabolite further

(MacDiarmid 2009).

Overall, compared with IR tablets, extended release formulations, whether oral

or transdermal, result in a more constant exposure to oxybutynin and a reduced

exposure to N-desethyloxybutynin. Efficacy appears to be similar to IR tablets, but

with a reduction in anticholinergic AEs.

2.3 Urinary Excretion as Targeting Mechanism in Bladder
Diseases

Excretion of pharmacologically active drug or metabolites into urine is potentially

attractive for treating OAB, but is it feasible? Under normal physiological condi-

tions, the urothelium covering the lining of the urinary tract is a good barrier for

solutes, metabolites, and ions and the tight junctions of the urothelium secure the

barrier function also under stretched conditions (Apodaca 2004; Lewis 2000).

Only in the case of inflammation (bacterial or nonbacterial) or rupture of lining

tissue (e.g., kidney stones), the urothelial barrier function may be diminished and

can become permeable to drugs that pass via urine. However, OAB is not

commonly associated with inflammation and loss of function of the endothelial

barrier. In addition, active concentrations in the bladder for drugs currently used

for OAB are expected to be low for most drugs based on urine elimination data

(see Table 1), with perhaps the exception of trospium and solifenacin. Studies by

Kim et al. (2005) and Chuang et al. (2008) showed that urine collected from

human subjects treated orally with solifenacin and trospium, but not oxybutynin,

tolterodine, or darifenacin instilled intravesically in carbachol-induced detrusor

overactivity in rats showed a reduction of bladder contractions. The value of these

data for the human situation cannot be predicted, however, since urinary bladder

barrier differences and therefore drug penetration may differ for rat and human

bladder and is not well studied. For fesoterodine, no data were found on this topic

in the literature.

2.4 Intravesical Administration

Intravesical administration is being pursued as first-line treatment for super-

ficial bladder cancer, but this falls outside of the scope of this chapter [see
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(Malcowicz 2006) for further reading on this topic]. For LUTS indications, the

intravesical administration route is not popular for reasons of convenience and

because most patients respond to oral ways of applying therapeutics. However,

for neurogenic OAB, oxybutynin is sometimes being used intravesically in

adults and children. Administration of oxybutynin, usually as 5 mg/10–30 mL,

twice/three times a day in saline or hydroxypropylcellulose solution is published

as treatment for patients with neurogenic OAB who were not satisfied with oral

anticholinergic agents (Lehtoranta et al. 2002; Saito et al. 2004), or in children

with neurogenic bladders who could not tolerate or whose conditions were

refractory to oral therapy (Kaplinsky 1996). The serum concentrations of oxy-

butynin after single 5 mg intravesical doses were found at least as high as those

reported after oral drug intake, but the parent drug/metabolite ratio was much

higher after intravesical administration. The elimination of oxybutynin as well as

its metabolite was prolonged after intravesical administration compared with that

reported after oral drug intake (Lehtoranta et al. 2002). It appears therefore that

intravesically applied oxybutynin does penetrate the bladder wall from inside

out, however, no published evidence exists showing the contribution of urinary

excreted oxybutynin to the activity of the drug when taken orally. This may be

related to the low percentage of urinary excreted drug after oral dosing (Table 1).

The mechanism of action for intravesical oxybutynin may be different from

systemically applied drug, however, and local anesthetic effect at these high

local concentrations has been suggested, since in rats intravesical oxybutynin

was found to temporarily desensitize C fiber afferents, while no measurable

effect was found on Ad-fibers (DeWachter and Wyndaele 2003).

The vanilloid TRPV1 antagonist resiniferatoxin (RTX) is being investigated

intravesically for patients with intractable urgency and frequency related to

detrusor overactivity and/or interstitial cystitis (IC). Capsaicin is a vanilloid

TRPV1 receptor agonists that targets the same receptor, but acts by desensitizing

it. Both drugs are used intravesically due to systemic toxicity, and RTX is less

pungent than capsaicin and is the preferred compound to inhibit afferent sensa-

tions via bladder C-fibers (Silva et al. 2000). Instillations of RTX usually are

made in hospital pharmacies “ex tempore” and consist of 100 ml of 50 nM in

10% ethanol in saline (Apostolidis et al. 2006; Silva et al. 2002). Published

research on drug penetration of vanilloid ligands does not bring about clear

strategies for influencing penetration kinetics of capsaicin or RTX through

the bladder (Lazar et al. 2006; Magnussen and Koskinen 2000). The complex

cellular localization of the TRPV1 receptor and the complex regulation of its

function have not made this receptor a therapeutically viable target for enhanced

potency or bioavailability of TRPV1 ligands for the pharmaceutical industry

so far (Lazar et al. 2006). Botulinum toxin is a useful drug for treatment of

severe refractory OAB by transurethral injection at up to 30 sites within the

bladder (Rapp et al. 2004). Although improvements may be seen for at least

6 months after treatment, it has limited applicability due to its cumbersome way

of administration.
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2.5 Other Ways to Manipulate Drug Distribution

2.5.1 Binding to Alpha Acid Glycoprotein as a Mechanism to Achieve

Enrichment in Target Tissues

Once absorbed, drug penetration to various bodily parts can be a passive process

through diffusion of drug molecules, whereby molecular size, ionic charge, and

lipophylic–hydrophilic balance of the drug determine where the drug can partition

into the body. When the drug has affinity for transport systems in the body such as

P-glycoproteins, organic-anion transporting polypeptides, multidrug resistance

associates proteins, and others, this has an impact on limitation of drug distribution

(and as such this may offer the opportunity for concentration in a target tissue). The

use of transporter functions therefore offers the possibility of delivering a drug to

the target organ, avoiding distribution to other organs (thereby reducing the chance

of toxic side effects), controlling the elimination process, and/or improving oral

bioavailability (Lewis 2000). For drugs under consideration in this chapter, this

seems to be a theoretical potential only, since no published evidence seem to exist

for any of these drugs.

An apparently less sophisticated way for compartmentalization of drugs is by

selective drug binding, and the most common example is binding of drugs in plasma

to proteins such as albumin, or alpha acid glycoprotein (AGP), or to low density

lipoprotein (LDL). In this respect, it is relevant that drug binding to albumin and

LDL is low-affinity binding, while drug binding to AGP is usually high-affinity

binding. High-affinity drug binding suggests specificity that goes further than rough

chemical characteristics such as basic or acidic groups at physiological pH or a

certain degree of lipophilicity and an example is the a1-adrenoceptor blocker and
antihypertensive agent prazosin, where slight changes in oligosaccharide side

chains of AGP were found to have a dramatic effect on the affinity constant for

prazosin (Quin and Øie 1994). For the OAB drug oxybutynin, enantio-specific

binding to AGP was demonstrated, with the (S)-enantiomer showing higher affinity

than the (R)-enantiomer (Shibukawa et al. 2002). Since affinity constants of drugs

binding to AGP can be in the range of the affinity constants of these drugs for their

biological targets (receptor, enzyme, or ion channel), it is worthwhile to consider

whether AGP binding is a potential factor to create differences in tissue distribution

for certain drugs, and more importantly, whether this can have an impact clinically.

Quite a number of drugs used for LUT diseases have a relatively strong plasma

AGP binding (see Tables 1 and 2) and one may speculate whether and how this can

be exploited as a mechanism to modify distribution or retention of drugs in target

tissues. AGP is a so-called “acute phase protein” and AGP levels in plasma are

known to increase in morbid states such as infections, inflammation, cancer,

myocardial infarction, or trauma and in patients with renal impairment (Gabay

and Kushner 1999; Kremer et al. 1988). For several antiviral and anticancer drugs,

AGP was found to limit the distribution of the drug, thereby modulating its

therapeutic profile (Bilello et al. 1995; Fuse et al. 2000; Sommadossi et al. 1995).
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In rat and human prostate, AGP was found to differ from plasma values and

varied with morbid states (Andersen et al. 1996; Dubé et al. 1989), which makes

that differences in AGP may be a factor of interest in LUTS-BPH. For OAB drugs,

no plausible reasons were found to consider a therapeutically relevant application

for AGP binding.

For the a1-adrenoceptor blockers given in LUTS-BPH, an important issue is

the relative effect of the drug at vascular a1-adrenoceptors (having an impact on

blood pressure regulation, with orthostatic hypotension as an inconvenient side

effect) and the effect at prostatic a1-adrenoceptors to induce relaxation of the

prostatic capsule as the therapeutically desired effect. For tamsulosin, it was

found that the cardiovascular effects were relatively more pronounced in rats

and dogs than in humans. Plasma binding for tamsulosin is different in rats

(�80%), dogs (�90%), and man (�99%), and the binding protein is predomi-

nantly AGP (Matsushima et al. 1998), which makes that the free fraction of

tamsulosin in these species is higher than in man. This made it worthwhile to

investigate potential AGP binding differences for tamsulosin in plasma and

prostate in humans to explain the cardiovascular safety of the drug in humans.

Data on this topic are available, but unfortunately were published in congress

abstracts only (Korstanje et al. 2002; Romics et al. 2003; Wolters et al. 2004)

and for that reason will be discussed in more detail here than usual for a

reference paper.

In in vitro experiments with isolated tissue, tamsulosin was shown to have higher

antagonist potency at a1-adrenoceptor-induced contractile response in prostate

tissue than at vascular tissue in both rats and humans (Yamada et al. 1994, 1999).

However, in vivo studies in rats and dogs and clinical pharmacology studies in man

show species differences in the selectivity of tamsulosin for urodynamic and

cardiovascular parameters, and the selectivity of the drug for urodynamic effects

decreases in the order man > dog > rat (Korstanje et al. 2002), while there is

similarity in a1A&D-adrenoceptor subtype dominance in prostate and bladder in rat,

dog, and man. So, this implies that important other factors should be in place to

account for the more “uroselective” clinical profile of the drug in humans. In dogs,

the “uroselectivity” was attributed to higher tissue retention of tamsulosin in

prostate and urethra than in plasma, but this was not studied over multiple time-

points (Sato et al. 2001). Tissue distribution studies with i.v. injection of tritiated

tamsulosin in rats showed no particular differences in drug binding to prostate as

compared to other tissues, and under steady state plasma pharmacokinetics in rats

the drug concentration in prostate was only twice that in plasma. In a clinical study

with patients waitlisted for open prostatectomy, 0.4 mg tamsulosin was given for

6–21 days prior to open prostatectomy surgery via the suprapubic operation

method. Prostate surgery was performed 4, 8, 24, or 48 h after last drug intake

and plasma and prostate tissue samples were collected and analyzed for total

tamsulosin, while ex vivo drug–tissue binding was analyzed using 14C-labeled

tamsulosin. Plasma and tissue concentration data were subjected to population

pharmacokinetic analysis.
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The AUC0–24 h in prostate tissue amounted to 43% of the plasma AUC0–24 h

and consequently, the average concentration of tamsulosin HCl in prostate tissue

over the day amounts to 43% of the average concentration in plasma. However,

protein binding studies for tamsulosin in pooled plasma samples revealed the

protein binding to be 99.6 � 0.5%, thus having a free concentration, fu ¼ 0.4%,

while protein binding to prostate tissue was much lower, with fu of 59%. Taking

these differences into account between plasma and prostate drug binding and the

total drug concentration in the samples, the AUC0–24 h of unbound tamsulosin in

prostate tissue was estimated to be 63-fold higher than the AUC0–24 h in plasma.

This is an unexpected finding, since it is assumed that under equilibrium condi-

tions diffusion of unbound drug will lead to equal drug concentrations in all

compartments in the body (Rowland and Tozer 1995), but since the data are

obtained under presumed steady state pharmacokinetics, and since technical

procedures have been vigorously checked and discussed by the authors and

with peers from other institutes (Swart, personal communication), it looks that

the findings have to be considered as real. For alfuzosin, slight differences are

reported between plasma and prostate levels of the drug in man (Mottet et al.

2003), and since this drug does not have a very high plasma protein binding, it is

not likely that its free concentration will differ greatly between plasma and

prostate. In the context of “uroselectivity,” a heavily debated topic for BPH-

LUTS drugs at various discussion forums (Andersson 1998; McGrath et al.

1996), it appears that the study with tamsulosin is the only study with an

acceptable level of scientific evidence to qualify for “specific PK aspects”

relevant for clinical practise.

2.5.2 Irreversible Binding to Target Enzymes

Finasteride is used in LUTS-BPH and is a competitive and specific inhibitor of

type II 5a-reductase. Finasteride slowly forms a stable enzyme complex and

turnover from this complex is extremely slow (Moss et al. 1996). Dutasteride is a

competitive inhibitor of both type I and type II 5a-reductase, is used in LUTS-BPH
as well, and shows apparent irreversible inhibition of type II, like finasteride, and

reversible inhibition of type I 5a-reductase (Stuart et al. 2001), the other type of 5a-
reductase that is active in the prostate to produce dihydrotestosterone, the hormone

that fuels benign prostate growth. The principle of irreversible inhibition of type II

5a-reductase as a tool to develop drugs to reduce prostatic levels of dihydrotestos-

terone has been adopted by all drug companies that have tried to develop 5a-
reductase inhibitors for LUTS-BPH (McNulty et al. 2000). Since there are no

clinically available type II 5a-reductase inhibitors with reversible enzyme inhibi-

tion kinetics, the value of irreversible inhibition of type II 5a-reductase versus

reversible inhibition of type II 5a-reductase, unfortunately, cannot be assessed

using publicly available documentation.
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3 Conclusions

In both OAB and LUTS-BPH, extended release formulations to modulate drug

plasma concentrations for alpha-blockers and anticholinergic drugs with short

elimination half-lives have shown to be successful in reducing drug peak exposures

and creating lower through – peak difference. There is evidence to show that these

strategies generally have led to an efficacy similar to immediate release formula-

tions, but with a reduction in side effects or increased tolerability. For drugs where

active metabolites are formed in combination with metabolism of the parent

drug, or prodrug via a metabolic route that gives rise to high interindividual

differences in bioavailability (like the CYP2D6 enzyme), the merit is in creating

a more predictable exposure (e.g., fesoterodine vs. tolterodine), which translates

into a more reliable drug effect. For oxybutynin, strategies to reduce peak plasma

exposure and reduce production of first-pass metabolites have not led to a further

improvement of efficacy/tolerability ratio as those achieved with drugs such as

darifenacin, solifenacin, and fesoterodine. Efficacy of anticholinergics via local

application can be obtained via the intravesical route, but it is very inconvenient and

gives no objectively measured higher efficacy. For two anticholinergics, solifenacin

and fesoterodine, relatively high levels are excreted unchanged, and theoretically

high enough concentrations in the bladder would be obtained to contribute to

clinical efficacy after oral dosing. For fesoterodine this has not been verified. For

solifenacin, data are suggestive that excreted urine from humans can have local

efficacy in rat bladders, but how this translates to human practice is unclear. In

LUTS-BPH, the 5a-reductase inhibitors are drugs where the irreversible kinetics of
these drugs at the type II 5a-reductase enzyme is relevant for a stable pharmacody-

namic effect, but clinical evidence for this is lacking. For a1-adrenoceptor blockers
in LUTS-BPH, extended release technologies have shown to be successful to reduce

effects on blood pressure and orthostatic hypotension for those a1-adrenoceptor
blockers that show effects on the cardiovascular system like alfuzosin and doxazosin,

whereas for tamsulosin (which does not show effect on blood pressure in patients in

the capsule formulation), a further reduction of orthostatic symptoms was achieved

with the OCAS™ formulation. The way differential binding of drugs to AGP, as

proposed for tamsulosin, contributes to its low cardiovascular side effect profile, is

plausible, but needs more solid evidence.

So, in short, it can be concluded that in OAB and LUTS-BPH modulation of

pharmacokinetics of drugs by extended release, technologies plays a role in

ameliorating tolerability issues some of the (mainly older) drugs may have and

to increase dosing convenience. Although these are important assets on face value,

this is not something unique to drugs used in OAB or LUTS-BPH, but a generally

applicable principle in drug development. The irreversible enzyme kinetics of

finasteride and dutasteride for type II 5a-reductase enzyme is clearly a conse-

quence of clever chemical chemistry design and it is likely that reversible enzyme

blockers could have a worse side effect profile. For a1-adrenoceptor blockers used
in LUTS-BPH, AGP may be a factor that contributes to a certain degree of
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prostate selectivity of tamsulosin. Mentioned mechanisms for the 5a-reductase
blockers and tamsulosin in this respect can be considered relatively specific for its

urological indication.
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and these subtypes are also functionally characterized. a1-Adrenoceptors are

present in the prostate, urethra, bladder (urothelium, smooth muscle, and afferent

nerves), ureter, vas deferens, peripheral ganglia, nerve terminals, vascular tis-

sues, and central nervous system (CNS), and they could all potentially influence

overall urinary function and contribute to both the therapeutic and adverse effects

of a1-adrenoceptor antagonists in patients with benign prostatic hyperplasia

(BPH) and lower urinary tract symptoms (LUTS). This review aimed to discuss

the relevant physiological and pharmacological roles and molecular biology of

a1-adrenoceptor subtypes in the prostate, urethra, bladder, ureter, and CNS.

Keywords a1-Adrenoceptor antagonists � a1-Adrenoceptor subtypes � Lower
urinary tract symptom � Urinary tract

1 Introduction

1.1 a1-Adrenoceptor Subtypes

a1-Adrenoceptors are activated by adrenaline and noradrenaline. Having bound

a ligand, they mediate smooth muscle contraction and other functions through

the activation of phospholipase C, generation of the second messengers inositol

triphosphate and diacylglycerol, liberation of calcium from the endoplasmic

reticulum, and activation of genes (Schwinn 2001). a1-Adrenoceptors generally
mediate their actions through members of the Gq/11 family of G proteins that

stimulate the hydrolysis of inositol phosphate (Hawrylyshyn et al. 2004).

a1-Adrenoceptors have been identified and characterized extensively by func-

tional, radioligand-binding, and molecular biological techniques. Molecular clones

have been isolated and characterized for three a1-subtypes (a1a, a1b, and a1d)
(Schwinn and Michelotti 2000). The subtypes can be distinguished pharmacologi-

cally on the basis of their affinity for a1-adrenoceptor antagonists (Bylund et al.

1994; Michel and Vrydag 2006). The a1A-subtype generally regulates smooth

muscle tone in the prostate and bladder neck, whereas the a1B-subtype contributes
to regulate blood pressure via contraction of the small resistance vessels

(Guimaraes and Moura 2001). The a1D-subtype may be involved in the bladder

function and spinal cord innervations (Michel and Vrydag 2006).

Muramatsu et al. (1990) proposed classifying a1-adrenoceptors with rela-

tively low and high affinity for prazosin as a1L and a1H, respectively, from the

antagonism of a-agonist-induced vascular smooth muscle responses, although a

corresponding gene for the proposed a1L-adrenoceptor has not been identified.

Consequently, it is now generally assumed that the a1L-adrenoceptor represents
a phenotype of the cloned a1A-adrenoceptor rather than a distinct receptor

subtype.
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1.2 Localization in the Urinary Tract

a1-Adrenoceptors are present in the prostate, urethra, bladder, ureter, vas deferens,

peripheral ganglia, nerve terminals, vascular tissues, and central nervous system

(CNS), and they could all potentially influence overall urinary function and con-

tribute to both the therapeutic and adverse effects of a1-adreceptor antagonists.
Walden et al. (1997) have extensively investigated the localization of a1A-adreno-

ceptor subtype in the prostate and urinary bladder of rats, monkeys, and humans, and

they found that a1A-adrenoceptor represented the major subtype in the smoothmuscle

of these species. The tissue distribution of the various subtypes is species-specific

(Schwinn and Michelotti 2000). In humans, a1A-adrenoceptors predominate in the

prostate and urethra (Kobayashi et al. 1993; Walden et al. 1997; Kawabe 1998). A

study of human prostate tissue found that about 70% of prostatic adrenoceptor mRNA

was of the a1a-subtype (Price et al. 1993), although the three a1-subtypes
are distributed differently in the prostatic epithelial and stromal components.

Immunohistochemical analysis has revealed that a1A-adrenoceptors are present solely
in the stroma; a1B-adrenoceptors are located predominantly in the epithelium, with

only weak expression in the stroma; and a1D-adrenoceptors are present in stromal

elements, including blood vessels (Walden et al. 1999). However, themajority of a1D-
adrenoceptors are found in the detrusor muscle of the bladder, the bladder neck, and

the sacral region of the spinal cord (Kawabe 1998; Smith et al 1999), and this subtype

is also expressed in the prostate and C-fiber afferents (Price et al. 1993; Tseng-Crank

et al. 1995; Nasu et al. 1996; Yokoyama et al. 2006). However, these immunohisto-

chemical data should be interpreted with caution because most a1-adrenoceptor
antibodies lack the promised selectivity for their targets (Jensen et al. 2009; Pradi-

darcheep et al. 2009).

2 Pharmacology of a1-Adrenoceptor Antagonists

2.1 Benign Prostatic Hyperplasia and Lower Urinary Tract
Symptoms

Benign prostatic hyperplasia (BPH) is a highly prevalent disorder that affects more

than 50% of men older than 50 years. Incidence rates increase incrementally with

ages. (Boyle and Napalkov 1995; Fine and Ginsberg 2008). BPH is associated with

voiding and storage lower urinary tract symptoms (LUTS), which may have a

negative impact on the patient’s quality of life. LUTS include urgency, frequency,

nocturia, and a weak urine stream (Fine and Ginsberg 2008). More serious complica-

tions of BPH include acute urinary retention, renal insufficiency, urinary tract infection,

gross hemaruria, renal insufficiency, urinary tract infection, gross hematuria, bladder

stones, and renal failure.
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Although the etiology of BPH has not been clearly defined, the disorder most

likely involves age-related proliferation of stromal and glandular cells in the

periurethral and transition zones of the prostate gland as well as long-term exposure

of prostatic tissue to androgens (Oesterling 1996). The proliferative process that

occurs in prostatic tissue may eventually result in an enlarged prostate, which may

constrict the urethra and lead to bladder outlet obstruction (BOO). In addition, this

process increases the smooth muscle tone of the prostate, which is also associated

with urethral constriction and is mediated by a1-adrenoceptors (Lepor and Lowe

2002). Thus, prostatic a1-adrenoceptors have received considerable attention in the
last decade due to the clinical success of a1-adrenoceptor antagonists in the

treatment of symptoms of BPH (Michel 2010).

2.2 a1-Adrenoceptor Antagonists

Previous findings from pharmacological and molecular biological studies indicated

that selective antagonists of a1A-adrenoceptors could be effective in the treatment

of urinary obstruction in symptomatic BPH with fewer cardiovascular side effects

(Yamada et al. 1992, 1994a, b, c; Kawabe et al. 1994; Walden et al. 1997;

Andersson 2002; Michel 2010). The currently prescribed a1-adrenoceptor antago-
nists for the treatment of BPH and LUTS are terazosin, doxazosin, alfuzosin,

tamsulosin, and silodosin (Schwinn and Roehrborn 2008). General characteristics

of a1-adrenoceptor antagonists (Forray et al. 1994; Kenny et al. 1996; Tatemichi

et al. 2006) are summarized in Table 1. Alfuzosin, doxazosin, and terazosin are

relatively long-acting and non-subtype selective in that they display equal affinity

for all three a1-adrenoceptor subtypes. In contrast, tamsulosin is selective, prefer-

ring the a1A- and a1D-adrenoceptors in vivo and in vitro, while it displays

less affinity for the a1B-subtype (Hatano et al. 1994; Ohkura et al. 1998; Yamada

et al. 1992, 1994b, 1998, 1999). Silodosin (a1A > a1D > a1B) is highly subtype-

selective antagonist. Yamada et al. (1994a) demonstrated that tamsulosin displayed

about 12 times higher affinity for a1-adrenoceptors in human prostate than aorta,

while prazosin exerted a similar affinity in both tissues, indicating a relatively

selective antagonist of human a1-adrenoceptors. Furthermore, tamsulosin and silo-

dosin administered intravenously and orally in rats exert a more selective and

sustained binding of a1A-adrenoceptors in the prostate and submaxillary gland

(a1A-subtype-rich tissues) than in the spleen and liver (a1B-subtype-rich tissues)

(Ohkura et al. 1998, 2002; Yamada et al. 1998, 1999, 2001). These results clearly

indicate the a1A-adrenoceptor selectivity of tamsulosin and silodosin under in vivo

condition.

a1-Adrenoceptor antagonists have comparable efficacy in improving symptoms

and maximum urinary flow rate (Milani and Djavan 2005). The major difference may

be their associated side effects. Terazosin can cause asthenia, dizziness, somnolence,

hypotension, nasal congestion/rhinitis, and impotence (Wilde et al. 1993b); doxazosin

can cause dizziness, fatigue, edema, dyspnea, and hypotension (Fulton et al. 1995); and
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alfuzosin can produce dizziness, headache, nausea, dry mouth, diarrhea, and hypo-

tension (Wilde et al. 1993a). These agents were originally marketed as antihyper-

tensive agents, so these mediations may cause the increased risk of hypotension or

dizziness, which is likely related to their vasodilatory properties, when adminis-

tered at therapeutic doses. Tamsulosin can cause abnormal ejaculation, dizziness,

infection, headache, and flu-like symptoms, but this drug does not appear to affect

blood pressure, particularly in elderly patients (Lepor 1998). This is probably due to

the lack of a1B-adrenoceptor binding. It has been hypothesized that age-relative

changes in the distribution of vascular a1-adrenoceptors may occur, with the great-

est increase observed for the a1B-subtype (Schwinn and Michelotti 2000). The most

common adverse event of silodosin is retrograde ejaculation, followed by diarrhea

and nasopharyngitis, and the incidence of orthostatic hypotension is low (Marks

et al. 2009; Schilit and Benzeroual 2009).

In fact, to test the hypothesis that receptor selectivity allows fewer vasodilatory

adverse events, a direct comparative study of terazosin (5 mg once daily) and

tamsulosin (0.4 mg once daily) was conducted using nocturnal orthostatic stress

testing in 50 elderly normotensive patients with LUTS. Symptomatic hypotensive

or orthostatic stress occurred more frequently in the terazosin-treated group than in

those who received tamsulosin (Harada et al. 1999). In addition, terazosin and

doxazosin need to be titrated, and their full therapeutic doses are only achieved 2–4

weeks after the start of administration (de Mey et al. 1998). Alfuzosin and tamsu-

losin do not require titration. An 8-week, randomized, open-label comparative

study of tamsulosin (0.4 mg/day) and terazosin (5 mg/day) demonstrated that

subjects treated with tamsulosin had a statistically significant reduction of symp-

toms after 4 days treatment when compared with subjects treated with terazosin

(Narayan et al. 2005). As many elderly patients with BPH may take multiple

medications that, in combination, may also exacerbate age-related hypotension;

appropriate drug selection is particularly important.

3 Prostate

3.1 mRNA Expression

A competitive study using RT-PCR showed the exclusive presence of a1a-adreno-
ceptors in the rat prostate (Scofield et al. 1995). Using in situ hybridization, Walden

et al. (1997) found that a1a-adrenoceptors were predominantly distributed in the

rat prostatic smooth muscle and in the monkey prostate. On the other hand,

a1d-adrenoceptors were found to be highly abundant in the rabbit prostate (Suzuki

et al. 1997). In the human prostate, Hirasawa et al. (1993) detected only

a1a-adrenoceptor mRNA in RT-PCR assays, while a1d-adrenoceptor mRNA has

been detected by Northern blotting, RT-PCR, and RNase protection assays (Price

et al. 1993; Tseng-Crank et al. 1995; Nasu et al. 1996). Thus, the approximate
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relative ratio of a1a-, a1b-, and a1d-adrenoceptor mRNA in the human prostate is

70:0:30%, respectively. Studies using in situ hybridization have also demonstrated

the relative predominance of a1a-adrenoceptors (Kawabe et al. 1994; Walden et al.

1997). At the cellular level, a1a-adrenoceptor mRNA was detected in both stromal

(smooth muscle) and epithelial (glandular) cells (Tseng-Crank et al. 1995).

3.2 Protein Expression

Prostatic a1-adrenoceptor has been measured by the radioligand-binding method

and quantitative autoradiography in vitro and in vivo (Yamada et al. 1987, 1991,

1992, 1994a, b, c, 1999, 2001; Kawabe et al. 1990, 1994). A study of the intrapro-

static distribution of a1-adrenoceptors found their density to be greater in the

adenoma than in the submucosal tissue of the prostatic urethra in enucleated

hyperplastic prostate (Kawabe et al. 1990). According to the studies using auto-

radiography, more a1-adrenoceptors were located in the stroma (largely smooth

muscle) than the glandular tissue of prostates of rats and humans (Chapple et al.

1989; Killam et al. 1995).

a1A-Adrenoceptor in the prostate was characterized by an inhibition of radioligand
binding by subtype-selective agents. Deng et al. (1996) obtained monophasic compe-

tition curves showing high affinity for 5-methylurapidil (a1A-selective agent) and low
affinity for a1D-selective BMY-7378 in the rat prostate, suggesting the a1A-subtype to
be most abundant at the protein level. Studies with [3H]tamsulosin have also shown a

predominance of high-affinity sites for a1A-adrenoceptors in the rat and human

prostates (Yazawa and Honda 1993; Yamada et al. 1994c, 1998, 1999). In the

human prostate, Testa et al. (1993) have shown that the ability of several a1-adreno-
ceptor antagonists to compete in bindingwith [3H]prazosin correlatedwell with that in

binding to rabbit liver (a1A-adrenoceptors), but not a1D-adrenoceptor-rich tissue

(chloroethylclonidine-treated rat hippocampus) or a1B-adrenoceptor-rich tissue (rat

liver). These results indicate the dominance of a1A-adrenoceptors in the human

prostate. In similar experiments with a1-adrenoceptor antagonists, Michel et al.

(1996) found the a1A-adrenoceptor to be the most abundant subtype in the human

prostate. A similar conclusion was obtained by Yamada et al. (1992, 1994a, b, c).

Thus, the a1A-subtype is considered themost abundant in the rat and human prostate at

the protein level. The large amount of a1A-adrenoceptor protein is consistent with the
mRNA data.

The a1-adrenoceptor mediating contraction of the rabbit prostate was shown to

have characteristics of the a1L-adrenoceptor with low affinity for prazosin (Michel

and Vrydag 2006). Weak affinity for prazosin was also found in functional and

radioligand-binding experiments with the canine prostate (Ohmura et al. 1993) and

rat prostate (Killam et al. 1995). On the other hand, tamsulosin has similar affinity

for the classical a1A- and a1L-adrenoceptor subtypes in rabbit prostate (Michel and

Vrydag 2006) and this was confirmed in radioligand-binding experiments with

[3H]prazosin in bovine prostate, where tamsulosin had a similar high affinity for
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prazosin’s high- and low-affinity sites (Maruyama et al. 1998). Overall, the evidence

suggests that the a1-adrenoceptors mediating contraction of the rabbit prostate and

canine prostate have relatively low affinity for prazosin and other quinazolines; in

contrast, the receptors mediating contraction of the human prostate have only

moderately lower affinity for prazosin and other quinazolines as would be expected

based upon their affinity in binding experiments (Michel and Vrydag 2006).

Yamada et al. (1987, 1991) demonstrated that [3H]prazosin and [3H]bunazosin

selectively label a1-adrenoceptors in the hypertrophied human prostate. They

have also showed that there is a greater density of prostatic [3H]prazosin-binding

sites in BPH patients than in normal subjects and that tamsulosin (YM-12617)

binds a1-adrenoceptors in the hypertrophied prostate with high affinity and in a

stereoselective manner. These results have demonstrated the existence of phar-

macologically relevant a1-adrenoceptors and significant alterations in the human

prostate with BPH.

3.3 Functions

3.3.1 In Vitro Effects

The contractile response of prostatic strips isolated from various species was mea-

sured with an organ bath technique, and the responsible a1-subtype was identified

using subtype-selective antagonists (Michel and Vrydag 2006). The contraction was

predominantly mediated via a1- rather than a2-adrenoceptors as demonstrated by a

potent and selective antagonism by prazosin of a-agonist- and field stimulation-

induced contractions (Tsujii et al. 1992; Lepor et al. 1994; Guh et al. 1995).

a1-Adrenoceptor-mediated contractions in the rat prostate were effectively

antagonized by a1A-selective antagonists such as SNAP6383 (Chang et al. 2000)

and A-61603 (Chang et al. 2000; Lagu et al. 2000), but not by chloroethylclonidine

(a1B-selective antagonist) (Yazawa and Honda 1993) or BMY-7378 (a1D-selective
antagonist) (Deng et al. 1996). Therefore, it appears that the contraction of the rat

prostate is mediated predominantly, if not exclusively, by the a1A-adrenoceptor.
The contraction of the canine prostate also involves predominantly the a1A-subtype
(Chang et al. 2000; Lagu et al. 2000). Similarly, it has been reported that the

contraction of the human prostate occurs predominantly via an a1A-adrenoceptor,
based on the marked potency of moderately a1A-selective drugs, such as WB 4101

and tamsulosin (Marshall et al. 1995; Chueh et al. 1996; Noble et al. 1997), and on

the correlation of the potency of antagonists with that for cloned receptor subtypes

(Marshall et al. 1995; Kenny et al. 1996). Some studies in isolated human prostate

have used field stimulation to release endogenous agonists (Yu et al. 1994; Chueh

et al. 1996). Those studies showed a1A-selective antagonists to be highly potent and

hence demonstrate that contraction of the human prostate in response not only to

exogenous but also to endogenous agonists occurs via this subtype.

290 S. Yamada and Y. Ito



The contraction of the isolated rabbit prostate occurs via an a1-adrenoceptor
with relatively low affinity for prazosin (Honda et al. 1985; Hiraoka et al. 1995). In

addition, from the relative potency of a1A- (tamsulosin, silodosin, and B8805-33)

and a1D (BMY-7378)-selective adrenoceptor antagonists (Delaflotte et al. 1996;

Yamagishi et al. 1996; Eltze et al. 2001), it has been shown that the contraction of

the rabbit prostate occurs via a1A (a1L)-adrenoceptors with low affinity for prazo-

sin. Taken together, the overall evidence demonstrates that contraction of the

prostate of rats, dogs, and humans in response to agonists occurs largely via the

a1A-subtype.

3.3.2 In Vivo Effects

The alteration of intraurethral pressure (IUP) has been considered as a composite

measure of the contractile force developed by the urethra and the surrounding prostate.

In fact, the contribution of the prostate seems to dominate because phenylephrine-

induced elevations of IUP were markedly reduced in prostate-ablated male rats as

comparedwith prostate-intact rats (Akiyama et al. 1999). The systemic administration

ofa1-agonists such as noradrenaline, adrenaline, and phenylephrine has been shown to
increase IUP in anesthetized rats (Guilmard et al. 1996; Martin et al. 1997; Akiyama

et al. 1999). Agonist-induced elevations of IUP were inhibited by a1-adrenoceptor
antagonists such as alfuzosin, doxazosin, tamsulosin, and terazosin (Kenny et al. 1994;

Martin et al. 1997; Akiyama et al. 1999). A similar inhibition of the elevation of IUP

induced by the stimulation of hypogastric nerves was reported (Lefevre-Borg et al.

1993; Sato et al. 2001).

On the basis of the studies that compared the effects of antagonists on IUP with

those on blood pressure, it is likely that drugs having selectivity for a1A-adrenoceptor
subtypes exert greater inhibitory effects on IUP than on blood pressure (Kenny et al.

1996; Akiyama et al. 1999). These data, together with numerous studies in vitro on the

isolated prostate, clearly indicate that the contraction is mainly mediated through the

a1A-adrenoceptor subtype. In fact, tamsulosin and silodosin are effective in lowering

bladder outlet resistance in patients with BPH (Abrams et al. 1998; Schilit and

Benzeroual 2009).

4 Urethra

4.1 mRNA and Protein Expression

The urethras of various species including humans seem to contain largely a1A-
adrenoceptors. The presence of a1-adrenoceptors has been assessed at the mRNA

and protein level. Using real-time PCR, Yono et al. (2004) showed the following

rank order of expression: a1a > a1b ≧ a1d. RNase protection assays detected the
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a1a-adrenoceptor as the most abundant subtype in the male and female proximal

urethra, while the a1d-subtype mRNA was seen only in female tissues (Nasu et al.

1998). These authors also showed that the a1a-signal predominated in the urethral

smooth muscle using in situ hybridization.

Studies using radioligand binding and autoradiography have confirmed the

presence of a1 (possibly a1A) adrenoceptors at the protein level in smooth and

longitudinal muscle of urethras from monkeys and rabbits (Andersson et al. 1984;

Larsson et al. 1986; Lefevre-Borg et al. 1993; Testa et al. 1993; Walden et al. 1997).

The proximal and distal parts of the rabbit urethra expressed similar densities of

a1-adrenoceptors (Larsson et al. 1986). The density of a1-adrenoceptor in the

urethra was greatest in rats, followed by humans, dogs, and rabbits, and these receptors

largely represented the a1A-subtype (chloroethylclonidine-insensitive sites) (Testa

et al. 1993).

4.2 In Vitro and In Vivo Effects

According to field stimulation studies, the proximal urethras of rabbits appear

largely under the control of the parasympathetic nervous system, whereas the

medial and distal urethra are largely controlled by the sympathetic nervous

system (Deplanne et al. 1998). a1-Adrenoceptor-mediated urethral contraction

was demonstrated in rats (Lluel et al. 2003), rabbits, dogs (Testa et al. 1993), and

humans (Kunisawa et al. 1985). In fact, experiments with subtype-selective

antagonists have shown that the contraction of the rabbit urethra is mediated by

a1A-adrenoceptors (Testa et al. 1993), but the contraction exerts rather low

affinity for prazosin, indicative of the a1L-phenotype of a1A-adrenoceptors. Fur-
thermore, Testa et al. (1993) showed that the a1A-adrenoceptor-mediated contrac-

tion of the rabbit urethra is sensitive to inhibition by the Ca2+ channel antagonist

nifedipine. The a1-adrenoceptors mediating contraction of the human urethra

displayed high affinity for prazosin, indicative of the a1A-subtype.
Takeda et al. (2003) reported that a1-adrenoceptor agonists increased urethral

pressure in anesthetized rats. The hypogastric nerve-stimulated urethral contraction

in anesthetized cats was identified as an a1-adrenoceptor-mediated response

(Lefevre-Borg et al. 1993; Springer et al. 1994). The results of functional studies

with a1-agonists and a1-antagonists in vivo may be associated with the effects on

prostatic rather than urethral a1-adrenoceptors (Akiyama et al. 1999). Yokoyama

et al. (2007) have demonstrated that prostaglandin E2 enhances the micturition reflex

through C-fiber afferents, and the intravenous injection of tamsulosin significantly

increased the interval between bladder contractions in rats not treated with resinifer-

atoxin that were receiving intraurethral but not intravesical prostaglandin E2. They

concluded that tamsulosin exerts an inhibitory effect on the urethral C-fiber afferent

nerves.
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5 Bladder

5.1 mRNA Expression

A competitive RT-PCR study showed that a1a-, a1b-, and a1d-adrenoceptors
accounted for 95, 1, and 4%, respectively, of all a1-adrenoceptor mRNA in the

rat bladder (Scofield et al. 1995), whereas a latter study revealed the presence of the

three subtypes at a ratio of 70:5:25% (Hampel et al. 2002). The mRNA expression

was markedly greater in the rat bladder base than in the detrusor (Yono et al. 2004).

The predominance of the a1A-subtype was confirmed quantitatively using in situ

hybridization, which demonstrated strong expression in the urothelium and moder-

ate expression in smooth muscle (Walden et al. 1997). These authors have shown

similar distribution in the rhesus monkey bladder. Walden et al. (1997) also showed

a moderate expression of a1A-adrenoceptors in the human bladder dome smooth

muscle, but not in the bladder urothelium or connective tissue. Nomiya and

Yamaguchi (2003) have shown a moderate mRNA expression of a1A-adrenoceptors
in the human bladder, involving the a1a (33%)-, a1b (53%)-, and a1d (14%)-

subtypes.

Experiments by Sigala et al. (2004) using semiquantitative RT-PCR showed a

dominance of a1a- and a1d-adrenoceptor mRNA with less a1b-subtype mRNA in

the human bladder. RNase protection assays by Malloy et al. (1998) revealed the

a1a-, a1b-, and a1d-adrenoceptors to be in a ratio of 34, 0, and 66%, respectively.

Taken together, the total amount of a1-adrenoceptor mRNA expressed in the

detrusor seems low, while the a1A-adrenoceptor is the most abundant subtype in

the rat bladder and the a1A- and a1D-adrenoceptors may be present in the human

bladder.

5.2 Protein Expression

The radioligand-binding assay and autoradiography with [125I]BE 2254 ([125I]

HEAT) and [3H]prazosin showed a low density of a1-adrenoceptors in the rat

bladder, representing a homogeneous population comprising the a1A-subtype
(Monneron et al. 2000; Hampel et al. 2002). Autoradiography with [3H]prazosin

showed very few a1-adrenoceptors in the urothelial or smooth muscle of the rhesus

monkey detrusor (Walden et al. 1997). It also showed a greater distribution of

a1-adrenoceptors in the monkey bladder base than detrusor, based on competitive

inhibition by the a1A-selective antagonist SNP 5272. (Walden et al. 1997).

a1-Adrenoceptor was also found in the human bladder base (Levin et al. 1988).

Studies in the human detrusor using [125I]BE 2254 revealed low a1-adrencoeptor
density, and 60% of these receptors were described as a1D-adrenoceptors
(Malloy et al. 1998). Western blotting with subtype-selective antibodies by
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Sigala et al. (2004) showed the presence of all three subtypes at the protein level in

the human detrusor. Thus, the density of a1-adrencoeptors in the detrusor of

various species including humans is relatively low. Therefore, consistent with

mRNA measurements, radioligand-binding and receptor autoradiography-based

studies have shown low densities of a1-adrenoceptors in the detrusor of several

species including humans. a1-Adrenoceptors seemed to be present in the trigone/

bladder base/bladder neck region. The a1A-adrenoceptor appears to be the most

abundant subtype in rats, while the a1D-adrenoceptor seems to be the most abun-

dant subtype in humans.

5.3 Functions

5.3.1 In Vitro Effects

In most species including humans, the stimulation of a1-adrenoceptors produces a
relatively weak contraction of the detrusor, while a stronger contraction is observed

for the trigone, bladder base, and bladder neck. The physiological relevance of

these effects remains unclear, since the bladder neck appears largely under the

control of the parasympathetic rather than sympathetic nervous system (Deplanne

et al. 1998). In analogy to rats and rabbits, studies in the human detrusor have

demonstrated only weak contraction by phenylephrine (Nomiya and Yamaguchi

2003). A stronger contraction was observed in the human bladder base and bladder

neck (Caine et al. 1975). The contraction caused by a1-agonists in the human

bladder was markedly inhibited by a a1A-adrenoceptor-selective antagonist, sug-

gesting a1A-subtype mediation (Chang et al. 2000).

a1-Adrenoceptors in the bladder may affect the contractile response by modulat-

ing the release of neurotransmitters. In fact, a1-adrenoceptor agonists enhanced the
field stimulation-induced release of both acetylcholine and noradrenaline in the

isolated rat bladder (Somogyi et al. 1995). Thus, it was concluded that cholinergic

nerve terminals in rat bladder express a1-adrenocoeptors that facilitate acetylcho-

line release. Szell et al. (2000) have shown that the enhancement of acetylcholine

release was largely mediated by a1A-adrenoceptors.
Trevisani et al. (2007) examined the influence of a1-adrenoceptor agonists and

antagonists on the release of substance P from primary sensory neurons of the lower

urinary tract in rats. They concluded that a1-adrenoceptors are functionally

expressed by the capsaicin-sensitive, nociceptive, primary sensory neurons of the

rat lower urinary tract, and their activation might contribute to the signaling of

irritative and nociceptive responses arising from this region. Thus, part of the

beneficial effects of a1-adrenoceptor antagonists in the amelioration of storage

symptoms in the lower urinary tract could be derived from their inhibitory effect

on neurogenic inflammatory responses.
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5.3.2 In Vivo Effects

The bladder receives innervation by autonomic nerves. Sacral parasympathetic

nerves induce micturition, whereas lumbar sympathetic nerves modulate micturi-

tion and promote urine storage (de Groat et al. 1993). a1-Adrenoceptors are present
in the neural pathways to the bladder. Various factors are thought to be affected by

actions mediated via the a1-adrenoceptors, including the detrusor smooth muscle,

the detrusor vasculature, afferent and efferent nerve terminals, intramural ganglia,

the urothelium, and interstitial cells (Andersson and Gratzke 2007).

a1-Adrenoceptors are also involved in the peripheral control of sympathetic

supply to the bladder and thus storage. In this respect, stimulation of the hypogastric

nerve has been shown to facilitate cholinergic transmission at the level of the pelvic

ganglia by the actions of a1-adrenoceptors (Keast et al. 1990) and thus also enhancing
bladder contractions. The intravenous injection of a1-adrenoceptor antagonists inhib-
ited the sympathetic control of the bladder by reducing hypogastric nerve activity

(Danuser and Thor 1995; Ramage and Wyllie 1995) and somatic activity to the

urethra (Danuser and Thor 1995). In addition, a1-adrenoceptors are assumed to

suppress micturition via a peripheral mechanism (Jeong and Lee 2000).

Very recently, Okutsu et al. (2010) evaluated the effects of tamsulosin on bladder

blood flow (BBF) by the fluoromicrosphere method and bladder function in rats with

BOO. They demonstrated that subcutaneous treatment with tamsulosin significantly

increased BBF in BOO rats with an improvement of the decrease in mean voided

volume. The a1-adrenoceptors expressed in the vesical artery were a1A- > a1D-
adrenoceptors, with almost no expression of the a1B-subtype detected. Thus, it was
concluded that tamsulosin increased BBF in BOO rats via an antagonistic effect,

presumably on the a1A- and/or a1D-adrenoceptors in the vesical artery, and

improved the decrease in mean voided volume.

The effects of tamsulosin on bladder function and premicturition contraction in

conscious rats with BOO were examined (Ohtake et al. 2006). Tamsulosin was

shown to be effective against both premicturition contraction and IUP response in

the same dose range in rats. These results partly support the idea that tamsulosin

improved the storage symptoms as well as voiding symptoms in patients with

LUTS associated with BOO by blocking a1-adrenoceptors. Experimental findings

have indicated involvement of the a1D-adrenoceptor subtype in storage symptoms

(Michel and Vrydag 2006). Thus, the a1-adrenoceptor is considered responsible for
the dynamic component of voiding and storage symptoms.

Birder and de Groat (2007) indicated the possible involvement of the urothe-

lium in bladder dysfunction. Expression of a-adrenoceptors in the urothelium has

been well documented. The upregulation can trigger the release of a number of

mediators including ATP and nitric oxide. Ishihama et al. (2006) found the

presence of a1D-adrenoceptors in the rat urothelium and suggested that activation

of these adrenoceptors facilitates the micturition reflex. They suggested that

endogenous catecholamines act on a1D-receptors in the urothelium to facilitate

mechanosensitive bladder afferent nerve activity and reflex voiding. In addition,
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Birder and de Groat (2007) assumed that catecholamines could be released from

nerves adjacent to the urothelium or from nerves innervating nearly blood vessels.

Whether or not such effects contribute to the clinical efficacy of a1-adrenoceptor
antagonists remains to be established.

6 Ureter

6.1 mRNA and Protein Expression

a1-Adrenoceptors have been demonstrated in the ureters of humans, pigs, dogs, and

horses, and indeed are more abundant than other adrenoceptors in the ureteral

smooth muscle (Weiss et al. 1978; Morita et al. 1994). The relative mRNA

expression levels of a1a-, a1b-, and a1d-adrenoceptors were 74.5, 14.3, and 11.2,

respectively, in the mouse ureter (Kobayashi et al. 2009a), while they were 24.1,

3.2, and 72.7%, respectively, in the dog ureter (Kobayashi et al. 2009b). Thus, the

predominant subtype of ureteral a1-adrenoceptors was a1a in mice and a1d in dogs.

Tomiyama et al. (2007) determined mRNA levels and receptor protein expression

by real-time quantitative RT-PCR and immunohistochemical analysis in hamster

ureteral smooth muscle. The relative mRNA expression levels of a1a-, a1b-, and
a1d-adrenoceptors were 10.7, 1.2, and 88.1%, respectively, and protein expression

was identified for a1A- and a1D-adrenoceptors immunohistochemically. The mRNA

of three subtypes of a1-adrenoceptor also reportedly expresses in the human

ureteral smooth muscle (Sigala et al. 2005; Itoh et al. 2007).

6.2 In Vitro and In Vivo Effects

Adrenaline, noradrenaline, and phenylephrine produced a concentration-dependent

contraction in isolated ureteral preparations of hamsters, mice, and dogs (Wanajo

et al. 2005; Tomiyama et al. 2007; Kobayashi et al. 2009a, b). These agonist-

induced contractions were competitively antagonized by silodosin, prazosin, and

BMY-7378, with much higher potency of silodosin than BMY-7378. These find-

ings indicate that the a1A-adrenoceptor plays a major role in the a1-agonist-induced
contraction of the mouse and dog ureter. Tamsulosin has been found to inhibit

ureteral contractions in humans (K€upeli et al 2004). Therefore, there seems to be no

species differences among mice, hamsters, and humans in terms of the a1A-adre-
noceptor subtype participating in urethral contractions (Tomiyama et al. 2007;

Sasaki et al. 2008).

The autonomic nervous system is known to play an important role in

modulating ureteral motility (Schulman 1974). In an acute-ureteral-obstruction

model using anesthetized dogs, phenylephrine elevated basal ureteral pressure
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without enhancing peristalsis (Tomiyama et al. 2002). In another study, the

intravenous administration of noradrenaline or phenylephrine reduced both

bolus volume and the fluid flow of urine in anasthetized dogs (Morita et al.

1987). Thus, the stimulation of a1A-adrenceptors is likely involved in the

maintenance of ureteral tonus and resistance.

Urolithiasis, a common urologic condition, has been detected in 12% of the

world’s population, although the number of patients is increasing, particularly in

Western countries (Menon et al. 1998; Tiselius 2003). a1-Adrenoceptor antagonists
facilitate the passage of ureteral stones in patients with urolithiasis (Yilmaz et al.

2005; Hollingsworth et al. 2006). In such patients, tamsulosin facilitates the spon-

taneous passage of stones and reduces the time taken to expel the stones (Beach and

Mauro 2006; Parsons et al. 2007; Michel and de la Rosette 2006), indicating the

close relation of a1A- and/or a1D-adreceptor stimulation to ureteral contraction.

Currently, Sasaki et al. (2008) also found that the a1A-adrenoceptor was mainly

involved in phenylephrine-induced ureteral contractions in the isolated human

ureter. The findings may indicate that a1A-adrenoceptor antagonists could become

useful medications for stone passage in urolithiasis patients. In fact, Tzortzis et al.

(2009) noted in a review that “medical expulsive therapy,” using a1-adrenoceptor
antagonists such as tamsulosin, augments the stone expulsion rate compared to

standard therapy for moderately sized distal ureteral stones.

7 Central Nervous System

Many studies have shown that a1-adrenoceptor mRNA is widely distributed in the

brain and spinal cord, including within structures known to be involved in the

control of micturition (Day et al. 1997; Domyancic and Morilak 1997; Smith et al.

1999; Thor and Donatucci 2004). Bladder and urethral activation through these

pathways might involve excitatory a1-adrenoceptors, which seem to be tonically

active in both the sympathetic and somatic neural control of the lower urinary tract

(Thor and Donatucci 2004).

The overall findings made in vivo suggest that spinal a1-adrenoceptors are

probably involved in mediating bladder contractions and decreasing the frequency

of micturition. Thus, systemically administered a1-adrenoceptor antagonists that

penetrate the CNS are considered to inhibit bladder contractions. In anesthetized

rats, intrathecal injections of prazosin inhibited the bladder contraction evoked

from the locus caeruleus (Yoshimura et al. 1988). In addition, the intrathecal

administration of a1-adrenoceptor antagonists increased bladder capacity and

decreased maximal vesical pressure during voiding (Ishizuka et al. 1997; Jeong

and Lee 2000). Ishizuka et al. (1996) also showed that the intrathecal injection of

doxazosin decreased micturition pressure and frequency in the continuous cysto-

metry in conscious rats with and without BOO. The isovolumetric bladder contrac-

tion in rats was transiently abolished by the intrathecal injection of tamsulosin or

naftopidil (Sugaya et al. 2002). The a1-adrenoceptor selectivity of naftopidil is
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a1D ≧ a1B > a1A. Therefore, in addition to the antagonistic effect of these agents

on the a1A-adrenoceptors of prostatic smooth muscles, it is speculated that both

agents, especially naftopidil, also target the a1(a1A and/or a1D)-adrenoceptors in the
lumbosacral cord. Yokoyama et al (2006) investigated the effect of naftopidil on

cerebral infarction-induced overactivity of the detrusor in rats, with or without

pretreatment with resiniferatoxin to functionally eliminate C-fibers. The intrathecal

or intravenous injection of naftopidil enlarged bladder capacity without decreasing

bladder contraction pressure or increasing residual volume in C-fiber-intact rats. By

contrast, naftopidil did not increase the bladder capacity in C-fiber-desensitized rats

with cerebral infarction, an observation that supports the hypothesis that naftopidil

improves detrusor overactivity by inhibiting C-fiber afferents in the spinal cord.

This concept is of particular interest considering the finding that a1D-adrenocepoter
mRNA is the predominant subtype in the human spinal cord (Smith et al. 1999).

a1D-Adrenoceptors in the detrusor and their levels of expression might not always

be relevant to the functional importance of this receptor subtype. The a1D-adrenocep-
tors in bladder structures such as the urothelium involved in afferent signaling or the

extravesical a1D-subtype in afferent pathways, ganglia, and the CNS could be more

important for the control of bladder function. The importance of a1D-adrenoceptors
for controllingmicturition was further investigated in knockout mice. Nakamura et al.

(2004) and Chen et al. (2005) showed that a1d-knockout mice had greater bladder

capacity and larger voided volumes than wild-type controls, supporting an important

role for the a1D-adrenoceptors in the control of voiding.
The permeability though the blood–brain barrier (BBB) is critical for the appear-

ance of CNS effect of a1-adrenoceptor antagonists in vivo. Alfuzosin and tamsulosin

exhibit almost no penetration into the CNS. In fact, we found the absence of in vivo

a1-adrenoceptor binding of [3H]prazosin, [3H]tamsulosin, and [3H]silodosin in the

rat brain after the intravenous injection, possibly being due to the limited brain

distribution by poor permeability through the BBB (Yamada et al. 1999, 2001).

This idea is supported by the ex vivo observation that there is little alteration in

a1-adrenoceptor-binding parameters in brain tissues of rats after oral administration

of prazosin and tamsulosin at pharmacological doses (Ohkura et al. 1998, 2002).

Thus, it seems unlikely that these agents have some clinical effects on CNS.

8 Conclusion

a1-Adrenoceptors in the urinary tract and CNS play a critical role in urinary

function and also mediate many pharmacological effects of a1-adrenoceptor
antagonists. The downstream effectors beyond the receptors are increasingly

being elucidated. This increased understanding may promote the development of

new therapeutic agents in the near future. A knowledge of the pharmacology of

a1-adrenoceptor subtypes in the urinary tract should facilitate not only the rational

use of a1-adrenoceptor antagonists in the treatment of BPH and LUTS, but also the

discovery of therapeutic agents for new target molecules. Finally, understanding the
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molecular mechanism transducing the functional effects of a1-adrenoceptors may

yield further targets for future drug development.
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Abstract Within the urinary tract, b-adrenergic receptors (AR) are found largely

on smooth muscle cells but are also present, at least in the bladder, in the urothelium

and on afferent nerves. Our understanding of b-AR subtype expression and function

is hampered by a lack of well-validated tools, particularly with regard to b3-AR.
Moreover, the b-AR subtypes involved in a specific function may differ between

species. In the ureter, b-AR can modulate pacemaker activity and smooth muscle

tone involving multiple subtypes. In the human bladder, b-AR promote urine

storage. Bladder smooth muscle relaxation primarily involves b3-AR, and the

agonists selective for this subtype are in clinical development to treat bladder

dysfunction. While prostate and urethra also express b-AR, the overall physiologi-
cal role in these tissues remains unclear.
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1 Introduction

b-Adrenergic receptors (ARs) mediate many of the effects of norepinephrine

released from the sympathetic nervous system and epinephrine released from the

adrenals. For a long time, these effects were attributed to two receptor subtypes, the

b1- and b2-ARs. During the past two decades, it has become clear that a third

subtype exists, the b3-AR, but much less is known about this than the two other

subtypes, particularly due to a lack of selective tools (see Sect. 15.2). It appears that

in humans, the urinary tract is a key tissue in which b3-ARs are important, particu-

larly in the bladder. We have recently comprehensively reviewed the expression

and function of b-AR subtypes in bladder, prostate, and urethra (Michel and Vrydag

2006). As limited novel data has emerged on prostatic or urethral b-AR, this chapter
will only summarize the earlier data for these tissues and the older bladder data.

More space will be given to novel data on b-AR and the bladder and to the role of

b-AR in the ureter.

2 Methodological Aspects

Based upon the long-standing interest in b1- and b2-ARs, many well-validated tools

are available to study these subtypes at the protein level, i.e., highly selective radi-

oligands, agonists, and antagonists. In contrast, selective agonists and antagonists are

only available to a limited extent for b3-ARs (Vrydag andMichel 2007). For example,

the often used antagonist SR 59,230A, contrary to common belief lacks selectivity for

this subtype in humans, is a partial agonist and can also act on targets other than b-
ARs. Many other compounds also have poor selectivity for b3-ARs and/or ancillary
properties (Mori et al. 2010). Moreover, no suitable radioligands are available to label

b3-ARs in tissues. Finally, recent data indicate that commercially available antibodies

for all three b-AR subtypes lack the promised selectivity for their cognate receptors

(Pradidarcheep et al. 2009; Hamdani and van der Velden 2009). These limitations

need to be kept in mind in the interpretation of available data on b-AR in the urinary

tract. Specifically, some studies may have underestimated a contribution from b3-ARs
or claimed their presence based on insufficient data.

3 Ureter

The ureter provides unidirectional transport of urine from the kidneys to the bladder

by means of propulsive contractions originating from pacemaker cells in the renal

pelvis. This peristalsis is primarily regulated by myogenic mechanisms, but several

factors including neuronally released norepinephrine contribute to the regulation

of ureter smooth muscle tone (Canda et al. 2007). Norepinephrine appears to mainly
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act via a1-ARs rather than b-ARs in the ureter as the net response across several species
is contraction rather than relaxation both in vitro (Weiss et al. 1978; Morita et al. 1994;

Labadia et al. 1987) and in vivo (Hernandez et al. 1992;McLeod et al. 1973). However,

the balance between a1- and b-AR may depend on the ureter segment, with the distal

segments exhibiting a somewhat stronger b-AR component (Tindall 1972).

All three b-AR subtypes are expressed in human ureter smooth muscle at the

mRNA level (Park et al. 2000), whereas only b1- and b2-AR mRNA has been

reported in the rat (b3-ARmRNAnot investigated) (Meister et al. 1994). The density

of b-AR protein as detected by radioligand binding in the ureter has been reported to

be low, e.g., in dogs (Levin and Wein 1979) and humans (Park et al. 2000), but the

techniques being used are unsuitable to detect possibly present b3-AR.
b-AR agonists can have two major effects on the ureter activity. Firstly, they can

alter the pacemaker activity in vitro (Morita and Suzuki 1984; Oostendorp et al.

2000) and in vivo (Peters et al. 1979). Although the receptor subtypes mediating

such alterations have not been well characterized, some data in dogs indicate that

b1-AR agonists (dobutamine) may enhance whereas b2-AR agonists (terbutaline)

may inhibit the pacemaker (Morita and Suzuki 1984). In contrast, b1-AR in mice, at

least when stimulated via the noncatecholamine recognition site activated by CGP

12,177, can enhance ureteral pacemaker activity (Oostendorp et al. 2000).

Secondly, b-AR agonists can relax ureter smooth muscle, and related studies

have been the main thrust of research in this field. This relaxation involves a

reduction of both the frequency and the force of contraction in vitro (Morita et al.

1994) and in vivo (Mayo and Halbert 1981; Hernandez et al. 1992; Murakami et al.

2000; Danuser et al. 2001). The b-AR subtypes involved in the relaxation have been

explored in several species. However, the findings in most species are not fully

conclusive, either due to limited value of the tools, which have been used or due to

somewhat controversial data. Nevertheless, it appears that the subtypes being

involved in ureter relaxation may differ between species (for summary see Table 1).

Table 1 b-Adrenergic receptor subtypes involved in urinary tract smooth muscle relaxation in

various species

Species Ureter Bladder detrusor Prostate Urethra

Rat b1 b3 � b2 b2 b2 > b3
Mouse n.d. b2 n.d. n.d.

Rabbit b2 and/or b3 b2 n.d. n.d.

Guinea pig b2 and/or b3 b1, b2 and/or b3 b1, b2 n.d.

Ferret n.d. b3 n.d. n.d.

Cat n.d. b1 n.d. n.d.

Dog b2 and/or b3 b3 n.d. b2
Pig b2 and/or b3 b2 � b3 n.d. b3
Horse b2 n.d. n.d. b2
Monkey n.d. b3 n.d. n.d.

Human b2 and/or b3 b3 b2 n.d.

Of note, conclusions for several species are based on limited data. For references, see main text

(ureter) and Michel and Vrydag (2006) (other tissues)

n.d. Not determined
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Thus, b1-AR may be involved in rats (Tomiyama et al. 1998). In contrast, b2- and/or
b3-AR have been proposed for rabbits (Tomiyama et al. 1998, 2003a), guinea pigs

(Yamamoto and Koike 2000), pigs (Wanajo et al. 2004), dogs (Morita et al. 1994;

Tomiyama et al. 1998, 2003a, b), horses (Labadia et al. 1987), and humans (Park

et al. 2000).

Reduction of ureter smooth muscle tone is clinically relevant in the context of

stone disease, and currently available medical treatments to enhance stone expul-

sion have limited efficacy (Tzortzis et al. 2009). Therefore, several studies have

addressed the potential of b-AR agonists to promote stone expulsion. b-AR agonists

can cause ureter relaxation in a dog model of acute obstruction (Murakami et al.

2000) and have been reported to be effective in a rabbit in vitro model of stone

disease (Miyatake et al. 2001). Two clinical pilot studies, one based on systemic

administration of the partial agonist oxprenolol (Bajor 1980) and one based on

topical application of isoproterenol during renal pelvic irrigation (Jung et al. 2008),

have yielded promising results. Based on such data, the mixed b2/3-AR agonist

KUL-7211 has been proposed to be a potential therapeutic for the treatment of

ureteral stones based upon animal data (Tomiyama et al. 2003a; Wanajo et al.

2005), but this remains to be confirmed in clinical studies.

4 Bladder

The bladder translates the continuous process of urine formation into the discontin-

uous event of micturition. The associated increase in intravesical volume of >10-

fold requires marked smooth muscle relaxation lasting for several hours (Michel

and Parra 2008). While the physiological role of the sympathetic system in this

long-lasting relaxation remains unclear, b-AR stimulation is an effective mecha-

nism to increase bladder capacity.

At the mRNA level, all three subtypes are detectable in the bladder. Whereas in

the rat bladder, the abundance of the three subtypes appears similar (Barendrecht

et al. 2009), in the human bladder, >95% of all b-AR mRNA belongs to the b3-
subtype (Nomiya and Yamaguchi 2003). At the protein level, b1- and b2-AR have

been identified by radioligand binding in the bladder of humans (Goepel et al. 1997)

and several animals species (Michel and Vrydag 2006), whereas a lack of b3-AR
detection is primarily attributable to a lack of suitable tools rather than a lack of

presence of this subtype.

Bladder smooth muscle relaxation upon b-AR stimulation has been demon-

strated in many species including rats, rabbits, guinea pigs, ferrets, cats, dogs,

pigs, monkeys, and humans; the maximum relaxation appears similar across spe-

cies, but agonist potency may differ between them (Michel and Vrydag 2006).

Moreover, efficacy and potency of b-AR agonists depends markedly on the stimu-

lus used to induce bladder contraction (Michel and Vrydag 2006; Michel and Sand

2009). Of note, bladder relaxation occurs mainly in the detrusor and not necessarily

in the bladder neck. At the cellular level, bladder smooth muscle relaxation induced
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by b-AR stimulation involves cAMP formation to only a minor, if any, extent,

whereas activation of BKCa potassium channels and perhaps also inhibition of the

L-type calcium channels appear to play an important role (Frazier et al. 2008;

Takemoto et al. 2008; Brown et al. 2008; Hristov et al. 2008).

Many studies have investigated the b-AR subtypes involved in bladder smooth

muscle relaxation, and the results differ between species (Table 1). These experi-

ments largely rely on the use of subtype-selective agonists; while experiments with

b1- and b2-AR antagonists have also been performed, truly b3-selective antagonists
such as L-748,337 have rarely been used. Based on these tools and their limitations,

it appears that human bladder relaxation involves predominantly, if not exclusively,

b3-AR (Igawa et al. 1998, 2001; Takeda et al. 1999; Nomiya and Yamaguchi 2003;

Biers et al. 2006; Yamanishi et al. 2006; Badawi et al. 2007; Takasu et al. 2007;

Otsuka et al. 2008a; Wuest et al. 2009), whereas it involves additional and/or

alternative subtypes in some animals species (Table 1).

