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Chapter 1

General Introduction and Outline of the Thesis
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Structural and functional studies of the urinary bladder are necessary to elucidate the exact working 
mechanisms of storage and voiding of urine and the possible pathological disturbances in bladder 
control. The studies presented in this thesis concentrate on the sensory-motor interaction in the 
lower urinary tract possible roll in abnormal bladder behavior.

The lower urinary tract
The lower urinary tract comprises the bladder and the urethra and is supported by muscles and 
ligaments. The urethra contains both smooth and striated muscles. The bladder can be divided 
into two main components: the bladder body, which is located above the ureteral orifices, and the 
base, consisting of the trigone and urethrovesical junction. The bladder is essentially a hollow organ 
composed of separate layers, that include the detrusor muscle, a complex network of smooth 
muscle fibers and connective tissue that is responsible for bladder contractility. The inner lining of 
the bladder is called the urothelium, which also has a barrier function. The bladder muscular wall 
is formed of smooth muscle cells, also known as the detrusor muscle. The detrusor is structurally 
and functionally different from trigonal and urethral smooth muscle. The interaction between the 
smooth muscle cells in the bladder are important, as this will determine the behavior of the bladder 
wall and the effect bladder shape and intravesical pressure1. In many species, detrusor cells are 
oriented longitudinally in the outer and inner layers and circularly in the middle layer 1. In the human 
detrusor, bundles of muscle cells are not clearly arranged in distinct layers, but run in various 
orientations, forming a meshwork 1, 2. The bundles vary in size, often a few millimeters in diameter, 
and are composed of several smaller sub-bundles.

Bladder physiology
The bladder serves as a reservoir for urine, but with intermittent expulsion capability of urine if 
fullness is perceived timely by the individual. This alternation between storage and voiding phases 
is known as the “micturition cycle”. The storage and periodic elimination of urine depend on the 
coordinated activity of two functional units in the lower urinary tract: a reservoir (the urinary 
bladder) and an outlet consisting of the bladder neck, the urethra, and the urethral sphincter together 
with the pelvic floor muscles 16. Coordination between these organs and structures is mediated by 
a complex neural control system located in the brain, spinal cord, and peripheral ganglia 17. Hence, 
urine storage and voiding are highly dependent on central nervous system pathways. Due to the 
complexity of the neural mechanisms regulating the lower urinary tract, micturition regulation is 
influenced by a wide variety of changes due to for example injuries, diseases, and chemicals that affect 
the nervous system. As a consequence, neurologic mechanisms are an important consideration in 
the diagnosis and treatment of voiding disorders 18. Effective storage implies that the reservoir is 
fully relaxed, and voiding indicates that the whole organ is contracting synchronously. The presumed 
general congruence of the reservoir (i.e. the whole organ is either relaxed or contracting) led to 
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suggestions that the bladder musculature functions as a “functional syncytium”, so that behavior 
of any part of the bladder could be taken as indicative of the state of the whole organ. However, 
this is incorrect, as clearly indicated by the presence of micromotions (localized contractions and 
elongations) during urine storage19. In order to understand the reservoir function of the bladder, 
and potentially voiding as well, information is needed on the contractile properties of the organ as a 
whole and how this may translate into pressure and sensation. 

Neuronal control
The lower urinary tract alternates between “storage” and “voiding” phases, as a result of two 
synergic coordinated states of the bladder and the outlet (urethra and pelvic floor musculature). 
Storage of urine is the result of the absence of global bladder contraction, enabling the organ 
to function as a low pressure reservoir. During the storage phase, there is probably background 
descending inhibition from higher central nervous system centers (Figure 1) 20. During storage, the 
bladder outlet (particularly the urinary sphincter) remains fully active, preventing flow of urine. 
Simultaneously, sympathetic nervous system storage reflexes, result in contraction of the bladder 
neck, and contribute to bladder relaxation at a peripheral level, thereby allowing the bladder to 
accommodate urine at low pressure throughout the filling phase 21. Detrusor contractility is also 
inhibited by sympathetic reflexes, increasing tension in the smooth muscle around the bladder neck 
and urethra and inhibiting parasympathetic transmission through an action on either a spinal or 
ganglionic level 22.
In contrast, bladder emptying (the voiding phase) is under parasympathetic (semi-voluntary) 
control. Neuronal control of micturition is complex, involving communication between many 
parts of the central nervous system (such as cerebral cortex, limbic system, hypothalamus, 
thalamus, basal ganglia, cerebellum, brain stem and spinal cord) and between the central and 
peripheral nervous system. The higher centres exhibit a continuous inhibitory effect on the 
pontine micturition centre. It is release of this inhibition that results in the ‘permission to void’. 
At the level of spinal cord, reflex (autonomic) pathways are also active during bladder filling and 
facilitate storage of urine. 
There are three crucial lower motor nuclei involved in lower urinary tract function; the 
parasympathetic nucleus of the sacral spinal cord controlling the detrusor, Onuf’s nucleus in 
the sacral spinal cord controlling the urethral sphincter, and the sympathetic nucleus in the 
thoracolumbar spinal cord controlling the bladder neck. Maintenance of the synergic co-
ordination of these nuclei, as appropriate for storage and voiding, is regulated by the upper 
motor neurons. For voiding, it is the pontine micturition center that “switches” the relevant 
spinal nuclei into the appropriate state. When voiding is initiated, bladder contraction results as a 
consequence of activation of the parasympathetic nucleus, while opening the urethra is achieved 
by inhibiting the sympathetic and Onuf’s nucleus, respectively allowing the bladder neck and 
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urethral sphincter to relax 23. Afferent (sensory) information is sent via the pelvic nerve and the 
spinal cord to the periaqueductal grey, and onwards to higher centers responsible for conscious 
awareness (sensation). The periaqueductal grey relays on to the pontine micturition center, 
and receives the permissive input from the cerebrum which determines the timing of effective 
initiation of voiding 23.
Age-related white matter lesions, also called vascular dementia, and Alzheimer’s disease are both 
common causes of dementia and are known to be independent risk factors for neurogenic OAB 
and urinary incontinence. It remains uncertain which problem is a more significant contributor to 
neurogenic OAB and incontinence in elderly adults with dementia 24. 

Figure 1. Neuronal control of the bladder and possible effects of Alzheimer’s disease
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Non-voiding contractions
For decades, the bladder was considered to be “silent”, e.g. without any transient pressure 
increases during the filling phase. Presence of contractions during filling phase was marked as 
detrusor overactivity (DO) and considered to be pathological. The general assumption was that 
the bladder is inactive during the storage phase, with limited motility and change in the intravesical 
pressure. After all, motility and pressure fluctuations appear counter-intuitive, since they would 
seemingly counteract reservoir function. However, in 1892, Sherrington has reported small phasic 
fluctuations in pressure of the cat bladder prior to micturition 25. Subsequently, in many species26, 27, 
phasic fluctuations in pressure have been observed under conditions modelling the storage phase, 
generally increasing in amplitude and frequency as the bladder is filled 25. In addition, bladder wall 
movements (micromotions) have been detected in various species, including the guinea-pig, rat, pig 
and human 28-32. Most studies have used isolated whole bladders or bladder segments. Bladders of 
small animal species can be maintained in vitro using transmural oxygenation by diffusion. However, 
bladders of larger species, like humans have a larger tissue volume and therefore artificial perfusion 
is needed to maintain oxygenation and prevent ischaemia30. This is one of the reasons why studies 
with larger bladders are lacking. Involuntary detrusor contractions may lead to symptoms such as 
urgency, increased frequency of voiding and incontinence, which can affect quality of life and the 
ability to work and function normally. However, ambulatory urodynamic measurements have shown 
non voiding detrusor contractions during the filling phase in up to 69% of healthy volunteers 33, 34, 
suggesting that these contractions may be part of a normal physiological mechanism. Currently, 
the differences in non-voiding contractions between normal and pathological states are unknown. 
Non-voiding contractions have been shown to occur in vitro in the isolated whole animal bladder 
preparation 27, and in that model, the non-voiding contractions can be increased by adenosine 
triphosphate (ATP), nitric oxide (NO), acetylcholine and increasing bladder volume or decreased 
by phosphodiesterases (PDE) and calcitonin gene related peptide (CGRP) 29, 35-39. These data 
suggest that non-voiding contractions are generated and processed, at least in part, within the 
bladder wall itself. In rats, the non-voiding contractions have been studied in vivo, showing that they 
increase in amplitude and frequency as the bladder fills 40. The exact role or purpose of non-voiding 
contractions is still unknown, but if they are able to induce afferent activity, they could serve as a 
“primary sensory mechanism” within the lower urinary tract. Enhancement of this activity might 
then result in increased bladder sensations leading to urgency 41. 

Definitions
According to the International Continence Society (ICS), lower urinary tract symptoms (LUTS) 
can be divided into storage symptoms, voiding symptoms and postmicturition symptoms. LUTS in 
male patients is usually attributed to benign prostatic enlargement and outlet obstruction. LUTS 
in the female are predominantly attributed to the overactive bladder syndrome (OAB) 3-5. The 
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definition of OAB includes symptoms of urinary urgency, with or without urgency incontinence, 
usually accompanied by urinary frequency (generally accepted as ≥ 8 micturitions in 24 hours) 
and nocturia 3-5 OAB occurs in both sexes and is in about 50% of the patients accompanied 
by detrusor overactivity (DO) which is defined as uncontrolled contractions of the bladder 
(detrusor muscle) during bladder filling. About half of all individuals with DO, detected during 
conventional urodynamic studies, complain of clinical symptoms 6, 7 which means that, OAB and 
DO have about a 50% overlap. In order to diagnose OAB, other specific causes (e.g. infection, 
stones, cancer) should be excluded. 
Urgency is defined as a sudden and compelling desire to void, which in patients with OAB, cannot 
be postponed8. Urgency urinary incontinence occurs when a patient cannot reach the toilet in time. 
Urgency incontinence is considered the most bothersome symptom of OAB and occurs in about 
20% of men and 40% of women with the diagnosis OAB (indicated as OAB-wet) 9. This leaves about 
80% of male and 60% of female patients that present with symptoms of OAB without having urgency 
urinary incontinence (indicated as OAB-dry) 10.
Detrusor underactivity is defined as a voiding contraction of reduced strength and/or duration, 
which prolongs urination and/or prevents complete emptying of the bladder within a ‘normal’ 
period of time 11. Detrusor underactivity is associated with voiding and postmicturition urinary 
symptoms, and can predispose to urinary infections and acute urinary retention. The etiology of 
detrusor underactivity is influenced by multiple factors, including ageing, bladder outlet obstruction, 
neurological disease, and autonomic denervation. The true prevalence of this condition remains 
unknown12, as most data come from referral populations. Urodynamic testing is used to diagnose 
the condition, either by assessing the relationship between bladder pressures and urinary flow, or by 
interrupting voiding at request, in order to measure detrusor pressure change under isovolumetric 
conditions. 
Urinary incontinence generally occurs if the pressure in the bladder unintentionally exceeds that 
within the urethra during the filling phase of the micturition cycle. It may occur as a result of 
uninhibited contractions of the detrusor muscle, e.g. detrusor overactivity. Other important 
reasons for urinary leakage include relaxation of the urethral sphincter (urethral instability) or 
incompetence of the urethral closure mechanism (e.g. stress urinary incontinence). The causes of 
urinary incontinence are listed in table 1.
Stress urinary incontinence (SUI) is common in women, particularly following childbirth. In 
men it more frequently occurs when they have had a prostatectomy or other pelvic surgery. 
SUI is characterized by involuntary urinary leakage, in the absence of activity of the detrusor 
muscle, when there is an increase of intra-abdominal pressure such as lifting, coughing, sneezing 
and running. It occurs as a result of a variable combination of intrinsic urethral sphincter muscle 
weakness and an anatomical defect in the urethral support, leading to insufficient closure pressure 
in the urethra during physical stress. 
Urgency urinary incontinence (UUI) is leakage of urine due to unintended detrusor muscle 
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contraction. Patients suffering from UUI feel a sudden and strong desire to void but are not able to 
reach the toilet in time. Often these contractions occur regardless of the amount of urine that is in 
the bladder. In general, no specific cause of UUI can be identified. Although UUI may occur in both 
sexes and at any age, it is more common in women and the elderly.
Mixed incontinence is the term used to describe individuals with stress and urgency urinary 
incontinence. This type of incontinence occurs primarily in women (as stress urinary incontinence 
is rare in men) and accounts for approximately one third of all cases of urinary incontinence in 
women 13.

Table 1: Causes of urinary incontinence 

– Overactive bladder 
– Urethral sphincter incompetence 
– Bladder outlet obstruction 
– Congenital laesions (epispadias, ectopic ureter, spina bifida) 
– Bladder outlet fistulas 
– Temporary causes (urinary tract infection, faecal impaction, confusional states) 
– Neurological impairment (e.g. cerebral infarction, spinal cord injury, Alzheimer’s disease)

Detrusor overactivity is further divided into idiopathic detrusor overactivity (IDO) or DO with no 
evident cause, and neurogenic DO (NDO), which is DO in a patient with an underlying neurological 
condition (common with degenerative diseases such as multiple sclerosis or after traumatic events 
as spinal injury) 14. For the diagnosis of IDO all known causes of DO (e.g. infection, stones, cancer, 
NDO) should have been excluded.
NDO is likely to represent an excess of sensory stimulation from the bladder, a pathologically lowered 
sensory central threshold for afferent stimulation from the bladder, or a dyssynchronous relationship 
between afferent signalling and central inhibition of bladder contractions. This can lead to increased 
voiding frequency, reduced interval between voids and reduced volumes voided. Functional magnetic 
resonance imaging in healthy female controls suggests that neurological responses increase steadily 
with bladder filling 15. Normal bladder filling sensations are mapped mainly in the insula, shifting 
anteriorly as sensation becomes stronger and gradually unpleasant. In subjects with poor bladder 
control, sensations and brain responses are abnormal. Responses are relatively limited at low bladder 
volumes (with mild sensation), but become exaggerated (with strong sensation) above a certain 
volume threshold, even when there is no actual detrusor overactivity 15. Consequently, it appears that 
increased bladder afferent activity cannot account solely for abnormal responses during filling but a 
more complex organization in which the nature of afferent signals or the handling or the signals in the 
brain appears to be abnormal 15. Neurological deficit (e.g. Multiple sclerosis, Parkinson’s disease, stroke 
and spinal trauma) can, therefore, also cause DO and is indicated as ‘neurogenic detrusor overactivity’. 
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The local bladder control mechanism 
The bladder appears to have a peripheral control mechanism located in the bladder wall, formed 
by the co-operative interaction of numerous regulatory cell types (mainly interstitial cells and 
peripheral neurones)19. Moreover, the urothelium is an integral part of a ‘chemical’ sensory system 
and plays a role in generating and modulating bladder sensation. Urothelial cells are known to 
express a variety of receptors or ion channels that are responsive to external agents and mechanical 
or thermal changes. These include: receptors to bradykinin,15 trkA, and p7516; purines (P2X and 
P2Y); 42 noradrenaline; 43 acetylcholine (nicotinic and muscarinic); 44 protease activated receptors;45 
epithelial Na+ channels (ENaC), 46 the Deg/ENaC family 47 and a number of transient receptor 
potential (TRP) channels (TRPV1, TRPV2, TRPV4, TRPM8, TRPA1). 48-50 Stimulation of these 
urothelial sensor molecules can lead to the release of substances, such as ATP, PGs, acetylcholine, 
and NO, 51 which have excitatory and inhibitory actions on afferent nerves located close to or in 
the urothelium. 50, 52 
A variety of cells produce prostaglandins (PG) via the cyclooxygenase pathway in the bladder.Both 
the lamina propria and the muscle layers can release PG in response to various physiological and 
pathological stimuli, including stretch of smooth muscle and sensitization by noxious stimuli 53-55. 
The receptors for prostaglandin E2 (PGE2), the most common prostaglandin in the bladder, are 
classified into four types: EP1, EP2, EP3 and EP4 53. 
Prostaglandin receptors EP1 and EP2 are shown to be expressed in the lamina propria indicating 
that this part of the bladder wall can respond to prostaglandin E2 

56. Both EP1 and EP2 receptors 
have been identified on guinea pig smooth muscle cells, as well as on vimentin positive interstitial 
cells 57-59. Intra-arterial administration of PGE2 to the urinary bladder is known to enhance the 
micturition reflex 60. Cyclooxygenase inhibiting drugs, can alter normal voiding function as well 
as bladder hyperactivity induced by chemical irritation of the lower urinary tract in rats 61. PG 
might act at various sites to regulate voiding. In the muscle layer, it has been suggested that PG 
can be co-released with acetylcholine at efferent nerve endings and directly contribute to muscle 
excitation62. Another suggestion is that PG might have an indirect effect on pre-synaptic motor 
terminals to affect the release of excitatory transmitters 63. Furthermore, PG is suggested to inhibit 
acetylcholine esterase 64 or enhance myogenic bladder activity 65.

Pathophysiology of bladder dysfunction 
Accumulating evidence indicates that aberrant afferent activity plays an important role in OAB23. 
During bladder filling, sensory information is relayed to the central nervous system by the 
pudendal, pelvic and hypogastric nerves (Figure 1). Each of these nerves contains different types 
of afferent fibers, which can be identified and differentiated structurally and functionally. They 
consist of small myelinated Aδ fibers, mainly located in detrusor muscle, and unmyelinated C nerve 
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fibers innervating all layers of the bladder wall. These types can functionally be distinguished 
based on the conduction velocity, or their response to mechanosensitive or chemosensitive 
stimuli. However, no functional relationship between conduction velocity and receptor type 
has been described 66. Histological studies have shown that bladder afferent nerve fibers 
originate from the dorsal root ganglia and contain multiple neuropeptides, e.g. Substance P (SP), 
Neurofilament protein (NF), neuronal Nitric Oxide synthase (nNOS) and CGRP 23. The exact 
distribution of terminal endings of these peptide-containing afferents is still largely unknown 
but they appear to be more densely present in the lamina propria just beneath the urothelium67. 
Nerve fibers in the lamina propria near the urothelium are considered to be solely afferent 
fibers as no efferent system has yet been identified 67. Furthermore, the afferent innervation of 
the bladder neck and trigone is higher in density than the lateral wall and dome of the bladder 68. 
Regional variation in the suburothelial cholinergic innervation has been observed in the guinea pig 
urinary bladder, suggesting functional differentiation between the lateral wall and bladder base 69. 
Moreover, co-localization of different neuropeptides has been shown also suggesting a functional 
heterogeneity70. This may explain why some fibers respond to a wide range of mechanical and 
chemical stimuli, such as stretch, pain, chemical modulation and motor/sensory elements 71. In 
the mouse bladder, using electrophysiological techniques, at least four functionally different types 
of afferent nerve fiber have been identified 72. Based on their responses to mechanical stimuli 
(perpendicular von Frey probing, urethral stroking, stretch), urothelial, muscular/urothelial, 
muscular, and serosal afferents were found. Structurally, the presence of CGRP and nNOS nerve 
fibers in the lamina propria have been studied but no specific attention was paid to regional 
differences 73. Myelinated sensory A-delta fibers, which are located primarily within the detrusor 
smooth muscle layer, respond primarily to detrusor stretching during the phase of bladder filling 
and convey sensations of fullness. Unmyelinated sensory C-fibers are more widespread, and
reside in the muscle, close to the urothelium, in the lamina propria, and directly adjacent to the 
urothelial cells 74. C-fibers have a higher mechanical threshold than A delta fibers and can be 
activated by a variety of neurotransmitters and chemical mediators released by the detrusor and 
urothelium, including ATP, neurokinins, such as substance P and neurokinin A and nerve growth 
factor (NGF) 74, 75.
C-fibers are generally quiescent during normal voiding, but they may be critical for symptom 
generation in pathologic states such as OAB. These fibers demonstrate remarkable plasticity. 
Following neurologic or possibly inflammatory insult, C-fibers become the important afferent route 
to the spinal tract, carrying impulses involved in the (pathological) micturition reflex 74, 75. 
The prevalence of OAB increases with age 10, 76 (Figure 2), and is estimated to be close to 12% in the 
western community 10, 11-14% in Japan 77 and 14-23% in Brazil 78. More recent studies have estimated 
the prevalence of OAB in Europe79 to be around 17% and in the USA around 26-33% in men and 
27-46% in women 80. Many patients affected by OAB, are thought, not to seek medical treatment 
because of embarrassment. 
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OAB imposes a considerable financial burden on the patients affected, their families and the 
society81, 82. Costs are related to pad use, pharmacotherapy, catheters, physician visits, outpatient and 
inpatient attendances as well as intangible costs, such as time and loss of productivity83. The economic 
burden is significant and is comparable to the cost of breast cancer, osteoporosis, and diabetes 81. One 
study in Germany demonstrated the cost of OAB at 3.57 billion Euros per year, close to yearly cost of 
diabetes, being 5.1 billion Euros and that of dementia being 5.6 billion Euros per year 84. 
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Figure 2. The prevalence of OAB 79

Alzheimer’s disease and bladder dysfunction 
Dementias, including Alzheimer’s disease, are disabling conditions that can significantly affect the 
quality of life of those who suffer. The most common type of urinary incontinence in patients with 
Alzheimer’s disease is urgency urinary incontinence 85. For many such patients incontinence and 
more so urgency are major additional problems, which seriously affects their care and lifestyle 86, 87. 
Incontinence often emerges when dementia has developed into a moderate disease stage 88.
It is generally accepted that dementia related incontinence is linked to cognitive impairment and 
reduced awareness. People with sufficient cortical function initiate voiding at an acceptable moment 
after going to a suitable location with the appropriate measures taken i.e. in a toilet and partially 
undressed. Patients with dementia and especially Alzheimer’s disease, can demonstrate uninhibited 
and unembarrassed voiding at an inappropriate place and/or time. This behavior is often referred to 
as functional incontinence, and could be caused by lack of control at several levels. The general belief 
is that this type of incontinence is not the result of an abnormality in the lower urinary tract or its 
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innervation, but from deficiencies in cholinergic neurotransmission in the cortical and subcortical 
areas of the CNS which then consequently leads to problems in locomotion and cognitive decline 89. 
Cognitive severity and decline in dementia have been shown to significantly correlate to behavioral 
alterations, such as anxiety 90 and several studies have linked anxiety to voiding dysfunction 90, 91.
Possible changes in the lower urinary tract of patients with dementia that might contribute to and 
exacerbate the problem, has been less emphasized. Many patients with AD show signs of detrusor 
overactivity (DO) upon cystometric evaluation 87, 92. Dysfunctions in the integrated (neuro)-
physiology of the bladder itself may contribute to this disabling condition. This is supported by 
structural changes found in the bladder of a transgenic Alzheimer mouse model 93.