Bladder smooth muscle relaxation by b-AR agonists apparently does not display

major gender differences (Frazier et al. 2006). In contrast, ageing has repeatedly

been reported to be associated with reductions in b-AR binding sites, reflecting only

alterations of b1- and b2-AR for technical reasons, whereas the potency and/or

efficacy of b-AR-mediated smooth muscle relaxation exhibited only inconsistent

and mostly small reductions with age (Michel and Barendrecht 2008). Whether the

observed impairment of relaxation reflects specific desensitization of b-AR
responses or rather a general impairment of relaxation, e.g., due to structural

changes of the bladder, remains unclear. Moreover, almost all of these studies

were based on rats, and data on other species, specifically humans, are scarce.

Alterations of bladder b-AR responsiveness under pathophysiological conditions

such as bladder outlet obstruction (Barendrecht et al. 2009) appear absent or of

limited magnitude (Michel and Barendrecht 2008), but some exceptions such as

chronic NO deficiency may exist (Monica et al. 2008).

In vivo studies demonstrate that b-AR agonists reduce intravesical pressure and

enhance functional bladder capacity (Michel and Vrydag 2006). Therapeutically,

perhaps more importantly, b-AR agonists can also reduce nonvoiding bladder

contraction, a frequently used proxy parameter for urgency (Michel and Chapple

2009), or increase bladder capacity in animal models of bladder dysfunction. These

include bladder irritation by intravesical installation of prostaglandin E2 (Takeda

et al. 2002; Yamazaki et al. 2002). While such models may be more representative

of disease states such as interstitial cystitis, b-AR agonists also improve bladder

function, e.g., after cerebral infarction (Kaidoh et al. 2002). Ex vivo studies with

bladder tissue from patients with low compliance, hyperreflexic bladders (Igawa

et al. 2001), those with urgency incontinence (Hudman et al. 2001), or those with

outlet obstruction (Nomiya and Yamaguchi 2003) have also shown maintained

smooth muscle relaxation by b-AR agonists.

Of note, most previous studies into b-AR and bladder function have focused on

their role as inductors of detrusor smooth muscle relaxation. Comparison between

intraperitoneal and intrathecal administration of b-AR agonists confirm the idea

that such drugs primarily act via a peripheral site of action (Durant et al. 1988), but
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an additional central site of action is possible for agonists with good penetration

into the brain and/or spinal cord. Such peripheral effects may not be limited to

direct smooth muscle relaxation but may also involve modulation of the contractile

effects mediated by muscarinic receptors (Ehlert et al. 2007; Klausner et al. 2009;

Michel and Sand 2009; Witte et al. 2009). However, this does not necessarily imply

bladder smooth muscle as their primary site of action, particularly not under

pathophysiological conditions. Of note, recent studies demonstrate the existent of

b-AR in the urothelium, where they apparently can modulate the release of factors

altering smooth muscle function (Murakami et al. 2007; Otsuka et al. 2008b; Tyagi

et al. 2009). Additionally, the possibility has been raised that b-AR agonists may

also modulate bladder function by acting on afferent neurons (Aizawa et al. 2010).

However, the relative role of smooth muscle, urothelium, and afferent neurons in

the modulation of bladder function in response to b-AR stimulation has not been

well explored (Leon et al. 2008).

All of these studies indicate that b-AR agonists may become useful therapeutic

agents for bladder dysfunction. Indeed small pilot studies with terbutaline (Lindholm

and Lose 1986) or clenbuterol (Gruneberger 1984) have reported promising results.

As human detrusor relaxation occurs via b3-AR, a subtype with limited function in

the human cardiovascular system (Ursino et al. 2009), selective b3-AR agonists are

under active preclinical and clinical evaluation (see Sect. 15.7).

5 Prostate

The prostate contains glandular/epithelial as well as smooth muscle cells. At the

mRNA level, the presence of both b2- and b3-AR has been reported in rats and

humans, respectively, whereas at the protein level, mostly b2-AR have been

detected in the prostate of various species including humans (Michel and Vrydag

2006), but the radioligands, which have been used in those studies, are not suitable

to detect a possible presence of b3-AR (see Sect. 15.2).

At the cellular level, prostatic b-AR couple to stimulation of adenylyl cyclase.

At the tissue level they have little effect on basal prostate tone but can inhibit a1-
AR-stimulated or receptor-independent prostate contraction in rats (Kalodimos and

Ventura 2001), guinea pigs (Haynes and Hill 1997), dogs (Normandin and Lodge

1996), horses (Garcia-Sacristan et al. 1984), and humans (Tsujii et al. 1992;

Drescher et al. 1994), and in most cases, this involved b2-AR. While little is

known about the expression and function of b-AR in prostatic epithelium, recent

data with the epithelium-derived prostate cancer cell line PC-3 indicates that

norepinephrine (in a propranolol-sensitive manner) stimulates cell growth in vitro

and metastasis of PC-3 cells in nude mice in vivo (Palm et al. 2006).

Prostatic b-AR expression and/or function may be reduced in patients with benign

prostatic hyperplasia (Tsujii et al. 1992) and in a rat model of type 1 diabetes (Gousse

et al. 1991; Fukumoto et al. 1993; Carmena et al. 1997). Moreover, prostatic b-AR
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are regulated by androgens (Poyet et al. 1986; Purvis et al. 1986; Collins et al. 1988;

Guthrie et al. 1990).

While these findings would be compatible with a contribution of reduced b-AR
function to symptoms of benign prostatic hyperplasia and of enhanced b-AR
function in prostate cancer, none of these possibilities has been explored in a

meaningful way in clinical studies.

6 Urethra

While the urethra contributes to bladder outlet resistance in females, its relative role

is much smaller in males where the prostate is more important. The presence of

b-AR protein has been reported by radioligand binding studies in the urethra of

rabbits and humans (Michel and Vrydag 2006). Similar to the other urinary tract

tissues, urethral b-AR couple to smooth muscle relaxation, but its effects in the

urethra are considerably smaller than those in the bladder (Takeda et al. 2003).

Depending upon species, this appears to involve mainly b2- and b3-AR (Table 1).

Nevertheless, b-AR agonists can reduce urethral pressure in vivo in rats (Takeda

et al. 2003), cats (Springer et al. 1994), and humans (Thind et al. 1993a, b). While

such urethral relaxation and hence reduction of bladder outlet resistance may be

undesirable in the treatment of overactive bladder and urgency incontinence, the

smaller magnitude of effects in the urethra as compared to those in the bladder

make it unlikely that direct effects on the urethra limit the usefulness of b-AR
agonists, specifically b3-selective drugs, in the treatment of bladder dysfunction.

7 Drugs in Clinical Development

Based upon the above, it is obvious that drugs targeting b-AR in the LUT are most

likely agonists, specifically b3-selective agonists. The most advanced candidate

drug in this regard is mirabegron (also known as YM 178) intended for the

treatment of overactive bladder (Takasu et al. 2007; Vrydag et al. 2008). Most

importantly, positive results from a clinical proof of concept study (Chapple et al.

2008) as well as a dose-ranging study (Chapple et al. 2010) have recently been

reported for this drug. Accordingly, Astellas has announced on June 18th 2010 that

it had submitted mirabegron for marketing authorization in Japan, implying that

positive phase III results have also been obtained. Other b3-selective agonists

currently in various states of preclinical or clinical development for the treatment of

overactive bladder include AJ-9677 (Otsuka et al. 2008a), compound 138-3350020

(Yamanishi et al. 2006), FK 175 (Imanishi et al. 2008), FK 4664 (Imanishi et al. 2008;

Vrydag et al. 2008), solabegron (Biers et al. 2006; Hicks et al. 2007), TRK-380 (also

known as TAK-301) (Yoshikawa et al. 2009a, b), and ZD-7114 (Badawi et al. 2007).

Ritobegron (also known as KUC 7483) is also in clinical development for OAB
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treatment (Yamazaki et al. 2002), but on July 2nd, 2010, Kissei announced that

ritobegron had failed to reach the primary efficacy endpoint in phase III studies.

b-AR agonists acting on other subtypes such as KUL-7211 may be useful in the

treatment of ureteral stones, but this concept remains to be explored clinically.

8 Conclusions

b-AR, mostly representing b2- and b3-AR, are expressed in all parts of the urinary

tract where they mediate smooth muscle relaxation. However, specifically in the

urinary bladder, additional sites of action including the urothelium and afferent

nerves may also represent cellular targets of b-AR ligands. While b-AR may

contribute to prostatic function, the overactive bladder syndrome and perhaps

ureteral stone expulsion are more likely to represent valid indications for the use

of b-AR agonists. Recently published clinical proof of concept data are encourag-

ing in this regard (Chapple et al. 2008).

Acknowledgments Work in the author’s lab has been supported by grants from the Deutsche

Forschungsgemeinschaft, Coordination Theme 1 (Health) of the European Community’s FP7,

Grant agreement number HEALTH-F2-2008-223234, Astellas and Boehringer Ingelheim.

References

Aizawa N, Igawa Y, Nishizawa O et al (2010) Effects of CL316, 243, a beta3-adrenoceptor

agonist, and intravesical prostaglandin E2 on the primary bladder afferent activity of the rat.

Neurourol Urodyn 29(5):771–776

Badawi JK, Seja T, Uecelehan H et al (2007) Relaxation of human detrusor muscle by selective

beta-2 and beta-3 agonists and endogenous catecholamines. Urology 69:785–790

Bajor G (1980) Beta-blocking agent facilitating the spontaneous passage of ureteral stones. Int

Urol Nephrol 22:33–36

Barendrecht MM, Frazier EP, Vrydag W et al (2009) The effect of bladder outlet obstruction on

a1- and b-adrenoceptor expression and function. Neurourol Urodyn 28:349–355

Biers SM, Reynard JM, Brading AF (2006) The effects of a new selective b3-adrenoceptor agonist
(GW427353) on spontaneous activity and detrusor relaxation in human bladder. BJU Int

98:1310–1314

Brown SM, Bentcheva-Petkova LM, Liu L et al (2008) b-Adrenergic relaxation of mouse urinary

bladder smooth muscle in the absence of large-conductance Ca2+-activated K+-channel. Am J

Physiol 295:F1149–F1157

Canda AE, Turna B, Cinar GM et al (2007) Physiology and pharmacology of the human ureter:

basis for current and future treatments. Urol Int 78:289–298

Carmena MJ, Clemente C, Carrero I et al (1997) G-Proteins and b-adrenergic stimulation of

adenylate cyclase activity in the diabetic rat prostate. Prostate 33:46–54

Chapple CR, Yamaguchi O, Ridder A et al (2008) Clinical proof of concept study (Blossom)

shows novel b3 adrenoceptor agonist YM178 is effective and well tolerated in the treatment of

symptoms of overactive bladder. Eur Urol Suppl 7:239–239

314 M.C. Michel



Chapple C, Wyndaele J-J, van Kerrebroeck P et al (2010) Dose-ranging study of once-daily

mirabegron (YM178), a novel selective b3-adrenoceptor agonist, in patients with overactive

bladder (OAB). Eur Urol Suppl 9:249–249

Collins S, Quarmby VE, French FS et al (1988) Regulation of the b2-adrenergic receptor and its

mRNA in the rat ventral prostate by testosterone. FEBS Lett 233:173–176

Danuser H, Weiss R, Abel D et al (2001) Systemic and topical drug administration in the pig

ureter: effect of phosphodiesterase inhibitors a1, b and b2-adrenergic receptor agonists

and antagonists on the frequency and amplitude of ureteral contractions. J Urol

166:714–720

Drescher P, Eckert RE, Madsen PO (1994) Smooth muscle contractility in prostatic hyperplasia:

role of cyclic adenosine monophosphate. Prostate 25:76–80

Durant PA, Lucas PC, Yaksh TL (1988) Micturition in the unanaesthetized rat: spinal vs.

peripheral pharmacology of the adrenergic system. J Pharmacol Exp Ther 245:426–435

Ehlert FJ, Ahn S, Pak KJ et al (2007) Neuronally release acetylcholine acts on the M2 muscarinic

receptor to oppose the relaxant effect of isoproterenol on cholinergic contractions in mouse

urinary bladder. J Pharmacol Exp Ther 322:631–637

Frazier EP, Schneider T, Michel MC (2006) Effects of gender, age and hypertension on b-
adrenergic receptor function in rat urinary bladder. Naunyn-Schmiedeberg’s Arch Pharmacol

373:300–309

Frazier EP, Peters SLM, Braverman AS et al (2008) Signal transduction underlying control of

urinary bladder smooth muscle tone by muscarinic receptors and b-adrenoceptors. Naunyn-
Schmiedeberg’s Arch Pharmacol 377:449–462

Fukumoto Y, Yoshida M, Dokita S et al (1993) The reversal effect of insulin on diabetes-

induced alterations in beta adrenergic and muscarinic receptors in rat prostate. J Urol

149:1602–1607

Garcia-Sacristan A, Casanueva CR, Castilla C et al (1984) Adrenergic receptors in the urethra and

prostate of the horse. Res Vet Sci 36:57–60

Goepel M, Wittmann A, R€ubben H et al (1997) Comparison of adrenoceptor subtype expression in

porcine and human bladder and prostate. Urol Res 25:199–206

Gousse A, Yoshida M, Weiss RM et al (1991) Beta adrenergic receptor alterations in diabetic rat

prostate: effects of insulin and dietary myoinositol. Prostate 19:121–131

Gruneberger A (1984) Treatment of motor urge incontinence with clenbuterol and flavoxate

hydrochloride. Br J Obst Gynaecol 91:275–278

Guthrie PD, Freeman MR, Liao ST et al (1990) Regulation of gene expression in rat prostate by

androgen and b-adrenergic receptor pathways. Mol Endocrinol 4:1343–1353

Hamdani N, van der Velden J (2009) Lack of specificity of antibodies directed against human beta-

adrenergic receptors. Naunyn-Schmiedeberg’s Arch Pharmacol 379:403–407

Haynes JM, Hill SJ (1997) b-Adrenoceptor-mediated inhibition of a1-adrenoceptor-mediated and

field stimulation-induced contractile responses in the prostate of the guinea pig. Br J Pharmacol

122:1067–1074

Hernandez M, Prieto D, Simonsen U et al (1992) Noradrenaline modulates smooth muscle activity

of the isolated intravesical ureter of the pig through different types of adrenoceptors. Br J

Pharmacol 107:931

Hicks A, McCafferty GP, Riedel E et al (2007) GW427353 (solabegron), a novel, selective

b3-adrenergic receptor agonist, evokes bladder relaxation and increases micturition reflex

threshold in the dog. J Pharmacol Exp Ther 323:202–209

Hristov KL, Cui X, Brown SM et al (2008) Stimulation of b3-adrenoceptor relaxes rat urinary
bladder smooth muscle via activation of the large-conductance Ca2+-activated K+ channels.

Am J Physiol 295:C1344–C1353

Hudman D, Elliott RA, Whitakker P et al (2001) Inhibition of the contractile responses of isolated

human and rat bladders by clenbuterol. J Urol 166:1969–1973

Igawa Y, Yamazaki Y, Takeda H et al (1998) Possible b3-adrenoceptor-mediated relaxation of the

human detrusor. Acta Physiol Scand 164:117–118

b-Adrenergic Receptor Subtypes in the Urinary Tract 315



Igawa Y, Yamazaki Y, Takeda H et al (2001) Relaxant effects of isoproterenol and selective b3-
adrenoceptor agonists on normal, low compliant and hyperreflexic human bladders. J Urol

165:240–244

Imanishi M, Tomishima Y, Itou S et al (2008) Discovery of a novel series of biphenyl benzoic acid

derivatives as potent and selective human b3-adrenergic receptor agonists with good oral

bioavailability. Part I. J Med Chem 51:1925–1944

Jung H, Norby B, Frimodt-Moller PC et al (2008) Endoluminal isoproterenol irrigation

decreases renal pelvic pressure during flexible ureteroscopy: a clinical, randomized, con-

trolled study. Eur Urol 54:1404–1413

Kaidoh K, Igawa Y, Takeda H et al (2002) Effects of selective b2 and b3-adrenoceptor agonists in
detrusor hyperreflexia in conscious cerebral infarcted rats. J Urol 168:1247–1252

Kalodimos PJ, Ventura S (2001) b2-Adrenoceptor-mediated inhibition of field stimulation induced

contractile responses of the smooth muscle of the rat prostate gland. Eur J Pharmacol

431:81–89

Klausner AP, Rourke KF, Miner AS et al (2009) Potentiation of carbachol-induced detrusor

smooth muscle contractions by b-adrenoceptor activation. Eur J Pharmacol 606:191–198

Labadia A, Rivera L, Costa G et al (1987) Alpha- and beta-adrenergic receptors in the horse ureter.

Rev Esp Fisiol 43:421–425

Leon LA, Hoffman BE, Gardner SD et al (2008) Effects of the b3-adrenergic receptor agonist

disodium 5[(2R)-2-[[(2R)-2-(3-chlorophenyl)-2-hydroxyethyl]amino]propyl]-1, 3-benzodiox-

ole-2, 2, dicarboxylate (L-316243) on bladder micturition reflex in spontaneously hypertensive

rats. J Pharmacol Exp Ther 326:178–185

Levin RM,Wein AJ (1979) Quantitative analysis of alpha and beta adrenergic receptor densities in

the lower urinary tract of the dog and the rabbit. Invest Urol 17:75–77

Lindholm P, Lose G (1986) Terbutaline (Bricanyl) in the treatment of female urge incontinence.

Urol Int 41:158–160

Mayo ME, Halbert SA (1981) The effect of autonomic drugs on ureteric peristalsis: a canine

in vivo study. Urol Res 9:209–216

McLeod DG, Reynolds DG, Swan KG (1973) Adrenergic mechanisms in the canine ureter. Am J

Physiol 224:1054–1058

Meister B, Dagerlind A, Nicholas AP et al (1994) Patterns of messenger RNA expression for

adrenergic receptor subtypes in rat kidney. J Pharmacol Exp Ther 268:1605–1611

Michel MC, Barendrecht MM (2008) Physiological and pathological regulation of the autonomic

control of urinary bladder contractility. Pharmacol Ther 117:297–312

Michel MC, Chapple CR (2009) Basic mechanisms of urgency: basic and clinical evidence. Eur

Urol 56:298–308

Michel MC, Parra S (2008) Similarities and differences in the autonomic control of airway and

urinary bladder smooth muscle. Naunyn-Schmiedeberg’s Arch Pharmacol 378:217–224

Michel MC, Sand C (2009) Effect of pre-contraction on b-adrenoceptor-mediated relaxation of rat

urinary bladder. World J Urol 27:711–715

Michel MC, Vrydag W (2006) a1-, a2- and b-adrenoceptors in the urinary bladder, urethra and

prostate. Br J Pharmacol 147:S88–S119

Miyatake R, Tomiyama Y, Murakami M et al (2001) Effects of isoproterenol and butylscopola-

mine on the friction between an artificial stone and the intraureteral wall in anaesthetized

rabbits. J Urol 166:1083–1087

Monica FZT, Bricola AAO, Bau FR et al (2008) Long-term nitric oxide deficiency causes

muscarinic supersensitivity and reduces b3-adrenoceptor-mediated relaxation, causing rat

detrusor overactivity. Br J Pharmacol 153:1659–1668

Mori A, Miwa T, Sakamoto K et al (2010) Pharmacological evidence for the presence of functional

b3-adrenoceptors in rat retinal blood vessels. Naunyn-Schmiedeberg’s Arch Pharmacol 382

(2):119–126

Morita T, Suzuki T (1984) Effects of beta-adrenergic agents on the pacemaker of ureteral

peristalsis. Urol Int 39:154–158

316 M.C. Michel



Morita T, Ando M, Kihara K et al (1994) Function and distribution of autonomic receptors in

canine ureteral smooth muscle. Neurourol Urodyn 13:315–321

Murakami M, Tomiyama Y, Hayakawa K et al (2000) Effects of b-adrenergic stimulation on

acutely obstructed ureter in dogs. J Pharmacol Exp Ther 292:67–75

Murakami S, Chapple CR, Akino H et al (2007) The role of the urothelium in mediating bladder

responses to isoprenaline. BJU Int 99:669–673

Nomiya M, Yamaguchi O (2003) A quantitative analysis of mRNA expression of a1 and b-
adrenoceptor subtypes and their functional roles in human normal and obstructed bladders.

J Urol 170:649–653

Normandin DE, Lodge NJ (1996) Pharmacoalogical characterization of the isolated canine

prostate. J Urol 155:1758–1761

Oostendorp J, Preitner F, Moffatt J et al (2000) Contribution of b-adrenoceptor subtypes to

relaxation of colon and oesophagus and pacemaker activity of ureter in wild-type and b3-
adrenoceptor knockout mice. Br J Pharmacol 130:747–758

Otsuka A, Shinbo H, Hasebe K et al (2008a) Effects of a novel b3-adrenoceptor agonist, AJ-9677,
on relaxation of the detrusor muscle: an in vitro study. Int J Urol 15:1072–1076

Otsuka A, Shinbo H, Matsumoto R et al (2008b) Expression and functional role of b-adrenoceptors
in the human urinary bladder. Naunyn-Schmiedeberg’s Arch Pharmacol 377:473–481

Palm D, Lang K, Niggemann B et al (2006) The norepinephrine-driven metastasis development of

PC-3 human prostate cancer cells in BALB/c nude mice is inhibited by b-blockers. Int J Cancer
118:2744–2749

Park Y-C, Tomiyama Y, Hayakawa K et al (2000) Existence of a b3-adrenoceptor and its

functional role in the human ureter. J Urol 164:1364–1370

Peters HJ, Parekh N, Popa G (1979) Effects of adrenergic and cholinergic agents on ureteral

functions in dogs. Urol Int 34:137–146

Poyet P, Gagne B, Labrie F (1986) Characteristics of the b-adrenergic stimulation of adeny-

late cyclase activity in rat ventral prostate and its modulation by androgens. Prostate

9:237–245

Pradidarcheep W, Stallen J, Labruyere WT et al (2009) Lack of specificity of commercially

available antisera against muscarinic and adrenergic receptors. Naunyn-Schmiedeberg’s

Arch Pharmacol 379:397–402

Purvis K, Rui H, Gordeladze JO et al (1986) Hormonal activation of the adenylyl cyclases of the

rat and human prostate gland. Prostate 8:11–24

Springer JP, Kropp BP, Thor KB (1994) Facilitatory and inhibitory effects of selective norepi-

nephrine reuptake inhibitors on hypogastric nerve-evoked urethral contractions in the cat: a

prominent role of urethral b-adrenergic receptors. J Urol 152:515–519
Takasu T, Ukai M, Sato S et al (2007) Effect of YM178, a novel selective b3-adrenoceptor agonist,

on bladder function. J Pharmacol Exp Ther 321:642–647

Takeda M, Obara K, Mizusawa T et al (1999) Evidence for b3-adrenoceptor subtypes in relaxation
of the human urinary bladder detrusor: analysis by molecular biological and pharmacologocial

methods. J Pharmacol Exp Ther 288:1367–1373

Takeda H, Yamazaki Y, Igawa Y et al (2002) Effects of b3-adrenoceptor stimulation on prosta-

glandin E2-induced bladder hyperreactivity and on the cardiovascular system in conscious rats.

Neurourol Urodyn 21:558–565

Takeda H, Matsuzawa A, Igawa Y et al (2003) Functional characterization of b-adrenoceptor
subtypes in the canine and rat lower urinary tract. J Urol 170:654–658

Takemoto J, Masumiya H, Nunoki K et al (2008) Potentiation of potassium currents by beta-

adrenoceptor agonists in human urinary bladder smooth muscle cells: a possible electrical

mechanism of relaxation. Pharmacology 81:251–258

Thind P, Lose G, Colstrup H et al (1993a) The effect of pharmacological stimulation and

blockade of autonomic receptors on the urethral pressure and power generation during

coughing and squeezing of the pelvic floor in healthy females. Scand J Urol Nephrol

27:519–525

b-Adrenergic Receptor Subtypes in the Urinary Tract 317



Thind P, Lose G, Colstrup H et al (1993b) The influence of b-adrenoceptor and muscarinic

receptor agonists and antagonists on the static urethral closure function in healthy females.

Scand J Urol Nephrol 27:31–38

Tindall AR (1972) Preliminary observations on the mechanical and electrical activity of the rat

ureter. J Physiol (London) 223:633–647

Tomiyama Y, Hayakawa K, Shinagawa K et al (1998) b-Adrenoceptor subtypes in the ureteral

smooth muscle of rats, rabbits and dogs. Eur J Pharmacol 352:269–278

Tomiyama Y, Murakami M, Hayakawa K et al (2003a) Pharmacological profile of KUL-7211, a

selective b-adrenoceptor agonist, in isolated ureteral smoothmuscle. J Pharmacol Sci 92:411–419

Tomiyama Y, Murakami M, Yamazaki Y et al (2003b) Comparison between CL-316243- and

CGP-12177A-induced relaxations in isolated canine ureter. Pharmacology 68:140–146

Tsujii T, Azuma H, Yamaguchi T et al (1992) A possible role of decreased relaxation mediated by

b-adrenoceptors in bladder outlet obstruction by benign prostatic hypertrophy. Br J Pharmacol

107:803–807

Tyagi P, Thomas CA, Yoshimura N et al (2009) Investigations into the presence of functional b1,
b2 and b3-adrenoceptors in urothelium and detrusor of human bladder. Int Braz J Urol

35:76–83

Tzortzis V, Mamoulakis C, Rioja J et al (2009) Medical expulsive therapy for distal ureteral

stones. Drugs 69:677–692

Ursino MG, Vasina V, Raschi E et al (2009) The b3-adrenoceptor as a therapeutic target: current
perspectives. Pharmacol Res 59:221–234

Vrydag W, Michel MC (2007) Tools to study b3-adrenoceptors. Naunyn-Schmiedeberg’s Arch

Pharmacol 374:385–398

Vrydag W, Alewijnse AE, Michel MC (2008) Do gene polymorphisms alone or in combination

affect the function of human b3-adrenoceptors? Br J Pharmacol 156:127–134

Wanajo I, Tomiyama Y, Yamazaki Y et al (2004) Pharmacological characterization of b-adreno-
ceptor subtypes mediating relaxation in porcine isolated utereral smooth muscle. J Urol

172:1155–1159

Wanajo I, Tomiyama T, Tadachi M et al (2005) The potency of KUL-7211, a selective ureteral

relaxant, in isolated canine ureter: comparison with various spasmolytics. Urol Res

33:409–414

Weiss RM, Basset AL, Hoffman BF (1978) Adrenergic innervation of the ureter. Invest Urol

16:123–127

Witte LPW, de Haas N, Mammen M et al (2009) Roles of M2 and M3 muscarinic receptors in the

modulation of b-adrenoceptor-mediated relaxation of the rat urinary bladder. pA2 online 6:

http://www.pA2online.org/abstracts/Vol6Issue4abst053.pdf

Wuest M, Eichhorn B, Grimm MO et al (2009) Catecholamines relax detrusor through b2-
adrenoceptors in mouse and b3-adrenoceptors in man. J Pharmacol Exp Ther 328:213–222

Yamamoto Y, Koike K (2000) The effects of b-adrenoceptor agonists on KCl-induced rhythmic

contraction in the ureter of guinea pig. J Smooth Muscle Res 36:13–19

Yamanishi T, Yasuda K, Kitahara S et al (2006) Effects of 138-355, a b3-adrenoceptor selective
agonist, on relaxation of the human detrusor muscle in vitro. Neurourol Urodyn 25:815–819

Yamazaki Y, Tatemichi S, Maruyama I et al (2002) Characterization of KUC-7483 and its active

metabolite, KUC-7322, a selective beta3-adrenoceptor agonist, on bladder function in rats.

https://www.icsoffice.org/publications/2002/pdf/095.pdf

Yoshikawa S, Kanie S, Kobayashi R et al (2009) TRK-380, a novel B3-adrenoceptor (AR) agonist,

decreases voiding frequency in rats with formalin-induced pollakiuria and suppresses the non-

voiding contractions (NVCS) in bladder outlet obstruction (BOO). https://www.icsoffice.org/

ASPNET_Membership/Membership/Abstracts/Publish/47/000505.pdf

Yoshikawa S, Morimoto T, Okazaki S et al (2009) TRK-380, a novel B3-adrenoceptor (AR)

agonist with potent agonistic activity, functionally relaxes detrusor strips in some species

including humans. https://www.icsoffice.org/ASPNET_Membership/Membership/Abstracts/

Publish/47/000502.pdf

318 M.C. Michel



Muscarinic Acetylcholine Receptors

in the Urinary Tract

K.-E. Andersson

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320

1.1 Muscarinic Acetylcholine Receptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320

2 Bladder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321

2.1 Cholinergic Nerves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321

2.2 Muscarinic Acetylcholine Receptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321

2.3 Receptor Distribution and Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322

2.4 Receptor Changes in Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325

3 Urethra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327

3.1 Cholinergic Nerves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327

3.2 Receptor Distribution and Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327

3.3 Changes in Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 328

4 Prostate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329

4.1 Cholinergic Nerves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329

4.2 Muscarinic Receptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329

4.3 Distribution and Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329

4.4 Changes in Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 330

5 Ureter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331

5.1 Cholinergic Nerves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331

5.2 Muscarinic Receptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331

5.3 Distribution and Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331

5.4 Receptor Changes in Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 332

6 Muscarinic Receptor Agonists . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 332

7 Muscarinic Receptor Antagonists . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 333

8 Summary and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 336

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 336

Abstract Muscarinic receptors comprise five cloned subtypes, encoded by five

distinct genes, which correspond to pharmacologically defined receptors (M1–M5).

They belong to the family of G-protein-coupled receptors and couple differentially

K.-E. Andersson

Institute for Regenerative Medicine, Wake Forest University School of Medicine, Medical Center

Boulevard, Winston Salem, NC 27157, USA

e-mail: Karl-Eric.Andersson@med.lu.se

K.‐E. Andersson and M.C. Michel (eds.), Urinary Tract,
Handbook of Experimental Pharmacology 202,

DOI 10.1007/978-3-642-16499-6_16, # Springer-Verlag Berlin Heidelberg 2011

319



to the G-proteins. Preferentially, the inhibitory muscarinic M2 and M4 receptors

couple to Gi/o, whereas the excitatory muscarinic M1, M3, and M5 receptors pre-

ferentially couple to Gq/11. In general, muscarinic M1, M3, and M5 receptors

increase intracellular calcium by mobilizing phosphoinositides that generate inosi-

tol 1,4,5-trisphosphate (InsP3) and 1,2-diacylglycerol (DAG), whereas M2 and M4

receptors are negatively coupled to adenylyl cyclase. Muscarinic receptors are

distributed to all parts of the lower urinary tract. The clinical use of antimuscarinic

drugs in the treatment of detrusor overactivity and the overactive bladder syndrome

has focused interest on the muscarinic receptors not only of the detrusor, but also of

other components of the bladder wall, and these have been widely studied. How-

ever, the muscarinic receptors in the urethra, prostate, and ureter, and the effects

they mediate in the normal state and in different urinary tract pathologies, have so

far not been well characterized. In this review, the expression of and the functional

effects mediated by muscarinic receptors in the bladder, urethra, prostate, and

ureters, under normal conditions and in different pathologies, are discussed.

Keywords Bladder � Cholinergic nerves �Muscarinic receptor agonist �Muscarinic

receptor antagonist � Prostate � Ureter � Urethra

1 Introduction

The parasympathetic part of the autonomic nervous system is composed of neurons

arising from the brainstem and sacral spinal cord. The main transmitter is acetyl-

choline (ACh), which is released at both ganglionic synapses and at postganglionic

neuroeffector junctions. Nerves containing ACh are called cholinergic, a term

introduced by Dale to describe neurons that liberate ACh. It should be remembered,

however, that such nerves may contain other transmitters and that they can also be

found postjunctionally in the sympathetic part of the autonomic nervous system

(sweat glands and prostate). In all ganglia, released ACh stimulates nicotinic

receptors. However, the postjunctional effects of ACh released from cholinergic

nerves, mediating important functional actions in smooth muscle and other struc-

tures of the urogenital region, are mediated via muscarinic receptors (Andersson

1993; Andersson and Wein 2004). ACh may be released not only from cholinergic

nerves; in isolated human bladder tissue, a basal ACh release of nonneuronal origin

has also been demonstrated (Yoshida et al. 2004, 2006, 2008). The released ACh

was at least partly generated by the urothelium.

1.1 Muscarinic Acetylcholine Receptors

Muscarinic receptors comprise five subtypes, encoded by five distinct genes (Caulfield

and Birdsall 1998). The five gene products correspond to pharmacologically defined
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receptors, and M1–M5 are used to describe both the molecular and pharmacological

subtypes. The muscarinic receptors belong to the family of G-protein-coupled

receptors. The G-proteins, consisting of a-, b-, and g-subunits, are subdivided into

Gs, Gi/o, Gq, and G12 depending on the primary sequence homology of their a-
subunits (Gudermann et al. 1996). The muscarinic receptor subtypes couple differ-

entially to the G-proteins, and the subunits of G-proteins activate distinct cellular

pathways. Preferentially, the inhibitory muscarinic M2 and M4 receptors couple to

Gi/o, whereas the excitatory muscarinic M1, M3, and M5 receptors preferentially

couple to Gq/11 (Wu et al. 2000). Muscarinic M1, M3, and M5 receptors increase

intracellular calcium by mobilizing phosphoinositides that generate inositol 1,4,5-

trisphosphate (InsP3) and 1,2-diacylglycerol (DAG), whereas M2 and M4 receptors

are negatively coupled to adenylyl cyclase (van Koppen and Kaiser 2003).

2 Bladder

2.1 Cholinergic Nerves

Although histochemical methods that stain for acetylcholine-esterase (AChE) and

choline acetyl transferase (ChAT) are not specific for acetylcholine-containing

nerves (Lincoln and Burnstock 1993), they have been widely used as an indirect

indicator of cholinergic nerves. The vesicular acetylcholine transporter (VAChT) is

considered a specific marker for cholinergic nerve terminals (Arvidsson et al. 1997)

and should more reliably detect cholinergic nerves. In rat bladder, smooth muscle

bundles were supplied with a very rich number of VAChT-positive terminals also

containing neuropeptide Y, nitric oxide synthase (NOS), and vasoactive intestinal

polypeptide (VIP) (Persson et al. 1997). Similar findings have been reported in

human bladders of neonates and children (Dixon et al. 2000). The muscle coat of

the bladder was richly innervated by a plexus of branching VAChT-immunoreac-

tive neurons scattered throughout the detrusor muscle. VAChT-positive clusters of

ganglion cells could be observed in the muscle coat, but VAChT-immunoreactive

nerves, and occasionally, ganglion cells were also observed in the lamina propria.

The function of these nerves is unclear, but an afferent function or a neurotrophic

role with respect to the urothelium cannot be excluded (Dixon et al. 2000).

2.2 Muscarinic Acetylcholine Receptors

Muscarinic receptors are the physiologically most important mechanisms to elicit

contraction of the urinary bladder (Andersson 1993). In the human bladder, the

mRNAs and proteins of all muscarinic receptor subtypes have been demonstrated

(Sigala et al. 2002; Bschleipfer et al. 2007), with a predominance of M2 and M3
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receptors (Yamaguchi et al. 1996; Sigala et al. 2002; Giglio and Tobin 2009). These

receptors are functionally coupled to G-proteins, but the signal transduction sys-

tems vary (Eglen et al. 1996; Hegde and Eglen 1999; Chess-Williams 2002; Giglio

and Tobin 2009). Carbachol-induced contraction was associated with phosphoino-

sitide hydrolysis in human detrusor (Andersson et al. 1991; Harriss et al. 1995). In

cat detrusor muscle, contraction induced by acetylcholine was found to be mediated

via M3 receptor-dependent activation of Gq/11 and PLC-b1 and IP3-dependent Ca
2+

release (An et al. 2002). Jezior et al. (2001) found that bethanechol-induced

contractions in the rabbit detrusor were practically abolished by inhibitors of

Rho-kinase (Y-27632, HA 1077) in combination with a nonselective cation channel

inhibitor (LOE-908). They suggested that muscarinic receptor activation of detru-

sor muscle includes both nonselective cation channels and activation of Rho-

kinase. Supporting a role of Rho-kinase in the regulation of rat detrusor contraction

and tone, Wibberley et al. (2003) found that Rho-kinase inhibitors (Y-27632 and

HA 1077) inhibited contractions evoked by carbachol without affecting the con-

traction response to KCl. They also demonstrated high levels of Rho-kinase iso-

forms (I and II) in the bladder. In the human detrusor, Schneider et al. (2004a),

demonstrated that the phospholipase C inhibitor U 73122 did not significantly

affect carbachol-stimulated bladder contraction. This inhibitor was shown to

block IP3 generation in rat bladder (Schneider et al. 2004b). They concluded that

carbachol-induced contraction of human urinary bladder is mediated via M3 recep-

tors and largely depends on Ca2+ entry through nifedipine-sensitive channels and

activation of the Rho-kinase pathway. Thus, it may be that the main pathways for

muscarinic receptor activation of the human detrusor via M3 receptors are calcium

influx via L-type calcium channels, and increased sensitivity to calcium of the

contractile machinery via inhibition of myosin light chain phosphatase through

activation of Rho-kinase (Schneider et al. 2004a, b; Andersson 2004a, 2004b;

Frazier et al. 2007).

The inhibitory muscarinic M2 and M4 receptors may affect adenylyl cyclase

activity (Hegde et al. 1997) and inhibit potassium channels (KATP: Bonev and

Nelson 1993; Nakamura et al. 2002; BK: Werner et al. 2007), nonselective cation

channels (Kotlikoff et al. 1999; Yamamoto et al. 2008), and transient receptor

potential channels (Yoshimura et al. 2008).

2.3 Receptor Distribution and Function

Detrusor smooth muscle contains muscarinic receptors of mainly the M2 and M3

subtypes (Eglen et al. 1996; Hegde and Eglen 1999; Chess-Williams 2002; Schneider

et al. 2004a, b; Giglio and Tobin 2009). In the human detrusor, Goepel et al. (1998),

using immunoprecipitation, found a ratio of M2:M3 receptors of 3:1. In agreement

with this, Mansfield et al. (2005) reported that of the total muscarinic receptor

population, 70% were of the M2 subtype, 20% of the M3 subtype, and 10% of the

M1 subtype. Also in most animal species, detrusor smooth muscle contains

322 K.-E. Andersson



muscarinic receptors of the M2 and M3 subtypes (Eglen et al. 1996; Hegde and

Eglen 1999; Chess-Williams 2002). The dominance of muscarinic M2 receptors

is consistently reported. The ratio between muscarinic M2 and M3 receptors in

binding studies has been estimated as 9:1 and 3:1 in rats and humans, respectively

(Wang et al. 1995; Yamanishi et al. 2000).

Muscarinic receptors have also been demonstrated on the urothelium and in

suburothelium (lamina propria). The porcine urothelium was found to express a

high density of muscarinic receptors, even higher than the bladder smooth muscle

(Hawthorn et al. 2000), and, in the rat and human urothelium, the receptor proteins

and mRNAs, respectively, for all muscarinic receptor subtypes (M1–M5) were

demonstrated (Tyagi et al. 2006). In these studies, not only the urothelium but

also part of the lamina propria was included in the tissues investigated. However,

the expression pattern of the different subtypes in the human urothelium was

reported to differ: the M1 receptors on basal cells, M2 receptors on umbrella cells,

M3 and M4 receptors homogenously, and M5 receptors with a decreasing gradient

from luminal to basal cells (Bschleipfer et al. 2007). Mansfield et al. (2005) found,

using Real Time-Polymerase Chain Reaction (RT-PCR) analysis, an abundant

expression of muscarinic M2 receptors in the human bladder mucosa (urothelium þ
lamina propria). Some of these receptors may occur at other locations than the

urothelium, e.g., on suburothelial interstitial cells of Cajal (ICC; Mukerji et al.

2006; Grol et al. 2009).

It should be emphasized that there have been concerns about the selectivity of

G-protein receptor antibodies (Michel et al. 2009), including antibodies for musca-

rinic receptor subtypes (Pradidarcheep et al. 2008, 2009; Jositsch et al. 2009). This

raises the question of the accuracy of some of the receptor subtype distribution data.

Using a well-characterized antibody, Grol et al. (2009) showed that the muscarinic

receptors in the lamina propria were located specifically on the ICC. The physio-

logical role of these cells is unknown and consequently the significance of what

appears to be a cholinergic signaling system is unclear. It has been suggested that

they may be involved in the release of an unknown inhibitory factor (Hawthorn

et al. 2000; Chess-Williams 2002).

Muscarinic receptors may also be located on the presynaptic nerve terminals and
participate in the regulation of transmitter release. The inhibitory prejunctional

muscarinic receptors have been classified as M2 in the rabbit (Tobin and Sj€ogren
1995; Inadome et al. 1998) and rat (Somogyi and de Groat 1992), and M4 in the

guinea pig (Alberts 1995), rat (D’Agostino et al. 1997) and human (D’Agostino

et al. 2000) bladder. Prejunctional facilitatory muscarinic receptors appear to be of

the M1 subtype in the rat and rabbit urinary bladder (Somogyi and de Groat 1992;

Tobin and Sj€ogren 1995; Inadome et al. 1998), but have also been detected in

human bladders (Somogyi and de Groat 1999). The muscarinic facilitatory mecha-

nism seems to be upregulated in overactive bladders from chronic spinal cord

transected rats. The facilitation in these preparations was primarily mediated by

M3 muscarinic receptors (Somogyi and de Groat 1999; Somogyi et al. 2003). Due to

the limitations (selectivity) of available pharmacological tools, it has been difficult

to establish whether the prejunctional inhibitory autoreceptors in the human bladder
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belong to the M2 or M4 receptor subtypes. Provided that results obtained in mice are

also representative for human bladder, this ambiguity may be clarified by the use of

M2 and M4 receptor knockout (KO) animals. In electrically stimulated bladder

segments, preincubated with [3H]choline and superfused with oxotremorine, ipra-

tropium stimulated tritium outflow in wild-type and M2 receptor KO bladders, but

had no effect in M4 receptor KO bladders (Zhou et al. 2002). These studies clearly

implicate a key role of M4 receptors in regulating ACh release from postganglionic

cholinergic nerves via a negative feedback mechanism. The existence of facilitatory

M1 receptors, whose presence has been demonstrated pharmacologically, has yet to

be confirmed by gene KO studies.

The use of mutant mice deficient in one or more muscarinic receptor subtype has

given important information on the contribution of the five muscarinic receptor

subtypes to bladder function. In M3 receptor KO mice, bladder contractile

responses to carbachol were found to be attenuated by 95%, consistent with findings

from pharmacological studies that have ascribed a major role of M3 receptors in

mediating direct contraction of the bladder (Matsui et al. 2002; Ehlert et al. 2005).

Interestingly, cystometric studies (Igawa et al. 2004) showed that, although M3 KO

animals have longer voiding intervals and larger micturition volumes and bladder

capacity than wild-type controls, the bladder residual volume in these animals was

unchanged, indicating no major functional impairment of bladder emptying (at least

up to a certain age). A possible explanation for this finding is that chronic absence

of the M3 receptor is compensated by either another muscarinic receptor or non-

cholinergic mechanisms (ATP). The residual (5%) direct contractile responses that

persist in M3 KO mice were completely lost in mice lacking both M2 and M3

receptors, implying that the M2 receptor is capable of mediating small direct

contractile responses (Matsui et al. 2002).

The functional role for the M2 receptors has not been clarified, but cystometric

studies have demonstrated small increases in voiding intervals and micturition

volumes in M2 receptor KO mice (Igawa et al. 2004). It has been suggested that

M2 receptors may oppose sympathetically (b3-AR) mediated smooth muscle relax-

ation by inhibition of adenylyl cyclase (Hegde et al. 1997). The indirect cAMP-

related contractile effects of M2 receptor activation have also been confirmed using

M2 and M3 KO animals (Ehlert et al. 2005). In bladders fromM3 KOmice that were

precontracted with PGF2a and relaxed with isoprenaline or forskolin, oxotremorine

produced concentration-dependent contractile responses that exhibited an M2

receptor profile in competitive antagonism studies and were completely abolished

in M2/M3 receptor KO mice. However, the biochemical mechanisms underlying the

potential crosstalk between M2 and M3 receptors have not been definitely estab-

lished. Ehlert et al. (2005) suggested that the M2 receptor mediates contractions

indirectly in the bladder by enhancing M3 receptor-mediated contractions and

inhibiting relaxation. In certain disease states, M2 receptors may contribute to

contraction of the bladder (see below).

In the trigone, two distinct layers of smooth muscle can be distinguished. The

deeper one is believed to be a continuation of the detrusor and therefore predomi-

nantly innervated by cholinergic nerves. The superficial trigone, which develops
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from an outgrowth of the mesonephric duct, is predominantly innervated by

adrenergic nerves, but it has also a cholinergic innervation, contains muscarinic

receptors, and can be contracted by muscarinic receptor agonists (Speakman et al.

1988; Roosen et al. 2008). Sigala et al. (2002) studied the mRNA expression of

muscarinic receptor subtypes in human bladder, including the trigone. No separa-

tion between deep and superficial layers was done. All muscarinic receptor sub-

types were expressed, but M2 and M5 subtypes seemed to be selectively expressed

in the male samples.

2.4 Receptor Changes in Disease

Not unexpectedly, the density and function of muscarinic receptors can be changed

in different urinary tract pathologies (see, e.g., Ruggieri and Braverman 2006).

Thus, muscarinic receptor functions may be changed in, e.g., bladder outlet obstruc-

tion, neurogenic, and idiopathic DO, and diabetes. However, it is not always clear

what the changes mean in terms of changes in detrusor function.

There is good evidence that bladder outlet obstruction may change the cholin-

ergic functions of the bladder. Thus, detrusor denervation as a consequence of

outflow obstruction has been demonstrated in several species including humans

(Gosling et al. 1986; Sibley 1987; Speakman et al. 1987; Pandita et al. 2000). In

pigs with experimental outflow obstruction, detrusor response to intramural nerve

stimulation was decreased, but there was a postjunctional supersensitivity to ace-

tylcholine (Sibley 1984). Similar changes were found in bladders of obstructed

patients with DO (Harrison et al. 1987). It was suggested that the supersensitivity

was due to partial denervation of the bladder, postjunctional muscarinic receptor

changes, and that one consequence of this may be DO (Sibley 1987). On the other

hand, Yokoyama et al. (1991) found that the responses to acetylcholine of detrusor

strips from obstructed patients with DO were not significantly different from those

without. However, they suggested that bladder overdistension caused by infravesi-

cal obstruction may lead to supersensitivity of the detrusor muscle secondary to

denervation. The obstructed human bladder often shows an increased (up to�50%)

atropine-resistant contractile component (Sj€ogren et al. 1982; Sibley 1984; Bayliss

et al. 1999). This may be taken as indirect evidence of changes in the cholinergic

functions of the bladder, since normally, the atropine-resistant component is almost

negligible (Andersson 1993; Tagliani et al. 1997; Bayliss et al. 1999).

In the obstructed rat bladder, M3 receptors were found to play a predominant role

in mediating detrusor contraction (Krichevsky et al. 1999). However, Braverman

and Ruggieri (2003) found that in obstructed, hypertrophied rat bladders, there was

an increase in total and M2 receptor density, whereas there was a reduction in M3

receptor density. The functional significance of such a change for voiding function

has not been established.

Turner and Brading (1997) suggested that in DO alterations of the smooth

muscle (supersensitivity), as mentioned previously, may be seen as a consequence
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of “patchy denervation” of the detrusor. Immunohistological investigations of the

obstructed mouse bladder (exhibiting DO) revealed that the nerve distribution

patterns were markedly changed. In large parts of the detrusor, the smooth muscle

bundles were completely devoid of accompanying VAChT-immunoreactive varicose

terminals (“patchy denervation”). In other parts, the densities of nerve structures were

nearly normal (Pandita et al. 2000). The importance of patchy denervation was

supported by studies on human overactive bladders (Charlton et al. 1999; Mills

et al. 2000).

An increased sensitivity to muscarinic receptor stimulation has been demonstrated

in smooth muscle preparations from patients with idiopathic and neurogenic DO
(Stevens et al. 2007). German et al. (1995) found that isolated detrusor strips from

patients with neurogenic DO were supersensitive to both carbachol and KCl, but

responded like normal controls to intramural nerve stimulation. The results were

interpreted to suggest a state of postjunctional supersensitivity of the detrusor sec-

ondary to a partial parasympathetic denervation. However, other investigators have

arrived at other conclusions. Kinder and Mundy (1987) compared detrusor muscle

from human normal bladders to that from patients with idiopathic or neurogenic DO.

They found no significant differences in the degree of inhibition of electrically

induced contractions produced by tetrodotoxin or atropine in detrusor strips from

any of these bladders, and no significant differences in the concentration–response

curves for acetylcholine. In neurogenic DO, a decreased number of muscarinic

receptors were demonstrated (Restorick and Mundy 1989), but its relation to overac-

tivity was unclear. In patients with myelomeningocele and detrusor dysfunction, Gup

et al. (1989a) found no supersensitivity to carbachol and no changes in the binding

properties of the muscarinic receptors.

In the denervated (decentralized) rat bladder, M2 receptors, or a combination of

M2 and M3, mediated contractile responses and the two types of receptor seemed

to act in a facilitatory manner to mediate contraction (Braverman et al. 1998, 1999,

2002). Again, the functional significance of this change for voiding function has not

been established.

Mansfield et al. (2007) found that M3 receptor mRNA expression was signifi-

cantly less in mucosa from patients with idiopathic DO than from age-matched

controls. M2 receptor expression was not significantly different. This is in contrast

to previous findings by Mukerji et al. (2006) who found an increase in M2 and M3

immunostaining in suburothelial ICCs in clinical bladder syndromes, which was

correlated with clinical scores of urgency and frequency.

Patients with diabetes mellitus and voiding dysfunction show a variety of

urodynamic abnormalities, including DO and impaired detrusor contractility

(Kaplan et al. 1995). In bladders from diabetic animals, an increased density of

muscarinic receptors accompanied by an enhanced muscarinic receptor-mediated

phosphoinositide hydrolysis was found (Latifpour et al. 1989; Mimata et al. 1995).

Supersensitivity of postjunctional muscarinic receptors may develop (Hashitani

and Suzuki 1996). Stevens et al. (2006) demonstrated detrusor supersensitivity to

carbachol already after 1 week of untreated diabetes in the rat. This enhanced

sensitivity could partly be explained by an increase in receptor density, but there
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appeared to be no change in receptor/G-protein coupling. Tong et al. (2006) found

that in rats with streptozotocin-induced diabetes there was an increased mRNA and

protein expression of the M2 receptor both in the urothelium and in the muscle

layer. Further study (Cheng et al. 2007) reported that in such animals, both mRNA

and protein expression of the M3 receptor also increased in these structures.

However, it is unclear what these receptor changes mean for the functional bladder

disorders seen in diabetic patients.

Modulations of the muscarinic receptor functions may also occur during cystitis
(Giglio and Tobin 2009). For example, cyclophosphamide-induced cystitis caused

an upregulation of muscarinic receptors (M5 receptors) (Giglio et al. 2005). In

bladders from cats with feline interstitial cystitis, there was an increase in urothelial

ACh release and/or mucosal muscarinic receptor sensitivity in the mucosal layer

(Ikeda et al. 2009).

3 Urethra

The female (Dass et al. 2001) and male (Koraitim 2008) human urethra have two

distinct smooth muscle layers: an outer circular and an inner longitudinal. In other

species, e.g., the pig, a third outer, longitudinal layer can sometimes be demon-

strated. Innervation, receptor distribution, and function may differ between these

layers.

3.1 Cholinergic Nerves

Urethral smooth muscle receives a rich cholinergic innervation. For example, in

dogs, pigs, and humans, ChAT immunoreactivity and AChE staining, indicative of

cholinergic innervation, were shown to be widely distributed all over the lower

urinary tract (LUT) (Ek et al. 1977; Persson et al. 1995; Arrighi et al. 2008).

Throughout the human urethra the distribution of AChE-positive nerve fibers was

uniform, but the number was clearly less than in the urinary bladder (Ek et al. 1977).

Most probably, the cholinergic nerves cause relaxation of the outflow region at the

start of micturition by releasing NO and other relaxant transmitters (Persson et al.

1995), but otherwise their functional role is largely unknown.

3.2 Receptor Distribution and Function

The distribution and number of muscarinic receptors in different parts of the urethra

seems to vary. Compared to the bladder, the number of muscarinic receptor binding

sites in the rabbit urethra was lower (Johns 1983), and by autoradiography, it was
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demonstrated that muscarinic receptors were abundant in the outer parts of the

urethral wall and decreased in density in luminal direction (Mattiasson et al. 1990).

Muscarinic receptor agonists contract isolated urethral smooth muscle from

several species, including humans, but these responses seem to be mediated mainly

by the longitudinal muscle layer (Ek et al. 1977; Andersson 1993). Taki et al.

(1999), investigating the whole length of the female human urethra, found that ACh

contracted only the proximal part and the bladder neck. If this contractile activation

is exerted in the longitudinal direction, it should be expected that the urethra is

shortened and that the urethral pressure decreases. Experimentally, in vitro resis-

tance to flow in the urethra was increased only by high concentrations of ACh

(Persson and Andersson 1976; Andersson et al. 1978).

Prejunctional muscarinic receptors may influence the release of both noradren-

aline and ACh in the bladder neck/urethra. In urethral tissue from both rabbit and

humans, carbachol decreased and scopolamine increased concentration depen-

dently the release of [3H]noradrenaline from adrenergic and of [3H]choline from

cholinergic nerve terminals (Mattiasson et al. 1984). At least theoretically, this

would mean that released ACh could inhibit noradrenaline release, thereby

decreasing urethral tone and intraurethral pressure. However, in humans, tolera-

ble doses of the muscarinic receptor agonist, bethanechol (Ek et al. 1978), and the

antagonist, emeprone (Ulmsten and Andersson 1977), had little effect on intraur-

ethral pressure.

The muscarinic receptor subtypes involved in contractile effects on smooth

muscle, or controlling transmitter release in the urethra, have not been established.

It has been reported that M1, M2, and M3 receptors all mediate contraction of the

circular muscle of the rabbit urethra after stimulation with carbachol (Mutoh et al.

1997; Nagahama et al. 1998).

3.3 Changes in Disease

In cats with complete and partial sacral decentralization, urethral supersensitivity to

bethanechol chloride was demonstrated (el-Salmy et al. 1985). After complete

lesions, the urethra showed exaggerated constriction responses to the drug. Part

of the response was indirect and adrenergically mediated, suggesting that musca-

rinic receptor stimulation caused release of noradrenaline, but part was a direct

effect mediated via muscarinic receptors. Also after partial decentralization the

urethra responded to subthreshold doses of subcutaneous bethanechol. As men-

tioned previously, the muscarinic facilitatory mechanism observed on prejunctional

nerve terminals (M3 receptor mediated) seems to be upregulated in overactive

bladders from chronic spinal cord transected rats (Somogyi and de Groat 1999;

Somogyi et al. 2003). This may also be the case in the urethra. el-Salmy et al.

(1985) suggested that urethral supersensitivity to bethanechol might be responsible

for a nonvoiding outcome after bethanechol injection in patients with complete

cauda equina lesions.
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4 Prostate

4.1 Cholinergic Nerves

Chapple et al. (1991) reported that AChE-positive nerves can be found in various

parts of the human prostate. The greatest density of nerves was found in the

proximal central prostate, followed by the anterior capsule and distal central

prostate, with the least density in the peripheral prostate. AChE-positive axons

can be demonstrated near the base of the epithelium. Since muscarinic receptors are

concentrated more or less exclusively to the secretory epithelium (Hedlund et al.

1985), these cholinergic nerves were suggested to be secretory. Supporting such a

view, prostatic cholinergic nerves also contain NOS and VIP (Hedlund et al. 1997),

which are known to stimulate secretion.

4.2 Muscarinic Receptors

Several studies have investigated the presence of muscarinic receptor protein in

the human prostate by radioligand binding using either [3H]-methylquinuclidinyl

benzilate (QNB) or [3H]N-methylscopolamine (NMS) as the radioligand (Witte

et al. 2008). Quantitatively, the density seemed to be higher than that of a1-ARs.
Using [3H]-NMS, Anisuzzaman et al. (2008) were able to demonstrate M1 and M2,

but not M3, receptors in the human prostate. The expression of mRNA encoding

muscarinic receptors in a primary culture of stromal and epithelial cells from the

human prostate (patients with BPE) was studied by Obara et al. (2000). mRNA for

all five muscarinic receptor subtypes was detected, however, primary stromal

cultures only showed M2, M3, and M4 receptors with M2 apparently being most

abundant. In contrast, primary epithelial cultures exhibited M1, M2, and M5 recep-

tor mRNA.

4.3 Distribution and Function

Autoradiographic studies have been performed, allowing association of the recep-

tors with specific anatomic structures. Most muscarinic receptors were found in the

prostatic epithelium, whereas the stroma contained far fewer, if any, muscarinic

receptors (Lepor and Kuhar 1984; Hedlund et al. 1985; James et al. 1989). Thus,

muscarinic receptors in the human prostate are primarily found in the epithelial

rather than the stromal cells.

Based on a rank order of potency of subtype-selective antagonists, it was

proposed that stromal cells in the prostate mainly express M2 receptors; however,

it should be noted that the compounds used may allow a differentiation between

M1, M2, and M3 receptors, but not from M4 and M5 receptors (Witte et al. 2008).
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However, a preponderance of M2 receptors in prostatic stromal cells is in good

agreement with the available mRNA data (Obara et al. 2000).

Ruggieri et al. (1995) assessed the muscarinic receptor subtypes in prostatic

homogenates from humans and found the majority of receptors to be of the M1

subtype. Immunoprecipitation of muscarinic receptors with subtype-selective anti-

bodies for M1–4 receptors confirmed that M1 receptors are more abundant than the

other three subtypes combined. Using the M1 antibody for immunohistochemistry

staining of the prostatic epithelium, but not stroma, was observed. Taken together,

these data suggest that the human prostate mainly expresses M1 receptors on

epithelial cells at the protein level, whereas the much smaller population of

receptors on the stromal cells may belong to the M2 subtype.

Various investigators have studied a possible contractile effect of muscarinic

receptor agonists in human prostate. Some studies did not detect contractile

responses (Caine et al. 1975; Hedlund and Andersson 1985), whereas others do

report such effects (Gup et al. (1989a, b); Kester et al. 2003). Although contrac-

tions were sensitive to muscarinic antagonists such as atropine (Kester et al.

2003), their magnitude was small as compared to the contractile effects of a1-AR
agonists and were seen only with very high agonist concentrations. Therefore, it

appears that muscarinic receptors contribute to human prostate contraction in a

minor way only, which is in line with their primary expression on epithelial rather

than stromal cells.

Considering the distribution of muscarinic receptors in the human prostate, a

role for muscarinic receptors in the regulation of human prostatic secretion is likely,

but has to be definitely established. Since the predominant muscarinic receptor

expression is found in the prostatic epithelium, it could be expected that muscarinic

receptors contribute to the regulation of prostatic growth. Indeed, primary cultures

from patients with either enlarged prostates or prostate cancer exhibited growth

stimulation on treatment with carbachol (Rayford et al. 1997).

4.4 Changes in Disease

Blanco and Robinson (2004) studied the relationship of muscarinic receptors to

differentiation in prostate cancer. They found that the presence of M3 receptors,

as demonstrated by immunostaining, distinguished normal glandular epithelium

and low-grade carcinomas from poorly differentiated tumors. They suggested

that its demonstration could be a useful tool in distinguishing grade of tumor

clinically. It could be expected that in, for example, benign prostatic hyperplasia

(BPH) and lower urinary tract symptoms (LUTS), the densities of muscarinic

receptors would change. However, comparisons of the densities of NMS binding

sites in samples from asymptomatic patients with those from symptomatic

patients with enlarged prostates obtained either by open prostatectomy or trans-

urethral resection (Gup et al. 1990) showed no significant differences between the

groups.
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5 Ureter

5.1 Cholinergic Nerves

In the whole human ureter, two neuronal networks, one in the lamina propria and

one in the wall smooth muscle, were demonstrated by confocal laser scanning

microscopy (Nemeth et al. 2001). These nerves were in continuity with the neuronal

network of the renal pelvis. Correspondingly, a rich supply of cholinergic nerve

fibers was found in ureters from both humans and animals, forming dense neuro-

muscular, subepithelial, and perivascular plexuses, as demonstrated by staining for

AChE and ChAT and by electron microscopy (Schulman 1975; Prieto et al. 1994;

Rolle et al. 2002, 2008).

5.2 Muscarinic Receptors

In the human ureter, only M2, M3, and M5 receptor subtypes were identified by

reverse RT-PCR. However, the presence of all five muscarinic receptor subtypes

(M1–M5) was immunohistochemically demonstrated (Sakamoto et al. 2006). An

interesting finding was the identification of relatively high levels of M5 receptors by

both immunocytochemical and RT-PCR analysis. In a study of pig ureter, using

[3H]-QNB binding, the antagonist profile clearly indicated the existence of an M2

receptor population. In addition, the presence of a minor non-M2 population,

possibly formed by a mixture of several muscarinic subtypes (i.e., M1, M3, and/or

M4), could not be excluded (Hernández et al. 1995).

5.3 Distribution and Function

It has generally been observed that muscarinic receptor agonists produce an excit-

atory effect by a direct stimulation of muscarinic receptors in ureteral smooth

muscle from several animal species. However, in, for example, dogs, cholinergic

stimulation may induce ureteral contractions via an indirect release of catechola-

mines (see, Tomiyama et al. 2004). Information on human ureters seems to be

scarce – contractile responses to ACh have been demonstrated, but they were weak

and inconsistent (Long and Nergårdh 1978).

Tomiyama et al. (2003) investigated the functional muscarinic receptor subtypes

in the isolated canine ureter. They found that carbachol concentration dependently

increased the frequency of the rhythmic contractions in isolated spiral preparations,

whereas the drug induced relaxation of longitudinal preparations. They suggested

that, based on their experiments with subtype selective drugs, that the carbachol-

induced rhythmic contractionsweremediated via theM3 receptor, while the relaxation
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in the longitudinal preparation probably wasmediatedmainly via theM4 receptor. In

functional experiments on the pig intravesical ureter, Hernández et al. (1993) found

evidence for a tonic response mediated via M1 receptors, whereas the phasic activity

could involve either both M2 and M3 or an M4 muscarinic receptor.

5.4 Receptor Changes in Disease

Generally, stimulation by cholinergic agonists induces contractions in isolated

ureteral preparations and in anesthetized animals. However, Tomiyama et al.

(2004), evaluating the effects of carbachol and atropine on completely (COU)

and partially obstructed ureters (POU) in anesthetized dogs, found that intravenous

carbachol dose dependently decreased elevated intraureteral pressure in COU and

peristalsis in POU. They suggested that these effects were mediated via stimulation

of M4 receptors on the smooth muscle. Their conclusion was that when ureteral

motility is increased by obstruction, muscarinic receptor stimulation may have a

suppressive effect on the obstructed ureter (at least in the anesthetized dog).

Whether or not this is the case in humans remains to be established.

6 Muscarinic Receptor Agonists

Bladder emptying requires a coordinated contraction of adequate magnitude of the

detrusor muscle, a concomitant lowering of the outflow resistance at the level of the

smooth and striated sphincter, and absence of anatomic obstruction. If these

requirements are not fulfilled, urinary retention or residual urine will result

(Andersson and Wein 2004). Detrusor underactivity (DU) is defined as a contrac-

tion of reduced strength and/or duration, resulting in prolonged bladder emptying

and/or a failure to achieve complete bladder emptying within a normal time span

(Taylor and Kuchel 2006). Theoretically, when the primary cause of emptying

failure is insufficient strength of the detrusor, drugs stimulating bladder contraction

via action on muscarinic receptors may be indicated. Carbachol and bethanechol

are the two main agents that have been used clinically. Both are quaternary amines,

not easily hydrolyzed by cholinesterases, fairly selective for muscarinic receptors

with little (bethanechol) or some (carbachol) effect on nicotinic receptors, and they

have no distinct receptor subtype selectivity (bethanechol possibly for M3 recep-

tors). For unclear reasons, both drugs have been considered to have some selectivity

for the urinary bladder (Finkbeiner 1985). When bethanechol is given subcutane-

ously to neurologically normal individuals, the effect on the bladder is character-

ized by an increased stiffness of the bladder wall at rest. This is reflected in high

pressures in the cystometrogram, decreased capacity, and an increased awareness of

the distended bladder, effects that may not result in an increase in urine flow rate

during voiding. DeWachter and Wyndaele (2001) determined the bladder electrical
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threshold in healthy volunteers receiving 5 mg bethanechol subcutaneously and

demonstrated a marked decrease in the volume at which various filling sensations

occurred and that the electrical threshold decreased. De Wachter et al. (2003)

treated 18 women with impaired detrusor contraction with subcutaneous bethane-

chol (5 mg four times daily) for 10 days. At the end of treatment 61% of the patients

voided without a postvoid residual volume. It was also found that in these women

the sensation of filling and electrical sensitivity were significantly increased com-

pared to before treatment. It might be that bethanechol-induced voiding requires

intact bladder reflex pathways, as was demonstrated in cats (Twiddy et al. 1980). De

Wachter et al. (2003) suggested that patients likely to respond to bethanechol can be

identified by determination of the bladder electrical perception threshold. Riedl

et al. (2000) tested electromotive administration of intravesical bethanechol in

patients with detrusor areflexia. A mean pressure increase of 34 cm H2O during

the electromotive administration was found in 24 of 26 patients with areflexia and

neurological disease. Patients with BPH, receiving prazosin to relieve their outflow

obstruction, had no effect on urodynamic variables, or improvement of bladder

emptying when treated with oral carbachol in a dose that caused side effects

(perspiration and gastrointestinal discomfort) (Hedlund and Andersson 1988).

A recent systematic review of controlled clinical studies on the use of direct

and indirect parasympathetic agonists in patients with an underactive detrusor

showed that these drugs do not exhibit consistent benefit and may even be harmful

(Barendrecht et al. 2007).

7 Muscarinic Receptor Antagonists

Terminology. Since ACh acts on both muscarinic and nicotinic receptors, the term

“anticholinergic drugs” should cover agents with effects on both types of receptor.

However, most often “anticholinergic” is used synonymously with “antimuscarinic.”

Since the commonly used drugs for treatment of LUT disorders are selective for

muscarinic receptors, “antimuscarinics” is the preferred name for these agents.

Mechanism of action. Antimuscarinics, by definition, block muscarinic receptors

(Abrams and Andersson 2007), and this is the basis for their effects, including

the beneficial action in the treatment of DO/OAB. However, where and when they

act is still a matter of discussion. The traditional view is that antimuscarinics act

by blocking the muscarinic receptors on the detrusor muscle, thereby inhibiting

the voiding contraction. This may be the case in neurogenic DO, where the goal is

to “paralyse” the bladder. However, in idiopathic DO/OAB, the treatment goal is to

eliminate involuntary detrusor contractions and urgency and at the same time

maintain the ability of the bladder to contract. At the doses of antimuscarinics

used for treatment of idiopathic DO/OAB, the drugs act mainly during the stor-

age phase, decreasing urgency, and increasing bladder capacity. Importantly, dur-

ing this phase, there is normally no spinal parasympathetic input to the LUT

(Andersson 2004a, b). Furthermore, commonly used antimuscarinics are competi-

tive antagonists. During the voiding contraction, there is a massive release of

ACh from parasympathetic nerve endings, overriding the blocking effects of the
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antimuscarinics. Undeniably, high doses of antimuscarinics can produce urinary

retention in humans, but in the dose range used for beneficial effects in OAB/DO,

there is little evidence for a significant reduction of the voiding contraction (Finney

et al. 2006). However, there is good experimental evidence that the drugs act during

the filling phase by decreasing the activity in bladder afferent nerves (both C- and

Ad-fibers) (De Laet et al. 2006; Iijima et al. 2007).

As mentioned previously, muscarinic receptors are found on bladder mucosa

(urothelium þ lamina propria), where their density can be even higher than in

detrusor muscle. The commonly used and clinically effective muscarinic receptor

antagonists were found to bind to receptors located both on the bladder mucosa and

the detrusor, suggesting that muscarinic receptors in the mucosa may represent an

important site of action for these agents in OAB (Mansfield et al. 2009). However,

whether the muscarinic receptors on urothelial cells can influence micturition in

humans has not yet been established, even if there is experimental evidence showing

that it is possible to initiate micturition via urothelial stimulation (Andersson et al.

2009). A basal ACh release has been demonstrated in isolated human bladder tissue

(Yoshida et al. 2004, 2006, 2008). The released ACh was probably of nonneuronal

origin and, at least partly, generated by the urothelium. Thus, during the storage

phase, ACh may be released from both neuronal and nonneuronal sources and

directly or indirectly (by ATP release?) excite afferent nerves in the suburothelium

and within the detrusor. Thus, both these mechanisms may be important in the

pathophysiology of overactive bladder and represent possible targets for antimus-

carinic drugs.

Pharmacologic properties. Generally, antimuscarinics are tertiary or quaternary

amines (Guay 2003; Abrams and Andersson 2007), differing with regard to lipo-

philicity, molecular charge, and even molecular size. Tertiary compounds generally

have higher lipophilicity and molecular charge than quaternary agents. Among the

drugs used for treatment of DO/OAB (Andersson et al. 2009), atropine, darifenacin,

fesoterodine (and its active metabolite 5-hydroxymethyl tolterodine), oxybutynin,

propiverine, solifenacin, and tolterodine are tertiary amines. They are generally

well absorbed from the gastrointestinal tract and should theoretically be able to pass

into the central nervous system (CNS), dependent on their individual physico-

chemical properties. High lipophilicity, small molecular size, and less charge will

increase the possibilities to pass the blood–brain barrier, but for some of the drugs

this is counteracted by active transport out of the CNS by P-glycoprotein. Quater-

nary ammonium compounds, such as propantheline and trospium, are not well

absorbed, pass into the CNS to a limited extent, and have a low incidence of CNS

side effects (Guay 2003; Abrams and Andersson 2007).

Many antimuscarinics are metabolized by the P450 enzyme system to active

and/or inactive metabolites (Guay 2003; Michel and Hegde 2006). The most

commonly involved P450 enzymes are CYP2D6 and CYP3A4. The metabolic

conversion creates a risk for drug–drug interactions, resulting in either reduced

(enzyme induction) or increased (enzyme inhibition and substrate competition)

plasma concentration/effect of the antimuscarinic and/or interacting drug.
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Antimuscarinics secreted by the renal tubules (e.g., trospium) may theoretically be

able to interfere with the elimination of other drugs using this mechanism.

Antimuscarinics are still the most widely used treatment for urgency and

urgency incontinence (Andersson 2004a, b; Andersson et al. 2009). However,

currently used drugs lack selectivity for the bladder, and effects on other organ

systems may result in side effects, which limit their usefulness. One way of

avoiding many of the antimuscarinic side effects is to administer the drugs intra-

vesically. However, this is practical only in a limited number of patients.

Clinical efficacy. The clinical relevance of the efficacy of antimuscarinic drugs

relative to placebo has been questioned (Herbison et al. 2003). However, large

meta-analyses of studies performed with the currently most widely used drugs

(Chapple et al. 2005, 2008; Novara et al. 2008) clearly show that antimuscarinics

are of significant clinical benefit.

It should be emphasized that none of the antimuscarinic drugs in common

clinical use (darifenacin, fesoterodine, oxybutynin, propiverine, solifenacin, tolter-

odine, or trospium) is ideal as a first-line treatment for all DO/OAB patients.

Optimal treatment should be individualized, implying that the patient’s comorbid-

ities and concomitant medications, and the pharmacological profiles of the different

drugs, should be taken into consideration (Chapple et al. 2008).

Tolerability and safety. An extensive literature supports that antimuscarinics for

the treatment of OAB symptoms are generally well tolerated. The adverse effect

profiles of the different drugs are determined by their organ and muscarinic receptor

subtype selectivities and pharmacokinetic parameters. The most commonly

reported adverse effects are dry mouth, constipation, headache, and blurred vision

(Chapple et al. 2008).

Among the more serious concerns related to antimuscarinic use is the risk of

cardiac adverse effects, particularly QT prolongation and induction of polymorphic

ventricular tachycardia (torsade de pointes), and increases in heart rate. It should be

emphasized that QT prolongation and its consequences are not related to blockade

of muscarinic receptors, but rather linked to inhibition of the hERG potassium

channel in the heart (Roden 2004). Thus, QT prolongation is not a class effect of

antimuscarinics. In general, the cardiovascular safety for antimuscarinic drugs

seems to be acceptable. However, the potential of the different agents to increase

heart rate or to prolong the QT time has not been extensively explored. Differences

between the different drugs cannot be excluded, but risk assessments based on

available evidence are not possible.

Another concern is that antimuscarinic drugs commonly used to treat overactive

bladder can be associated with CNS side effects including cognitive dysfunction,

memory impairment, dizziness, fatigue, and headache. With the exception for

oxybutynin, CNS-related side effects are not commonly found when investigated.

The potential to cause CNS-related adverse effects may differ between drugs, but in

the absence of comparative trials relative risk assessments are not possible.

For detailed discussion of the clinical efficacy, tolerability, and safety of the

individual antimuscarinics, see Andersson et al. (2009).
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8 Summary and Perspectives

Our knowledge of muscarinic receptors in the urinary tract has increased greatly

during the last decade. It has been established that in the urinary bladder, the M3

receptor is the principal receptor for detrusor contraction. The functional role of the

M2 receptors is still unclear – they may enhance contractions mainly by inhibition

of detrusor relaxation. However, alterations in the muscarinic receptor signaling

systems may contribute to the pathogenesis of functional bladder disorders. Further

studies of the muscarinic receptors of afferent nerves, urothelium, ICC in the

suburothelium and detrusor muscle, and even on the detrusor muscle are required

to establish their roles in bladder function when both normal and changed by

disease. Our knowledge of the distribution of muscarinic receptor subtypes and

their roles for the functions of the urethra, prostate, and ureters is incomplete and

should be fruitful fields for further research. Even if the general mechanisms for

muscarinic receptor-induced activation of the bladder seem established, we still do

not know how to use muscarinic receptor agonists to stimulate bladder emptying.

This is a field where the medical need is urgent. Treatment of DO/OAB with

antimuscarinics is still the gold standard, but is far from ideal and can probably

be improved. Whether or not this can be achieved by individually tailored treatment

with existing drugs, or requires new drugs with different receptor subtype selectiv-

ities and pharmacokinetic properties, awaits further study.
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Abstract The persisting interest around neurotoxins such as vanilloids and botuli-

num toxin (BoNT) derives from their marked effect on detrusor overactivity refrac-

tory to conventional antimuscarinic treatments. In addition, both are administered by

intravesical route. This offers three potential advantages. First, intravesical therapy

is an easy way to provide high concentrations of pharmacological agents in the
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bladder tissue without causing unsuitable levels in other organs. Second, drugs

effective on the bladder, but inappropriate for systemic administration, can be safely

used as it is the case of vanilloids and BoNT. Third, the effects of one single

treatment might be extremely longlasting, contributing to render these therapies

highly attractive to patients despite the fact that the reasons to the prolonged effect

are still incompletely understood. Attractive as it may be, intravesical pharmacolog-

ical therapy should still be considered as a second-line treatment in patients refrac-

tory to conventional oral antimuscarinic therapy or who do not tolerate its systemic

side effects. However, the increasing off-label use of these neurotoxins justifies a

reappraisal of their pharmacological properties.

Keywords Bladder � BoNT/A � Pain � Prostate � TRPV1b � TRPV1

1 General Characteristics of the TRPV1 Receptor

The TRPV1 receptor is a protein with six transmembrane domains that forms a pore

between the fifth and the sixth domain (Caterina et al. 1997). This protein allows the

passage of cations, especially calcium, when activated by vanilloids, noxious heat,

and low pH (Caterina et al. 1997). Although the TRPV1 heat threshold was

established around 43�C, it is known that in acidosis, the receptor is activated at

body temperature (Tominaga et al. 1998; Caterina et al. 2000). Several studies have

shown that TRPV1 agonists act on different domains of the protein (Welch et al.

2000a). For instance, vanilloids and endovanilloids, such as anandamide, bind to

the intracellular region of the third domain (Jordt and Julius 2002), while protons

and other ions act on the extracellular loop that forms the pore (Jordt et al. 2000;

Ahern 2005).

1.1 Localization of TRPV1 Protein in Lower Urinary Tract

The TRPV1 receptor was first described in the perikarya and in the central and

peripheral processes of a subset of small-diameter sensory neurons (Caterina et al.

1997). Later, the presence of the receptor was described in other neuronal

structures, such as the trigeminal ganglia (Guo et al. 1999; Ichikawa and Sugimoto

2001) and the vagus nerves (Holzer 1991), among others (Ichikawa and Sugimoto

2001; Michael and Priestley 1999; Kadowaki et al. 2004; Koike et al. 2004). The

receptor was also observed in other areas of the nervous system. Several studies

reported the presence of TRPV1 in some areas of the brain (Mezey et al. 2000;

Tóth et al. 2005). TRPV1 receptor expression has also been shown in cells outside

the nervous system, a subject that has generated some controversy. The expres-

sion of the TRPV1 receptor in smooth muscle cells is still a matter of debate
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(Ost et al. 2002; Yang et al. 2008; Kark et al. 2008; Wang et al. 2008a; Ito et al.

2008). Nevertheless, the expression of this receptor in mast cells and keratino-

cytes is now widely accepted (Birder et al. 2007; Turner et al. 2003; St€ander et al.
2004; Bodó et al. 2005). It has been shown that TRPV1 activation in those cells

promotes the release of proinflammatory molecules (Birder et al. 2007; Southall

et al. 2003).

In the urinary bladder and ureter, TRPV1 is expressed in nerve fibers (Avelino

et al. 2002) and in urothelial cells (Birder et al. 2001; Lazzeri et al. 2004a; Charrua

et al. 2009a). Dense varicose nerve fibers immunoreactive for TRPV1 occur among

detrusor smooth muscle fibers and underneath the epithelium (Avelino et al. 2002).

In the prostate, TRPV1-expressing fibers were found in the prostatic urethral

mucosa, verumontanum, ejaculatory ducts, and periurethral prostatic acini (Dinis

et al. 2005).

A recent work published by Everaerts et al. (2009) revealed that antibodies

against TRPV1 may have a positive reaction in TRPV1 KO mice, indicating an

absolute lack of specificity. The consequence of these observations is the need to

confirm any positive TRPV1 immunostainning with a negative control using

TRPV1 KO tissues. In addition, the combination of TRPV1 immunoreaction with

other methodologies to detect the presence of the receptor, such as reverse tran-

scriptase polymerase chain reaction, blotting analysis, in situ hybridization, among

others, is highly recommended.

1.2 The Role of TRPV1 on Lower Urinary Tract Function
and Dysfunction

The role of TRPV1 in normal urinary bladder is still controversial. In cystome-

tries performed in awake TRPV1 knockout (KO) mice, these animals have more

small volume voids than their wild-type (WT) controls (Birder et al. 2002).

However, in anesthetized animals, the findings are conflicting, some groups

reporting that the animals have nonvoiding contractions (Birder et al. 2002;

Wang et al. 2008b), whereas others found totally normal cystometric traces

(Charrua et al. 2007).

TRPV1 activation outside lower urinary tract (LUT) is essential for the devel-

opment of somatic thermal hyperalgesia during inflammation (Caterina et al. 2000;

Davis et al. 2000). TRPV1 receptor activation elicits the release of proinflammatory

molecules, which consequently leads to the development of neurogenic inflamma-

tion in visceral organs (Veronesi et al. 2000; McVey and Vigna 2001). In LUT,

Charrua et al. (2007) have shown that TRPV1 is essential for the development of

hyperreflexia and pain associated with cystitis. While inflamed WT mice exhibit

bladder hyperactivity and intense spinal Fos expression, TRPV1 KO mice do not

(Charrua et al. 2007). In agreement, TRPV1 antagonists were able to reduce the

bladder hyperactivity and noxious input associated with cystitis (Charrua et al.

2009b).
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1.3 TRPV1 Regulatory Mechanisms During LUT Inflammation

1.3.1 TRPV1 Expression During Inflammatory Conditions

Most of the information about TRPV1 expression in inflammation comes from

somatic models. During somatic inflammation, there is an increased number of

dorsal root ganglia (DRG) neurons expressing TRPV1 (Carlton and Coggeshall

2001; Amaya et al. 2003). Moreover, the quantification of TRPV1 protein in DRG

cells by Western blotting analysis was consistent with these findings (Ji et al. 2002).

The same was observed in visceral inflammation. Similarly, Avelino and Cruz

(2010) observed an increase in the number of DRG neurons expressing TRPV1

during cystitis. In agreement with these experimental findings, patients with bladder

pain syndrome exhibit a higher number of TRPV1-IR fibers in the bladder mucosa

(Mukerji et al. 2006).

Interestingly, the increase in the protein levels in DRG cells does not seem to be

accompanied by an increase in TRPV1 mRNA, indicating that the process is

regulated at a posttranslation level. This observation was made in both somatic

(Ji et al. 2002; Tohda et al. 2001; Voilley et al. 2001) and bladder inflammation

models (Charrua et al. 2008). However, the receptor translation does increase in

urothelial cells upon inflammation (Charrua et al. 2009b). These observations may

indicate diverse forms of regulation in different cells.

1.3.2 Endovanilloid Release During Inflammation

TRPV1 can be directly activated by proinflammatory molecules such as N-
arachidonoyl-ethanolamine, also known as anandamide (Zygmunt et al. 1999),

N-arachidonoyl-dopamine (Huang et al. 2002), N-oleoyl-dopamine (Chu et al.

2003), eicosanoid acids, and leucotrienes (Hwang et al. 2000; Shin et al. 2002).

In the urinary bladder, anandamide levels increase during cystitis (Dinis et al.

2004a) and contribute to a TRPV1-dependent bladder overactivity and increased

noxious input (Dinis et al. 2004a). Nevertheless, endovanilloids are low-potency

TRPV1 activators in the urinary bladder when compared to capsaicin and resinifer-

atoxin (Dinis et al. 2004a). Therefore, one might speculate that TRPV1 sensitiza-

tion might be a prerequisite for a robust TRPV1 activation by endovanilloids (Lee

et al. 2005).

Anandamide is also a cannabinoid receptor 1 (CB1) agonist (de Haro et al.

2003). This is curious, since CB1 activation promotes analgesia (Stein et al. 1996)

and decreases detrusor contractility (Tyagi et al. 2009). However, it is now well

demonstrated that CB1 can either enhance or diminish TRPV1 response to agonists,

depending on whether or not cyclic adenosine monophosphate (cAMP)-mediated

signaling pathway has been concomitantly activated (Hermann et al. 2003). There-

fore, anandamide can activate TRPV1 receptor also through CB1 activation. This

receptor was shown to induce TRPV1 phosphorylation, through a phosphoinositide
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phospholipase C (PLC) pathway, and eliminate phosphatidylinositol 4,5-bispho-

sphate (PtdIns(4,5)P2)-mediated TRPV1 inhibition (Hermann et al. 2003). This can

explain why the blockade of CB1 receptor in the urinary bladder significantly

enhanced anandamide-induced bladder reflex activity in naive but not in cyclo-

phosphamide-injected animals (Dinis et al. 2004a).

1.3.3 TRPV1 Sensitization

TRPV1 phosphorylation can lead to the receptor sensitization (Fig. 1). It is known

that TRPV1 needs to be phosphorylated by Ca2+/calmodulin-dependent protein

kinase to be activated by vanilloids (Hermann et al. 2003). Phosphorylation of all

putative sites by protein kinase A (PKA) or protein kinase C (PKC) also leads to

TRPV1 sensitization (Jung et al. 2004). Protease-activated receptor 2 (Amadesi

et al. 2006) or 5-hydroxytryptamine 7 receptor (Ohta et al. 2006) is known to be

involved in PKA-induced TRPV1 sensitization. Conversely, activation of group II

metabotropic glutamate receptors (Carlton et al. 2009) or m-opioid receptor (Vetter

et al. 2006, 2008) inhibits TRPV1 activation by modulation of cAMP/PKA path-

way. Receptors, such as bradykinin receptor (Premkumar and Ahern 2000; Vellani

et al. 2001; Sugiura et al. 2002; Carr et al. 2003; Tang et al. 2004; Mizumura et al.

2005), purinergic receptors (Tominaga et al. 2001, 2003; Moriyama et al. 2003;

Lakshmi and Joshi 2005), tyrosine kinase receptor A (trk A) (Bonnington and

McNaughton 2003; Zhuang et al. 2004; Zhu and Oxford 2007), among others,

when activated, are known to sensitize TRPV1 receptor through a PKC-dependent

mechanism. Furthermore, activation of bradykinin receptor can induce PLC and

phospholipase A2 activation, which leads to the production of arachidonic acid

Fig. 1 Schematic model of TRPV1 activation and sensitization [in Szallasi et al. (2006); with

Elsevier permission]
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metabolites that can activate the TRPV1 channel (Shin et al. 2002; Tang et al. 2004;

Ferreira et al. 2004).

Another mechanism of TRPV1 sensitization results from the receptor interaction

with phosphoinositides. It has been shown that PtdIns(4,5)P2 sensitizes TRPV1 in

the presence of high concentration of some agonists (Prescott and Julius 2003; Liu

et al. 2005), but inhibits the receptor at low concentration of agonists (Chuang et al.

2001; Rohacs et al. 2008). Although functional analysis performed in patches from

acutely dissociated dorsal root neurons provided evidence that PtdIns(4,5)P2 is in

fact a TRPV1 sensitizer (Stein et al. 2006), the mechanisms that lead to such an

antagonic effect are still unveiled (Voets and Nilius 2007). TRPV1’s direct interac-

tion with ATP molecules is another mechanism of the receptor sensitization. ATP

has a binding domain within the ankyrin domain present in the N-terminal of

TRPV1 molecule (Lishko et al. 2007). When ATP binds to the receptor, it increases

the response of the receptor to further stimulus (Lishko et al. 2007).

1.3.4 TRPV1 Trafficking to the Membrane

Another mechanism that might increase TRPV1-mediated neuronal activity is

related with an increase in TRPV1 trafficking to the plasma membrane. In fact, it

is known that PKC activation promotes a rapid vesicular TRPV1 transport to the

membrane in a soluble NSF attachment protein receptor (SNARE)-dependent

mechanism (Morenilla-Palao et al. 2004). Furthermore, TRPV1 phosphorylation

by PKA seems to be crucial for TRPV1 cytoplasmic membrane expression, since

functional analysis associated with point mutation of putative sites of PKA phos-

phorylation almost abolished TRPV1 cytoplasmic membrane expression (Bhave

et al. 2002). Besides promoting TRPV1 phosphorylation, receptor tyrosine kinase,

such as trk A and insulin receptor, promotes TRPV1 trafficking to the membrane

through a phosphoinositide 3-kinase (PI3K)-dependent pathway (Stein et al. 2006;

Van Buren et al. 2005).

1.3.5 Expression of TRPV1 Splice Variants

The most recently discovered mechanism of TRPV1 modulation results from the

receptor interaction with its own splice variants (Wang et al. 2004; Vos et al.

2006; Eilers et al. 2007). The splice variant TRPV1b differs from TRPV1 protein

by completely missing exon 7 (Lu et al. 2005). This splice variant, the only one

found to be expressed in humans, is known to have a dominant-negative effect

over the TRPV1 receptor (Vos et al. 2006). That is, whenever TRPV1 is coex-

pressed with TRPV1b, the receptor became unresponsive to vanilloids, protons,

and heat (Vos et al. 2006). Recently, it was shown that, during urinary bladder

inflammation, there is a decrease in the expression of TRPV1b mRNA (Charrua

et al. 2008). One possible consequence is the reduction in the amount of TRPV1b

available to form heterotetrameric, inactive TRPV1 channels (Wang et al. 2004;
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Eilers et al. 2007; Lu et al. 2005). This effect was restricted to neurons that inner-

vate the inflamed urinary bladder, since, during LUT inflammation, TRPV1 and

TRPV1b levels were maintained in the perikarya of neurons present in DRG that

do not receive bladder afferent fibers (Charrua et al. 2008). It might be interesting

to recall at this point that cystitis did not increase the expression of TRPV1

(Charrua et al. 2008).

1.4 Mechanisms of TRPV1 Desensitization

Vanilloid-induced desensitization of urinary bladder type C sensory afferents has

been used as a therapeutic approach to ameliorate pain and hyperreflexia associated

with some urinary bladder diseases (Fowler et al. 1992, 1994; Geirsson et al. 1995;

Chandiramani et al. 1996; Das et al. 1996; Lazzeri et al. 1996, 1997, 1998, 2004b;

Cruz et al. 1997a, b; de Ridder et al. 1997; de Séze et al. 1998, 1999, 2004,

2006; Wiart et al. 1998; Chancellor and de Groat 1999; Fagerli et al. 1999; Silva

et al. 2000; Giannantoni et al. 2002; Igawa et al. 2003; Kim et al. 2003). However,

the mechanisms that lead to TRPV1 desensitization are complex and not fully

understood. It is known that desensitization depends on the agonist or agonists

that are acting on the receptor (Novakova-Tousova et al. 2007; Vyklický et al.

2008), the phosphorylation state of the receptor (Dinis et al. 2004a; Hermann et al.

2003), the membrane potential (Piper et al. 1999), and the interaction between the

receptor and molecules such as ATP, calmodulin, and PtdIns(4,5)P2 (Lishko et al.

2007; Koplas et al. 1997; Mohapatra and Nau 2005). TRPV1 desensitization might

be achieved either by applications of high doses of vanilloids onto the bladder,

which induces a transient burning sensation followed by a prolonged decrease in

pain sensation and urinary bladder frequency (Das et al. 1996; Cruz et al. 1997a, b;

de Ridder et al. 1997; Giannantoni et al. 2002; Igawa et al. 2003), or by successive

applications of low doses of vanilloids, which improved pain and bladder micturi-

tion frequency in each consecutive application (Lazzeri et al. 1996). TRPV1

desensitization by vanilloids occurs after the opening of the phosphorylated channel

and it is intrinsically connected to the influx of calcium ions (de Sèze et al. 1999;

Docherty et al. 1996). The increase in [Ca2+]i leads to a series of events, which

include activation of protein phosphatase 2B (PP2B, calcineurin), which depho-

sphorylates TRPV1 receptor (Mohapatra and Nau 2005; Docherty et al. 1996) and

changes the allosteric coupling between TRPV1 and PtdIns(4,5)P2 (Vyklický et al.

2008). Through the activation of PLC, PtdIns(4,5)P2 is cleaved into diacyl glycerol

and inositol 1,4,5-triphosphate, concomitantly with ATP displacement, allowing

Ca2+–calmodulin binding to both ankyrin repeat domain and C terminus, promoting

the channel desensitization (Lishko et al. 2007; Vyklický et al. 2008). Nevertheless,

the use of vanilloids as intravesical therapeutic agents has been hampered by the

pungency of capsaicin solutions (Cruz et al. 1997a) and the lack of stability of the

resiniferatoxin solutions (Brady et al. 2004b).
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1.5 TRPV1 Antagonists

The importance of finding a reliable molecule that blocks bladder TRPV1 is based

on the observations that TRPV1 KO mice do not develop bladder hyperreflexia and

noxious input during cystitis (Charrua et al. 2007). Therefore, TRPV1 antagonists

could offer bladder analgesia, which is difficult to obtain with current analgesics

and, in addition, to contribute to control bladder reflex activity.

The first molecule to be used as a competitive TRPV1 antagonist was capsa-

zepine (Urban and Dray 1991; Dickenson and Dray 1991; Perkins and Campbell

1992; Bevan et al. 1992; Szallasi et al. 1993; Walpole et al. 1994). Although in

some studies this molecule proved to be extremely useful for TRPV1 investiga-

tion, others demonstrated that it is not specific enough and effective as a TRPV1

antagonist (Dinis et al. 2004a; Kuenzi and Dale 1996; Liu et al. 2008; Docherty

et al. 1997; Oh et al. 2001; Mahmmoud 2008). Furthermore, capsazepine is not

able to counteract all TRPV1 modes of activation (McIntyre et al. 2001; Walker

et al. 2003). Although several other TRPV1 antagonists have been produced and

commercialized, there is still a lack of information concerning specificity and

efficacy in most of them (Szallasi et al. 2007; Wong and Gavva 2008). The most

recently synthesized TRPV1 antagonist molecules, which already reached clinical

trials, are delivered via oral route (Gunthorpe and Chizh 2009). Japan Tobacco is

testing, in Japan, one of those molecules, JTS-653, to treat urinary bladder

overactivity, although there is still no data available from that study (Gunthorpe

and Chizh 2009; Khairatkar-Joshi and Szallasi 2009). Using an animal model,

Charrua et al. (2009b) have shown that oral administration of GRC-6211, a

specific TRPV1 antagonist that is already in phase II for neuropathic pain

treatment, abolishes both urinary bladder hyperreflexia and hyperalgesia asso-

ciated with LUT inflammation in rodents and bladder hyperreflexia in animal

models of spinal cord transection (Silva et al. 2008a). One undesirable side effect

of TRPV1 antagonists is that, by acting on visceral TRPV1 (Jones et al. 2005),

they can cause hyperthermia (Steiner et al. 2007; Swanson et al. 2005) after

promoting vasoconstriction and increasing thermogenesis (Jones et al. 2005;

Gavva et al. 2007). However, recent data have shown that hyperthermia is

attenuated after repeated application of TRPV1 antagonist, which renews the

interest in already synthesized molecules (Wong and Gavva 2008). Moreover,

some compounds, like GRC-6211, did not show this side effect (Charrua et al.

2009b; Silva et al. 2008a).

One curious aspect of TRPV1 antagonist on bladder function is a capacity to

decrease bladder reflex activity (Charrua et al. 2009b). In high doses, GRC-6211

was able to transiently block bladder contractions in rats and WT mice. However,

the same dose did not produce any effect on bladder activity in TRPV1 KO mice,

suggesting that TRPV1 may have mechanoreceptor proprieties, either directly or

indirectly. It is tempting to speculate that the formation of TRPV1/TRPV4 dimers

may contribute to this unexpected function of TRPV1 receptor in the urinary

bladder (Charrua et al. 2009b) and other viscera (Gavva et al. 2008).
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1.6 Clinical Perspective of TRPV1 Targeting

1.6.1 TRPV1 Desensitization

Pathologies such as spinal cord injury (De Groat 1997), chronic bladder outlet

obstruction (Chai et al. 1998), and in patients with idiopathic detrusor overactivity

(IDO) (Silva et al. 2002) have in common the overactivity of a spinal C-fiber

initiated micturition reflex. This reflex is ultimately the origin of detrusor overac-

tivity as indirectly shown by the suppression of nonvoluntary detrusor contractions

after C-fiber desensitization induced by intravesical application of vanilloids such

as capsaicin or resiniferatoxin (Fowler et al. 1994; Lazzeri et al. 1997, 1998; Cruz

et al. 1997a, b; de Ridder et al. 1997; de Séze et al. 1998; Silva et al. 2002; Liu and

Kuo 2007b).

The effect of vanilloids on bladder C-fibers was clearly demonstrated in

patients with neurogenic detrusor overactivity (NDO) of spinal origin. Intravesi-

cal resiniferatoxin resulted in a decreased expression of TRPV1 in bladder

sensory fibers (Brady et al. 2004b; Silva et al. 2002, 2005) and in urothelial

cells (Apostolidis et al. 2005a), which correlated with an increase in bladder

capacity and a decrease in urgency (Silva et al. 2007). Intravesical resiniferatoxin

was administered either as a single high-dose instillation or as multiple low-dose

instillations, in both cases with very positive results (Lazzeri et al. 2000, 2004a;

Silva et al. 2007; Dinis et al. 2004b; Kuo 2003, 2005a; Kuo et al. 2006; Chen et al.

2005; Apostolidis et al. 2006a; Peng et al. 2007; Payne et al. 2005). Placebo

control trials showed a clear benefit on the resiniferatoxin arm (Silva et al. 2005;

Kuo et al. 2006). However, resiniferatoxin instillation did not gain worldwide

popularity despite its low pungency (Cruz et al. 1997b) due to technical difficul-

ties in obtaining stable solutions.

1.6.2 TRPV1 Antagonists

Initial experiments with TRPV1 antagonists on rodent models of bladder inflam-

mation or detrusor overactivity induced by spinal cord injury suggest that this new

class of drugs will have a relevant future for the treatment of bladder pain, urinary

frequency, and urinary incontinence (Charrua et al. 2009b; Silva et al. 2008a). From

a theoretical point of view, TRPV1 antagonists will be of special interest in bladder

disorders such as interstitial cystitis, a chronic inflammatory condition of the

bladder of unknown etiology where TRPV1 expression is increased (Mukerji

et al. 2006).

For the same reasons, TRPV1 antagonists might be relevant in detrusor over-

activity. In the particular case of NDO, the capacity of TRPV1 antagonists to

cause detrusor paralysis makes this class of drugs very appealing (Brady et al.

2004a).
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2 General Characteristics of Botulinum Toxin

Botulinum toxin (BoNT) is a neurotoxic protein produced by a great variety of

Gram-positive spore-forming bacteria that form Clostridium botulinum (Mohanty

et al. 2001). Among these bacteria, some produce only one serotype and others

produce more than one of the seven known BoNT serotypes A, B, C, D, E, F, and G

(Fujinaga et al. 1995; Santos-Buelga et al. 1998; Hill et al. 2007). Clostridium
butyricum and Clostridium baratii also produce type E (Meng et al. 1997) and type

F of BoNT (McCroskey et al. 1991), respectively. All BoNT serotypes genes differ

in nucleotide sequence and are preceded by the nontoxic nonhemagglutinin gene

and other genes that encode toxin-associated proteins (Hill et al. 2007; Popoff and

Marvaud 1999). BoNT/A presents four subtypes: BoNT/A1, BoNT/A2, BoNT/A3,

and BoNT/A4 that can have up to 15% amino acid differences (Hill et al. 2007).

Nevertheless, all BoNT/A genes are translated into a single polypeptide chain

(�150 kDa), afterward being cleaved into a heavy subunit (�100 kDa) and a

light subunit (�50 kDa) (Simpson 1981; Lacy and Stevens 1999; Binz et al.

2002). The resulting subunits stay connected by disulfide bridges and by noncova-

lent interactions (Binz et al. 2002; Strauss and Keller 2008). After being produced,

the toxin forms a complex with other proteins, becoming more resistant to proteol-

ysis and denaturation (Wagman 1954). The light chain (LC) of BoNT has an amino

acid sequence with a motif His-Glu-x-x-His in their intermedial portion (Schiavo

et al. 1994; Humeau et al. 2000). This motif is characteristic of the catalytic domain

of all Zn-dependent endopeptidases (Binz et al. 2002; Humeau et al. 2000; Li et al.

2000; Rigoni et al. 2001). The heavy chain (HC) of BoNT is subdivided into

three portions: a a-helical domain of 50 kDa (HN), responsible for the LC translo-

cation into the neuronal cytoplasm, and another 50 kDa fragment subdivided

into two domains of 25 kDa (HCN and HCC) (Binz et al. 2002; Lalli et al. 1999).

The HN fragment is integrated in the membrane, due to the acidic compartment of

the endosome, and forms a selective cationic channel (Blaustein et al. 1987;

Kalandakanond and Coffield 2001). It is through this channel that the LC can

pass, after conformation rearangement, possibly helped by the belt region, which

has chaperone characteristics (Koriazova and Montal 2003; Fischer and Montal

2007a, b; Galloux et al. 2008; Montal 2009). The function of HCN, the structure of

which resembles a lectin, is still unveiled (Binz et al. 2002). The HCC function is

associated with both the recognition of neuronal specific areas (nonmyelinated,

with complex polysialogangliosides, especially the terminal NAcGalb3-1Galb of

GT1b and GD1a and glicosfingolipids), and the toxin internalization (Rummel et al.

2004).

2.1 BoNT Mechanism of Action

The BoNT mechanisms of action comprise three steps: the connection of the toxin to

the neuronal membrane, its internalization, and finally its intracellular effects (Fig. 2).
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The HCC fraction of BoNT/A connects to the terminal portion of the abundant

low-affinity receptor NAcGalb3-1Galbof polysialogangliosides GT1b, GQ1b, GD1a,

and GD1b, maintaining the BoNT/A attached to the neuronal membrane (Rummel

et al. 2004; Simpson 1984; Yowler and Schengrund 2004; Binz and Rummel 2009;

Brunger and Rummel 2009). During exocytosis, the HCC fraction of BoNT/A will

bind to the scarce, but now available, high-affinity receptor synaptic vesicle protein

2 – SV2 (Rummel et al. 2004; Simpson 1984; Yowler and Schengrund 2004; Binz

and Rummel 2009; Brunger and Rummel 2009; Dong et al. 2006; Mahrhold et al.

2006). The SV2 has three isoforms: A, B, and C, the latter having the highest

affinity to the BoNT (Dong et al. 2006; Mahrhold et al. 2006). Once connected to

the SV2 receptor, the toxin is internalized inside synaptic vesicles during the

process of recycling (Schiavo et al. 1994).

Only the LC of the toxin is translocated from the synaptic vesicle to the neuronal

cytosol, after being pulled apart from the rest of the chain following the reduction of the

disulfide bridge (Galloux et al. 2008; Fischer et al. 2008). LC translocation is processed

through a pore formed by HN fragment, once this part of the BoNT/A molecule is

incorporated into the synaptic vesicle membrane (Blaustein et al. 1987; Kalandakanond

and Coffield 2001; Fischer et al. 2008). Although the LC dimension seems to be far

superior to the pore diameter, it is believed that it passes through the pore partially

unfolded (Koriazova andMontal 2003; Fischer andMontal 2007a, b;Galloux et al. 2008;

Montal 2009; Cai et al. 2006). This conformation change is dependent on a lowpH inside

the synaptic vesicle (Koriazova andMontal 2003; Fischer andMontal 2007a, b; Galloux

et al. 2008; Montal 2009; Cai et al. 2006). Before translocation, LC portion is depleted

from Zn, which is regained once LC reaches the neuron cytosol (Simpson et al. 2001).

Once in the cytosol, the higher pH of this cellular compartment prompts LC to regain its

neutral conformation (Schiavo et al. 1994). It is known that LC can be phosphorylated by

Src family of tyrosine kinases in the tyrosine-71, whichwill increase the thermal stability

of the endopeptidase (Ferrer-Montiel et al. 1996; Ibañez et al. 2004).

Fig. 2 Schematic model of BoNT toxin mechanism of action [adapted from Binz and Rummel

(2009); with Wiley InterScience permission]
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2.1.1 Effect of BoNT in Neurotransmitter Release

BoNT/A prevents neurotransmitter release from intoxicated cells, much of which

neurons, in a calcium-dependent manner (Schiavo et al. 1994; Sakaba et al. 2005).

The basic fusion machinery that leads to synaptic vesicle and plasma membrane

fusion is formed by several molecules, such as the vesicle proteins VAMP2

(synaptobrevin 2; v-SNARE; associated with synaptophysin and V-ATPase) and

synaptotagmin, the soluble NSF (SNAP/NSF complex), and the membrane proteins

syntaxin 1 and SNAP-25 (Schiavo et al. 1994). SNAP-25 is associated with the

internal leaf of neuronal cytoplasmic membrane by palmitoylation (Schiavo et al.

1994; Prescott et al. 2009). Syntaxin and SNAP-25 form the t-SNAREs (Schiavo

et al. 1994). t-SNAREs together with v-SNARE form trans-SNARE or SNARE core

complex (Schiavo et al. 1994; McNew et al. 2000). In order for neurotransmission

to occur, the C-terminal of syntaxin 1 binds to the C- and N-terminal of SNAP-25

and to the major part of the cytoplasmic domain of VAMP2 forming a trans-
SNARE complex (Jahn and Scheller 2003; Jahn et al. 2003). The trans-SNARE
complex is in association with other factors, such as a-SNAP/NSF complex

(ATPase that uncouple trans-SNARE complex), Rab proteins, and SM protein

(such as Munc18 or Munc 13, which organizes spatial and temporal trans-
SNARE complex) and complexin (Brunger et al. 2008; Vassilieva and Nusrat

2008; Wickner and Schekman 2008). The free energy released during the formation

of this complex (35 kBT, �20 kcal/mol) together with calcium-induced synapto-

tagmin activation can allow the fusion of the two membranes (Chen et al. 1999;

S€udhof and Rothman 2009). In fact, it is necessary 50–100 kBT for the fusion to

occur, which is obtained with the formation of three or more trans-SNARE com-

plexes (S€udhof and Rothman 2009).

In spite of SNARE complex cleavage by BoNT/A, synaptic vesicles are still able

to bind the cytoplasmic membrane (Humeau et al. 2000; Muller et al. 1987; Marsal

et al. 1989). However, this binding might occur far from voltage-sensitive calcium

channels (Ibañez et al. 2004; Atlas et al. 2001). This will prevent the calcium-

dependent fusion between synaptic vesicles and the cytoplasmatic membrane

(Ibañez et al. 2004; Wonnacots et al. 1978; López-Alonso et al. 1995). This

observation is confirmed in experiments in which an increase in calcium influx

allows this ion to be available to the fusion process even in vesicles primed away

from the places of calcium entry (Ibañez et al. 2004; de Haro et al. 2003).

This same mechanism might hold true for afferent neurons. It was recently

showed that in rat trigeminal ganglia, CGRP is coexpressed with SNAP-25, syn-

taxin 1, VAMP, and synaptotagmin, VAMP being extremely important for CGRP

release (McVary et al. 1998). Vanilloid-induced or bradykinin-induced CGRP

release was only partially abolished by BoNT/A (McVary et al. 1998). This

ineffectiveness of BoNT/A could be explained by the massive calcium entry to

the cell caused by capsaicin stimulation (McVary et al. 1998).

A less well discussed mechanism of action of BoNT/A deals with its effect on

the energetic machinery of the cells. Neuronal ATP and creatine phosphate levels

decrease in cholinergic neurons after BoNT/A administration (Dunant et al. 1987,
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1988, 1990). In consequence, one might expect that the nerve terminal affected by

the toxin will be impaired.

2.2 BoNT/A and the Urinary Bladder

BoNT/A injections in the bladder wall may induce detrusor paralysis, provided that

appropriate doses of neurotoxin are administered. In humans, detrusor paralysis and

urinary retention were observed in patients with NDO and IDO (Apostolidis et al.

2005b, 2006b; da Silva and Cruz 2009). In animal experiments, normal animals

will also display detrusor paralysis, provided that adequate doses of BoNT/A are

injected in the bladder.

BoNT/A was first thought to induce bladder paralysis by preventing acetylcholine

release in the neuronal–muscular junction (Edmunds and Long 1923; Dickson and

Shevky 1923; Ambache 1949; Burgen et al. 1949). In the skeletal muscle, BoNT/A

causes muscular paralysis that recovers within 2–4 months time after BoNT/A

injection. During this period, a decrease of extrajunctional acetylcholinesterase can

be detected and axons develop lateral sprouts that eventually disappear once synaptic

transmission recovers (Thesleff et al. 1990; de Paiva et al. 1999; Meunier et al. 2002).

Curiously, neuronal sprouting during detrusor paralysis was never documented in the

urinary bladder (Haferkampa et al. 2004). In addition, no changes could be detected

in the detrusor smooth muscle cells or nerve fibers coursing the urinary bladder

(Haferkampa et al. 2004). On the other end, fragments of cleaved SNAP-25 seem to

last much longer in the human bladder than in striated muscle (Schulte-Baukloh et al.

2007) and the average duration of BoNT/A in the bladder, around 9 months, largely

exceeds that of skeletal muscle. Altogether, these facts indicate that additional

mechanisms of action are probably operative in the bladder.

Among possible mechanisms, interruption of sensory input from the bladder, has

received great attention. About 50% of the human bladder afferents express SV2

and SNAP-25, indicating their sensitivity to the neurotoxin (Coelho 2009). BoNT/A

decreases the release of both substance P and CGRP from bladder afferent periph-

eral terminals in the bladder wall (Apostolidis et al. 2006b; Welch et al. 2000b;

Chuang et al. 2004; Rapp et al. 2006; Lucioni et al. 2008), which is expected to

limit neurogenic inflammation in the bladder. In addition, BoNT/A also inhibits the

spinal cord release of glutamate, substance P, and CGRP by sensory nerves (Meng

et al. 1997; Purkiss et al. 2000; Duggan et al. 2002; Aoki 2005), decreasing the

excitation of second-order spinal cord sensory neurons.

BoNT/A was shown to prevent TRPV1 trafficking to the membrane during

bladder inflammation (Morenilla-Palao et al. 2004). This process is expected to

not only affect the noxious transmission in the bladder, but also prevent the

activation of micturition reflex by bladder filling. In accordance with these experi-

mental findings, TRPV1 and P2X3 immunoreactivity in the urinary bladder of

patients with detrusor overactivity was shown to decrease after BoNT/A adminis-

tration (Apostolidis et al. 2005b).
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Another mechanism by which BoNT/A might interfere with the sensory arm

of micturion reflex deals with the decrease of ATP release after BoNT/A

injection in the bladder wall in animal models of spinal cord injury (Khera

et al. 2004; Smith et al. 2008). ATP activates P2X3 receptors in the suburothe-

lium, which was shown to be essential for bladder contractions (Cockayne et al.

2000). The decrease of ATP release was initially suggested to be dependent on a

direct effect of BoNT/A on urothelial cells (Khera et al. 2004; Smith et al. 2008).

However, rodents and human urothelial cells do not express SV2 or SNAP-25

(Coelho 2009). The decrease of ATP release should therefore be interpreted as

either a direct effect of BoNT/A on ATP producing machinery (Dunant et al.

1987, 1988, 1990), a possible effect on other urothelial proteins involved in ATP

release, such as connexins, nucleoside transporters, or the ABC cassette system

(Grossman et al. 1994; Wang et al. 2005), or an indirect consequence of the

intravesical pressure decrease following detrusor paralysis (Vlaskovska et al.

2001).

A marked decrease in urine concentration of nerve growth factor (NGF) was

observed in NDO and IDO patients after BoNT/A injections (Giannantoni et al.

2006a; Liu et al. 2009). The mechanism of NGF release impaired by BoNT/A is

unknown at this moment. Although an effect on urothelial cells could be suggested

on the basis of NGF released from those cells (Birder et al. 2007), a recent

observation from the same group seems to exclude such hypothesis. In fact, in

contrast with urine levels (Kim et al. 2005; Yokoyama et al. 2008; Kuo et al. 2009),

NGF concentration in mucosal samples of patients with detrusor overactivity is not

superior to those of normal subjects (Birder et al. 2007). Whatever the mechanisms

of NGF decrease in urine, the lack of this neurotrophin is expected to reduce

excitability of bladder sensory fibers (Dmitrieva and McMahon 1996). Quite

recently a decrease of brain-derived nerve factor concentration was also found

after BoNT/A administration (Pinto et al. 2010).

The impairment of bladder nociceptive input following BoNT/A application in

the bladder (Smith et al. 2004) opened the opportunity of BoNT/A injection in

patients with bladder pain syndrome/interstitial cystitis (BPS/IC) (Giannantoni

et al. 2006a; Liu and Kuo 2007a). Due to the concentration of bladder nociceptive

fibers in the trigonal region, BoNT/A injections restricted to the trigone were

recently evaluated in BPS/IC (Pinto et al. 2010). Pain alleviation proved to be

highly effective in spite of the limited area of injection (Pinto et al. 2010). In

addition, the risk of micturition dysfunction was minimized when compared with

whole bladder injection (Pinto et al. 2010).

2.3 BoNT/A and the Prostate

The effect of BoNT/A was recently investigated in the prostate. Injections in the rat,

dog, and human prostate were shown to decrease prostate volume (Chuang et al.

2005; Silva et al. 2008b, c). In a study carried out in rats, the prostate volume
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reduction was correlated with an activation of apoptotic mechanisms (Silva et al.

2008b). Interestingly, prostate apoptosis was shown to be dependent on sympathetic

nerve impairment and consequent decrease of the adrenergic stimulation of gland

(Silva et al. 2008b). In addition to prostate volume changes, BoNT/A was shown to

induce a dose-dependent decrease on the contractile function of the dog prostate

(Schaible et al. 2005), further reinforcing the importance of sympathetic nerve

signaling.

These findings suggest for intraprostatic BoNT/A, a totally different mechanism

than proposed for intradetrusor BoNT/A (see Sect. 2.2), where parasympathetic

impairment seems to play the key role. However, sympathetic fibers are the most

numerous nerves in the prostate, whereas parasympathetic nerves predominate in

the bladder (McVary et al. 1998; Schaible et al. 2005). Indirectly the differences

between the bladder and the prostate indicate that BoNT/A effect in a particular

organ depends on the impairment of the most important/numerous nerve fibers

coursing through it.

2.4 Clinical Implications in the Usage of BoNT/A

The use of BoNT/A has become the treatment of excellence for patients with NDO

(Cruz and Silva 2006), since it is simple and reproducible. It consists of BoNT/A

injection (200–300 U of Botox® or 500–1,000 of Dysport®) distributed by 30

detrusor sites of injections under cystoscopic control. The treatment resulted in a

reduction of incontinence episodes in neurogenic detrusor overactive patients

(Reitz et al. 2004; Kalsi et al. 2007; Schurch et al. 2005; Ehren et al. 2007), with

a mean duration between 6 and 9 months. More complete studies comparing BoNT/

A with a placebo will prompt the definitive approval of this drug for NDO

treatment.

Several studies, although also limited in size, have demonstrated clinical and

urodynamics improvement in patients with refractory IDO after BoNT/A adminis-

tration (Schmid et al. 2006; Sahai et al. 2007; Schulte-Baukloh et al. 2005;

Brubaker et al. 2008). Furthermore, patients with benign prostate hyperplasia

(Maria et al. 2003; Kuo 2005b; Chuang et al. 2005; Silva et al. 2008c; Doggweiler

et al. 1998) and patients with BPS/IC (Giannantoni et al. 2006b, 2008; Pinto

et al. 2009) presented an improvement in their symptoms after treatment with

BoNT/A.

3 Future Directions

The key role of motor and sensory nerve fibers of somatic and autonomic origin for

the LUT function makes the nervous system a foreseeable target for the control of

micturition dysfunction. TRPV1 receptors are the first example of these targets that
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are expected to be more and more relevant as new antagonist will come into

therapeutic use. BoNT/A represents a nonspecific, albeit extremely potent, neuro-

toxin. However, the capacity to impair LUT innervation for long periods of time

makes this toxin extremely attractive for the treatment of LUT dysfunction refrac-

tive to standard treatment. Future directions in BoNT/A will inevitably pass through

the definition of doses and choice of injection places according to pathologies to

treat, taking into consideration the different distribution of somatic, autonomic, and

sensory fibers throughout the LUT.
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de Sèze M, Wiart L, de Sèze MP, Soyeur L, Dosque JP, Blajezewski S, Moore N, Brochet B,

Mazaux JM, Barat M, Joseph PA (2004) Intravesical capsaicin versus resiniferatoxin for the

treatment of detrusor hyperreflexia in spinal cord injured patients: a double-blind, randomized,

controlled study. J Urol 171:251–255
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Abstract The membrane potential fulfils an important role in initiating smooth

muscle contraction, through its depolarization and the subsequent influx of Ca2þ

through voltage-gated Ca2þ channels. Changes in membrane potential can also co-

ordinate contraction across great distances, utilizing the speed of electrical current

flow through gap junctions. Hence, regulating membrane potential can greatly

influence smooth muscle function. In this chapter, we will consider the influence

of ion channels, as dynamic gatekeepers of membrane permeability, on urogenital
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function. Through their ability to act as key regulators of both the resting membrane

potential and its dynamic changes, they provide important pharmacological targets

for influencing urogenital function.

Urogenital smooth muscle and urothelia contain a diverse range of molecularly

and functionally distinct Kþ channels, which are key to regulating the resting

membrane and for re-establishing the normal membrane potential following both

active and passive changes. The voltage-gated Ca2þ channels are key to initiating

contraction and causing rapid depolarization, supplemented in some smooth mus-

cles by rapid Naþ conductances. The Cl� channels, often assumed to be passive,

can actively change the membrane potential, and hence, cellular function, because

Cl� is not usually at its equilibrium potential. The useful ways in which these ion

channels can be targeted therapeutically in the ureter, bladder and urethra are

discussed, focussing particularly on treatments for ureteric obstruction and detrusor

overactivity. Current treatments for many urinary tract disorders, particularly the

overactive bladder, are complicated by side effects. While ion channels have

traditionally been considered as poor therapeutic targets by the pharmaceutical

industry, our increasing knowledge of the molecular diversity of Kþ and Cl�

channels gives new hope for more narrowly focused drug targeting, while the

exciting discoveries of active currents in interstitial cells give us a new set of cellu-

lar targets for drugs.

Keywords Calcium channels � Chloride channels � Detrusor overactivity � Intersti-
tial cells of cajal � Potassium channels � TRP channels � Ureter � Urethra � Urinary
bladder

1 Introduction

Animals adapt to changes in their environment, and this has consequences when

one is considering drug treatment, since continuous use of a drug can trigger

changes. This occurs mainly at the level of cell membranes that contain a variety

of chemically receptive sites, including ion channels.

G-protein-coupled receptors are designed specifically to respond to signalling

molecules and to change their sensitivity to ensure that the functional response is

maintained even if the strength of the signal varies. Thus, a drug designed to alter

the function of a receptor may automatically trigger adaptive changes that may

reduce the therapeutic benefits. A good example here is the use of antimuscarinic

drugs in the treatment of bladder overactivity. In this case, in normal use, 80% of

patients have stopped taking them within 12 months, because they no longer

provide effective relief (Hegde 2006). The bladder has adapted to their presence.

Other receptors are themselves ion channels, such as the P2X receptor family,

which respond to ATP and are important in some parts of the urogenital system.

For example, P2X1 receptors are present on smooth muscle cells of the urinary

bladder, where they are activated by ATP co-released from parasympathetic nerves

to initiate action potentials and hence contraction (Hashitani et al. 2000b; Young
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et al. 2008). In humans, there is particular interest in this ATP-mediated or

purinergic transmission, as its importance increases with age (Yoshida et al.

2004). The pharmacology of this family of receptors has been reviewed by Jarvis

and Khakh (2009).

Simpler ion channels, however, may also be therapeutic targets. Possibly their

main advantage is that they have not evolved with the specific ability to alter their

properties in the complex ways that the G-protein-coupled receptors have, and thus

if a drug can be found that modulates their activity, they are less likely to adapt to its

presence. Drugs interacting with ion channels may do so in quite subtle ways, not

just activating or blocking, but also altering their properties to decrease or increase

the likelihood of channel opening. Thus, changing the numbers or relative propor-

tions of the various open channels gives considerable potential for manipulating

tissue behaviour – it should for instance be possible to increase or decrease

spontaneous activity and correct many disorders. The main disadvantage is that

the effects of modulating channel activity are likely to be very widespread, and

tissue selectivity is thus of overriding importance.

The most important ion channel targets relevant for controlling the behaviour of

the urinary tract will be Kþ and Ca2þ channels in the autonomic nervous system and

its effectors, but there is also scope for drugs acting on other channels and in regions

of the central nervous system (CNS) that control autonomic outflow.

In this chapter, we first consider in more detail the properties of the various

channels, and the drugs known to interact with them, before giving some brief

examples of the responses of specific urinary tract smooth muscles. It should,

however, be emphasized that the outcome of such manipulations is not always

straightforward to predict. For instance, one might expect that opening Kþ channels

would hyperpolarize membranes, and opening Ca2þ channels would depolarize,

since the reversal potential for Kþ is more negative than the resting potential, and

for Ca2þ far more positive. However, this is far from true. For example, inwardly

rectifying Kþ channels exist, which over a certain range of [Kþ]o will depolarize
the membrane when opened, and Ca2þ entry through Ca2þ channels will hyperpo-

larize if it reaches Ca2þ-activated Kþ channels. Ca2þ-activated Cl� channels also

exist, but the reversal potential for Cl� channels in smooth muscles is negative to

the resting potential and thus their activation will depolarize the membrane. Table 1

shows typical values estimated for the various ionic concentrations and their

reversal potentials.

Table 1 Typical ion concentrations and Nernst potentials in mammalian cells

Ion Intracellular

conc. (mM)

Extracellular

conc. (mM)

Reversal potential

at 38�C
K+ 150 4.5 �92.9

Na+ 9 140 +72.7

Cl� (3–50) 30 100 �31.9

HCO3
� 12 24 �18.4

Ca2+ 0.0003 2.4 +119

Mg2+ 0.4 1.5 +17.3

X� net charge

on macromolecules

118 28
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2 Potassium Channels

Kþ channels are normally composed of four subunits: complex, membrane-spanning

proteins that share a common amino acid sequence on one of the pore-forming loops,

which gives the channel its selectivity. It now appears that there are three main

classes of Kþ channel, based on the number of transmembrane segments of each

receptor subunit (see Fig. 1). They are the two, four, and six transmembrane groups.

The 4TM proteins may be the ones that confer the basic Kþ leak conductance.

The 2TM group includes the inward rectifier channels, the ATP-selective and the

G-protein-coupled channels, whereas the 6TM group includes the Ca2þ-activated
and delayed rectifier channels. The even number of membrane-spanning loops and

their arrangement means that the two terminals are intracellular. Frequently there

are regulatory subunits, additional proteins that can interact with the channel to

modify channel behaviour.

2.1 4TM Channels

These probably are responsible for the inherent potassium selectivity of cell mem-

branes and the net negative membrane potential. Each subunit has two pore-forming

Fig. 1 Proposed structures of potassium channel subunits. Four subunits combine and may also

interact with additional regulatory subunits to form the functional potassium channel. Reprinted by

permission from Macmillan Publishers Ltd: Nature Neuroscience (Choe 2002), copyright 2002
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loops (P domains). The channel homologue in the human genome is called TWIK-

1. When these channels are expressed in Xenopus oocytes, the current through them
is time-independent and has a nearly linear I–V relationship, which, however,

saturates at large depolarizations (positive to 0 mV) as long as internal Mg2þ ions

are present. TWIK-1 channel activity is blocked by Ba2þ, quinine and quinidine.

This channel is of particular interest because its mRNA is widely distributed in

human tissues and is particularly abundant in brain and heart. The channel activity

is indirectly upregulated by activation of protein kinase C and downregulated by

internal acidification (Lesage et al. 1996).

2.2 2TM Channels

The 2TM channels include the inward rectifier channels, i.e. the ones that allow

current to pass into the cell more easily than out of it. They also include the ATP-

sensitive and G-protein-coupled channels. Such channels can have very specific

functions in the body, and drugs that can activate or inhibit them will have rather

precise effects.

2.2.1 Inward Rectifiers

These are found in many types of excitable cells, and are so called because ions flow

through the open channels more easily into the cell than out. This rectification does

not seem to be due to any intrinsic voltage sensitivity of the channel proteins, but is

the result of large intracellular ions that cannot pass through the channel; so when

the cell membrane is positive to the potassium equilibrium potential, thus providing

a driving force for current flow out of the cell, these ions will block the channel.

Examples of blocking molecules are divalent cations such as Mg2þ, or organic
molecules such as spermine, spermidine, putrescine and cadaverine (Lopatin et al.

1994). These channels have been studied in arterial smooth muscles (for Nelson and

Quayle (1995)), and unlike other Kþ channels, have activity that is sensitive to

extracellular [Kþ]. Changing the potassium equilibrium potential changes the

driving force on the ions, and in these channels outward current remains small

but current flows inward when [Kþ]o and the driving force are changed appropri-

ately. The channels in arterial smooth muscle are not blocked by charybdotoxin and

iberiotoxin, or 10 mM glibenclamide, or 1 mM tetraethylammonium (TEA), but are

sensitive to Ba2þ (Nelson and Quayle 1995).

2.2.2 ATP-Sensitive KIR6 Channels

These control insulin release from pancreatic b cells (for references, see Ashcroft

and Gribble (1998)). The regulatory subunits of these channels bind to, and are
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inhibited by, an increasing intracellular ATP, so that when glucose levels are high,

the cell takes up glucose and metabolizes it to increase intracellular ATP. This

increase in ATP switches off the channels and causes depolarization, Ca2þ entry

and insulin secretion. If this system does not work, it causes a neonatal form of type

I diabetes mellitus (Gloyn et al. 2004). Sulfonylureas, including oral hypoglycae-

mic drugs such as tolbutamide, can be useful: they act by binding to the regulatory

subunit of the KATP channel and blocking its activation. Thus, they can depolarize

and cause the secretion of insulin from any surviving pancreatic b cells. Channels in

arterial smooth muscle can be blocked by Ba2þ (half block at around 100 mM),

4-aminopyridine (4AP; half block at around 0.2 mM) and TEA (half block at

7 mM), but are not sensitive to charybdotoxin or iberiotoxin.

2.2.3 G-Protein-Coupled Channels

It has been known for some time that in the heart, the bg subunits of GTP-binding

proteins can directly activate muscarinic Kþ channels (Logothetis et al. 1987).

More recently, Lopes et al. (2007) have provided evidence that G-protein-coupled

2TM channels exist in myometrial smooth muscle. However, they suggest that this

form of interaction may occur in all Kþ channel classes (Fig. 2).

For instance, Toro et al. (1990) examined a channel in the myometrium that

possesses b-adrenergic receptors coupled to a GTP-dependent protein that could

directly gate calcium-activated Kþ channels of a conductance of about 260 pS,

which would now be classified as KCa1.1 channel (see below). Furthermore, the Kþ

channels, b-adrenergic receptors and G-proteins could be reconstituted in lipid

bilayers as a stable, functionally coupled, molecular complex. More recently,

Bhattacharyya et al. (2002) have looked at a similar channel in the ciliary epithe-

lium that was blocked by iberiotoxin from the outside and barium from the inside

and is a KCa1.1 (maxi K) channel in which b-receptor stimulation increased the

open probability of the channel through a direct G-protein-gated pathway.

Fig. 2 A scheme showing a model where PKA phosphorylation sites in the channel directly

regulate channel interactions with PIP2, thus regulating the Gq-coupled modulation of the channel;

from Lopes et al. (2007)
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2.3 6TM Channels

2.3.1 Delayed Rectifier Channels

These are those thought classically to be responsible for repolarization of action

potentials. It is interesting that these channels were first described in cold-blooded

animals, such as in the squid giant axon. In these animals, the rate of spontaneous

repolarization after inactivation of the voltage-sensitive Naþ channels would be

sufficiently slow to restrict the frequency of firing action potentials, and activating

the Kþ channel allows more rapid repolarization. In warm-blooded animals every-

thing is much faster, and it is not always necessary to involve Kþ channels to allow

repetitive firing of action potentials, although they do have a role in ventricular

cardiac muscle. Thus, in mammalian myelinated nerves, voltage-sensitive Kþ

channels are not present in the nodes, although some are still present in the

internodal membranes and play a role in the pathology of demyelinating diseases.

2.3.2 Ca2þ-Activated Channels

These are particularly important in those tissues such as cardiac and smooth

muscles where Ca2þ ions carry a portion of the inward current in the action

potential. Here, when active, these channels will generate a hyperpolarizing

after potential and play an important role in determining the frequency of action

potential firing. There are basically three types: small, medium and large conduc-

tance channels.

Large conductance (KCa1.1; previously or otherwise known as maxi K or BK)

channels are voltage- and calcium-sensitive potassium channels that are fundamen-

tal to the control of smooth muscle tone and neuronal excitability. They are formed

by two subunits: the pore-forming a subunit and the modulatory b subunit, which

may partially inactivate or slightly decrease the activation time of the channels.

Charybdotoxin and apamine are often cited as selective blockers of these channels,

of which the first selective inhibitor reported was charybdotoxin, found by Miller

et al. (1985) to be a high-affinity inhibitor of the channels from mammalian skeletal

muscle that they studied. Externally applied TEA, which is known to block many

different Kþ channels, could be displaced by charybdotoxin, and the results were

interpreted to suggest that charybdotoxin may be binding to a site near to the TEA-

binding site in the external mouth of the channel.

The KCa1.1 channels are of particular importance in regulating the effects of

b-adrenoceptor agonists, such as circulating adrenaline. Activation of b-adrenoceptors
in the bladder is known to increase cAMP, and hence, protein kinase A activity, but it

also activates KCa1.1 channels by a direct action of the G-proteins (Uchida et al.

2005). However, the relative importance of this pathway has been disputed (Frazier

et al. 2005; Yamaguchi and Chapple 2007).

Ion Channel Modulators and Urinary Tract Function 381



Small and intermediate conductance channels are less well understood than the

large conductance channels. Their unit conductances are 2–20 and 20–85 pS,

respectively. They are more sensitive to [Ca2þ]i than the large conductance chan-

nels and are gated solely by internal Ca2þ ions. The intermediate channels are more

common in smooth muscles than the small channels, the latter being more highly

expressed in the CNS. However, the protein-coding regions of these two channels

do not contain consensus Ca2þ-binding motifs. Fanger et al. (1999) studying in

particular the intermediate conductance channel have shown that this Ca2þ sensi-

tivity is mediated by calmodulin, which is prebound to the cytoplasmic C-tail.

3 TRP Channels

These are non-selective cation channels, which although having a similar topo-

graphy to the 6TM Kþ channels, are only distantly related to them. TRP channels

are found in all eukaryotic cells and are probably involved in several different

functions such as mediation of the responses to painful stimuli, receptor-mediated

excitation and modulation of the cell cycle. A common theme that has been

proposed to link the TRP channels is their activation or modulation by phosphati-

dylinositol signal transduction pathways (Clapham 2004).

There are three main subfamilies: the TRPC (canonical), TRPV (vanilloid

receptor, osm9-like) and TRPM (melastatin) subfamilies. In the TRPC family,

TPRC3, TRPC6 and TRPC7 are highly expressed in smooth and cardiac muscle

cells and are candidates for the receptor-activated non-selective cation channels

known to exist in these sites. In the TRPV family, TRPV1 is a Ca2þ-permeant

channel that is potentiated by heat and decreased pH and inhibited by cellular

phosphatidylinositol-4,5-bisphosphate (PIP2). Stretch reportedly increases TRPV2

translocation; increased temperature also activates TRPV3 and TRPV4. TRPV4

current is potentiated by hypotonicity (cell swelling). TRPV5 and TRPV6 comprise

a distinct subfamily of homomeric and heteromeric channels found in transporting

epithelia of the kidney and intestine.