Animal Models 
Legal, ethical and moral issues do not allow work of necessary bladder experiments to be carried 
out in human subjects. Moreover, human bladder tissue is difficult to gain, especially from patients 
affected with Alzheimer’s disease. Therefore, for the research presented in this thesis, the guinea 
pig bladder was used as study model. The guinea pig bladder has similarities is structure as well as 
cystometric parameters to the human bladder 94-97 and has been used in many other experiments in 
our research laboratorium 56, 58, 98, 99. The use of the same animal model makes comparison of data 
easier. Therefore, guinea pig bladder was the first choice for further experiments.
Experimental investigations concerning dementia and bladder dysfunction are difficult on moral 
and ethical grounds. However, transgenic animals have provided an important approach to 
understand the changes in dementia. Mice have been bred, in which specific mutations have been 
engineered which mimic, in part, the changes seen in dementia including Alzheimer’s disease. 
One such model involves a double mutation: one mutation is to the Amyloid Precursor Protein 
(APP) which includes both the Swedish and London mutations (KM6706/671NL and V7171) 100 
and a second mutation to the PS1M146L 101. This double transgenic mice (AppSL/PS1M146L) exhibit 
numerous changes in the central nervous system 100-103, including increased amyloid deposits 
leading to plaque formation, with enlarged cholinergic terminals associated with and confined 
to the periphery of compact plaques. The model also shows activated astrocytes and microglia 
clusters. Since many of these changes are seen post mortem in patients with Alzheimer’s disease, 
the model is considered appropriate to study the cellular and molecular aspects of Alzheimer’s 
disease and its consequences 104. The studies presented in this thesis used the aforementioned 
double transgenic mouse model in order to explore the peripheral changes in the bladder that 
might contribute to the overall patho-physiological changes. 
The first study presented, focused on the distribution of nerve fibers in the bladder wall of the 
guinea pig, using nitric oxide synthase (nNOS), which is widely distributed in the lower urinary tract 
and may be important as an inhibitory neurotransmitter released by afferent nerves 23, 105. 
Several factors are thought to be responsible for the altered voiding behavior seen in patients with 



19

Alzheimer’s disease. To gain insight into bladder function, rodents are often studied using metabolic 
cages, allowing voiding frequency and volume to be measured while urine can be collected and 
analyzed106, 107. However, this method does not provide any information on the voiding behavior of 
freely moving animals. As Alzheimer’s disease is correlated with both anxiety and incontinence 87. 
The second study investigated both the affective and the voiding behavior in an APPSLxPS1mutated 
mouse model of Alzheimer’s disease. 

Research questions
This thesis aims to gain a better understanding of structural and functional aspects of the sensory 
information and the motor output in the urinary bladder. Several experiments have been designed 
and carried out and the results are presented. 
The first part of the thesis focuses on the morphological and structural changes in the urinary 
bladder wall of the guinea pig. The key research questions are the spatial relationship and distribution 
of the prostaglandin E receptor type 2 (EP2) in the guinea pig urinary bladder, as well as the different 
subtypes of afferent nerve fibers, in the mouse bladder wall.
The second part of the thesis concentrates on functional bladder studies in mice. The effect of filling 
rate and intravesical filling on non-voiding contractions, as well as the differences in the structure of 
bladders from transgenic mouse models of Alzheimer’s disease with age matched control animals 
were studied. In addition, the urinary marking behaviour in relation to affective behaviour in an 
Alzheimer model mouse is evaluated.

Thesis outline 
This thesis consists of seven chapters and has two main parts. After a general introduction as 
displayed in chapter 1, the first part follows, presenting three studies. Chapter 2 deals with 
the prostaglandin E2 receptor (EP2) distribution in the guinea pig detrusor muscle layers and in 
chapter 3, a study of the different types of afferent nerve fibres in the lamina propria of the mouse 
bladder is presented. Chapter 4 is a functional study of the non-voiding contractions of the guinea 
pig bladder.
The second part of the thesis focuses on bladder dysfunction in Alzheimer’s disease. In chapter 5 
a study is presented on changes in bladder innervation in a mouse model of Alzheimer’s disease 
and chapter 6 deals with changes in voiding behaviour in the same model. A general discussion is 
presented in chapter 7. 
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Abstract

Purpose 
To explore the distribution of prostaglandin E receptor type 2 (EP2) in the bladder muscle layers and 
its spatial relationship to cyclo-oxygenase type 1 (COX1).

Materials and methods
Twelve male guinea pigs were killed by cervical dislocation, the bladders removed and fixed in 4% 
paraformaldehyde in PBS. Frozen sections of 10 μm were cut and stained with antibodies to EP2, 
COX1 and vimentin.

Results
EP2 receptor immunoreactivity is located on the smooth muscle cells as well as on vimentin
positive surface muscle and intramuscular interstitial cells. EP2 expression on interstitial cells is 
highly
localized. Discrete regions of intense staining were observed on the interstitial cell processes. 
COX1 is expressed in the muscle interstitial cells and was found to be located on discrete regions 
of the cell and cell processes. Double staining with EP2 and COX1 suggests that the regions of a cell 
expressing EP2 are different from those expressing COX1.

Conclusions
The presence of COX1, prostaglandin E receptor type 2 (EP2) immune-reactivity in the network 
of interstitial cells suggests a role of this network in the propagation of signals. Due to a cAMP 
coupling of the EP2 receptor in many other tissues and a lower dissociation constant of EP2, it is 
suggested that a rise in PG levels may gradually push the balance from a relaxant EP2 effect towards a 
contractile effect. Hence, PG could have a modulatory role on the non-voiding bladder contractions 
by changing the threshold level for excitability of the interstitial cell network.
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Introduction
It is now generally accepted that prostaglandin (PG) plays a role in the control of mammalian urinary 
bladder motility 1,2. In the bladder, both the lamina propria and the muscle layers can produce
Prostaglandins 3-6. Prostaglandin E2 (PGE2) is known to be the predominant PG in the urinary 
bladder of most mammals 7 and the receptors for PGE2 are classified into four types: EP1, EP2, 
EP3 and EP4 8. PGE2 is an agonist at EP receptors 1–4, all G-protein coupled, which mediate its 
physiological effects 9. PGE2 is the main PG suggested to be involved in the pathophysiology of
detrusor overactivity (DO) and overactive bladder syndrome (OAB) 9,10. This involvement is 
based on three observations. Firstly, the ability of PGE2 infused into the bladder to induce DO in 
humans and animals. Secondly, the increased PGE2 production in DO models and thirdly, the high 
concentrations of PGE2 that have been detected in the urine of patients with OAB 9. It has also been 
shown that upon stretch, PGE2 is released by the urothelium 11 and that this release is regulated by 
a complex interaction of signals through ATP and NO 1.
the literature contains substantial data that the wall of the mammalian urinary bladder contains 
several sub-populations of cells in the interstitial space, called interstitial cells (ICs) after the
interstitial cells of Cajal in the gut 12. These interstitial cells are located in the lamina propria 
and within the detrusor and have been suggested to form a network called the interstitial cell 
network 3, 13-15. The expression of prostaglandin E receptor type 1 (EP1) in the guinea pig muscle 
interstitial cell network has been studied recently 3.
Moreover, it has been shown that the cyclo-oxygenase I (COX1) enzymes are located within specific 
cell types within the lamina propria of the guinea pig bladder 16. In addition, COX1 is found in 
the basal layers of the urothelium and associated with the distributed network of lamina propria 
interstitial cells 16. It has also been suggested that the arrangement of EP1 and COX1 might
have the potential to facilitate the propagation of signals in the interstitial cell network 3. Such a 
signalling system is thought to have a role in coordinating events in the normal bladder 17 and
might be defective in bladder pathology 13. It might also have a function in facilitating the global 
coordinated changes associated with bladder wall remodelling 3,18. PG receptors EP1 and EP2 have 
been shown to be expressed in the ICs in the lamina propria indicating that this part of the bladder 
wall can respond to PGE2 

4. There is hardly any literature about the exact role of the EP2
receptor in the bladder. However, it is known that the normal guinea pig urothelium does express 
EP2 receptors 4 and that the combined EP1/EP2 receptor antagonist AH 6809 decreases detrusor
contraction in isolated human bladder experiments 19. Unlike EP1 3, the cellular localization and the 
expression of EP2 receptor in the muscle layers of the bladder have not been studied before. In the 
present study, we have used antibodies to EP2 in order to study the distribution of this receptor in 
the muscle layers of the guinea pig urinary bladder. Our results are discussed in terms of possible 
physiological mechanisms, which might be occurring in this region of the bladder wall.
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Materials and methods
Guinea pigs (12 male, weight range 260–300 g) were killed by cervical dislocation. All procedures 
were carried out in agreement with the guidelines of the Maastricht University Ethical Committee.
The tissue workup of the lateral wall of the guinea pig bladders as well as freezing and the cutting of 
the sections are as described in our previous paper 4. 

Tissue preparation
The bladder, including the proximal urethra, was removed from each animal and placed in ice-cold 
Krebs solution composed of 121.1 mM NaCl, 1.87 mM KCl, 1.2 mM CaCl2, 1.15 mM MgSO4, 25 mM 
NaHCO3, 1.17 mM KH2PO4 and 11.0 mM glucose bubbled with 5% CO2 and 95% O2 (pH 7.4). Each 
bladder was divided into a ventral piece and a dorsal piece, while maintained in Krebs solution. Then, 
the bladder pieces were immersed in ice-cold fixative solution of 4% freshly prepared depolymerized 
paraformaldehyde for 120 min at 4 °C. Tissues were fixed in 3 steps of 2 overnight and 1 daytime 
incubation at 4 °C in 0.1 M phosphate buffer with 10%, 20% and 30% sucrose, respectively.
On day 3 the tissues were placed in Tissue-Tek® OCTTM compound to form a single block, snap 
frozen in isopentane and cooled in liquid nitrogen. Cryostat sections (10 μm) were cut such that each
section was perpendicular to the urothelial surface. Sections were thawed on chrome alum-gelatin 
coated slides and processed for immunocytochemistry.

Characterization of the EP2 antibody
In order to gain insight in the specificity of our antibody, we conducted a pre-absorption test and 
characterized the antibodies by Western blotting as described in our previous paper [4]. In short,
preabsorption was done by overnight incubation of the anti-EP2 antibody (1:100 by Cayman 
Chemical, Catalogue No. 301740) with or without 10 μg/ml of the peptide against which the 
antibody was raised. Thereafter the antibody solution or antibody plus peptide solution was 
applied to the sections. Bladder homogenate of guinea pig bladders (N = 2) was prepared for 
Western blotting. Bladders were cut into squares of approximately 1 mm2 and homogenized 
using an UltraTurrax homogenizer (Janke & Kunkel, Ika Labortechnik, Staufen, Germany) at 
4 °C in 1× radio-immunoprecipitation assay buffer (1% Triton-X-100, 137 mM NaCl, 20 mM 
Tris–HCl, 2 mM EDTA, 10% glycerol, 1 mM sodium orthovanadate, 10 mM NaF, 1× protease 
inhibitor cocktails, 1 mM phenylmethylsulphonyl fluoride). Subsequently the homogenates were 
centrifuged at 13,000 × g for 20 min at 4 °C. The pellet was discarded and the supernatant was 
stored at −80 °C. Protein measurements were done using bovine albumin serum dilutions with 
the Biorad protein measurement system (Bio-Rad Laboratories, Inc., Hertfordshire, CA, USA) 
according to the manufacturer’s instructions. The blot analysis was performed under reducing 
conditions following standard procedures and using the Odyssey infrared imaging system (Li-cor 
Biosciences, USA). Primary antibody used for Western blotting was rabbit anti-EP2 antibody 
(Cayman Chemicals) used in a dilution of 1:100. The staining was also confirmed by a blocking 
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peptide on the Western blot using pre-absorption with anti-EP2 antibody in a dilution of 1:100 
(Cayman Catalogue Nos. 301750 and 301740). The secondary antibody used was donkey anti-
rabbit IRdye800 (Rockland, 611-732-127).

Immunohistochemistry
Sections were dried for 20 min at room temperature followed by three washes with Tris–buffered 
saline (TBS; pH 7.6), and thereafter incubated overnight with primary antibodies at 4 oC. To visualize
the prostaglandin receptor EP2, we used a polyclonal antibody rabbit anti-EP2 (Cayman Chemical, 
Catalogue No. 101750) which was diluted 1:100. The COX1 enzyme was visualized using an 
optimized concentration of goat polyclonal antibody to COX1 (1:2000; Santa Cruz Biotech, 
Catalogue No. sc-1752). Furthermore, a mouse antibody against vimentin (Sigma–Aldrich, 
Catalogue No. V 5355) was used at a dilution of 1:5000. The rabbit primary antibody was visualized 
using Alexa Fluor 488 donkey anti-rabbit IgG (H + L) conjugate (Molecular Probes), diluted 1:100 
in TBS-T. The mouse primary antibody was visualized with Alexa Fluor 594 donkey antimouse  
IgG conjugate (Molecular Probes), diluted 1:100. The goat primary antibody was visualized with 
Alexa Fluor 594 donkey antigoat IgG conjugate (Molecular Probes). Sections were incubated with 
the secondary antibodies for 60 min at room temperature in the dark. After three wash steps the 
sections were incubated at room temperature for 10 min with a nuclei marker, HOECHST 33342 
(Sigma, Zwijndrecht, The Netherlands) and mounted with TBS-glycerol. All stainings were done in 
all the animals and duplicated and repeated on at least 2 separate days. All results were confirmed 
with negative control stainings, without application of the primary antibody. Observations were 
accumulated from the different slides and from the different bladder specimens of all 12 animals. 
A representative section of all animal bladders was studied.

Microscopy
The majority of the sections was analysed and photographed using an Olympus AX70 microscope 
using a 10×, 20× and 40× objective. For the detection of Alexa 488 fluorescence, a narrow band-
pass MNIBA-filter and for Alexa 594 a narrow excitation band U-M41007A filter was used (both 
from Chroma Technologies). Confocal laser scanning microscopy fluorescent imaging was done 
on the samples using a Bio-Rad MRC600 confocal microscope (Bio-Rad Laboratories Ltd., Hemel 
Hempstead, UK) equipped with an air-cooled Argon–Krypton mixed gas laser and mounted onto an 
Axiophotemicroscope (Zeiss), using oil-immersion objectives (40, NA¼ 3D1.3 or 63, NA¼ 3D1.4). 
The laser-scanning microscope was used in dual wavelength excitation at 488 and 568 nm.
Optical sections were recorded in the Kalman filtering mode using 4–8 scans for each picture. 
Z-series were generated by collecting a stack consisting of optical sections using a step size between 
0.18 and 0.46 mm in the z-direction.
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Results
Figure 1 shows the characterization of the EP2 antibody used in this study. This characterization 
was described in our previous paper 4. There were two approaches chosen to confirm that this is 
specific staining. Firstly, the antibody was pre-incubated with the peptide to which it was raised 
(blocking peptide) and the antibodies specific reactive site was eliminated. Where this was done, all 
of the observed staining was removed (panel A). In order to see the tissue morphology, an enhanced 
(overexposed) image is shown in the inset. Panel B shows a Western blot of bladder protein exposed
EP2 antibody (middle lane). A single protein band of the predicted molecular weight of the EP2 
protein was seen. This band was also removed by pre-absorbing the antibody with the blocking 
peptide. Thus, this antibody for EP2 can be used with a high degree of certainty that they will detect 
specifically the EP2 receptors in the guinea pig bladder. 

The EP2 receptor is present on both the detrusor smooth muscle cells as well as on vimentin positive 
muscle interstitial cells (Figure 2). The vast majority of interstitial cells clearly express EP2 receptors. 
More detail about the EP2 expression is shown in Figures 2, 5 and 6 where it can be noted that the 
EP2 expression is not equal throughout the cell and appears to be localized in discrete regions. 

Figure 1. Characterization of the EP2 antibody. Panel 

A illustrates the staining observed with the same concentration 

of antibody as used in all the stainings of other figures, but with 

pre-incubation with the blocking peptide to which the antibody 

was raised. (The inset shows an enhanced image showing the 

section morphology.) Calibration bar: 10 μm. Panel B shows a 

characterization of the antibodies using Western blotting. Three 

lanes are shown: the molecular weight calibration bands, the native 

protein stained with the EP2 antibody and the native protein but 

exposed to antibody plus appropriate blocking peptide.
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Figure 2. The distribution of EP2 and vimentin in the inner- and outer-muscle 

layers of the lateral wall of the guinea pig bladder. Panels show an image of the 

guinea pig bladder stained with the antibody for EP2 (green) and vimentin (red). In panel A, a low 

magnification image of a full thickness guinea pig bladder section is shown. The bladder lumen, 

the urothelium (UR), sub-urothelial interstitial cells (SuIC’s), the lamina propria interstitial cells 

(LPICs), inner muscle (IM) and outer muscle layer (OM) are marked. In the right panels, regions 

of interest of the inner (1) and the outer muscle layer (2) are shown in a larger magnification. 

Interstitial cells co-expressing vimentin and EP2 receptor are marked with * and those vimentin 

positive interstitial cells not expressing EP2 are marked with ‘#’. Calibration bars: 100 μm in A and 

20 μm in the insets 1 and 2. 

In figure 3, vimentin positive (red) processes of intramuscular interstitial cells (IM-ICs) are clearly 
visible. These fibres also express EP2 (green). The EP2 staining on the muscle cells is less intense and 
has a punctuate appearance. 
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Figure 3. The distribution of EP2 and vimentin in the inner muscle layer of the lateral wall of the 

guinea pig bladder. An image taken from a confocal stack of the inner muscle layer of the guinea pig bladder stained with 

the antibody for EP2 (green) and, vimentin (red) is shown. The nuclei of the IM-ICs are visualized by a HOECHST nuclei 

staining (blue). A region of interest is enlarged in inset 1. The black and white insets show the individual EP2 and vimentin 

staining, respectively. Calibration bar: 40 μm in A and 10 μm. 

The EP2 expression in the outer muscle layer is shown in Figure 4. In the middle of the muscle 
bundles, IM-ICs can be seen in which the EP2 (green) and vimentin (red) co-localization is visible by 
the yellow colour. Thus, the vimentin positive interstitial cells seem to express the EP2 receptor. In 
this outer muscle region, the muscle is positive for EP2 with a less intense punctuate staining. On 
the upper edge of the panel, muscle coat interstitial cells are visible. Black and white panels on the 
right show clearly that only some of the muscle coat vimentin positive interstitial cells express EP2. 
Distinct groups of vimentin positive interstitial cells are seen between the muscle bundles.
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Figure 4. The distribution of EP2 and vimentin in the outer muscle layer of the lateral wall of 

the guinea pig bladder. An image taken from a confocal stack of the outer muscle layer of the guinea pig bladder 

stained with the antibody for EP2 (green) and vimentin (red) is shown. The nuclei of the IM-ICs are visualized by 

a HOECHST nuclei staining (blue). Two regions of interest from panel A are enlarged as panels 1 and 2. The black 

and white insets show the individual EP2 and vimentin staining, respectively. Calibration bars: 100 μm in A and 10 

μm in 1 and 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of the article.)

In figure 5, a number of ICs are shown in the vicinity of each other. The fibres of these cells are noted 
as red fibres (vimentin positive) running through and in between the muscle bundles. Many of these 
ICs co-express vimentin and EP2 causing the yellow co-staining. In figure 5 the expression of EP2 
in an IM-IC in the lateral wall is shown. The processes of these cells are visible as vimentin positive 
fibres (red) running on the surface of the muscle bundles. Spots of EP2 expression (green) are also 
visible on these fibres. Moreover, the punctuate expression of EP2 on the muscle bundles can be 
seen in Figure 6.
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Figure 5. The expression of EP2 in a group of nearby intramuscular interstitial cells in 

the lateral wall of the guinea pig bladder. An image of the outer muscle layer of the guinea pig bladder 

stained with the antibody for EP2 (green) and vimentin (red) is shown. The nuclei of the cells are visualized by 

a HOECHST nuclei staining (blue). The black and white insets show the individual EP2 and vimentin staining, 

respectively. Calibration bars: 20 μm. 

F
Figure 6. The expression of EP2 in an intramuscular interstitial cell in the lateral wall 

of the guinea pig bladder. An image taken from a confocal stack of the outer muscle layer of the guinea 

pig bladder stained with the antibody for EP2 (green) and vimentin (red) is shown. The nuclei of the cells 

are visualized by a HOECHST nuclei staining (blue). The black and white insets show the individual EP2 and 

vimentin staining, respectively. Calibration bars: 20 μm. 
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Figure 7. The expression of EP2 and COX1 on the muscle bundles of the 

lateral wall of the guinea pig bladder. An image of the outer muscle layer of the 

guinea pig bladder stained with the antibody for EP2 (green) and COX1 (red) is shown. The 

black and white insets show the individual EP2 and COX1 staining, respectively. 

Calibration bars: 20 μm.

The EP2 staining (green) is especially located on the membrane of muscle cells. The punctuate 
expression of EP2 on the muscle bundles (green) is further displayed in Figure 7. 

It can be noted that some COX1 positive interstitial cells (red) are in close proximity of EP2 positive 
interstitial cells and EP2 receptors on the near by muscle bundles. Another remarkable observation 
was that some cells expressing EP2 co-express COX1. This phenomena was seen in about one third 
of all interstitial cells expressing COX1. A low power image of the guinea pig bladder stained for EP2 
(green) and COX1 (red) is shown in Figure 8.
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Figure 8. The expression of EP2 and COX1 on the muscle bundles of the 

lateral wall of the guinea pig bladder. A low power image of the guinea pig bladder 

stained with the antibody for EP2 (green) and COX1 (red) is shown in panel A. A region of 

interest is indicated in panel A and enlarged in the inset 1. The black and white insets show 

the individual EP2 and COX1 staining, respectively. Calibration bars: 100 μm in A and 20 

μm in 1. 

It can be noted that beside the urothelium, many interstitial cells throughout the muscle layer 
express COX1. Both COX1 positive IM-ICs as well as SM-ICs can be noted.
The findings on EP2 expression within the muscle layers of the guinea pig urinary bladder are 
summarized in a cartoon shown in Figure 9, which was adapted from our previously published 
cartoon 4. In this cartoon it is demonstrated that COX1 and the EP2 receptor are expressed on 
the intramuscular interstitial cells as well as on the muscle bundles. Furthermore the suggested 
propagation of the PG signal from the urothelium to the muscle layers is visualized.