In the TRPM family, TRPM1 is widely expressed in normal tissues, but its

function and electrophysiological properties have not been described. TRPM2

forms a Ca2þ-permeant channel that is gated by binding of ADP ribose and

nicotinamide adenine dinucleotide. TRPM3 forms a Ca2þ-permeant non-selective

channel that is constitutively active when heterologously expressed. Its activity is

increased by hypotonicity, but there is little homology to TRPV4 that might suggest

a common mechanism of activation. TRPM4 is expressed primarily in kidney

distal-collecting-duct epithelium and in the CNS. TRPM4 and TRPM5 are widely

distributed and are the only monovalent-selective ion channels of the TRP family.

They are activated through GPCRs coupled to PLC-dependent endoplasmic reticu-

lum Ca2þ release, perhaps by direct Ca2þ binding to the channel (Clapham 2003).

The molecular diversity of this channel family makes it an excellent target for

specific pharmacological intervention, but the pharmacology of TRP receptors is
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currently so poor (except for TRPV1) that therapies await the development of

subtype-specific drugs.

4 Ca2þ Channels

Since Ca2þ is the main trigger for activating numerous pathways, channels allowing

Ca2þ entry are clearly important targets for drugs. This chapter considers some

pathways allowing entry from the extracellular space, but will not cover the

channels that mediate release from the endoplasmic reticulum.

Two important channels allowing Ca2þ entry are the L-type and T-type Ca2þ

channels. L-type channels have long single channel open times and are large

conductance channels that are activated by relatively large depolarizations.

T-type channels in contrast are transient, have a tiny single channel conductance

and are activated by small depolarizations. Classical L-type channel blockers are the

dihydropyridines, such as nifedipine and nicardipine, and the non-dihydropyridines,

such as verapamil (a phenylalkylamine) and diltiazem (a benzothiazepine). It is also

interesting to note that the ‘antimuscarinic’ drug propiverine has effects in vivo

mediated by its metabolites, one of which directly inhibits L-type Ca2þ channels

(Zhu et al. 2008).

In contrast, development of selective T-type blockers has not been so successful.

Mibefradil was the first to be used, but was shown to have deleterious side effects

and was withdrawn from use in 1998.

Later discovery of other Ca2þ channels activated by large depolarizations led to

the proposal of N-type channels (neural, neither L nor T), and from there came an

array of further channels, such as P/Q and R channels. These have been identified

by their ability to be blocked by specific toxins. N-type channels are blocked by

o-conotoxin GVIA; P/Q-type channels are blocked by o-agatoxins; and R-type

channels are resistant to the toxins.

The L-type Ca2þ channel antagonists, such as nifedipine, are very effective at

inhibiting the contraction of urogenital smooth muscle in response to the stimula-

tion of the cholinergic nerves and the action of acetylcholine at muscarinic

receptors. At first glance this is surprising, because the activation of the G-protein-

coupled muscarinic receptors rarely cause a significant junction potential (a change

in the membrane potential) in urogenital smooth muscle, and so why a voltage-

sensitive Ca2þ channel might be so important is not at all clear. For example, in the

rabbit or rodent urinary bladder, muscarinic stimulation causes either a slow, or no,

membrane potential change (Creed et al. 1983; Fujii 1988; Hashitani and Suzuki

1995). It does, however, increase the frequency of ‘spontaneous’ smooth muscle

action potentials for a few seconds following the end of the field stimulus train

(Hashitani et al. 2000, 2004a); it is this increased firing rate of smooth muscle action

potentials, in the absence of an obvious junction potential, that causes the nifedi-

pine-sensitive contraction; the mechanism by which these action potentials are

initiated is far from clear. It is also the case that muscarinic activation causes an
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IP3-mediated release of Ca2þ from intracellular stores (Andersson et al. 1991), so it

is possible that the store-filling state chronically depends on the influx of Ca2þ

through L-type Ca2þ channels, so indirectly affecting the response to cholinergic

transmission.

4.1 Store-Operated Ca2þ Channels

Another interesting mechanism that occurs in cells is the store-operated system.

When release of intracellular Ca2þ stores is activated, much of the Ca2þ will escape

from the cell, and in order to maintain homeostasis, the stores need to be refilled

from the extracellular space (for references, see Parekh (2006)). It has been found

that anything that empties the stores does indeed trigger Ca2þ entry. The channels

involved are often called CRAC (calcium release-activated channels). ICRAC is non-

voltage sensitive, inwardly rectifying and remarkably selective for Ca2þ. The
conductance of the individual channels is tiny – probably less than 1 pS. Unlike

several other divalent ion-permeant channels, the selectivity does not depend on the

presence of divalent cations (Ca2þ and Mg2þ) in the channel, and in their absence,

single channel conductance is still very low. The channels are selectively blocked

by the trivalent ion Gd3þ, and also by the Synta compound BTP2 manufactured by

GlaxoSmithKline, UK (Ng et al. 2008).

5 Cl� Channels

Early studies on striated muscle suggested that chloride might be passively

distributed in this tissue, since ECl was close to the membrane potential, and

evidence suggested that there was a high permeability to Cl� (see e.g., Adrian

(1961)). High Cl� permeability would tend to stabilize the resting potential and

damp down the responses to activation or inhibition of other channels. However,

after the introduction of ion-sensitive microelectrodes (Neild and Thomas 1973),

measurements of [Cl�i] in heart (Vaughan-Jones 1982) and smooth muscle (Aickin

and Brading 1983) showed that ECl is considerably positive to the membrane potential,

that the passive Cl� permeability is quite low in these tissues (Vaughan-Jones 1982;

Aickin and Brading 1983), and that active transport is required to maintain the

equilibrium. Anything that increases Cl� permeability will now depolarize the

tissue, and this provides a useful strategy for cells to respond to external stimuli.

Chloride movement across the plasma membrane is involved in key cellular events

including cell volume regulation, transepithelial fluid transport, muscle contraction

and neuro-excitation (Verkman and Galietta 2009). Genetic damage to these chan-

nels can result in serious disease.
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5.1 Types of Cl� Channels and Their Functions

Mammalian chloride channels broadly fall into five classes based on their regulation:

cystic fibrosis transmembrane conductance regulator (CFTR), which is activated by

cyclic AMP-dependent phosphorylation; calcium-activated chloride channels

(CaCCs); voltage-gated chloride channels (ClCs); ligand-gated chloride channels

(GABA and lysine-activated); and volume-regulated chloride channels (see Nilius

and Droogmans (2003), Verkman and Galietta (2009)).

Classical Cl� channel blockers include the disulphonic stilbenes (DIDS and

SITS) that block most Cl� channels. Other interesting blockers are the sulfonylur-

eas (e.g. glibenclamide and tolbutamide) that block the CFTR channels, tamoxifen

that blocks ClCs and niflumic acid that blocks CaCCs. A useful list of blockers can

be found in Suzuki et al. (2006).

6 Naþ Channels

Voltage-dependent Naþ channels have probably been studied more than any other

type of channel. Early on, the squid giant axon provided a wonderful model,

because simple wire electrodes could be inserted and the membrane could be

current or voltage clamped sufficiently rapidly to allowing detailed studies of

rapidly activating and inactivating channels (Curtis and Cole 1940; Hodgkin and

Huxley 1939); for review see Hodgkin and Huxley (1990). Tetrodotoxin (TTX) is

one of the most specific channel blockers known, and TTX sensitivity is used to

classify these channels. In tissues where rapid activation is less important, Ca2þ

ions are frequently the main carriers of the inward current, and this appears to be the

case in most smooth muscles (see for example Brading et al. (1969)). Nevertheless,

more recent evidence suggests that genuine Naþ channels may be present in some

smooth muscles, and there may be both TTX-sensitive and TTX-insensitive Naþ

channels, although there remain questions about whether or not they function in

normal tissues, or are only induced under pathological conditions; for example, see

Platoshyn et al. (2005), Berra-Romani et al. (2005), Nakajima et al. (2008). Most of

the urogenital effects of TTX, however, are attributed to the nerves.

7 Ion Channels in Urinary Tract Smooth Muscles

7.1 Distribution of Ion Channels

The important ion channels available for modulation are not just on the smooth

muscle myocytes, but also on the interstitial cells that occur within the walls of the

organs. The importance and roles of interstitial cells are reviewed in Brading and
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McCloskey (2005). These cells appear to be involved in the initiation of spontane-

ous activity and characteristically express kit-like immunoreactivity. They have

also been called myofibroblasts, for example by Drake et al. (2003), and there is

now some consensus for using the term ICC (McCloskey 2010), originating from

‘Interstitial Cell of Cajal’.

7.2 Potential Benefit of Modulating Ion Channels

The pathophysiological changes that need treatment include renal colic due to

ureteric obstruction (usually caused by ureteric spasm induced by passage of kidney

stones), overactive bladders, stress and urge incontinence due to urethral damage.

Drugs acting on ion channels provide therapeutic benefit, and although there is

relatively little specific detail of the molecular composition of urinary tract ion

channels, it is worth examining some of the experimental studies on the effects of

various channel modulators in the ureter, bladder and urethra. Useful techniques

include simple studies of the effects of drugs on the contractile activity of smooth

muscle strips, or more sophisticated studies of the responses of the membrane

potentials of myocytes and interstitial cells to drugs using surface recordings

(e.g. sucrose gap methods) or microelectrodes.

7.2.1 Ureter

The ureter is a particularly interesting organ. It is periodically activated by sponta-

neous depolarizations that arise in the renal pelvis and sweep the length of the ureter

triggering contraction that pushes urine down into the bladder. Detailed examina-

tion of the cell structure in the renal pelvis and upper ureter reveals two cell types

other than myocytes: ‘atypical’ smooth muscle cells that are the pacemakers and

‘ICC-like cells’ [also called intermediate cells; (Lang 1989)].

In human upper tracts, ‘atypical’ pacemaker cells form the muscle coat of the

minor calyces in the kidney pelvis and extend distally to create an inner layer within

the wall of the major calyces and renal pelvis (Dixon and Gosling 1973, 1982). The

number of myocytes increases with distance from the papilla base and they become

tightly packed into bundles as they progress down the tracts (Dixon and Gosling

1982; Klemm et al. 1999). The stellate ‘ICC-like’ cells are the targets of the

autonomic nerves (Lang et al. 1995), and are involved both in linking the myocytes

to the pacemaker cells and in determining the extent of coupling between them, and

thus how often a pacemaker potential will generate a full-blown ureteric peristaltic

contraction.

The depolarizations of the myocytes are often called action potentials, but

consist of a fast initial transient depolarization followed by a prolonged plateau

phase that lasts the length of each contraction (Lang 1989). The ion channels
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underlying this activity and their modulation by various drugs and ions have been

the subjects of considerable study.

The effects on the action potential and the transmembrane ionic currents in the

myocytes produced by changing external [Naþ] and [Ca2þ] suggest that the initial
fast component of the action potential is due to Ca2þ influx, whereas the plateau is

due to Naþ influx (Kuriyama and Tomita 1970; Shuba 1977). Seki and Suzuki

(1990) also found that in the rabbit renal pelvis increasing extracellular Kþ,
decreasing Naþ or inhibition of the Naþ/Kþ pump with ouabain induced a depolar-

ization and an increase in the frequency of the slow waves. Hyperpolarization with

applied current decreased their frequency. On the other hand, decreasing extracel-

lular Ca2þ decreased the amplitude of slow waves with little change in their

frequency. References to more recent work can be found in Burdyga and Wray

(2005); see also Maggi and Meli (1984) and Maggi et al. (1996).

7.2.2 Bladder

Spontaneous activity in the bladder is necessary for the bladder to keep its shape

during filling and thus allow rapid emptying when activated. However, synchronous

activity in the myocytes needs to be avoided to prevent a build-up of intravesical

pressure, which would compromise filling. The myocytes are arranged in small

bundles and are less well coupled electrically than in most other smooth muscles.

Microelectrodes have been used to study the effects of various Kþ channel

blocking and activating drugs on the bladder. For instance, Fujii et al. (1990)

investigated the effect of various Kþ channel blockers in guinea-pig bladder

myocytes and their interaction with the Kþ channel opener cromakalim. Their

results suggested that there were at least two types of Kþ channel present, one of

which was blocked by apamin and responsible for the after-hyperpolarizations of

the spikes. This channel was also blocked by procaine and partially blocked by

quinidine and was not involved in the effects of cromakalim. The other channel,

responsible for the falling phase of the spike was resistant to both apamin and

4-aminopyridine but blocked by procaine, TEA and quinidine, and activated by

cromakalim.

Hashitani and colleagues, using a variety of blockers, propose that spike repo-

larization is determined by inactivation of L-type Ca channels as well as the delayed

rectifier Kþ channels and that other Ca2þ-activated and voltage-dependent channels
are involved in modulation of the resting potential and action potential frequency

(Hashitani et al. 2000, 2001, 2004a; Hashitani and Brading 2003a, b).

ICC-like cells occur at the edges of the myocyte bundles, as well as below the

urothelium and in the lamina propria (Davidson and McCloskey 2005). The

electrophysiological properties of the ICC-like cells have been investigated by

Hashitani et al. (2004b), Kubota et al. (2008) and by Davidson and McCloskey

(2005), McCloskey (2005, 2006), McCloskey et al. (2009). The ICC-like cells are

not thought to be responsible for initiating the spontaneous activity, but to modulate

the activity and potentially modulate neural input.
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7.2.3 Urethra

Extensive patch clamp experiments examining Kþ channel properties in isolated

pig urethral myocytes have been undertaken (e.g. Brading and Turner 1996;

Teramoto and Brading 1996). The use of various Kþ channel blockers leads to

the conclusion that the myocytes have predominantly three types of Kþ channel:

small and large Ca2þ-activated Kþ channels and KATP channels. Isolated strips

generate continuous spontaneous tone, which requires Ca2þ entry and is reduced by

L-type Ca2þ channel blockers, NO donors and KATP openers.

The rabbit isolated urethral strips do not develop spontaneous tone, but micro-

electrode studies (Hashitani et al. 1996) show that the tissue develops regular slow

waves and presumably under the right conditions; these slow waves may give rise to

action potentials and phasic contractions. Similar slow waves have been recorded in

guinea-pig urethra (Hashitani and Edwards 1999). In 2000, the Belfast group

(Sergeant et al. 2000) published striking evidence that the rabbit urethra possessed

interstitial cells with structural and morphological properties similar to those found

in the interstitial cells of Cajal in the gut. They isolated and recorded from these

cells and showed that they generated slow waves very similar to the slow waves

recorded in the urethral smooth muscles with microelectrodes (Hashitani et al.

1996). Ca2þ imaging demonstrated that most of these interstitial cells show spon-

taneous oscillations in [Ca2þ]i. Evidence now strongly suggests that these slow

waves are in fact generated by interstitial cells through a combination of Ca2þ

release from the internal stores and the opening of Ca2þ-activated Cl� channels

(Hollywood et al. 2003). Depolarizing current is then injected into the neighbouring

smooth muscle cells to produce slow waves. The interstitial cells respond to

transmitters, and the complex excitatory and inhibitory innervation that is found

in the urethra may have input onto both cell types.

8 Conclusion

8.1 A Speculative Approach

In order to benefit from targeting ion channels, we need to know details of the

channel types present in the smooth muscles we hope to modulate and have specific

drugs available to interact with them without causing undesirable side effects. The

latter is the main problem. One approach that to our knowledge that has not been

exploited might come from the fact that we are dealing with organs that transport

or store urine. Urine is elaborated in the kidney by filtration and then secretion or

reabsorption along the kidney tubule. Transport mechanisms are present for organic

anions and cations that have fairly nonspecific requirements, and it is possible to

synthesize potential drug molecules with attached groups that allow them to be

actively secreted into the urine. One could thus administer a drug systemically at
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a dose that would be concentrated into the effective range only in the urine. This

pharmacokinetic targeting of the urinary bladder, particularly through actions on

the urothelium, could solve the core, general problem of urinary tract pharmacol-

ogy: effective local action without systemic side effects.

Furthermore, potentiating ligands, analogous to the allosteric potentiating

ligands targeting the nicotinic receptors, might provide a key future direction for

targeting urogenital ion channels. The idea is not to attempt to either block or

activate a channel, but rather to modify its function so that it becomes more, or less,

sensitive to endogenous regulation or membrane potential signals. Work on identify-

ing allosteric binding site for P2X ligand-gated ion channels has already com-

menced (Evans 2009), and perhaps a similar approach will work for other ion

channels once more structural information is available.

Most urogenital smooth muscle functions as a syncytium, and perhaps by

targeting emergent network properties of such syncytia, we can effectively target

organ function. For example, the problem of detrusor activity occurs not so much

because individual smooth muscle cells are more active, but rather because the

smooth muscle activity is more coordinated. Identifying which ion channels can

influence such macroscopic properties is difficult, but several groups are now

applying computational approaches, usually reserved for the study of central net-

works, to understand bladder function.

Finally, an explosion of interest in ICCs now provides new cellular targets for

drug therapies. These cells modulate both urothelial to smooth muscle communica-

tion and signalling from nerves. If ICCs prove to have a unique or characteristic

distribution of ion channels, it may be possible to selectively target their predominant

channel subtypes pharmacologically and hence modify urogenital tract function.

So, driven by unmet clinical needs and bolstered by new molecular and cellular

data, the pharmacological targeting of urogenital ion channels may become a key

area of therapeutics over coming decades.
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Abstract Numerous neuropeptide/receptor systems including vasoactive intesti-

nal polypeptide, pituitary adenylate cyclase-activating polypeptide, calcitonin

gene-related peptide, substance P, neurokinin A, bradykinin, and endothelin-1

are expressed in the lower urinary tract (LUT) in both neural and nonneural (e.g.,

urothelium) components. LUT neuropeptide immunoreactivity is present in affer-

ent and autonomic efferent neurons innervating the bladder and urethra and in the

urothelium of the urinary bladder. Neuropeptides have tissue-specific distribu-

tions and functions in the LUT and exhibit neuroplastic changes in expression and

function with LUT dysfunction following neural injury, inflammation, and dis-

ease. LUT dysfunction with abnormal voiding, including urinary urgency,

increased voiding frequency, nocturia, urinary incontinence, and pain, may reflect

a change in the balance of neuropeptides in bladder reflex pathways. LUT

neuropeptide/receptor systems may represent potential targets for therapeutic

intervention.

Keywords Calcitonin gene-related peptide � Nerve growth factor � Pituitary

adenylate cyclase activating polypeptide � Substance P � Vasoactive intestinal

polypeptide

Abbreviations

AA Acetic acid

ATP Adenosine triphosphate

BOO Bladder outlet obstruction

CGRP Calcitonin gene-related peptide

CYP Cyclophosphamide

DRG Dorsal root ganglia

DSD Detrusor sphincter dyssynergia

EFS Electric field stimulation

IC Interstitial cystitis

ICI Intercontraction interval

IL Interleukin

IR Immunoreactivity
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LUT Lower urinary tract

NGF Nerve growth factor

NK Neurokinin

NVCs Nonvoiding contractions

OAB Overactive bladder

PACAP Pituitary adenylate cyclase activating polypeptide

BPS Bladder pain syndrome

SCI Spinal cord injury

SP Substance P

VIP Vasoactive intestinal polypeptide

VV Void volume

WT Wildtype

1 Introduction: Micturition Overview and Anatomy

of Lower Urinary Tract

Micturition is regulated by neural circuits in the brain and spinal cord that coordi-

nate the activity of the smooth and striated muscles of the lower urinary tract (LUT)

(Fowler et al. 2008). These circuits act as on–off switches to shift the urinary tract

between two modes of operation: storage and elimination. Bladder smooth muscle

and the urethral outlet must function reciprocally for efficient elimination of urine

(Fowler et al. 2008). The bladder smooth muscle must remain relaxed during

storage mode to allow for filling, while the urethral outlet is contracted (Fowler

et al. 2008). Elimination mode requires contraction of bladder smooth muscle and

relaxation of the urethral outlet to allow urine flow (Andersson and Arner 2004).

Precise coordination of the reciprocal functions of the urinary bladder and urethra

and complex neural organization are required for normal function (Fowler et al.

2008).

The LUT, consisting of the urinary bladder, urethra, internal urethral sphincter,

and external urethral sphincter, is composed of both striated and smooth muscle,

and therefore, under both voluntary (somatic) and involuntary (autonomic) influ-

ence (Andersson and Arner 2004). The bladder consists of three layers: a urothe-

lium on the lumenal surface, a lamina propria just deep to the urothelium that

contains a suburothelial plexus of nerves and vasculature, and an outer muscle

layer, named the detrusor, which contains both longitudinal and circular smooth

muscles (Andersson and Arner 2004; Fig. 1). The urothelium in rodents is com-

posed of at least three layers: the basal, intermediate, and superficial/umbrella

layers. However, in higher mammals including humans, there are additional inter-

mediate layers (Wu et al. 2009). The umbrella cells are connected by tight junctions

and are covered on their apical surface by crystalline proteins, which assemble into

hexagonal plaques [for review see, Wu et al. (2009)].
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Fig. 1 Neuropeptide/receptor systems expression in micturition reflex pathways emphasizing

bladder afferent and urothelium participation. (a) Diagram of afferent innervation of the urinary

bladder. Numerous neuropeptide/receptor systems have been identified in bladder afferent (i.e.,

sensory) pathways with contributions to normal lower urinary tract function as well as that after

neural injury, disease, or inflammation. (b) Potential model of possible reciprocal neuropeptide/

receptor interactions among bladder afferent and efferent nerves (not shown), urothelial cells,

myofibroblasts located in the suburothelium and detrusor smooth muscle that underlie physiologi-

cal bladder reflex function as well as pathophysiology in bladder disease. Receptor activation and

channel stimulation on urothelial cells can elicit secretion of chemical mediators that can affect

adjacent tissues including bladder afferent nerves in the suburothelial plexus, myofibroblasts, and

detrusor smooth muscle. Urothelial cells can also be responsive to neurotransmitters released from

bladder nerves and other cell types including inflammatory cells. Abbreviations: ATP adenosine

triphosphate; TrkA receptor tyrosine kinase A; p75NTR low affinity neurotrophin receptor; PG
prostaglandin; NO nitric oxide; NGF nerve growth factor; NP neuropeptides; Ach acetylcholine;

PAC1 pituitary adenylate cyclase-activating polypeptide (PACAP) selective receptor; VPAC2

receptor with equal and high affinity for vasoactive intestinal polypeptide and PACAP; B1
bradykinin receptor 1; B2 bradykinin receptor 2; ETA endothelin receptor A; ETB endothelin

receptor B; NK2 neurokinin receptor 2; NK1 neurokinin receptor 2; NK3 neurokinin receptor 3;

CGRP1 calcitonin gene-related receptor. See text for additional details. Figure modified from

Arms et al. (2009)
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1.1 Neural Control of Micturition

The storage and periodic elimination of urine requires a complex neural control

system that coordinates the activities of a variety of effector organs including the

smooth muscle of the urinary bladder and the smooth and striated muscle of the

urethral sphincters (Kuru 1965; Kl€uck 1980; de Groat and Steers 1990; Andersson

and Arner 2004). Three neural pathways regulate the LUT (1) sacral parasympa-

thetic (pelvic) nerves provide excitatory input to the bladder; (2) thoracolumbar

sympathetic (hypogastric) nerves provide an inhibitory input to the bladder and an

excitatory input to the bladder neck and urethra; and (3) sacral somatic (pudendal)

nerves, which innervate the striated muscles of the sphincters and pelvic floor (Kuru

1965; Kl€uck 1980; de Groat and Steers 1990; Middleton and Keast 2004). Each of

these sets of nerves contains afferent (sensory) as well as efferent (motor) axons

(Morrison 1987; Lincoln and Burnstock 1993).

The central neural pathways controlling the LUT exhibit “all-or-none” or “switch-

like” characteristics reflecting the storage and elimination functions of the LUT (de

Groat et al. 1993, 1997; de Groat and Kruse 1993). During urine storage, somatic and

sympathetic pathways to the sphincters and sympathetic inhibitory inputs to the

bladder are tonically active, whereas parasympathetic pathways are inactive (Kuru

1965; de Groat et al. 1993, 1997; de Groat and Kruse 1993). During reflex or

voluntary micturition, the activity patterns are reversed such that parasympathetic

pathways are excited and somatosympathetic pathways are inhibited, thereby

promoting urine flow (Middleton and Keast 2004).

The LUT reflex mechanisms, organized at the level of the lumbosacral spinal

cord, are modulated predominantly by supraspinal controls (Kuru 1965; de Groat

1975; de Groat et al. 1993, 1997; de Groat and Kruse 1993; Middleton and Keast

2004). These mechanisms can be summarized as follows (1) storage reflexes

(parasympathetic and somatic) are organized at the spinal level; (2) elimination

reflexes (parasympathetic) are organized at a supraspinal site in the pons; and (3)

spinal storage reflexes are modulated by inputs from the rostral pons.

1.2 Neurochemistry and Morphology of Afferent and Spinal
Pathways to the Urogenital Tract

Bladder afferent neurons travel in the hypogastric and pelvic nerves, and their cell

bodies are located in dorsal root ganglia (DRG) at spinal segments T11–L2 and

S2–S4 in humans and L1–L2 and L6–S1 in rats (Fowler et al. 2008; Fig. 1). Bladder

afferent fibers consist of lightly myelinated Ad fibers and unmyelinated C-fibers.

Sensation of bladder filling is conveyed by Ad fibers, the most important mechan-

oreceptors of the bladder. C-fibers are normally “silent,” but they do respond to

chemical or noxious stimuli, including extreme bladder pressure (Fowler et al.

2008). Ad and C-fibers terminate in the urothelium, suburothelium, and smooth
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muscle layers of the bladder (Kullmann et al. 2008). Most bladder afferent fibers

project to lumbosacral spinal cord segments, and this is the most important region

of the spinal cord relative to signaling the micturition reflex (Holstege 2005; Fig. 1).

Most sensory nerves in the bladder are located in a dense suburothelial plexus just

beneath the urothelium (Andersson and Wein 2004; Fig. 1).

Bladder afferent fibers in the pelvic nerve in rodents pass through the dorsal

roots into Lissauer’s tract at the apex of the dorsal horn and then give off collateral

branches that extend ventromedially and ventrolaterally along the superficial layers

of the dorsal horn to the dorsal commissure and to the area of the sacral parasym-

pathetic nucleus (laminae V–VII) that contains preganglionic parasympathetic

neurons that project to the periphery (de Groat et al. 1981, 1986, 1997; Donovan

et al. 1983; Steers et al. 1991a; de Groat and Kruse 1993; Nadelhaft and Vera 1995;

Marson 1997). The most prominent pathway is located in lamina I on the lateral

edge of the dorsal horn in a region termed the lateral collateral pathway of

Lissauer’s tract. Afferent projections from the pudendal nerve and genital structures

follow the medial edge of the dorsal horn into the dorsal commissure region,

forming the medial collateral pathway (Kawatani et al. 1990). Bladder afferent

fibers contain a variety of neuropeptides, including calcitonin-gene-related peptide

(CGRP), substance P (SP), neurokinin A, neurokinin B, vasoactive intestinal poly-

peptide (VIP), cholecystokinin, and enkephalins (Donovan et al. 1983; de Groat

et al. 1986, 1996; Keast 1991; Vizzard 2000d, 2001; Fig. 1). We have demonstrated

(Vizzard 2000d) that bladder afferent cells express pituitary adenylate cyclase-

activating polypeptide (PACAP) and that expression is increased after cyclophos-

phamide (CYP)-induced cystitis in rats. With the exception of CGRP, all of these

substances are predominantly expressed in small (presumably C-fiber) afferents (Ek

et al. 1977; Donovan et al. 1983; de Groat et al. 1986, 1996; Su et al. 1986; Keast

and de Groat 1992; Vizzard et al. 1993a, b, 1994, 1995; Vizzard and de Groat

1996). The administration of capsaicin, which acts selectively on small diameter

afferent fibers to deplete neurotransmitter stores to induce neuronal degeneration,

reduces the levels of substance P, neurokinin A, and CGRP within the pelvic viscera

but does not affect VIP or enkephalin expression (de Groat 1987). These findings

are consistent with SP, related tachykinins, and CGRP expression in afferent path-

ways to the pelvic viscera (de Groat 1987).

Many bladder afferent fibers project to the sacral parasympathetic nucleus,

synapsing with preganglionic parasympathetic neurons as well as interneurons

(Morgan et al. 1981; Fowler et al. 2008). Primary bladder afferents from the pelvic

and hypogastric nerves also project to the dorsal commissure and superficial dorsal

horn (Fowler et al. 2008). The lumbosacral dorsal commissure, superficial dorsal

horn, and parasympathetic nucleus all contain interneurons important to urinary

bladder function (de Groat and Kruse 1993; Fowler et al. 2008). These interneurons

project locally in the spinal cord or to the brain (Fowler et al. 2008). Some bladder

afferents synapse with ascending pathways in the spinal cord that project to

neuronal populations in the brain involved in micturition control, including the

pontine micturition center (de Groat and Kruse 1993; Fowler et al. 2008).
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1.3 Neurochemical Plasticity in the LUT with Bladder
Inflammation, Neural Injury, or Disease

Neuroactive compounds, including neuropeptides, in the afferent pathways to the

LUT exhibit either excitatory or inhibitory actions. Nonneural sources of peptides

in the LUT include plasma, sites of tissue inflammation or injury, detrusor smooth

muscle cells, bladder fibroblasts, and the urothelium. Pathology, neural injury, and

target organ pathology (e.g., bladder inflammation) can alter the known balance of

neuropeptides either in the periphery and/or central pathways, conceivably shifting

the balance to a hyper- or hypoactive reflex state. Changes in micturition reflex

function observed with urinary bladder inflammation (Vizzard 2000b, d, 2001),

interstitial cystitis (IC)/bladder pain syndrome (BPS), spinal cord injury (SCI)

(upper motoneuron injury) (Vizzard 2006; de Groat and Yoshimura 2009), overac-

tive bladder (OAB) (Yoshimura et al. 2008), and detrusor overactivity secondary to

bladder outlet obstruction (BOO) (Andersson 1999, 2006) may reflect a change in

the balance of neuropeptides in LUT reflex pathways. Information presented in this

review will address both direct and indirect effects of neuropeptides in the LUT.

Due to neuropeptide/receptor expression and diversity of functions in the LUT and

subsequent regulation with neural injury, disease, and bladder inflammation, neu-

ropeptide/receptor systems may be potential targets for therapeutic intervention

(Fig. 1).

The following sections will address the distribution, function, and regulation of

specific neuropeptide/receptor systems in the LUT under normal and pathological

LUT conditions.

2 PACAP/VIP and Associated Receptors Signaling in the LUT

A number of peptides have been demonstrated in the LUT and have demonstrated

roles in regulating the micturition reflex. PACAP and VIP are members of the

glucagon/secretin superfamily of hormones (Dickinson et al. 1999). PACAP and

VIP share receptor subtypes coupled to different intracellular effectors; PACAP

peptides exhibit high affinity for the PAC1 receptor, whereas VIP and PACAP have

similar high affinities for the VPAC1 and VPAC2 receptors (Arimura 1998;

Sherwood et al. 2000). Both PACAP- and VIP-immunoreactivity (IR) have been

identified in urinary bladder (Fahrenkrug and Hannibal 1998; Mohammed et al.

2002). Widespread PACAP-IR exists in nerve fibers in rat LUT with the majority of

the PACAP nerve fibers being derived from sensory neurons (Fahrenkrug and

Hannibal 1998; Zvarova et al. 2005). PACAP receptors have been identified in

various tissues of the micturition pathway including bladder detrusor smooth

muscle, urothelium, and major pelvic ganglia (Table 1; Braas et al. 2006; Tompkins

et al. 2010).
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2.1 PACAP/Receptors in Micturition Reflex Pathways

Recent studies support roles for PACAP in micturition and suggest that inflamma-

tion-induced plasticity in PACAP expression in peripheral and central micturition

pathways contribute to bladder dysfunction with cystitis. We have previously

demonstrated facilitatory direct effects of PACAP on bladder smooth muscle

contractility (Braas et al. 2006). PACAP increased bladder smooth muscle tone

and potentiated electric field stimulation (EFS)-induced contractions (Braas et al.

2006). EFS-induced contractions were superimposed on spontaneous muscle con-

tractions and were tetrodotoxin-insensitive, suggesting that the responses were

direct detrusor smooth muscle effects (Braas et al. 2006). Excitatory effects of

PACAP on the micturition reflex pathway are enhanced 2–4 weeks after SCI in the

rat (Yoshiyama and de Groat 1997).

2.2 PACAP Expression in Bladder Afferent Pathways
and Regulation by CYP-Induced Cystitis

PACAP is expressed in LUT pathways and is regulated by CYP-induced cystitis

(Vizzard 2000d; Braas et al. 2006). In control rats, PACAP-IR was expressed in

fibers in the superficial dorsal horn at all segmental levels examined (L1, L2, and

L4–S1). Bladder afferent cells (40–45%) in the DRG (L1, L2, L6, and S1) from

control animals also exhibited PACAP-IR (Vizzard 2000d). After chronic, CYP-

induced cystitis, PACAP-IR increased dramatically in spinal segments and DRG

(L1, L2, L6, and S1) involved in micturition reflexes (Vizzard 2000d). The density

of PACAP-IR was increased in the superficial laminae (I–II) of the L1, L2, L6, and

S1 spinal segments (Vizzard 2000d). Staining also increased dramatically in a fiber

bundle extending ventrally from Lissauer’s tract in lamina I along the lateral edge

of the dorsal horn to the sacral parasympathetic nucleus in the L6–S1 spinal

segments (lateral collateral pathway of Lissauer). After chronic cystitis, PACAP-

IR in cells in the L1, L2, L6, and S1 DRG increased significantly, and the

percentage of bladder afferent cells expressing PACAP-IR also increased signifi-

cantly (70–85%) (Vizzard 2000d).

Table 1 Summary of VIP/PACAP receptor isoforms and tissue distribution in the lower urinary

tract

Tissue Receptor subtypes

PAC1 receptor VPAC1 receptor VPAC2 receptor

Detrusor smooth muscle þ � þ
Urothelium þ � �
Lumbosacral dorsal root ganglia þ � þ
Lumbosacral spinal cord þ � þ
Major pelvic ganglia þ þ þ
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2.3 PACAP/VIP Receptor Expression in LUT and Modulation
with Cystitis

2.3.1 Urinary Bladder

With acute CYP-induced cystitis, PAC1 receptor transcript exhibited a significant

decrease in expression in both urothelium and detrusor; however, a significant

increase in PAC1 receptor transcript expression in urothelium and detrusor smooth

muscle was induced by intermediate and chronic CYP-induced cystitis (Girard et al.

2008).

2.3.2 Lumbosacral Dorsal Root Ganglia

CYP-induced inflammation of the urinary bladder only affected receptor transcript

expression in L6–S1 DRG following acute (4 h) CYP-induced cystitis. PAC1 and

VPAC2 receptor transcript expression significantly decreased in both L6 and S1

DRG with acute (4 h) CYP-induced cystitis. For VPAC1 receptor transcript expres-

sion, a significant increase in expression was demonstrated in the S1 DRG after

acute CYP-induced cystitis. No changes in PAC1, VPAC1, or VPAC2 receptor

expression in L6 or S1 DRG were demonstrated with intermediate (48 h) or chronic

(8 day) CYP-induced cystitis. PACAP transcript expression significantly increased

in the urothelium with intermediate (48 h) and chronic (8 days) CYP treatment,

whereas no changes were observed with acute (4 h) CYP-induced cystitis in either

urothelium or detrusor smooth muscle (Girard et al. 2008). Changes in PACAP

transcript with CYP-induced cystitis mirrored those observed in the urinary bladder

with acute CYP-induced cystitis decreasing and intermediate (48 h) and chronic

(8 day) treatments significantly increasing PACAP transcript expression in both the

L6 and S1 DRG (Girard et al. 2008). In a rat CYP-induced cystitis paradigm,

intrathecal or intravesical administration of PAC1 receptor antagonist, PACAP6-

38, reduced cystitis-induced bladder hyperreflexia (Braas et al. 2006). These studies

demonstrate that PACAP/receptor are modulated by CYP-induced cystitis in tissue-

specific ways and that PACAP/receptor signaling plays a role in urinary bladder

afferent pathways after urinary bladder inflammation.

2.4 PACAP in Micturition Reflexes and Modulation
After Spinal Cord Injury

SCI rostral to the lumbosacral spinal cord alters the coordination between the

urinary bladder and external urethral sphincter in many species and results in

detrusor sphincter dyssynergia (DSD) that interferes with efficient voiding and

results in urinary retention, bladder hypertrophy, increased voiding pressures,
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increased bladder capacity, and numerous nonvoiding contractions (NVCs) during

bladder filling (Vizzard 2006). PACAP is upregulated in micturition reflex path-

ways after SCI. These studies (Zvara et al. 2006) demonstrate that intrathecal

(L6–S1) administration of the PAC1 receptor antagonist, PACAP6-38 (10 nM),

significantly reduced intermicturition interval, threshold and micturition pressures,

and number and amplitude of NVCs after SCI (Zvara et al. 2006). In addition,

PACAP6-38 increased voiding frequency (i.e., decreased bladder capacity) after

SCI (Zvara et al. 2006). In contrast, intravesical administration of PACAP6-38 was

without any effect, possibly due to the lack of penetration of the PAC1 antagonist

through the urothelium. The presence of PAC1 receptor transcript in the lumbosa-

cral spinal cord and DRG has been demonstrated (Girard et al. 2008). Thus,

intrathecal administration of PACAP6-38 may act at the lumbosacral spinal cord

or DRG. The effects of PACAP6-38 after SCI are consistent with PACAP-27

facilitation of micturition in rats (Ishizuka et al. 1995a). PACAP6-38 reduced the

number and amplitude of NVCs after SCI (Zvara et al. 2006). This may be

attributed to a reduction in DSD or through an effect on C-fiber bladder afferents

(Cheng et al. 1995). An effect of PACAP6-38 on urinary bladder C-fiber afferents is

consistent with previous studies that demonstrate that capsaicin depletes PACAP-

IR in the LUT (Fahrenkrug and Hannibal 1998) and that PACAP-IR nerve fibers in

the bladder express the vanilloid receptor (Zvarova et al. 2005). PACAP expression

is upregulated in micturition pathways after SCI, and the present studies demon-

strated improved bladder function after intrathecal PACAP antagonist administra-

tion. Additional studies addressing the role of PACAP in micturition reflexes

suggest that after SCI, PACAP-38 activates spinal circuitry to facilitate the para-

sympathetic outflow to the urinary bladder and that the elimination of sympathetic

pathways enhances this effect (Yoshiyama and de Groat 2008a, b).

2.5 PACAP and VIP Expression and Effects on Major Pelvic
Ganglion Neurons

Tissue culture experiments modeling neuronal injury have shown PACAP expres-

sion regulation in the major pelvic ganglion (MPG), the ganglia supplying the

majority of autonomic (both sympathetic and parasympathetic) innervations to

the bladder, and other urogenital organs and components of the lower bowl.

While PACAP expression was devoid in acute (4 h) cultures (Tompkins et al.

2010), both PACAP-IR and PACAP transcript levels increased significantly by day

3 (Girard et al. 2010a). PACAP was preferentially expressed in parasympathetic

neurons (Girard et al. 2010a). Transcripts for VPAC1, VPAC2, and PAC1 were

present by 4 h culture (Tompkins et al. 2010), but VPAC2 transcript levels alone

increased by day 3 (Girard et al. 2010a). Local application of PACAP or maxadilan,

a PAC1-selective agonist, decreased after hyperpolarization and increased neuronal

excitability in a subpopulation of neurons (Tompkins et al. 2010). Therefore,
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PACAP receptor signaling in the MPG may represent another mechanism for

neuropeptide-modulated bladder function. Additionally, we have demonstrated

VIP expression in the MPG, and local application of VIP results in a decreased

afterhyperpolarization and increased neuronal excitability in a subpopulation of

neurons (Tompkins et al. 2010). However, VIP expression did not increase with

prolonged culture (3 days) (Girard et al. 2010a).

2.6 PACAP Null Mice Exhibit Altered Bladder Function
and Somatic Sensitivity

PACAP contributions to micturition and somatic sensation were recently studied in

PACAP knockout (PACAP�/�), littermate heterozygote (PACAPþ/�), and wild-

type (WT) mice using conscious cystometry with continuous intravesical saline or

acetic acid (AA; 0.5%) instillation, urination patterns, somatic sensitivity testing of

hindpaw and pelvic region with calibrated von Frey filaments, and morphological

assessments of urinary bladder (May and Vizzard 2010). PACAP�/� mice exhibit

increased bladder mass with fewer but larger urine spots (Fig. 2). In PACAP�/�

mice, the lamina propria and detrusor smooth muscle are significantly thicker,

whereas the urothelium is unchanged (Fig. 2). PACAP�/� mice exhibit increased

bladder capacity, void volume (VV), and longer intercontraction interval (ICI) with

significantly increased detrusor contraction duration and large residual volume

(May and Vizzard 2010; Fig. 2). WT mice respond to AA (0.5%) with a reduction

in VV and a decreased ICI, whereas PACAP+/� and PACAP�/� mice do not

respond. PACAP�/� mice are less responsive to somatic stimulation. PACAP+/�

also exhibit bladder dysfunction and somatic and visceral sensory abnormalities but

to a lesser degree (May and Vizzard 2010). PACAP gene disruption contributes to

changes in bladder morphology, bladder function, and somatic and visceral hypoal-

gesia (May and Vizzard 2010).

2.7 VIP/Receptors and Micturition Reflex Pathways

VIP exerts species-specific, excitatory or inhibitory actions in neural pathways

controlling micturition, and these functions may be altered with neural injury,

disease, or inflammation (Erol et al. 1992; Igawa et al. 1993; Uckert et al. 2002;

Hernandez et al. 2006). A number of diverse and conflicting roles for VIP have been

demonstrated in the urinary bladder from numerous species. VIP has been shown to

relax urinary bladder from human (Uckert et al. 2002) or pig (Hernandez et al.

2006) and contract or produce no effects on urinary bladder from the rat (Erol et al.

1992; Igawa et al. 1993). These contradictory findings might be attributable to

species differences (Uckert et al. 2002) and differential VIP receptor distribution
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(Table 1). The majority of VIP in the LUT is located in postganglionic efferent

neurons of the pelvic ganglia (Chapple et al. 1992; Smet et al. 1997; Wanigasekara

et al. 2003). Surprisingly, VIP had no apparent effects on either bladder tone or

EFS-stimulated contractions despite VPAC2 receptor transcript expression in detru-

sor (Braas et al. 2006). However, as VIP innervation to the urinary bladder is

minimal compared to that for PACAP (Fahrenkrug and Hannibal 1998), these

results may be in keeping with suggestions that PACAP and PAC1 signaling are

more prominent regulators of rat bladder physiology (Braas et al. 2006). These VIP

results are consistent with previous studies that demonstrated that VIP application

to detrusor smooth muscle had no effect on spontaneous or carbachol-induced

bladder contractions despite facilitation of micturition when VIP was administered

Fig. 2 PACAP contributions to bladder morphology and function. (a–c). Histological analyses of

urinary bladders and bladder function among PACAP�/�, PACAPþ/� and WT mice. Representa-

tive hematoxylin and eosin stained cryostat bladder sections (15 mm) fromWT (a) and PACAP�/�

(b) mice that demonstrate significantly (*p � 0.01) increased thickness of lamina propria (LP) and
detrusor smooth muscle (SM) supported by morphometric analyses (c). (d–e) Summary figures of

the intercontraction interval (ICI, seconds (s); d) and residual volume (RV, ml; e) using conscious

cystometry in conscious, unrestrained WT, PACAP�/� and PACAP+/� mice with continuous

infusion of saline or AA (0.5%). (d) ICI was significantly (p � 0.01) longer in PACAP�/�

compared to WT mice with instillation of saline and AA. No changes in ICI were detected with

intravesical instillation of AA in PACAP�/� and PACAP+/� mice compared to saline instillation.

ICI was significantly (p � 0.01) greater in PACAP�/� and PACAP+/� mice with AA instillation

compared to WT. (e) RV was significantly (p � 0.01) increased in PACAP+/� and PACAP�/�

mice compared to WT. Values represent mean � S.E.M. for n ¼ 7–10 animals in each group.

U urothelium; WT wildtype. Calibration bar represents 120 mm in a, b. Figure modified from

May and Vizzard (2010)
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intrathecally or intraarterially close to the rat bladder (Igawa et al. 1993). Recent

studies (Studeny et al. 2008) using VIP�/� mice reveal that VIP�/� mice exhibit

increased bladder mass and fewer but larger urine spots on filter paper. VIP�/�mice

exhibit increased void volumes and shorter ICIs with continuous intravesical

infusion of saline (Studeny et al. 2008). No differences in transepithelial resistance

or water permeability were demonstrated between VIP�/� and WT mice (Studeny

et al. 2008). With the induction of bladder inflammation by acute administration of

CYP, an exaggerated or prolonged bladder hyperreflexia was demonstrated in

VIP�/� mice (Studeny et al. 2008). The changes in bladder hyperreflexia may

reflect increased expression of neurotrophins and/or or proinflammatory cytokines

in the urinary bladder (Studeny et al. 2008).

2.8 PACAP-Mediated ATP Release from Cultured,
Rat Urothelium

Earlier studies have indicated that the urothelium releases ATP in response to

various stimuli (Birder 2006). In addition, it has been suggested that adenosine

triphosphate (ATP) released from the serosal surface of the urothelium during

bladder filling stimulates receptors on suburothelial sensory nerve fibers and con-

tributes to bladder filling sensation (Cockayne et al. 2000). ATP in the cell

cytoplasm can be released extracellularly by several mechanisms including exocy-

tosis of ATP-containing vesicles (Bodin and Burnstock 2001; Novak 2003).

PACAP27, PACAP38, and VIP application evoked ATP release from rat urothelial

cell cultures; however, ATP release was greatest with PACAP27 treatment and

significantly blocked by the PAC1 receptor selective antagonist, M65 (Girard et al.

2008). Current research supports the suggestion that PACAP and PAC1 signaling

are regulators of bladder physiology at the level of the urinary bladder and specifi-

cally the urothelium (Girard et al. 2008).

3 Tachykinins and Calcitonin-Gene Related Peptide

in Micturition Reflex Pathways

A variety of neuropeptides are present in the somata and processes of urogenital

DRG cells including urinary bladder and urethra, with CGRP and Substance P (SP)

being the most widely distributed (Keast 1992). Tachykinins (SP, neurokinin A,

neurokinin B) and CRGP are present in the LUT and act on neurokinin (NK)1,

NK2, NK3, or CGRP receptors, respectively (Andersson 2002; Canda et al.

2006). NK1 and NK2 receptors have been reported in the detrusor smooth muscle,

whereas NK2 receptors are present in the urothelium (Ishizuka et al. 1995b; Birder

2010). In broad terms, the sensory functions of the tachykinins include regulation of
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micturition threshold, activation of cardiovascular reflexes, and perception of pain

from the urinary bladder (Maggi 1995; Gu et al. 2000; Andersson 2002). Efferent

functions of the tachykinins include regulation of local muscle cell activity, nerve

excitability, plasma extravasation, and blood flow (Andersson 2002). Involvement

of tachykinins located in supraspinal sites on micturition function has also been

demonstrated (Gu et al. 2000).

3.1 Tachykinins and CGRP in Micturition Reflex Pathways
and Regulation with Inflammation, Injury, or Disease

Expression of tachykinins and associated receptors in the LUT under basal condi-

tions and alterations in expression has been reported in animal models of bladder

inflammation and in the clinical syndrome of IC/BPS. Recent studies have demon-

strated alterations in SP-immunoreactivity (IR) (Pang et al. 1995) and NK1 mRNA

(Marchand et al. 1998) in bladder biopsies from patients with IC/BPS (Johansson

and Fall 1994; Ho et al. 1997; Johansson et al. 1997). In addition, a study involving

an acute rat model of urinary bladder inflammation (48 h following intravesical

mustard oil treatment) has demonstrated significant increases in CGRP- and SP-IR

in rostral (L1, L2 DRG) and caudal (L6, S1 DRG) bladder afferent neurons

(Callsen-Cencic and Mense 1997). Furthermore, it has been demonstrated (Lecci

et al. 1994) that intrathecal injection of SP antagonists reduces CYP-induced

bladder hyperreflexia. Although numerous studies have demonstrated changes in

CGRP and SP expression in sensory neurons following nerve injury (Hokfelt et al.

1994) or peripheral inflammatory states (Kataeva and Agro 1994; Luber-Narod

et al. 1997; Traub et al. 1999; Hutchins et al. 2000), there are only a limited number

of studies that have examined alterations in CGRP or SP expression following the

induction of acute urinary bladder inflammation (Callsen-Cencic and Mense 1997;

Luber-Narod et al. 1997). Increases in CGRP- and SP-IR in bladder afferent

neurons in the lumbosacral DRG 48 h following the induction of cystitis with

intravesical mustard-oil have been demonstrated (Callsen-Cencic andMense 1997).

3.2 SP and CGRP Plasticity in LUT Pathways with CYP-Induced
Cystitis

Additional plasticity of CGRP and SP expression in LUT pathways has been

demonstrated in the CYP model of bladder inflammation in rats (Vizzard 2001).

In control rats, CGRP- or SP-IR was expressed in fibers in the superficial dorsal

horn in all segmental levels examined (L4–S1). Bladder afferent cells in the DRG

(L6, S1) from control animals also exhibited CGRP- (41–55%) or SP-IR (2–3%).

Following chronic, CYP-induced cystitis, CGRP- and SP-IR were dramatically
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increased in spinal segments, and DRG (L6, S1) involved in micturition reflexes.

The density of CGRP- and SP-IR was increased in the superficial laminae (I–II) and

lateral collateral pathway of the L6 and S1 spinal segments. Following chronic

cystitis, CGRP- and SP-IR in cells in the L6 and S1 DRG significantly increased,

and the percentage of bladder afferent cells expressing CGRP- (76%) or SP-IR

(11–18%) also significantly increased (Vizzard 2001).

The functional significance of an upregulation of CGRP or SP in bladder

pathways following CYP-induced cystitis is not known, but the changes in

neuropeptide expression and, presumably, the release at both central and/or

peripheral projections of afferent pathways are possible. Several reports have

suggested that neuropeptide-containing, capsaicin-sensitive bladder afferents

may mediate urinary bladder hyperreflexia (Maggi 1991; Giuliani et al.

1993a, b; Ahluwalia et al. 1994, 1998). It has also been shown that intrathecal SP

facilitates normal micturition, and SP antagonists delivered intrathecally depress

normal micturition, indicating that the peptide may be involved as an excitatory

transmitter in several types of bladder reflexes in the rat (Mersdorf et al. 1992; Lecci

et al. 1993). CYP treatment in the rat induces cystitis that is characterized by

increased frequency of voiding in awake rats and urinary bladder hyperreflexia in

anesthetized rats (Maggi et al. 1992; Lecci et al. 1994; Lanteri-Minet et al. 1995).

Furthermore, it has been demonstrated (Lecci et al. 1994) that intrathecal injection of

SP antagonists reduces CYP-induced bladder hyperreflexia. Intrathecal administra-

tion of neurokinin receptor (NK)1 antagonists (RP 67580 and CP 96345) increase

bladder capacity in normal conscious rats with no changes in voiding pressure,

whereas NK2 receptor antagonists were ineffective (Lecci et al. 1994). Bladder

hyperreflexia induced by capsaicin was reduced by an NK2 antagonist (SR 48965)

with no effects on normal micturition (Lecci et al. 1994). Exogenous CGRP applica-

tion or CRGP release from primary afferent nerves relaxes smooth muscle and

produces relaxation, with bladder effects being more prominent in guinea pig and

dog compared to rat and human (Maggi 1992; Andersson 1993). In addition to

pharmacological demonstration of involvement of tachykinins/receptors systems in

the LUT, studies with the preprotachykinin A (that encodes both SP and neurokinin

A) null mouse have demonstrated involvement of tachykinins in the response to

chemical irritation of the LUT as well as to the regulation of normal micturition

activity (Kiss et al. 2001).

Recent studies with cizolirtine citrate, an inhibitor of CGRP and SP release at the

spinal cord level, showed a significant reduction in the total number of voids per

24 h in patients with urinary incontinence secondary to OAB (Zat’ura et al. 2010).

Further, cizolirtine citrate resulted in improvement in urinary incontinence and

urgency in symptomatic outpatients with OAB and/or urodynamic diagnosis of

detrusor overactivity (Martinez-Garcia et al. 2008). Therefore, it is possible that

increased expression of CGRP- or SP-IR in bladder afferent cells and central and

peripheral projections could contribute to this hyperreflexia. Changes in neuropep-

tide expression and release at central terminals could further result in a remodeling

of spinal cord circuitry controlling micturition (Lecci et al. 1994). This remodeling

may include changes (1) in the synaptic organization of spinal micturition reflexes;
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(2) in the neurochemical coding of specific neuronal elements (primary afferent

neurons, interneurons); and (3) in the organization of ascending and descending

projections to spinal reflexes. Further, recent studies also demonstrate that SP

released from nerve fibers or urothelial cells can act on urothelial receptors to

release nitric oxide (Birder 2006, 2010). In response to stimulation of receptors on

urothelial cells, SP and neurokinin A can be released from urothelial cells. Thus,

neural as well as nonneural tachykinins may contribute to LUT pathways. Nonneu-

ral involvement of neuropeptides in the LUT has been recently addressed (Birder

2006, 2010).

The exact role(s) of tachykinins in urethral physiology is not known, but

tachykinins induce urethral contraction in many species including humans (Maggi

et al. 1988; Maggi 1992; Palea et al. 1996; Parlani et al. 1996; Canda et al. 2006,

2008). In patients with genitourinary prolapse with concomitant urinary inconti-

nence, the density of SP-immunoreactive nerves in the perineal muscles was

significantly decreased compared to a continent group suggestive of a role for

tachykinins in urinary continence mechanisms (Busacchi et al. 2004). Additional

research focused on the role of tachykinins in urethral physiology is necessary.

4 Role of Neurotrophic Factors in Neuropeptide Expression

in Micturition Pathways after CYP-Induced Cystitis

Altered bladder neurotrophic factor content may underlie neurochemical (Vizzard

and de Groat 1996; Vizzard 2000a, c, d, 2001) changes in bladder afferent neurons

after cystitis. The occurrence of trophic interactions between nerve cells and target

tissues is clearly demonstrated during embryonic and postnatal development

(Lindsay et al. 1990; Oppenheim et al. 1991; Lapchak et al. 1992; Vantini and

Skaper 1992). Recent experiments have demonstrated the influence of interactions

between target organ and neurons in adult animals (Steers and de Groat 1988;

Steers et al. 1991a, b; Tuttle and Steers 1992; Tuttle et al. 1994; Vizzard 2000b;

Dupont et al. 2001). NGF is expressed under normal conditions in the urinary

bladder, and part of its function is likely maintenance of sensory afferent fibers

(Chao and Hempstead 1995; Chuang et al. 2001). We have demonstrated that

chronic CYP-induced cystitis alters NGF expression and other neurotrophic factors

in the bladder (Vizzard 2000b). The role(s) of NGF in micturition reflexes and

sensation have been evaluated using a variety of addition and subtraction techni-

ques (Dmitrieva and McMahon 1996; Clemow et al. 1998; Yoshimura et al. 2006).

Importantly, exogenous NGF application to the rat bladder detrusor through an

osmotic pump reduced bladder capacity and increased expression of CGRP in the

lumbosacral spinal cord (Zvara and Vizzard 2007; Fig. 3).

Recent studies involving a novel NGF overexpressing (OE) mouse model

(Cheppudira et al. 2008; Schnegelsberg et al. 2010) are being used to further

define NGF-mediated changes in LUT structure and function and effects on
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neuropeptide/receptor systems (Fig. 4). The urinary bladder in NGF OE mice

exhibits marked hyperinnervation. To characterize the subpopulations of neurons

contributing to the generalized hyperinnervation observed in NGF-OE transgenic

Fig. 3 CGRP spinal cord expression with exogenous NGF treatment. CGRP-IR increases in

lumbosacral spinal cord with exogenous NGF treatment. CGRP-IR in the L6 (a, b) spinal segment

in control (a) and NGF-treated (b) rats. A. Fluorescence photographs showing CGRP-IR in the L6

(a) spinal segment of control (saline)þ bladder distention. (b) Fluorescence photographs showing

CGRP-IR in the L6 (b) spinal segment with NGF treatmentþ bladder distention. Increased density

of CGRP-IR was observed in the medial (MDH) to lateral (LDH) extent of the superficial laminae

(I–II) of the dorsal horn (DH) with NGF treatment in L6 (c) segments. Summary bar graph of

CGRP optical density (O.D.) as measured in specific regions of the L6 spinal cord (c). Calibration
bar represents 125 mm. SPN sacral parasympathetic nucleus;DCM dorsal commissure; LCP lateral

collateral pathway. *p � 0.01. Figure modified from Zvara and Vizzard (2007)
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mice, we have performed whole-mount immunostaining of bladder urothelium

using a panel of neuronal markers. Using the pan-neuronal marker PGP 9.5, a

marked increase in total nerve fiber density was seen in the urinary bladders of

transgenic mice compared to WT controls (Fig. 4), consistent with the histology

stains. This dense network was composed of CGRP-positive (Fig. 4) and sub-

stance P-positive (Fig. 4) unmyelinated C-fiber sensory afferents, NF 200-positive

myelinated sensory afferents, and TH-positive, postganglionic sympathetic nerve

fibers (Schnegelsberg et al. 2010). The increased nerve fiber density observed in

transgenic mouse urinary bladders was evident in both the neck and the dome

region of the urinary bladder. However, we observed a higher innervation density

Fig. 4 Neuronal hyperinnervation in the urinary bladders of NGF-overexpressing (OE) transgenic

mice. Representative fluorescence images of PGP 9.5 (a, b), CGRP (c, d), SP (e, f), immunoreac-

tivity in the bladder neck region in urothelial whole-mount preparations of urinary bladders from

8- to 10-week-old female WT (a, c, e), and NGF-OE transgenic (b, d, f) mice from F0 line 23 (n¼
3–5). Scale bars: a–f, 50 mm. Protein gene product (PGP 9.5), Calcitonin Gene-Related Protein

(CGRP), Substance P (SP). Figure modified from Schnegelsberg et al. (2010)
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within the urinary bladder neck region compared to the dome in both WT and

transgenic mice. With CGRP immunostaining, we also observed CGRP-positive

ganglia (5–9 CGRP-positive cells per ganglia) interspersed among CGRP-posi-

tive nerve fibers within the suburothelial plexus in transgenic mice. These

CGRP-positive ganglia were not observed in whole-mount preparations of

WT urinary bladder (Schnegelsberg et al. 2010). Studies are currently underway

to examine effects of neuropeptide/receptor blockade on bladder function in

NGF OE mice that exhibit bladder hyperreflexia with the presence of NVCs

(Schnegelsberg et al. 2010).

Recent studies also demonstrate changes in PACAP/VIP and receptor expression

in micturition pathways in NGF-OE mice (Girard et al. 2010b). Results demonstrate

upregulation of PAC1 receptor transcript and PAC1-immunoreactivity in urothelium

of NGF-OE mice, whereas PACAP transcript and PACAP-immunoreactivity were

decreased in urothelium of NGF-OE mice (Girard et al. 2010b). In contrast, VPAC1

receptor transcript was decreased in both urothelium and detrusor smooth muscle of

NGF-OE mice (Girard et al. 2010b). VIP transcript expression and immunostaining

was not altered in urinary bladder of NGF-OE mice (Girard et al. 2010b). Changes in

PACAP, VIP, and associated receptor transcripts and protein expression in micturi-

tion pathways resemble some, but not all, changes observed after induction of urinary

bladder inflammation known to involve NGF production.

5 Bradykinin/Receptors System in Micturition Reflex

Pathways

The bradykinin/receptors system plays an important role in normal micturition

reflexes as well as in pathology (Lecci et al. 1995, 1999; Belichard et al. 1999;

Meini et al. 2000; Chopra et al. 2005; Fabiyi and Brading 2006). Kinins are small

peptides (8–10 amino acids) produced in plasma or in tissues at the sites of

inflammation or tissue damage (Bhoola et al. 1992). Protease activation at the

site of inflammation or tissue damage cleaves tissue/plasma kininogen precursors

to release the nonapeptide, bradykinin (Dray and Perkins 1993). The biological

effects of bradykinin are mediated by two different receptors, B1 and B2, with the

bradykinin B2 receptor being constitutively expressed in various cell types and

the B1 receptor being expressed de novo after inflammatory stimuli or tissue

injury (Marceau et al. 1998; Lecci et al. 1999; Chopra et al. 2005). Recent studies

(Chopra et al. 2005) have demonstrated B2 receptor expression in the detrusor

smooth muscle and urothelium (apical and basal cells) consistent with reported

bradykinin-evoked contractility of detrusor smooth muscle. It has been recently

demonstrated that bradykinin-induced facilitation of micturition reflexes may be

due to an increase in purinergic (P2) responsiveness (Chopra et al. 2005). Further,

stimulation of the B2 receptor in cultured rat urothelial cells resulted in ATP

release (Chopra et al. 2005). ATP release was reduced by the selective B2
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receptor antagonist Hoe-140 and suggests that bradykinin may elicit bladder

hyperreflexia indirectly through the release of ATP from the urothelium (Chopra

et al. 2005). Direct effects of bradykinin on pelvic afferent nerves that evoke

bladder hyperreflexia have also been demonstrated (Lecci et al. 1995). Thus,

direct (neuronal) (Lecci et al. 1995) and indirect (urothelial secretion of ATP)

(Chopra et al. 2005) actions of bradykinin on the LUT are likely to affect

micturition reflexes.

5.1 Bradykinin/Receptors in Cystitis

The role of the bradykinin/receptor system in the LUT varies under control or

pathological states. It is largely agreed that B1 receptor expression is undetectable

in control urinary bladder (Ahluwalia and Perretti 1999; Chopra et al. 2005).

Application of the selective B1 receptor agonist, des-Arg9-bradykinin, exerts little

or no effect on [Ca2+]i or ATP release from cultured rat urothelial cells consistent

with no or very low constitutive B1 receptor expression (Chopra et al. 2005). CYP-

induced cystitis significantly upregulates B1 receptor expression in the detrusor

smooth muscle and urothelium with acute (24 h) cystitis (Chopra et al. 2005). In

cultured rat urothelial cells obtained from CYP (24 h)-treated rats, the B1 receptor

agonist, des-Arg9-bradykinin, evoked release of ATP and elevated calcium levels

(Chopra et al. 2005). B1 receptor expression is also upregulated in bladder biopsies

from patients with IC/BPS (Ruggieri et al. 1997). Cystometry performed on CYP

(24 h)-treated rats demonstrated that the B1 receptor antagonist, des-Arg10-Hoe-

140, significantly reduced the frequency of nonvoiding bladder contractions

(Chopra et al. 2005). In contrast, the B2 receptor antagonist, Hoe-140, decreased

voiding frequency in CYP (24 h)-treated rats (Chopra et al. 2005). It is has been

suggested that one explanation for these findings is the existence of B1-sensitive

mechanisms/or afferent pathways underlying the emergence of nonvoiding con-

tractions and B2 sensitive mechanisms underlying voiding contractions (Chopra

et al. 2005). Additional studies are needed to address this possibility. Interestingly,

chronic CYP-induced cystitis (8 days) resulted in a return to baseline of B1 receptor

expression in the detrusor smooth muscle, whereas expression in the urothelium

was similar to that observed with acute (24 h) CYP-induced cystitis (Chopra et al.

2005). Bradykinin/receptors systems may exert tissue-specific and inflammatory

duration-dependent effects on LUT reflexes.

6 Endothelin/Receptors System in LUT Pathways

Endothelin-1 and endothelin receptors, ETA and ETB, contribute to LUT function

under normal and pathological conditions (Ukai et al. 2006, 2008; Ogawa et al.

2008). In the LUT, endothelin-1 facilitates detrusor smooth muscle contraction in
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various species including rabbits, rats, dogs, and humans and stimulates prolifera-

tion of the prostate and urinary bladder (Maggi et al. 1989; Garcia-Pascual et al.

1990; Persson et al. 1992; Langenstroer et al. 1997; Ogawa et al. 2004). Studies

have demonstrated differential endothelin-1 contractile mechanisms depending on

species (Persson et al. 1992). Differential endothelin receptor density has been

revealed in the LUT, with the greatest density of ETA receptors being present in the

ureter (Latifpour et al. 1995; Saenz de Tejada et al. 1992; Afiatpour et al. 2003).

In humans and other animals, ETA expression is more dominant than ETB in the

bladder dome compared to the bladder base or urethra, which exhibits equal ETA

and ETB receptor expression (Saenz de Tejada et al. 1992; Latifpour et al. 1995;

Afiatpour et al. 2003). Endothelin expression has been detected in detrusor smooth

muscle, urothelium, and vascular endothelium (Saenz de Tejada et al. 1992;

Latifpour et al. 1995; Afiatpour et al. 2003).

6.1 Endothelin/Receptor System in Bladder Outlet Obstruction
and Spinal Cord Transection

In animal models of BOO, modulation of endothelin-1 and ETA and ETB expres-

sion has been demonstrated in the LUT, and studies are researching the endothe-

lin/receptor system as a potential therapeutic target for the treatment of bladder

overactivity secondary to BOO (Khan et al. 1999; Ukai et al. 2008). BOO in

rabbits is associated with increased expression of ETA, ETB, and endothelin-1 in

detrusor smooth muscle (Khan et al. 1999; Ukai et al. 2008). The ETA selective

receptor antagonist, YM598, dose-dependently reduced the frequency of premic-

turition bladder contractions in BOO rats without effects on other voiding para-

meters (Ukai et al. 2008). Further, inhibition of the endothelin-converting

enzyme, which metabolizes big endothelin to endothelin-1, decreased bladder

overactivity in BOO rats (Schroder et al. 2004). Additional beneficial effects of

repeated administration of endothelin-converting enzyme inhibitor in BOO rats

included normalization of: bladder weight, micturition pressures, and voiding

durations (Schroder et al. 2004). Suppression of ETA receptors by intravenous

infusion of ABT-627 in rats with complete spinal cord transection (thoracic 8–9)

significantly decreased the amplitude and number of nonvoiding bladder contrac-

tions without changing bladder pressures, void volumes, or voiding efficiency

(Ogawa et al. 2008). No effects on bladder function were observed when rats with

spinal cord transection were similarly treated with an ETB receptor antagonist,

A-192621 (Ogawa et al. 2008). Thus, endothelin and ETA receptors may be a

novel therapeutic target to ameliorate the effects of bladder overactivity asso-

ciated with BOO.

Additional studies are necessary to address the mechanisms by which YM598,

an endothelin ETA receptor antagonist, suppresses the bladder overactivity

observed in BOO rats; potentiation of postsynaptic norepinephrine effects and
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endothelin-1 increase of interleukin-(IL) 6 have been suggested (Han et al. 2009).

Interestingly, recent studies have demonstrated that endothelin-converting enzyme

1 promotes the recycling and resensitization of NK1 receptors and resensitization of

the proinflammatory effects of SP (Cattaruzza et al. 2009). Thus, reductions in

bladder overactivity secondary to BOO observed with endothelin-converting

enzyme inhibition (described above) may, in part, be due to amelioration of the

proinflammatory effects of SP (Cattaruzza et al. 2009).

6.2 Endothelin/Receptor Systems in the Urethra

There is very limited information concerning the distribution and function of

endothelin/receptor systems in the urethra. ET receptors have been demonstrated

in the urethral smooth muscle in several species (Latifpour et al. 1995; Afiatpour

et al. 2003). ETA-mediated smooth muscle contractions of the urethra in the rabbit

have been demonstrated (Wada et al. 2000).

7 Perspectives

A large body of research supports a major role for neuropeptides in LUT function in

health and disease, thereby identifying neuropeptide/receptor systems as potential

novel therapeutic targets for the treatment of LUT disorders (Fig. 1). In animal

models, pharmacological and/or genetic manipulation of SP, CGRP, VIP, PACAP,

bradykinin, or endothelin function affects LUT function. Further, in animal models

of LUT dysfunction or in clinical assessments, manipulation of neuropeptide/

receptor systems improves void function. Furthermore, the field has become

increasingly complex, with neuronal plasticity exhibited in pathophysiological

situations where changes in neuropeptide expression patterns and receptor density

are regularly observed. The study of neuropeptides in animal models has addition-

ally revealed physiological and pathophysiological roles that in turn have led to the

ongoing development of new drugs, through utilization predominantly of antago-

nist activities or blockade of release.
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Abstract Cannabinoids are the active chemical components of Cannabis sativa
(marijuana). The medical use of cannabis goes back over 5,000 years. Cannabinoids

produce a very wide array of central and peripheral effects, some of which may

have beneficial clinical applications. The discovery of cannabinoid receptors has

spawned great interest within the pharmaceutical industry with the hopes of capi-

talizing on the beneficial effects of cannabis without the unwanted psychotropic

effects on the central and peripheral nervous system. This chapter presents an

overview of the pharmacology of cannabinoids and their derivatives. It reviews

the current literature on central and peripheral cannabinoid receptors as related to

effects on the lower urinary tract and the role of these receptors in normal and

abnormal urinary tract function. An objective evaluation of the published results of

clinical trials of cannabis extracts for the treatment of bladder dysfunction resulting

from multiple sclerosis is also presented. It is clear that cannabinoid receptors are

present in the lower urinary tract as well as spinal and higher centers involved in
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lower urinary tract control. Systemic cannabinoids have effects on the lower urinary

tract that may be able to become clinically useful; however, a much greater

understanding of the mechanisms of cannabinoid receptors in control of the

human lower urinary tract is necessary to facilitate development of novel cannabi-

noid drugs for treatment of pelvic disorders.

Keywords Acrolein � Adenylyl cyclase � Bladder � Bladder contraction � Bladder
spasticity � Cannabis � Cannabidiol � Cannabinoids � Capsazepine � Chemical

cystitis � Cyclooxygenase � Cyclophosphamide � Endocannabinoids � Entourage
lipids � G protein � Immunohistochemistry � Incontinence � Inflammation � In-situ
hybridization � Intravesical turpentine � Leukotrienes � Marijuana � Micturition �
Micturition volume threshold �Multiple sclerosis � Nerve growth factor � Nocturia �
Overactive bladder � Pain � Pontine micturition center � Resiniferatoxin � Urinary
frequency � Urinary hesitance � Urinary tract � Urinary urgency

1 Introduction

Natural products derived from plants have made a significant contribution to the

development of modern drugs. It is estimated that approximately 25% of all the

medicines on the market are derived from plant sources (De Smet 1997; Shu 1998).

Preparations from the leaves of Cannabis sativa have been used to treat a variety of
ailments since antiquity and the medical use dates back 5,000 years (Mechoulam

and Fride 2001). Recreational use of cannabis has also been going on for millennia.

It is the third most commonly used drug after tobacco and alcohol (Baker

et al. 2003).

The major psychotropic component in C. sativa is D9-tetrahydrocannabinol

(D9-THC) which is known to exert its biological effects primarily by action on

two cannabinoid receptors, CB1 and CB2. Both are membrane bound, G-protein-

coupled receptors. Activation results in pleiotropic G-protein signaling, primarily

Gi/o-mediated reduction of adenylyl cyclase activity and subsequent inhibition of

cAMP-mediated responses as well as a number of other signaling pathways such as

activation of rho kinase and activation of large conductance, calcium activated

potassium channels (Peters et al. 2009; Sade et al. 2006). Signaling through

Gs-mediated increased intracellular cAMP has also been observed (Bonhaus

et al. 1998).

The possibility that the orphan G-protein-coupled receptor GPR55 represents a

third cannabinoid receptor is not certain because of conflicting pharmacological

studies (Kapur et al. 2009). In addition some actions of cannabinoids may bemediated

through activation of members of the intracellular peroxisome proliferator-activated

receptor (PPAR) family (Mazzola et al. 2009;O’Sullivan 2007;O’Sullivan et al. 2009)

and the transient receptor potential (TRP) family (Dinis et al. 2004a; Holzer 2004) of

channels. CB1 receptors are found primarily on central and peripheral nerves, whereas

CB2 receptors are located primarily on immune cells.
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2 Cannabinoids and Their Receptors in the Urinary Tract

2.1 Endogenous Cannabinoids and Metabolism

Several endogenous eicosanoids have been identified that are cannabinoid receptor

ligands including arachidonoylethanolamine (anandamide, AEA), 2-arachidonoyl-

glycerol (2-AG), and 2-arachidonoylglycerol ether (noladin ether). The prototypic

member of the endocannabinoids and the first to be discovered in mammalian brain

and other tissues is anandamide (from the Sanskrit word ananda meaning “bliss”).

AEA belongs to the 20:4, n-6 series of fatty acid amides (Devane et al. 1992). The

other members of this series include docosatetraenoylethanolamine (22:4, n-6) and

homo-g-linolenoylethanolamine (20:3, n-6) (Hanus et al. 1993). Although the

Nomenclature Committee of the International Union of Pharmacology (NC-

IUPHAR) recommends naming receptors after their endogenous ligand, these

receptors continue to be known as cannabinoid receptors because it is not yet

completely clear which of these (and perhaps other) endogenous eicosanoids are

the primary, or only, endogenous agonists for these receptors (Howlett et al. 2002).

The endocannabinoids activate cannabinoid receptors; however, AEA is structur-

ally related to the naturally occurring vanilloid capsaicin, a primary component of

hot chili peppers (Caterina et al. 1997). Like capsaicin, AEA is a known agonist for

TRP vanilloid-1 (TRPV1) receptors (Smart et al. 2000). However, unlike capsaicin,

AEA does not evoke desensitization presumably due to a different allosteric

modification of the TRPV1 receptor (Nagy et al. 2004).

The endogenous cannabinoids (endocannabinoids) are arachidonic acid meta-

bolites that result from carboxylic acid modifications as opposed to the prostaglan-

dins and the leukotrienes, which are side chain modifications of arachidonic acid. In

contrast to the majority of hydrophilic neurotransmitters such as acetylcholine and

norepinephrine, the lipophilic endocannabinoids are not stored in synaptic vesicles.

AEA and 2-AG are synthesized by neurons and released on demand from mem-

brane lipid precursors by distinct biochemical pathways involving first N-acetyl-
transferase then phospholipase C or D (Baker et al. 2003). As expected for their role

as putative neurotransmitters or neuromodulators, they can undergo depolarization-

induced release from neurons (Di Marzo et al. 1998). Both are inactivated after

release by passive, diffusion-facilitated, endocannabinoid selective transporters.

After uptake they are then hydrolyzed by the microsomal enzyme fatty-acid-

amide hydrolyase (FAAH) (Ueda and Yamamoto 2000). 2-AG is also metabolized

by monoacylglycerol lipase (Dinh et al. 2002) and arachidonoylglycerol ether is

degraded by acylation (Fezza et al. 2002). The cannabinoid agonist effect can

be potentiated by inhibitors of the uptake carrier mechanism including AM404

(Pertwee 2001) and VDM11 (Izzo et al. 2003; Mascolo et al. 2002).

AEA has also been reported to be metabolized by cyclooxygenase-2 into prosta-

glandin E2 ethanolamine. This mechanism has been shown to cause contraction in

the guinea pig trachea through activation of prostaglandin EP1 receptors (Ross et al.

2002). In addition, FAAH degradation of AEA produces ethanolamine and the
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cyclooxygenase substrate arachidonic acid which can lead to increased prostaglan-

din synthesis (Wahn et al. 2005). In the rat urinary bladder, inhibition of FAAH

with URB597 reduces the contraction produced by AEA. This is consistent with the

AEA-induced contraction being partly mediated indirectly through production of

prostaglandins and activation of EP1 receptors. Additional evidence for this

includes the findings that the AEA-induced contraction of the rat bladder is not

blocked by inhibition of CB1 receptors with AM251 nor by inhibition of CB2

receptors with AM5630 but nearly entirely abolished by the cyclooxygenase inhibitor

indomethacin and partially attenuated with the EP1 receptor antagonist ONO9130.

Thus the contractile effect of AEA on the rat urinary bladder appears to be mediated

partly by TRPV1 receptor activation, partly through production of prostaglandins

and activation of EP1 receptors and perhaps by other, yet to be identified mechan-

isms but not by activation of CB1 nor CB2 receptors (Saitoh et al. 2007). There are

no published reports of similar studies in human bladder muscle.

A series of three unsaturated N-acylethanolamines chemically related to AEA

have been identified in cocoa powder, whose main target may be the brain endoge-

nous cannabinoid system. One of these, the endocannabinoid AEA, can act as a

direct cannabinoid mimetic and the other two (N-oleoylethanolamine and N-lino-
leoylethanolamine) inhibit the hydrolysis of AEA (di Tomaso et al. 1996). Because

activation of the brain cannabinoid system is known to produce euphoria, it is

possible that activation of the endogenous cannabinoid system may be involved in

the pleasurable subjective feelings associated with eating chocolate. In addition

cannabinoids might cooperate with other components of chocolate, including

methylxanthines and biogenic amines, to intensify the sensory properties of choco-

late and produce a transient feeling of well being which may produce a chocolate

craving in susceptible persons.

2.2 Drugs Acting on Cannabinoid Receptors

Since the discovery of the CB1 receptor which was first identified in 1988 (Devane

et al. 1988) and then cloned and sequenced in 1990 (Matsuda et al. 1990) followed

by the CB2 receptor which was cloned and sequenced in 1993 (Munro et al. 1993), a

large number of drugs acting on these receptors have been synthesized. There have

been a number extensive reviews on this topic (Ashton and Ashton 2007; Ashton

et al. 2007; Dewey 1986; Grotenhermen and Grotenhermen 2004, 2005; Howlett

et al. 2002; Izzo and Coutts 2005; Machado Rocha et al. 2008). These compounds

have been synthesized with the idea of generating compounds that are devoid of the

unwanted central nervous system (CNS) mediated psychotropic effects of cannabis.

If successful, these drugs may find clinical utility in treatment of a very wide variety

of ailments ranging from pain, through gastrointestinal, cardiovascular, and chronic

inflammatory conditions. Table 1, adapted, modified, and extended from Howlett

et al. (2002), lists a number of these drugs including endogenous cannabinoids as

well as some of the major cannabinoids isolated from C. sativa. This is not intended
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to be an exhaustive list of all known compounds acting on cannabinoid receptors

but rather to serve as a guide to recognizing the most widely used compounds in

experimental studies. The CB1/CB2 selectivity ratio is based on the ratio of Ki

values determined in radioligand binding studies for the in vitro displacement of

[3H]CP55940, [3H]R-(+)-WIN55212, or [3H]HU-243 from CB1 and CB2-specific

binding sites. Based on this, the most selective CB1 antagonist is SR14176A

(Rimonabant™, Acomplia®) and the most selective CB2 antagonist is SR144528.

The most selective CB1 agonist is the endocannabinoid 2-arachidonyl glyceryl

ether, whereas the most selective full agonist at the CB2 receptor is L-759656.

2.3 Cellular Location of Cannabinoid Receptors in the Urinary
Tract and CNS Areas Involved in Control of Urinary
Tract Function

The CNS distribution of CB receptors in many species including human, monkey,

and rat has been investigated using autoradiography, in situ hybridization, and

immunohistochemistry. These studies have been, for the most part, mutually

confirmatory. Autoradiography studies with the mixed CB1 and CB2 receptor

agonist [3H]CP55,940 were carried out before cloning and sequencing of the CB1

receptor made selective CB1 receptor in situ hybridization and immunohistochem-

istry studies possible. [3H]CP55,940 autoradiography did confirm the existence of

high affinity cannabinoid receptors in areas of the brain predicted from the behav-

ioral effects of cannabinoids, i.e., the cerebral cortex, hippocampus, basal ganglia,

and cerebellum. The level of expression in these brain areas, which are associated

with higher cognitive functioning, is often found to be greater than 1 pmol/mg. This

level is higher than that of all other G-protein-coupled receptors and approaches the

densities found for the common ionotropic receptors such as gamma amino butyric

acid (GABA) and glutamate receptors (Bowery et al. 1987; Greenamyre et al.

1984). The higher CB1 receptor expression in the amygdala and cingulate cortex

of the human brain as compared to the receptor expression in the monkey or rat

brain offers an explanation for the interspecies differences in the behavioral effects

of cannabinoids (Herkenham et al. 1990). Much lower levels of CB1 receptors are

found in the hypothalamus and spinal cord. CB1 receptors are nearly absent from

the medullary nuclei that mediate respiratory and cardiovascular function, which

seems to explain why cannabis overdose is rarely, if ever, fatal (Dewey 1986;

Herkenham et al. 1990; Hollister 1986; Robson 2001). Cannabinoid receptor

density as determined by [3H]CP55,940 autoradiography in the area of the pontine

micturition centers appears to be very low in both the rat (Herkenham et al. 1990)

and human (Glass et al. 1997) brain. On the other hand, based on microinjection of

CP55,940 into the ventrolateral aspect of the periaqueductal gray (PAG) area of the

rat brain, this area appears to be important for the antinociceptive and cataleptic

effects of the cannabinoids (Lichtman et al. 1996). Although this area of the PAG is

Cannabinoids: Potential Targets for Bladder Dysfunction 431



known to be involved in control of bladder function, it remains to be determined

experimentally whether cannabinoids exert an effect on bladder function through

actions on this area of the brain.

In situ hybridization studies largely confirmed the autoradiography results with

the understanding that in situ hybridization identifies mRNA that is primarily

located in cell bodies whereas autoradiography labels receptor protein that is

distributed throughout the neuron. In general, brain areas show two patterns of

distribution of CB1 receptor transcript expressing neurons. A broad and uniform

expression is found, for example, in the cerebellum where expression is observed

for nearly all granule cells. In contrast, CB1 receptor transcript expression is seen in

only a few neurons at very high levels in areas such as hippocampus and cerebral

cortex despite the labeling of nearly all cells in a given layer in the studies of

receptor protein labeling by autoradiography (Mailleux et al. 1992; Matsuda et al.

1993; Westlake et al. 1994).

There have been several detailed immunohistochemical studies of CB1 receptor

protein expression in the rat brain that have confirmed the autoradiography and in

situ hybridization studies (Egertova and Elphick 2000; Tsou et al. 1998). Electron

microscopic immunohistochemistry has localized CB1 receptors nearly exclusively

on presynaptic terminals in the rat and human hippocampus (Hajos et al. 2000;

Katona et al. 2000), and these are expressed on the entire presynaptic bouton

(Rodriguez et al. 2001). The colocalization of CB1 receptors on synaptic terminals

that release GABA and cholecystokinin (CCK) indicates that CB1 receptor activa-

tion may inhibit neurotransmission by decreasing GABA and CCK release (Katona

et al. 1999; Tsou et al. 1999). In certain brain areas, CB1 receptors and the endo-

cannabinoid metabolizing enzyme FAAH are located on different neurons that form

synaptic connections. For example in the hippocampus, the pyramidal neurons

express FAAH but low levels of CB1 receptors whereas the hippocampal interneur-

ons that form synapses with pyramidal neurons express CB1 receptors in high

density but low levels of FAAH. A similar reciprocal relationship of CB1 receptors

and FAAH exists in the cerebellum between the Purkinje neurons that form synaptic

connections with the cerebellar granule cells (Egertova et al. 1998; Tsou et al. 1998).

There have been far fewer studies of CB2 receptor localization, and these

indicate much lower density of CB2 than CB1 receptors in the CNS. Early immu-

nohistochemistry studies were not able to detect the presence of CB2 receptors in

healthy brain (Galiegue et al. 1995; Griffin et al. 1999; Munro et al. 1993), whereas

more recent studies, using more precise cannabinoid probes, have identified CB2

receptors in neuronal and glial processes in a number of brain areas. In a number of

these areas, CB1 and CB2 receptors may colocalize to the same brain structures but

whether they may be colocalized on the same neurons has yet to be definitively

determined (Gong et al. 2006; Onaivi et al. 2008). Investigation of CB2 receptor

localization in brain areas known to be involved control of micturition has not yet

been reported. CB2 receptors are known to be expressed primarily on cells of the

immune system, and the spleen is often used as a positive tissue control in

immunohistochemical studies (Hayn et al. 2008). This includes mast cells (Facci

et al. 1995) which are known to increase with bladder inflammation.
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For immunohistochemical studies, the specificity of the cellular localization of a

given protein relies exclusively on the specificity of the antibody for the antigen

under study, even more so than for Western blotting or immunoprecipitation tech-

niques. For Western blots, proteins are first separated with an electrophoresis

technique, usually based on their molecular weight. In this case, if the antisera

contain antibodies that bind to proteins that are of a different molecular weight

than the expected molecular weight of the protein under study, the staining of these

bands can be ignored. For receptor immunoprecipitation, receptors can be radiola-

beled with a ligand that selectively binds to the receptor; then after receptor

solubilization, the radiolabeled receptors can be immunoprecipitated with the anti-

receptor antibody; and the radioactivity in the immunoprecipitate can be used to

determine receptor density. Nonspecific radiolabeling of proteins that do not bind to

the antibody will not be detected. Likewise, nonspecific antibody binding to proteins

that are not radiolabeled will also not be detected. This is not the case for staining of

tissue sections because if the antisera also contain antibodies specific for antigenic

determinants other than the receptor protein under study, these will also be observed,

and these sites cannot be distinguished from specific staining of the intended

receptor protein. This is the reason why controls are so critically necessary for

immunohistochemical studies to be able to reliably reveal the true cellular location

of a given protein.

One of the controls that is routinely reported in immunohistochemistry studies is

omission of the primary antisera. While this determines the specificity of the second-

ary antibody and subsequent detection protocol, it reveals nothing about the specificity

of the primary antisera. Another control that is less routinely reported is disappearance

of labeling with preabsorption of the primary antisera with excess immunizing

antigen. While this provides evidence that the binding of the primary antisera is

being detected (immunologic specificity), it does not prove that the labeling is specific

for antigenic determinants on the receptor of interest because if the antisera contains

antibodies to nonreceptor determinants and these determinants are present in the tissue

under study, then this staining will also disappear with antigen preabsorption. Anti-

bodies to G-protein-coupled receptors are notorious for being nonspecific for their

intended receptor sites in immunohistochemical assays (Bodei et al. 2009; Hamdani

et al. 2009; Jensen et al. 2009; Jositsch et al. 2009; Lu et al. 2009; Pradidarcheep et al.

2009). The reason for this may be partly related to the relatively high degree of

homology between both receptor subtypes within a given family as well as between

different families. Because disappearance of staining in the presence of excess block-

ing antigen is considered insufficient to define specificity, the followingmore stringent

criteria have been proposed: (1) inability to observe staining in animals with the

target receptor knocked-out, (2) decreased staining with knock-down techniques

such as siRNA or antisense treatment, (3) selectivity for the target receptor and not

related subtypes in cells transfected with the target receptor, and (4) similar staining

pattern observed with antibodies raised against different epitopes of the receptor

(Michel et al. 2009). For CB1 and CB2 immunohistochemistry in tissues of the

lower urinary tract, none of these more strict criteria for antisera specificity have

been met.
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The first immuno histofluorescent localization studies of CB1 and CB2 receptors

in the bladder were carried out in the female rat bladder. Positive immunofluores-

cence staining was found for both subtypes, and staining was more pronounced in

the urothelium suggesting localization in proximity to the afferent fibers present in

the urothelium (Hayn et al. 2008). In this study, controls included absence of the

primary antibody but controls for antisera specificity (blocking antisera binding to

the tissue sections with excess immunizing antigen) were not included. These

results were confirmed in the female mouse bladder for the CB1 receptor using a

different CB1 antibody (Cayman Chemicals, Ann Arbor, MI as opposed to a CB1

antibody from Santa Cruz Biotechnology, Santa Cruz, CA used in the previous

study). Immunologic specificity of the staining in this mouse study was confirmed

by substantially reduced immunofluorescence observed when tissue sections were

incubated with a mixture of the antisera solution and the blocking peptide. This

study found colocalization of CB1 receptors with P2X3 receptors in the urothelial

cells, primarily the umbrella cells exposed to the bladder lumen, as well as in some

nerve fibers mainly in the muscular layer of the bladder wall (Walczak et al. 2009).

The significance of the colocalization of CB1 and P2X3 receptors on urothelial

umbrella cells is that with urothelial stretching during bladder filling these umbrella

cells release ATP (Apodaca et al. 2007; Wang et al. 2005) which can activate

sensory nerves by activating P2X receptors. Because most of the CB1 positive nerve

fibers were observed not to coexpress P2X3 receptors, these investigators concluded

that any effects of cannabinoids on the purinergic sensory system would likely be

mediated by reduction of urothelial ATP release as opposed to suppression of

sensory nerve activity (Walczak et al. 2009). Similar colocalization studies of

CB1 and P2X3 receptors have not been reported for human urothelium.

Another report of immuno histofluorescent staining for CB1 and CB2 receptors

in rat, monkey, and human bladders was carried out using antibodies from Sigma

Chemical (St. Louis, MO). The Sigma Chemical catalog lists CB1 and CB2 receptor

antibodies from both rabbit and goat hosts, and it was not reported which of these

antibodies were used in this study. Controls were done only by omitting the primary

antibodies and did not include antigen preabsorption controls; thus the immuno-

logic specificity of these results for the CB1 and CB2 receptors is not completely

certain. Positive CB1 immunofluorescence was not observed in urothelial cells or in

nerve structures but strong CB2 immunoreactivity was visualized on the urothelial

cells. In addition, sparse staining for CB1 receptors was observed in cells having the

appearance of immunocompetent cells between strands of smooth muscle cells and

occasionally interspersed in the suburothelial region (Gratzke et al. 2009). This

staining for CB1 receptors on possible immune cells and CB2 receptors on neuronal

cells is the opposite of what has been reported by all other bladder immunohisto-

chemical studies (Hayn et al. 2008; Tyagi et al. 2009; Walczak et al. 2009).

Sections double stained with CB2 receptor antibodies and antibodies to the vesicu-

lar acetylcholine transporter (VAChT) showed profiles labeled with both antibodies

between strands of detrusor smooth muscle cells. Most of the CB2 positive nerve

fibers and varicosities were observed to also express calcitonin gene-related poly-

peptide (CGRP). In addition, slender nerve fibers that extended into the urothelium
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stained positive for both CB2 and TRPV1 receptors (Gratzke et al. 2009). Because

both TRPV1 and CGRP labeled nerves are associated with sensory function, it was

concluded that this apparent colabeling with CB2 receptors suggests a possible role

for cannabinoids in bladder afferent signaling.

Immunohistochemical localization of CB1 and CB2 receptors was determined in

a study carried out entirely on human bladders obtained from male organ donors

within 12 h after donor death using secondary antibodies labeled with horseradish

peroxidase followed by diamino benzidine precipitation. This study used CB1 and

CB2 receptor antibodies obtained from Abcam (Cambridge, MA), and controls

included both omission of the primary antibodies as well as preabsorption of the

primary antibodies with an excess of the control peptide. Dense staining for CB1

receptors was observed in the urothelium and relatively less was observed in the

detrusor cell layers. While CB1 staining was reduced but not completely eliminated

with antigen preabsorption, the CB2 staining was only moderately reduced with

preabsorption onto the control blocking peptide indicating insufficient specificity of

this CB2 antibody. Protein expression of CB1 and CB2 receptors determined using

Western blot revealed that expression of both subtypes was greater in the urothe-

lium than the detrusor muscle (Tyagi et al. 2009).

2.4 Effects of Cannabinoid Receptors on Normal Urinary
Bladder Function

The first evidence for the presence of functional CB1 receptors in the urinary

bladder was from a study designed to determine whether cannabinoids inhibit

electric field stimulated contractions of the mouse urinary bladder (Pertwee and

Fernando 1996) as had previously been found for other innervated smooth muscle

tissues including the mouse, rat and guinea pig vas deferens (Pacheco et al. 1991;

Pertwee et al. 1992), and the mouse and guinea pig myenteric plexus-longitudinal

small intestine muscle preparations (Pertwee et al. 1992, 1996). Electric field

stimulation (EFS) of the isolated urinary bladder primarily causes contractions

indirectly by evoking neurotransmitter release from nerve terminals because block-

ing action potentials with the sodium channel blocker tetrodotoxin nearly

completely abolishes these contractions.

All cannabinoids tested including CP55,244, (�)-11-hydroxy-dimethylheptyl-

D8-THC, WIN55-212-2, D9-THC, nabilone, and AEA caused a dose-dependent

inhibition of EFS-induced (nerve evoked) mouse bladder contractions. The CB1

selective antagonist SR14176A caused a dose dependent rightward displacement of

these cannabinoid agonist concentration response curves; however, the CB2 selec-

tive antagonist AM630 did not. Maximally effective concentrations of CP55,244 or

D9-THC had no effect on contractions induced by muscarinic receptor activation

with acetylcholine or purinergic receptor activation with b,g methylene ATP. The

finding that the potency of SR14176A for inhibition of EFS-induced mouse bladder

contractions is similar to its Ki for inhibition of [3H]CP55,940 binding to CB1
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receptors (Felder et al. 1995; Rinaldi-Carmona et al. 1994), and the ineffectiveness

of the CB2 selective antagonist AM630 is evidence for the involvement of CB1 as

opposed to CB2 receptors in this cannabinoid effect (Pertwee and Fernando 1996).

A similar study in the rat ventral prostate found that activation of epithelial CB1

receptors causes inhibition of nerve evoked smooth muscle contraction via the

cyclooxygenase pathway (Tokanovic et al. 2007).

These bladder findings were confirmed and extended in a later study in which the

effects of cannabinoid agonists were determined on nerve evoked contractions of

isolated muscle strips from rat, mouse, pig, dog, monkey, and human bladder

(Martin et al. 2000). In both rat and mouse bladder, the rank order potency of

cannabinoid receptor agonists for inhibition of electrically evoked contractions was

CP55940 � WIN55212 > HU210 > JWH015 > AEA, which is consistent with

that reported in cell lines transfected with human CB1 receptors (Rinaldi-

Carmona et al. 1998, Showalter et al. 1996). In the mouse bladder, the high potency

of the CB1 antagonist SR14176A (apparent pKB ¼ 8.7) and low potency of the CB2

antagonist SR1445278 (pKB < 6.5) for reversing the agonist-induced inhibition of

nerve-evoked contractions are also consistent with CB1 and not CB2 receptors

mediating this effect. In contrast, a high potency was found in the rat bladder for

both SR14176A (apparent pKB ¼ 8.4) and SR1445278 (pKB ¼ 8.0) for inhibition

of the effects of WIN55212-2 or JWH015. These results indicate that both CB1 and

CB2 receptors are involved in the cannabinoid-induced inhibition of nerve evoked

contractions in the isolated rat bladder.

In stark contrast to the findings in the mouse and rat bladder, nerve evoked

contractions of muscle strips from dog, pig, primate, or human bladder were

completely resistant to activation of cannabinoid receptors with up to 3 mM
WIN55212-2 (Martin et al. 2000). This implies that cannabinoid effects on the in

vitromouse or rat bladder do not replicate effects on the isolated human bladder. It also

seems to imply that any clinical benefit of cannabinoid therapy for bladder dysfunction

is not likely to be mediated by interaction with presynaptic receptors in the bladder

unless the bladder dysfunction causes induction of bladder presynaptic cannabinoid

receptors. Other investigators reported that the CB1 agonist ACEA and the CB2

agonist GP1a seem to reduce nerve evoked contractions of human bladder muscle

strips; however, the paucity of available human tissue precluded quantitative analysis

of the data (Tyagi et al. 2009). Results from another laboratory report that AEA

increases, but CP55940 decreases nerve evoked contractions of human, monkey,

and rat bladder muscle strips (Gratzke et al. 2009). The AEA effect, in this instance,

may be a result of its activation of TRPV1 receptors as opposed to its activity at

cannabinoid receptors; however, there was no effect of AEA on baseline tonus of the

human, monkey, or rat bladder strips (Gratzke et al. 2009), whereas AEA was

previously reported to induce contraction of rat bladder strips through a CB1 and

CB2 independent, possibly TRPV1-mediated mechanism (Saitoh et al. 2007).

The effect of activation of cannabinoid receptors on afferent nerve activity was

reported in an ex-vivo mouse bladder-nerve preparation in the same report

described above that colocalized CB1 and P2X3 receptors in the urothelial umbrella

cells (Walczak et al. 2009). Intravesical administration of the CB1 and CB2 agonist
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AZ12646915 reduced the distension evoked activity of bladder afferents in the

pelvic nerve. This inhibition was prevented by previous administration of the CB1

selective antagonist AM251 implicating CB1 receptor involvement in the periph-

eral modulation of bladder afferent signaling. It would be very informative to

repeat this study in P2X3 knockout mice to determine whether the cannabinoid

suppression of afferent nerve activity induced by bladder distension is truly

mediated by P2X3 containing neurons. The mixed CP1 and CP2 agonist ajulemic

acid has been reported to reduce the increased release of CGRP induced by

capsaicin and ATP in the rat bladder. This effect was prevented by the CB1

antagonist AM251 and the CB2 antagonist AM630 (Hayn et al. 2008). Because

nearly all bladder sensory fibers are immunoreactive for both the capsaicin receptor

TRPV1 and CGRP (Avelino et al. 2002), capsaicin induced CGRP release serves as

a marker for measuring bladder afferent sensory nerve activity.

2.5 Cannabinoid Effects on Inflamed Bladder

Intravesical infusion of a 50% solution of turpentine into the rat bladder is a well

established model of bladder pain and inflammation. The most reproducible effect

is a reduction in the volume of saline infused onto the bladder that is necessary to

cause a bladder contraction (micturition volume threshold). This decrease is appar-

ent soon after intravesical turpentine exposure and lasts for at least 24 h (McMahon

1988; McMahon and Abel 1987). Infusion of AEA but not palmitoylethanolamine

(PEA) into the carotid artery before and 30 min into the 1 h intravesical turpentine

exposure prevents this decrease if micturition volume threshold is reevaluated

immediately after the turpentine exposure (Jaggar et al. 1998a). In a different report

from this same laboratory, both AEA and PEA reversed the decrease in micturition

threshold if administered 2 h after the intravesical turpentine exposure and allowing

1 h before reevaluation of micturition threshold (Jaggar et al. 1998b). Neither AEA

nor PEA had any effect on inflammation-associated plasma extravasation of Evans

Blue into the bladder tissue after intra arterial infusion indicating a lack of canna-

binoid effect on this measure of bladder inflammation (Jaggar et al. 1998b).

As described in more detail below, one explanation for the different effect of

PEA in these two studies is that PEA may be enhancing the effects of endogenous

endocannabinoids released as a result of the bladder inflammation, and this release

and enhancement of their effects does not occur immediately.

The receptor responsible for the cellular action of PEA is not certain. Although

an initial study reported that PEA displaces [3H]WIN55212-2 binding to RBL-2H3

cell membranes that are known to express CB2 receptors (Facci et al. 1995), this

was not replicated by several subsequent studies (Jacobsson and Fowler 2001;

Lambert and Di Marzo 1999; Lambert et al. 2001; Showalter et al. 1996; Sugiura

et al. 2000). It is now generally accepted that PEA does not bind to either CB1 or

CB2 receptors. More recently it has become evident that certain substances that

are not themselves endocannabinoids are cosynthesized and cosecreted with
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endocannabinoids. These lipids can have enhancing effects on endocannabinoids

through inhibition of hydrolysis (Mazzola et al. 2009), increasing the binding, or

otherwise potentiating the biological effect of endocannabinoids (Ben-Shabat et al.

1998; Garcia et al. 2009; Ho et al. 2008; Jonsson et al. 2001; Smart et al. 2002). This

facultative action has been named the entourage effect and has been described for

several monoacylglycerols including oleamide (Lambert and Di Marzo 1999),

some N-acyl dopamines (De Petrocellis et al. 2004), and a number of saturated

N-acyl ethanolamines including PEA (Lambert and Di Marzo 1999; Smart et al.

2002). In addition PEA is known to activate the intracellular nuclear receptor

PPAR-a (O’Sullivan 2007; O’Sullivan et al. 2009), and the antiinflammatory action

of PEA is absent in PPAR-a null mice (Lo Verme et al. 2005). The exact relation-

ship between the entourage effect of PEA on cannabinoid receptors and how

endogenous PEA interacts with PPAR-a to regulate inflammation remains to be

determined. However, it is clear that conclusions made by the earlier studies based

on the use PEA as a selective CB2 receptor agonist need to be reevaluated in light of

these new concepts of the action of PEA and other entourage lipids.

The chemical cystitis produced by intravesical turpentine is reproduced by

intravesical infusion of nerve growth factor (NGF), and this is reversed by NGF

sequestration with a fusion protein made from the NGF receptor, trkA, coupled to

the Fc portion of an immunoglobulin (Dmitrieva et al. 1997; Jaggar et al. 1999).

The NGF-induced decrease in micturition volume threshold is prevented by intra

carotid artery administration of AEA or PEA. The AEA effect is blocked by the

CB1 antagonist SR141716A or the CB2 antagonist SR144528; however, the PEA

effect is only blocked by the CB2 and not the CB1 antagonist (Farquhar-Smith et al.

2002). Based on this data alone, the entourage lipid PEA does seem to result in

selective activation of the CB2 receptor over the CB1 receptor; however, both

subtypes appear to be involved in the inflammation induced decrease in micturition

volume threshold. Bladder inflammation is associated with an increase in the

number of cells in the spinal cord expressing Fos, the protein product of the

immediate early gene c-fos (Nazif et al. 2007). This is most evident in the L6 spinal

level (Birder and de Groat 1992). Both AEA and PEA reduce this increase in Fos

positive L6 spinal neurons following intravesical turpentine exposure. The AEA

effect is not antagonized by the CB1 antagonist SR141716A nor the CB2 antagonist

SR144528; however, the PEA effect is antagonized by the CB2 but not the CB1

antagonist (Farquhar-Smith et al. 2002). Thus AEA reduces bladder inflammation

induced spinal Fos expression by an unidentified mechanism that appears to be

independent of CB1 and CB2 receptors, whereas PEA reduces Fos expression by an

action that involves selective activation of CB2 receptors.

Intravesical turpentine instillation in the rat is also associated with hyperalgesia

of the hind limbs as assessed by decreased limb withdrawal latency in response to a

46�C infrared beam applied to the foot pad. This is thought to be a result of the fact

that both the hind limbs and the urinary bladder receive sensory innervation from

the same spinal cord segments in the rat. This referred hind limb hyperalgesia is

also reproduced by intravesical NGF exposure, which is blocked by the trkA–IgG

fusion protein that sequesters NGF (Jaggar et al. 1999). The referred thermal
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hyperalgesia induced by intravesical turpentine is attenuated by both AEA and

PEA. The AEA effect is blocked by the CB1 selective antagonist SR141716A but

not by the CB2 selective antagonist SR144528, whereas the PEA effect is blocked

by the CB2 but not the CB1 antagonist (Farquhar-Smith et al. 2002). Therefore, in

contrast to the intravesical NGF induced reduction in micturition volume threshold

in which the AEA effect seems to involve both CB1 and CB2 receptors, and the

AEA effect on bladder inflammation induced increase in spinal Fos expression

which seems to be independent of both CB1 and CB2 receptors, the AEA effect

on the referred thermal hyperalgesia of the hind limbs seems to involve only CB1

and not CB2 receptors. On the other hand, the effects of the entourage lipid PEA on

these three effects of bladder inflammation are consistent in that the effect involves

selective activation of CB2 and not CB1 receptors. It is not entirely clear how PEA,

which is not thought to be able to bind to the CB2 receptor, is able to cause selective

activation of CB2 receptors. There are no reports that the entourage effect of PEA

which involves prevention of hydrolysis or increasing the binding of endogenous

cannabinoids might be selective for CB2 over CB1 receptors. This possibility seems

to be worth investigating. It also might be informative to repeat these studies using

the recently identified selective CB2 receptor agonists that are known to bind to the

CB2 receptor such as L768242, JHW051, or JHW015 as well as some of the other

entourage lipids. Similar studies of the action of PEA in PPAR-a null mice in this

model may shed light on whether an antiinflammatory effect of PEA is involved.

Another well established model of experimental bladder inflammation in the rat

involves exposure of the bladder contents to acrolein either directly by intravesical

infusion or indirectly by intraperitoneal injections of cyclophosphamide (CYP),

which is metabolized to acrolein and excreted in the urine (Cox 1979). This is

well known to induce a painful hemorrhagic cystitis associated with a decreased

micturition volume threshold and increase in bladder reflex activity. These can be

reversed by desensitizing bladder TRPV1 receptors with intravesical resiniferatoxin

(Dinis et al. 2004b). Increased bladder reflex activity is assessed by monitoring

bladder pressure increases during continuous bladder infusion through a suprapubic

tube placed into the bladder dome. Application of the TRPV1 receptor antagonist

capsazepine onto the serosal surface of the bladder reduces these increased volume-

induced bladder contractions induced by intraperitoneal CYP. The bladder tissue

AEA content measured by mass spectrometry was increased after CYP, reaching a

peak 72 h after injection which exactly mirrors the peak in development of increased

volume-induced bladder contractions. Serosal application of AEA onto the naı̈ve

bladder increases volume-induced bladder contractions in a concentration depen-

dent fashion. This effect of AEA can be blocked acutely by the TRPV1 antagonist

capsazepine or by previous TRPV1 desensitization with intravesical resiniferatoxin.

Serosal application of the CB1 antagonist SR141716A increases AEA potency in

naı̈ve but not CYP injected animals. Serosal application of an inhibitor of FAAH

(palmitoylisopropylamide) increases these volume-induced bladder contractions in

both naı̈ve and CYP inflamed bladders. The FAAH inhibitor effect is blocked by

capsazepine or resiniferatoxin pretreatment in naı̈ve rats. Intravesical AEA causes

increased spinal cord Fos expression which is attenuated by capsazepine or
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resiniferatoxin pretreatment (Dinis et al. 2004a). These results indicate that the

development of increased volume-induced bladder contractions and hyperalgesia

following bladder inflammation in the rat involves endogenous AEA acting through

TRPV1 receptors and a slight blunting of this effect through AEA action on CB1

receptors. It is unknown whether similar events may occur in human bladder.

Ajulemic acid, a synthetic analog of D9-THC, reduces the frequency of these

volume-induced bladder contractions in normal rats and reduces the increased

contraction frequency induced by previous intraperitoneal CYP injections or

30 min of intravesical infusion of 0.25% acetic acid. Administration of the CB1

selective antagonist AM251 increases the contraction frequency in CYP injected

rats and reverses the ajulemic acid induced decreased contraction frequency in

normal, acetic acid infused, and CYP injected rats, whereas the CB2 selective

antagonist AM251 has no influence on the ajulemic acid induced effects (Hiragata

et al. 2007). These results indicate that CYP-induced bladder inflammation in the

rat is associated with an increased effect of endogenous cannabinoids on volume-

induced bladder contractions and confirms the previous studies that exogenous

cannabinoids can suppress the bladder contractile frequency induced by nocicep-

tive stimuli through an action on CB1 as opposed to CB2 receptors. It is not known

whether similar effects occur in human bladder.

The tissue concentration of CB1 and CB2 receptors in the rat bladder following

acute or chronic intravesical exposure to acrolein has been determined using

Western blot. Two days after a single intravesical exposure to 1 mM acrolein,

CB2 receptors are increased statistically significantly by approximately 50% in the

bladder detrusor muscle but not the bladder mucosa, L5, L6, or S1 dorsal root

ganglia, or spinal cord segments L3-5 or L6-S. Acute or chronic inflammation

(three intravesical acrolein exposures every 3 days) has no statistically significant

effect on CB1 receptors in any of these tissues. Chronic inflammation causes a

statistically significant increase in CB2 receptors in the detrusor by 96% and in

bladder mucosa by 39% but has no effect in the other tissues (Merriam et al. 2008).

If similar effects occur in human bladder, these results suggest that the CB2 receptor

might be a viable target for treatment of bladder inflammation and associated pain.

This is consistent with the previously described results of PEA reducing the effects

of bladder inflammation through selective activation of CB2 receptors. However,

this does not seem to fit in with the in vivo studies described above indicating that

CB1 but not CB2 receptors are involved in the effect of cannabinoids on inflamma-

tion induced increased bladder activity.

2.6 Clinical Studies of Cannabinoids for Control of Bladder
Dysfunction in Multiple Sclerosis

Because of a very high placebo response rate in medical trials for treatment of

multiple sclerosis (MS), the use of completely ineffective treatments is associated
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with symptom improvements in 65–70% of patients (Sibley 1992). Therefore,

reports of symptom improvement for a given treatment in less than 70% of

participants may not truly represent an effective treatment. The results of a ques-

tionnaire given to 53 MS patients in the United Kingdom and 59 MS patients in the

United States that was designed to document the claimed benefits of cannabis use

by MS patients who use cannabis did indicate such a high level of improvement for

the general categories of pain, spasticity, and tremor (>87%) but not for urinary

urgency (64%), hesitancy (59%), or incontinence (55%) (Consroe et al. 1997). In an

N-of-1 trial of four sequential 4 week treatments with Nabilone, placebo, Nabilone

then placebo, there was a striking reduction of frequency of nocturia during each of

the 4-week Nabilone treatments along with decreased severity of muscle spasm and

improvement in mood (Martyn et al. 1995).

The first exploratory, placebo controlled, clinical trial of cannabis medical

extract (CME) treatment was conducted in the United Kingdom with a mixed

group of patients suffering from intractable neurogenic symptoms including 18

with MS, 4 with spinal cord injury, 1 with brachial plexus damage, and 1 patient

with limb amputation due to neurofibromatosis (Wade et al. 2003). Because

smoking was considered an inappropriate delivery method for a pharmaceutical

product and oral bioavailability is unpredictable, the sublingual route was chosen.

The test medications were whole plant extracts of D9-THC-rich CME, cannabidiol

(CBD)-rich CME, and a 1:1 mixture of the two (THC:CBD) supplied in a pump

spray for oromucosal delivery with a peppermint flavor to disguise the taste of the

CME. Cannabidiol was chosen because it is nonpsychoactive, has potent antioxi-

dant and antiinflammatory properties, and may modulate unwanted THC effects.

The first phase was a 2 week open labeled trial in which the patients could increase

their daily dose up to 120 mg until an optimal dose was obtained. This was followed

by an 8 week double blind crossover phase with four 2-week stages using placebo,

THC:CBD, THC alone, or CBD alone. For ethical reasons, patients were supplied

with a vial of THC:CBD for use as a “rescue” medication but were encouraged to

use it sparingly. While pain relief associated with both THC and CBD was signifi-

cantly superior to placebo and some individual patients reported benefits with

bladder control, there were no statistically significant cannabinoid treatment related

improvements in the bladder symptom visual analog scale (VAS) nor in the

numerical symptom scales for incontinence frequency, incontinence severity, uri-

nary urgency, or nocturia frequency. VAS is a method for measuring symptoms in

which patients are asked to place a mark along a 100 mm line with one end of the

line representing “no symptoms” and the other end representing the “worst symp-

toms ever.” Thus symptoms can be measured “down to the millimeter” and

relatively easy to apply parametric statistics can be used to assess the data.

In the cannabinoids for treatment of spasticity and other symptoms related to

multiple sclerosis (CAMS) study, 630 MS patients were treated at 33 UK centers

with oral cannabis extract (n ¼ 211), D9-tetrahydrocannabinol (D9-THC;

n ¼ 206), or placebo (n ¼ 213) during a 13 week treatment trial. This study

found no treatment effect of cannabinoids on the primary outcome measure

(p ¼ 0.40), change in overall spasticity scores, using the Ashworth scale. Likewise,
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no treatment effect on bladder symptoms was identified (Zajicek et al. 2003).

A “substudy” of the above described CAMS study reviewed results for urge

incontinence using a 3 day urinary diary at baseline and at the completion of

treatment, week 13 (Freeman et al. 2006). While all three treatment groups showed

a decrease in urge incontinence episodes from baseline to the end of treatment,

there was a significant treatment effect for each of the cannabis groups over the

placebo. The cannabis extract treated group had a 25% reduction (p ¼ 0.005) and

the THC treated group had a 19% reduction (p ¼ 0.039) relative to placebo. Thus,

in contrast to the negative finding of the CAMS study for the primary outcome

measure of spasticity, the results do suggest a beneficial clinical effect of cannabis

treatment on urge urinary incontinence episodes.

In an open label study of the effect on bladder dysfunction of these same

sublingual spray preparations, data collected from 15 of the 21 recruited patients

with advanced MS were sufficiently complete for evaluation. Patients were allowed

to dose titrate up to 120 mg/day for the THC:CBD-CME over an 8 week period

followed by THC-CME only for an additional 8 weeks. For both treatments, urinary

urgency, number and volume of incontinence episodes, urinary frequency, and

nocturia all decreased significantly. Improvements were also reported in patient

self-assessment of pain, spasticity, and quality of life. Part of the improvement in

urinary symptoms may have been related to total urinary output which decreased

significantly during treatment indicating that the patients were drinking less fluid.

Patients entering into the final long-term safety and efficacy extension part of the

study all chose to take the THC only CME because they found it more effective for

their bladder symptoms. This THC-CME preference over the THC:CBD-CME was

confirmed during the dose titration portion of the study because patients took

significantly less of the THC only preparation to achieve the same therapeutic

effect (Brady et al. 2004). Because of few reports of troublesome side effects, it

was concluded that cannabis-based medical extracts are a safe and effective treat-

ment for the urinary dysfunction in patients with advanced MS.

A parallel group, double blind, randomized, multicenter, placebo-controlled trial

has been carried out in 160 MS patients on the effect of the THC:CBD-CME

(Sativex) oromucosal spray on the primary symptom that each patient reports

(Wade et al. 2004). It should be noted that cannabis clinical trials are never truly

double blind because most patients can recognize the CNS effects of cannabis, and

thus they are completely aware of whether they are receiving the placebo or the

active cannabis extract. For eligibility, MS patients of any type were required to

volunteer one of the following primary symptoms at a severity of at least 50% for

the most troublesome symptom on a 100 mm VAS: bladder problems, spasticity,

spasms, tremors, or pain that was not obviously musculoskeletal. Of the 80 patients

assigned to the active treatment and placebo control treatment groups, only 3

patients per group did not complete the 6 week treatment leaving 77 patients per

treatment group completing the study. Although the primary symptom score on the

VAS improved for both active and placebo treated groups, there was no statistically

significant difference between groups. Patients with pain as the primary symptoms

showed a large effect that was nearly identical in both active and placebo treatment
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groups, and if the data is analyzed after removing the patients with pain as the

primary symptom, then a statistically significant difference was obtained in the

primary symptom score between active and placebo treatments. This study con-

cluded that THC:CBD-CBE (Sativex) is an effective treatment for spasticity asso-

ciated with MS. Although not statistically significant, a greater improvement was

observed in VAS scores and diary data for bladder control for the active compared

to the placebo treated group.

It should be noted that there is also evidence for a beneficial effect of cannabi-

noids in an animal model of MS. This model is known as Theiler’s murine

encephalomyelitis virus-induced demyelinating disease (TMEV-IDD) and is

induced by intracerebral injection of the virus in mice. An increase in the concen-

tration of the endocannabinoids 2-AG and PEA but not AEA is observed in the

spinal cord 2 months after inducing the infection. If the TMEV-IDD animals are

treated with PEA (5 mg/kg/day) for 10 days during days 60–70 postinfection, their

performance on the rotarod test improved significantly from the untreated group to

become not statistically significantly different from the sham infected controls. In

addition their vertical and horizontal activity improved indicating a significant

reduction in the motor disability of the animals subjected to this model of MS

(Loria et al. 2008).

3 Conclusions

Development of cannabinoid drugs for treatment of lower urinary tract disorders is

currently at a very early stage, and thus the above review raises many more

questions than answers. Answers to many of these questions is expected to signifi-

cantly facilitate development of therapeutic cannabinoids. Many of the findings in

animal models need to be confirmed in human tissue. For example, while CB1 but

not CB2 receptor activation in both mouse and rat inhibits nerve evoked bladder

contractions, neither subtype affects nerve evoked human bladder contractions.

While CYP-induced bladder inflammation in the rat induces an increased effect

of endocannabinoids and exogenous CB1 but not CB2 agonists can suppress the

bladder overactivity induced by nociceptive stimuli, it is not known whether similar

events occur in the inflamed human bladder. While relatively normal human

bladder specimens are available from organ transplant donors as well as from

nonaffected bladder tissue obtained from cancer cystectomy surgeries, inflamed

human bladder is not readily available for laboratory study. Microtechnique are

beginning to be applied to the study of the in vitro contractility of human bladder

muscle biopsy tissue (Fry et al. 2010), and this type approach may be able to

address these issues using biopsy material from inflamed or otherwise diseased

human bladder.

The following is a list of some of these currently unanswered questions whose

answers can be expected to greatly facilitate development of cannabinoid drugs for

treatment of lower urinary tract disorders:
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What is the mechanism of action of AEA in human bladder and what is the

relative role of direct CB1, CB2, or TRPV1 receptor activation vs. metabolism to

PgE2-ethanolamine and activation of EP1 receptors?

Are P2X3 receptors colocalized with CB1 receptors in human urothelium as they

are in the rat and what is the effect of bladder inflammation on this?

Are the CB1 receptors in the PAG the primary target of the antinociceptive

action of cannabinoids in human bladder pain or are cannabinoid receptors in the

spinal cord and bladder afferent nerves also involved?

How does PEA cause selective CB2 receptor activation when it does not bind to

CB2 receptors? Does PEA selectively increase the binding of endocannabinoids to

CB2 over CB1 receptors? What is the role of PPAR-a in this mechanism?

Which cannabinoid receptor subtype is most important in inflammation induced

increased human bladder activity?

What is the effect of CME in a clinical trial specifically designed to investigate

effects on urinary urge incontinence or pelvic pain?
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Abstract Arginine vasopressin (AVP), also known as vasopressin or anti-diuretic

hormone, is a neuropeptide produced in the hypothalamus. It is primarily responsi-

ble for osmoregulation and thus maintains body fluid homeostasis. It is also a potent

vasoconstrictor, may have a role in higher cognitive functions and affects meta-

bolism. All the biological and cellular effects of vasopressin are mediated by the

interaction of this hormone with three G-protein-coupled receptors – V1a, V1b and V2.
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Urological applications are based on the rationale that V2 receptors mediate water

conservation and increase urine osmolality. Due to their anti-diuretic properties

mediated by the V2 receptors, synthetic vasopressin agonists, such as desmopres-

sin, are now commonly used for the treatment of nocturnal polyuria, central

diabetes insipidus and nocturnal enuresis and potentially in urinary incontinence.

Desmopressin has been licenced worldwide for haematological indications of

haemophilia and von Willebrand disease. Vasopressin receptor antagonists cor-

rect hyponatremia by blocking the activation of the V2 receptor and induce a free

water diuresis without an accompanying natriuresis or kaliuresis; an effect

termed ‘aquaresis’. Interfering with vasopressin signalling by administering

vasopressin antagonists may have clinical benefits in acute and chronic heart

failure.

Keywords Aquaporins � Desmopressin � Receptors � Vasopressin

1 Introduction

Arginine Vasopressin (AVP), also known as vasopressin or anti-diuretic hormone

(ADH), is a peptide prohormone synthesised in the perikarya of magnocellular

neurons in the supraoptic and paraventricular nuclei of the hypothalamus of all

mammals, except pigs. The most important function of vasopressin is to maintain

fluid homeostasis by increasing water reabsorption in the distal convoluted tubule and

collecting ducts, thus increasing the urine osmolality. It also has other diverse func-

tions such as regulation of metabolism and hormone secretion (Michell et al. 1979).

The structure of vasopressin was determined in the early 1950s (Du Vigneaud

1954; Acher et al. 1958; Turner et al. 1951), but it was not until the late 1960s that the

first vasopressin analogue was synthesised (Kimbrough et al. 1963; Studer and Cash

1963; Vavra et al. 1974). The aim was to have a metabolically stable and potent anti-

diuretic. Genes encoding vasopressin-like peptides evolved more than 700 million

years ago. Therefore, it is not surprising that vasopressin acts at sites in the nephron

other than the collecting duct and on tissues other than kidney (Jackson 2006).

Vasopressin is a potent vasopressor; hence the derivation of its name. The

vasopressins are peptides consisting of nine amino acids (nonapeptides). Its molec-

ular formula is C46H65N15O12S2. The amino acid sequence of AVP is Cys-Tyr-Phe-

Gln-Asn-Cys-Pro-Arg-Gly, with the cysteine residues forming a sulphur bridge.

The structure of vasopressin is shown in Fig. 1. The alteration and substitution of

amino acids at certain positions results in various vasopressin analogues. Vasopressin

is a neurotransmitter; it has a role in the secretion of adreno-corticotrophic hormone

(ACTH) and in the regulation of the cardiovascular system, temperature and other

visceral functions. Vasopressin may play a role in haemostasis by promoting the

release of coagulation factors by the vascular endothelium and increasing platelet

aggregation (Jackson 2006).
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2 Vasopressin Receptors

2.1 Types of Receptors

The biological and cellular effects of vasopressin are mediated mainly by the interac-

tion of the hormonewith three types of receptors – V1a, V1b (also known asV3) andV2

(Fig. 2; Thbonnier et al. 2002). Although all the three receptors are G-protein-coupled

receptors (GPCRs), activation of AVP Receptor type 1a (AVPR1a) and AVP Recep-

tor type 1b (AVPR1b) stimulates phospholipase C via Gq/11, whilst activation of

AVP Receptor type 2 (AVPR2) stimulates adenylyl cyclase by interacting with Gs

protein (Birnbaumer 2000). Although originally defined by pharmacological criteria,

vasopressin receptors are now defined by their primary amino acid sequences. The

cloned vasopressin receptors are typical heptahelical GPCRs. Manning et al. (1999)

have synthesised novel hypotensive vasopressin peptide agonists that do not interact

with V1a, V1b or V2 receptors and may stimulate a putative vasopressin vasodilatory

receptor. Finally, two additional putative receptors for vasopressin have been cloned.

The first of these two is a vasopressin-activated Ca2þ – mobilising receptor with

one transmembrane domain that binds vasopressin and increases intracellular Ca2þ

(Serradeil-Le Gal et al. 2002b). The second is a dual angiotensin II – vasopressin

heptahelical receptor that activates adenylyl cyclase in response to both angiotensin II

and vasopressin (Serradeil-Le Gal et al. 2002b). The physiological roles of these

putative vasopressin receptors are unclear (Jackson 2006).
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2.2 Distribution

V1a receptor is the most widely spread subtype, found in the vascular smooth

muscle (Caldwell et al. 2008), hepatocytes, platelets, renal medullary interstitial

cells, vasa recta in the renal microcirculation, epithelial cells in the renal cortical

collecting-duct, the adrenal gland, myometrium, bladder, adipocytes, central ner-

vous system (CNS) structures, spleen and testes.

V1b receptors, also known as V3 receptors, have a more limited distribution.

They are expressed in the cells of the anterior pituitary (Antoni et al. 1984), where it

stimulates the release of ACTH and several other brain regions, particularly in the

pyramidal neurons of the hippocampal CA2 field (Hernando et al. 2001; Young

et al. 2006), in the pancreas and in the adrenal medulla.

V2 receptors are predominantly located in the distal convoluted tubule and the

collecting ducts of the kidney, but are also found on the epithelial cells in the thick

ascending limb of the loop of Henle and on vascular endothelial cells. They are also

located in extra-renal tissues, such as the foetal lung and lung cancer. On stimula-

tion of V2 receptors, a variety of clotting factors are released into the circulation.

Fig. 2 Schematic structure of the vasopressin V2 receptor [Adapted with permission from Insel

et al. (2007)]. Each amino acid residue is shown as a grey dot; amino acid residues that are mutated

in patients with nephrogenic diabetes insipidus are shown as black dots
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3 Basic Pharmacology

3.1 V1 Receptor Effector Coupling

Binding of 8-AVP to vasopressin receptors V1 stimulates several membrane-bound

phospholipases. Activation of the Gq–PLCb pathway results in the formation of

inositol triphosphate (IP3) and diacylglycerol, which in turn increase the intracellu-

lar Ca2þ concentration, mobilise the intracellular Ca2þ and activate protein kinase C.

Activation of V1 receptors also causes influx of extracellular Ca2þ by an unknown

mechanism. Activated protein kinase C and Ca2þ/calmodulin-activated protein

kinases phosphorylate cell-type-specific proteins leading to cellular responses

causing specific biological effects. This mitogenic effect involves activation of

the AP-1 transcription factor and its c-fos and c-jun subunits. A further component

of the AVP response derives from the production of eicosanoids secondary to the

activation of PLA2; the resulting mobilisation of arachidonic acid (AA) provides

substrate for eicosanoid synthesis via the cyclo-oxygenase (COX) and lipoxygenase

(LOX) pathways, leading to local production of prostaglandins (PG), thromboxanes

(TX) and leukotrienes (LT), which may activate a variety of signalling pathways,

including those linked to GS and Gq. Biological effects mediated by the V1 receptor

include vasoconstriction, glycogenolysis, platelet aggregation, ACTH release and

growth of vascular smooth muscle cells (Fig. 3). The effects of vasopressin on cell

growth involve transcriptional regulation via the FOS/JUN AP-1 transcription

complex (Jackson 2006).

3.2 V2 Receptor Effector Coupling

Principal cells in the renal collecting duct have V2 receptors on their basolateral

membranes. Binding of AVP to the V2 receptor activates the GS – adenylyl cyclase

pathway. The resulting increase in cellular cyclic AMP content and protein kinase

A (PKA) activity triggers an increased rate of insertion of water channel-containing

vesicles (WCVs) into the apical membrane and a decreased rate of endocytosis

of WCVs from the apical membrane (Snyder et al. 1992). The distribution of

WCVs between the cytosolic compartment and the apical membrane compartment

is thus shifted in favour of the apical membrane compartment (Nielsen et al. 1999).

Because WCVs contain preformed functional water channels (aquaporin 2), their

net shift into apical membranes in response to V2-receptor stimulation greatly

increases the water permeability of the apical membrane. Although phosphorylation

of serine 256 of aquaporin 2 is involved in V2 receptor signalling, other proteins

located both in the WCVs and the apical membrane of the cytoplasm also may be

involved (Fig. 4) (Jackson 2006).
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3.2.1 Aquaporins

The pioneering discovery by Agre et al. (1993), of a family of water channel

proteins, the aquaporins (AQP) around 1989–1991, clarified the mechanism

through which water crosses biological membranes and provided insight into the

physiology of water homeostasis and the pathophysiology of water imbalance

(Nielsen et al. 1999). The AQP are a family of small (24–30 kDa) pore-forming

integral membrane proteins. So far 11 different AQPs have been identified in

vertebrates (Kruse et al. 2006). Seven of these AQPs are known to be present in

the kidney at distinct sites along the nephron and the collecting duct (Nielsen et al.

2002). AQPs have six membrane-spanning domains, both the amino- and carboxyl-

terminals are intracellular, and have tandem repeats that, presumably, are due to an
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ancient gene duplication (Agre et al. 1998). The six domains are interconnected by

five loops (A–E). The tandem repeat structures with asparagine–proline–alanine

(NPA) sequences in loop B and E have been proposed to form tight turn structures

that interact in the membrane to form the pathway for translocation of water across

the plasma membrane. Of the five loops in AQP1, the B and E loops dip into the

lipid bilayer, and it has been proposed that they form hemi-channels that connect

between the leaflets to form a single pathway within a symmetric structure that
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resembles an ‘hourglass’ (Fig. 5) (Nielsen et al. 1999). The current model of AQP1

described above was further supported by the Fourier transform infrared spectros-

copy, the results of which revealed that six closely associated a-helixes span the

lipid membrane (Cabiaux et al. 1997). Moreover, the three-dimensional structure of

AQP1 was determined at 6A resolution by cryoelectron microscopy (Walz et al.

1997). Each AQP1 monomer has six tilted, bilayer spanning a-helixes, which form

a right-handed bundle surrounding a central density (Walz et al. 1997). These

studies also confirmed the organisation of the tetrameric complex in the membrane

(Walz et al. 1997). The three-dimensional structure of AQP1 was also reported at

7A resolution by other investigators (Cheng et al. 1997).

Studies by Brown and colleagues using Chinese hamster ovary cells transfected

with AQP1 through AQP5 have indicated that AQP2, 3 and 5 may also form

tetramers in the membrane (Yang et al. 1996; Van Hoek et al. 1998). Not all

AQPs appear to assemble in the plasma membrane as tetramers. Recently, several

studies revealed that AQP4 forms larger multimeric structures in the plasma

membrane.
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Aquaporin Localisation in the Kidney

Absorption of water out of the renal tubule depends on the osmotic driving force for

water reabsorption and the equilibration of water across the tubular epithelium

(Knepper 1997). A series of studies over the past few years by Agre et al. (1993) has

made it clear that osmotic water transport across the tubular epithelium is predomi-

nantly dependent on AQP water channels. At least seven AQPs are expressed in the

kidney (Table 1, Fig. 6).

Table 1 Distribution of the renal aquaporins

Renal

aquaporins

Number of

amino acids

Location in the kidney Extra-renal location

AQP1 269 Proximal convoluted tubules,

descending thin, limb of loop

of Henle

Multiple organs

AQP2 271 Collecting duct, principal cells Testis

AQP3 292 Collecting duct, principal cells Multiple organs

AQP4 301 Medullary collecting duct, principal

cells

Brain and multiple organs

AQP6 276 Intercalated cells Cerebellum, salivary glands

AQP7 269 Proximal convoluted tubule (straight) Testis, adipocytes

AQP8 263 Cortex and medulla Testis, epididymis, pancreas,

liver, colon, heart, placenta

Fig. 6 Localisation of different aquaporins in the nephron and collecting duct system (Adapted

from Nielsen et al. (2002)]
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AQP2 has been identified to be the principal target by which vasopressin

regulates renal collecting duct water permeability and hence renal regulation of

body water homeostasis (Nielsen et al. 1993, 1999; Knepper et al. 1994). Two

additional AQP are expressed in the collecting duct principal cells, AQP3 and

AQP4 (Ecelbarger et al. 1995; Echevarria et al. 1994; Terris et al. 1995, 1996).