39

Figure 9. Cartoon of the expression of EP2 and COX1 in the muscle bundles. A schematic overview of 

the lateral wall of the guinea pig bladder and the proposed PG signal transduction.
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Discussion
Cyclo-oxygenase inhibiting drugs, have been shown to alter normal voiding function in rats as well 
as bladder hyperactivity induced by chemical irritation of the lower urinary tract 20. Furthermore,
it is known that intra-arterial administration of PGE2 to the urinary bladder enhances the micturition 
reflex 21. Therefore, it has been suggested that PG might act at various sites to regulate or modulate 
voiding itself and non-voiding activity as well as voiding sensation. Very recently, it was demonstrated 
that both ATP and PGE2 can induce acetylcholine release from the bladder urothelium 1. Therefore, 
the stretch-induced acetylcholine release, previously described in the bladder 22, is suggested to be 
a part of the result of a more complex series of signalling interactions within the urothelium. This 
complexity is increased because acetylcholine can also modulate PGE2 release. This mechanism is 
suggested to provide a rapid amplification of urothelial signal output 1. In the present study we have 
focused on EP2 expression in the muscle layers of the guinea pig bladder. EP2 receptor presence on 
umbrella cells and the sub-urothelial interstitial cells (SU-ICs) has previously been demonstrated4. 
The present study shows that EP2 receptors are further expressed on intramuscular interstitial 
cells (IM-ICs) and surface muscle interstitial cells (SM-ICs) of the inner- and the outer-muscle layer. 
Moreover, our stainings show a punctuate low intensity expression of EP2 in guinea pig detrusor 
muscle bundles. This punctuate appearance deserves more future attention as to whether this might 
be due to certain areas serving a specific function for example in cell to cell contacts. In the muscle, 
each of the EP receptors is known to act through different intracellular pathways that involve 
calcium transport and the stimulation or inhibition of adenylate cyclase to elicit muscle contraction 
or relaxation depending on the EP subtypes 23 Figure 7. In general, EP1 and EP3 are thought to cause 
contraction of the smooth muscle, whereas EP2 and EP4 are thought to cause relaxation24,25. Each 
receptor uses a different G-protein coupled transduction system 24,25. This difference in response 
of the muscle to each of the EP receptors has been shown for uterine smooth muscle where 
indeed, activation of EP1 and EP3 causes muscle contraction and stimulation of EP2 and EP4 leads to 
relaxation 26. Earlier observations showed networks of ICs with short and long processes, running 
from the urothelium and sub-urothelium through the muscle layers and form connections with 
other ICs nodes (Figure 8). There is a clear COX1 expression in the basal urothelial layer as also 
reported by earlier papers 3,4, suggesting the possibility that a PG signal presumably mediated and 
enhanced by ATP release from the urothelium can be picked up by EP1 receptors and be spread 
further via the IC network 3,4. Furthermore, these data showed that some COX1 positive interstitial 
cells are in very close proximity of EP1 positive interstitial cells and EP1 receptors on the nearby 
muscle bundles. It was described that, PG can be produced in close vicinity, or even within the same 
cell containing the EP1 receptor, which suggested the possibility for a PG signal to be further spread 
and maybe even augmented 3,4. Our present data show similar global configurations for the EP2 
as was previously shown for the EP1 receptor 4. For EP2, COX1 and EP2 immuno-reactivity was 
in close proximity or even co-expressed in the same cell. Further research is necessary in order 
to determine the physiological role of this EP2 receptor configuration. However, a spread and 
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augmentation of a signal mediated by PG via EP2 is unlikely as in most smooth muscle preparations, 
other than the urinary bladder, EP2 has been shown to cause muscle relaxation 24. In several tissues, 
EP2 receptors have been shown to couple to a G-protein (Gs), resulting in increased formation 
of cAMP. In the smooth muscle of different organs, this rise in cAMP through EP2 leads then to 
muscle relaxation 27. It is unknown whether this is the predominant effect of EP2 in the detrusor 
muscle. In several recent reports EP2 action has been shown to be coupled to immune responses 
or secretion of specific agents, which might also suggest an activation instead of an inhibition 28,29. 
The cyclic nucleotide mono-phosphates, cyclic AMP and cyclic GMP, are now generally accepted to 
be important intracellular regulators of several physiological processes, including smooth muscle 
function 30. Rat bladder studies have suggested that beta-adrenoceptor-mediated relaxation is 
mainly attributed to cAMP-dependent mechanism 31,32. Moreover, the phosphodiesterase (PDE) 
type 1 inhibitor vinpocetine has been shown to have a relaxant effect on human detrusor. This 
relaxing effect was paralleled by an increase in tissue levels of cyclic AMP and cyclic GMP 33. There is 
also some clinical support for the involvement of cAMP in human detrusor control. A randomized 
double-blind placebo-controlled study, showed that treatment with PDE1 inhibitors which lead to 
a rise in cAMP levels in patients with urgency and urge incontinence 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 34. Moreover, 
an influence on the above mentioned parameters also suggests a coupling to the bladder sensory 
system. It can be concluded from these findings that the cyclic AMP-pathway might be of functional 
significance in the control of detrusor smooth muscle
and indeed have a relaxant effect. The question to be answered now is the possible physiological
meaning of the shown EP2 arrangement in relation to the previously shown EP1 distribution in the 
bladder muscle layers. It is known that PGE2, may have multiple and at times apparently opposing 
functional effects on a given target tissue such avascular smooth muscle 35,36. Although no functional 
experiment was included in this study, some possible hypothesis could be put forward. These 
hypotheses are not based on data and need to be confirmed in future functional studies. One 
possible explanation could be based on differences in affinity of EP2 and EP1 for PG. In fact, it has 
been shown that the rat EP2 receptor signal transduction pathway is approximately 20-fold more 
sensitive for PGE2 than for EP1, as the concentration of PGE2 required to produce a half-maximal 
response was 37 nM for EP2 against 2.1 nM for EP1 37. Furthermore, in order to determine the 
affinity of PGE2 for EP1 and EP2, saturation analysis has been done showing KD values of PGE2 
for EP1 and EP2 be around 24 and 5 nM, respectively 37. Therefore, it can be hypothesized that 
under normal conditions, PGE2 levels in the detrusor might be such that the inhibiting EP2 effect 
predominates the activating EP1 effect, which might result in a stabilization of the muscle layer. 
Under certain circumstances, the PGE2 levels may increase above a certain threshold level in which
case the contractile EP1 effect becomes more predominant. Small sub-threshold increases of PGE2 
might, in such a case, be due to subtitle bladder wall irritation, inflammation or stretch. The exact
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role of the EP2 receptor in the bladder wall remains to be determined by future analysis of the 
activation, signal propagation and bladder sensory pathways by functional studies. The PGE2 signal 
is suggested to be spread out through suburothelial and intramuscular interstitial cells expressing 
EP1. The narrow balance between the contractile EP1 and the possible relaxant EP2 effect might be a 
system that modulates the autonomous, non-voiding contractions and relaxation which can become 
disrupted when PGE2 levels reach certain higher levels. This idea is supported by earlier studies 
showing that frequency and amplitude of the non-voiding activity is reduced by stimulation of an
adrenergic/cAMP-linked mechanism 38.

Conclusion
This morphological study indicates that the EP2 receptor is expressed on muscle interstitial cells 
and on muscle bundles. The proximity of the COX1 positive interstitial cells to EP2 positive cells 
suggests that PG targeting these EP2 receptors can be produced locally. It is hypothesized that the 
PGE2 concentration in the tissue might be responsible for the threshold level setting of interstitial 
cell excitability. However, functional experiments are needed in order to confirm this hypothesis 
and the physiological significance of the EP1 and EP2 receptors in the bladder.
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Abstract

Aim 
Increased afferent fibre activity contributes to pathological conditions such as the overactive 
bladder syndrome. Historically nerve fibres running near the urothelium are considered to be 
afferent as no efferent system has yet been described. The aim of this study was to identify sub-
types of afferent nerve fibres in the mouse bladder wall based on morphological criteria and analyse 
regional differences. 

Materials and Methods 
27 bladders of six months old C57BL6 mice were removed and tissues were processed for immuno-
histochemistry. Cryostat sections were cut and stained for Protein Gene Product 9.5 (PGP), anti-
calcitonin gene related polypeptide (CGRP), anti-Neurofilament (NF), anti-vesicular acetylcholine 
transporter (VAChT) and anti-neuronal nitric oxide synthase (nNOS). 

Results 
In the lamina propria different types of afferent nerve fibre were found, i.e. immunoreactive (IR) 
to; CGRP, NF, VAChT, and/or nNOS. At the bladder base the lamina propria was more densely 
innervated by CGRP-IR and VAChT-IR nerve fibres, then at the lateral wall. NF- and nNOS nerves 
were sparsely distributed in the lamina propria throughout the bladder. At the lateral wall the inner 
muscle is densely innervated by CGRP-IR nerve fibres. NF, VAChT and nNOS nerves were evenly 
distributed in the different muscle layers throughout the bladder. Nerve fibre terminals expressing 
CGRP and NF were found within the extra-mural ganglia at the bladder base. 

Conclusions 
Different types of afferent nerve fibres are identified in the lamina propria of the mouse bladder. At 
the bladder base the lamina propria is more densely innervated than the lateral wall by CGRP-IR and 
VACHT-IR afferent nerve fibres. CGRP and NF afferent nerve fibres in the muscle layer probably 
relay afferent input to external ganglia located near the bladder base. The identification of different 
afferent nerves in the lamina propria suggests a functional heterogeneity of the afferent nerve fibres 
in the urinary bladder.
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Introduction
There is accumulating evidence that aberrant afferent activity plays an important role in the 
overactive bladder syndrome (OAB) 1. During bladder filling, sensory information is relayed to 
the central nervous system by the pudendal, pelvic and hypogastric nerves. Each of these nerves 
contains different types of afferent fibres, which can be identified and differentiated functionally 
and structurally. They consist of small myelinated Aδ fibres, mainly located in detrusor muscle, and 
unmyelinated C nerve fibres innervating all layers of the bladder wall. These types can functionally 
be distinguished based on the conduction velocity, or their response to mechanosensitive or 
chemosensitive stimuli. However, no functional relationship between conduction velocity and 
receptor type has been described 2. Histological studies have shown that bladder afferent nerve 
fibres originate from the dorsal root ganglia (DRG) and contain multiple neuropeptides, e.g. 
Substance P (SP), Neurofilament protein (NF) and neuronal Nitric Oxide synthase (nNOS) and 
Calcitonin Gene Related Peptide (CGRP) 1. The exact distribution of terminal endings of these 
peptide-containing afferents is still largely unknown but they appear to be more densely present 
in the lamina propria just beneath the urothelium 3. Nerve fibres in the lamina propria near the 
urothelium are considered to be afferent fibres as no efferent system has yet been identified 3. 
Furthermore, the afferent innervation of the bladder neck and trigone is higher in density than the 
lateral wall and dome 4. Regional variation in the suburothelial cholinergic innervation has been 
observed in the guinea pig urinary bladder, suggesting functional differentiation between the lateral 
wall and bladder base 5. Moreover, co-localization of different neuropeptides has been shown also 
suggesting a functional heterogeneity 6. This may explain why some fibres respond to a wide range 
of mechanical and chemical stimuli, such as stretch, pain, chemical modulation and motor/sensory 
elements 7. In the mouse bladder, using electrophysiological techniques, at least four functionally 
different types of afferent nerve fibre have been identified 8. Based on their responses to mechanical 
stimuli (perpendicular von Frey probing, urethral stroking, stretch), urothelial, muscular/urothelial, 
muscular, and serosal afferents were found. Structurally Lagou et al. already described the presence 
of CGRP and nNOS nerve fibres in the lamina propria but no specific attention was paid to regional 
differences 9. In this study, we attempt to identify afferent nerves in the mouse bladder and describe 
differences in the bladder base and lateral wall with particular attention to the lamina propria and 
urothelium. 

Materials and Methods
All experimental procedures were approved by the local animal ethical committee of the Maastricht 
University, and were conducted in accordance with Dutch governmental guidelines. In total 27 six 
months old C57BL/6 male mice were used. The animals were housed in a temperature and light (12 h 
light/dark cycle) controlled room and allowed free access to food and water. Mice were killed by 
cervical dislocation. The urinary bladder was removed and divided into two pieces, dome/lateral wall 
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and base and fixed in an ice-cold solution of 4% freshly prepared depolymerised paraformaldehyde in 
0.1 M phosphate buffer (pH 7.4) for 2 hours at 4 °C. Afterwards the tissue was washed at 4-8 °C in 0.1 
M phosphate buffer containing 10% sucrose (24 h), 20% sucrose (24 h) and 30% sucrose (24 h). Tissue 
was snap frozen with isopentane cooled in liquid nitrogen and placed in Tissue-Tek O.C.T. compound 
(Bayer Corporation, Pittsburgh, PA, USA) to form a single block. Cryostat sections (10 μm) were 
cut in a manner so that each section was perpendicular to the urothelial surface. Sections were then 
thawed onto chrome–alum–gelatine-coated slides and processed for immunohistochemistry. 

Immunohistochemistry 
Sections were dried for 30 min at room temperature followed by three washes with Tris-buffered 
saline (TBS; pH 7.6) for 5 min. and thereafter incubated overnight with primary antibodies at 
4 °C. Primary antibodies were diluted in TBS containing 0.3% (v/v) Triton X-100 (TBS-T). We 
used several different antibodies to stain for afferent nerves and counterstained them with the 
general nerve marker Protein Gene Product 9.5 (PGP). Chicken anti-PGP 9.5 primary antibody 
was used to visualize PGP (dilution 1:3000, Abcam, Cambridge, UK). Rabbit anti-calcitonin gene 
related polypeptide (CGRP, dilution 1:1000, Calbiochem, Merck Biosciences, Nottingham, UK) 
and rabbit anti-Neurofilament (NF, dilution 1:400, Millipore, Billerica, MA, USA) were used to 
visualize afferent nerves. The rabbit antibody against the vesicular acetylcholine transporter 
(VAChT, dilution 1:1000, Sigma-Aldrich) was used to visualize cholinergic fibres, neuronal nitric 
oxide synthase was visualized using sheep anti-nNOS antibody (nNOS, dilution 1:1000, generous 
gift from Dr. P.C. Emson, Babraham Institute, Cambridge, UK). After overnight incubation with 
the primary antibodies, sections were washed in TBS-T, TBS and TBS-T; each wash step lasted 
15 min. Alexa Fluor 488 donkey anti-chicken IgG (H+L) conjugate (Molecular Probes) was used to 
visualize PGP 9.5 diluted 1: 100 in TBS-T. VAChT, NF and CGRP rabbit primary antibodies were 
visualized with Alexa Fluor 594 donkey anti-rabbit IgG conjugate (Molecular Probes), diluted 
1:100 in TBS-T. Sheep nNOS primary antibody was visualized with Alexa Fluor 594 donkey anti-
sheep IgG (H+L) conjugate (Molecular Probes). Sections were incubated with the secondary 
antibodies for 90 min at RT in the dark. After washing, the sections were mounted with TBS-
glycerol (80%). Staining was done in duplicate and repeated at least on 2 separate days. Sections 
were photographed using an Olympus AX70 microscope, using x10, x20 and x40 (oil) objectives. 
For the detection of Alexa 488 fluorescence we used a narrow band-pass MNIBA-filter and for 
the detection of Alexa 594 we used a filter with a narrow excitation band, the U-M41007A filter 
(both filters are from Chroma Technologies). The microscope was equipped with a cooled CCD 
Olympus Digital video camera F-view. Images were acquired as 16 bits images using the computer 
program cell-P® (Olympus, Germany). The number of grey values was reduced to 4095 using a 
linear function. Images were arranged with the program Microsoft PowerPoint 2003 (Microsoft 
Corporation, Seattle, WA, USA).
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Results
PGP-IR nerves were uniformly present in the muscle layers of both bladder base and lateral wall. At 
the lateral wall the lamina propria was sparsely innervated with PGP-IR nerve fibres compared to 
the bladder base.
At the bladder base the lamina propria was densely innervated by CGRP-immunoreactive (IR) 
fibres (Figure 1, panel A, SU). Whereas at the lateral wall the amount of CGRP-IR nerve fibres in 
the lamina propria was reduced (Figure 1, panel B). The muscle was sparsely innervated by CGRP-IR 
nerve fibres at the bladder base, interestingly the inner muscle layer showed more CGRP-IR fibres 
than the outer muscle layer (Figure 1, panel A). At the lateral wall the inner muscle was also densely 
innervated by CGRP-IR nerve fibres (Figure 1). 

Figure 1. Photomicrographs taken from sections of the base (A) and lateral wall (B) of a C57BL/6 mouse bladder. The sections are 

double stained for PGP (green) and CGRP (red). In both panels A and B the double staining is shown with the black and white image 

of CGRP and PGP next to it. The nerves in the suburothelium (# arrows) are more densely innervated in the base (A) compared to 

the lateral wall (B). In the lateral wall (B) a clear difference between CGRP nerve distribution in the inner and outer muscle layer can 

be seen. More CGRP is visible in the inner muscle layer compared to the outer. URO = urothelium; L = Lumen; SU = suburothelium; 

IM = inner muscle layer; OM = outer muscle layer; MC = muscle coat. Calibration bars: 25μm.
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Figure 2. Photomicrograph showing a magnified region of the suburothelium in the bladder base. The sections are double 

stained for PGP (green) and CGRP (red). Panels B and C show magnifications of the squares in A. In panel B the nerve fibre 

(+ arrow) primarily stains for CGRP and this fibre runs all the way into the urothelial layer. Panel C shows fibres staining for 

CGRP and PGP marked with # and ^. These fibres do not seem to co-localise, but are seen to run around each other. The 

bottom CGRP fibre has several varicosities possibly indicating nerve terminals (^ arrows). L = Lumen and SU = suburothelium. 

Calibration bar: 25μm in A, 10 μm in C and D.
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In the lamina propria in both the bladder base and the lateral wall, CGRP-IR nerve fibres with 
varicosities ran immediately below the basal layer of the urothelium, at some spots possibly 
penetrating this layer right underneath the umbrella cells (Figure 2, panel A and panel (a) and (b)). 
Higher magnification revealed that not all of these fibres were PGP-IR positive. The selectivity of the 
first PGP antibody was cross checked by a second primary PGP Ab which revealed the same results 
(anti-rabbit PGP, 1:3000, Sigma-Aldrich) (Figure 2, panel (a)). PGP-IR and CGRP-IR nerve fibres 
were seen running in close proximity to each other in the sub-urothelial layer (Figure 2, panel (b)).

Neurofilament (NF) was used to stain Aδ afferent nerve fibres 10. These fibres were few in number 
and primarily located in the muscle layers. A small amount of NF-IR nerve fibres were seen running 
in the lamina propria, not close to the urothelium (Figure 3, panel A and B). The muscle layers were 
innervated by both small and large NF-IR nerve fibres. No differences were observed between 
the bladder base and lateral wall. Panel C shows a NF-IR nerve fibre in the muscle layers in close 
proximity to PGP-IR nerve fibres, although these fibres did not co-localize.

Figure 3. Photomicrographs showing a section of the bladder. The section is double stained for PGP (green) and NF (red). Nerve 

fibres which stain for NF are found in the suburothelium (# arrows) and in the muscle layer (arrows). Calibration bar: 50μm.
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Figure 4. Photomicrographs taken from sections of the base (A) and lateral wall (B) of the bladder. The sections are double 

stained for PGP (green) and VAChT (red). The nerves in the suburothelium (arrows) are more densely innervated in the base 

(A) compared to suburothelial nerves (arrows) in the lateral wall (B). Nerve distribution in the muscle is uniform throughout 

both bladder base and lateral wall. Calibration bar: 50μm.

VAChT-IR nerve fibres densely innervate the sub-urothelium of the bladder base, here these 
fibres are presumed to be afferent (Figure 4, panel A, arrows). Similar to the CGRP-IR nerve fibres 
(Figure 1), the amount of VAChT-IR nerve fibres in the lamina propria at the lateral wall was reduced, 
compared to the bladder base (Figure 4, panels A and B). 

In the muscle layers intense VAChT-IR nerve fibres innervate both the outer- and inner muscle 
layers. In the sub-urothelium VAChT-IR nerve fibres, with characteristic varicosities, were visible 
(Figure 5). As with CGRP-IR and NF-IR nerve fibres, PGP-IR nerve fibres ran in close proximity to 
the VAChT-IR nerve fibre (Figure 5, panel B). 



55

Figure 5. Photomicrographs of a bladder section. The section is double stained for PGP (green) and VAChT (red). Panel A 

shows nerve fibres in the suburothelium. The square is magnified in panel B. The nerve fibre stains for both PGP and VAChT. In 

VAChT some varicosities are visible (# arrow). These varicosities do not show up in PGP. Panel C is a magnification of a nerve 

fibres end from panel A. The end stains in VAChT and PGP (+arrows) and might be a nerve terminal. Calibration bars: 20μm.

nNOS-IR nerve fibres were present in all layers of the bladder wall. Most of these nerve fibres were 
found in the muscle layers. Like VAChT-IR nerve fibres, nNOS-IR nerve fibres in the lamina propria 
were also presumed to be afferent (Figure 6). Only a few fibres were found in the lamina propria with 
none of these fibres co-localizing with PGP-IR nerve fibres. nNOS-IR nerve fibres ran closer to the 
urothelium than the NF-IR nerve fibres (Figure 6, panel B and D), but not as close as the VAChT-IR 
or the CGRP-IR nerve fibres (Figure 5 and Figure 2). 
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Figure 6. Photomicrographs from the suburothelium of the bladder. The section is double stained for PGP (green) and 

nNOS (red). The fibre shown in panel A is magnified in panel C and does not seem to co-localize (arrows). The fibre running 

right beneath the urothelium shown in Panel B is magnified in panel D and does not show co-localization. Both fibres could be 

examples where ephaptic transmission could take place. Calibration bars: A and B; 50 μm, C and D 10 μm. 



57

Figure 7. Ganglia on the serosal side of the bladder base. (A) CGRP-IR nerve fibres (red) in close proximity to several PGP-IR 

(green) ganglia, the arrows indicate possible nerve terminals. (B) NF-IR nerve fibres (red) can be seen to run between PGP-IR 

ganglia (green). (C) VAChT-IR varicosities (red) are seen in close to the ganglia possibly making contact. (D) nNOS-IR nerve 

fibres (red) co-localize with almost all the PGP-IR ganglia (green), some ganglia remain only PGP-IR. Large nerve bundles are 

seen running towards the bladder base and other ganglia. Note that ganglia can contain various numbers of nerve cell bodies. 

Calibration bar at 50 μm.
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Figure 8. Diagrammatic 

representation of the localization 

of nerve fibres stained by the four 

different antibodies in the mouse 

bladder. Panel A summarizes 

the situation in the bladder 

base. Panel B summarizes the 

situation in the bladder lateral 

wall. Specific differences can be 

seen in both panel A and B, CGRP 

more densely innervates the 

suburothelial layer compared to 

the lateral wall, moreover CGRP 

innervation of the inner muscle 

is denser compared to the inner 

muscle in the bladder base. VAChT 

innervation is denser at the 

suburothelial layer at the bladder 

base compared to the lateral wall. 

No differences are seen between 

NF and nNOS when comparing 

bladder base and lateral wall. The 

circular dots represent nerve fibre 

endings. 
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Ganglia were exclusively present on the serosal side at the bladder base. The population of ganglia was 
heterogeneous showing several different immunohistochemical staining patterns (Figure 7). Bundles 
of nerve fibres were seen running between the ganglia. CGRP and NF nerve fibres ran in proximity to 
the cell bodies. All neuronal cell bodies were PGP-IR, with some differences in staining intensity; most 
of these cell bodies were also nNOS-IR. None of the nerve cell bodies expressed CGRP-IR or NF-IR. 
nNOS-IR and VAChT-IR were also visile running between the ganglia. Clusters were small, ranging 
from 1 or 2 up to 15 nerve cell bodies per ganglion.

Discussion
In this study we observed a heterogeneous immunohistochemical staining pattern for the afferent 
nerve fibre which might reflect a functional differentiation. Afferent nerve staining pattern and 
distribution within the bladder wall is schematically depicted in Figure 8. Furthermore, regional 
differences between the lateral wall and bladder base are shown. 
CGRP-IR axonal nerve fibres endings originate at several locations in the urothelium including the 
basal layer, the urothelial epithelial cells and even right underneath the umbrella cells, characterizing 
them as primary afferent neurons. These nerve fibres are likely to be afferent C-fibres. These fibres 
have been shown to be responsive to capsaicin, releasing CGRP into the bladder wall, after activation 
of the TRPV1 receptor 11. Although the cellular location of the TRPV1 receptor in the bladder is still 
under debate, but recent literature has shown colocalization with CGRP indicating it’s presence on 
afferent nerve fibres extending into the urothelium 12. The most likely location is in the urothelial 
cells 13. Because CGRP has been found to inhibit the phasic activity in the isolated bladder preparation 
these fibres could be part of a motor/sensory system 14. This is emphasized by the fact that deletion 
of the TRPV1 receptor in knock out mice resulted in diminished afferent responses to mechanical 
stimuli 15. The lamina propria at bladder base was more densely innervated by these CGRP-IR 
afferent nerve fibres than the lateral wall, similar observations have been described in the guinea pig 
and the rat urinary bladder, which suggests that this region has an important sensory function 5, 16, 17. 
At the lateral wall, the inner muscle layer was densely innervated by CGRP-IR nerve fibres, in 
contrast to the outer muscle layer. This difference in innervation of the muscle layers was not 
observed at the bladder base (Figure 1). These CGRP-IR fibres in the inner muscle layer of the lateral 
wall could be mechanosenstive nerve fibres responding to stretch of the bladder wall, as the lateral 
wall is significantly stretched during bladder filling and phasic contractions 18. Indeed in the rat Shea 
et al. demonstrated that administration of capsaicin elicits activity in most of the mechanosenstive 
nerve fibres 2. Furthermore, in the mouse bladder functional research also identifies stretch-
responsive muscular and muscular/urothelial fibres at the lateral wall 8. Since most of the PGP-IR and 
CGRP-IR nerve fibres ran close to each other in the sub-urothelial space, there is a possibility of 
direct exchange of impulses between the nerve fibres. Two mechanisms illustrate the possible direct 
exchange of information between nerve fibres, e.g. ephaptic transmission and transmission via axo-
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axonal synapses (Figure 2, panel (b)). In 1942 Arvanitaki proposed the term; “ephaptic 
transmission” indicating signal transfer purely by electrical impulses between adjacent membranes 
of nerve fibres as opposed to synaptic transmission at sites of specialized junctions 19. This 
transmission via axo-axonal synapses uses neurotransmitters for excitation or inhibition of 
adjacent nerve fibres 20. In the bladder a pre-junctional synaptic interaction has been shown 
between cholinergic and adrenergic nerves mediated via inhibitory muscarinic receptors on 
adrenergic nerve terminals 21 In the CNS a comparable interaction has been identified, where 
synapses play a role in the sensory-motor integration of an ongoing motor task 22. Future studies 
using synaptophysin could possibly show a structural relationship between different nerve fibre 
types, and detect additional pre-junctional signal modulation systems within the bladder wall 23. 
As a specific note we observed that some nerve fibres were not PGP-IR suggesting that PGP 
might not be a universal marker for nerve fibres. This observation was supported by another PGP 
Ab, which gave similar results. This possibly indicated two different afferent nerve fibres, one 
PGP-IR positive and PGP-IR negative nerve fibre. NF-IR nerve fibres were primarily located in 
the muscle, with few fibre endings running in the lamina propria, these observations are consistent 
with observations in the guinea pig bladder6. NF-IR nerve fibres were not distributed throughout 
all layers of the bladder wall. In this study NF is used as an marker for Aδ nerve fibres since in the 
dorsal root ganglia (DRG) NF is exclusively expressed in myelinated Aδ-fibres, and not in 
unmyelinated C-fibres 10. However, the majority of bladder afferent nerve fibres is NF-negative24. 
In the muscle layers, these fibres are likely to be mechanosenstive responding to the slow filling 
of the bladder 25. On the serosal side at the bladder base, both CGRP-IR afferent and NF-IR 
afferent axons probably project to ganglia were there signals are modulated and re-directed 6. 
Another class of afferent fibre running near the urothelium were the VAChT-IR, cholinergic 
fibres, running close to the basal cell and the urothelial epithelial cell layers (Figure 5). As with all 
nerve fibres running near the urothelium, VAChT-IR nerve fibres were considered to be afferent: 
as hypothesis proposed by Gosling and Dixon states that, “a sensory role can reasonably be 
proposed for those peripheral nerves whose terminals are regularly observed to be unrelated to 
recognized neuro-effector target sites” 3. Moreover, in the rat, cholinergic nerve fibres in the 
lamina propria, expressing acetylcholine-esterase, have been found to co-localize with CGRP 
within the urothelium of ureters 26. The lamina propria at the bladder base was more densely 
innervated with VAChT-IR nerve fibres, in parallel with the distribution of CGRP-IR nerve fibres. 
These regional variations in innervation of the bladder base and the lateral wall have been 
described in the rats and in humans as well 16, 27. The muscle layers were uniformly innervated by 
VAChT-IR nerve fibres, where this marker could identify both afferent and efferent fibres 28, 29. 
Nerve fibres containing nNOS were distributed throughout the bladder but predominated in the 
bladder base. Most NOS-containing (nitrergic) nerve fibres also contain VAChT and can therefore 
be considered cholinergic30. These nerve fibres were primarily found in the muscle layers with 
few nerve fibres running in the suburothelial layer. Dixon et al. have shown that nNOS is sparse 
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in cholinergic nerves of the lateral wall, but present in the majority of these nerves at the bladder 
base 27. In the muscle the bulk of cholinergic fibres are presumed to be efferent motor neurons 
responsible for initiating and sustaining a detrusor contraction 29. At the bladder base cholinergic 
fibres may release NO known to induce smooth muscle relaxation in the urethra by activating 
guanylate cyclase and increasing cyclic guanosine monophosphate (cGMP) levels in the smooth 
muscle cell 31. The latter observation may reflect a neurotransmitter mediated mechanism 
preceding micturition. Cholinergic stimulation gives rise to relaxation of smooth muscle at the 
bladder neck as well as a contraction of the detrusor body 17. The function of the nNOS nerve 
fibres found in the lateral wall is less clear since not detrusor smooth muscle cells but interstitial 
cells have been seen to produce cGMP in response to NO 32, 33. The role of these cells is still 
uncertain possibly playing a role in the generation of non voiding activity seen during bladder 
filling 32. Ganglia were seen at the serosal side of the bladder; all were PGP-IR and most were also 
nNOS-IR. Varicosities of CGRP-IR and VAChT-IR nerve fibres, possibly indicating nerve 
terminals, and NF-IR nerve fibres were running in close proximity to the ganglia (Figure 7). These 
ganglia could be relay stations transferring input received from afferent nerve fibres in the bladder 
to the CNS as suggested by similar observations in the guinea pig bladder and also seen in other 
organ systems 6, 34. In addition, ganglia could also function in local motor-sensory networks of the 
bladder. Efferent output of these ganglia could be directed towards the interstitial cells or the 
smooth muscle cells. Together with the urothelium, these structures might play a role in the 
generation and modulation of non voiding activity seen during bladder filling 18, 35. Indeed, 
activating CGRP-IR afferent nerve fibres decreases non voiding activity by inducing a smooth 
muscle response 14. This response could be mediated by ganglia receiving afferent input from 
CGRP-IR nerve fibres. As the inhibition is more pronounced during rapid emptying these CGRP-IR 
nerve fibres could be activated by the release of NO or ATP from the urothelium via the  
TRPV1 receptor36, 37. On the other hand adding NO to the isolated bladder preparation increased 
this non voiding activity 38. The mechanism of action is unclear but may involve cGMP produced 
by interstitial cells and cell in the sub-urothelial layer in response to NO. In the lamina propria 
NO may inhibit the excitability of bladder afferents, increasing the micturition threshold and 
decreasing the micturition frequency 39. Alternatively, non voiding activity can be increased by 
infusion of volume in the bladder, activating suburothelial cholinergic nerve fibres or suburothelial 
interstitial cells via the M3 receptor by the release of ACh from the urothelium 40. This could 
induce a release of ACh from VAChT-IR nerve fibres at the ganglia initiating a response to the 
detrusor via motor nerve fibres. Non voiding activity could be important in the generation of 
sensation as rapid stretch of the bladder wall produces afferent discharge of mechanosensitive 
stretch receptors 7, 38. Indeed, during normal functioning, the bladder is continuously bombarded 
by a vast amount of stimuli, potentially generating and enormous amount of afferent impulses to 
the CNS, however not all impulses leaving the urinary bladder elicit conscious sensation 7. This 
‘afferent noise’ is generated by different afferent nerve fibres, of which some are described in this 
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study. In summary, using immunohistochemistry several sub populations of afferent nerve fibres 
were recognized in the mouse bladder and regional differences were identified. Based on our 
working hypothesis, that all nerve fibres in the lamina propria are considered to be afferent, we 
found at least four different types of afferent nerve fibre; CGRP-IR, NF-IR, VAChT-IR and nNOS-IR. 
At the bladder base the suburothelium was densely innervated by all nerve fibres types, indicating 
that bladder sensation is predominant at this location. The dense innervation of CGRP-IR nerve 
fibres in the inner muscle at the lateral wall implicates a possible mechanosensitive role for these 
nerve fibres at this location. The NF-IR nerve fibres are probably also mechanosensitive, as they 
were primarily found in the muscle layers. The majority of VAChT-IR nerve fibres in the muscle will 
most likely be efferent nerve fibres responsible for the detrusor contraction. At the bladder base 
nNOS-IR nerve fibres will most likely induce smooth muscle relaxation whereas nNOS-IR nerve 
fibres found at the lateral wall probably modulate the activity of interstitial cells. The ganglia located 
at the serosal side of the bladder were all PGP-IR and mostly nNOS-IR. All nerve fibres types ran in 
close proximity suggesting that these ganglia function as local motor-sensory networks receiving 
input from multiple different afferent nerve fibres and directing efferent output to the CNS and the 
bladder wall (figure 8). Further research breaching between functional and structural research is 
paramount to gain insight into the role of these different afferent nerve fibres during normal bladder 
functioning and in relation to bladder pathology, such as the overactive bladder syndrome. 
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Abstract

Purpose 
Non voiding contractions (NVCs) of the detrusor occur in up to 70 % of healthy individuals. These 
contractions increase in pathological detrusor function and may be associated with afferent activity. 
We examine NVCs in the urethane-anaesthetized guinea pig bladder and study the effect of filling 
rate and intravesical volume. 

Materials and Methods 
14 guinea pigs were anesthetized and the bladder catheterised in the dome. In 6 guinea pigs bladder 
infusion was continuous, two physiological filling rates of 25 μL/min (0,75 HD) and 50 μL/min (1,5 
HD) were used. In 8 additional guinea pigs isovolumetric cystometry was performed filling the 
bladder with increments, recording at low, medium and high intravesical volume. 

Results 
NVCs were apparent in all animals. Contractions increased in frequency and amplitude as the 
bladder filled. Different phases were identified, immediately after a void no NVCs were observed 
followed by continuous activity, first with small contractions and later with both small and large 
contractions. Small NVCs show a phasic pattern in frequency, while the frequency of large NVCs 
either slowly increases or remains stable. Frequency and amplitude of NVCs were higher with faster 
filling rate and higher intravesical volume. 

Conclusions 
NVCs are present in the anaesthetized guinea pig. Under normal physiological conditions NVCs 
increase in amplitude and frequency with the increase in filling rate and intravesical volume. Small 
and large NVCs differ in frequency pattern and occur at different periods of bladder filling. This 
may illustrate different afferents functioning during bladder filling, which could be important in 
pathology.
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Introduction 
For decades, the bladder was believed to be “silent”, e.g. without any transient pressure increases 
during the filling phase, and presence of detrusor overactivity was considered to be pathological. 
These involuntary detrusor contractions may lead to symptoms such as urgency, increased 
frequency of voiding and incontinence, which seriously affect the quality of life and ability to work. 
However ambulatory urodynamics has shown non voiding detrusor contractions during the filling 
phase in up to 69% of healthy volunteers 1, 2, suggesting that these contractions may be a normal 
physiological mechanism. Currently, the differences in non voiding contractions (NVCs) between 
normal and pathological states are unknown. These NVCs have been shown to occur in vitro in the 
isolated whole bladder preparation 3, and in that model, the NVC’s can be increased by ATP, NO, 
Acetylcholine and bladder volume or decreased by PDEs and CGRP 4-9. These data suggest that the 
NVCs are generated and processed at least in part within the bladder wall itself. In rats, the NVC 
have been studied in vivo, showing that they increase in amplitude and frequency as the bladder 
fills10. The exact role or purpose of the NVCs is still unknown, but if they are able to induce afferent 
activity, they could serve as a “primary sensory mechanism” within the bladder. Enhancement of this 
activity might then result in increased bladder sensations leading to urgency 11. The current study 
evaluates and describes NVCs in the bladder of the anaesthetized guinea pig. Furthermore, the 
effect of different filling rates and the effect of intravesical volume is investigated. 

Materials and Methods
All experimental procedures were approved by the local ethical committee of the Maastricht 
University for animal experiments according to the Dutch governmental guidelines. In total 14 
male Hartley guinea pigs (294 g. ± 46 SD, Charles River Laboratories) were used to perform in 
vivo cystometry. The guinea pigs were anesthetized with a solution of urethane (20% w/v in saline 
pH 7,4; 1,5 g./kg i.p.) given as a single dose. The guinea pig was placed supine on a heated pad to 
maintain body temperature and the bladder was exposed via a low midline abdominal incision. Two 
polyethylene-50 catheters (I.D. 0,58 mm O.D. 0,965 mm, PE-50, Becton Dickinson, Franklin Lakes, 
NJ, USA) were passed through a small opening at the apex of the bladder dome and secured with 
a purse string suture (5-0 monocryl, Ethicon Inc., Somerville, New Jersey, USA). One catheter 
was connected to an infusion pump (Vickers Medical, Treonic IP4 syringe pump, Basingstoke, 
England) and the other was connected to a pressure transducer (DTX Plus, Becton Dickinson, 
Franklin Lakes, NJ, USA).The transducer output was amplified, digitized at 200 Hz and recorded 
using a data capture system (Acqknowledge version 3.7.3, Biopac systems, Inc., Goleta, USA). The 
pressure range of this apparatus was 0,02–180 cmH2O. The transducer was calibrated before each 
experiment. A 30 minute rest period was included before starting bladder filling. Then the bladder 
was filled continuously and two filling and voiding cycles were recorded before the experimental 
protocols were started. A NVC was considered any increase in detrusor pressure without urine 
leakage, which was visually recorded. 
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In part 1, the effect of different filling rates on the development of NVCs was studied in 6 animals. 
Saline was continuously infused at room temperature, and three voiding cycles were recorded. 
During bladder filling, the amplitude and time at peak amplitude were determined for every NVC. 
Since no data are available on the physiological urine output in the guinea pig, we based the filling 
rate on data from the rat [12], filling the bladder at two physiological rates; 25 μL/min (0,75 HD) and 
50 μL/min (1,5 HD), used in the same guinea pig.
In part 2, the effect of bladder distension on the development of NVCs was studied in 8 animals 
during isovolumetric conditions. Before the start of the isovolumetric measurements, the volume at 
which the recordings were made was determined by the micturition volume threshold as measured 
during two consecutive fillings at 25 μL/min. Isovolumetric volumes were defined as 25 (low), 
50 (medium) and 75% (high) of the micturition volume threshold. Intravesical pressure was then 
recorded for at least 10 minutes at each predefined volume. Natural diuresis was considered to be 
negligible as i.p. urethane dramatically decreases urine production 13, which was also supported by 
the observations that basal bladder pressure did not change during the isovolumetric recordings. 

Data analysis 
Paired-samples t-tests were used for analysis with P<0.05 set as level of significance for paired filling 
and for isovolumetric data (SPSS, version 15, Armonk, New York, USA). 

Results 

Part 1 Continuous bladder filling
During the continuous bladder filling, the filling phase can be divided into two phases; a ‘silent’ 
phase and an ‘activity’ phase (Figure 1A). These phases were observed both with the slow and 
fast filling rates. The ‘silent’ phase is characterised by the absence of NVCs (Figure 1, ‘silent 
phase’, inset 1 in (A) and (B)). At the end of the ‘silent’ phase, the ‘activity’ phase starts with NVCs 
occurring at irregular intervals. These NVCs then become larger and more regular, increasing in 
amplitude (Figure 1,’activity phase’, insets 1, 2 and 3 in both (A) and (B)).The filling phase ends with 
a fast and large voiding contraction (Figure 1).
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Figure 1. A, continuous filling cycles at slow filling rate (25 μL/min). Superimposed upon the gradual increasing basal 

pressure one can clearly distinguish the non voiding contractions occurring during the filling cycles. Insets 1, 2, 3 illustrate 

sequential time periods throughout a fill, emphasizing the rise in amplitude and frequency of NVCs. B, 4 filling cycles in the 

same animal at a fast filling rate (50 μL/min). Filling time is significantly shorter and NVC amplitude is significantly increased 

(see insets). 
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Figure 2. Amplitude analysis of the NVCs at slow filling rate. A, raw data (a) and amplitude distribution scatter plot (b) 

relating the increase in amplitude to the filling time. In the beginning of a cycle primarily small NVCs are present, towards 

the end of a fill this distribution changes, with the presence of larger NVCs. The dotted line shows the end of the fill, initiated 

by the start of micturition. B, NVC histogram (same guinea pig), C, NVC histogram of pooled data from 6 guinea pigs. 

Ordinates represent the number of transients at specific amplitude; the abscissa denotes the amplitude of the transients. 
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Figure 2 illustrates the distribution of the amplitude of NVCs at a slow, physiological filling rate 
(25 μL/min). NVCs increase in amplitude when intravesical volume increases (Figure 2A, (b)). An 
amplitude distribution histogram is shown in fig. 2B and shows that NVC amplitude is not normally 
distributed (median 0,9 ± 0,60 SD). This observation was consistent in all animals (Figure 2C, n=6, 
median 0,8 ± 1,25 SD, p < 0,01, Shapiro-Wilk’s W normality test).

From the start of the activity phase to the end the average increase in frequency of the NVC is 
approximately 3 fold as the bladder fills (ratio = 3,33 ± 3,48 SD). Figure 3 shows the frequency 
distribution of the NVCs during bladder filling with the slow filling rate. On top of an overall gradual 
increase in frequency episodes with increased NVC activity can be distinguished, whereby the 
NVCs frequency increases and the NVC amplitude decreases (Figure 3A, marked). This phasic 
pattern was identified in all animals during all bladder filling phases with the two different filling 
rates. To study this pattern more in detail the population of NVC was split based on the median 
amplitude into small and large NVC (Figure 3 C and D). The instantaneous frequency of small 
NVC showed an undulating pattern, whereas the instantaneous frequency of large NVCs gradually 
increases over time (Figure 3, panel C and D, respectively). 

The basal pressure rise during the slow and fast filling was not different (Table 1, Figure 4, panel A). 
However during fast filling a difference in NVC amplitude was noted, being most pronounced towards 
the end of the fill phase (Figure 4, B). A comparison of the average instantaneous frequency of NVCs 
at slow and fast filling rates does not show any significant differences.

Table 1. Urodynamic parameters of 6 guinea pigs. 

Cystometry Parameters Slow Fast P-value

Infused volume at start of Act. phase(μl ± SD) 107,24 ± 56,07 124,63 ± 80,83 0,48

Max. infused volume (μl ± SD) 1006,98 ± 262,65  1099,82 ± 408,25 0,06

Micturition pressure (cm H20 ± SD) 24,19 ± 4,40 24,49 ± 4,63 0,75

Micturition threshold pressure (cm H20 ± SD) 8,60 ± 1,70 8,37 ± 1,84 0,63

Basal pressure increase (cm H20 ± SD)  5,30 ± 1,38 4,79 ± 1,70 0,27
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Figure 3. Frequency analysis of NVCs at slow filling rate.(A) Raw trace of slow filling rate NVCs are clearly present (see 

also Fig.1A). (B) Instantaneous frequency plot of the NVCs. Instantaneous frequency fluctuates and gradually increases 

during the fill. The red line indicates a moving average (7 consecutive NVCs) revealing a phasic pattern, indicating bursts of 

increasing frequency. Dotted lines in A indicate the increased number of NVCs (e.g. the increased frequency). B and C, the 

instantaneous frequency of small and large amplitude NVCs respectively. Red lines indicate the moving averages. The two 

groups were split according to the median (0,89 cm H20). Phasic pattern within the instantaneous frequency are largely due 

to small NVCs, large NVCs underlie the slow rise in frequency.
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Figure 4. Effect of filling rate on NVCs in the same guinea pig. A, Basal pressure as a function of infused volume for slow 

and fast filling rates. B, NVC amplitude distribution scatter plot of the same two filling cycles. NVCs of the fast filling rate 

cycle (open circles) are bigger, especially towards the end of the fill, when compared to the slow filling rate (closed black 

circles). C, average instantaneous frequency. Towards the end of the fill the frequency of the NVCs in the fast rate filling 

increases more compared to the slow rate filling. D and E, NVC histograms of the slow and fast rate filling respectively. 

The fast rate displays a wider distribution of NVCs with larger contractions than in the slow rate (C; median 1,76 cm H20 

and D; median 1,27 cm H20)
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Figure 5. The effect of volume on NVCs. A, Isovolumetric recordings at low, medium and high intravesical volume. B, Bar chart 

comparing the NVCs at the three different volumes. Black bars indicate the rise in average amplitude (# marker; low versus 

medium; p= 0,039). Dotted bars indicate the rise in instantaneous frequency (* marker; low versus high; p=0,025). The average 

basal pressure of the isovolumetric periods only reaches significant difference comparing low versus high (n= 8, p=0,009).