Both of these channels are present in the basolateral plasma membranes and are

likely to represent exit pathways for water entering the cells through AQP2. AQP5

and AQP9 are extra-renal AQPs identified in rats and humans, respectively. AQP5

is constituted of 265 amino acids and found predominantly in salivary glands, lungs

and eyes. AQP9 has a sequence of 295 aminoacids and has a much widespread

extrarenal distribution. It is present in hepatocytes, leucocytes, lungs, spleen, brain,

epididymides and testes.

Urea permeability is enhanced by 400% in the terminal parts of the inner

medullary collecting ducts as a result of activation of V2 receptors. This is mediated

by the activation of a vasopressin-regulated urea transporter, labelled as VRUT, via

PKA-induced phosphorylation (Sands 2003). In addition to increasing the water

permeability of the collecting duct and the urea permeability of the inner medullary

collecting duct, activation of the V2-receptor also results in an increased Na
+ transport

in the thick ascending limb and collecting duct. This is mediated by three mechanisms

that affect the Na+–K+–2Cl� symporter, i.e. rapid phosphorylation of the symporter,

translocation of the symporter into the luminal membrane and increased expression of

symporter protein (Ecelbarger et al. 2001; Giminz and Forbush 2003).

4 Functions of Vasopressin

The primary role of vasopressin is to maintain the fluid homeostasis in our body.

Vasopressin is released under conditions of dehydration, thus allowing the collect-

ing ducts of the kidneys to reabsorb water, resulting in a concentrated, low volume

urine. It also induces moderate vasoconstriction in higher concentrations, thus

elevating the blood pressure in hypovolemic states.

4.1 Renal Actions of Vasopressin

Vasopressin has three effects by which it contributes to increased urine osmolarity

and decreased urine excretion, which are:

1. It increases the permeability of the distal convoluted tubules and collecting

tubule of the nephrons to water and thus allows water reabsorption and excretion

of a smaller volume of concentrated urine – antidiuresis. This occurs through

insertion of additional AQP2s into the apical membrane of the tubules/collecting

duct epithelial cells. V2 receptors, GPCRs coupled to Gs, on the basolateral

membrane of the cells lining the distal convoluted tubules and conducting
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tubules (in the nephron) have an active site for AVP. The G protein, which is in

contact with the V2 receptor inside the cell, move to adenylyl cyclase, triggering

adenylyl cyclase to convert ATP into cAMP, plus two inorganic phosphates. The

cAMP cascade then triggers the insertion of AQP2 water pores by exocytosis of

storage vesicles.

The repressor protein that regulates the gene for PKA has a binding site for

cAMP, causing the repressor protein to change its shape and leave the operator

region of the gene. This allows for transcription of the gene for PKA. PKA then

signals ATP to dephosphorylate, providing energy for vesicles (which contain

AQP channel proteins in their membranes) to fuse with the apical membrane of

the cell. Calcium ions may also be required in this process; therefore, it may be

possible that PLC (phospholipase C-b) has an associated role. It should be noted
that PLC can be activated by a GPCR.

2. Vasopressin increases the permeability of the papillary portion of the collecting

duct to urea, allowing increased reabsorption of urea into the medullary inter-

stitium, down the concentration gradient created from the removal of water in the

cortical collecting duct.

3. Vasopressin stimulates sodium reabsorption in the thick ascending loop of Henle

by increasing the activity of the Na+–K+–2Cl�-cotransporter.
Due to their anti-diuretic properties mediated by the V2 receptors, synthetic

vasopressin agonists are now commonly used for the treatment of nocturnal poly-

uria, central diabetes insipidus, nocturnal enuresis and potentially urinary inconti-

nence and overactive bladder (OAB) syndrome (Robinson et al. 2004; Hashim et al.

2009).

4.2 Non-Renal Actions of Vasopressin

4.2.1 Cardiovascular System

At high concentrations, vasopressin acts as a potent vasoconstrictor, thus helping to

maintain the arterial blood pressure in conditions of severe hypovolemia or hypo-

tension. This action is mediated by the V1a receptors. It can also contribute to

ischemic heart disease due to reduced cardiac output as a result of coronary

vasoconstriction, reduced coronary blood flow and alterations in sympathetic and

vagal tone, all these leading to progression of heart failure.

4.2.2 Central Nervous System

Vasopressin acts as a neurotransmitter and its CNS effects seem to be mediated via

the V1 receptors. It may have a role in higher cognitive functions (Dantzer and

Bluthé 1993; Young et al. 1998) and in the pathogenesis of specific psychiatric

disorders such as depression (Scott and Dinan 2002). Cridland and Kasting (1992)
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demonstrated that vasopressin may have a critical role in thermoregulation in

bacterial infections. Vasopressin may provide for sustained activation of the

hypothalamic–pituitary–adrenal axis during chronic stress (Aguilera and Rabadan-

Diehl 2000). Egashira et al. (2009) reported that V1a and V1b receptors may be

involved in the regulation of social interaction and prepulse inhibition of the startle

reflex. Moreover, they have also demonstrated that V1a receptors control anxiety-

related behaviour and spatial memory. Hence, the V1a or V1b receptor related drugs

have become the focus of intense interest as the first in this novel class of drugs for the

treatment of psychiatric disorders and memory disturbance.

4.2.3 Coagulation

Activation of extra-renal V2 receptors by desmopressin or vasopressin increases

circulating levels of procoagulant factor VIII and of von Willebrand factor (Bernat

et al. 1997).

4.2.4 Nociception

Vasopressin shows analgesic effects through an undeterminedmechanism (Koshimizu

and Tsujimoto 2009). In their review, Honda and Takano concluded that supraspinal

V1b receptors contribute to an increase in the perception for noxious thermal stimuli,

whereas spinal V1a receptors may contribute to a decrease in the perception of

noxious thermal stimuli. V1b receptors are involved in inhibiting the morphine-

induced analgesic response. V1b receptors are likely to be involved in the neural

network of the mesolimbic dopamine system, which plays a crucial role in the

control of morphine-induced hyperlocomotion. V1b receptors play a role in the

regulation of the hypothermic effect of morphine (Honda and Takano 2009).

4.2.5 Metabolism and Other Effects

Vasopressin can stimulate platelet aggregation and maintains glucose homeostasis

(Zerbe et al. 1979) via the V1 receptors. It also induces the release of aldosterone

from adrenal gland cells via the V1a receptors in mice (Birumachi et al. 2007).

Vasopressin-stimulated glucagon and insulin release are mediated by the V1b recep-

tors (Abu-Basha et al. 2002; Oshikawa et al. 2004). It can modulate the lipid

metabolism by its antilipolytic action and synthesis of bile acid via the V1a receptor

(Hiroyama et al. 2007a, b). AVP plays a physiological role via the V1a receptor in

regulating both protein catabolism and glucose homeostasis in V1a receptor deficient

mice (Hiroyama et al. 2007a, b).
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5 Vasopressin: Like Peptides and Their Clinical Utility

Naturally occurring and synthetic vasopressin – like peptides are listed in

Table 2. All are nonapeptides, containing cysteine residues in positions 1 and

6, and have an intramolecular disulfide bridge between the two cysteine residues

(essential for agonist activity), have additional conserved amino acids in posi-

tions 5, 7 and 9 (asparagine, proline and glycine, respectively), contain a basic

amino acid in position 8 and are amidated on the carboxyl terminus. Many

vasopressin analogues were synthesised with the goal of increasing the duration

of action and selectivity for vasopressin receptor subtypes (V1 vs. V2 vasopressin

receptors, which mediate pressor responses and antidiuretic responses, respec-

tively). Substitution of valine for glutamine in position 4 increases the antidiuretic

selectivity, and the antidiuretic-to-vasopressor ratio for deamino [Val4, D-Arg8]

AVP is approximately 11,000 times greater than that for vasopressin (Jackson

2006). Nakamura and colleagues synthesised a non-peptide V2-receptor agonist

OPC-51803 (Nakamura et al. 2000).

Only two antidiuretic peptides are available for clinical use in the United States.

(1) Vasopressin (synthetic 8-L-arginine vasopressin or Pitressin); (2) Desmopressin

acetate (synthetic 1-deamino-8-D-arginine vasopressin or DDAVP). The therapeutic

uses of vasopressin and its congeners can be divided into two main categories

according to the type of vasopressin receptor involved.

Table 2 Vasopressin-like

peptides
A. Naturally occurring vasopressin-like peptides

I. Vertebrates

1. Mammals

Arginine vasopressin – humans & other

mammals

Lypressin – pigs, marsupials

Phenypressin – macropodids

2. Non-mammalian vertebrates

Vasotocin

II. Invertebrates

Arginine conopressin

Lysine conopressin

Locus suboesophageal ganglia peptide

B. Synthetic vasopressin peptides

I. V1 – selective agonists

1. V1a – selective agonist AVP

2. V1b – selective agonist Deamino AVP

II. V2 – selective agonists

1. Desmopressin (DDAVP)

2. Deamino AVP

C. Non-peptide agonist

I. OPC-51803
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5.1 Urological Applications

Urological applications are based on the rationale that V2 receptors mediate water

conservation and increase urine osmolality. Central but not nephrogenic diabetes

insipidus (NDI) can be treated with V2-receptor agonists, and polyuria and poly-

dipsia usually are well controlled. Some patients experience transient DI (e.g. in

head injury or surgery in the area of the pituitary); however, therapy for most

patients with DI is lifelong. They are also being increasingly advocated in the

treatment of nocturnal polyuria, nocturnal enuresis and urinary incontinence.

5.1.1 Desmopressin

Desmopressin is a synthetic V2 receptor agonist with the molecular formula

C46H64N14O12S2 and a molecular weight 1069.22 g/mol. The basic amino acid

D-arginine in position 8 confers the antidiuretic activity. Desmopressin was first

registered for use in nocturnal enuresis in 1977–1978 (Dimson 1977; Tuvemo

1978). In the early 1980s, it was found that there was a lack of nocturnal vasopressin

in bedwetting children (Puri 1980; Norgaard et al. 1985) and, from then on,

desmopressin became an established treatment for nocturnal enuresis in children.

Its role subsequently extended to the treatment of nocturia, nocturnal polyuria,

overactive bladder syndrome (OAB) and is remotely used in acute ureteric colic,

although there is currently minimal evidence available to support this.

The pharmacological effects of desmopressin have resulted because of two

structural alterations. Deamination at position 1 increases duration of action and

increases the antidiuretic activity without increasing vasopressor activity. Substitu-

tion of D-arginine for L-arginine greatly reduces vasopressor activity without reduc-

ing antidiuretic activity. Thus the antidiuretic-to-vasopressor ratio for DDAVP is

approximately 3,000 times greater than that for vasopressin, and desmopressin now

is the preferred drug for the treatment of nocturnal polyuria and central diabetes

insipidus (Jackson 2006).

Desmopressin can be administered intravenously, subcutaneously, intramuscu-

larly, intranasally and orally as tablets or sublingual lypophilisates. The pharmaco-

kinetics of the different formulations are summarised in Table 3. The duration of

effect from a single intranasal dose is from 6 to 20 h; twice-daily dosing is effective

in most patients. There is considerable variability in the intranasal dose of desmo-

pressin required to maintain normal urine volume, and the dosage must be tailored

individually. In adults, the usual intranasal dose is 10–40 mg/day administered

either as a single dose or divided into two or three doses. In view of the high cost

of the drug and the importance of avoiding water intoxication, the schedule of

administration should be adjusted to the minimal amount required. An initial dose

of 2.5 mg can be used, with therapy first directed towards the control of nocturia. An
equivalent or higher morning dose controls daytime polyuria in most patients,
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although a third dose occasionally may be needed in the afternoon (Jackson 2006).

The intranasal formulation has now been withdrawn from several markets around

the world due to its variable absorption and has been replaced by newer formula-

tions. Subcutaneous administration of 1–2 mg daily of desmopressin is also effec-

tive in central DI.

Oral administration of desmopressin in doses 10–20 times the intranasal dose

provides adequate blood levels of desmopressin to control polyuria. Desmopressin

enters plasma 15–30 min following oral administration (Fjellestad-Paulsen et al.

1993). The bioavailability of the oral route ranges (Fjellestad-Paulsen et al. 1993)

between 0.1 and 1.0% (Vilhardt and Lundin 1986). The bioavailability of oral

tablets is about 5% compared to intranasal desmopressin, about 0.16% compared

to intravenous desmopressin and 0.26% for the sublingual formulation. The median

time to reach maximum concentration (Tmax) after oral administration is 1.5 h. The

rate and extent of absorption of desmopressin is reduced by 40% if concomitantly

administered with food and delayed if administered within 90 min of having a meal,

but the antidiuretic action of the drug is not affected, at least for the first 3 h

following desmopressin administration (Rittig et al. 1998). Desmopressin does not

enter the intracellular compartment; therefore, its apparent volume of distribution is

relatively small, and it does not cross the blood–brain barrier (Stegner et al. 1983;

Sorensen et al. 1984). It is excreted in the urine (Fjellestad-Paulsen et al. 1993) with

a renal clearance of 0.8 ml/min/kg. Sixty-five percent of the amount of desmopres-

sin absorbed after oral administration can be recovered in the urine within 24 h,

whilst the remaining 35% is metabolised by enzymatic degradation. There is a

significant increase of urine osmolality and decrease in urine production with

desmopressin administration (Fjellestad-Paulsen et al. 1993). Prolonged adminis-

tration for 12–44 months does not reduce the potency of the drug, and there are no

reports of antibodies detected. The number of nocturnal voids and nocturnal

diuresis was half that with placebo. The time to the first nocturnal void is almost

doubled compared with placebo (Hvistendahl et al. 2005).

Table 3 Pharmacokinetics of the different desmopressin formulations (adapted from Summary of

Product Characteristics, http://www.ferring.co.uk)

Intravenous Intranasal Oral tablet Oral lypophilisate

Maximum daily

doses

0.001–0.004 mg 0.01 mg; 0.02 mg;

0.04 mg

0.1 mg; 0.2 mg;

0.4 mg

0.06 mg; 0.12 mg;

0.24 mg

Peak levels Biphasic Biphasic Monophasic Monophasic

t1/2 <10 min (fast)

51–158 min

(slow)

7.8 min (fast)

75.5 (slow)

1.5–2.5 h 2.8–3 h

Tmax N/A 1.5 h 0.9–1.5 h 0.5–2.0 h

Terminal half-

life

N/A 3 h 2–3.11 h 2.8 h

Bioavailability N/A 5–10% 0.08–0.16% 0.28%
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Nocturnal Enuresis

Desmopressin has a proven pharmacological effect in most enuretic patients,

although a clinical response is not seen in all patients. Numerous questions

about the current treatment status of desmopressin include the specific anti-

enuretic effect of desmopressin, the effect of desmopressin on sleep and the use

of desmopressin as a possible cure for enuresis. The Swedish Enuresis Trial has

produced some very positive results on the long-term use of desmopressin,

showing a 61% response rate (>50% reduction in wet nights). Desmopressin

has proven to be highly effective when used in combination with other treatments,

including the alarm and oxybutinin, and after urotherapy (Vogt et al. 2010;

Hjalmas 1999).

Primary efficacy outcomes following desmopressin treatment are more favour-

able in monosymptomatic nocturnal enuresis than non-monosymptomatic noctur-

nal enuresis. Desmopressin administered with adjunct measures achieves superior

outcomes compared to monotherapy, especially in non-monosymptomatic noctur-

nal enuresis (Alloussi et al. 2010). Desmopressin appears to be an effective and

well-tolerated treatment even in adult men with monosymptomatic nocturnal

enuresis. Higher response rate can be predicted if the nocturnal urine output

exceeds functional bladder capacity for each individual (Burgu et al. 2009).

Insufficient response to desmopressin is attributable to various factors, including

differences in the primary nocturnal enuresis definition, underlying bladder dys-

function and/or desmopressin pharmacokinetic characteristics. A recent study has

demonstrated that some patients were poorly compliant with medication even at

study initiation and only 71% were fully compliant with long-term treatment.

Decreased compliance was associated with a lower response rate (van Herzeele

et al. 2009).

Patients should be encouraged to comply fully with treatment to achieve an

optimal outcome. Desmopressin in all formulations has a good safety profile in

children with monosymptomatic nocturnal enuresis, provided that treatment is

properly prescribed and monitored; improving the training of doctors and patients

in the dose–response kinetics of the drug, teaching appropriate restriction of fluid

intake and by encouraging the use of desmopressin within a narrow dose range

(10–20 mg spray, 120–240 mg melt and 200–400 mg tablet) when used in primary

care settings. Titrating higher doses in therapy-resistant patients should probably be

carried out in a specialised enuresis centre and only after documenting adequate

morning urinary diluting capacity. The risk of hyponatraemia is exacerbated by

misuse of the drug rather than an inherent danger associated with the drug, which

should be addressed with better education rather than withdrawal of a medication

that has the potential to benefit children with nocturnal enuresis (Van deWalle et al.

2010). In selected patients who have undergone a staged reconstruction of the

exstrophy–epispadias complex, desmopressin is effective in improving nocturnal

dryness, with no significant side-effects (Caione et al. 1999).
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Nocturia and Nocturnal Polyuria

In the early 1980s, desmopressin was used off-licence in the treatment of adult

nocturia (Mansson et al. 1980). It was not until 1991 that desmopressin was first

licenced in theUnited Kingdom for the treatment of nocturnal polyuria and nocturia in

patients with multiple sclerosis (Hilton et al. 1983; Valiquette et al. 1992, 1996;

Eckford et al. 1994, 1995; Fredrikson 1996; Ferreira and Letwin 1998). It has also

been used for nocturia in patients suffering from Parkinson’s Disease (Suchowersky

et al. 1995). Desmopressin has undergone an extensive clinical trials program known

as the NOCTUPUS studies and in 2001, it became first licenced in Panama and

Finland for the treatment of nocturia and since then desmopressin has become licenced

for these two indications in many countries around the world. Desmopressin is

currently licenced for the treatment of nocturia in the oral ‘Melt’ form in 25 countries

around the world and in the oral tablet form in 68 countries including Canada, New

Zealand, France, Scandinavian countries and other European, Middle-Eastern, Asian

and South American countries. In the United States, it is still undergoing trials and in

the UK further trials are required to show cost-benefit before licencing. Desmopres-

sin should be considered as first-line therapy for patients with nocturia where

nocturnal polyuria is present (van Kerrebroeck et al. 2010). Its effectiveness, if

taken during the day, in providing patients with up to 6 h during which they were

untroubled by urinary frequency, without any rebound night-time frequency, has

been demonstrated by a number of small studies (Hoverd and Fowler 1998; Tubridy

et al. 1999). After intake before sleeping, urine excretion during the night decreases;

therefore, the desire to void is postponed, and the number of voids at night is reduced

(Rembratt et al. 2004; Hvistendahl et al. 2005). The clinical effects – in terms of

urine volume decrease and an increase in urine osmolality – last for approximately

8–12 h (Rembratt et al. 2004). Maximal bladder capacity is a valuable predictor of

response to desmopressin in patients with multiple sclerosis and neurogenic detrusor

overactivity (Zahariou et al. 2008). Desmopressin in combination with anticholi-

nergics might improve the efficacy of the treatment of nocturia in neurogenic lower

urinary tract dysfunction (Chancellor et al. 1994; Valiquette et al. 1996).

The majority of clinical trials have used desmopressin in an oral formulation.

A dose-finding study showed that the nocturnal urine volume/nocturnal diuresis was

more reduced by oral desmopressin 0.2 mg than 0.1 mg; however, this study also

showed that a 0.4 mg dose taken once before sleeping had no additional effects on the

nocturnal diuresis compared to a 0.2 mg dose (Asplund et al. 1998). In the pivotal

clinical trials, the drug was titrated from 0.1 to 0.4 mg according to the individual

clinical response. Desmopressin significantly reduced nocturnal diuresis by

approximately 0.6–0.8 ml/min (�40%), decreased the number of nocturnal voids

by approximately 0.8–1.3 (�40%) (�2 in the long-term open-label trial) and

extended the time until the first nocturnal void by approximately 1.6 h (�2.3 in

the long-term open-label trial) (Table 4). Furthermore, desmopressin significantly

reduced night-time urine volume as well as the percentage of urine volume excreted at
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night (Cannon et al. 1999; Mattiasson et al. 2002). The clinical effects of desmopressin

were more pronounced in patients with more severe nocturnal polyuria and bladder

capacity within the normal range at baseline. The 24-h diuresis remained

unchanged during desmopressin treatment (Asplund et al. 1999). The clinical

effects were stable over a follow-up period of 10–12 months and returned to

baseline values after trial discontinuation (Lose et al. 2004). A significantly higher

proportion of patients felt fresh in the morning after desmopressin use (odds ratio

2.71). Compared with placebo, nocturnal voiding frequency is reduced, duration of

the first sleep period is increased and sleep quality may be improved (van Kerrebroeck

et al. 2007). Desmopressin has level 1 evidence and grade A recommendation for

use in nocturia of polyuric origin.

The absolute number of adverse events associated with desmopressin treatment

was higher compared to placebo but usually mild in nature. The most frequent

adverse events in short-term (up to 3 weeks) and long-term studies (12 months)

were headache, nausea, diarrhoea, abdominal pain, dizziness, dry mouth and

hyponatraemia. These events were comparable with the established safety profile

of desmopressin in the treatment of polyuria due to other conditions. Peripheral

edema (2%) and hypertension (5%) were reported in the long-term treatment trial

(Lose et al. 2004). Hyponatremia (serum sodium concentration <130 mmol/l) was

observed mainly in patients aged 65 years or older and seemed to occur less

frequently in men compared to women of the same age (Hvistendahl et al. 2005).

Hyponatremia of all degrees, not necessarily associated with symptoms, occurs in

approximately 5–7.6% (Rembratt et al. 2006) of patients (Weatherall 2004) early

after treatment initiation. The risk of developing hyponatremia significantly

increases with age (odds ratio 1.16 per year of age), lower serum sodium concen-

tration at baseline (odds ratio 0.76) and higher basal 24-h urine volume per body-

weight (odds ratio 1.09) (Rembratt et al. 2006). The chance of developing

hyponatremia in patients younger than 65 years is less than 1%, whereas the risk

for older patients increases to 8% with normal sodium concentration and up to 75%

in patients with low sodium concentration at baseline (Rembratt et al. 2006).

Therefore, the treatment of patients aged 65 years or older should not be initiated

without monitoring the serum sodium concentration. At the time of treatment

initiation or dose change, older patients with normal values of serum sodium should

be monitored by serum sodium measurement at day 3 and day 7 of treatment as well

as at 1 month later. If serum sodium concentration has remained normal and no dose

adjustment is intended, serum sodium should be monitored every 3–6 months

thereafter (Bae et al. 2007). Furthermore, patients should be informed about the

prodromal symptoms of hyponatremia, such as headache, nausea or insomnia.

Overactive Bladder (OAB) and Urinary Incontinence

Antimuscarinics are the mainstay of OAB medication but may cause dry mouth,

blurred vision or constipation. It is, therefore, crucial that new treatment modalities

are sought to help with this potentially debilitating condition. Antidiuresis, using
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desmopressin, forms a potential candidate for a novel treatment. As the bladder fills

with urine, symptoms of OAB are experienced by patients. It would be reasonable to

hypothesise that if the rate of bladder filling is reduced then so would the symptoms

of OAB and urinary incontinence. Desmopressin reduces the production of urine by

the kidneys, therefore reducing the amount of urine in the bladder and, therefore, the

symptoms of OAB. Desmopressin has been used previously in small single centre

trials in neurogenic OAB patients with some success but recently two multi-centre,

multi-national randomised placebo controlled trials using this concept have been

completed in idiopathic OAB sufferers and reported in the literature (Robinson et al.

2004; Hashim et al. 2009). The results were quite promising although there were

minor side effects. These trials suggest that this potential novel treatment modality

for OAB sufferers might avoid the necessity for invasive treatments, such as botuli-

num toxin, neuromodulation or surgery, in some instances. These trials also open the

way to combination therapy with current treatment modalities of OAB (Hashim and

Abrams 2007).

In a 2-week, multi-national, multi-centre, phase IIb, double-blind, placebo-

controlled, prospective, randomised, cross-over study using 0.2 mg of oral desmo-

pressin in adults suffering with OAB, time to first void was 8-min later on the drug

than on placebo (p ¼ 0.27). However, the drug led to one less void (3.2 vs. 4.2) in

the same period (p < 0.001). There was an increase in the time to first urgency

episode with a decrease in the number of urgency episodes in the drug days

compared to placebo (p < 0.003). There was a subjective improvement in fre-

quency and urgency and overall quality of life. Antidiuresis, using oral desmopres-

sin tablets, is a novel, feasible and safe (short-term basis) method of treatment for

adults with OAB and could be considered in the armamentarium of drugs available

for the treatment of OAB (Hashim et al. 2009).

In another multi-centre, multi-national, randomised, double-blind, placebo-con-

trolled, proof-of-concept study, administered desmopressin intra-nasally (Robinson

et al. 2004), in a dose of 0.04 mg, to 64 women with urinary incontinence over 10

days (7 days of active drug and 3 days of placebo). The trial was completed by 57

women and the primary efficacy endpoint was the number of periods with no

leakage for 4 h after dosing. Women were instructed to take the drug at a time of

their choosing, but at least 4 h before bedtime. Secondary efficacy variables

included the time to first void or incontinence episode, volume leaked per inconti-

nence episode, total volume voided and number of periods with no leakage.

Leakage was measured by weighing incontinence pads. The results showed that

patients taking desmopressin had a significantly higher mean incidence of periods

with no leakage during the first 4 and 8 h after taking desmopressin, but a similar

incidence of leakage thereafter. The volume leaked on desmopressin was less than

placebo, and the time to the first incontinence episode was longer on desmopressin.

There was also a higher frequency of dry days on desmopressin than on placebo,

and the volume voided on desmopressin, for 24 h following administration, was

consistently lower on desmopressin. These effects seemed to be the same on the

three main types of incontinence (stress, mixed and urgency). There was no

hyponatremia or fluid retention reported by patients in the trial.
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Desmopressin, based on the results of the previous two trials, can be used as a

‘designer drug’ on an ‘as-required basis’, thus helping with symptoms when

patients want to go out and have limited access to toilets or if they feel embar-

rassed by going too often to the toilet to pass urine (Level 2 evidence, Grade

C recommendation). However, daily usage of desmopressin in OAB and inconti-

nence is not recommended until further trials have been conducted to look at this

concept.

Ureteric Colic

Desmopressin is not commonly used in the treatment of acute ureteric colic. It has

been demonstrated in experimental studies in rats that desmopressin has a powerful

anti-diuretic effect and has reduced intraureteral pressures (Moro et al. 1999). The

mechanism of analgesic action of desmopressin in renal colic is uncertain. At the

peripheral level, desmopressin may alleviate the acute renal colic through its potent

antidiuretic effect or by relaxing the renal pelvic and ureteral smooth muscles. The

central analgesic effect of desmopressin by stimulating the release of the hypotha-

lamic b-endorphin is proposed. Desmopressin acts rapidly and seems to be effective

in both single and combined therapy with diclofenac; it decreases the need for a

second treatment and increases the analgesic effect of diclofenac. Desmopressin

may be used to treat renal colic either alone or in combination, increasing the

analgesic effect of other drugs (Lopes et al. 2001). Recently, a double-blind con-

trolled study on a combination of intranasal desmopressin spray and diclofenac

sodium suppository on acute renal colic compared with diclofenac sodium supposi-

tory alone revealed that the combination therapy caused prompt pain relief with

significant decreases in pain scores after 15 and 30 min (Roshani et al. 2010).

However, this is not advocated in clinical practise, and the potential side-effects,

particularly of fluid retention, need to be taken into consideration. More studies are

needed to validate and confirm the results; it would also be useful to determine

factors that may identify the subgroup of patients who respond quickly and with

almost complete pain relief.

5.2 Non-Urological Applications of Vasopressin and Agonists

A non-urological, V2 receptor-mediated therapeutic application is the use of des-

mopressin in bleeding disorders. Like vasopressin, desmopressin can increase the

concentrations of Factor VIII:C, Factor VIII:Ag and Plasminogen Activator. How-

ever, the dosages required to stimulate the coagulation factors are ten times higher

than the antidiuretic ones. Desmopressin in higher dosages has been licenced

worldwide for haematological indications of haemophilia and von Willebrand

disease.
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V1-receptor-mediated contraction of gastrointestinal smooth muscle has been

used to treat postoperative ileus and abdominal distension. V1-receptor-mediated

vasoconstriction of the splanchnic arterial vessels reduces blood flow to the portal

system and thereby attenuates pressure and bleeding in oesophageal varices (Burroughs

1998). Hence, V1-receptor agonists can be used in an emergency setting until endos-

copy can be performed (Serradeil-Le Gal et al. 2002b). Also, V1-receptor agonists have

been used during abdominal surgery in patients with portal hypertension to diminish

the risk of haemorrhage during the procedure. Finally, V1-receptor-mediated vaso-

constriction has been used to reduce bleeding during acute hemorrhagic gastritis,

burn wound excision, cyclophosphamide-induced hemorrhagic cystitis, liver trans-

plant, caesarean sections and uterine myoma resection (Jackson 2006). Terlipressin

has increased safety over vasopressin and is hence preferred for bleeding esopha-

geal varices (Vlavianos and Westaby 2001). Terlipressin is effective in patients

with hepatorenal syndrome, particularly when combined with albumin (Ortega

et al. 2002).

6 Vasopressin Antagonists

A vasopressin antagonist is an agent which interferes with action at the vasopressin

receptors. They can be used in the treatment of hyponatremia, especially in patients

with congestive heart failure or liver cirrhosis (Palm et al. 2006). Demeclocycline, a

tetracycline antibiotic, was used in the past to block the action of vasopressin in the

kidney in hyponatremia due to inappropriate high secretion of vasopressin (syn-

drome of inappropriate ADH secretion or SIADH), when fluid restriction has failed

(Padfield et al. 1978). This has now been succeeded by a new class of drugs called

‘vaptans’ which act by inhibiting the action of vasopressin on its receptors. The

vaptan class of drugs (Table 5) contains a number of compounds with varying

selectivity, several of which are either already in clinical use or in clinical trials as

of 2009 (Serradeil-Le Gal et al. 2002a, b; Lemmens-Gruber and Kamyar 2006;

Decaux et al. 2008). Peptide antagonists have limited oral activity, and the potency

of peptide V2 antagonists is species-dependent. Also, with prolonged infusion,

peptide V2 antagonists have significant agonist activity (Jackson 2006).

6.1 Clinical Utility of Vasopressin Receptor Antagonists

Disorders of vasopressin secretion frequently cause imbalances of body water:

deficient vasopressin secretion can cause hyperosmolality as a result of inadequate

renal water conservation, and excess or inappropriate AVP secretion can cause

hypo-osmolality due to impaired renal water excretion (Kronenberg et al. 2002).

Hypo-osmolality usually manifests as hyponatremia, a very common electrolyte

disorder associated with a variety of underlying conditions that are usually caused
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by SIADH (Janicic and Verbalis 2003). In addition to SIADH, patients with edema-

forming states such as congestive heart failure and cirrhosis, as well as patients

treated with diuretics, also often have elevated plasma levels of vasopressin and

hyponatremia (Schrier 2006; Sonnenblick et al. 1993; Greenberg 2000). Vasopres-

sin receptor antagonists correct hyponatremia by blocking the activation of the V2

receptor. These agents induce a free water diuresis without an accompanying

natriuresis or kaliuresis; this effect has been termed ‘aquaresis’ to differentiate it

from the effect produced by traditional diuretic agents. All data to date indicate that

the vasopressin antagonists are highly effective in producing a safe and predictable

aquaresis, thereby increasing serum sodium levels in hyponatremic patients. Sev-

eral investigational oral vasopressin receptor antagonists are in late-stage clinical

trials and hold promise for long-term therapy of chronic hyponatremia (Verbalis

2006). The V2-receptor antagonists mozavaptan, lixivaptan, satavaptan and tolvap-

tan induce a highly hypotonic diuresis without substantially affecting the excretion

of electrolytes. Conivaptan is the first V1a/V2 receptor antagonist to receive Food

and Drug Administration (FDA) approval, specifically for intravenous administra-

tion to hospitalised patients with euvolemic or hypervolemic hyponatremia (Arai

et al. 2009). Relcovaptan is a selective V1a-receptor antagonist, which has shown

initial positive results in the treatment of Raynaud’s disease, dysmenorrhoea and

tocolysis. SSR-149415 is a selective V1b-receptor antagonist, which may

have beneficial effects in the treatment of psychiatric disorders (Tsujimoto and

Takano 2009).

Table 5 Vasopressin

receptor antagonists
A. Peptide antagonists

I. V1 selective antagonists

1. V1a selective antagonist – d(CH2)5[Tyr(Me)2]AVP

2. V1b selective antagonist – dP [Tyr(Me)2]AVP

II. V2 selective antagonists

1. des Gly-NH2
9-d(CH2)5[D-Ile

2, Ile4]AVP

2. d(CH2)5[D-Ile
2, Ile4, Ala-NH2

9]AVP

B. Non-peptide antagonists

I. V1a selective antagonists

1. OPC – 21268

2. SR 49059 (Relcovaptan)

II. V1b selective antagonists

1. SSR 149415 (Nelivaptan)

III. V2 selective antagonists

1. SR 121463A (Satavaptan)

2. VPA – 985 (Lixivaptan)

3. OPC – 31260 (Mozavaptan)

4. OPC – 41061 (Tolvaptan)

IV. V1a/V2 selective antagonists

1. YM – 471

2. YM 087 (Conivaptan)

3. JTV – 605

4. CL – 385004

Vasopressin Receptors in Voiding Dysfunction 475



Vasopressin has multiple actions, mediated through the V1a and V2 receptors,

which could contribute to the progression of heart failure. Interfering with vaso-

pressin signalling may have clinical benefits in acute and chronic heart failure.

Facilitation of diuresis, a safe diuresis, and normalisation of serum sodium are

potential mechanisms of benefit of V2 antagonism in heart failure. Selective

interference with only one set of receptors, could in theory, trigger counter-produc-

tive increased signalling at the other sites. Combined V1a and V2 antagonism might

therefore be preferable as a therapeutic strategy, especially in the chronic setting,

but this hypothesis has yet to be tested clinically (Goldsmith 2006).

7 Mutations

All members of the vasopressin receptor family belong to the superfamily of

rhodopsin-like GPCRs. Since the V2 receptor is critical to fluid homeostasis,

mutations in the receptor are of great consequence. The V2 receptor DNA encodes

a protein of 371 amino acids. In most cases, V2 receptor mutations interfere with

protein synthesis and result in a reduced number or complete lack of receptors on

the cell surface (Prasad 2001). These mutations are most often single amino acid

changes, called missense mutations (Klug and Cummings 2000). These variations

in the primary structure of the protein result in incorrectly formed secondary and

tertiary structures. Perhaps the most widely studied missense mutations occur on

amino acid residues 204, 205 and 206 in the C-terminal part of the second

extracellular loop of the receptor (O’Toole 1992).

NDI is a well-studied monogenic disorder of a GPCR, the AVP receptor 2, in

which mutations cause congenital NDI in around 90% of patients via an X-linked

recessive inheritance (Sands and Bichet 2006). To date, more than 280 families

with a history of NDI have been shown to have more than 180 putative disease-

causing mutations in V2 receptor (Fig. 2 and Sands and Bichet 2006). In most cases,

these mutations lead to the intracellular trapping of the V2 receptors, such that few

receptors reach the plasma membrane to trigger the activation of Gs and adenylyl

cyclase and thereby the generation of cAMP (Insel et al. 2007). Therapeutic

approaches are under investigation that involve the use of non-peptide V2 receptor

antagonists to bind intracellular receptors as what have been termed ‘pharmaco-

chaperones’ that will facilitate their folding, insertion and function in the plasma

membrane (Wuller et al. 2004).

In their study on the role of V2 receptors in adaptations to limited water supply,

B€oselt et al. (2009) identified over 103 missense mutations in the V2 receptor genes

in patients with NDI. Detailed analysis of their results revealed six major findings

(B€oselt et al. 2009). First, there were several length variations within the extracel-

lular and intracellular loops, with the length variation in the third intracellular loop

(ICL3) being the most prominent. Second, the N-terminus is the most diverse in its

length and amino acid sequence between mammalian orthologs clearly indicating

less specific relevance in ligand binding and in receptor activity. Third, the
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C-terminus of the human V2 receptor contains two Cys residues (Cys341, Cys342)

which allow anchoring via palmitoylation and forming a fourth intracellular loop

(ICL4). It was demonstrated bymutagenesis of the twoCys residues that palmitoylation

of V2 receptor is important for intracellular trafficking and/or sequestration/inter-

nalisation. Fourth, a proposed glutamate/dileucine motif equivalent (E335LRSLL340

in human V2 receptor gene) in the C terminus (Schulein et al. 1998) is highly

preserved during mammalian V2 receptor evolution. Fifth, most rhodopsin-like

GPCR possess an evolutionarily conserved Asp-Arg-Tyr (DRY) motif in the C-

terminal region of TMD3. Mutations of the first two residues within this motif

usually alter receptor function and, when they occur naturally, can even cause

diseases. In V2 receptor, the DRY motif is a DRH which is highly conserved in

mammals and only the manatee has DRQ. Variation of the Tyr residue in the DRY

motif appears to be functionally tolerated since this position is variable in many

GPCR and substitution of Tyr has no or marginal effects in most cases (Rovati et al.

2007). And finally, phosphorylation plays a pivotal role in the regulation of GPCR

function.

8 Conclusion

Vasopressin is mainly involved in the osmoregulation of the body. The biological

effects of vasopressin are mediated by the aforementioned vasopressin receptors

V1a, V1b and V2. Although little is known about the clinical utility of vasopressin

analogue, various reports were published on the newly discovered AQPs and on the

polymorphisms and mutations of the receptors. Desmopressin – a synthetic peptide

analogue of vasopressin is increasingly used in the treatment of nocturnal polyuria

and nocturnal enuresis with potential use in OAB and urinary incontinence in the

future. Due to their actions via V1 receptors on the cardiovascular, gastrointestinal,

haematological and central nervous system, its analogues and antagonists have

gained widespread clinical demand over the last few years. Research is ongoing

on the potential development of other non-peptide analogues and antagonists.
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Abstract The pharmacological concept of specifically targeting purinoceptors

(receptors for ATP and related nucleotides) has emerged over the last two decades

in the quest for novel, differentiated therapeutics. Investigations from many labora-

tories have established a prominent role for ATP in the functional regulation of

most tissue and organ systems, including the urinary tract, under normal and

pathophysiological conditions. In the particular case of the urinary tract, ATP

signaling via P2X1 receptors participates in the efferent control of detrusor smooth

muscle excitability, and this function may be heightened in disease and aging.

Perhaps of greater interest, ATP also appears to be involved in bladder sensation,

operating via activation of P2X3-containing receptors on sensory afferent neurones,
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both on peripheral terminals within the urinary tract tissues (e.g., ureters, bladder)

and on central synapses in the dorsal horn of the spinal cord. Such findings are

based on results from classical pharmacological and localization studies in nonhu-

man and human tissues, gene knockout mice, and studies using recently identified

pharmacological antagonists – some of which have progressed as candidate drug

molecules. Based on recent advances in this field, it is apparent that the develop-

ment of selective antagonists for these receptors will occur that could lead to

therapies offering better relief of storage, voiding, and sensory symptoms for

patients, while minimizing the systemic side effects that curb the clinical effective-

ness of current urologic medicines.

Keywords Afferent � ATP � Hyperreflexia � P2X1 � P2X2/3 � P2X3 � Purinergic �
Purinoceptor � Reflex bladder � Sensitization

Abbreviations

ADP Adenosine 50-diphosphate
AMP Amplitude of contractions

ATP Adenosine 50-triphosphate
BPH Benign prostatic hyperplasia

BPS/IC Bladder pain syndrome/interstitial cystitis

BzATP 20(30)-O-(4-benzoylbenzoyl) adenosine-50-triphosphate
DRG Dorsal root ganglion

FLIPR Fluorometric imaging plate reader

FREQ Frequency of contractions

HTS High throughput screening

IB4 Isolectin B4

LS Lumbosacral

LUT Lower urinary tract

LUTS Lower urinary tract symptoms

NANC Nonadrenergic, noncholinergic

OAB Overactive bladder
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TNP-ATP 20,30-O-(2,4,6-trinitrophenyl)adenosine-50-triphosphate
TRPV1 Transient receptor potential vanilloid-1 receptor

TV Threshold volume

UTI Urinary tract infection

UTP Uridine 50-triphosphate
a,bmeATP a,b-methyleneATP

486 A.P.D.W. Ford and D.A. Cockayne



1 Introduction

Our current appreciation of the large and diverse family of nucleotide [adenosine

50-triphosphate (ATP), adenosine 50-diphosphate (ADP), and uridine 50-triphos-
phate (UTP)]-activated receptors is based on the pioneering work of Burnstock

and collaborators, who had first carved out evidence for “purinergic” transmission

in a variety of tissues and organs (Abbracchio and Burnstock 1994; Burnstock et al.

1970; Burnstock 1972, 1976, 2001b). Over the last 15 years we have learned that

these so-called P2 purinoceptors vary greatly in their form, function, cellular

distribution, and pharmacological properties (North 1996a, b, 2002; North and

Barnard 1997; North and Surprenant 2000), and one of these receptors, the

P2Y12 receptor, transpired to be the target of existing chemical therapeutics (the

antiplatelet agent, clopidogrel). It is now apparent that ATP and related nucleotides

are frequent participants in disease pathogenesis and that many more P2 purino-

ceptors represent rational potential targets for novel, differentiated medicines for a

wide range of conditions. Indeed, in a few cases, significant discovery progress has

been made to that end. In the context of the urinary tract, the focus of research

discoveries within the P2 family has been more limited, but a strong body of data

has emerged implicating ATP activity especially in pathological situations, inviting
speculation as to the benefits of selective pharmacological intervention.

The current medicinal landscape offers medicines for the vast population

plagued by symptoms of overactive bladder (OAB) and benign prostatic hyperpla-

sia (BPH) that impart only marginal clinical effectiveness, largely due to the broad

physiological function of the specific target substrates. Meanwhile, other highly

bothersome disorders such as bladder pain syndrome/interstitial cystitis (BPS/IC),

chronic prostatitis, and renal colic are without clinically meaningful, convenient

therapeutic options. In this light, interventions targeting ATP signaling mechanisms

may represent the next best hope for differentiated, effective, safe, and well

tolerated new medicines for many of these urologic disorders. Our goal is to provide

the context for such an aspiration.

In this chapter, selected examples from a large body of data in the purinergic

receptor field are discussed to provide an overall picture of the current medicinal

opportunity in urologic disorders, followed by an update on the status of pharma-

ceutical targeting of purinoceptors. The chapter focuses almost exclusively on

members of the ionotropic (P2X) class of P2 receptors and most extensively on

P2X3-containing receptors, as these have provided both a stronger scientific ratio-

nale in the context of urinary tract function and pathology and have surfaced as

being – at least to date – more amenable to chemical intervention. Most attention is

placed on evidence supporting a role for P2X3-containing receptors in the function

of the urinary bladder and ureters, as this area of research has generated a great

deal of interest and invited speculation that heightened ATP signaling may be an

important component of urological dysfunction. It is also clear that many of the

facets of purinergic function described for the urinary tract seem to have parallels in
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other visceral structures (e.g., airways, bowel) and so inferential extension to

structures such as urethra, prostate, and kidney may be worthy of consideration.

1.1 Purinergic Efferent and Afferent Function

The wiring control of urinary tract function has received much attention over the last

two decades, and a diagrammatic view of the circuitry of afferent and efferent control

pathways is illustrated in Fig. 1 as a reference for some of the concepts discussed

below. One perhaps fundamental concept that has emerged is that of “the reflex

bladder” (as coined by de Groat), a concept based on the notion that involuntary, local

segmental spinal circuits that dominate postnatal urinary storage and voiding function

become silenced by descending inhibition as voluntary control of urine storage

Fig. 1 Schematic diagram of the neural circuits controlling continence and micturition. The

majority of Ad- and C-afferents that innervate the urinary bladder and urethra are found in pelvic

nerves, which also contain parasympathetic efferent fibers originating from the sacral spinal cord.

The remaining bladder afferents are carried by mostly hypogastric nerves, which also contain

sympathetic efferent fibers originating from the TL spinal cord. Sacral somatic afferent and

efferent innervation to the external urethral sphincter is via pudendal nerves. Under normal

physiological conditions in adults, the micturition reflex is controlled predominantly by Ad
afferents communicating via the spinal cord to supraspinal centers in the pons and cortex. Under

pathophysiological conditions or with aging, spinal reflex mechanisms mediated by C-fiber

afferents may become dominant
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emerges in early years and then resurface in the context of aging and injury. Although

a little simplistic, this concept imputes a dual pathway view to the wiring physiology

and pathophysiology in the urinary tract, and a neurological underpinning for lower

urinary tracts symptoms (LUTS) in many clinical syndromes and their translation

from animal models. This concept may be analogous to sensory dysregulation outside

of the urinary tract, for example in pain conditions, and bowel and respiratory

hyperreactivity, and may suggest a sensory basis to conditions such as OAB, BPH,

and BPS/IC. As these concepts are significantly covered elsewhere in this book, they

will not be a significant focus of discussion in this chapter.

A sizeable body of evidence now places extracellular ATP at the heart of the

sensory hypothesis of LUTS, both within the cellular milieu of the urinary tract as

well as in the spinal cord, at central terminals of primary sensory afferents. The

background context and data from selected studies supporting this hypothesis are

described in this chapter.

1.2 ATP: The Ubiquitous Signaling Factor

ATP is of course the cellular currency of fuel, and every cell thus employs complex

mechanisms for maintaining synthesis and supporting demand for its use in every

biochemical process. It is estimated that approximately 0.25 kg of ATP is present in

our bodies, with a daily turnover approximately equivalent to one’s weight

(Tornroth-Horsefield and Neutze 2008); as such, ATP is a highly available chemi-

cal. However, ATP is now fully recognized not just as cellular fuel and a cofactor

for a multitude of enzymatic processes, but as a ubiquitous signaling factor – a local

messenger (autacoid) and neurotransmitter, with paracrine and autocrine modula-

tory functions in all tissues and cells. The breadth of intracellular and extracellular

metabolic and messenger roles of ATP is the quintessential reflection of nature’s

capacity to harness key substances in a multiplicity of functions, with the abundant

target receptors providing cellular and signaling specificity for the fine-tuning of

diverse functions in tissues.

Although the first proposal of an extracellular signaling role for ATP surfaced

over 80 years ago (Drury and Szent-Gy€orgyi 1929), the concept itself was surpris-
ingly contested for the next 60 years, despite increasing evidence of ATP release

from cells and data illustrating the extent of ATP effects on a variety of cells and

tissues. A full appreciation of this function became evident in the early-to-mid

1990s as molecular cloning studies revealed the existence of a diverse range of cell

surface receptors for ATP and other nucleotides, providing definitive proof that

targets for ATP signaling were abundantly expressed on all cell types. Great

progress has been made in elaborating the structure, localization, regulation, and

function of these P2 receptors, and this has been extensively reviewed elsewhere

(Burnstock 2008; Burnstock and Knight 2004; Khakh 2001).

The evidence for specific and relatively nonspecific ATP release from cells

surfaced from two distinct lines of investigation. Specific release of ATP from
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nerves was extensively described by Burnstock (Burnstock 1972; Burnstock et al.

1978; Dean and Downie 1978), who provided evidence for vesicular storage of

ATP in sympathetic and parasympathetic nerve varicosities innervating vascular

and visceral tissues. ATP was clearly released from such “purinergic” nerves, and

the discovery that these nerves also stored and released other transmitters (e.g.,

acetylcholine, noradrenaline) formed the basis of neural cotransmission (Banks

et al. 2010; Burnstock 1976; Hoyle 1996), a phenomenon, although greeted with

some skepticism, is now acknowledged to be a fundamental property of all neu-

rones (Burnstock 2009; Khakh 2001; Khakh and North 2006).

The identification of nonneuronal release of ATP from cells arose in the context

of extensive investigations of candidate factors released from endothelial cells,

smooth muscle cells, and tissue segments in response to sheer stress, pressure

fluctuations, and chemical provocation within the vascular system (Coutts et al.

1981; Pearson and Gordon 1979). ATP was identified as being stored within cells in

high concentrations (based on high levels of quinacrine staining), where it could be

released in response to a variety of chemical and physical stimuli (Bodin et al. 1991,

1992; Yang et al. 1994). Subsequent studies demonstrated that ATP released from

cells was capable of mediating several downstream actions on the same (autocrine)

and nearby (paracrine) cells by acting on specific receptive substrates that were

responding to ATP as well as its breakdown products (e.g., ADP and adenosine)

(White et al. 1985; Windscheif et al. 1994).

The mechanisms by which cells release ATP are varied. In some cells (e.g.,

glia, epithelial, endothelial, merkel cells, taste buds, and myocytes), mechanical

stimulation, pressure, stretch, and chemical activation results in the release of

ATP via transfer through specialized protein complexes (“conductive” release

through anion channels) that may be associated with gap junctions. This route of

ATP release is thought to be via co-called hemi-channels, connexins (or con-

nexons), and pannexins (Faigle et al. 2008; Suadicani et al. 2000; Iglesias et al.

2009; Kang et al. 2008; Thuringer 2004), which when transfected into cells have

been shown to markedly increase ATP extrusion (Barbe et al. 2006; Cotrina et al.

1998). While in some of these cells ATP release does not appear to be stimulated

by either an increase in inositol trisphosphate (InsP3) or Ca2+, in many others,

including neurones, epithelial, and inflammatory cells (e.g., mast cells), ATP

release occurs via vesicle-plasmalemma fusion and degranulation involving

SNAP (soluble NSF attachment protein) receptors and SNARE (soluble NSF

attachment protein receptors) proteins, typically employing a phosphoinositide 3-

kinase (PI3-kinase)-dependent mechanism that is sensitive to inhibitors of vesic-

ular exocytosis such as monensin (Orriss et al. 2009). Clearly, many cell types

may release ATP using both gap junction (conductive) and vesicular (exocytotic)

mechanisms, and it is possible that the vesicular fusion pathway may distribute

more conductive channels into the plasma membrane, allowing for more sus-

tained changes in nucleotide release.

In addition to these more “specialized” release processes, a third type of libera-

tion is the passive spillage of ATP (with many other factors) from damaged and

dying cells, a mechanism that could also contribute significantly to the extracellular
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microenvironment, especially in the context of inflammation, injury, infection, and

other pathological influences. There is evidence that some cell types, especially

tumor cells, synthesize and release more copious amounts of ATP (Maehara et al.

1987; Pellegatti et al. 2008; Wink et al. 2003), supporting the idea that ATP

signaling mechnisms may be important under certain pathophysiological condi-

tions. Likewise, various tissues and fluid matrices isolated from patients with

common disease conditions, such as airway fluids in chronic obstructive pulmonary

disease (COPD) (Lommatzsch et al. 2010; Mortaz et al. 2009, 2010) and synovial

fluid in arthritis (Kumahashi et al. 2004, 2010; Ryan et al. 1991), have been shown

to contain much higher ATP levels than normal tissues. This property is discussed

below in the context of urological indications.

ATP is present within cells at concentrations in the range of ~10 mM (DiVirgilio

2005). It therefore seems reasonable to suggest that the amount of ATP released

from highly concentrated vesicular sources (tens to hundreds of mM) into the

extracellular space could be considerable – perhaps hundreds of micromolar –

and would likely be high enough to permit activation of even the least sensitive

of the P2X receptor family members such as P2X7 which, at least in vitro, requires

supramicromolar concentrations of ATP for activation. In keeping with other

released transmitters, mechanisms also exist for ATP disposition from sites of

release, including spontaneous and enzymatic hydrolytic degradation via a large,

ubiquitous family of ectonucleotidases (Colgan et al. 2006) and diffusion down

concentration gradients. While these mechanisms are capable of rapidly eliminat-

ing the released ATP, the tremendous cellular capacity to synthesize and replenish

ATP storage compartments, and thus fuel further release, means that the elevations

in ATP concentrations under chronically stressed or inflamed conditions can lead to

persistence of elevated purinoceptor activation.

An excellent review and commentary was recently published (Corriden and Insel

2010) on the ubiquitous autocrine and paracrine mechanisms of ATP-mediated

cellular regulation that covers many of the diverse aspects of ATP release under

baseline and activated conditions. It is clear that far from representing an expensive

spillage of precious cellular fuel, ATP release and detection by specific cellular

receptors has evolved tremendously from simple eukaryotic organisms, such as

slime-molds (dicytiostelium discoides), where signals for osmoregulation appear to

be modulated by intracellular ATP acting via homologs of mammalian P2X

receptors (Fountain et al. 2007), and yellow algae (Bavan et al. 2009; Ludlow

et al. 2009), to more complex organisms, where these mechanisms have evolved to

the family of cell surface receptors mediating many of the cell–cell and messen-

ger–sensor functions of extracellularly released ATP.

1.3 P2X Receptors

Purinergic signaling, as will be discussed further, regulates both afferent and

efferent pathways controlling urinary tract function (Figs. 1 and 2). The scope of
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Fig. 2 Schematic diagrams of key afferent and efferent signaling mechanisms controlling the

micturition reflex pathway. (a) Mechanical distension or damage to the urothelium causes release

of ATP, and this release is augmented in disease states such as interstitial cystitis, benign prostate
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purinergic signaling within the lower urinary tract (LUT) involves several receptors

for ATP (and other purine and pyrimidine nucleotides) which are members of the

distinct P2Y and P2X receptor families (Burnstock 2000).

Currently, eight metabotropic or heptahelical G-protein coupled (GPCRs)

P2Y receptors (which are not the primary topic of this chapter) and seven P2X

(P2X1-7) receptor subunits that coassemble to form ionotropic ATP receptors

have been identified and characterized functionally and pharmacologically

(Abbracchio et al. 2003; North 2002; North and Surprenant 2000). Of these,

the P2X family of ATP-gated ion channels is rather unique among the larger

population of cell surface receptors and channels; key milestones in the discov-

ery and elucidation of this receptor family are shown in Fig. 3. P2X receptors exist in

their native conformation as trimers (Nicke et al. 1998, 2005; Nicke 2008) and can

form either homotrimeric or heterotrimeric receptors. Recently, the crystal structure

for one of these receptors, the P2X4 homotrimer, was elucidated (Kawate et al.

2009).

The pharmacology of the individual native P2X channels has been extensively

characterized and reviewed and correlates well with detailed assessments of the

various recombinant channels when heterologously expressed in mammalian cells

(Gever et al. 2006). Sequence homology across the seven P2X receptor subunits is

only moderate, which combined with data using prototypical pharmacological

probes suggests the reasonable possibility of selective pharmacological targeting.

In contrast, subunit homology across species is fairly high and, to date, there are

only limited examples of interspecies variation in P2X receptor pharmacology. One

notable exception is the potency of pyridoxalphosphate-6-azophenyl-20,40-disulfo-
nic acid (PPADS), one of the prototypical polyanionic antagonists, which shows

much weaker activity at rat vs. human P2X4 receptors due to an amino acid switch

that obviates a Schiff’s base formation in the rat receptor. A second example relates

to the P2X7 receptor, where selective antagonists developed from multiple chemi-

cal series show excellent potency and affinity against the human receptor but low

potency against rodent or guinea pig receptors (Michel et al. 2009). Otherwise,

compounds with potency and affinity at the rodent and guinea pig channels show

good translation to their human counterparts.

�

Fig. 2 (continued) hyperplasia, or spinal cord injury. ATP acts on P2X3 and P2X2/3 receptors on

the peripheral terminals of Ad- and C-bladder afferents, where it may convey mechanosensory

and nociceptive information to the spinal cord. (b) At the central terminals of primary sensory

afferents within the dorsal horn of the spinal cord, ATP may be coreleased with glutamate. P2X

receptors are expressed on both presynaptic and postsynaptic membranes. Presynaptic P2X3 and

P2X2/3 receptors are thought to be important in facilitating glutamate release. In addition, P2X4

and P2X7 receptors present on microglia may mediate inflammatory responses, thus contributing

to hyperexcitability at these synapses. (c) Excitation of parasympathetic efferents causes corelease

of ATP with acetylcholine from the nerve terminal. These neurotransmitters act on P2X1 and

muscarinic (M3, and possibly M2) receptors respectively, present on the postjunctional membrane

to cause detrusor smooth muscle contraction
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Fig. 3 The discovery of ATP

signaling and P2X receptor

subunits: major milestones
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All P2X trimers appear to respond to the cooperative binding of three mole-

cules of ATP with the opening of an intrinsic cation pore that is permeable to

calcium and sodium ions. Other nucleotides and nucleosides are essentially

inactive or weakly active; however, the nonhydrolysable analog a,b-methyle-

neATP (a,b-meATP) is able to activate P2X1- and P2X3-containing trimers,

while 20(30)-O-(4-benzoylbenzoyl) adenosine-50-triphosphate (BzATP) is often

used as a more potent agonist at the P2X7 homotrimer (although it is far from

specific and actually a more potent agonist at P2X3). Prototypic antagonists are

polyanions and mostly nonselective as in the case of suramin, PPADS, and

reactive blue 2, although some exhibit a limited degree of selectivity such as

20,30-O-(2,4,6-trinitrophenyl) adenosine-50-triphosphate (TNP-ATP) for P2X1-

and P2X3-containing receptors. While useful initial probes, all of these molecules

offer limited pharmacological utility for in vitro and in vivo studies due to

nonselectivity, poor stability, or suboptimal pharmacokinetic properties. Many

chemical classes of novel antagonists have emerged in the last decade, based

almost exclusively on leads identified from high throughput screening (HTS)

efforts in pharmaceutical companies, and in most cases, these efforts have

resulted in the generation of molecules with high selectivity for one or two of

the P2X receptor forms. The P2X7, P2X3, and P2X2/3 receptors have witnessed

the greatest medicinal chemistry progress, with patents published on multiple

compound series and a selection of these compounds having progressed into early

clinical studies (see Gunosewoyo and Kassiou 2010).

Earlier reviews have addressed and speculated upon the role of these diverse

receptor subtypes in LUT function (Andersson and Wein 2004; Burnstock 2000;

Ford et al. 2006; Rapp et al. 2005; Ruggieri 2006), although with limited benefit

from recent developments in the area of P2X medicinal chemistry. In this review,

we extend this discussion in light of such progress.

2 ATP, Urinary Function, and Dysfunction

2.1 Evidence of a Role for ATP in the Urinary Tract

One of several key papers that triggered heightened interest in the role of ATP in

urinary tract signaling came from Ferguson et al. (1997), who examined the release

of ATP from pieces of rabbit bladder, in which the tissue strip was intact or the

epithelial or smooth muscle layers were studied alone. Figure 4 (taken from this

paper) illustrates that ATP was readily liberated from bladder tissue strips upon

electrical field stimulation, and that the source of this release was predominantly

the epithelial tissue layer, prompting speculation that this release might occur

as part of a local sensing mechanism. Subsequently, this putative sensing mecha-

nism was nicely studied using an isolated bladder-pelvic nerve preparation from rat

(Namasivayam et al. 1999) where recordings from pelvic sensory nerves were able
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to detect filling of the bladder, with firing of these nerves mimicked by ATP

application and inhibited by antagonism of P2X receptors.

Using a guinea pig ureter preparation, Knight and colleagues (Knight et al. 2002)

further demonstrated the extent to which distension of the epithelium causes release

of ATP and suggested that the consequence of this release was most probably an

effect on the activity of subepithelial sensory nerve fibers and not on smooth muscle

function or peristalsis. Subsequently, this was confirmed in studies using an isolated

ureter pelvic/hypogastric nerve preparation from guinea pig (Rong and Burnstock

2004). More recently, in strips of human ureter, Calvert et al. (2008) demonstrated

that P2X3 protein expression was detectable on suburothelial afferent nerve fibers,

and they were able to show that distension of ureter strips gave rise to approxi-

mately tenfold elevations in released ATP (Fig. 5). Most intriguingly, they con-

tended that the pressures used to generate these effects in isolated ureters were

similar in magnitude to intraureteric pressures that had given rise to flank pain

(typified in renal and ureteric colic) when applied to a cohort of women in a

fascinating clinical investigation conducted over 50 years ago (Risholm 1954).

Coincident with this, interest has also surfaced over the last 15 years on the

potential impact of the relatively high local, extracellular ATP levels found in a

variety of target tissues and organs, including joints, airways, alimentary tract,

urinary tract, and vasculature from patients and healthy individuals. In the context

of urological tissues, access to bladder tissue is not uncommon in investigative

urological procedures, and bladder tissue is also available from post mortem

samples. Urine is a readily accessible matrix that has also been explored for the

presence of various bioactive substances. However, analysis of urine samples

should be approached with caution as measurements might reflect renal activity

Fig. 4 Identification of the source of electrically stimulated ATP release in rabbit bladder.

Release of ATP was induced by electrical stimulation, using the same protocol as in Figs. 5 and

6. Release from full thickness strips of bladder wall (intact tissue) was compared with urothelial

strips with the smooth muscle layer removed (muscle removed) or with the smooth muscular strips

with the urothelium removed (mucosa removed). These data suggest that the urothelial layer is the

source of the released ATP [reproduced with permission from Ferguson et al. (1997)]
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in addition to changes emanating from the urinary bladder, and findings can be

easily confounded by the presence of contaminating cells (e.g., blood cells) and

pathogens present within the bladder.

In this respect, although there are now a number of recent studies that have

quantified ATP concentrations in the context of various LUT disorders, it is not

long ago that routine measurement of urinary ATP concentrations and ratios of ATP

to excreted creatinine were touted as sensitive and useful diagnostic markers for

urinary tract infection (UTI) (Gill et al. 2010; Osterberg et al. 1991): ATP measure-

ments have also been proposed as a means of improving the detection of bacterial

pathogens in the bronchoalveolar lavage fluid of patients with airways disease

(Laupland et al. 2003). These bioluminescence determinations were investigated

under the initial premise that ATP concentrations in urine (or other fluids) were not

just a direct result of bacteruria, but that the pathogen was the source. It is claimed

that such an approach could accelerate diagnosis and treatment vs. standard culture

approaches. Accordingly, it has been suggested, for example, that urinary ATP

concentrations of <10 nM were indicative of abacteruria, whereas ATP concentra-

tions >50 nM were a marker of infection, with analyses showing fairly impressive

sensitivity and specificity (Osterberg et al. 1991).

Whereas these diagnostic studies made the assumption that ATP in urine comes

largely from invading pathogens, more recent studies suggest that the ATP is

emanating from the bladder wall itself. Unfortunately, nature failed to provide us

with a uniquely eukaryotic form of ATP with which to make this determination, and

even then the contribution from the bladder wall would be difficult to resolve in

situations where there is also pyuria. Likewise, as the evidence now seems strong

that ATP is released in large amounts from urothelial cells in response to distention,
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Fig. 5 ATP release and P2X3 expression in human ureter. Left: Immunofluorescent staining of

human suburothelial ureteric nerves: (a) P2X3 receptor, (b) Capsaicin receptor (TRPV1), (c) P2X3

receptor preabsorption control, (d) no primary antibody control. Scale bar ¼ 50 mm for each

figure. U urothelium, S submucosa, arrows indicate suburothelial layer, arrowheads indicate

sensory nerves. Right: [ATP] in perfusate immediately before and after distension of human ureter

in vitro, grouped in pressure ranges. The mean [ATP] after distension is significantly greater than

before distension in each pressure range (**P < 0.01; n � 7) for each group, error bars represent

SEM [reproduced with permission from Calvert et al. (2008)]
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stress, and inflammation, it is reasonable to consider that exposure to bacterial

endotoxin would cause release of ATP, that while perhaps not of bacterial origin

would be an important response to bacterial infection, and one which sets in motion

a heightened state of sensory activation with accompanied urgency, frequency, and

urethral irritation, as part of the defense reaction to void the infection. It seems

that further investigation is warranted to clarify the precise cellular origins of ATP

under these conditions.

More recent studies addressing the contribution of ATP to LUT function have

focused less on associations with UTI and more on associations with the symptom-

atic manifestations of otherwise idiopathic LUT dysfunctions, such as BPS/IC,

OAB, and BPH. Numerous human and nonhuman studies have reported that ATP

release from the bladder urothelium is augmented under these pathological condi-

tions. Urothelial cells from cats with a naturally occurring cystitis (feline interstitial

cystitis or FIC) exhibit enhanced hypotonic-evoked release of ATP (Birder et al.

2003). ATP release from urothelial cells is also markedly increased in rats subjected

to spinal cord injury, in which bladder hyperreflexia develops (Khera et al. 2004),

and in rats following chemically induced bladder inflammation (Smith et al. 2005).

Following spinal cord injury in rats, an increase in basal and bladder stimulation-

evoked ATP release has also been observed within the lumbosacral (LS) spinal cord

by microdialysis (Salas et al. 2005, 2007), suggesting a heightened influence of

ATP released from the central terminals of primary sensory afferents in the dorsal

horn of the spinal cord.