Part 2, Isovolumetric recordings
Bladder pressure was recorded at low, medium or high intravesical volume. Figure 5, panel A displays 
raw data of three isovolumetric conditions, showing that at higher volumes the NVC amplitude and 
frequency is significantly higher than at low volume (Figure 5, B). These data show that intravesical 
volume, apart from changes during filling, determines NVC amplitude and frequency. The average 
basal pressure of the isovolumetric periods only reaches significant difference comparing low versus 
high volume (n= 8, p=0.009). Furthermore, similar to the filling experiments, a phasic frequency 
pattern in the small NVC (< median amplitude) is observed at every volume and animal. The large 
NVCs have a constant frequency that does not increase over time (Figure 6).
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Figure 6. A, part of a medium volume isovolumetric trace. B and C, instantaneous frequency split into small and large 

amplitude NVCs respectively. Dashed line in A displays the median, which is the cut off point between small and large 

contractions (median amplitude 1,9 cm H20). In accordance with the filling experiments the small NVCs display a phasic 

pattern in instantaneous frequency. Red line displays the moving average. C, with large NVC no phasic pattern or gradual 

increase in frequency is visible. Red line is the moving average.
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Discussion 
The current study demonstrates the presence of NVCs during the filling phase in the anaesthetized 
guinea pig. In general, the NVCs progressively increase in amplitude and frequency as the bladder 
fills. In the awake rat different phases in non voiding activity have been described 10. In the guinea 
pig no phases could be identified or separated, except a phase without NVCs and a phase with 
NVCs. Furthermore, in the rat the frequency of NVCs decreases just before micturition, which is not 
observed in the guinea pig. It is not clear whether these different observations are due to difference 
in species or use of anaesthesia. Ex vivo, the isolated whole guinea pig bladder also shows NVCs, 
which are small (0,2 – 3 cm H20) and regular, and increase in frequency and amplitude as bladder 
volume increases 3. Since the bladder is disconnected from the central nervous system, the generation 
and modulation of the NVCs must be an intrinsic property of the bladder wall. The current in vivo 
isovolumetric data show a phasic pattern in the frequency of NVCs. Small amplitude NVCs seem to 
be the source of these bursts of increased frequency (Figure 6). This phasic pattern in frequency is also 
seen with gradual filling of the bladder (Figure 3). Again, small amplitude NVCs are the source of this 
phasic pattern. Such a pattern is absent in the isolated whole bladder 3. This suggests that it is evoked 
by spinal reflexes and might play a role in ‘sensing’ bladder volume. In the isovolumetric data the 
frequency of large amplitude NVCs is stable and does not increase, whereas in the filling experiments 
the frequency of large NVCs gradually increases with increasing volume. Previous afferent recording 
studies have shown that NVCs may elicit phasic firing of bladder afferents, suggesting that this form of 
bladder activity might underlie some form of motor-generated sensory function 11, 14-17. Both ex vivo and 
in vivo analysis of bladder filling at physiological rates revealed at least two different types of afferent 
activity 16-18. One group showed phasic firing, which mirrored spontaneous contractions, while the 
other showed a continuous increasing firing rate during filling as a function of stretch 16-18. Filling at a 
higher physiological rate shows similar afferent firing patterns 16. However, at supra-physiological filling 
rate all afferents displayed the same pattern of continuous increased firing as the bladder fills. As filling 
rate increased the sensitivity of afferents toward bladder filling decreased 18, 19. 
In the guinea pig, using various stimuli several functionally distinct populations of afferents have been 
identified, activated by different mechanisms 20. These can be stretch-sensitive (muscle mechanoreceptors 
and tension-mucosal mechanoreceptor) or stretch-insensitive (mucosal mechanoreceptors and 
chemoreceptors) 19, 21. In vivo, two types of stretch-sensitive afferents were reported, one with firing 
linearly related to intravesical pressure, while the second type, firing in a phasic pattern, reached a 
plateau or even decreased at higher pressure 16. This last type of afferent has been suggested to act like 
‘‘volume receptors’’, sensing bladder distension 22. This type of afferent fiber could be involved in the 
generation of small NVCs, underlying the phasic pattern as described in this study. 
In conclusion, this study shows that NVC are present in the guinea pig bladder in vivo, and that small 
amplitude NVCs exhibit a specific frequency pattern. The exact role of these NVCs is currently 
unknown, but they may be related to sensory function as their pattern is only present when the 
bladder is connected to the spinal cord. How this correlates to humans is still unclear, as no method 
is yet available to accurately measure small bladder pressure increases in humans. 
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Abstract

Purpose
The aims of this study were to compare the structure of bladders from a transgenic mouse model 
of Alzheimer’s disease with age matched control animals and to explore the idea that any structural 
differences might be related to functional bladder changes associated with the condition. 

Materials and Methods 
Two groups of mice were used. Transgenic animals in which the murine Amyloid Precursor Protein 
(APP) gene has been partly replaced by the human APP including both the Swedish and London 
mutations and that overexpress a mutant of the human Presenilin 1 gene (PS1M146L) driven by the 
PDGF promoter. The transgenic mice (AppSL/PS1M146L) aged 24 + 3 months were used. The second 
group was an age matched control group of C57 black mice. The bladders from each group were 
isolated, fixed in 4% paraformaldehyde and prepared for immunohistochemistry. Antibodies to the 
vesicular acetylcholine transporter (VAChT) and neuronal nitric oxide synthase (nNOS) were used 
to identify neural structures.

Results 
Cholinergic nerves (VAChT+) were observed in the inner and outer muscle bundles of AppSL/PS1M146L 
and control mice. No major differences were noted in the distribution of these fibres. In contrast, 
there was a distinct difference in the innervation of the sub-urothelial layer. In App1SL/PS1M146L 
mice there were numerous VAChT and nNOS positive fibres in sharp contrast to the paucity of 
similar nerves in control animals. VAChT and nNOS did not appear to co-localise in the same nerve 
fibres within the lamina propria. Pairs of nerve fibres, nNOS+ and VAChT+, were observed to be 
intertwined and run in close proximity. A particularly unusual feature of the AppSL/PS1M146L mouse 
bladder was the presence of neurones within the bladder wall. These nerve cell bodies were seen in 
all AppSL/PS1M146L mouse bladders. The neurones could be found singly or in small ganglion like groups 
of cells and were located in all layers of the bladder wall (sub-urothelium, in the lamina propria 
adjacent to the inner muscle and within the inner muscle and outer muscle layers). No nerve cells 
or small ganglia were noted in any of the control bladders studied. 

Conclusions 
There are structural differences in the bladders of AppSL/PS1M146L mice compared to control animals. 
These differences are associated with sub-urothelial nerves which, because of their location, are 
likely to be sensory fibres. This may lead to a changed sensory processing from the AppSL/PS1M146L 
bladders. The physiological role of the intra-mural neurones and ganglia is not known. It is speculated 
that they may be associated with peripheral motor/sensory mechanisms linked to the generation 
and modulation of sensation.
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Introduction 
Dementias, including Alzheimer’s disease, are disabling conditions that can severely affect the quality 
of life for those who suffer. For many such patients incontinence and more so urgency are major 
additional problems which seriously affects on their care and lifestyle 1, 2. It is generally accepted 
that dementia related incontinence is linked to cognitive impairment and reduced awareness. Less 
emphasis has been placed on possible changes in the lower urinary tract of such patients that 
might contribute to and exacerbate the problem. Experimental investigation of this problem in 
patients with dementia is difficult from moral and ethical grounds. Transgenic animals have provided 
an important approach to understanding the changes in dementias. Animals have been bred in 
which specific mutations have been engineered which mimic, in part, the changes seen in dementias 
including Alzheimer’s disease. One such model involves a double mutation: One mutation is to 
the Amyloid Precursor Protein (APP) which includes both the Swedish and London mutations 
(KM6706/671NL and V7171, 3) and the second to the PS1M146L mutation (PS1 M146L, 4). These 
double transgenic mice (AppSL/PS1M146L) exhibit numerous changes in their central nervous system3-6. 
Including increased amyloid deposits leading to plaque formation, with enlarged cholinergic 
terminals associated with and confined to the periphery of compact plaques. The model also shows 
activated astrocytes and microglia clusters. Since many of these changes are seen in patients, post 
mortem, with Alzheimer’s disease the model is considered an appropriate one with which to study 
the cellular and molecular elements of Alzheimer’s disease and its consequences 7.
In this study we have used this double transgenic mouse model to explore the idea that there are 
peripheral changes in the bladder of these animals that might contribute to the overall patho-
physiological changes that occur. The intention was to explore the idea that peripheral changes 
in the lower urinary tract might contribute to or exacerbate lower urinary tract dysfunction in 
patients with dementia. This study focuses on the distribution of nerve fibres in the bladder wall 
using nitric oxide synthase (nNOS) which is widely distributed in the lower urinary tract and may be 
important as an inhibitory neurotransmitter released by afferent nerves 8, 9. Vesicular acetylcholine 
transporter (VAChT) is used as a marker of cholinergic nerves. As there is an intimate relationship 
between the cholinergic innervation and nitric oxide synthase in the bladder, we investigated the 
effect of NO signalling in cholinergic fibres 10. We were interested in studying the distribution of 
cholinergic fibres in normal mice and in a mice-model for AD. 

Materials and Methods
All experimental procedures were approved by the local ethical committee of the Maastricht 
University for animal experiments according to the Netherlands’ governmental guidelines. Mice with 
gene-targeted expression of the APP mutant encoding the Swedish/London-FAD mutations (APPSL) 
were generated as described by Köhler et al. 3. The APPSL mice were crossbred with PS1(M146L) 
transgenic mice 4 and back crossed on a C57Bl6/J background. 
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Two groups of AppSL/PS1M146L mice, male or female, were used; C57Bl6/J control mice aged 21 
to 28 month old (n=6) and a double transgenic mouse model of Alzheimer’s disease (n=10) aged 

24 months to 26 months old. The double transgenic mice were developed at the department  
of Psychiatry and Neuropsychology at Maastricht University. Genetic screening was per-
formed to ensure that a copy of each of the aforementioned mutations was present. Two sepa-
rate single PCR biological assays were carried out using a thermal cycler (BIO-RAD thermal 
cycler, Bio-Rad Laboratories, Hercules, CA, USA). Primers were chosen for the specific muta-
tions. The animals were housed in a temperature and light (12h light/dark cycle) controlled room  
and allowed free access to food and water. The mice were killed by cervical dislocation. The urinary 
bladder was removed and placed in ice-cold Krebs solution containing 121.1 mM NaCl, 1.87 mM KCl, 
1.2 mM CaCl2, 1.15 mM MgSO4, 25 mM NaHCO3, 1.17 mM KH2PO4, 11.0 mM glucose, bubbled with  
5% CO2 and 95% O2 (pH 7.4). Each bladder was divided in two pieces and fixed in an ice-cold solu-
tion of 4% freshly prepared depolymerised paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) 
for 120 min at 4°C. After this the tissues were washed at 4 °C in 0.1M phosphate buffer containing 
10% sucrose (24 h), 20% sucrose (24h) and 30% sucrose (24h). The tissues from the lateral wall 
were snap-frozen with isopentane cooled in liquid nitrogen placed in Tissue-Tek O.C.T. compound 
(Bayer Corporation, Pittsburgh, PA, USA), or frozen into O.C.T. compound using carbon dioxide, 
to form a single block. Cryostat sections (10 μm) were cut in a manner so that each section was 
perpendicular to the urothelial surface. Sections were then thawed onto chrome-alum-gelatin-
coated slides and processed for immunohistochemistry.

Immunohistochemistry 
Sections were dried for 60 min at room temperature followed by three washes with Tris-buffered 
saline (TBS; pH 7.6) for 5 min. and thereafter incubated overnight with primary antibodies at 
4 °C. Primary antibodies were diluted in TBS containing 0.3% (v/v) Triton X-100 (TBS-T). The 
rabbit antibody against Vesicular Acetylcholine Transporter (VAChT, dilution 1:1000, Sigma-
Aldrich) was used to visualize cholinergic fibres. Neuronal nitric oxide synthase was visualized 
using a sheep anti-nNOS antibody (nNOS, dilution 1:1000, generous gift from Dr. P.C. Emson). 
After overnight incubation with the primary antibodies, sections were washed in TBS-T, TBS 
and TBS-T; each wash step lasted 15 min. Rabbit primary antibody was visualized using Alexa 
Fluor 488 donkey anti-rabbit IgG (H+L) conjugate (Molecular Probes), diluted 1: 100 in TBS-T. 
Sheep primary antibody was visualized with Alexa Fluor 594 donkey anti-sheep IgG conjugate 
(Molecular Probes), diluted 1:100. Sections were incubated with the secondary antibodies for 
90 min at RT in the dark. After washing, the sections were mounted with TBS-glycerol (80%). 
Typically for each bladder the staining was done in duplicate and repeated at least on 2 separate 
days. Only the lateral wall was studied and all observations were accumulated from the different 
slides and from different bladders.
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Sections were photographed using an Olympus AX70 microscope using x10, x20 and x40 (oil) 
objectives. For the detection of Alexa 488 fluorescence we used a narrow band-pass MNIBA-filter 
and for the detection of Alexa 594 we used a filter with a narrow excitation band the U-M41007A 
filter ((525 nm - 560 nm), both filters are from Chroma Technologies, Rockingham, Vt, USA). The 
microscope was equipped with a cooled CCD Olympus Digital video camera F-view. Images were 
stored digitally as 16 bit images by using the computer program cell-P® (Olympus, Germany). The 
number of grey values was reduced using a linear function to 4095. We also examined the slides 
with confocal microscope technique, several photomicrographs in the article are acquired with 
this microscope, using a Bio-Rad MRC600 confocal microscope (Bio-Rad Laboratories Ltd, Hemel 
Hempstead, UK) equipped with an air-cooled Argon– Krypton mixed gas laser and mounted onto 
an Axiophotemicroscope (Zeiss), using oil-immersion objectives (40X, NA ¼ 3D1.3 or 63X, NA¼ 
3D1.4). The laser-scanning microscope was used in dual wavelength excitation at 488 and 568 nm. 
Optical sections were recorded in the Kallman filtering mode using 4–8 scans for each picture. 
Z-series were generated by collecting a stack consisting of optical sections using a step size between 
0.18 and 0.46 mm in the z-direction. Images were arranged with the program Microsoft Powerpoint 
2003 (Microsoft Corporation, Seattle, WA, USA).

Results 
Figure 1 shows photomicrographs of sections from the bladder wall from a control mouse (A) and 
an AppSL/PS1M146L mouse (B). The sections were stained using an antibody to vesicular acetylcholine 
transporter (VAChT) in order to identify cholinergic nerve fibres. A dense cholinergic innervation 
is seen in the muscle layers of control and AppSL/PS1M146L bladders (m). No major differences in 
the inner muscle layer were noted between control and AppSL/PS1M146L bladders, although positive 
neurons were observed in the lamina propria adjacent to the inner muscle layer (Figure 1B).
In contrast, there was a clear difference in the number of nerve profiles in the lamina propria in the 
AppSL/PS1M146L compared to controls. In the control bladders few positive nerves were found while 
in the AppSL/PS1M146L bladders there was a high density of sub-urothelial nerves expressing VAChT 
or nNOS (# Figure 1A and B). In addition, the AppSL/PS1M146L bladders had single nerve cells (* Figure 
1B) which were not found in any of the control animals. These differences are shown in greater detail 
in the subsequent figures.
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Figure 1. Photomicrographs of vesicular acetylcholine transporter (VAChT) associated with nerve fibres in the lamina 

propria and inner muscle layer of the bladders of 24 month old C57 black mice (A: control) and the double transgenic model 

AppSL/PS1M146L (B: Alzheimer’s disease model). In each panel the urothelium (uro), lamina propria (lp) and inner muscle (IM) 

layers are shown. NB the absence of structures staining with VAChT associated with the urothelium and sub-urothelium 

in the control mice. This is in contrast to the presence of numerous structures in the AppSL/PS1M146L mice (#). In panel B 

(AppSL/PS1M146L mice) two structures are identified (*) lying deep in the lamina propria adjacent to the inner muscle layer. 

These are single nerve cell bodies as described in detail in Figures 4 and 5. Panels C and D show the uniform distribution of 

VAChT in the muscle layers of both mice. Calibration bars in all panels are 30 mm.
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Figure 2. Photomicrographs of nerve fibres in the lamina propria of AppSL/PS1M146L mice (lp). The section was stained with 

antibodies to VAChT (green) and nNOS (red). Panel A; image at low magnification demonstrating the density of innervation of 

this region of the wall. Panels B and C are regions in panel A delineated by the dashed squares at higher magnification. VAChT 

and nNOS fibres are seen as distinct structures with little co-localisation indicative of two distinct populations of nerves in this 

region. Calibration bars: 20 mm in A and 10 mm in B and C.

nNOS and VAChT fibres were demonstrated in the lamina propria of the AppSL/PS1M146L mice (Figure 2). 
Typically, small bundles containing 2-3 fibres are found but often single axons could be seen. The fibres 
appear to be at least two distinct types: VAChT+ and nNOS+ fibres. No definitive fibres are noted which 
co-localised VAChT+ and nNOS+. A common structural feature is the close apposition of two nerves, 
one VAChT+ and the other nNOS+. These fibre pairs are seen to run in close proximity to each other as 
they traversed the lamina propria to innervate the urothelium. Since no efferent system has yet been 
described for the urothelium these VAChT+ and nNOS+ fibres and intertwined nerves could be afferent. 
As in previous studies on the mouse bladder no ganglia or nerve cell bodies were seen within the lamina 
propria or the muscle layers. 
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Figure 3. Photomicrograph of a small external ganglion associated with an aged control mouse. The section is stained for 

VAChT (green) and nNOS (red). The collection of nerve cell bodies is seen on the outer surface of the bladder wall. This 

region is shown at higher magnification in B where the individual images of the VAChT and nNOS stainings are illustrated. 

Calibration bars: 20 mm in A and 25 mm in B. 

Small ganglia are observed on the outer surface of the bladder (Figure 3). These ganglia appear to 
consist of different types of neurones with some being strongly positive for nNOS. Some nerve cell 
bodies are also associated with VAChT+ structures that may be the terminals of cholinergic fibres 
(Figure 3B).



91

Figure 4. Photomicrograph showing ganglion cells in an AppSL/PS1M146L mouse. The section is stained for VAChT (green) 

and nNOS (red). The region marked by the dashed square is shown at higher magnification in B. 4 nerve cell bodies are 

clearly seen with their nuclei. + Arrow points to a region on one of the cell bodies where punctuate staining for VAChT and 

nNOS can be seen. This staining may represent nerve terminal(s) on the cell body. C shows a nerve cell in an outer ganglion 

of a different AppSL/PS1M146L mouse. The ganglion displays co-localisation of VAChT and nNOS antibodies. The lower panel 

clearly shows the punctuate VAChT staining close to the nerve cell body (*). The upper panel shows a nNOS positive nerve 

fibre with no VAChT staining present. Calibration bars: 30 mm in A, 20 mm in B and 15 mm in C. 

Similar ganglia are observed on the outer surface of the bladder in the AppSL/PS1M146L mice (Figure 4). 
These ganglia are distinctive and typically existed as small groups of several nerve cell bodies. 
Discrete spots of VAChT fluorescence are often seen associated with neurones within these ganglia 
suggesting that they also might receive a cholinergic input (Figure 4B + arrows and C * arrows).  
In Figure 4C the ganglion displays distinct co-localisation of the VAChT and nNOS. 
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Figure 5. Examples of ganglion cells lying within the lamina propria and the muscle layer of the AppSL/PS1M146L mouse: A, 

close to the urothelium B, in the muscle. The sections are double stained for VAChT (red) and nNOS (green). C and D show 

magnified regions from A and B respectively. In C nerve fibres are seen to come in close contact with the ganglion cells and 

in D VAChT-positive terminals are seen close to the ganglion cell body. The muscle coat is delineated by the dashed line and 

the abbreviation MC. Calibration bars: 20 mm in A, and B, C and D.

An unusual feature of the bladders from AppSL/PS1M146L mice is the occurrence of nerve cell bodies in 
the bladder wall. Examples of these neurones are shown in Figures 5. In Figure 5 A and B examples 
are shown of cells in the in the lamina propria immediately below the urothelium and in the muscle 
respectively. Regions of these images are shown at higher magnification in panels C and D. In both 
C and D nNOS+ nerve cell bodies are seen in close proximity to VAChT+ fibres and terminals. In 
the example shown in panel B, 3 neuronal cell bodies are clearly seen in close proximity. Close 
examination of this group at higher magnification and inspection of the individual images (panel D) 
shows that only two cell bodies are nNOS+ suggesting that this population of intra-mural neurones 
may be heterogeneous. 
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Figure 6. Cartoon consisting of two panels illustrating the major observations described in the text. Panel A displays the age-

matched control mice and panel B the AppSL/PS1M146L mice. Describing from the top, the urothelium, down to the muscle coat 

one can see an increased density of nerve fibres in the lamina propria in the AppSL/PS1M146L mice, in this layer one can also see 

the presence of nerve cell bodies (ganglia) and the appearance of terminals on the ganglia. Further down in de muscle layers no 

clear difference in density of the cholinergic innervation is seen. Here again nerve cell bodies can be seen in the AppSL/PS1M146L 

mice. In both the aged matched control mice and the AppSL/PS1M146L mice nerve cell bodies (ganglia) are found just of the bladder 

at the muscle coat. With most of these ganglia, nerve fibres possibly emanating terminals can be seen in close proximity.
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Discussion 
The present observations demonstrate structural differences in the bladder wall of the AppSL/
PS1M146L Alzheimer’s mice compared to age matched controls. The major findings are summarised 
diagrammatically in Figure 6. 
There are three major observations in this study. Firstly, the cholinergic innervation of the smooth 
muscle layers in the bladder wall, as shown by the VACHT+-IR, is not distinctly different between the 
AppSL/PS1M146L mice and age matched controls (figure 1, panels C and D). This suggests that the ability 
of the bladder to contract will not be impaired in the transgenic mice allowing them to maintain 
normal voiding contractions. Therefore, the primary changes may not be directly associated with 
the efferent control of the bladder. The second major observation is a clear increase in the number 
of VAChT+ and nNOS+ nerve fibres within the lamina propria. It is generally assumed that nerves in 
this region of the bladder wall are sensory fibres contributing to the afferent output of the bladder. 
If this is so, the presence of VAChT+ and NOS+ fibres in the AppSL/PS1M146L mice suggest alterations 
in the afferent system. The physiological consequences of such changes are not known but a higher 
density of afferent nerves might result in a different processing in or different sensory outflow from 
the bladder. 
There are several different types of afferent fibres emanating from the bladder 11-14. Some of these 
fibres are activated during normal bladder filling, whereas others may be activated by ‘noxious’ 
stimuli and may contribute to detrusor overactivity and overactive bladder symptoms 15. It is still 
unclear which fibres only contribute to spinal reflexes and which give rise to conscious perception16. 
The altered expression of the VAChT and nNOS fibres in the lamina propria raises the interest to 
study the distribution of other nerve fiber types. For example Calcitonin Gene Related Peptide 
(CGRP) and transient potential receptor vanilloid 1 (TRPV1) fibers would be good candidates to 
study because they have been implicated in the occurrence of overactive bladder symptoms and 
Alzheimer patients have an increased prevalence of overactive bladder symptoms 2, 17-19. However, 
from immunohistochemistry studies we cannot say anything about the function of the putative 
afferent fibres in the AppSL/PS1M146L mice. 
The afferent fibres, contributing to the perception of bladder volume, are a sub-set of sensory 
fibres16. A similar heterogeneity in the nerves within the lamina propria and specifically associated 
with the urothelium has been reported in the normal guinea pig bladder 20. As a third observation 
VAChT+ fibres seen in the AppSL/PS1M146L mice may be making contact with intramural ganglia 
(Figures 3 - 5). This anatomical arrangement has led to the suggestion that there may be local 
reflexes operating in the bladder wall 20, 21. Since there are no intra-mural ganglia in the normal 
mouse or rat bladder the concept of such local intra-mural reflexes in these species has not been 
considered 22. There is, therefore, an important question regarding when and how the nerve cell 
bodies and ganglia appear in the AppSL/PS1M146L mice.
We can conceive at least two possibilities. It may be that the genetic changes leading to the 
generation of the neurones occur at the embryonic stage and persist into adult life. There is no 
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evidence for or against this at the present time but the data can and should be obtained. Secondly 
the nerves and ganglia may appear late in life along with the other changes seen in these animals 
associated with Alzheimer’s disease. De novo generation of neurones is not a common phenom-
enon and therefore this explanation seems less likely and at this stage it is not plausible. Nerve 
cell bodies and small ganglia are found in the bladder in humans, pigs and guinea pigs 20, 23-25. Single 
nerve cell bodies are found but more often they are observed in small groups. The observation 
that they are associated with nerve fibres with terminal like structures has led to the suggestion 
that they receive synaptic inputs 20, 23, 26. The presence of cholinergic terminals might imply that 
the intra-mural ganglia may receive both excitatory and inhibitory input where they may be a 
part of a motor/sensory system 27,28. The properties and physiological role of these cells seen in 
the bladders of the AppSL/PS1M146L mice are not yet clear. They may represent small intra-mural 
ganglia and perform a motor role similar to that proposed in the guinea pig 20. 
From this data we cannot infer anything about the origin or development of these differences 
nor can we say anything about their physiological consequences or extrapolate these findings to 
the human conditions of dementia or Alzheimer’s. However, there are differences in the afferent 
and possibly the motor-sensory system in the mouse model, which may have some importance. 
These findings may aid in elucidating some of the underlying pathology for the lower urinary tract 
dysfunction in humans with dementia and Alzheimer’s disease and illustrate the importance of 
the peripheral nervous. They may also help to stimulate research on changes in the peripheral 
nervous system in animals models initially designed to study disease of the central nervous system. 
Structural immunohistochemical studies of bladder tissue of patients with Alzheimer’s disease and 
physiological studies on the present mouse model is a next step to take.
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Abstract

Objectives
To determine whether the transgenic mouse model of Alzheimer’s disease (AD), APPSL/PS1M146L mouse, 
shows alteration of the urinary bladder function and anxiety, as for patients with AD, we examined the 
urinary marking behaviour in relation to affective behaviour.

Materials and Methods
At 18 months of age voiding behaviour of APPSL/PS1M146L (APP/PS1) and wild type (WT) mice was 
assessed by using a modified filter paper assay in combination with video tracing, with the cage 
divided into a centre and corner zones. Anxiety-related behaviour and locomotion were respectively 
tested in an elevated zero maze and an open field.

Results 
The APP/PS1 mice urinated more in the centre zone than the WT mice. The total volume of markings 
was significantly lower in the APP/PS1 mice. In both groups, the average volume of a marking in the 
corner zone was larger than in the centre zone. In the elevated zero maze task, the APP/PS1 mice 
spent less time in the open arms of the arena than the WT mice. In the open field task, the APP/PS1 
mice covered a longer distance than the WT mice.

Conclusions 
Our findings show that the APP/PS1 mice have a different voiding behaviour compared to the WT 
mice, i.e. urinating with small volumes and voiding in the centre of the cage. We have seen increased 
locomotor activity and anxiety-related behaviours as factors in the change in voiding pattern, 
attributing to impairment of voiding functioning in the APP/PS1 mouse.
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Introduction
In neurodegenerative disorders, like dementia and Alzheimer’s disease (AD), patients can suffer from 
impairment of bladder function1. Incontinence often emerges when dementia has developed into a 
moderate disease stage2. In general, people with sufficient cortical function commence voiding at an 
acceptable moment after going to a suitable location with the appropriate measures taken i.e. in a 
toilet and partially undressed. However, patients with dementia and AD especially can demonstrate 
uninhibited and unembarrassed voiding at an inappropriate place and/or time. This behaviour is 
often referred to as functional incontinence, and could be caused by dysfunctions at several levels 
of control. The general belief is that this incontinence is not derived from an abnormality in the 
lower urinary tract or its innervation, but from deficiencies in cholinergic neurotransmission in 
the cortical and subcortical areas of the central nervous system which then consequently leads 
to problems in locomotion and cognitive decline3. Cognitive severity and decline in dementia have 
been shown to significantly correlate to behavioural alterations, such as anxiety4. Several studies 
have linked anxiety to voiding dysfunction4, 5. Many patients with AD also show signs of detrusor 
overactivity upon cystometric evaluation1, 6. In the latter condition, dysfunctions in the integrated 
(neuro)-physiology of the bladder itself may contribute to this disabling condition. This is supported 
by a previous report from our group in which structural changes have been found in the bladder 
of a transgenic mouse model of AD7. Consequently, all these factors could be responsible for the 
altered voiding behaviour seen in patients with AD. To gain insight into bladder function rodents are 
often studied using metabolic cages, allowing voiding frequency and volume to be measured while 
urine can be collected and analysed8, 9. However, this method does not provide any information on 
the voiding behaviour of freely moving animals. Because AD is correlated with both anxiety and 
incontinence1, we wanted to investigate both the affective and the voiding behaviour of transgenic 
APPSL/PS1M146L (APP/PS1) mice, a mouse model of AD. We have previously used these mice, which 
have well-established cognitive impairment, clearly recognizable plaques and tangles and structural 
bladder changes7, 10. We hypothesize that this mouse model of AD displays an altered voiding 
behaviour compared to wild type (WT) mice. Voiding behaviour of APP/PS1 and WT is compared 
by using a modified filter paper assay in combination with video-assisted tracing in time of moving 
and voiding patterns.

Methods and Materials
Animals were housed individually within a temperature-controlled environment with reversed 12-
hour light/12-hour dark cycle (lights off from 7.00 h) and standard chow and water available ad 
libitum at all times. All animals were subjected to one experiment per day for three consecutive 
days. The experiments were performed in the following order, (1) ‘Voiding behaviour task’ (VBT), 
(2) ‘Elevated zero maze task’ (EZM), and (3) ‘Open Field task’ (OF), respectively. This study was 
approved by the Animal Ethics Board of Maastricht University, The Netherlands.

Changes in Voiding Behaviour in a Mouse Model of Alzheimer’s Disease
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Animals
Mice with gene-targeted expression of the APP mutant encoding the Swedish/London-FAD 
mutations were generated as described previously11 and crossbred with PS1M146L transgenic mice to 
generate APPSL/PS1M146L mice (APP/PS1). One-year-old wild type (WT) C57BL/6NCrl mice were 
purchased from Charles River Laboratories (L’Arbresle, France) and allowed to age in the same 
animal facility. At 18 months of age animals were divided into two groups, APP/PS1 (n= 7; 5 females, 
2 males) and WT (n=10, males) mice were taken into experiment.

Voiding behaviour task
Mice were habituated to the test cage for approximately five hours, 24 hours prior to testing to 
minimize the increased urinary marking when mice are placed in a novel environment12. Animals 
were placed individually in standard cages for five hours (332 x 150 x 130 mm - floor area 290 cm2) 
with the floor lined with filter paper (Bench coat paper, VWR international, Amsterdam, The 
Netherlands). Animals were raised of the floor by 30 mm to avoid direct contact with the filter paper 
by placing a standardized metal walking grid in the cage (grid 1144B-150, Techniplast, Buguggiate, 
Italy) (Fig. 1, panel A). Urinary markings on the paper were allowed to dry for 12 hours, after which 
they were illuminated with ultraviolet light, and photographed13. The experiment was recorded on 
video with a low level light from below illuminating the filter paper. For analysis of behaviour the cage 
was divided into three zones, the two corners were analysed together as corner zone and the third 
zone, the centre as the centre zone. The surface area of these zones was equal (Figure 1, panel B).

The frequency and pattern of urinary markings were quantified within each zone, the volume 
for each marking calculated and the total distance moved and overall time spend in each zone 
recorded. In addition, the time point of each marking was recorded allowing easy identification and 
discrimination of different overlapping markings. In analogy with Hu et al. a linear relationship was 
found between spot area and the volume of the urinary marking, resulting in a ratio of 8.84 μl/cm2 

(Figure 2)14.
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Figure 1. Standard set up 

and arena layout for 

voiding behaviour task 

(VBT). (A) This photograph 

shows the cage, grid and filter 

paper as used in the VBT. The 

mouse is placed in the centre of 

the cage at the start of the 

experiment. A metal cage top 

closes the cage and provides for 

food and water. (B) Arena layout. 

UV photograph showing filter 

paper on the bottom of the 

conventional mouse cage. The 

floor of the cage measures 29 cm 

by 10 cm; grid spacing is 1 cm2 in 

both directions. The total area of 

corner zones 1 and 2 combined 

equal the area of the centre zone.

Figure 2. Volumetric 

calibration. (A) UV 

photograph of the filter 

paper showing standardized 

volumes of urine with the 

corresponding area. (B) 

Scatter plot illustrating the 

relationship between volume 

and surface area of the urinary 

markings. The dotted line 

illustrated the linear trend 

(equation shown in the graph).
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Elevated zero maze task
The EZM was performed in order to study anxiety-related behaviour15. The test was carried out on 
a maze constructed of black plastic, transparent for infrared light. The circular runway was 50 cm in 
diameter, with a pathway width of 5 cm placed 20 cm above floor level. The maze was equally divided 
in two opposite open and two opposite closed parts enclosed by 50 cm high sidewalls. To prevent 
falls, a 5 mm high rim lined the open parts. A mouse was placed on one open arm, facing one of the 
closed arms of the maze and was allowed to explore the arena for five minutes. At the end of each 
experiment the surface was cleaned with 70% ethanol. Mice were tracked under low light conditions 
with an infrared video tracking system (Ethovision, Noldus, The Netherlands) to determine the 
total distance moved and time spent in zones (closed or open). The partitioning of time between 
open and closed regions was the principal index of anxiety/fearfulness.

Open field task
The OF was conducted to analyse spontaneous locomotor behaviour. The assessment was 
conducted in a square, Plexiglas box (25 cm × 25 cm × 30 cm), with an open top and grey floor. The 
floor of the arena was divided into centre, periphery, and corner zones, defined by lines spaced 
5 cm from the sidewalls. A mouse was placed in the centre of the arena and allowed to move 
freely. The movements and position of the animals were recorded and registered automatically 
by a computerized system (EthoVision, Noldus, The Netherlands) in order to determine the time 
spent in the different zones and the total distance moved during the 10 minutes trial. After each 
experiment the surface was cleaned with 70% ethanol.

Statistics
All data are represented as mean and standard error of mean (SEM). All statistic analyses were 
done using the Statistical Package for the Social Sciences (SPSS 15.0 software, Chicago, IL, USA). 
Chi-square analysis was conducted for the VBT to compare the location of urinary markings within 
the groups. Between the groups, urinary markings, inter-marking interval were compared using a 
non-parametric Mann–Whitney U test. The accepted level of statistical significance was determined 
on p < 0.05 for all analyses. The EZM and OF were analysed over time using the unpaired 2-sided 
Student T-test with location and distance moved as variables. One animal from the WT group 
was excluded from further analysis because of extreme anxiety-related behaviour in the EZM 
(continuous freezing).
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Results

Voiding behaviour task
There was no difference found in body weight between the groups (WT vs. APP/PS1; 25.8 ± 1.3 
grams vs. 24.2 ± 1.1 grams, p= 0.261).
Figure 3 shows photographs of filter paper of the voiding behaviour task (VBT) of APP/PS1 mouse 
(A) or WT mouse (B). Under UV light the urinary markings were clearly visible as dark halos on a 
light background. In general, two types of urinary marking behaviour could be identified from the 
video tracking analysis. Common were non-circular markings seen in the corner zone, whereby the 
mouse (both WT and APP/PS1) pushed its backside against a wall of the cage and urinated (Figure 3, 
* arrows). In contrast, circular markings occurred away from the walls and could be found anywhere 
in the cage. Video tracking analysis showed that they appeared when the mice made a short pause 
in their locomotion (Figure 3, # arrows).

Figure 3. Representative 

photographs of a voiding 

behaviour task (VBT) 

filter paper of a WT 

mouse and an APP/PS1 

mouse. The VBT of the WT 

mouse has a distinct pattern 

with a high marking density in 

both corner zones (* arrows), 

whereas no urinary markings 

are visible in the centre zone. 

In the APP/PS1 mouse urinary 

markings occur all across the 

floor area, in both corner zones 

but also in the centre zone (# 

arrows). Similar to the WT 

mouse non-circular urinary 

markings were observed in the 

corner zones (* arrow). These 

results were representative for 

all other mice in both APP/PS1 

and WT groups.
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Upon analysis the VBT of the APP/PS1 mice appeared significantly different from WT mice. Firstly, the 
number of markings in the centre zone of the APP/PS1 mice was significantly higher compared to 
the WT mice (Figure 4A, WT vs. APP/PS1; 1.0 ± 0.4 vs. 3.3 ± 0.7, p=0.009). Conversely, APP/PS1 mice 
urinated less frequently in the corner zone compared to WT mice (Figure 4A, WT vs. APP/PS1; 7.9 
± 0.7 vs. 3.5 ± 1.0, p=0.003). No difference was found between the individual mice of the APP/PS1 
group.
Secondly, the total volume of markings for the APP/PS1 mice was significantly lower than for the WT 
mice (WT vs. APP/PS1; 548.9 ± 5.7 μL vs. 348.7 ± 9.4 μL, p=0.036. In corner zone, the total volume 
of markings for WT mice was significantly larger than for APP/PS1 mice whereas in centre zone, the 
opposite was observed (Fig. 4B, corner WT vs. APP/PS1; 508.7 ± 6.2 μL vs. 259.9 ± 16.4 μL, p=0.014 
and centre; WT vs. APP/PS1; 40.2 ± 10.4 μL vs. 88.9 ± 5.09 μL, p=0.28).
Concerning the average volume of a marking, in the WT group, no significant difference was 
observed between the corner zone and the centre zone (Figure 4D, corner vs. centre; 64.4 ± 
6.2 μL vs. 40.2 ± 10.4 μL, p=0.18). Interestingly, in the APP/PS1 group, the average volume of a 
marking in the corner zone was also significantly greater than in the centre zone (Fig. 4D, corner vs. 
centre; 74.2 ± 16.4 μL vs. 26.7 ± 5.1 μL, p=0.009), showing that although these mice urinated evenly 
throughout the cage, the larger voids were done in the corner zone.
No significant difference in the inter-marking interval was observed between the groups, initially 
the frequency of marking was relatively high, after which it gradually decreased (Figure 4C). This 
could indicate some recurrent scent marking behaviour, e.g. re-familiarisation with the environment 
of the cage12.
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Figure 4. Voiding Behaviour Task (VBT); Voiding parameters. (A) The average number of markings in a zone. 

In corner zone, the number of urinary markings was significantly higher for the WT mice than the APP/PS1 mice. The APP/

PS1 mice urinated significantly more in the centre zone compared to the WT mice. Values are represented as means ± SEM 

for the number of animals analysed (WT n=9 and APP/PS1 n=7; different from WT ## p < 0.01). (B) The total volume of 

urinary markings in a zone. Compared to APP/PS1 mice, the volume of urinary markings for WT mice were larger in the 

corner zone but not in the centre zone. Values are represented as means ± SEM for the number of animals analysed (WT 

n=9 and APP/PS1 n=7; different from WT # p < 0.05). (C) The inter-marking interval shows the average number of markings 

per hour. No difference was observed between the groups, the frequency of micturition was relatively high initially and 

decreased gradually during the trial. Values are presented as means ± SEM. (D) The average volume of a spot in a zone. In 

both centre and corner zones, there was no significant difference in average volume of urinary markings between the WT 

and APP/PS1 mice. In APP/PS1 group, the average volume of a marking in the corner zone was larger than in the centre zone. 

Values are represented as means ± SEM (APP/PS1 group, corner vs. centre, ** p < 0.01).
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Figure 5. Voiding Behaviour Task (VBT); Behavioural parameters. (A) The time spent (in s) in the centre 

and corner zones of the VBT. There was no significant difference in time spent in the centre or corner zones between the 

WT or APP/PS1 groups. (B) Mean total distance moved (cm) in the VBT. The APP/PS1 mice moved significantly more than 

the WT group. WT n = 9 and APP/PS1 n = 7. Data represent means ± SEM (# p < 0.05).

Video tracking indicated that APP/PS1 mice did not spend significantly more time in the centre than 
the WT group (Figure 5A). However, the APP/PS1 mice moved significantly more distance than the 
WT group (Figure 5B). 

Elevated zero maze task
Anxiety related behaviour was examined in the elevated zero maze task (EZM). This task was 
conducted one day after the VBT. Data were expressed as time spent in the open arms. Significant 
differences were found between the groups in the time spent in the open arms. The WT mice spent 
significantly more time in the open arms of the arena compared to the APP/PS1 mice (p= 0.012) 
(Figure 6A).

Open field task
General locomotor behaviour was examined using the open field task (OF) one day after the EZM 
task. The data were expressed as total distance moved. The APP/PS1 mice covered significantly 
more distance compared to the WT mice (p=0.002) (Figure 6B).
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Figure 6. Elevated Zero Maze (EZM) and Open Field (OF) tasks. (A) The time spent (in s) in the open arms 

of the EZM. The WT group spends significantly more time in the open arms of the arena (# p < 0.05). (B) The mean total 

distance moved (in cm) in the OF. The APP/PS1 mice moved more than the WT mice. WT n = 9 and APP/PS1 n = 7. Data 

represent means ± SEM (## p < 0.01).
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Discussion
The association of Alzheimer disease (AD) and voiding disorders has been known for a long 
time16. Currently, no animal data are available linking Alzheimer’s AD to voiding behaviour and/or 
bladder dysfunction. In this study we have focused on urinary marking, anxiety-related and general 
locomotor behaviour of a mouse model of AD. To our knowledge this is the first study to describe 
an altered voiding behaviour in a rodent model of AD. 
Our results show that the WT mice demonstrated a well-controlled and organized marking 
pattern with markings occurring almost exclusively in the corner zones of the cage, creating the 
non-circular marking, a pattern considered to be normal17. In contrast, the APP/PS1 mice showed 
circular markings in the centre of the cage. This evenly distributed marking pattern indicates the 
APP/PS1 mice have no specific preference for location of urination (Figure 3). As urgency urinary 
incontinence is known to occur in AD4, we hypothesize that these markings could also be a sign of 
abnormal urination, possibly indicating some form of urinary incontinence.
The results of the EZM show that APP/PS1 mice have elevated anxiety levels, since they spent less 
time in the open arms of the maze. These APP/PS1 mice are known to have cognitive deficits as 
well10, which might contribute to the observed increased anxiety. Importantly, anxiety has been 
described as one of the most frequent and severe behavioural disturbances in AD and is associated 
with voiding dysfunction4, 5. Consequently, increased anxiety levels might therefore explain the 
altered voiding behaviour of the APP/PS1 mice.
In accordance with Vanmierlo et al., we also found that the APP/PS1 mice moved a significantly 
larger distance in the arena during both the VBT and the OF tasks10. This locomotor behaviour in 
APP/PS1 mice could be similar to the increased wandering behaviour as observed in AD patients18. 
Interestingly, the regions in the brain responsible for locomotor control, e.g. the basal ganglia and 
the medial frontal lobe, overlap with the frontal micturition centre. Lesions in these basal ganglia 
cause both motor and micturition disorders, a combination which is also seen in AD patients19. 
Unexpectedly, in this study, the APP/PS1 mice voided less than WT mice. This could be due to 
several factors; e.g. increased anxiety suppressing the APP/PS1 mice to void, decreased fluid intake 
due to behavioural impairment resulted in reduce urine production.
Another possible explanation is that structural changes in the neural control mechanisms of 
the lower urinary tract could give rise to aberrant afferent activity leading to an altered voiding 
behaviour. Interestingly, our group has described histological changes in the urinary bladder of the 
APP/PS1 mice indicating changes at the peripheral level7. In these mice, ganglia were found on an 
aberrant location, in the bladder wall itself, and the number of intramural afferent nerve fibers was 
increased7. How and when these changes occurred is still unclear and subjects to further research.
In summary, the current study shows an altered voiding behaviour in a mouse model of AD. These 
alterations in the APP/PS1 mice could be explained by changes in anxiety-related and general 
locomotor behaviour, specific of AD. Indeed previous studies suggest that behavioural changes 
are an important factor in incontinence in AD2. However, we hypothesize that the altered voiding 
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behaviour is due to multi-factorial changes in behaviour as well as in the control of the urinary 
system leading to “functional incontinence”. To some extend the altered voiding behaviour could be 
caused by an increased level of afferent activity of the lower urinary tract. The mechanisms remain 
largely unclear but are most likely caused by dysfunctions at both central and peripheral levels of 
control.
For future research, the non-invasive method of evaluating voiding behaviour used in this study 
should be combined with functional experiments, using cystometry. This can give more insight 
into the function and functional changes of the bladder in this animal model. Moreover, a newly 
developed rat model of AD could be an interesting model in terms of translational research to the 
human condition20. These models will be useful to elucidate whether functional changes develop 
first at the peripheral level or at the central level, i.e. due to changes in the bladder itself and/or in 
the brain in AD. The exact underlying mechanism between AD and altered voiding behaviour needs 
to be elucidated in future research.
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Chapter 7

General Discussion

Study Purpose
The aims of the studies presented in this thesis are to gain a better understanding of structural and 
functional aspects of the sensory information and the motor output of the urinary bladder. Several 
experiments have been carried out for this purpose and can be divided in two main sections of this 
thesis. The first part focuses on the morphological and structural changes in the urinary bladder wall 
of the guinea pig, addressing the spatial relationship and distribution of the prostaglandin E receptor 
type 2 (EP2) in the guinea pig urinary bladder and the different subtypes of afferent nerve fibres in 
the mouse bladder wall.
In the second part, the studies concentrate on functional bladder studies in mice. The effect of 
filling rate and intravesical filling on non-voiding contractions, together with the differences in the 
structure of bladders from transgenic mouse models of Alzheimer’s disease with age matched 
control animals were studied. In addition, the urinary marking behaviour in relation to affective 
behaviour in an Alzheimer model mouse has been evaluated.
The sensation of urge in most people is a signal to which pay attention can be paid to or that can 
be ignored for a while. Sadly however, this is not so for a significant number of people. They have 
sensations that can completely dominate their life, often driving them to seek help. These patients 
present with, urgency, the sensation of a sudden compelling desire to void that is difficult to defer, 
often accompanied by urinary frequency and urinary incontinence eventually nocturia’ (more than 8 
micturitions in 24 hours). This symptom complex is called the overactive bladder syndrome (OAB) 
1-3. The underlying causes of OAB remain unclear. In about 50% of patients OAB is accompanied by 
detrusor overactivity (DO) which is defined as uncontrolled contractions of the bladder muscle 
during bladder filling (motor OAB) 4,5. The sensory OAB has the same symptoms but without DO 
shown on conventional urodynamic studies54,55. 
The incidence of OAB increases with age6 and because of an aging society in the Western world, 
OAB is becoming a significant and prevalent problem. Moreover, elderly individuals especially with 
neurological diseases such as dementia and Alzheimer’s disease become more prevalent and often 
have OAB symptoms which reduce their quality of life and increase the complexity of their care. 
Since OAB symptoms have been shown to be associated with detrusor overactivity, it was 
concluded that drugs affecting contractility would alleviate symptoms16. Activity in the bladder 
smooth muscle is initiated by muscarinic receptor stimulation. The mainstay of current treatments 
is antimuscarinics, which have a better effect than placebo, but poor patient compliance, due to 
their side effects and the lack of sufficient clinical efficacy7,8. Therefore, it is desirable that alternative 
treatment methods are developed and made available to patients. Both the prevalence of OAB and 
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Alzheimer’s disease increase with age, and also the number of elderly people increases. Moreover, 
many patients with Alzheimer’s disease have urinary incontinence and OAB symptoms. A better 
understanding of the structural and functional aspects of the sensory-motor interaction in the 
urinary bladder and the changes in bladder morphology and behaviour in Alzheimer’s disease, could 
bring about a better understanding of the underlying pathological mechanisms and hopefully will be 
a focus for better future treatment modalities. 