It has also been demonstrated that in patients with BPS/IC (Sun et al. 2001a, b;

Sun and Chai 2002), or LUTS associated with BPH (Sun et al. 2002), stretch-

activated ATP release from bladder urothelial cells is augmented compared to age-

matched controls. Recent data from the Chai group (Sun et al. 2009) have also

shown that ATP can stimulate ATP release from urothelial cells and that this

response is heightened in BPS/IC. Interestingly, this group also showed that the

inflammatory mediators epidermal growth factor and the putative “antiproliferative

factor” (APF) could similarly stimulate ATP release from bladder epithelial cells

and increase P2X3 receptor expression. Several more groups have now extended

these findings and shown correlations between urinary ATP levels and lowered

thresholds for sensing urgency in patients with detrusor overactivity and BPS/IC

(Cheng et al. 2009, 2010). OAB patients with exacerbated symptoms and signifi-

cant pyuria have also been shown to liberate greater amounts of ATP from urinary

epithelial cells (Contreras-Sanz et al. 2009).

The mechanism(s) by which urothelial ATP release is augmented under patho-

physiological conditions is not entirely clear, although it apparently occurs in

isolated urothelial cultures and so reflects an intrinsic change in epithelial signaling.

Intravesical treatment with Botox can inhibit the augmented urothelial release of

ATP following spinal cord injury or chemically induced cystitis, suggesting that

vesicular release may be altered (Khera et al. 2004; Smith et al. 2005) and

supporting the notion that Botox action is not limited to modulation of efferent

neuronal transmitter release. In mice lacking the TRPV1 receptor, distension- or

hypotonicity-evoked release of ATP from the bladder urothelium is significantly
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reduced, further raising the possibility that activation of TRPV1 receptors may be a

mechanosensory stimulus involved in distension-evoked release of ATP during

bladder filling (Birder et al. 2002).

2.2 P2X Receptors and Urinary Tract Function

Lee et al. (2000) studied the distribution of P2X receptors in rat urinary bladder and

ureter by immunohistochemical staining and demonstrated the presence of multiple

P2X subunits, including P2X1 and P2X2 in smooth muscle, P2X5 and P2X7 in

basal and squamous epithelium, respectively, and P2X3 in submucosal sensory

neurones. There has been very little additional examination of the expression and/or

roles of P2X5 and P2X7 in the urinary tract, although a potential involvement in

epithelial cell differentiation (P2X5) and epithelial activation and/or apoptosis

(P2X7) would be reasonable speculation based on studies in other epithelial tissues

including skin (Greig et al. 2003a, b, c, d; Shabbir and Burnstock 2009). P2X7 and

P2X4 receptors have also been proposed as targets for specific antagonism in

various pain conditions (especially neuropathic) based on findings from gene

knockout and rodent pharmacological studies that have demonstrated their involve-

ment in spinal microglial activation consequent to peripheral nerve injury and

possibly contributing to central sensitization pathways (Chessell et al. 2005;

Clark et al. 2010; Inoue et al. 2004; Jarvis 2010; Ulmann et al. 2008, 2010).

These approaches have not been reported in the context of sensory regulation in

urological disorders, although the availability of selective P2X7 receptor antago-

nists, including compounds that have progressed into Phase 1 and Phase 2 clinical

studies, makes the potential for examination in pelvic pain syndromes a reasonable

possibility.

2.2.1 P2X1 Receptors: Efferent Regulation of Urinary Function

The cholinergic contribution to parasympathetically mediated detrusor smooth

muscle contraction is well established. However, it is also recognized that in

most mammalian species, part of the bladder contraction response evoked by

transmural nerve stimulation is atropine-resistant and mediated mostly by ATP

(purinergic; see Fig 2c). The concept of purinergic signaling in the LUT emerged

through the pioneering work of Burnstock (Burnstock et al. 1972), who demon-

strated that ATP was the neurotransmitter involved in atropine-resistant, nonadre-

nergic, noncholinergic (NANC) contractions in the guinea pig urinary bladder.

Although broad acceptance of this idea coincided with the cloning of receptors

for ATP in the mid-1990s, a substantial body of evidence was amassed in the

intervening years to support the idea of purinergic signaling in the urinary tract

(Burnstock 2000).
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Some key early findings included the demonstration that NANC-mediated

detrusor smooth muscle contractions could be mimicked by ATP (Burnstock

et al. 1972; Burnstock et al. 1978; Dean and Downie 1978) and the more stable

ATP analog a,b-meATP (Kasakov and Burnstock 1983; Hoyle and Burnstock

1985). NANC- and ATP-mediated detrusor smooth muscle contractions could

also be suppressed by desensitization with a,b-meATP or by various nonselective

purinergic antagonists, such as quinidine, reactive blue 2, suramin, and PPADS,

without depressing responses to acetylcholine (Dean and Downie 1978; Kasakov

and Burnstock 1983; Hoyle and Burnstock 1985; Brading and Williams 1990;

Ziganshin et al. 1993; Tong et al. 1997; King et al. 1997). Ecto-ATPase inhibitors

were shown to potentiate NANC and ATP responses in the guinea pig bladder

(Hourani and Chown 1989; Westfall et al. 1997), and release of ATP in response to

transmural stimulation of NANC nerves was demonstrated (Burnstock et al. 1978;

Tong et al. 1997). Electrophysiological recordings from isolated detrusor smooth

muscle cells from guinea pig, rabbit, and pig also showed that ATP and a,b-meATP

elicited concentration-dependent, membrane depolarization and inward currents

that showed rapid desensitization (Fujii 1988; Inoue and Brading 1990, 1991).

Similar to the contractile response of detrusor smooth muscle strips, desensitization

with a,b-meATP blocked ATP-induced currents in isolated myocytes. These find-

ings are consistent with ATP being an excitatory neurotransmitter in the urinary

bladder.

Although NANC-mediated detrusor smooth muscle contractions are clearly

identifiable in some species, the purinergic contribution to nerve-mediated bladder

contraction varies with species, age, and frequency of stimulation (Andersson and

Wein 2004). The purinergic component in bladder strips can vary from being

dominant in cat, mouse, and rabbit, to moderate in guinea pig, rat, and dog, and

less pronounced compared to cholinergic responses in pig and human (Sibley 1984;

Levin et al. 1990; Andersson 1993; Wust et al. 2002). In the normal human bladder,

atropine-resistant, nerve-mediated contractions have been observed by some inves-

tigators (Sjogren et al. 1982; Bayliss et al. 1999; Cowan and Daniel 1983) but not

by others (Kinder and Mundy 1987; Sibley 1984). Atropine-resistant responses may

reflect only a small portion of the contraction of the human bladder under normal

physiological conditions. However, many studies have shown that the purinergic

component of human bladder contraction is significantly increased with age and

under various pathological conditions of the LUT (see below).

Data supporting purinergic involvement in nerve-mediated detrusor contraction

have also come from whole organ and in vivo studies measuring bladder pressure

changes in response to stimulation. In vitro whole bladder studies in rabbit and cat

demonstrated that ATP and transmural nerve stimulation, in the presence of atro-

pine, produced transient rises in intravesical pressure (Levin and Wein 1982; Levin

et al. 1990; Chancellor et al. 1992). In a conscious rat cystometry model, arterial

administration of ATP and a,b-meATP close to the bladder produced rapid, phasic

contractions that were desensitized by a,b-meATP (Igawa et al. 1993). In a pithed

rat model, spinal electrical stimulation (L6-S2) evoked an increase in intravesical

pressure that was sensitive to PPADS, thus demonstrating the importance of
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peripheral, purinergic neurotransmission in the bladder reflex (Hegde et al. 1998).

In an anesthetized rat model, contractile responses of the bladder to pelvic nerve

stimulation were further characterized as consisting of a phasic, purinergic compo-

nent predominating at low stimulation frequencies, followed by a tonic, cholinergic

component at higher stimulation frequencies (Nunn and Newgreen 1999).

The availability of P2X receptor antagonists with improved subtype selectivity,

and P2X1 gene knockout mice, subsequently confirmed the involvement of P2X1

receptors in atropine-resistant detrusor contractions (Heppner et al. 2009; Mulryan

et al. 2000; Vial and Evans 2000). In a distension-evoked micturition reflex model

in anesthetized rats, intravenous administration of the P2X1, P2X3 receptor antag-

onist di-inosine pentaphosphate (IP5I), or a novel P2X1 receptor antagonist RO-1

(also reported as RO116-6446), caused a significant attenuation of phasic, isovolu-

metric bladder contractions without affecting the volume or pressure thresholds for

evoking the micturition reflex (King et al. 2004). Moreover, in P2X1-deficient

mice, P2X receptor-mediated inward currents were abolished in detrusor smooth

muscle cells (Vial and Evans 2000). Neurogenic bladder contractions in these mice

were also reduced by ~70% compared to P2X1 wild-type mice, while carbachol-

mediated responses were unaffected. Supporting these findings, dense P2X1-like

immunoreactivity is found in the detrusor smooth muscle (Elneil et al. 2001; Lee

et al. 2000; Vial and Evans 2001) and in close apposition to motor nerve varicosities

in the rat detrusor (Hansen et al. 1998). Quantitative mRNA studies have also

shown that P2X1 is the most abundant P2X receptor subtype in the adult human

bladder (O’Reilly et al. 2001). Collectively, these data confirm that P2X1 receptors

(probably homomultimeric channels) are responsible for NANC-mediated detrusor

smooth muscle contraction, and that these receptors play a substantial role in

parasympathetic neuronal control of urinary bladder function, although to varying

extents across species from rodent to man.

In several reports on the efferent and afferent mechanisms controlling LUT

function, it has been suggested that not just ATP but specifically P2X receptor-

mediated responses are heightened in pathological situations. Changes in purinergic

responses associated with efferent control of the micturition reflex have been

observed in various bladder disease states, as well as in aging where conditions

associated with LUTS are common. For example, an increased atropine-resistant

component (up to ~50%) of the bladder contraction response to neurogenic stimu-

lation was observed in tissues from men with BPH and detrusor overactivity

(Sjogren et al. 1982) and in women with BPS/IC (Palea et al. 1993) or idiopathic

detrusor instability (O’Reilly et al. 2002). Enhanced atropine-resistant detrusor

contractions have also been observed in other studies of patients with BPH and

detrusor overactivity (Nergardh and Kinn 1983; Sibley 1984; Chapple and Smith

1994). Likewise, among subsets of patients with unstable bladder, atropine-resis-

tant responses were present in those with idiopathic detrusor instability or detrusor

instability secondary to obstruction, but not in patients with neurogenic detrusor

instability (Bayliss et al. 1999).

Recent studies have explored the basis for the enhanced purinergic neurotrans-

mission that emerges in certain unstable bladder conditions. Studies by Fry and
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coworkers have suggested that purinergic-mediated contractions are not just due

to altered sensitivities of the detrusor smooth muscle cells to ATP or cholinergic

agonists (Wu 1999), but instead may result from reduced extracellular hydrolysis

of ATP (Fry et al. 2002; Harvey 2002). They found that ATP is significantly more

potent at generating detrusor contractions in diseased bladder biopsies compared to

control stable bladders, and that this is perhaps due to the fact that ATPase activity

in unstable bladders is ~50% of that measured in stable bladder biopsies (Harvey

2002). This would explain the heightened efferent nerve response to electrical field

stimulation but not to exogenous agonists such as a,b-meATP. Studies of age-

related changes in detrusor contractility have also shown a significant positive

correlation between age and the purinergic component of detrusor contraction

(Lieu et al. 1997; Yoshida et al. 2001), while aging was negatively correlated

with cholinergic neurotransmission and decreased release of ACh from isolated

detrusor smooth muscle tissue. Consistent with this, aging has been associated with

increased release of ATP from isolated detrusor smooth muscle tissue (Yoshida

et al. 2004). A recent report has further extended these observations to patients with

outflow obstruction associated with BPH and found that isolated bladder myocytes

from these patients had a significantly greater sensitivity to ATP compared to

myocytes isolated from OAB patients (Bishara et al. 2009).

2.2.2 P2X3 Receptors: Afferent Regulation of Urinary Function

A sensory role for ATP can be traced back 50 years (Holton 1959) to studies

showing that ATP released from sensory nerves during antidromic stimulation

caused vasodilation in the rabbit ear artery. It is possible that multiple purinergic

pathways and receptors are involved in the sensory actions of ATP. However,

since their discovery in 1995 (Chen et al. 1995; Lewis et al. 1995), a crucial role

has been proposed for receptors containing P2X3 subunits (homotrimeric P2X3

and heterotrimeric P2X2/3 receptors) in mediating the primary sensory effects

of ATP (Burnstock 2001a; Ford et al. 2006; Jarvis 2003). P2X3 and P2X2/3

receptors are predominantly localized on small-to-medium diameter C-fiber and

Ad sensory neurones within the dorsal root ganglion (DRG) and other sensory

ganglia (Bradbury et al. 1998; Vulchanova et al. 1997; Dunn et al. 2001) and on

peripheral nerve terminals in tissues including the urinary bladder (see Fig. 2a)

(Cockayne et al. 2000). P2X3 and P2X2/3 receptors are also present on the

central projections of primary sensory neurones within the dorsal horn of the

spinal cord (see Fig 2b), where they may play a role in modulating glutamate

release (Gu and MacDermott 1997; Vulchanova et al. 1998; Nakatsuka et al.

2003; Nakatsuka and Gu 2001).

Several reports over the last ~35 years have suggested the involvement of ATP

in pain, including the early clinical demonstration that ATP applied to a blister

base in healthy human volunteers was associated with heightened pain sensation

(Collier et al. 1966; Bleehen et al. 1976; Bleehen and Keele 1977). ATP applied to

502 A.P.D.W. Ford and D.A. Cockayne



forearm skin by iontophoresis also caused mild painful responses that were

enhanced by sensitization with UV irradiation or intradermal capsaicin (Hamilton

et al. 2000). Intracutaneous injection of ATP (Hilliges et al. 2002), or its direct

infusion into skeletal muscle (Mork et al. 2003), also caused pain in human

volunteers. Studies in animals using more selective pharmacological and genetic

tools have further established a crucial role for P2X3 and P2X2/3 receptors in both

peripheral and centrally mediated pain facilitation. Studies using the P2X1, P2X3,

and P2X2/3 selective antagonist TNP-ATP (Tsuda et al. 1999a, b; Jarvis et al.

2001; Honore et al. 2002b; Ueno et al. 2003), and the P2X3, P2X2/3 selective

antagonist A-317491 (Jarvis et al. 2002; McGaraughty et al. 2003; Wu et al. 2004),

have shown that peripheral and spinal P2X3 and P2X2/3 receptors are involved in

persistent, chronic neuropathic, and inflammatory pain. Mice deficient in P2X3,

P2X2, or both receptor subunits (Cockayne et al. 2000, 2005; Souslova et al. 2000),

as well as animals treated with P2X3-selective antisense (Barclay et al. 2002;

Honore et al. 2002a; Inoue et al. 2003) or short interfering RNA (siRNA) (Dorn

et al. 2004), revealed comparable findings. These data provide strong preclinical

evidence that P2X3 and P2X2/3 receptors are important in pain circuitry in vivo

and suggest that antagonism of P2X3 and/or P2X2/3 receptors may have potential

therapeutic utility in the management of chronic pain conditions.

An important role for ATP and P2X3-containing receptors in the mechanosen-

sory regulation of urinary bladder function has also emerged in recent years

(Burnstock 2001a). Sensory afferent innervation is essential for the normal control

of urinary bladder function, coordinating compliance and excitation during the

storage and elimination phases of the micturition reflex. The urinary bladder is

innervated by the pelvic and hypogastric/thoracolumbar (TL) splanchnic nerves

with cell bodies in the LS and TL DRG, respectively (Fig. 1). Under normal

physiological conditions, it is believed that the predominant sensory afferents

involved in detecting bladder volume changes are the Ad pelvic nerve afferents

which convey information about the state of bladder fullness to spinal and suprasp-

inal centers coordinating the micturition reflex (Habler et al. 1993; de Groat et al.

1999; Andersson and Wein 2004). In contrast, the normally silent pelvic afferent

C-fibers are thought to assume a prominent role under pathological conditions,

where they become hyperexcitable and convey augmented information about

noxious, inflammatory, or painful stimuli, and evoke reflex contractions mainly

through a localized segmental spinal reflex (the “reflex bladder” mentioned earlier)

(Habler et al. 1990; de Groat et al. 1998; Yoshimura and de Groat 1999). C-fiber

afferents within the hypogastric/lumbar splanchnic nerve can also facilitate the

effects of noxious chemical irritation within the urinary bladder (Mitsui et al. 2001).

Thus, hyperexcitability of C-fibers in different functional pathways may contribute

to the underlying pathophysiology of LUTS, including increased urinary frequency,

sensations of urgency and pain (Yoshimura et al. 2002).

Anatomically, the urinary bladder is innervated by sensory nerve fibers that

project into the suburothelial lamina propria, urothelium, and detrusor smooth

muscle (Fig. 2a). P2X3 immunoreactivity has been found on many of these nerve

fibers and also on bladder epithelial cells (Cockayne et al. 2000; Lee et al. 2000;
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Elneil et al. 2001; Vlaskovska et al. 2001; Yiangou et al. 2001; Birder et al. 2004;

Wang et al. 2005), thus a role for P2X3-containing receptors in regulating sensory

functions of these cells is reasonable. Numerous studies have shown that ATP is

released from the bladder urothelium in response to distension (Ferguson et al.

1997; Vlaskovska et al. 2001; Wang et al. 2005), and these findings can be

mimicked in isolated urothelial cell cultures (Sun and Chai 2002; Birder et al.

2003). Studies using an isolated bladder-pelvic nerve preparation in either rats

(Namasivayam et al. 1999) or mice (Vlaskovska et al. 2001; Rong et al. 2002)

have also shown that distension leads to increased afferent nerve activity that is

mimicked by ATP and/or a,b-meATP. Intravesical infusion of ATP or a,b-meATP

can directly stimulate bladder overactivity in conscious rats, in a manner that is

concentration-dependent and sensitive to TNP-ATP (Pandita and Andersson 2002).

Conversely, intravesical infusion of suramin or PPADS can inhibit nonvoiding

bladder contractions in bladder outlet-obstructed rats and increase bladder capacity

in normal conscious rats (Cova et al. 1999; Velasco et al. 2003).

Studies in P2X3- and P2X2-deficient mice have been instrumental in demon-

strating the importance of homomultimeric P2X3 and heteromultimeric P2X2/3

receptors in regulating bladder reflex excitability. Urinary bladder reflexes in

response to filling are reduced in anesthetized P2X3, P2X2, and P2X2/P2X3 double

knockout mice (Cockayne et al. 2000, 2005), despite normal levels of distension-

evoked ATP release from the bladder urothelium (Vlaskovska et al. 2001). Bladder

pelvic afferents from P2X-deficient mice also display altered electrophysiological

responses, as measured by an increased volume threshold for activation in response

to bladder distension (Vlaskovska et al. 2001; Cockayne et al. 2000, 2005). Single

unit activity recordings confirmed the reduced afferent mechanosensitivity in P2X-

deficient mice; however, it remains to be determined whether these deficits

reflected changes in the sensitivity of Ad and/or C-fiber afferents. Supporting

these findings, several studies have demonstrated that labeled rat and mouse bladder

sensory afferents projecting via the pelvic nerve express both P2X3 and P2X2/3

receptors (see Fig. 6), and electrophysiological recordings from these lumbosacral

pelvic afferents (LS DRG) showed that ~80–90% responded to ATP and a,b-
meATP with persistent, slowly desensitizing currents characteristic of the P2X2/3

receptor (Zhong et al. 2003; Dang et al. 2005, 2008; Chen and Gebhart 2010). Rat

and mouse bladder afferents projecting via the hypogastric/lumbar splanchnic

nerve (TL DRG) also contain currents consistent with P2X3 and P2X2/3 receptors

(Dang et al. 2005, 2008; Chen and Gebhart 2010), although species differences

exist in the proportion of these receptors. Interestingly, in these same studies,

Gebhart and colleagues (Dang et al. 2008; Chen and Gebhart 2010) also demon-

strated that cyclophosphamide-induced bladder inflammation resulted in an

increase in P2X receptor expression and an increase in the relative contributions

of P2X2 (sustained) and P2X2/3 (slowly desensitizing), or P2X3 (fast-inactivating)

and P2X2/3 currents on lumbosacral pelvic and thoracolumbar splanchnic bladder

afferents, respectively.

Several studies have also investigated the role of C-fibers in models of ATP-

induced bladder overactivity. Selective deletion of nonpeptidergic C-fibers (i.e.,
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Fig. 6 P2X-containing receptors in bladder and cutaneous tissues from rat. Above: Colocalization
of P2X3-IR with CGRP or IB4 in bladder and cutaneous sensory neurones of adult rats. Fast Blue

(FB)-positive bladder sensory neurones (long arrows, a–c) displayed only weak to moderate

P2X3-IR, while strongly P2X3-positive cells (short arrows, b) did not contain FB. Some bladder

afferents were CGRP-positive (double long arrows, c). In contrast, the P2X3-IR in cutaneous

sensory neurones (long arrows, d–f) ranged from weak to intense. One intensely P2X3-positive

cutaneous afferent neurone was shown (e). Scale bar ¼ 100 mm. Below: Patch-clamp electrophys-

iological phenotype of agonist responses in bladder and cutaneous sensory neurones of adult rats.

Fluorescence (g) and phase contrast (h) images showing a Fast Blue (FB)-containing neurone

(arrow) in an acutely dissociated L6 and S1 DRG preparation. Scale bar ¼ 100 mm. (i) Represen-

tative traces of responses from 88% of bladder sensory neurones to a,b-meATP and ATP (30 mM).

(j) Representative traces of P2X responses in cutaneous sensory neurones. a,b-meATP (30 mM)

evoked transient, biphasic, and persistent responses in approximately 34%, 32%, and 24% of

neurones, respectively. The membrane potential was held at �60 mV. The bars above the traces
indicate the duration of agonist application [reproduced from Zhong et al. (2003)]
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P2X3-expressing C-fibers) via intrathecal administration of an isolectin-B4 (IB4)-

conjugated saporin molecule reduced both ATP- and capsaicin-induced bladder

overactivity in conscious rats (Nishiguchi et al. 2004). Two reports further demon-

strated the importance of spinal endogenous ATP and P2X receptors in chemical

irritation-induced (Masuda et al. 2005) or spinal cord injury-induced (Salas et al.

2005) bladder overactivity in rats. It has also been shown that in patients with

neurogenic detrusor overactivity, who were successfully treated with resinifera-

toxin (RTX, a highly potent, desensitizing TRPV1 antagonist), that the density of

P2X3-immunoreactive nerve fibers in the bladder was significantly reduced com-

pared with that observed in nonresponder patients (Brady et al. 2004). Collectively,

these data suggest that P2X3-containing receptors are present on sensory fibers

within the urinary bladder and at central synapses in the spinal cord, and that

increased expression and function of the P2X pathway may play a role in mediating

bladder hyperexcitability, at least under certain experimental or pathologic condi-

tions associated with LUT dysfunction.

A mechanosensory transduction pathway supporting the micturition reflex is

therefore postulated wherein ATP released from the urothelium activates P2X3

and/or P2X2/3 receptors on submucosal primary afferents (Fig. 2a). ATP and a,b-
meATP have been shown to not only activate low- and high-threshold bladder

afferents directly but also to sensitize their mechanosensory responses (Vlaskovska

et al. 2001; Rong et al. 2002). Under pathophysiological conditions, bladder

inflammation can further sensitize and enhance P2X receptor expression/function

on pelvic visceral and lumbar splanchnic afferents in the LS and TL DRG (Dang

et al. 2005, 2008; Chen and Gebhart 2010). Bladder epithelial cells also demon-

strate increased ATP release and P2X3 receptor expression under pathophysiologi-

cal conditions (Sun and Chai 2004; Sun et al. 2001a, b, 2009), further augmenting

the purinergic contribution to altered bladder sensory function. Thus, P2X3 and

P2X2/3 receptors may be important in sensing volume changes during normal

bladder filling and may participate in lowering the threshold for C-fiber activation

under pathophysiological conditions.

3 P2X Receptors as Therapeutic Targets for Urinary

Tract Disorders

Given these well-described roles of ATP, modulation of P2X receptor activity has

surfaced as a potential point of therapeutic intervention in diseases of the urinary

tract. Among the P2X receptor class, antagonism of P2X1, P2X3, and P2X2/3

receptors appears to be the most biologically reasonable. However, exploiting the

full therapeutic potential of the purinoceptor family will require more than sound

biological rationale. Novel medicines must possess the right combination of

potency and selectivity with suitable drug-like properties, such as oral bioavailabi-

lity, metabolic stability, and optimal distribution characteristics. The prototypical
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ligands originally used to discover and delineate the purinoceptor family (e.g.,

suramin, PPADS, and reactive blue 2) represent very poor starting points for drug

discovery, and although significant advances have been made in the last decade in

modifying these ligands to attain increased potency and selectivity at some P2

receptors (Jacobson et al. 2004), little progress has been reported on “drug-like”

ligands.

Indeed, most of the ligands highlighted in purinoceptor medicinal chemistry

reports up until ~5 years ago violate more than one of the so-called Lipinski rules, a

standard that provides a rough guide to drug likeness within pharmaceutical

discovery (Lipinski 2000). Such a paucity of attractive chemical leads directed

efforts at many pharmaceuticals research units toward novel lead discovery using

proprietary or commercially available compound libraries. Since calcium passes

through open P2X channels, functional activation of these channels can be easily

quantitated using a fluorescence change evoked by cytosolic calcium flux in the

presence of the calcium-sensitive dye, Fluo-3, and measured using a fluorometric

imaging plate reader (FLIPR) (Jaime-Figueroa et al. 2005). In this manner, FLIPR-

based HTS campaigns were conducted at Roche Palo Alto targeting

homomultimeric hP2X1, hP2X2, hP2X2/3, and rP2X3 receptors to identify com-

pounds capable of inhibiting a,b-meATP (P2X1, P2X2/3, and P2X3)- or ATP

(P2X2)-evoked cytosolic calcium flux, without interfering with a secondary cal-

cium flux produced by the calcium ionophore, ionomycin. In contrast to the P2X1,

P2X2/3, and P2X3 HTS screening campaigns, the HTS screen targeting P2X2

resulted in no chemically tractable small molecule leads. It therefore remains to

be seen whether P2X2 is a feasible target for medicinal intervention.

3.1 P2X1 Receptor Antagonism

There has been some limited effort to identify novel, selective “drug-like” antago-

nists for P2X1 receptors, on the principle that if purinergic efferent transmission is

considerably heightened in urinary tract tissues from patients with storage and

voiding disorders, then its blockade may improve symptoms by attenuating detrusor

hyperexcitability. This approach would be somewhat analogous to antimuscarinic

use, an accepted therapeutic for OAB, with the potential differentiator being the

purported targeting of a heightened “pathological” response that seems to be

associated with symptom development in urologic disorders. Some reasoned

attempts were made to identify selective P2X1 receptor antagonists from prototypi-

cal antagonists, including NF-279 with modest preference toward P2X1 and P2X7

receptors and NF-864 a potent and selective P2X1 antagonist (Hausmann et al.

2006; Horner et al. 2005; Rettinger et al. 2000; Soto et al. 1999). However, although

more potent and selective than their predecessors, these molecules all retained their

chemical features (especially polyanionic nature) that offered little satisfaction of

the “Lipinski rules” and could not be considered “drug-like.”

ATP and P2X Purinoceptors in Urinary Tract Disorders 507



A comparison with the antimuscarinics is important in the context of P2X1

blockade, as one limiting feature of the former class of agents relates to the

abundant roles of muscarinic receptors, including those specifically involved in

urinary bladder function (M3 and M2 receptors) which also have important roles in

most tissues and organs. Tissue specificity is not seen with these agents, and the

impact and limitation of selective muscarinic blockade can be seen in the array of

safety and tolerability issues (dry mouth and eyes, visual impairment, CNS effects,

constipation, tachycardia) that limit efficacious dosing and lead to marginal overall

benefit and persistence with therapy. By analogy, the fact that P2X1 receptors have

physiological roles in many tissues and organs also makes it somewhat likely that

safety and tolerability issues may be a limiting factor for selective antagonists.

P2X1 receptors have functional roles in all smooth muscle tissues, as well as

functions in vascular, gastrointestinal, renal, CNS, and reproductive systems all

of which could represent risks to successful medicinal development (Harrington

et al. 2007; Heppner et al. 2009; Inscho et al. 2003, 2004; Lamont et al. 2006;

Mulryan et al. 2000; Vial and Evans 2000).

The P2X1 HTS screening campaign at Roche Palo Alto resulted in the disco-

very of an antagonist from a series of dipeptide compounds, prepared initially as

potential renin inhibitors (Jaime-Figueroa et al. 2005). The lead was subsequently

optimized to RO-1 (also published as RO1166446), a novel small molecule

antagonist of moderate potency (pIC50 ~5.5) with selectivity over homomulti-

meric P2X2 and P2X3, and heteromultimeric P2X2/3 receptors (IC50 > 100 mM
at all three receptors). RO-1 (10 mM) nearly abolished calcium responses evoked

by 1 mM ATP in dissociated rat bladder smooth muscle cells and also greatly

reduced rat tail artery ring contractions evoked by electrical field stimulation

(Ford et al. 2006; Gever et al. 2006). In tissue bath studies examining NANC

responses, contractions evoked by b,g-meATP in rat detrusor smooth muscle

strips, or by ATP in rat tail artery rings, were significantly reduced with as little

as 0.1 mM RO-1 and almost completely abolished by 10 mM RO-1 (Ford et al.

2006; Gever et al. 2006). In a distension-evoked micturition reflex model in

anesthetized rats, the magnitude of phasic, isovolumetric bladder contractions

was significantly attenuated by intravenous administration of 1 or 10 mmol/kg

of RO-1 (King et al. 2004), a finding consistent with the decreased detrusor

contraction observed in tissue bath studies. These results illustrate the feasibility

of identifying P2X1 receptor antagonists that are not nucleotides or polyanionic

compounds and provide increased confidence that this target can be successfully

exploited to identify therapeutically attractive molecules. However, despite

apparent selectivity, optimization of potency did not progress successfully, and

the effort was abandoned. It thus remains to be seen whether a more potent P2X1

receptor antagonist can be developed that will allow for a more effective modula-

tion of efferent purinergic mechanisms. Moreover, in vivo studies examining the

effects of selective P2X1 receptor antagonists on other smooth muscle prepara-

tions (especially vascular) that contain P2X1 receptors would be necessary to

determine whether safe and tolerable antagonism of P2X1 receptors can be

imparted to alter LUT function.
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3.2 P2X3 and P2X2/3 Receptor Antagonism

In 2002, data were published for the first time on a selective dual P2X3, P2X2/3

small molecule antagonist, A-317491 (Jarvis et al. 2002; Fig. 7e), that was identi-

fied following random HTS screening of Abbott’s chemical library. Activation of

recombinant and native P2X3 and P2X2/3 receptors was inhibited by submicro-

molar concentrations of A-317491, and efficacy was demonstrated in several
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Fig. 7 Chemical structures of selective antagonists for P2X3-containing receptors. (a–c) diami-

nopyrimidines AF-353, AF-130, and AF-010 (Afferent/Roche), (d) nucleotide 20,30-O-(2,4,6-
trinitrophenyl)-ATP (TNP-ATP), (e) A-317491 (Abbott), (f) benzamides (Afferent/Roche), (g)

pyrrolopyrimidin-7-ones (Astra-Zeneca), (h) tetrahydropyrido-pyrimidines (Renovis/Evotec), and

(i) biaryl benzamides (Merck)
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models of chronic inflammatory and neuropathic pain. A-317491 dose-dependently

decreased nociceptive responses evoked by intraplantar injection of formalin or

complete Freund’s adjuvant with ED50 values of 50 and 30 mmol/kg, s.c., respec-

tively (McGaraughty et al. 2003). Reports on the use of this antagonist to study

LUT function are few; however, one report examined the effects of intravenous

administration of A-317491 in a rat spinal cord injury model (Lu et al. 2002, 2007).

The antagonist produced a dose-dependent inhibition of nonmicturition bladder

contractions and increased intermicturition interval and bladder capacity without

influencing the amplitude of voiding contractions.

Such a mechanistic pattern of effects would seem fairly desirable if translated

into a clinical setting, where inappropriate sensitivity to low volume filling and

frequency/urgency could be potentially minimized while leaving untouched the

force of detrusor contraction needed to maintain voiding efficiency. The relevance

of the spinal transection model for human disease can be debated, but one of the

purported consequences is that descending inhibitory pontine control of voiding

reflexes is lost and so local segmental (“reflex bladder”) circuits are awakened.

Accordingly, and as reported above, this model is associated with increased ATP

release from bladder epithelial cells and increased levels of ATP in the dorsal horn

of the spinal cord (Khera et al. 2007; Salas et al. 2007; Smith et al. 2008). A-317491

was also studied, along with PPADS, in a cystometric model in rats pretreated

(2 days prior) with cyclophosphamide (Ito et al. 2008) to produce a typical

inflammatory hyperreflexia. Both antagonists produced similar responses as seen

in the spinal model, with increased intervals between voids, reduced nonmicturition

bladder contractions, and amelioration of cyclophosphamide-induced residual

volumes, all without impact on the amplitude of voiding contractions.

While the discovery of this molecule has provided some advance over the large,

nonselective, “polyanionic” antagonists described to this point (e.g., suramin,

PPADS, reactive blue 2), the poor pharmacokinetic properties of A-317491

(a tricarboxylic acid with no oral bioavailability, high protein binding, and limited

tissue distribution) may make it unattractive for medicinal development. The

polyanionic characteristics seem to remain a requisite for competitive antagonists

and lead to challenging medicinal chemistry starting points.

The P2X3 and P2X2/3 HTS screening campaigns at Roche Palo Alto resulted in

the discovery of many distinct chemical series with apparently selective antagonis-

tic action, a few of which have been chemically optimized with excellent success.

The first and most medicinally advanced in the class of P2X3 antagonists is a series

of diaminopyrimidine-containing molecules derived from a chemical lead related in

structure to the antibacterial drug trimethoprim. Subsequent optimization resulted

in a number of small molecule dual P2X3, P2X2/3 antagonists, exemplified by

AF-353, AF-130, and AF-010 (Fig. 7a–c; shown alongside several P2X3 selective

chemotypes that have surfaced in the patent literature) (Brotherton-Pleiss et al.

2010; Carter et al. 2009; Gever et al. 2010; Jahangir et al. 2009; Gunosewoyo and

Kassiou 2010). AF-353 (also reported previously as RO-4) is a potent inhibitor of

human and rat homomultimeric P2X3 (pIC50 ¼ 8.0–8.5) and heteromultimeric

P2X2/3 (pIC50 ¼ 7.4–7.7) receptors. These potency estimates were confirmed
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using patch-clamp electrophysiology of rat dorsal root (P2X3 pIC50 ¼ 8.5) and

nodose (P2X2/3 pIC50 ¼ 7.6) ganglion neurones. AF-353 shows selectivity for

P2X3 and P2X2/3 over all other functional homomultimeric P2X receptors

(IC50 � 10 mM at P2X1, 2, 4, 5, 7), despite the relatively low molecular weight

(MW ~350 Da). Additionally, two general screens of selectivity, one comprising

75 receptors, channels, enzymes, and transporters (Cerep), and a second one

covering more than 100 kinases (Ambit) established AF-353 to be a highly selective

molecule. Finally, because of the structural similarity of AF-353 to well-known

bacterial dihydrofolate reductase inhibitors (trimethoprim itself), AF-353 was also

tested for its ability to inhibit the human isoform of this enzyme and found to be

only weakly active.

Based on this selectivity profile, the pharmacological effects observed with AF-

353 in preclinical models can be reasonably attributed to P2X3 and P2X2/3 receptor

antagonism. Most importantly, given concerns about drug-like properties, AF-353

and related diaminopyrimidines all satisfy Lipinski’s so-called “rule of five” and

have been shown to have attractive physicochemical and pharmacokinetic proper-

ties for in vivo utility (Gever et al. 2010; Kaan et al. 2010). The most advanced lead

molecule from this chemical series, AF-219, has been in clinical studies since 2007

and is progressing into patient studies according to information available on the

website of Afferent Pharmaceuticals (www.afferentpharma.com).

Data have been published on several of these diaminopyrimidine molecules and

indicate that, as predicted, selective dual P2X3, P2X2/3 antagonists are effective at

reducing nocifensive responses, hyperalgesia and allodynia in a range of animal

models, including those arising from neuropathic, inflammatory, and cancer (osteo-

lytic) interventions (Kaan et al. 2009, 2010). In urological models, data so far also

look very intriguing. AF-353 was studied in a closed cystometric model (“refill

VIBC”) in urethane-anesthetized rats, where a slow infusion of saline is introduced

into the bladder and at the point where reflex contractions are elicited, the volume is

held constant to allow 5–6 further phasic contractions to occur. Bladders are

emptied and “rested” for 30 min before repeating the cycle, which over a course

of 2–3 h yields a reproducible pattern of responses, allowing estimates of threshold

volume (TV) for eliciting contraction, contraction frequency (FREQ), and contrac-

tion amplitude (AMP) (Cefalu et al. 2007). When increasing doses of antagonist

were given as an intravenous bolus, a dose-dependent effect was observed where

TV increased by up to 50–70%, frequency was slightly reduced, but no appreciable

change in amplitude was seen. Similar observations were reported in some of the

earlier studies with A-317491, although these had been observed in rats subjected to

cyclophosphamide inflammation or spinal transection, whereas the refill-VIBC

model was performed in anesthetized but otherwise normal rats. Such findings

are shown for AF-353 in Fig. 8.

As AF-353 is easily able to penetrate the blood brain barrier (Gever et al. 2010),

it is not clear whether the effects described above were the result of P2X3 antago-

nism at peripheral terminals within the bladder wall, or alternatively at central

terminals in the spinal cord dorsal horn, where it has been shown that ATP is

released and can act on P2X3 receptors to enhance central glutamate transmission
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(Salas et al. 2007; Bardoni et al. 1997; Gu and MacDermott 1997). Two separate

studies using distinct members of the diaminopyrimidine class helped to elucidate

the question of central vs. peripheral mode of effect. In the first study, the Refill-

VIBC method as described above was used in normal, urethane-anesthetized rats to

examine antagonist effects on TV, FREQ, and AMP of contractions after peripheral

intravenous administration. In a second study, a slight modification was introduced

in that once reproducible reflex contractions were achieved on bladder filling, the

volume was kept constant (isovolumetric) for up to 3 h during which time the

contractions demonstrate good reproducibility in magnitude and frequency. This

allowed study of the effects of direct intrathecal injection of test compounds.

Two antagonists with very similar P2X3 and P2X2/3 potencies and plasma free

fraction estimations, but which differed markedly in CNS penetration (see Fig. 9a),

were compared in these models. AF-010, like AF-353, has a low polar surface area

(PSA) and as a result crosses the blood brain barrier readily, whereas AF-130, with

a sulfone substitution, has a much higher PSA, is a modest substrate for efflux

pumps, and as a result crosses the blood brain barrier very poorly, as reflected by

low brain to plasma ratios. When dosed intravenously, the more CNS penetrant

antagonist was significantly more potent at raising threshold volumes in the refill

model (Fig. 9b), whereas intrathecal dosing (Fig. 9c, d) showed almost equivalent

potencies in prolonging the intercontraction interval (ICI). These data suggest that

in noninflamed models, a large component of the urinary hyporeflexic response to

P2X3 antagonism is mediated at the level of the spinal cord/central terminals.

Given the studies reported above which show that intravenous A-317491 (which

also does not penetrate the CNS) produces significant suppression of hyper-

reflexic responses following spinal injury or cyclophosphamide-induced bladder

Fig. 8 The effect of P2X3 antagonists on cystometric reflexes in anesthetized rats. P2X3 blockade

raises urinary volume thresholds in a “Refill” cystometry model of volume-induced bladder

contractions (VIBC) in urethane anesthetized rats. The potent and selective P2X3, P2X2/3

antagonist AF-353 dose-dependently increases threshold volume (TV) in rats. In this model, filling

responses are under control of local segmental (spinal) reflexes, mostly via capsaicin-sensitive C-

fiber. Measured parameters are threshold volume (TV), frequency (FREQ), and amplitude of

contractions (AMP). Left panel: representative trace from one rat; right panel: effect of multiple

doses of AF-353
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inflammation, it is possible that peripheral components of P2X3 receptor blockade

are only clearly demonstrable when there is damage to the bladder or associated

reflex circuitry.

A second, more mechanistic examination was performed using AF-792, one of

the most potent members of the P2X3 blocking diaminopyrimidines and most

closely related to AF-353 in chemical and pharmacokinetic terms (Kaan et al.

2010). Using intrathecal administration, but with a compound that due to increased

potency offered a greater range of doses for examination, it was again shown that

intercontraction intervals were greatly prolonged in an isovolumetric model, an

effect mimicked marginally by the prototypical antagonists PPADS and TNP-ATP

and fully replicated by local desensitization of P2X3-containing receptors using the

agonist a,b-meATP. Subsequently, a high intrathecal dose of AF-792 was shown to

prevent the increase in pERK activation in the outer laminae of the spinal cord

dorsal horn that was produced by acetic acid instillation into the bladder (which

irritates bladder afferents). Thus, presynaptic P2X3 and/or P2X2/3 receptors on the

central terminals of bladder primary afferents are able to facilitate both normal and

noxious input from the micturition reflex. Whether the potential for therapeutic

Fig. 9 Peripheral vs. central role of P2X3-containing receptors in micturition. (a) Comparison of

the properties of the P2X3 and P2X2/3 antagonists AF-010 and AF-130. (b) Effect of the two

antagonists when administered intravenously on threshold volume in the Refill-VIBC cystometry

model in urethane-anesthetized rats. (c and d) Effect of each antagonist when administered

intrathecally in the isovolumetric VIBC cystometry model in urethane-anesthetized rats
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impact in urinary tract disorders such as OAB, BPH-LUTS, PBS/IC, or renal/

ureteric colic requires blockade of peripheral, central, or all P2X3-containing

receptors will be a matter for further exploration.

There are now several pharmaceutical companies (including Renovis/Evotec

AG, Shionogi, Astra-Zeneca, and Merck) that have published patent applications

covering novel chemical classes of antagonists with selectivity and high affinity for

P2X3-containing receptors. Some key exemplary structures are shown in Fig. 7 and

have been recently discussed in an excellent review on the topic (Gunosewoyo and

Kassiou 2010). So far, however, there have been no peer-reviewed publications that

reveal useful information on the in vivo activity, selectivity, or drug-likeness of

these chemical classes, and thus data are awaited with great interest.

4 Conclusions

The impact and significance of ATP and purinergic signaling in urinary tract

function – and its potential relevance to disease – has become greatly substantiated

in recent years, particularly with the development of gene targeting approaches in

mice and the emergence of novel pharmacological probes. Efforts focused on

antagonism of P2X3 and P2X2/3 receptors represent hypothesis-driven approaches,

and good progress to clinic has been made in these areas. Gene knockout and

pharmacological data for other P2 receptors (e.g., P2X4 and P2X7) may also offer

hints at opportunities in visceral organ diseases associated with inflammation and

pain; however, the role of these P2X receptors in urinary tract function has not yet

been established. The path from pharmacological tool to therapeutic probe and then

to novel, differentiated, and safe medicines is a complex and challenging one, and

to our knowledge, we are aware of one novel P2X3 antagonist that is currently in

clinical trials and poised for assessment in urinary tract disorders. Thus, the time is

now approaching when therapeutic potential will begin to be resolved.

A perpetual concern of course is that there are multiple receptors for ATP (P2X

and P2Y) and many other factors released onto afferent neurones during urinary

filling, and there may well be sufficient redundancy built into targeted biological

systems such that blockade at any one receptor or ion channel will be too subtle to

have clear clinical impact. P2X3 and P2X2/3 regulation of sensory mechanisms in

the LUT appears to be an attractive purinergic opportunity, and advances have been

made in the identification of chemical entities with properties suitable for medicinal

optimization. To date, focus has been somewhat limited to P2X3 and P2X2/3

receptor involvement in afferent mechanisms within peripheral target tissues.

However, attention has noticeably turned also to the role of ATP and P2X3-

containing receptors at central synapses in the spinal cord where central sensitiza-

tion develops (Kaan et al. 2010; Masuda et al. 2005; Salas et al. 2005). The latter

evidence may indicate that the P2X3 mechanism is not just part of the divergent

soup of activators in the periphery, but also part of the convergence of the primary
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afferent input into the CNS, modulating signaling at the first synapse – regardless of

the nature of the receptive field sensitizer.

Moving forward, a greater focus is warranted on the function of these receptors

across visceral sensory pathways (e.g., hypogastric and pudendal in addition to

pelvic afferents) to gain a more comprehensive insight into the integrated function

of the kidney, ureters, bladder, urethra, prostate, and sphincters (Mitsui et al. 2001;

Yoshimura et al. 2003; Dang et al. 2005). Lastly, it is well known that C-fibers are

heterogeneous, and that the population with the highest level of P2X3 expression is

the “nonpeptidergic” subpopulation that binds the isolectin-B4 (IB4) and has its

central projections mostly within inner lamina II of the dorsal horn. Exactly how

these different subfamilies of afferents differentially affect sensory signaling and

sensitization is still poorly understood.

In general, there has been a clear shift in perspective regarding the causes of

urinary tract dysfunction and to this end various novel therapeutic mechanisms for

intervention have arisen, with many, like P2X3 antagonists, targeting parts of the

afferent limb of the micturition reflex (e.g., TRPV1 antagonists, NGF antibodies).

“Afferent neurourology” is a term that has been coined recently (Clemens 2010a, b)

that reflects this shift. In unraveling these biological mechanisms and developing

appropriate chemical and biological tools, we are hopefully ready to tackle the most

bothersome and poorly managed aspects of functional urologic disorders – notably,

urgency and pain – and bring a step change in therapeutic options to millions

of patients.
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Abstract The clinical data on the use of the orally active phosphodiesterase (PDE)

type 5 inhibitors sildenafil (VIAGRA™), vardenafil (LEVITRA™), and tadalafil

(CIALIS™) for the treatment of male erectile dysfunction have boosted research

activities on the physiology and pharmacology of the organs of the lower urinary

tract (LUT). This includes both intracellular signal transduction in the prostate,

urinary bladder (detrusor), and urethra, as well as central brain and spinal cord

pathways controlling the function of the LUT. Such efforts provided the basis for

the development of new therapeutic modalities into the management of dysfunctions/
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syndromes of the LUT, some of which are already offered to the patients. The

pharmacological treatment of the overactive bladder and the so-called benign

prostatic syndrome, including LUT symptomatology and bladder outlet obstruc-

tion secondary to benign prostatic enlargement, has primarily focused on selective,

orally available drugs acting by influencing intracellular regulatory mechanisms.

These agents are regarded efficacious, have a fast onset of drug action in the target

tissue and an improved effect-to-side-effect ratio. Better understanding of the

functional significance of proteins related to cyclic nucleotide-dependent path-

ways, such as nitric oxide synthase, cytosolic and membrane-bound guanylyl

cyclases, PDE isoenzymes and cyclic AMP- and cyclic GMP-binding protein

kinases, the relative distribution in tissues of the LUT, and the consequences for

urogenital function, seems to be of particular interest in order to identify new or

more selective pharmacological approaches to manage disorders of the LUT. The

present review focuses on cyclic nucleotide-related targets involved in the control

of the function of the bladder, prostate, and urethra and the significance of those

proteins in the process of evolving new pharmacological options for the treatment

of LUT symptoms secondary to benign prostatic hyperplasia as well as dysfunc-

tions of the storage and voiding capability of the urinary bladder.

Keywords Cyclic adenosine monophosphate (cyclic AMP) � Cyclic guanosine

monophosphate (cyclic GMP) � Lower urinary tract � Nitric oxide (NO) � Pharma-

cotherapy

1 Introduction

The control of the smooth musculature of the lower urinary tract (LUT) is a

complex mechanism involving the interaction between the central nervous sys-

tem and the local release and degradation of various adrenergic, cholinergic, and

NANC endogenous factors, known to exert either facilitating or inhibitory activ-

ity, deriving from neuronal, endothelial, or epithelial sources. The cyclic nucleo-

tide monophosphates cyclic AMP and cyclic GMP are important intracellular

regulators of several physiological processes, including smooth muscle function

(Antoni 2000; Lucas et al. 2000). Nitric oxide (NO) has been shown a crucial

mediator of the relaxation of smooth muscle in the out-flow region of the urinary

tract and is also involved in the modification of afferent neurotransmission from

parts of the urogenital region to spinal cord and brain centers (Andersson 1993;

Hedlund 2005). NO is synthesized from the amino acid L-arginine by two main

classes of nitric oxide synthases (NOS): the NOS occurring in the cytosol of

peripheral nerves (nNOS) is a Ca2+/calmodulin-dependent enzyme that releases

picomoles of NO in response to receptor stimulation. The endothelial NOS

(eNOS) is located in endothelial cells and glandular epithelium where it is mainly

associated with the membranes of the mitochondria, endoplasmatic reticulum

(ER), and Golgi apparatus. The eNOS is one of the factors accounting for the

endothelium-mediated relaxation of vascular and nonvascular smooth muscle of
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the urogenital tract (Andersson and Persson 1993). NO interacts with the cytosolic

(soluble) guanylyl cyclase (sGC) in the cytoplasm and increases the rate of

conversion of guanosine triphosphate (GTP) into cyclic GMP. The structurally

related particulate GC (pGC) extends in an extracellular domain to which natri-

uretic peptides, such as atrial natriuretic peptide (ANP), brain natriuretic peptide

(BNP), and C-type natriuretic peptide (CNP), bind to and subsequently induce

accumulation of intracellular cyclic GMP (Lucas et al. 2000). Stimulation of

specific G-protein-coupled receptors on the outer cell surface by the binding

of b-adrenergic agonists, prostaglandin E1 (PGE1), or VIP results in the activation of

adenylyl cyclase (AC) activity and subsequent elevation of cyclic AMP. The

increase in cyclic AMP or cyclic GMP triggers a signal transduction cascade that

encompasses the activation of cyclic nucleotide-dependent protein kinases (cAK,

cGK), phosphorylation of the actin-myosin system, as well as Ca2+ channels and

ATP-driven Ca2+ pumps located in the outer cell membrane or the membrane of

the sarcoplasmatic reticulum (SR). This cascade leads to a reduction in cytosolic

Ca2+ and, finally, to smooth muscle relaxation. The present review focuses on the

control of smooth muscle function mediated by cyclic AMP/cyclic GMP in the

bladder, prostate and urethra, potential disease-related alterations in said pathways

in the out-flow region, and possibilities for the pharmacological modification of the

signaling pathways.

2 Soluble Guanylyl Cyclase

The main intracellular receptor for NO is the soluble form of the enzyme guanylyl

cyclase (sGC). sGC is a heterodimeric protein that consists of an a- and b-subunit,
both presenting a homologous domain constituting the catalytic center known to

generate cyclic GMP. The enzyme also contains a heme that is attached to a

histidine residue of the b-subunit, which is essentially required for the activation

of the enzyme by NO. Although the binding of NO occurs in the b-subunit, both
subunits are required for the stimulation of enzyme activity (Denninger and

Marletta 1999; Lee et al. 2000). Since the pharmacological activation of sGC has

been recognized to have great potential for the treatment of a wide variety of

diseases, several agents have been identified that have the ability to stimulate the

enzyme. While classical NO donors (i.e., organic nitrates) may exert serious draw-

backs, compounds that can activate sGC in a manner independent from the release

of NO offer a significant advance (Hobbs 2002). Such compounds have been

developed recently by several pharmaceutical companies and are characterized as

non NO-based sGC activators due to a mechanism of action that involves the

binding of the entire drug molecule to the heme component. The prototype of non

NO-based sGC activators is YC-1, originally identified as a potent inhibitor of

platelet aggregation (Friebe et al. 1998). The stimulating effects of YC-1 cannot be

blocked by NO scavengers, indicating that the action of the drug is independent of

NO. A group of non NO-based sGC activators, designated as A 344905, A 350619,
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BAY 41-2272, BAY 41-8543, and BAY 58-2667, are considerably more potent

than YC-1 (Bischoff et al. 2003; Straub et al. 2001; Stasch et al. 2002; Moreland

et al. 2002; Miller et al. 2003). While the effects of BAY 41-2272 and BAY 41-

8543 are dependent on the interaction with the heme moity of sGC, BAY 58-2667 is

independent of heme. BAY 41-2272 and BAY 41-8543 stimulate the sGC in a

synergistic manner with NO and, thus, require the presence of the heme group.

Therefore, they are sensitive to blockade by sGC inhibitors, such as the quinoxaline

derivative ODQ. Recently, another novel class of compounds has gained scientific

interest among clinical researchers as these drugs are assumed to have emerging

biological and medical significance. These agents are exemplified by NO-releasing

derivatives of phosphodiesterase type 5 (PDE5) inhibitors. NicOx S.A., France,

has developed NCX 911, a NO-releasing derivative of sildenafil citrate. NCX 911

releases NO spontaneously and increases intracellular cyclic GMP concentrations

by activating sGC in the absence of endogenous NO and by inhibiting PDE5

(Riffaud et al. 2001).

3 Phosphodiesterase Isoenzymes

Cyclic nucleotides are degraded by PDE isoenzymes, a heterogenous group of

hydrolytic enzymes. It is because of their central role in smooth muscle tone

regulation that PDEs have become an attractive target for drug development.

PDEs are classified according to their preference or affinity for cyclic AMP or/and

cyclic GMP, kinetic parameters of cyclic AMP/cyclic GMP hydrolysis, relative

sensitivity to inhibition by various compounds, and allosteric regulation by other

molecules. This particular group of enzymes is represented by at least 11 families:

Ca2+/calmodulin-stimulated PDE (PDE1), cGMP-stimulated PDE (PDE2),

cGMP-inhibited PDE (PDE3), cAMP-specific PDE (PDE4), cGMP-specific

PDE (PDE5), and the cGMP-binding, cGMP-specific PDE of mammalian rods

and cones (PDE6). While PDE7 (cAMP-high affinity) and PDE8 (IBMX-insensitive)

have preferred selectivity for cyclic AMP, PDE9 exclusively degrades cyclic GMP,

and the PDE10 and PDE11 can inactivate both cyclic AMP and cyclic GMP. Some

of these isoenzyme families contain more than one gene (isogenes), and some genes

are alternatively spliced so that, to date, more than 50 isoenzymes or variants have

been described (Conti and Jin 1999; Essayan 2001). Subtypes of PDEs with distinct

substrate preferences, kinetics, and regulatory properties are variably distributed in

tissues throughout the body, and the expression of PDE isoenzymes may also vary

in cellular and subcellular compartments. Isoforms or variant-transcripts of most

PDE families have been shown to be expressed in tissues or cellular structures of

the human urinary and genital tract, but, up until today, the exact role of only a few

of these PDE subtypes for urogenital functioning has been established. For exam-

ple, expression of the PDE5 in the corpus cavernosum penis and the relaxation

mediated by cyclic GMP of the penile erectile tissue during sexual stimulation have

made inhibition of this enzyme a clinical benefit in the management of erectile
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dysfunction (Kalsi and Kell 2004). PDE7 is present in human skeletal muscle,

kidney, brain, and pancreas. Although expressed in other tissues, high levels of

PDE8, PDE10, and PDE11 are found in the testis, and PDE9 is expressed in

intestinal smooth muscle, skeletal muscle, and brain (Han et al. 1997; Fisher

et al. 1998a, b; Loughney et al. 1999; Fawcett et al. 2000) (see Table 1). PDE

Table 1 Expression of phosphodiesterase (PDE) isoenzymes in different organs/tissues of the

human body, including the male and female urogenital/reproductive tract

Organ/tissue of human body PDE isoenzymes expresseda

Cardiovascular system

Aorta PDE1, PDE2fs, PDE3fs, PDE4, PDE5

Cardiac ventricle PDE1

Heart PDE1, PDE2fs, PDE3fs, PDE4

Veins PDE1, PDE4, PDE5

Arterial/venous endothelial cells PDE2fs, PDE5fs

Central nervous system/visual

perception

Brain PDE1fs, PDE2, PDE4fs, PDE5, PDE9, PDE10

Retina PDE6fs

Gastrointestinal tract

Pancreas PDE3, PDE4

Glandular system

Adrenal glands PDE2

Thyroid gland PDE1, PDE4, PDE8

Respiratory tract

Lung PDE1, PDE2, PDE3, PDE4, PDE5

Trachea PDE1, PDE2, PDE3, PDE4fs, PDE5

Urogenital tract

Detrusor PDE1fs, PDE2, PDE3, PDE4fs, PDE5fs

Kidney PDE1, PDE2, PDE3, PDE4, PDE5, PDE9fs

Penis (Corpus cavernosum) PDE2, PDE3, PDE4fs, PDE5fs

Clitoris PDE1, PDE2, PDE4, PDE5

Vagina PDE4, PDE5, PDE10

Prostate PDE1(?), PDE4fs, PDE5fs, PDE11fs

Seminal vesicles PDE1, PDE2, PDE3, PDE4fs, PDE5fs, PDE10, PDE11

Testis PDE1, PDE3, PDE4, PDE5, PDE8, PDE10, PDE11

Urethra PDE1, PDE2, PDE4fs, PDE5fs, PDE11

Data were adopted in part from a file kindly provided by Professor Christian G. Stief, Ludwig-

Maximilians-University, Faculty of Medicine, Department of Urology, Munich, Germany

PDE1 Ca2+/calmodulin-stimulated PDE, inactivates both cAMP and cGMP; PDE2 Stimulated by

cGMP; PDE3 Inhibited by cGMP; PDE4 cAMP-specific PDE; PDE5 cGMP-specific PDE; PDE6
cGMP-binding, cGMP-specific PDE of mammalian rods and cones; PDE7 cAMP-high affinity

PDE; PDE8 cAMP-specific, IBMX-insensitive; PDE9 cGMP-specific PDE; PDE10/PDE11 Inac-
tivate both cAMP and cGMP
aExpression was evaluated by means of molecular biology (RT-PCR analysis), Western blot/dot

blot analysis, or chromatographical methods (anion exchange chromatography)

Listing does not discriminate between different isoforms of a PDE family (e.g., PDE4A, PDE4B,

PDE4D) or splice variants of distinct isoforms (e.g., PDE11A1, PDE11A2, PDE11A3)

fs indicates that the isoenzyme has been suggested/proven to be of functional significance in the

control of the respective tissue

? The presence of the PDE1 in the prostate is questionable
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isoenzymes hold a central role to control the intracellular levels of cyclic AMP

and cyclic GMP. To date, 6 out of these 11 isoenzymes (PDE1, PDE2, PDE3,

PDE4, PDE5, and PDE11) have been proven pharmacological important. Since

the distribution and functional significance of PDE isoenzymes varies in different

tissues, isoenzyme-selective inhibitors have the potential to exert specific effects

on the target tissue. Although human tissues express several members of the

PDE families or more than one variant of an individual family, there are numerous

examples where an individual PDE is predominantly found in a specific locali-

zation.

4 Cyclic Nucleotide-Binding Protein Kinases

It is assumed that the binding to and activation of the cyclic GMP-dependent

protein kinase (cGKI) is one crucial step in the mechanism mediating the biological

actions of cyclic GMP in the LUT. Cyclic GMP/cGKI-mediated mechanisms have

been shown to phosphorylate the inositol-1,4,5-triphosphate receptor and reduce

the Ca2+ sensitization mediated by protein kinase C (PKC) or Rho-kinase (ROK)

(Komalavilas and Lincoln 1994; Sawada et al. 2001). Two isoforms of cGKI

(cGKIa, MW ¼ 76 kDa and cGKIb, MW ¼ 78 kDa) have been identified and

there is evidence that both isoforms differ considerably with regard to their func-

tional properties. For example, the cGKIa is activated by a significantly lower

concentration of cyclic GMP than is the cGKIb. It has been demonstrated that

disturbances in Ca2+ regulation in vascular smooth muscle cells deficient in cGKI

can be alleviated by transfection of the cells with the isoform cGKIa but not cGKIb
(Lincoln et al. 1988; Feil et al. 2002). It has also been assumed that the relaxation of

smooth muscle mediated by cGKIa involves not only a decrease in cytosolic Ca2+

but also an inhibition of Ca2+ sensitization and a modulation of the activity of the

enzyme myosin phosphatase, known to counteract smooth muscle contraction via

the dephosphorylation of the light chain of the protein myosin (Surks et al. 1999).

Based on the results from experimental and clinical studies, alterations in the

expression and activity of cGKIa and cGKIb have been related to erectile dysfunc-

tion and cardiovascular diseases, such as hypertension, atherosclerosis, and throm-

bus formation (Elesber et al. 2006; Hedlund et al. 2000; Ganz 2005). As of today,

the clinical significance of the cGKI in the control of the function of LUT smooth

muscle remains to be elucidated. To date, studies evaluating the expression

and potential functional significance of cGKI in the human LUT have been limited

to the prostate: Haynes et al. (2006), using molecular biology techniques, detected

mRNA transcripts encoding for both isoforms in human prostate tissue (Haynes

and Cook 2006). Waldkirch et al. (2007) were the first who described by means of

immunohistochemistry the distribution of both cGKIa and cGKIb in stromal areas

of the transition zone, where the enzymes were found colocalized with cyclic GMP

(Waldkirch et al. 2007).
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5 Targets for the Pharmacological Modulation of the Cyclic

AMP/Cyclic GMP Signaling in the LUT

5.1 Prostate

The so-called benign prostatic syndrome (BPS) represents a major health care

problem in westernized countries. BPS comprises obstructive and irritative symp-

toms [lower urinary tract symptomatology (LUTS)], as well as benign prostatic

enlargement (BPE) with variable degrees of bladder outlet obstruction (Guess

1995; Chiricos and Sanford 1996). Major symptoms include urinary frequency,

nocturia, and slow stream. It is estimated that approximately 50% of men older than

50 years have moderate to severe symptoms arising from LUTS (Jacobsen et al.

1993). The current pharmacological management of LUTS and BPE involves

a1-adrenergic blockers, such as alfusozin, doxazosin, and tamsulosin, in order to

diminish outflow resistance by reducing the tension of smooth muscle fibers located

in the transition zone and periurethral region of the prostate (Hieble and Ruffolo jr

1996). Intervention into the hormonal control of prostate growth by using inhibitors

of 5-a-reductase activity is another approach to ease symptoms (Andersen et al.

1995; Roehrborn et al. 2004).

The expression of several cyclic AMP and cyclic GMP PDE isoenzymes (PDE1,

PDE2, PDE4, PDE5, PDE7, PDE8, PDE9, PDE10) in the human prostate was

shown by means of molecular biology and protein chemistry. Later, the distribution

of the PDE4 and PDE5 in stromal and glandular areas of the transition zone was

shown using an immunohistochemical approach (€Uckert et al. 2001; €Uckert et al.
2006). In organ bath studies, the tension of prostate strip preparations mediated via

the activation of a1-adrenergic receptors was dose-dependently reversed by the

PDE4 inhibitor rolipram and PDE5 inhibitor sildenafil (€Uckert et al. 2001).
The role of PDE5 inhibitors in the treatment of symptoms of LUTS/BPH has

been addressed by some open-label studies and, more recently, placebo-

controlled clinical trials. Sairam et al. (2002) were the first who examined the

effects of sildenafil citrate in patients presenting with ED and LUTS. From the

112 patients enrolled in the open-label study, 20 subjects complained of LUTS,

from these, 32% had moderate to severe symptoms (IPSS > 7). After 12 weeks of

treatment with sildenafil, there was an overall improvement in the international

prostate symptom score (IPSS) and LUTS-specific quality of life (QoL) score.

All patients who had severe LUTS showed a moderate improvement of the

disease, 60% of those who initially presented with moderate LUTS showed a

mild symptomatology after treatment. The authors concluded that treatment with

sildenafil appears to improve urinary symptom scores (Sairam et al. 2002)

McVary et al. (2007a) assessed in a randomized, double-blind, placebo-controlled

trial the effects of sildenafil given for 12 weeks in 366 men suffering from ED and

LUTS secondary to BPH (IPSS � 12). Patients received 50 mg sildenafil at bed-

time or up to 1 h before sexual activity for at least 2 weeks, followed by 100 mg
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sildenafil once daily for 10 weeks. Primary outcome measures were changes in the

erectile function domain of the international index of erectile function (IIEF),

secondary outcome measures were changes in all other domains of the IIEF and

IPSS, including QoL, BPH impact index (BPH II), and Qmax. Sildenafil signifi-

cantly improved LUTS, mean IPSS decreased by 6.3 points vs. 1.93 in the placebo

group. Interestingly, patients with severe LUTS (�8.6 � �2.4) experienced

greater improvement in IPSS than those with moderate LUTS (�3.6 � �1.7).

A significant reduction of bladder storage symptoms and an increase in the BPH II

and QoL were also noted in the treatment arm while no significant changes

in Qmax were registered. From the later findings, the authors concluded that

extraprostatic pathophysiological mechanisms related to an impairment of the

activity of the NO-system might be involved in the etiology of LUTS (McVary

et al. 2007a).

The efficacy and safety of tadalafil (CIALIS™) were also investigated in a

randomized, double-blind, placebo-controlled study in men with moderate to

severe LUTS secondary to BPH. Following a 4-week placebo run-in phase,

281 men were randomized to 5 mg tadalafil for 6 weeks, followed by dose escala-

tion to 20 mg for another 6 weeks or placebo for 12 weeks. Primary end point was

the change in IPSS after 6 and 12 weeks of treatment. Secondary efficacy endpoints

included patient IPSS, QoL, BPH II, and the LUTS Global Assessment Question-

naire (GAQ), as well as parameters from uroflowmetric measurements (Qmax).