Animal Models 
Legal, ethical and moral issues prevent that experiments, crucial for the understanding of the mecha-
nisms involved in the bladder can be carried out in human subjects. Moreover, human bladder tissue 
is difficult to gain, especially from patients affected with Alzheimer’s disease. Therefore, we have used 
the guinea pig bladder as our study model. The guinea pig bladder has similarities in structure as well 
as comparable bladder cystometric parameters to the human bladder 9-12 and has been used exten-
sively in our and other laboratories13-16. The use of the same animal model for experiments makes 
comparison of data easier. Therefore, the guinea pig bladder was the first choice for the experiments 
as presented in this thesis.
In addition, in order to study specific changes in Alzheimer’s disease, we have used a transgenic 
mouse model. In this mouse model for Alzheimer’s disease, related pathology has been mimicked 
without over-expression of the amyloid precursor protein (AppSL) but dependent on the co-expres-
sion of mutant human presenilin1 protein (PS1M146L) 17. Gene-targeted mice display a similar pattern 
of plaque distribution and show similar features of Alzheimer disease-like pathology, like glial reac-
tion around compact plaques, dilated cholinergic terminals in the cortex, and the absence of overt 
neuro-degeneration17.

The role of Prostaglandin in the bladder and the choice of studying EP2 
From all prostanoids, PGE2 has been put forward as the most likely candidate to contribute to blad-
der overactivity.18 This is due to the previous finding that PGE2 infused into the bladder reduces 
bladder capacity. 19-22. We chose to study EP2 receptor, as EP1, EP3 and EP4 immunohistochemical 
characterization in the bladder had been addressed before 13,23,24. The EP2 receptor distribution in 
the guinea pig urothelium was already explored14, but EP2 receptor distribution in the muscle layer 
was not studied yet using immunohistochemical techniques. Therefore, we designed experiments, 
using visualisation techniques to pinpoint the target and production site of PGs in order to answer 
our first research question on the localization and the role of EP2 receptors in the bladder and on 
the possible use of these receptors as a target in the treatment of lower urinary tract dysfunctions. 
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EP2 receptor expression in the detrusor
The EP2 receptor is expressed in the urothelium and in the sub-urothelial interstitial cells (SU-ICs)14. 
In our study, we have shown that EP2 receptors are also expressed on intramuscular interstitial cells 
(IM-ICs) and surface muscle interstitial cells (SM-IC’s) of the inner- and the outer-muscle layer. In 
addition, our results show a punctuate low intensity expression of EP2 in guinea pig detrusor muscle 
bundles. This punctuate appearance deserves more future attention as to whether this might be due 
to certain areas serving a specific function, for example in cell to cell contacts. 
In the muscle, each of the EP receptors is known to act through different intracellular pathways 
that involve calcium transport and the stimulation or inhibition of adenylate cyclase to elicit muscle 
contraction or relaxation depending on the EP subtypes 25. In general, EP1 and EP3 are thought to 
cause contraction of the smooth muscle, whereas EP2 and EP4 are thought to cause relaxation 26,27. 
Networks of IC’s with short and long processes, are visible from the urothelium and sub-urothelium 
through the muscle layers and form connections with other IC’s nodes. There is a clear COX I ex-
pression in the basal urothelial layer as also reported in earlier papers 13,14, suggesting the possibility 
that a PG signal, presumably mediated and enhanced by ATP release from the urothelium can be 
picked up by EP1 receptors and be spread further via the IC network 13,14. Our data demonstrate 
COX I and EP2 immuno-reactivity, in close proximity to each other or even co-expressing within 
the same cell. Further research is necessary in order to determine the physiological role of this EP2 
receptor configuration. However, a spread and augmentation of a signal mediated by PG via EP2 is 
unlikely as in most smooth muscle preparations, other than the urinary bladder, EP2 has been shown 
to cause muscle relaxation 26. 

Sub-populations of afferent nerve fibres 
Through experiments carried out in mouse bladders, we explored the immunohistochemical stain-
ing pattern for the most prevalent afferent nerve fibres which might reflect a functional differentia-
tion. Furthermore, regional differences between the lateral wall and bladder base were studied. 

Calcitonin gene related peptide (CGRP)
CGRP immune reactive axonal nerve fibre endings are located at several positions in the urothe-
lium including the basal layer, the urothelial epithelial cells and even right underneath the umbrella 
cells, characterizing them as primary afferent neurons. These nerve fibres are likely to be afferent 
C-fibres. These fibres have been shown to be responsive to capsaicin, releasing CGRP into the blad-
der wall, after activation of the transient receptor potential cation channel subfamily V member 1 
receptor (TRPV1) 28. Although the cellular location of the TRPV1 in the bladder is still under debate, 
but recent research has shown co-localization with CGRP indicating it’s presence on afferent nerve 
fibres extending into the urothelium 29. The most likely location is in the urothelial cells 30. Because 
CGRP has been found to inhibit the phasic activity in the isolated bladder preparation these fibres 
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could be part of a motor/sensory system 31. This is emphasized by the fact that deletion of the TRPV1 
receptor in knock out mice resulted in diminished afferent responses to mechanical stimuli 32. 

Protein gene product 9.5 (PGP 9.5)
PGP immuno-reactive nerves were uniformly present in the muscle layers of both bladder base and 
lateral wall. At the lateral wall the lamina propria was sparsely innervated with PGP-IR nerve fibres 
compared to the bladder base. Most of the PGP 9.5 and CGRP immuno reactive nerve fibres run 
close to each other in the sub-urothelial space, which raises the possibility of direct exchange of 
impulses between the nerve fibres.

Neuro filament (NF)
NF immune-reactive nerve fibres were not distributed throughout all layers of the bladder wall. In 
this study NF is used as a marker for Aδ nerve fibres since in the dorsal root ganglia (DRG) NF is 
exclusively expressed in myelinated Aδ-fibres, and not in unmyelinated C-fibres 33. However, the 
majority of bladder afferent nerve fibres is NF-negative 34. In the muscle layers, these fibres are likely 
to be mechanosenstive responding to the slow filling of the bladder 35. On the serosal side of the blad-
der base, both CGRP-immuno reactive afferent and NF-immuno reactive afferent axons probably 
project to ganglia were there signals are modulated and re-directed 36. 

Vesicular acetylcholine transporter  (VAChT)
Another class of afferent fibre running near the urothelium were the VAChT-immunoreactive, cho-
linergic fibres, running close to the basal cell and the urothelial epithelial cell layers. As with all nerve 
fibres running near the urothelium, VAChT positive nerve fibres were considered to be afferent. As 
hypothesis proposed by Gosling and Dixon states that, “a sensory role can reasonably be proposed 
for those peripheral nerves whose terminals are regularly observed to be unrelated to recognized 
neuro-effector target sites” 37. Moreover, in the rat, cholinergic nerve fibres in the lamina propria, 
expressing acetylcholine-esterase, have been found to co-localize with CGRP within the urothelium 
of ureters 38. The lamina propria at the bladder base was more densely innervated with VAChT-IR 
nerve fibres, in parallel with the distribution of CGRP-IR nerve fibres. These regional variations in 
innervation of the bladder base and the lateral wall have been described in the rats and in humans as 
well 39,40. The muscle layers were uniformly innervated by VAChT positive nerve fibres, where this 
marker could identify both afferent and efferent fibres 41,42. 

Neuronal Nitric oxide synthases (nNOS)
Nerve fibres containing nNOS were distributed throughout the bladder but predominated in the 
bladder base. Most NOS-containing (nitrergic) nerve fibres also contain VAChT and can therefore 
be considered cholinergic 43. These nerve fibres were primarily found in the muscle layers with few 
nerve fibres running in the suburothelial layer. Dixon et al. have shown that nNOS is sparse in cholin-
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ergic nerves of the lateral wall, but present in the majority of these nerves at the bladder base 40. In 
the muscle the bulk of cholinergic fibres are presumed to be efferent motor neurons responsible for 
initiating and sustaining a detrusor contraction 42. At the bladder base cholinergic fibres may release 
NO known to induce smooth muscle relaxation in the urethra by activating guanylate cyclase and 
increasing cyclic guanosine monophosphate (cGMP) levels in the smooth muscle cell 44. The latter 
observation may reflect a neurotransmitter mediated mechanism preceding micturition. Choliner-
gic stimulation gives rise to relaxation of smooth muscle at the bladder neck as well as a contraction 
of the detrusor body 45. The function of the nNOS nerve fibres found in the lateral wall is less clear 
since not the detrusor smooth muscle cells but interstitial cells have been seen to produce cGMP in 
response to NO 46,47. The role of these cells is still uncertain possibly playing a role in the generation 
of non-voiding activity seen during bladder filling 48.

Intramural Ganglia 
Ganglia were seen at the serosal side of the bladder; all were PGP-IR and most were also nNOS 
positive. Varicosities of CGRP and VAChT positive nerve fibres, possibly indicating nerve terminals, 
and NF-IR nerve fibres were running in close proximity to the ganglia. These ganglia could be relay 
stations transferring input received from afferent nerve fibres in the bladder to the CNS as sug-
gested by similar observations in the guinea pig bladder and also seen in other organ systems 36,49. In 
addition, ganglia could also function in local motor-sensory networks of the bladder. Efferent output 
of these ganglia could be directed towards the interstitial cells or the smooth muscle cells. 
Together with the urothelium, these structures might play a role in the generation and modulation 
of non-voiding activity seen during bladder filling 50,51. 
Thus, in our studies, using immunohistochemistry several sub populations of afferent nerve fibres 
were recognized in the mouse bladder and regional differences were identified. Based on our work-
ing hypothesis, that all nerve fibres in the lamina propria are considered to be afferent, we found at 
least four different types of afferent nerve fibre; CGRP, NF, VAChT and nNOS positive fibres. At 
the bladder base the suburothelium was densely innervated by all nerve fibres types, indicating that 
bladder sensation is predominant at this location. The dense innervation of CGRP positive nerve 
fibres in the inner muscle at the lateral wall implicates a possible mechanosensitive role for these 
nerve fibres at this location. The NF immune-reactive nerve fibres are probably also mechanosensi-
tive, as they were primarily found in the muscle layers. The majority of VAChT positive nerve fibres 
in the muscle will most likely be efferent nerve fibres responsible for the detrusor contraction. 
At the bladder base nNOS positive nerve fibres will most likely induce smooth muscle relaxation 
whereas nNOS immune-reactive nerve fibres found at the lateral wall probably modulate the activ-
ity of interstitial cells. The ganglia located at the serosal side of the bladder were all PGP positive 
and mostly nNOS positive. All nerve fibres types ran in close proximity suggesting that these ganglia 
function as local motor-sensory networks receiving input from multiple different afferent nerve 

General Discussion



Structural and Functional Aspects of Sensory-motor Interaction in the Urinary Bladder

120

fibres and directing efferent output to the CNS and the bladder wall. The sensory information that 
is relayed by nerve fibres to the CNS is suggested to be modulated by the local bladder control 
mechanisms such as non-voiding contraction activated sensation.

Non-voiding activity
For many years, the bladder was considered to be inactive and silent (e.g. without any transient pres-
sure increases) during the filling phase. The presence of any detrusor activity during filling phase was 
considered to be pathological. Furthermore, it is known that involuntary detrusor contractions may 
lead to symptoms such as urgency, increased frequency of voiding and incontinence. 
However, ambulatory urodynamics has shown non-voiding detrusor contractions during the filling 
phase in up to 69% of healthy volunteers 52,53, suggesting that these contractions may be a normal 
physiological mechanism. Currently the differences in non-voiding contractions (non-voiding con-
tractions) between normal and pathological states are unknown. In animal model experiments, non-
voiding contractions have been shown to occur in vitro in the isolated whole bladder preparation 54. 
In our experiments in anaesthetized guinea pigs, we demonstrated non-voiding contractions during 
the filling phase in the bladder. In general, the non-voiding contractions progressively increase in 
amplitude and frequency as the bladder fills. In the awake rat different phases in non-voiding activ-
ity have been described 55. In the guinea pig no phases could be identified or separated, except a 
phase without non-voiding contractions and a phase with non-voiding contractions. Furthermore, 
in the rat the frequency of non-voiding contractions decreases just before micturition, which is not 
observed in the guinea pig. It is not clear whether these different observations are due to differ-
ences in species or the use of anaesthesia. Ex vivo, the isolated whole guinea pig bladder also shows 
non-voiding contractions, which are small (0,2 – 3 cm H20) and regular, and increase in frequency 
and amplitude as bladder volume increases 54. Since the bladder is disconnected from the central 
nervous system, the generation and modulation of the non-voiding contractions must be an intrinsic 
property of the bladder wall. The current in vivo isovolumetric data show a phasic pattern in the 
frequency of non-voiding contractions. Small amplitude non-voiding contractions seem to be the 
source of these bursts of increased frequency . This phasic pattern in frequency is also seen with 
gradual filling of the bladder. Again, small amplitude non-voiding contractions are the source of 
this phasic pattern. Such a pattern is absent in the isolated whole bladder 54. This suggests that it is 
evoked by spinal reflexes and might play a role in "sensing" bladder volume. In the isovolumetric data 
the frequency of large amplitude non-voiding contractions is stable and does not increase, whereas 
in the filling experiments the frequency of large non-voiding contractions gradually increases with 
increasing volume. Previous afferent recording studies have shown that non-voiding contractions 
may elicit phasic firing of bladder afferents, suggesting that this form of bladder activity might under-
lie some form of motor-generated sensory function56-60. Both ex vivo and in vivo analysis of bladder 
filling at physiological rates revealed at least two different types of afferent activity56,60,61. One group 
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showed phasic firing, which mirrored spontaneous contractions, while the other showed a continu-
ous increasing firing rate during filling as a function of stretch 62,65,66. Filling at a higher physiological 
rate shows similar afferent firing patterns60. However, at supra-physiological filling rate all afferents 
displayed the same pattern of continuous increased firing as the bladder fills. As filling rate increased 
the sensitivity of afferents towards bladder filling decreased61,62. 
In the guinea pig, using various stimuli several functionally distinct populations of afferents have been 
identified, activated by different mechanisms. These can be stretch-sensitive (muscle mechanore-
ceptors and tension-mucosal mechanoreceptor) or stretch-insensitive (mucosal mechanorecep-
tors and chemoreceptors)62,63. In vivo, two types of stretch-sensitive afferents were
reported, one with firing linearly related to intravesical pressure, while the second type, firing in a 
phasic pattern, reached a plateau or even decreased at higher pressure60. This last type of afferent 
has been suggested to act like "volume receptors", sensing bladder distension64. This type of afferent 
fiber could be involved in the generation of small non-voiding contractions, underlying the phasic 
pattern as described in this study. In conclusion, this study shows that non-voiding contractions are 
present in the guinea pig bladder in vivo, and that small amplitude non-voiding contractions exhibit 
a specific frequency pattern. 

Major differences in bladders of transgenic model mouse for Alzheimer’s disease
In a mouse model of Alzheimer’s disease we studied the morphological changes of the bladder wall. 
Our study demonstrated structural differences in the bladder wall of the AppSL/PS1M146L Alzheimer’s 
mice compared to age matched controls. 
The first observation is that the cholinergic innervation of the smooth muscle layers in the blad-
der wall, as shown by the VACHT immuno-reactivity, is not distinctly different between the AppSL/
PS1M146L mice and age matched controls. This suggests that the ability of the bladder to contract will 
not be impaired in the transgenic mice allowing them to maintain normal voiding contractions. There-
fore, the primary changes may not be directly associated with the efferent control of the bladder. 
The second major observation is a clear increase in the number of VAChT+ and nNOS+ nerve fibres 
within the lamina propria. It is generally assumed that nerves in this region of the bladder wall are 
sensory fibres contributing to the afferent output of the bladder. If this is so, the presence of VAChT+ 
and NOS+ fibres in the AppSL/PS1M146L mice suggest alterations in the afferent system. The physiologi-
cal consequences of such changes are not known but a higher density of afferent nerves might result 
in a different processing in or different sensory outflow from the bladder. There are several different 
types of afferent fibres emanating from the bladder 60,64-66. Some of these fibres are activated dur-
ing normal bladder filling, whereas others may be activated by ‘noxious’ stimuli and may contribute 
to detrusor overactivity and overactive bladder symptoms 67. It is still unclear which fibres only 
contribute to spinal reflexes and which give rise to conscious perception 68. The altered expression 
of the VAChT and nNOS fibres in the lamina propria raises the interest to study the distribution 

General Discussion



Structural and Functional Aspects of Sensory-motor Interaction in the Urinary Bladder

122

of other nerve fibre types. For example Calcitonin Gene Related Peptide (CGRP) and transient 
potential receptor vanilloid 1 (TRPV1) fibres would be good candidates to study because they have 
been implicated in the occurrence of overactive bladder symptoms and Alzheimer patients have an 
increased prevalence of overactive bladder symptoms 69-72. However, from immunohistochemistry 
studies we cannot say anything about the function of the putative afferent fibres in the AppSL/PS1M146L 
mice. The afferent fibres, contributing to the perception of bladder volume, are a sub-set of sensory 
fibres 68. A similar heterogeneity in the nerves within the lamina propria and specifically associated 
with the urothelium has been reported in the normal guinea pig bladder 36. 
As a third observation, it can be noted that VAChT-positive fibres seen in the AppSL/PS1M146L mice 
may be making contact with intramural ganglia. This anatomical arrangement has led to the sugges-
tion that there may be local reflexes operating in the bladder wall 36,73. Since there are no intra-mural 
ganglia in the normal mouse or rat bladder the concept of such local intra-mural reflexes in these 
species has not been considered 74. There is, therefore, an important question regarding when and 
how the nerve cell bodies and ganglia appear in the AppSL/PS1M146L mice.
We can conceive at least two possibilities. It may be that the genetic changes leading to this aber-
rant generation of the neurones occur at an embryonic stage and persist into adult life. This pos-
sibility should be explored in the near future. Secondly the nerves and ganglia may generate later 
in life along with the other changes seen in these animals associated with Alzheimer’s disease. De 
novo generation of neurones is not a common phenomenon and therefore this explanation seems 
less likely and at this stage it is not plausible. Contrary to this already present sleeping nerves and 
connections can be switched on in life due to a different transmitter balance or an adaptation to 
a new longer lasting bladder behaviour due to a different central nervous system control induced 
by Alzheimer’s disease. Nerve cell bodies and small ganglia are found in the bladder in humans, 
pigs and guinea pigs 36,47,75,76. Single nerve cell bodies are found but more often they are observed 
in small groups. The observation that they are associated with nerve fibres with terminal like 
structures has led to the suggestion that they receive synaptic inputs 36,45,47. The presence of 
cholinergic terminals might imply that the intra-mural ganglia may receive both excitatory and 
inhibitory input where they may be a part of a motor/sensory system 54,77. The properties and 
physiological role of these cells seen in the bladders of the AppSL/PS1M146L mice are not yet clear. 
They may represent small intra-mural ganglia and perform a motor role similar to that proposed 
in the guinea pig 36. 
From this data we cannot infer anything about the origin or development of these differences nor 
can we deduct anything about their physiological consequences or extrapolate these findings to 
the human conditions of dementia or Alzheimer’s. However, there are differences in the afferent 
and possibly the motor-sensory system in the mouse model, which may have some importance. 
These findings may aid in elucidating some of the underlying pathology for the lower urinary tract 
dysfunction in humans with dementia and Alzheimer’s disease and illustrate the importance of the 
peripheral nervous. They may also help to stimulate research on changes in the peripheral nervous 
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system in animals models initially designed to study disease of the central nervous system. Structural 
immunohistochemical studies of bladder tissue of patients with Alzheimer’s disease and physiologi-
cal studies on the present mouse model is a next step to take.

Changes in voiding behaviour in Alzheimer model mice
The association of Alzheimer’s disease and voiding disorders has been known for a long time78. 
This may partly be due detrusor overactivity as seen in patients with Alzheimer’s disease, which 
may reflect increased sensation, e.g. urgency79. This however, is difficult to study due to cognitive 
impairment, which may also be a factor of incontinence, and ethical constraints. On the other hand, 
here is still no animal data available linking Alzheimer’s disease to voiding behaviour and/or bladder 
dysfunction that can be seen in humans with Alzheimer’s disease. This study on voiding behaviour in 
a mouse model of Alzheimer’s disease, focused specifically on urinary marking and anxiety-related 
and general locomotor behaviour. We are the first to describe an altered voiding behaviour in a 
rodent model of Alzheimer’s disease.
Our results show that wild type mice demonstrated a well-controlled and organized marking 
pattern. These animals showed marking patterns almost exclusively in the corner zones of the 
cage, creating the non-circular marking, a pattern considered to be normal80. In contrast, the 
AppSL/PS1M146L mice also showed circular markings in the centre of the cage. This evenly distributed 
marking pattern indicated they had no specific preference for their location of urination. Since 
no descriptive data are available on this and urge incontinence is known to occur in Alzheimer’s 
disease81 we hypothesize that these markings could also be a sign of abnormal urination, possibly 
indicating some form of urinary incontinence or at least an aberrant voiding pattern. 
The results of the elevated zero maze task show that AppSL/PS1M146L mice have elevated anxiety 
levels, since they spent less time in the open zone of the maze. Our AppSL/PS1M146L mice are known 
to have cognitive deficits as well82, which might contribute to the observed increased anxiety. 
Importantly, anxiety has been described as one of the most frequent and severe behavioural 
disturbances in Alzheimer’s disease and is associated with voiding dysfunction81,83. Consequently, 
the altered voiding behaviour of the AppSL/PS1M146L might therefore be explained by increased 
anxiety levels. 
In accordance with Vanmierlo et al., we also found that the AppSL/PS1M146L genotype moved a 
significantly larger distance in the arena of both the voiding behaviour task and the open field 
locomotor behavioural task82. This locomotor behaviour in AppSL/PS1M146L mice could be 
similar to the increased wandering behaviour as observed in patients with Alzheimer’s disease. 
Interestingly, the regions in the brain responsible for locomotor control, e.g. the basal ganglia 
and the medial frontal lobe, overlap with the frontal cortical micturition centre. Lesions in the 
basal ganglia cause both motor and micturition disorders, a combination which is also seen in 
Alzheimer’s disease. In contrast to what we expected the AppSL/PS1M146L mice in our study voided 
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less frequently than wild type mice, this could be due to several factors; e.g. increased anxiety 
suppressing the AppSL/PS1M146L mice to void, decreased fluid intake due to behavioural impairment 
resulted in reduce urine production. 
Another possible explanation is that structural changes in the neural control mechanisms of the 
lower urinary tract could give rise to aberrant afferent activity leading to altered voiding behaviour. 
This could be due to the loss of M1 and M2 cholinergic processing in Alzheimer’s disease both at 
the central and the peripheral level. Centrally, M1 and M2 receptors are necessary for cognitive 
processing in the hippocampus and the cortex84. In the lower urinary tract M2 receptors are 
present on smooth muscle in the bladder and M1 receptors are present on the parasympathetic 
nerve terminals at the neuromuscular junction and the parasympathetic ganglia responsible for 
afferent processing85. Interestingly, our group has described histological changes in the urinary 
bladder of the AppSL/PS1M146L genotype indicating changes at the peripheral level86. In these mice, 
ganglia were found on an aberrant location, in the bladder wall itself, and the number of intramural 
afferent nerve fibres was increased86. How and when these changes occurred is still unclear and 
subject to further research. 
The current study shows an altered voiding behaviour in a mouse model of Alzheimer’s disease. 
These alterations could be explained by changes in anxiety-related and general locomotor behav-
iour in the APP/PS1MUT mice specific of Alzheimer’s disease. Indeed previous studies suggest that 
behavioural changes are an important factor in incontinence in AD87. However, we hypothesize that 
the altered voiding behaviour is due to multi-factorial changes in behaviour as well as the control 
and even the structure of the urinary system leading to “functional incontinence”. To some extend 
the altered voiding behaviour could be caused by an increased level of afferent activity of the lower 
urinary tract. The mechanisms remain largely unclear but are most likely caused by dysfunctions at 
both central and peripheral levels of control. 

Future perspectives 
In this thesis, through morphological, functional and behavioral studies, the structural and func-
tional aspects of the sensory-motor interaction in the urinary bladder have been studied. Our 
studies identified the EP2 distribution in the guinea pig bladder wall. A hypothesis has been put 
forward suggesting the PG signal to be spread and augmented through interstitial cells as these 
cells possess the ability to produce PG through COX I as well as to respond to a PG signal through 
the EP2 receptor. The PG system is thought to play a role in the motor sensory system and more 
specific in the propagation of a signal expected the bladder wall. However, functional experiments 
are needed in order to confirm this hypothesis and the physiological significance of PG receptors 
in the bladder.
In a series of experiments, the different types of nerve fibres in the mouse bladder were studied 
through immunohistochemistry. The data show a variety of nerves in the bladder with a distinct 
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local distribution. Further experiments breaching between functional and structural research 
is paramount to gain insight into the role of these different afferent nerve fibres during normal 
bladder functioning and in relation to functional bladder pathology, such as the overactive bladder 
syndrome. 
non-voiding activity is seen in both normal and pathological conditions. In our experiments with 
anaesthetized guinea pigs we demonstrated the presence of non-voiding contractions during the 
filling phase and found the non-voiding contractions to progressively increase in amplitude and fre-
quency as the bladder fills. The exact role of these non-voiding contractions is currently unknown, 
but they may be related to sensory function as they are only present when the bladder is connected 
to the spinal cord. Small non-voiding contractions are also present in humans as they have been 
shown in up to 70% of healthy volunteers during ambulatory urodynamics52. Further insight into the 
modulation of this specific pattern of small NVC may provide new diagnostic and therapeutic tools 
to assess and treat lower urinary tract dysfunctions.
With regard to changes in bladder morphology and behavior, we have conducted a series of experi-
ments in transgenic mice. In our first study, we explored the differences in the structure of bladders 
from a transgenic mouse model of Alzheimer’s disease with age matched control animals. From 
the data found, it is not possible to explain the origin or development of these differences. It is also 
difficult to explain fully, the physiological consequences. However, our data show that there are dif-
ferences in the afferent system and also inevitably the motor-sensory system of the mouse model, 
which may lead to alterations in the local bladder control. These findings could aid in elucidating the 
underlying pathology of lower urinary tract dysfunction in humans with dementia and Alzheimer’s 
disease and illustrate a co-involvement of the peripheral nervous system. Our results may also help 
to stimulate research on changes in the peripheral nervous system in animals models initially de-
signed to study disease of the central nervous system. Structural immunohistochemical studies of 
bladder tissue of patients with Alzheimer’s disease and physiological studies on the present mouse 
model are future possibilities to be investigated. The non-invasive method to evaluate voiding be-
haviour used in our study has to be combined with functional testing using cystometry to give more 
insight into the function and functional changes of the bladder itself in this animal model in the future. 
The chronology of the changes has to be studied by assessment of structure and function at different 
ages, which then, elucidate whether the changes are genetically determined or the consequence of 
further development. Moreover, a newly developed rat model for Alzheimer’s disease could be an 
interesting model in terms of translational research to the human condition88. These models will be 
useful to elucidate whether functional changes develop first at the peripheral level or at the central 
level, i.e. due to changes in the bladder itself and/or in the brain in Alzheimer’s disease. The exact 
underlying mechanism between Alzheimer disease and altered voiding behaviour is an important 
area to be explored in the future. 
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Conclusions
Our morphological studies in the guinea pig bladder have shown EP2 receptor immunoreactivity 
located on the smooth muscle cells as well as on vimentin positive surface muscle and intramuscular 
interstitial cells. COX I is found to be expressed in the muscle interstitial cells. Furthermore, several 
different types of afferent nerve fibre in the bladder wall have been studied and at the bladder base 
dense immunoreactivity was seen to CGRP and VAChT on nerve fibres in the lamina propria com-
pared to the lateral wall. Overall immunoreactivity to NF- and nNOS on nerve fibres was sparse in 
the lamina propria throughout the bladder. Functional studies have shown non-voiding contractions 
in all animals. These contractions increased in frequency and amplitude with the increase in filling 
rate and intravesical volume. 
Our studies in the Alzheimer model mice revealed nerve fibres immunoreactive to VAChT in the 
inner and outer muscle bundles of AppSL/PS1M146L and control mice with no differences in the dis-
tribution. Within the lamina propria dense VAChT and nNOS immunoreactivity was seen in App-
1SL/PS1M146L mice in contrast to control animals. No co-localisation between VAChT and nNOS 
immunoreactive nerve fibres was present although we observed close proximity between them. 
Moreover, observational studies in the same mouse model showed anxiety-related behaviour and 
locomotion in an elevated zero maze task and open field task. The AppSL/PS1M146L mice urinated 
more frequently in the centre zone compared to the control mice. However, in both groups the 
largest markings were found in the corner zones. The total volume of markings in the AppSL/PS1M146L 
mice was significantly lower. In both groups, the average volume of a marking in the corner zone was 
larger than in the centre zone. In the behavioural studies the AppSL/PS1M146L displayed more anxious 
behaviour. We concluded that AppSL/PS1M146L mice have a different voiding behaviour compared to 
control mice, i.e. urinating with small volumes and voiding in the centre of the cage. Additionally we 
saw increased anxiety-related behaviour. 
Future research needs to extrapolate our data found in animal models to clinical studies revealing 
the pathophysiology of neurogenic OAB in Alzheimer’s disease. We have show interesting insights 
revealing detailed sensory-motor neuronal networks in both mice and guinea pigs, discovered non-
voiding contractions and altered voiding behavior using various techniques. These new insights will 
lead to future research perspectives for OAB and the aging population. 
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Vallorisation Paragraph

The clinical problem
The overactive bladder syndrome (OAB) is defined by the International Continence Society (ICS) 
as urinary urgency which is accompanied by urinary frequency and nocturia, with or without 
urgency urinary incontinence1,2. OAB is a significant problem in terms of quality of life and costs, 
especially in aging societies as in the Netherlands. The aetiology and underlying pathophysiology 
is heterogeneous and not well understood. The mainstay of current therapy, is antimuscarinic 
drugs which have limited efficiency and poor compliance due to side effects. Therefore there 
is need for better therapeutic modalities for patients with OAB symptoms. About only half of 
OAB patients have urodynamically proven detrusor overactivity (overactive contractions of the 
bladder). OAB has a greater impact on people’s quality of life than diabetes2-4 and an economic 
burden and cost comparable to rheumatoid arthritis and asthma5. Therefore, OAB deserves more 
research resources and research efforts. Those affected by the symptoms of OAB tend to curtail 
their participation in social activities and isolate themselves and are predisposed to depression6. 
Furthermore, there is probably an underestimation of the prevalence due to embarrassment7-10.

Prevalence 
OAB affects nearly 100 million people in the Western world (33 million in the US and 66 million 
in the European Union)11,12 and has severe effects on quality of life and ability to work. OAB has an 
incidence of, up to 17% in the Western population11 and an overall prevalence of 16.6% in Europe12. The 
prevalence of OAB in the United States is estimated 26 to 33% in men and from 27 to 46% in women13.

Socio-economic burden 
The total economic cost of OAB is high. In 2002 the costs in the US were approximately $12.7 billion 
which increased to €22 billion/year in 2005. Less than 3% of the patients regain long lasting continence. 
Therefore, the above mentioned costs are likely to be an underestimation and most probably, the 
problem is much larger10,12-14. The exact economic costs and prevalence of OAB in the Netherlands are 
unknown. However, it has been calculated that about €200 million are spent annually on protective 
material such as incontinence pads. In Germany, the direct annual costs have been estimated to be 
the same as costs of other chronic diseases such as dementia or, diabetes mellitus15. Other studies 
have compared the major costs of OAB to rheumatoid arthritis and asthma5. From those who suffer 
from OAB, only 28% sought help and only half of those, currently receive treatment. Less than 3% 
of the patients regain long lasting continence. Therefore, the above mentioned costs are likely to be 
an underestimation and most probably, the problem is much larger 10,12-14. As the incidence of OAB 
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increases with age, it will become an even more important problem in the coming years in our aging 
society. Hence, OAB is a major problem affecting a large number of individuals and there is an urgent 
need for new insights into the problem and innovative therapeutic modalities. 

Current therapies for OAB
Since OAB symptoms have been shown to be associated with detrusor overactivity, it was argued 
that drugs affecting contractility would alleviate symptoms16. Activity in the bladder smooth 
muscle is initiated by muscarinic receptor stimulation. The current treatment mainly consists of 
antimuscarinic agents, which have a slightly better effect than placebo, but poor patient compliance, 
due to their side effects and the lack of sufficient efficacy10,16. Therefore, it is desirable that alternative 
treatment methods are developed and made available for patients. 

Knowledge exchange and impact 
The results of our study can be beneficial for many. First place the patients suffering from OAB who 
can benefit from better treatment. As there is a strong correlation between OAB and/or incontinence 
on one side, and depression on the other side, not only the OAB problem could be tackled, but also 
depression in these patients can eventually be treated more effectively. Furthermore, there is a 
potential benefit in the overall aging problem. As OAB increases with aging and as we require self-
reliance from elderly people, better OAB treatment will allow them to participate more widely in 
the society. Another potential beneficial effect is the cost reduction for insurance companies that 
currently have to pay for incontinence pads and for ineffective treatment modalities for years. In 
addition care costs for an aging population increases dramatically due to urinary incontinence. The 
cost reduction will indirectly be beneficial for the society as it will reduce health costs. Moreover, 
there will be potentially less sick leave, which will again reduce costs for the society. In addition, if 
OAB is treated more effectively, less incontinence material will be used and disposed which besides 
the cost reduction will be beneficial for the environment. The results of our study are relevant and 
interesting for researchers and science in general. Our results can further be used to design specific 
research in related disorders. A better understanding of bladder physiology and pathophysiology of 
OAB could be helpful in research in the field of detrusor underactivity, for which currently there is no 
treatment available. Bladder pain syndrome is another example of a condition that can benefit from 
the results presented in this thesis. Patients affected experience tremendous negative effects on 
their quality of life due to symptoms of OAB with the addition of major invalidating pain symptoms. 
Moreover, a large group of patients with partial or complete spinal cord lesions suffer from bladder 
impairment as well as patients with dementia and Alzheimer’s disease. All these conditions could 
benefit from results of our study. A better categorization of OAB patients could also be helpful for 
clinicians writing or using clinical guidelines for treatment of voiding disorders such as OAB.
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Summary

The general aim of this thesis was twofold. We wanted to further investigate the motor sensory 
system of the bladder at a structural and functional level. To this end, we first conducted 
morphological studies in guinea pigs and mice, functionally we looked at non-voiding contractions 
in guinea pigs. Secondly we investigated a model for bladder dysfunction in Alzheimer’s disease. 
Several experiments have been conducted with these aims as described in the different chapters. 
The experimental data presented in this thesis can be summarized as follows:
In Chapter 2 we investigated the distribution of prostaglandin E receptor type 2 (EP2) in the bladder 
muscle layers and its spatial relationship to cyclo-oxygenase type 1 (COX I). Therefore the bladders 
of 12 male guinea pigs were stained with antibodies to EP2, COX I and vimentin. Our results show 
EP2 receptor immunoreactivity located on the smooth muscle cells as well as on vimentin positive 
surface muscle and intramuscular interstitial cells. COX I is expressed in the muscle interstitial cells. 
Double staining with EP2 and COX I suggests that the regions of a cell expressing EP2 are different 
from those expressing COX I. This data suggests a role of this network in the propagation of signals. 
A rise in PG levels may have a modulatory role on the non-voiding bladder contractions by changing 
the threshold level for excitability of the interstitial cell network.
In chapter 3 we explored and identified sub-types of afferent nerve fibres in the mouse bladder 
wall, based on morphological criteria and analyse regional differences. 27 bladders were stained 
for Protein Gene Product 9.5 (PGP), anti-calcitonin gene related polypeptide (CGRP), anti-
Neurofilament (NF), anti-vesicular acetylcholine transporter (VAChT) and anti-neuronal nitric 
oxide synthase (nNOS). Our results show several different types of afferent nerve fibre as well 
as a spacial distribution in the bladder wall. At the bladder base dense immunoreactivity was seen 
to CGRP and VAChT on nerve fibres in the lamina propria compared to the lateral wall. Overall 
immunoreactivity to NF- and nNOS on nerve fibres was sparse in the lamina propria throughout 
the bladder. At the lateral wall the inner muscle nerve fibres densely stained to CGRP. NF, VAChT 
and nNOS staining nerve fibres were evenly distributed in the different muscle layers throughout 
the bladder. Nerve fibre terminals expressing CGRP and NF were found within the extra-mural 
ganglia at the bladder base. The identification of these different staining patterns as well as a different 
anatomical distribution suggests a functional heterogeneity of afferent nerve fibres in the urinary 
bladder.
In chapter 4 we focused on non-voiding contractions (NVCs) in the guinea pig bladder. Fourteen 
guinea pigs were anesthetized and the bladder catheterised at the dome. The group was divided, 
in one group NVCs were recorded when the bladders were continuously filled at two different 
physiological rates, in the other group isovolumetric cystometry was performed filling the bladder 
with increments, recording at low, medium and high intravesical volume. The results show that 
NVCs were apparent in all animals. Secondly, we saw that contractions increased in frequency 
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and amplitude with the increase in filling rate and intravesical volume. The small and large NVCs 
differed in frequency and occurred at different periods of bladder filling. This may illustrate different 
afferents functioning during bladder filling.
In chapter 5 we studied the morphological structure of bladders from a transgenic mouse model of 
Alzheimer’s disease. Transgenic mice (AppSL/PS1M146L) aged 24 months were used and compared with 
age matched control animals of C57 black mice. The bladders from each group were removed and 
stained for vesicular acetylcholine transporter (VAChT) and neuronal nitric oxide synthase (nNOS). 
Nerve fibres immunoreactive to VAChT were observed in the inner and outer muscle bundles of 
AppSL/PS1M146L and control mice with no differences in the distribution. Within the lamina propria 
dense VAChT and nNOS immunoreactivity was seen in App1SL/PS1M146L mice in contrast to control 
animals. No co-localisation between VAChT and nNOS immunoreactive nerve fibres was present 
although we observed close proximity between them. An unusual feature of the AppSL/PS1M146L 
mouse bladder was the presence of nerve cell bodies, which were seen in all bladders. They were 
found as single or as ganglion-like groups of cells and were located in all layers of the bladder wall. No 
nerve cells or small ganglia were noted in any of the control bladders. These structural differences in 
the bladders of AppSL/PS1M146L mice may indicate a changed generation and modulation of sensation.
In chapter 6 we again used the transgenic mouse AppSL/PS1M146L to examine the urinary marking 
behaviour in relation to affective behavior in this model. In total 7 mice aged 18 months were 
compared to 9 aged matched controls. Voiding behaviour was studied by a modified filter paper 
assay in combination with video tracing whereby the cage was divided into one centre zone and 
two corner zones. Anxiety-related behaviour and locomotion were tested in an elevated zero maze 
task and open field task. Our results show that the AppSL/PS1M146L mice urinated more frequently in 
the centre zone compared to the control mice. However, in both groups the largest markings were 
found in the corner zones. The total volume of markings in the AppSL/PS1M146L mice was significantly 
lower. In both groups, the average volume of a marking in the corner zone was larger than in the 
centre zone. In the behavioural studies the AppSL/PS1M146L displayed more anxious behaviour. We 
concluded that AppSL/PS1M146L mice have a different voiding behaviour compared to control mice, 
e.g. urinating with small volumes and voiding in the centre of the cage. Additionally we saw increased 
anxiety-related behaviour. These observations in the change in voiding pattern of the AppSL/PS1M146L 
mouse could indicate a change in afferent activity of the lower urinary tract.
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Samenvatting

(Summary in Dutch)

In dit proefschrift zijn functionele en structurele studies naar het motor-sensorische system van de 
urineblaas beschreven. In het eerste deel betreft structurele studies. Op functioneel niveau hebben 
we in cavia’s en muizen gekeken naar blaas contracties die niet tot mictie leiden in cavia’s. In het 
tweede deel is gebruik gemaakt van een model voor blaasdysfunctie bij de ziekte van Alzheimer. De 
in het proefschrift beschreven experimentele data kunnen als volgt worden samengevat.
Na een inleiding in hoofdstuk 1 wordt in hoofdstuk 2, de distributie van de prostaglandine E receptor 
type 2 (EP2) in spierlagen van de blaas beschreven, alsmede de relatie van EP2 tot de distributie 
van cyclo-oxygenase type 1 enzym (COX I). De resultaten tonen immunoreactiviteit aan tegen 
EP2 bij de gladde spiercellen en bovendien op de vimentine-positieve interstitiele cellen van zowel 
de oppervlakte spier als die tussen de spier liggen. COX I is zichtbaar in interstitiele cellen in de 
blaasspier. De expressie plaats van EP2 op de cel is anders dan die van COX I. 
In hoofdstuk 3 zijn de resultaten van een studie naar verschillende sub-types van afferente 
zenuwen in muizen weergegeven. De zenuwen zijn te identificeren op basis van morfologische 
criteria en de regio van de blaas waar de zenuw vezels zich bevinden. Er zijn verschillende types 
van afferente zenuw vezels op verschillende locaties in de blaaswand gevonden. De zenuwvezels in 
de blaasbodem, tonen een sterke immuunreactiviteit voor CGRP en VAChT in de lamina propria. 
Er was over het algemeen weinig kleuring van NF- and nNOS op zenuwvezels in de lamina propria 
door de hele blaas. De zenuwvezels ter hoogte van de laterale wand bij de binnenste spierlaag 
kleuren sterk voor CGRP. Zenuwvezels die voor NF, VAChT en nNOS kleuren zijn gelijk verdeeld 
over de verschillende spierlagen in de blaas. Ter hoogte van de blaas bodem buiten de blaaswand 
waren ganglia zichtbaar met CGRP en NF positieve zenuw uitlopers. Het patroon van aankleuring 
en localisatie van de zenuwvezels in de blaaswand kan een aanwijzing zijn voor het bestaan van 
verschillend functionerende afferente zenuw vezels in the urineblaas.
De resultaten van een studie naar de non-voiding contracties (NVCs) in de caviablaas zijn 
gepresenteerd in hoofdstuk 4. Deze studie toont NVCs in alle bestudeerde dieren. Bovendien is 
er een toenemende frequentie en sterkte van de non-voiding contracties bij enerzijds een groter 
blaasvolume, en anderzijds een snellere vullingssnelheid. Verder lijkt er een verschil te zijn tussen de 
kleine en grote blaas contracties betreffende frequentie en fase van blaasvulling (begin verus einde 
van de vulling). 
Een studie naar de morfologie van de blaas van een transgeen muismodel voor de ziekte van 
Alzheimer is gepresenteerd in hoofdstuk 5. VACht positieve zenuwvezels zijn zichtbaar in zowel 
de binnenste als buitense spierlaag in AppSL/PS1M146L en in controle muizen zonder verschil tussen 
de groepen. VAChT en nNOS immunoreactiviteit werd alleen gezien in de lamina propria van 
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App1SL/PS1M146L muizen. Alhoewel de zenuw vezels dicht bij elkaar komen zijn er geen aanwijzingen 
voor co-localisatie van VAChT en nNOS. Een onverwachte bevinding in de AppSL/PS1M146L was de 
aanwezigheid van cellichamen midden in de blaaswand. Deze observatie was in alle dieren consistent. 
De cellichamen bestonden uit of wel enkele cellen dan wel ganglion-achtige structuren en werden 
waargenomen in alle lagen door de blaaswand heen. In de controle blazen warden geen cel lichamen 
in de blaaswand waargenomen. 
In hoofdstuk 6 is een andere studie met de transgene muis AppSL/PS1M146L weergegeven. Dit 
observationeel onderzoek naar plasgedrag in relatie tot affectief gedrag van de muizen laat zien dat 
de AppSL/PS1M146L muizen vaker plassen in de centrum zones in vergelijking met controle muizen. 
De grootste markings van beide groepen werden gevonden in de hoekzones. Het totaal geplaste 
volumes van de AppSL/PS1M146L muizen was significant lager. In beide groepen is het gemiddelde 
volume van een marking in de hoekzone groter dan in de centrumzone. Uit de gedragsexperimenten 
blijkt dat de AppSL/PS1M146L veel angstiger zijn. 
Hoofdstuk 7 betreft een algemene discussie van alle resultaten van de beschreven experimenten. 
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