After 6 and 12 weeks, tadalafil showed significant improvement in the patients,

the respective mean change from baseline in IPSS was �2.8 in the tadalafil group

vs. �1.2 in the placebo group (6 weeks) and �3.8 (verum) vs. �1.7 (placebo)

(12 weeks). Mean subscores related to irritative and obstructive symptoms also

significantly improved in patients who had received tadalafil. Except for BPH II

after 6 weeks, all assessments of the disease-related QoL had significantly

improved after treatment with tadalafil. In contrast, no significant changes in

uroflowmetric values were observed (McVary et al. 2007b). These findings were

later confirmed by means of post hoc analysis of the data from a dose-finding study

on the effects of tadalafil in comparison to placebo on Qmax, bladder capacity,

voiding efficiency, and obstructive symptoms in men with LUTS secondary to

BPH. One thousand and fifty eight men with BPH/LUTS had been randomly

allocated to receive once-daily treatment with tadalafil (2.5, 5, 10, or 20 mg) or

placebo for 12 weeks. Tadalafil treatment significantly improved the IPSS obstruc-

tive subscores. The increases in Qmax were numerically greater for tadalafil vs.

placebo, but did not reach statistical significance. No significant changes in PVR

were noted. The most pronounced effects on bladder capacity and voiding effi-

ciency were registered in men with a Qmax < 10 ml/s at baseline; however, these

changes were also not significantly different from the placebo responses. Despite

the marginal changes in uroflowmetric measurements, the authors emphasized that

treating the patients with tadalafil was associated with clinically meaningful and

statistically significant alleviation of the obstructive symptoms of BPH (Roehrborn

et al. 2009; Broderick et al. 2010).
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In an 8 week randomized, double-blind, placebo-controlled, multicenter study,

Stief et al. (2008) examined the efficacy of vardenafil (LEVITRA™) in a cohort of

222 men (aged 45–64 years) presenting with LUTS/BPH (IPSS � 12). Patients

were randomized either to vardenafil (10 mg twice daily) or placebo. Efficacy

outcome included changes in peak urinary flow rate, as well as scores from the

IPSS and a nine-item BPH-specific QoL questionnaire (UROLIFE QoL 9). After

treatment, a decrease of 5.9 points in the IPSS was observed in the vardenafil group vs.

3.6 points in the placebo group. Significant changes in the IPSS subscores for

storage and voiding symptoms and an improvement in the UROLIFE QoL were

also noted in the vardenafil group. Since baseline values were already close to

normal, Qmax and postvoiding residual urine volume did not change significantly

with treatment (Stief et al. 2008).

It was shown more recently that sildenafil also improves Qmax and Qave (mean

average flow rate) rates in men with LUTS suggestive of BPH. A single dose of the

PDE5 inhibitor (50 or 100 mg) resulted in an improvement in Qmax in the patients.

Qave and the mean voided volumes of the patients also increased while no signifi-

cant differences were registered in the Qmax, Qave, and voided volumes in the

control group before and after placebo (G€ulcer et al. 2008; Guven et al. 2009).

These results are in support of the use of inhibitors of PDE5 for treating LUTS and

urinary obstruction secondary to BPH.

5.2 Urinary Bladder

Anticholinergic drugs are currently the therapy of choice to treat urgency and urge

incontinence (Andersson et al. 2001). Nevertheless, up till now, muscarinic recep-

tor blockers acting exclusively on detrusor smooth muscle are not available.

Moreover, the unstable detrusor seems to be regulated in part by noncholinergic

mechanisms. These factors may explain the common side effects and the limited

clinical efficacy of anticholinergics. The specific modulation of intracellular second

messenger pathways may offer a promising possibility to achieve selective modu-

lation of tissue function, especially with regard to the contraction and relaxation of

human urinary bladder smooth musculature. Using chromatographic methods,

Truss et al. (1996a) were the first who reported the presence of the PDE1 (cAMP/

cGMP-PDE, Ca2+/calmodulin-dependent), PDE2 (cAMP-PDE, cGMP-dependent),

PDE3 (cAMP-PDE, cGMP-inhibited), PDE4 (cAMP-PDE), and PDE5 (cGMP-

PDE) in the human detrusor (Truss et al. 1996a). They also demonstrated relaxant

responses of isolated human detrusor strip preparations contracted by the musca-

rinic agonist carbachol to the nonspecific PDE inhibitor papaverine and the PDE1

inhibitor vinpocetine. The relaxing effects of the drugs were paralleled by an

increase in tissue levels of cyclic AMP and cyclic GMP (Truss et al. 1996b).

They concluded from their findings that the cyclic AMP-pathway and the PDE1

might be of functional significance in the control of detrusor smooth muscle. The

predominant expression of the PDE1 in the human detrusor was later confirmed by
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RT-PCR analysis (€Uckert et al. 2009). Results from a randomized, double-blind,

placebo-controlled study to assess the effects of the PDE1 inhibitor vinpocetine in

patients with urgency and urge incontinence, who had failed standard pharmaco-

logical therapy, demonstrated that vinpocetine was superior to placebo with regard

to the clinical outcome parameters micturition frequency, bladder volume at first

sensation, bladder volume at voiding desire, maximum detrusor pressure, and

voided volume (Truss et al. 2001). The efficacy of vardenafil was also assessed in

a single center, randomized, double-blind, placebo-controlled trial in a group of 25

spinal cord injured male patients with micturition disorders who were on oxybuty-

nin treatment. Following a baseline urodynamic testing, a second test was per-

formed 1–3 h after the administration of 20 mg vardenafil or placebo. Primary

endpoints were changes in maximum detrusor pressure during voiding, maximum

cystometric capacity, and detrusor volume at first (overactivity) sensation.

Although NO does not appear to have direct smooth muscle regulatory functions

in the detrusor, vardenafil administration significantly decreased maximum detrusor

pressure, considerably improved cystometric capacity, and increased volume at first

sensation (Gacci et al. 2007). Hence, modulating the activity of PDE isoenzymes

might represent a promising approach to treat patients with LUT dysfunction.

Future studies will delineate as to whether PDE inhibitors, such as the PDE1

inhibitor vinpocetine or selective inhibitors of the PDE5, may have significance

in the treatment of detrusor instabilities and urge incontinence.

5.3 Ureter

Very much in contrast to the urinary bladder, prostrate or urethra, little is known on

the peripheral neurotransmission responsible for relaxation of ureteral smooth

muscle. Research on ureteral neurotransmitters focused on afferent innervation;

studies on the efferent limb of the autonomic innervation of the ureter were done

over two decades ago when the concept of nonadrenergic/noncholinergic innerva-

tion was not yet established. In the 1990s, reports on the localization of VIP and

NOS in nerves supplying the ureter were published but no in vitro studies done to

further corroborate the findings (Smet et al. 1994). Later, it was demonstrated that

the tension of isolated human ureteral tissue was dose-dependently reversed by the

NO donor drug molsidomine (SIN-1), preincubation with the sGC-inhibitor methy-

lene blue significantly reduced the relaxation response. However, no effects of the

NOS-inhibitor L-NORAG were observed on the relaxation induced by means of

electrical field stimulation. Immunhistochemistry revealed NOS-containing neuro-

nal axons as well as nerve endings in the muscular layers of the ureter (Stief et al.

1996). Taher et al. (1994) reported the presence of the cGMP PDE5, cAMP/cGMP

PDE1, and cAMP PDE2 and PDE4 in cytosolic supernatants prepared from human

ureteral tissue. Using the organ bath technique, they demonstrated the potency of

the PDE4 inhibitor rolipram and dual PDE5/PDE1 inhibitor zaprinast to reverse the

tension induced by KCl of circular ureteral segments (Taher et al. 1994). K€uhn et al.
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(2000) later confirmed the relaxing properties of inhibitors of PDE4 (rolipram) and

PDE5 (E 4021, MSPP) on isolated human ureteral smooth musculature and showed

that these effects were paralleled by an elevation in intracellular levels of cyclic

AMP or cyclic GMP (K€uhn et al. 2000). Based on the results from experiments on

the effects of the NO donor drugs sodium nitroprusside (SNP) and SIN-1, and the

PDE5 inhibitor zaprinast on the tension induced by KCl of proximal segments of

the human ureter, Saighi et al. (2000) concluded that cyclic GMP is an important

second messenger in the signaling pathway leading to the relaxation of ureteral

smooth muscle (Saighi et al. 2000). In contrast, Gratzke et al. (2007) registered

marginal effects of the PDE5 inhibitors vardenafil, sildenafil, and tadalafil on the

tension induced by KCl of human ureteral tissue. Although the responses were

paralleled by a threefold to fourfold increase in tissue levels of cyclic GMP, the

maximum relaxation (Rmax) induced by the drugs ranged from only 23 to 6%

(Gratzke et al. 2007). In an in vivo rabbit model, Becker et al. (1998) examined

the potential of the PDE4 inhibitor rolipram in comparison to the nonselective PDE

inhibitors papaverine, theophylline, and the muscarinic antagonist scopolamine to

induce ureteral relaxation. They found that only rolipram induced pronounced

decreases in intraluminal (intraureteral) pressure as well as in the amplitude and

frequency of the phasic (peristaltic) contractions of the ureter. No considerable

effects on the systemic circulation were observed, whereas the application of

scopolamine, papaverine, or theophylline exerted no or only short-lasting effects

on the ureter, but significantly affected systemic blood pressure of the animals

(Becker et al. 1998). It was concluded from these findings that the application of

PDE inhibitors, especially those of the cyclic AMP PDE4, seems promising in order

to facilitate effectively and with minimal side effects the spontaneous passage of

distal ureteral stones and relieve ureteral colic pain.

5.4 Urethra

It is without doubt that there is a pivotal functional role of the urethra in maintaining

continence and enabling coordinated micturition in both genders. While the con-

traction of urethral smooth muscle mediated by the activation of a-adrenoceptors
has been attributed to the continence mechanism, the relaxation of the longitudinal

and/or circular muscle layer during micturition has been assumed to be mediated by

NO and the cyclic GMP pathway. In the human urethra, large amounts of NOS-

containing nerves have been demonstrated in the muscular wall, around blood

vessels, close to the urothelium, as well as in the sarcolemma of intramural striated

muscle fibers of the membranous urethra (Alm et al. 1993; Ho et al. 1998).

Significant enzymatic activity of NOS, measured as the formation of citrulline in

response to transmural electrical stimulation of nerves, has also been demonstrated

(Ehren et al. 1994). In the anesthetized rat, systemic application of the NOS

inhibitor L-NOARG decreased the amplitude and duration of urethral relaxation;

this effect was in part reversed by administration of L-arginine (Bennett et al. 1995).
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In humans, sublingual administration of the NO donor drug isosorbide dinitrate to

healthy male subjects resulted in a reduction of the resting pressure of the external

urethral sphincter (Reitz et al. 2004). Immunohistochemical studies performed on

sections of the human female urethra demonstrated the expression of the cyclic

GMP-specific PDE5 within urethral vascular and nonvascular smooth muscle

cells and in the vascular endothelium. In the vascular endothelial cells, PDE5

was found colocalized with its substrate cyclic GMP (Werkstr€om et al. 2006).

More recently, the predominant expression of mRNA transcripts specifically

encoding for PDE1B and 1C (Ca2+/Calmodulin-dependent PDE), PDE4A and

4D (cAMP-PDE), PDE5A (cGMP-PDE) and PDE11A2 (Dual Substrate PDE)

was shown by means of RT-PCR analysis (Kedia et al. 2009). In preliminary

organ bath experiments, the contraction induced by noradrenaline of isolated

human female human urethra was almost completely reversed in response to

10 mM sildenafil, the reversion of the tension brought about by 30 mM vardenafil

and tadalafil was 85% and 47%, respectively (Werkstr€om et al. 2006). The

significance of the cGKI (see Sect. 4) in the control of normal urethral function

has also been evaluated. In sections of the human urethra, strong immunoreactiv-

ity for cGKI and cyclic GMP was seen in smooth muscle cells. Animal studies

revealed that mice lacking the gene encoding for cGKI do not exhibit NO/cyclic

GMP-mediated relaxations of urethral smooth muscle in response to the activa-

tion of nerves or application of NO donor drugs (Persson et al. 2000). Isolated

urethral tissue of diabetic rabbits demonstrated reduced NO-dependent relaxation

responses and also an impaired ability to produce cyclic GMP when challenged

with SNP (Mumtaz et al. 1999). These results have been interpreted in terms that

modulation of the cyclic GMP pathway in urethral smooth muscle, e.g., by

inhibition of the PDE5 or activation of the cGKI, might represent an interesting

option to facilitate relaxation of the outflow region.

6 Conclusion

Based on the knowledge of the physiological mechanisms regulating the male and

female urogenital tract, the modulation of key enzymes of the cyclic GMP and/or

cyclic AMP-pathway has been suggested a straightforward approach for the treat-

ment of various diseases of the LUT. The increased scientific awareness in this field

and the unending charge to conceive first-line treatments demonstrating advanced

and superior efficacy than the previous options offer a promising future for the

therapy of such dysfunctions. While some approaches should involve the NO/cyclic

GMP cascade, other strategies should also take into account the modulation of the

cyclic AMP signaling, as well as the combination of various mechanisms of drug

action (e.g., a drug combining PDE5 inhibition with the release of NO) in order to

affect multiple peripheral intracellular protein targets. It is assumed that new

treatment options will be efficacious in terms of promoting normal organ function

and exert limited systemic adverse events.
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Xuan AT (2000) In vitro study of the modulation of human ureteral tonus by nitric oxide and

zaprinast, a phosphodiesterase inhibitor. Prog Urol 10:1161–1168

Sairam K, Kulinskaya E, McNicholas TA, Boustead GB, Hanbury DC (2002) Sildenafil influences

lower urinary tract symptoms. BJU Int 90:836–839

Sawada N, Itoh H, Yamashita J, Doi K, Inoue M, Masatsugu K, Fukunaga Y, Sakaguchi S, Sone

M, Yamahara K, Yurugi T, Nakao K (2001) cGMP-dependent protein kinase phosphorylates

and inactivates RhoA. Biochem Biophys Res Commun 280:798–805

Smet PJ, Edyvane KA, Jonasvicius J, Marshall VR (1994) Colocalisation of nitric oxide synthase

with vasoactive intestinal peptide, neuropeptide Y and thyrosine hydroxylase in nerves sup-

plying the human ureter. J Urol 152:1292–1296

Stasch JP, Alonso-Alija C, Apeler H, Dembowsky K, Feurer A, Minuth T, Perzborn E, Schramm

M, Straub A (2002) Pharmacological actions of a novel NO-independent guanylyl cyclase

stimulator, BAY 41-8543: in vitro studies. Br J Pharmacol 135:333–343

Stief CG, €Uckert S, Truss MC, Becker AJ, Machtens S, Jonas U (1996) A possible role for

nitric oxide in the regulation of human ureteral smooth muscle tone in vitro. Urol Res

24:333–337

Cyclic Nucleotide Metabolism Including Nitric Oxide 541



Stief CG, Porst H, Neuser D, Beneke M, Ulbrich E (2008) A randomised, placebo-controlled study

to assess the efficacy of twice-daily vardenafil in the treatment of lower urinary tract symptoms

secondary to benign prostatic hyperplasia. Eur Urol 53:1236–1244

Straub A, Stasch JP, Alonso-Alija C, Benet-Buchholz I, Ducke B, Feurer A, Minuth T, Perzborn E,

Schramm M, Straub A (2001) NO-independent stimulators of soluble guanylate cyclase.

Bioorg Med Chem Lett 11:781–784

Surks HK, Mochizuki N, Kasai Y, Georgescu SP, Tang KM, Ito M, Lincoln TM, Mendelsohn ME

(1999) Regulation of myosin phosphatase by a specific interaction with cGMP-dependent

protein kinase Ia. Science 286:1583–1587
Taher A, Schulz-Knappe P, Meyer M, Truss MC, Forssmann WG, Stief CG, Jonas U (1994)

Characterization of cyclic nucleotide phosphodiesterase isoenzymes in the human ureter and

their functional role in vitro. World J Urol 12:286–291

Truss MC, €Uckert S, Stief CG, Kuczyk MA, Jonas U (1996a) Cyclic nucleotide phosphodiesterase

(PDE) isoenzymes in the human detrusor smooth muscle: I. Identification and characterization.

Urol Res 24:123–128

Truss MC, €Uckert S, Stief CG, Kuczyk MA, Jonas U (1996b) Cyclic nucleotide phosphodiesterase

(PDE) isoenzymes in the human detrusor smooth muscle: II. Effect of various PDE-inhibitors

on smooth muscle tone and cyclic nucleotide levels in vitro. Urol Res 24:129–134

Truss MC, Stief CG, €Uckert S, Becker AJ, Wefer J, Schultheiss D, Jonas U (2001) Phosphodies-

terase 1 inhibition in the treatment of lower urinary tract dysfunction: from bench to bedside.

World J Urol 19:344–350
€Uckert S, K€uthe A, Jonas U, Stief CG (2001) Characterization and functional relevance of cyclic

nucleotide phosphodiesterase isoenzymes of the human prostate. J Urol 166:2484–2490
€Uckert S, Oelke M, Stief CG, Andersson KE, Jonas U, Hedlund P (2006) Immunohistochemical

distribution of cAMP- and cGMP-phosphodiesterase (PDE) isoenzymes in the human prostate.

Eur Urol 49:740–745
€Uckert S, Sandner P, Sigl K, Ulbrich E, Stief CG, Kuczyk MA (2009) Is there a role of the

phosphodiesterase type 5 (PDE5) in the control of detrusor smooth muscle? A functional and

molecular biology study. J Urol 181(suppl 4):152 (Abstract)

Waldkirch ES, €Uckert S, Langn€ase K, Richter K, Jonas U, Wolf G, Andersson KE, Stief CG,

Hedlund P (2007) Immunohistochemical distribution of cyclic GMP-dependent protein kinase

1 in human prostate tissue. Eur Urol 52:495–502

Werkstr€om V, Svensson A, Andersson KE, Hedlund P (2006) Phosphodiesterase 5 in the female

pig and human urethra: morphological and functional aspects. BJU Int 98:414–423

542 S. €Uckert and M.A. Kuczyk



Rho-Kinase, a Common Final Path of Various

Contractile Bladder and Ureter Stimuli

Xinhua Zhang and Michael E. DiSanto

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 544

2 Smooth Muscle Contraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 544

3 Calcium Sensitization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 545

3.1 Rho/Rho-kinase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 546

3.2 Rho . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 548

3.3 Rho-Kinase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 548

3.4 Activation of the Rho/Rho-kinase Pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 549

3.5 Effectors of the Rho/Rho-kinase Pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 551

4 Rho-kinase in Dysfunctional Bladder Contractility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 552

4.1 Partial Bladder Outlet Obstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 552

4.2 Diabetic Bladder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 554

4.3 Hypertension-Associated Bladder Dysfunction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 556

4.4 Hormonal Regulation of Rho-kinase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 557

4.5 The Aging Bladder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 558

5 Rho-kinase in Ureteral Contractility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 558

6 Non SM Contractility Effects of Rho-kinase in the Bladder and Ureter . . . . . . . . . . . . . . . . . . 559

7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 559

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 560

Abstract Normal urinary bladder function is based on the proper contraction and

relaxation of smooth muscle (SM), which constitutes the majority of the bladder

wall. The contraction and relaxation of all SM involves a phosphorylation–depho-

sphorylation pathway involving the enzymes smooth muscle myosin light chain

kinase (SMMLCK) and smooth muscle myosin light chain phosphatase

(SMMLCP), respectively. Although originally thought to function just as a passive

opposition to SMMLCK-driven SM contraction, it is now clear that SMMLCP

activity is under an extremely complex molecular regulation via which SMMLCP

inhibition can induce “calcium sensitization.” This review provides a thorough
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summary of the literature regarding the molecular regulation of the SMMLCP with

a focus on one of its major inhibitory pathways that is RhoA/Rho-kinase (ROK)

including its activation pathways, effector molecules, and its roles in various

pathological conditions associated with bladder dysfunction. Newly emerging

roles of ROK outside of SM contractility are also discussed. It is concluded that

the RhoA/ROK pathway is critical for the maintenance of basal SM tone of the

urinary bladder and serves as a common final pathway of various contractile stimuli

in rabbits, rats, mice, and pigs as well as humans. In addition, this pathway is

upregulated in response to a number of pathological conditions associated with

bladder SM dysfunction. Similarly, RhoA/Rho-kinase signaling is essential for

normal ureteral function and development and is upregulated in response to ureteral

outlet obstruction. In addition to its critical role in bladder SM function, a role of

ROK in the urothelium is also beginning to emerge as well as roles for ROK in

bladder infection and invasion and metastasis of bladder cancer.

Keywords Bladder dysfunction � Calcium sensitization � RhoA/Rho-kinase �
Smooth muscle � Smooth muscle myosin phosphatase

1 Introduction

Normal urinary bladder function is based on the proper contraction and relaxation

of smooth muscle (SM), which constitutes the majority of the bladder wall.

Unlike skeletal and cardiac muscle, which are regulated by calcium through a

tropomyosin–troponin complex, the contraction and relaxation of all SM involves a

phosphorylation–dephosphorylation pathway mediated by the enzymes SM myosin

light chain kinase (SMMLCK) and SM myosin light chain phosphatase (SMMLCP),

respectively. Although SM contraction was originally thought to be activated only by

an elevation of cytosolic calcium [Ca2+]I, it is now clear that SM contraction can also

occur even in the absence of changes in [Ca2+]I by inhibiting SMMLCP via a guanine

nucleotide-binding protein (G protein)-coupledmechanism ofwhich an enzyme called

Rho-kinase (ROK) has been established to play a major role. This process has been

termed “calciumsensitization.” The focus of this review article is to thoroughly explore

the roles of ROK in SM contraction, the mechanisms which regulate its activity, and

the effectors which execute its various functions. In addition, we review the role of

ROK in numerous pathological conditions that lead to urinary dysfunction.

2 Smooth Muscle Contraction

As early as 1946, it was thought that calcium was the intracellular trigger for muscle

contraction (Heilbrunn and Wiercinski 1946). Then in 1954, Huxley and Hanson

demonstrated that there were changes in the cross-striations of muscle during

contraction and stretch implicating cross-bridge cycling in the generation of force
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by a muscle (Huxley and Hanson 1954). Almost 10 years later, Ebashi and Ebashi

discovered that the removal of calcium caused relaxation in actomyosin systems

(Ebashi and Ebashi 1962), and it was later determined that troponin was the

“calcium sensing” protein (Ebashi et al. 1967). However, unlike in skeletal and

cardiac muscle, the troponin system was not operative in SM, and it was subse-

quently determined that an enzyme known as smooth muscle myosin light chain

kinase (SMMLCK) was the putative intracellular calcium sensor for SM contrac-

tion (Barron et al. 1979) and that it was dependent upon a protein known as

calmodulin (CaM) (Dabrowska et al. 1978)

It is now well established that SM contraction is triggered by an increase in

cytosolic Ca2+ concentration ([Ca2+]c), which can result either through calcium

influx via voltage-dependent channels or stretch-activated channels, and release of

intracellular calcium ([Ca2+]i) stored in the sarcoplasmic reticulum (SR) through

channels in the SR membrane including calcium-induced calcium release (CICR)

(Itoh et al. 1981) and inositol 1,4,5-trisphosphate (IP3) receptor-mediated release of

calcium from the SR (Suematsu et al. 1985; Endo et al. 1990). In response to an

initial three to tenfold increase in the free intracellular Ca2+ binding to calmodulin

(CaM), Ca2+/CaM then activates SMMLCK, which phosphorylates the 20 kDa

regulatory myosin light chain (MLC20) located near the head region of the myosin

crossbridge that binds to actin (Adelstein and Eisenberg 1980). The result is a

conformational change that allows actin to stimulate myosin ATPase activity,

crossbridges to cycle, and actin to slide past myosin resulting in myocyte contrac-

tion (Okamoto and Sekine 1981). It has been demonstrated that there is a linear

relationship between the level of SM MLC20 phosphorylation and actin-activated

ATPase activity necessary for contraction (Chacko 1981). Ca2+ levels then subse-

quently decline and may return to near baseline levels within a few minutes of

cellular activation via a mechanism that involves Ca2+ buffering by the SR and Ca2+

extrusion by Ca2+ pumps serving to lower the [Ca2+]I (Khalil et al. 1987). A

decrease in [Ca2+]i inactivates SMMLCK and permits dephosphorylation of

MLC20 by SMMLCP, thus causing relaxation. These pathways are summarized in

Fig. 1.

3 Calcium Sensitization

The ability of SM cells to sustain a contractile response in the presence of submaxi-

mal intracellular Ca2+ levels is an important hallmark of “calcium sensitization”

(Somlyo et al. 1989; Kitazawa et al. 1991; Himpens et al. 1988; Morgan and Morgan

1984). Ca2+ sensitization can even cause contraction of SM without necessarily

changing [Ca2+]I (Litten et al. 1987). Thus, over the last 20 years, evidence has

been accumulating that “calcium sensitization” can play as important a role as

changes in intracellular calcium levels in the fine tuning of SM tone in a vast array

of different tissues (for review see (Hirano 2007; Christ andWingard 2005; Ratz et al.

2005). During this time, it has been determined that the key player in “calcium
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sensitization” appears to be the MLC20 phosphorylation-dependent mechanism. Thus

the balance between pathways leading to an increase in MLC20 phosphorylation and

those leading to a decrease in MLC20 phosphorylation determines the extent of the

“calcium sensitization” (Hirano 2007). Although changes in either of these pathways

can influence “calcium sensitization,” the focus of this review will be on the regula-

tion of the MLC20 phosphatase as this is a primary target for ROK.

3.1 Rho/Rho-kinase

A major mechanism of “calcium sensitization” recently identified involves

an enzyme known as ROK. ROK activity is regulated through a complex

molecular pathway. A brief summary of the known major participants in this
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Fig. 1 Regulation of Bladder Smooth Muscle Contraction. Upper Panel: During contraction of

SM, calcium enters the cell via various membrane channels including voltage-dependent Ca2+ and

stretch-activated channels and is also released from the sarcoplasmic reticulum (SR) via inositol

1,4,5-triphosphate (IP3)-dependent calcium induced calcium release (CCIR) and ryanodine chan-

nel (RyC) calcium release. The Ca2+ then binds with calmodulin (CaM), and together, they

activate the enzyme smooth muscle myosin light chain kinase (SMMLCK), which phosphorylates

SM myosin on its 20 kDa regulatory light chain and drives crossbridge cycling and SM contrac-

tion. Lower Panel: During relaxation of SM, calcium is buffered and sequestered into the SR via an

enzyme known as sarco/endoplasmic reticulum Ca2+-ATPase (SERCA)
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pathway and a schematic demonstrating how these pathways interact is given in

Fig. 2.

One of the most important regulators of ROK activity is RhoA, a small GTP-

binding protein (Ishizaki et al. 1996). ROK binds GTP-RhoA at its centrally located

Rho-binding domain. This binding of RhoA causes ROK to migrate to the cell

membrane where it is maximally active (Leung et al. 1995). One study has shown

that ROK can increase the phosphorylation level of SM MLC20 by directly phos-

phorylating the myosin (shown only in vitro) (Amano et al. 1996). However, the

currently more accepted mechanism by which ROK increases SM MLC20 phos-

phorylation (which does not require calcium) is indirectly by inhibiting the

phosphatase (SMMLCP) responsible for dephosphorylating SM MLC20 (Kimura

et al. 1996) (Fig. 2).

Rho-GDI

Rho-GTP

RhoGEF RhoGAP

ROK

Rho-GTP

PKC

CPI-17

SMMLCP-P
(INACTIVE)

SMMLCK

CPI-17-P

ZIP KinaseSMMLCP
(ACTIVE)

Various Contractile
Stimuli

Actin +
Myosin

Actin + 
Myosin-P

Fig. 2 Agonist-induced SM Contractile Stimulation Mediated via the RhoA/Rho-kinase
Pathway. In response to the various contractile stimuli outlined in this review the RhoA/

Rho-kinase pathway is activated. RhoA exists in an inactive form bound to the inhibitory

GDP/GTP exchange protein GDI. Activation of Rho can be accomplished via a Rho guanine

nucleotide exchange factor (RhoGEF) to produce Rho-GTP. However, Rho GTPase-activat-

ing protein (RhoGAP) can convert Rho-GTP back to RhoGDI. Activated Rho-GTP associates

with ROK at the cell membrane wherein ROK is activated. Activated ROK then can directly

phosphorylate SMMLCP, which inactivates it and allows the SMMLCK to work with less

opposition favoring SM contraction. ROK can also inhibit SMMLCP indirectly by phosphor-

ylating CPI-17, which causes it to become 1,000 fold more active and to bind directly to the

SMMLCP inactivating it. Alternatively, ROK can activate PKC to cause phosphorylation of

CPI-17
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3.2 Rho

The Rho family includes Rho, Rac, and Cdc42, and these small G proteins have

been best known for their roles in cytoskeletal reorganization (Olenik et al. 1997)

and gene expression (Hill et al. 1995). The Rho subfamily includes RhoA, RhoB,

and RhoC, and these proteins share the same amino acid sequence in their effector

domains and thus, as expected, seem to have similar intracellular targets (Zong

et al. 1999). However, the RhoA GTPase has been the most thoroughly studied,

especially in the bladder. Rho acts as a molecular switch in that it cycles between a

guanosine-50-triphosphate (GTP)-bound active state and a guanosine 50-diphos-
phate (GDP)-bound inactive state. There are several molecular mechanisms

involved in the cycling between the active and inactive states. Rho guanine

nucleotide exchange factors (GEFS) catalyze the exchange of GDP for GTP thus

activating Rho, GTPase activating proteins (GAPS) inactivate small G proteins by

accelerating their intrinsic GTPase activity, while Rho guanine nucleotide dissoci-

ation inhibitors (GDIs) bind to Rho and inhibit guanine nucleotide exchange and

activation of the Rho GTPases (Zong et al. 1999; Van and D’Souza-Schorey 1997).

3.3 Rho-Kinase

As described above, the small GTPase Rho plays pivotal roles in the Ca2+ sensiti-

zation of SM. However, the GTP-bound active form of Rho failed to exert Ca2+-

sensitizing effects in extensively Triton X-100-permeabilized SM preparations,

which was assumed to be due to the loss of an important diffusible cofactor

(Gong et al. 1996). Kureishi et al. then demonstrated that a previously identified

serine/threonine kinase termed ROKa (Leung et al. 1995) was this missing factor

and that ROKa could induce contraction with proportional increases in the level of

MLC20 phosphorylation both in the presence and absence of calcium (Kureishi

et al. 1997). Subsequently, two isoforms of Rho-kinase have been identified: ROKa
and ROKb, also referred to as ROCK-II and ROCK-I, respectively (Nakagawa et al.
1996). These isoforms are relatively large proteins (150–160 kDa) consisting of an

amino-terminal kinase domain, a central coiled-coil domain that includes a Rho-

binding domain, and a carboxyl-terminal putative pleckstrin homology domain.

Although the kinase domain is more than 90% conserved between ROKa and

ROKb in the mouse, the rest of the molecules are only around 55–70% conserved,

suggesting that the two enzymes may have somewhat different cellular functions. In

the mouse, the ROKb isoform was expressed abundantly in the heart, lung, liver,

stomach, spleen, kidney, testis, placenta, and fetus, but much less in the brain and

skeletal muscle, while ROKawas highly expressed in the brain, heart, lung, muscle,

placenta, and fetus, and was relatively low in the liver, stomach, spleen, kidney, and

testis (Nakagawa et al. 1996). It was later demonstrated by Western blotting that

both the ROKa and ROKb isoenzymes were present in the rat urinary bladder

548 X. Zhang and M.E. DiSanto



(Wibberley et al. 2003a), rabbit bladder (Bing et al. 2003), and in human bladder

(Takahashi et al. 2004). At present, the complete functional differences between the

ROKa and ROKb isoforms have not been elucidated.

3.4 Activation of the Rho/Rho-kinase Pathway

The RhoA/Rho-kinase pathway can be activated by a number of different mole-

cules and physiological stimuli. The main pathways relevant to the bladder include

muscarinic acetylcholine receptors, endothelin, angiotensin, protein kinase C, nitric

oxide, reactive oxygen species, sphingosine-1-phosphate (S1P) and sphingosylpho-

sphorylcholine (SPC) pathways, P2-type purinoceptors, lysophosphatidic acid, and

prostaglandin F2a.
Jezior et al. initially reported that bethanechol-induced contraction of rabbit

detrusor was due in part to a ROK-induced increase in calcium sensitivity (Jezior

et al. 2001). This was subsequently followed by a study by Ratz et al. who found

that carbachol (CCh)-induced contraction of rabbit bladder SM was inhibited by the

ROK inhibitors Y-27632 and HA-1077 (Ratz et al. 2002). Schneider et al. then

demonstrated that the selective ROK inhibitor Y-27632 concentration dependently

and effectively attenuated the responses to the muscarinic agonist CCh in human

urinary bladder (Schneider et al. 2004), while Takahashi confirmed the ROK

dependence of CCh-induced contraction of human bladder SM (Takahashi et al.

2004). In a similar manner, Y-27632 reduced the CCh-induced maximal contrac-

tion along with CCh potency in normal rat bladder SM strips (Braverman et al.

2006; Fleichman et al. 2004) and inhibited CCh-induced contractions in neonatal

and adult mice (Ekman et al. 2006). However, ROK has yet to be shown to play a

major role in muscarinic-mediated contraction of the guinea pig bladder (Durlu-

Kandilci and Brading 2006; Roosen et al. 2008).

It has been shown that endothelin 1 (ET-1) stimulates the small GTPase,

“RhoA,” in vascular SM (Sakurada et al. 2001), suggesting that the molecular

mechanism by which ET-1 causes SM contraction involves the ROK pathway.

This hypothesis is strongly supported by the facts that ET-1-induced contraction of

stellate cells and portal vein constriction can be almost completely inhibited by the

ROK-selective inhibitor Y-27632 (Kawada et al. 1999). In prior studies, it was

reported that this is also true for corpus cavernosum (CC) SM of the penis as it was

shown that ET-1 induced CCSM contraction was almost completely abolished by

Y-27632 (Chang et al. 2003), and subsequently, it was reported that ET-1 induced

contraction of rabbit clitoral cavernous SM was also relaxed by the ROK inhibitor

Y-27632( Myung et al. 2008). Recently, it has been shown that although both the

ETA and ETB receptors mediate a Gaq receptor-dependent activation of SMMLCK

that results in a transient increase in MLC20 phosphorylation levels, only the ETA

receptor mediates a Ga13 receptor-dependent activation of RhoA, and the

ETA-Ga13 pathway was found to selectively modulate the sustained phase of

SM contraction (Hersch et al. 2004). Concentration–response curves to ET-1
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(0.01–100 nM)-induced bladder contraction were significantly attenuated following

incubation with the Rho-kinase inhibitors H-1152 (0.1–1 mM), Y-27632 (1–10 mM),

or HA-1077 (10 mM) (Teixeira et al. 2007).

Although canine detrusor did not respond well to either angiotensin I (Ang 1) or

angiotensin II (Ang 2) (Steidle et al. 1990), both Ang 1 and 2 induced potent

contraction of human detrusor muscle (Saito et al. 1992) and rat bladder (Rouissi

et al. 1990; Tanabe et al. 1993). However, canine bladder base and urethra did

contract to Ang (Ye and Jin 1997). Even though it does not seem to have been

demonstrated yet in the bladder, Ang-induced contraction is largely mediated via

the ROK pathway in other SMs (Hisaoka et al. 2001), and thus, Ang is likely to be

an activator of the ROK pathway in the bladder as well as other urogenital SM.

Kandabashi et al. provided evidence for protein kinase C (PKC)-mediated

activation of ROK in a porcine model of coronary artery spasm by showing that

PDBu (a direct activator of PKC-induced contraction) was significantly inhibited

by the ROK inhibitor hydroxyfasudil, identifying PKC to be located upstream of

ROK and that among the PKC isoforms, only PKCd appeared to be involved

(Kandabashi et al. 2003). More recently, Nobe et al. demonstrated that glucose-

dependent enhancement of diabetic bladder contraction is associated with an ROK-

regulated PKC pathway (Nobe et al. 2009).

Soliman et al. reported that cardiomyocytes from rats cultured in the presence of

the NO donor sodium nitroprusside (SNP) increased RhoA expression, while

cardiomyocytes from diabetic rats showed elevation of RhoA expression that

could be normalized by the iNOS inhibitor L-NIL (Soliman et al. 2008). Further-

more, eNOS knockout mice as well as eNOS/nNOS double knockout mice exhib-

ited decreased ROK activity but with no significant change in RhoA or ROK

isoforms expression (Bivalacqua et al. 2007).

Reactive oxygen species (ROS) has been shown to activate the ROK pathway as

Jin et al. demonstrated that the ROK signaling pathway is activated by ROS in rat

aorta (Jin et al. 2004). Similarly, calcium sensitization by ROK involved in the

regulation of airway SM tone was shown to be induced by H2O2 in guinea pigs

(Kojima et al. 2007). Since the overdistension-induced oxidative stress in rat

bladders is associated with ROS production (Yu et al. 2004), ROS-induced ROK

activation may be intimately involved in bladder SM function and dysfunction.

S1P is a sphingolipid that acts on five types of G-protein-coupled receptors

termed S1P1–S1P5 [originally termed EDG receptors] (Lockman et al. 2004;

Ishii et al. 2004; Chun et al. 2002). S1P, via the S1P2 and S1P3 receptors, has

been shown to activate constriction of SM via the RhoA/ROK pathways (G12/13)

(Salomone et al. 2003; Ishii et al. 2002) including human SM (Hudson et al. 2007).

Using the ROK inhibitor H-1152, it was demonstrated that S1P-induced bladder

SM contraction in the rat is largely mediated via the RhoA/Rho-kinase pathway

(Aydin et al. 2010).

Extracellular nucleotides can bind to P2-type purinoceptors, which can be ion

channels (P2X receptors) or molecules that couple to trimeric G proteins (P2Y

receptors) and have been shown to induce contraction and Y-27632-sensitive Ca2+

sensitization in aortic rings (Sauzeau et al. 2000). Contraction of the rat urinary
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bladder SM with the P2X receptor agonist a,b-methylene ATP was attenuated by

Y-27632 (Wibberley et al. 2003b). In contrast, P2Y is associated with bladder SM

relaxation (Aronsson et al. 2010; Boland et al. 1993), demonstrating the tissue-

specific effects of the P2Y receptor.

Finally, lysophosphatidic acid (LPA), prostaglandin F2a (PGF2a), and SPC

have been shown to increase phosphorylation of MYPT1 at Thr695 and enhance

Ca2+ sensitivity through activation of ROK. Feng et al. developed a site- and

phosphorylation-specific antibody to Thr695 and demonstrated that stimulation of

serum-starved Swiss 3T3 cells by LPA induced an increase in Thr695 phosphory-

lation on MYPT1 and that this effect was blocked by an ROK inhibitor, Y-27632

(Feng et al. 1999). Indeed LPA induced significant contraction of both human and

rat cultured bladder SM cells (Kropp et al. 1999). In isolated canine basilar arteries,

SPC and PGF2a-induced contraction were both dose-dependently inhibited by

Y-27632 (Hashiba et al. 2007). PGF2a has been shown to contract guinea pig

detrusor strips but interestingly relax strips from the bladder outlet (Finkbeiner

and Bissada 1981), while SPC induced a concentration-dependent contraction of

SM cells from the rectosigmoid of the rabbit (Bitar and Yamada 1995).

Tachykinins (also referred to in mammalian species as neurokinins) are a family

of peptides that share a common C-terminal sequence, Phe-X-Gly-Leu-Met-NH2.

The mammalian tachykinins include substance P, neurokinin A, and neurokinin B.

Neurokinin A & B and substance P have been shown to cause contraction of rat

urinary bladder SM, and Y-27632 significantly attenuated both the tonic and phasic

components of bladder contraction for neurokinin A and substance P (Wibberley

et al. 2003b; Quinn et al. 2004; Hall et al. 1992).

3.5 Effectors of the Rho/Rho-kinase Pathway

Numerous molecules have been demonstrated as effectors of the RhoA/ROK

pathway. The most important of these is the SMMLCP, which is composed of

three subunits: MYPT1 (a 110–130 kDa MLC20 targeting subunit); PP1c (a 38 kDa

catalytic subunit of protein phosphatase type 1); and a small 20 kDa subunit whose

function is not clear (Shimizu et al. 1994; Fujioka et al. 1998; Shirazi et al. 1994;

Alessi et al. 1992). Kimura et al. showed that ROK, which is activated by GTP.

RhoA, phosphorylated MYPT1, and then consequently inactivated the SMMLCP

enzyme (Kimura et al. 1996). The major sites of phosphorylation of MYPT1 by

ROK have been identified as T695/T696/697 (chicken/human/rat) and S850/S853/

855 (chicken/human/rat) (Ito et al. 2004; Kawano et al. 1999; Haystead 2005), with

ROK exhibiting a threefold preference for the serine site (Hirano 2007). Phosphor-

ylation of both T696 and T853 has been now shown to decrease the activity of the

SMMLCP (Feng et al. 1999; Muranyi et al. 2005), while T853 was also shown to

interfere with the binding of MYPT1 to myosin (Velasco et al. 2002).

Alternatively, ROK may exert its influence on SMMLCP activity via a molecule

known as CPI-17, which is a PKC-potentiated SMMLCP-inhibitory protein of
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17 kDa that is expressed predominantly in SM (Eto et al. 1997). Similar to ROK,

CPI-17 can potentiate contraction at constant [Ca2+]I (Li et al. 1998). Although

significantly active in its unphosphorylated form, phosphorylation at Thr38 increases

the affinity of CPI-17 for SMMLCP by more than 1,000-fold (Eto et al. 1995). In

addition to PKC, it has been revealed that ROK can also phosphorylate CPI-17 at the

Thr38 site (Koyama et al. 2000). Importantly, this suggests that CPI-17 could be a

molecular switch that would allow cross-talk between the ROK and PKC pathways.

Most recently, Wang et al. reported that Thr38 phosphorylation could be reduced by

inhibition of PKC during the entire contraction but by ROK inhibition only during the

sustained phase of contraction (Wang et al. 2009).

One of the key questions that have arisen is how the activated RhoA/ROK

complex, which should presumably be located at the cell membrane, can activate

the contractile apparatus, which is located in the sarcoplasm. A potential explana-

tion that has arisen involves a molecule that has been termed zipper interacting

protein kinase (Zip-kinase; also referred to as ZIP-like kinase or DAPK3 or ZIPK)

that has been shown to selectively phosphorylate the regulatory subunit (MYPT1)

of the SMMLCP and the inhibitory protein CPI-17 inducing Ca2+ sensitization in

SM (MacDonald et al. 2001a; b). It was subsequently determined that dominant

negative RhoA inhibited the ZIPK–SMMLCP interaction, supporting a role for Rho

in promoting the ZIPK–SMMLCP interaction and suggesting ZIPK as a bridge

between membrane associated activated ROK and the contractile apparatus (Endo

et al. 2004). Discrete kinase activities toward Thr-265 and Thr-299 were defined

and identified by mass spectrometry as ROKb, and in vitro, it has been demon-

strated that ROK phosphorylated ZIPK at Thr-265 and Thr-299 as well as bringing

about its activation (Hagerty et al. 2007). Furthermore, it has been shown that

phosphorylation at Thr-299 regulates the intracellular localization of ZIPK (Graves

et al. 2005).

4 Rho-kinase in Dysfunctional Bladder Contractility

Some of these above ROK-mediated contractile mechanisms have been shown to

be extensively altered in response to various pathological insults. In the following

section, we discuss the role of ROK in these common pathologies of the lower

urinary tract.

4.1 Partial Bladder Outlet Obstruction

Bladder outlet obstruction (BOO) is a common urologic pathology observed in

children with posterior urethral valves (Dinneen and Duffy 1996), in adults with

benign prostatic hyperplasia (BPH) (Nordling 1994), or in response to urethral

stricture (Mondet et al. 2001). BOO has been associated with numerous and
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substantial changes in the phenotype of the urinary bladder SM including an altered

SM contractility. In general, there is an increase in the connective tissue-to-muscle

ratio (Inui et al. 1999), an increase in detrusor muscle cell hypertrophy (Collado

et al. 2006; Elbadawi et al. 1993), and an increase in SM contractility (Bouche-

louche et al. 2005).

Experimentally, many pathologic characteristics of human obstructed bladder

disease can be recapitulated in animal models (Levin et al. 2000). In rabbits, rats,

and mice with BOO, the detrusor SM undergoes hypertrophy to compensate for the

increased force required to expel urine against the obstruction. Bing et al. reported

that surgically induced BOO male rabbit decompensated bladder exhibited a tonic

type SM contraction to KCl depolarization compared to sham-operated rats that

exhibited a more phasic-type SM contraction (Bing et al. 2003). In this study,

rabbits with BOO first underwent metabolic cage monitoring to determine in vivo

bladder function, and only those rabbits that exhibited decompensated bladder

function were used as the BOO group for the study. They also determined that

the bladder from BOO rabbits exhibited lower SMMLCP activity and showed

more Ca2+-independent MLC20 phosphorylation, which was partially inhibited by

Y-27632, suggesting a role for the RhoA/Rho-kinase pathway in the BOO-induced

tonic-type detrusor contraction. Although the expression of SMMLCK or ROKa
was not significantly different between bladders from BOO and sham-operated

rabbits, the expression of ROKb was significantly increased in bladders from BOO

rabbits at both the mRNA and protein levels, determined by RT-PCR and Western

blotting, respectively, further suggesting a role for ROK in the increased tonicity of

the bladder SM strips in response to BOO (Bing et al. 2003).

The above findings are in agreement with a subsequent study by Levin and

colleagues also in male rabbits that in general found an increase in the expressions

of ROKa and ROKb in the bladder at 2 and 8 weeks post BOO (Lin et al. 2008). In

their study, they also found that the increase in ROKa and ROKb protein correlated

with decreases in relaxation of phenylephrine-precontracted detrusor strips by

electrical field stimulation (EFS), adenosine triphosphate (ATP), acetylcholine

and sodium nitroprusside, and a significant decrease in the SM to collagen ratio.

Similarly, the work of Takahashi et al. found an increase in the expression of RhoA,

ROKa, and ROKb after 4 weeks of BOO in the male rat (Takahashi et al. 2009).

This study also demonstrated an increase in the sustained component of detrusor

contraction like the Bing et al. study above and further showed that the sustained

component of CCh-induced contraction for the detrusor from BOO rats was

decreased to a greater degree by the ROK inhibitor Y-27632 than the sustained

force component from control rats. Most recently, Aydin et al. reported an approxi-

mately twofold increase in the expression of both of these ROK isoforms in the

male rat after 2 weeks BOO (Aydin et al. 2010) consistent with the above studies.

However, another study by the Levin group found a more varied response to

BOO in the male rabbit with an increase in the expression of ROKa at both the

mRNA and protein levels from 2–8 weeks but a substantial decrease in the

expression of the ROKb isoform from 1–8 weeks BOO (Guven et al. 2007). In

order to determine if the age of the rabbit influenced the animal’s response to BOO,
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they compared the response of young and mature male rabbits to BOO over

2 weeks. Again, the expression of the ROKa isoform was increased and the

expression of the ROKb isoform was decreased at both the mRNA and protein

levels (Guven et al. 2008). The only major difference between the young and old

group was that from 7–14 days, the expression of both ROKa and ROKb recovered

to some degree in the young group but did not recover in the old group. It is possible

that the expression of the ROK isoforms correlates with the severity of the bladder

obstruction and/or the in vivo functional capacity of the urinary bladder, but this

awaits future studies with larger cohorts of animals coupled with urodynamic

evaluation.

Bladders from 2-week BOO rats also had greater mRNA expression of the S1P2
(fivefold) and S1P3 (twofold) receptors, which as described above mediate their

contractile effects at least partly via the RhoA/ROK pathway (Aydin et al. 2010).

Moreover, sphingosine kinase-1 (SPHK1), an enzyme that converts sphingosine to

S1P, was also increased nearly threefold, suggesting that there would be more

endogenous S1P available to activate this pathway. Western blotting and organ-

bath contractility studies showed similar changes at the protein and in vitro func-

tional level, with an increased contractility of bladder strips from BOO rats to

exogenous S1P. Transfection of SPHK into isolated SM cells increased ROK

expression. Thus, for the first time, it was demonstrated that the S1P signaling

pathway is significantly upregulated in response to BOO in male rats at both the

molecular (mRNA and protein level) and in vitro functional levels (increased force

development in response to exogenous S1P stimulation), correlating with an acti-

vation of the RhoA/ROK pathway. In addition, using selective in vitro antagonists,

it was shown that S1P-mediated contraction in bladder can be completely attenu-

ated by blocking the ROK pathway and that the S1P2 and the S1P3 receptors play a

major role in bladder contraction. Further, SPHK overexpression increases ROK

expression in SM cells in vitro, suggesting a novel hypothesis of S1P-induced

bladder overactivity in the mechanism for BOO-induced bladder dysfunction and

the S1P signaling pathway as a possible therapeutic target for bladder overactivity

(Aydin et al. 2010).

There is also mounting evidence that ischemia/reperfusion (I/R) is a major

etiologic factor in the progression of bladder dysfunction associated with BOO.

Juan et al. showed that ischemia alone caused an immediate increase in the

expression of ROKa in the bladder smooth muscle and that this expression returned

to normal levels after reperfusion (Juan et al. 2009). In this same study, CPI-17

expression was also significantly increased in the muscle layer and then decreased

after 2 weeks of reperfusion.

4.2 Diabetic Bladder

One of the most common complications of diabetes mellitus (DM) is bladder

dysfunction, which for years has been accepted to be a manifestation of diabetic
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neuropathy (Andersen and Bradley 1976; Faerman et al. 1973) with an early loss of

bladder sensation (Kebapci et al. 2007). The bladder cannot sense that it is full and

overdistends, leading to impaired detrusor contractility and atony of the bladder

(Frimodt-Moller 1978). However, it is now thought by many that diabetic cysto-

pathy likely represents end-stage bladder failure. Interestingly, bladder dysfunc-

tion in response to DM can also be manifested early on as detrusor overactivity,

and this pathology has been reported to be the most frequent urodynamic finding

in patients with peripheral neuropathy with 70% of patients exhibiting detrusor

overactivity (Kaplan et al. 1995). It has also been determined that diabetes is

associated with decreased urethral relaxation in response to NO, again suggestive

of an increase in SM contractility or tone (Yang et al. 2007). To date, diabetic

animal models of T1D have yielded conflicting data on detrusor contractility with

some studies finding decreased force generation (Changolkar et al. 2005; Gupta

et al. 1996; Longhurst and Belis 1986; Su et al. 2004) and other studies finding

increased force generation (Kodama and Takimoto 2000; Tammela et al. 1994;

Waring and Wendt 2000).

Increased Rho/ROK signaling occurs in several nonbladder tissues of diabetic

animals (Kizub et al. 2010; Didion et al. 2005; Xie et al. 2010; Soliman et al. 2008).

Concerning the bladder, Chang et al., using two-dimensional gel electrophoresis,

showed that the basal MLC20 phosphorylation level was significantly higher in

detrusor from alloxan-induced Type 1 diabetic rabbits than detrusor from normal or

diuretic controls, and that the ROK inhibitor, Y-27632, decreased the MLC phos-

phorylation level (Chang et al. 2006). Furthermore, in this same study, adding

Y-27632 to bethanechol-precontracted detrusor SM strips induced muscle relaxation,

but it occurred much more slowly in diabetic samples compared with controls, and

this correlated with tenfold, and twofold increased expression of the ROKb isoform

at the mRNA and protein levels, respectively. Chang et al. also found a similar

twelvefold and 2.5 fold higher mRNA and protein expression, respectively, of the

ROK effector protein CPI-17 in diabetic rabbits compared to their nondiabetic

control counterparts (Chang et al. 2006).

Using a mouse model of type 2 diabetes known as the ob/ob mouse, Nobe et al.

found that CCh induced time- and dose-dependent contractions in ob/ob and

C57BL mice; however, maximal responses differed significantly (14.34 � 0.32

and 12.69 � 0.22 mN/mm in ob/ob and C57BL mice, respectively, after 30 mM
CCh treatment), which correlated with an approximate twofold increase in blood

glucose levels in the ob/ob mice (Nobe et al. 2009). Additionally, pretreatment of

bladder SM strips under high glucose conditions led to the enhancement of CCh-

induced contraction solely in the diabetic mice, and the correlation between intra-

cellular calcium concentration and contraction was enhanced only in the ob/ob

mouse, suggesting a diabetes-induced “calcium sensitization.” This enhancement

of contraction was inhibited by pretreatment with the ROK inhibitor, fasudil, while

this inhibitor also suppressed the differences between ob/ob and C57BL mouse

bladder contractions under high glucose conditions.

Since cooling of urinary bladder SM normally is a potent stimulus to micturition

due to increase in muscle tone, Ismael et al. studied the effects of cooling on normal
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and diabetic bladder specimens (Ismael et al. 2010). Using urinary bladder SM

strips from rats, they showed that stepwise cooling from 37 to 5�C induced a rapid

and reproducible increase in basal tone, proportional to the cooling temperature and

that this response was more pronounced in diabetic specimens. The ROK inhibitor

Y-27632 (1 mM) inhibited cooling (20�C)-induced contraction by 52.1 � 10.0% in

control and by 70.0 � 12.0% in diabetic rats, which was a statistically significant

difference.

4.3 Hypertension-Associated Bladder Dysfunction

Spontaneously hypertensive rats (SHR) exhibit hyperactive voiding (Spitsbergen

et al. 1998) with lower bladder capacity, decreased micturition volume, and an

increased amplitude of nonvoiding bladder contractions consistent with the overac-

tive bladder syndrome (OAB) (Persson et al. 1998). Rajasekaran et al. confirmed

and extended these findings by demonstrating that SHR rats had a higher voiding

rate and rate of nonvoiding contractions compared to control Wistar Kyoto (WKY)

rats (Rajasekaran et al. 2005). In addition, they showed that the ROK inhibitor

Y-27632 could significantly reduce these rates in the SHR to near control levels.

Additionally, using immunohistochemistry, they reported stronger reactivity of

antibody to RhoA in the bladders of the SHR compared to the control WKY rats.

Schneider et al. provided contrasting data suggesting that ROK does not con-

tribute to bladder dysfunction in SHR rats (Schneider et al. 2005). In this study, they

determined that the mean total number of muscarinic receptors, the relative roles of

their muscarinic receptor subtypes, contractile response to CCh, and the effect of

the ROK inhibitor Y-27632 on CCh-induced contraction were quantitatively simi-

lar for SHRs and WKY control rats. However, subsequently, Nobe et al. provided

further data supporting a role for ROK in the spontaneously hypertensive and

hyperlipidemic rat (SHHR rat) (Nobe et al. 2008). They found that CCh induced

dose-dependent contractions in Sprague-Dawley (age-matched control) rats and

SHHRs with an approximately 2.5-fold lesser force in the SHHR rats. Moreover,

this difference, which was maintained in calcium-replaced physiological salt solu-

tion, was suppressed by pretreatment with the ROK inhibitor Y-27632. Thus, unlike

the increase in CCh-induced maximum contraction observed by Rajesekaran et al.

in the SHR, this study found a much lower maximum force in the SHHR rat. Yet in

both of these studies, an ROK inhibitor attenuated these changes. Although the

decreased SHHR contraction to CCh occurred prior to any significant change in

blood glucose level (ruling out a hyperglycemia-induced effect), the SHHR rat did

have two to threefold higher levels of total cholesterol and trigylcerides, which may

have influenced SM phenotype (Nobe et al. 2008).

Most recently, Morelli et al. reported that the intercontraction interval and

bladder capacity were decreased in SHRs (similar to the Rajasekaran et al. study)

and restored by the phosphodiesterase V (PDE5) inhibitor vardenafil (Morelli

et al. 2009). However, nonvoiding contractions were not significantly different
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between the two groups. Also, they noted that the in vitro relaxant effect of the

ROK inhibitor Y-27632 was higher in bladder strips from SHR than from WKY

control rats and also restored toward normal levels by vardenafil. Interestingly,

vardenafil prevented RhoA membrane translocation/activation and decreased

ROK activity both in vivo in the rat and in vitro in human bladder cells. Thus

the effect of vardenfil on OAB could be determined at least partly by RhoA/ROK

signaling.

4.4 Hormonal Regulation of Rho-kinase

Although this issue of a menopausal influence on voiding function in women

remains quite a controversial topic, evidence is mounting that alterations in circu-

lating estrogen levels can influence lower urinary tract (LUT) functions (Robinson

and Cardozo 2003; Parekh et al. 2004). Hong et al. showed that incubation with

10 mM Y-27632 resulted in the largest decrease in baseline tension of strips from a

bilateral ovariectomy-only group compared to the sham-operated and bilateral

ovariectomy + estrogen replacement groups, but this was not statistically signifi-

cant (Hong et al. 2006). For CCh-induced tonic contractions, however, strips from

the bilateral ovariectomy-only group were attenuated the most among the three

groups after adding Y-27632, and this change was found to be significant. However,

at the protein level, there were no significant expression differences in the levels of

RhoA and the two ROK isoforms in bladder tissues from the three groups. Their

data suggest that estrogen might inhibit the function of ROK in bladder smooth

muscle, while having no significant effect on its expression. This work is partially

supported by a study from Li et al. that revealed ovariectomized rabbits exhibited a

deceased contractile function that correlated with a significantly increased expres-

sion of ROKa but rather with a significantly decreased expression of the ROKb
isoform (Li et al. 2009).

But in a more detailed study, Chavalmane et al. showed that aromatase and sex

steroid receptors, including GPR30, were expressed in human male bladder and

they mediate several biological functions (Chavalmane et al. 2010). Both 17beta-

estradiol and the orphan estrogen receptor GPR30/GPER1 agonist G1 activated

calcium transients and induced RhoA/ROK signaling (cell migration, cytoskeleton

remodeling, and smooth muscle gene expression) in human bladder cells, while

RhoA/ROK inhibitors blunted these effects. Estrogen- but not androgen-supple-

mentation to male castrated rats increased the sensitivity to the ROK inhibitor

Y-27632 in isolated bladder strips. In cultured human bladder SM cells, testoster-

one elicited effects similar to estrogen, which were attenuated by blocking its

aromatization through letrozole. These data thus indicated for the first time that

estrogen more than androgen receptors upregulate RhoA/ROK signaling. These

authors speculated that since an altered estrogen/androgen ratio characterizes con-

ditions, such as aging, obesity, and metabolic syndrome, often associated to LUTS,

it is speculated that a relative hyperestrogenism may induce bladder overactivity

Rho-Kinase, a Common Final Path of Various Contractile Bladder and Ureter Stimuli 557



through the upregulation of RhoA/ROK pathway. However, this speculation is in

contrast to the above study by Hong et al. that suggested that estrogen may inhibit

rather than activate ROK activity in the bladder. Clearly, more detailed studies in

this area are needed to address this issue.

4.5 The Aging Bladder

In general, aging impairs the contractile response of detrusor strips. Gomez-Pinilla

et al. found that agonist-induced contractions in adult guinea pig bladder strips were

sensitive to blockade with Y27362, an ROK inhibitor, and GF109203X, an inhibitor

of PKC, but that these inhibitors had negligible effects on aged strips, suggesting an

alteration in ROK expression and/or activity (Gomez-Pinilla et al. 2008). The

decreased response to ROK and PKC inhibitors in aged bladders correlated well

with lower levels of RhoA, ROK, PKC, and the two Rho-kinase effectors CPI-17

and MYPT1, and with the absence of CPI-17 and MYPT1 phosphorylation in

response to agonist stimulation.

5 Rho-kinase in Ureteral Contractility

In normal rat, but not guinea-pig ureter, three of the major ROK inhibitors, Y-

27632, HA-1077, and H-1152, were shown to significantly decrease phasic con-

tractions and Ca2+ transients (Shabir et al. 2004). The fact that these inhibitors

could modulate phasic contractions in the absence of changes in calcium suggests a

role for ROK in calcium sensitization of ureteral SM. Levent et al. extended these

studies to sheep showing that both the ROKa and ROKb isoforms were detected in

sheep ureter and that it mediated agonist- and electrical field stimulation (EFS)-

induced contractions as well as spontaneous contractile activity of isolated sheep

ureter (Levent and Buyukafsar 2004). Next, Hong et al. extended these studies to

human ureteral SM demonstrating via immunohistochemistry and immunoblotting

that the ROKa isoform is present in human ureteral SM (Hong et al. 2005). In

functional analysis, they showed that Y-27632 could decrease not only baseline

tension but also spontaneous and EFS-induced contractile responses of human

ureteral strips in a concentration-dependent manner.

Turna et al. later demonstrated that, similar to bladder BOO, unilateral ureteric

obstruction (UUO) increased the expression of both the ROKa and ROKb isoforms

in rabbits (Turna et al. 2007). In addition, functional analysis revealed that the

contractions induced by EFS, KCl, phenylephrine, and carbachol in the ureteric

strips from rabbits with UUO were significantly greater than those from the control

rabbits and that Y-27632 considerably suppressed the ureter contractile responses

in both UUO and control rabbits while normalizing UUO contractions to control

levels.
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6 Non SM Contractility Effects of Rho-kinase in the Bladder

and Ureter

Both the normal bladder and, to a much greater degree, the BOO bladder undergo

cyclical stretch. The cysteine-rich protein 61 (Cyr61) is a signaling molecule with

functions in cell migration, adhesion, and proliferation. Tamura et al. demonstrated

that Cyr61 mRNA levels increase sharply in response to cyclic mechanical stretch

applied to cultured bladder SM cells and that selective inhibition of the ROK pathway

altered this stretch effect, suggesting a role for ROK in the proliferative/hypertrophic

response of the bladder to BOO (Tamura et al. 2001). Stress has also been recently

shown to increase expression of ROK. Yoon et al. reported that rats exposed to

scheduled stress environments for 14 days exhibited an increased expression of

ROKa that correlated with significantly decreased levels of estrogen but increased

levels of testosterone, dopamine, and norepinephrine (Yoon et al. 2010)

ROK has also been shown to exist in the urothelium layer of the bladder. In fact,

Nakanishi et al. demonstrated in the pig a higher level of RhoA mRNA and

activated RhoA enzyme (two- and fourfold, respectively) in the urothelium com-

pared to bladder SM (Nakanishi et al. 2009). Furthermore, the ROK inhibitor Y-

27632 caused a greater tension decrease in CCh-precontracted bladder strips that

had an intact urothelium compared to those that had the urothelium removed. In a

similar study, Tatsumiya et al. showed that in bladder strips with and without

urothelium, low concentrations of the ROK inhibitor fasudil (1 or 10 mmol/L)

inhibited CCh-induced contraction almost identically, but at a higher concentration

(30 mmol/L) of fasudil, Emax was twofold lower in tissues with urothelium com-

pared to those without urothelium, suggesting that the urothelium may be involved

in regulating CCh-induced contraction in urinary bladder via the RhoA/ROK

pathway (Tatsumiya et al. 2009). Related to the dysfunctional bladder, in the

ischemia/reperfusion study by Juan et al. described above, they found that in

contrast to what occurred in the SM layer, the urothelium showed no change in the

expression of ROKa in response to ischemia alone but then an increase in ROKa
expression in response to reperfusion (Juan et al. 2009).

The RhoA/ROK pathway has also been implicated in the molecular mechanism

for bladder infections caused by uropathogenic Escherichia coli (UPEC) (Martinez

and Hultgren 2002), with invasion and metastasis of bladder cancer (Kamai et al.

2003; Chang et al. 2010) and with microfilament-based contraction in branching

morphogenesis of the ureteric bud (Michael et al. 2005).

7 Conclusions

The data summarized in this review show that the RhoA/ROK pathway is criti-

cal for the maintenance of basal SM tone of the urinary bladder and serves as a

common final pathway of various contractile stimuli in rabbits, rats, mice, and pigs
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as well as humans. In addition, this pathway is upregulated in response to a number

of pathological conditions associated with bladder SM dysfunction. Similarly,

RhoA/ROK signaling is essential for normal ureteral function and development

and is upregulated in response to ureteral outlet obstruction. ROK induces “calcium

sensitization” of SM predominantly via the inhibition of SMMLCP either directly

or via activation of the 17 kDa SMMLCP inhibitory protein CPI-17 by directly

phosphorylating it or activating PKC-mediated CPI-17 phosphorylation. In addition

to its critical role in bladder SM function, a role of ROK in the urothelium is also

beginning to emerge as well as roles in bladder infection and invasion and metasta-

sis of bladder cancer.

However, much still remains to be elucidated about the RhoA/ROK pathway

including whether true functional differences exist between ROKa and ROKb,
which may be extremely important in generating some type of isoform-selective

inhibitors, which may indeed be necessary to target such a universally active

enzyme. In addition, there are still many discrepancies between different species

with regard to ROK function, and these must be unified and translated to the human

condition. Finally, clinical data on the use of ROK inhibitors should begin to

emerge in the near future and will need to be critically evaluated.
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