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ABSTRACT 

Overactive Bladder (OAB) is a symptom syndrome characterized by urgency and 

frequency, with or without urge incontinence. Research concerning the mechanisms 

underlying OAB and finding new inhibitory factor(s) is intensive.  

 

By using a cascade superfusion system, we confirmed the existence of urothelium-

derived inhibitory activity in the guinea pig urinary bladder. The unknown inhibitory 

activity was transmissible over a significant distance, thus allowing attempts at 

isolation. The unknown factor(s) was found unlikely to be nitric oxide, an adenosine 

receptor agonist or cyclo-oxygenase products.  

 

During isolation of the unknown transmissible inhibitory factor(s) using HPLC and 

bioassay technologies, we observed considerable amounts of PGE2 and PGD2 being 

released from guinea pig urinary bladder urothelium, in the resting state. PGE2 and 

PGD2 were not only released from the bladder but also exerted modulatory effects 

regulating the lower urinary tract motility.  

 

Organ bath experiments using pharmacological tools in guinea pig urothelium-denuded 

bladder strips showed that PGE2 increased basal tone and spontaneous contractions. 

Exogenous PGE2 potentiated contractile responses to EFS, ACh and ATP, while PGD2 

caused inhibition of EFS, ACh and ATP induced contractions. The inhibitory effect of 

PGD2 was exerted via DP1 receptors as judged from agonist and antagonist 

experiments. PGD2 also had a low affinity excitatory effect via TP receptors.  

 

The bladder trigone and urethra have different innervations compared with the bladder 

dome. Both trigone and proximal urethra are important in continence. The effects of 

PGE2 and PGD2 were investigated also in these regions in the guinea pig. PGE2 and 

PGD2 in a dose-dependent manner inhibited trigone contractions induced by EFS and 

spontaneous contractions of the proximal urethra. 

 

Immunohistochemical studies of DP1 and DP2 receptor proteins indicated that DP1 and 

DP2 receptors were localized in the guinea pig bladder dome, trigone and urethra. Both 

urothelium/sub-urothelium and smooth muscle cells were immunolabelled with DP1 

and DP2 receptor antibodies. Hematopoietic prostaglandin D synthase was abundant in 

the immediate sub-urothelium. 

 

These findings will be of importance in understanding normal function and 

pathophysiology of the lower urinary tract, hopefully opening up new future treatment 

modalities. 

 

 



 

LIST OF PUBLICATIONS 

 

This thesis is based on the following publications, which in the text will be referred to 

by their Roman numerals: 

 

 

 

 

 

 

           

 

  

 

 

 

I. Guan NN, Thor A, Hallén K, Wiklund NP, Gustafsson LE (2014). 

Cascade bioassay evidence for the existence of urothelium-derived 

inhibitory factor in Guinea pig urinary bladder. PLoS One. 2014 Aug 

1;9(8):e103932. 

 

 

II. Guan NN, Nilsson KF, Wiklund NP, Gustafsson LE (2014). Release and 

inhibitory effects of prostaglandin D2 in guinea pig urinary bladder and the 

role of urothelium. Biochim Biophys Acta. 2014 Sep 16;1840(12):3443-

3451. 

 

 

III. Guan NN, Svennersten K, de Verdier PJ, Wiklund NP, Gustafsson LE. 

Receptors involved in Prostaglandin D2 modulation of guinea pig urinary 

bladder motility. Submitted Manuscript. 

 

 

IV. Guan NN, Svennersten K, de Verdier PJ, Wiklund NP, Gustafsson LE. 

Prostaglandin D2 effects and DP1/DP2 receptor distribution in guinea pig 

urinary bladder outflow region. Manuscript. 

 



 

CONTENTS 

1 INTRODUCTION ........................................................................................ 1 

1.1 Lower Urinary Tract Symptoms ........................................................ 1 

1.1.1 Storage Symptoms .................................................................. 1 

1.1.2 Voiding and Post Micturition Symptoms .............................. 1 

1.1.3 OAB ........................................................................................ 1 

1.2 Lower Urinary Tract Anatomy and Physiology ................................ 4 

1.2.1 Gross Anatomy of Bladder and Urethra ................................ 4 

1.2.2 Innervation .............................................................................. 7 

1.2.3 Bladder Filling and Voiding .................................................. 9 

1.2.4 Peripheral Control of Smooth Muscle ................................. 10 

1.2.5 Mediator Release .................................................................. 11 

1.3 Prostanoids and Prostanoid Receptors ............................................. 12 

1.3.1 Prostanoids Biosynthesis ...................................................... 12 

1.3.2 Prostanoid Receptors ............................................................ 13 

1.3.3 Prostanoids and LUT ............................................................ 14 

2 HYPOTHESIS AND AIMS ...................................................................... 17 

3 METHODS ................................................................................................. 18 

3.1 Tissues Preparation ........................................................................... 18 

3.2 Cascade Superfusion......................................................................... 18 

3.3 High Performance Liquid Chromatography .................................... 19 

3.4 Measurements of NO/NO2
- by Chemiluminescence ...................... 20 

3.5 Organ Bath Experiments .................................................................. 20 

3.6 Western Blot ..................................................................................... 21 

3.7 Morphological Study ........................................................................ 22 

3.8 Statistical Analysis ............................................................................ 22 

4 RESULTS AND DISCUSSION ................................................................ 23 

4.1 Urothelium Derived Inhibitory Activity (PAPER I, II). .................. 23 

4.2 Qualification of Mediator Release (PAPER I, II). ........................... 25 

4.3 Effects of PGD2 and PGE2 in the LUT (PAPER II, IV). ................. 27 

4.4 Receptors Involved in PGD2 Modulation (PAPER III). .................. 28 

4.5 Expression and Distribution of PGDS and DP1/DP2 Receptors in LUT 

(PAPER III, IV). ......................................................................................... 29 

5 GENERAL DISCUSSION ........................................................................ 32 

5.1 Inhibitory Mediators in LUT ............................................................ 32 

5.2 PGD2 in LUT .................................................................................... 34 

5.3 Endogenous Prostanoids and Receptor Antagonists ....................... 36 

5.4 Pharmacological Implications .......................................................... 36 

6 FUTURE PERSPECTIVES ....................................................................... 38 

7 GENERAL CONCLUSIONS .................................................................... 39 

8 ACKNOWLEDGEMENTS ....................................................................... 40 

9 REFERENCES ........................................................................................... 41 

 



 

LIST OF ABBREVIATIONS 

 

AA 

ACh 

ATP 

CGRP 

CRTH2 

DP1 

DP2 

EFS 

HPLC 

L-NAME 

LUT 

NANC 

NO 

NO2
- 

NPY 

OAB 

PACAP 

PGDS 

TP 

TTX 

UD 

UDIF 

UI 

VIP 

8-PST 

arachidonic acid 

acetylcholine 

adenosine 5’-triphosphate 

calcitonin gene-related peptide 

chemoattractant homologous receptor expressed on Th2 cells 

prostaglandin D2 receptor type 1 

prostaglandin D2 receptor type 2 

electrical field stimulation 

high performance liquid chromatography 

NG-nitro-L-arginine methyl ester 

lower urinary tract 

non-adrenergic non-cholinergic 

nitric oxide 

nitrite 

neuropeptide Y 

overactive bladder 

pituitary-adenylate cyclase- activating polypeptide 

prostaglandin D synthase 

thromboxane receptor 

tetrodotoxin 

urothelium-denuded 

urothelium-derived inhibitory factor 

urothelium-intact 

vasoactive intestinal polypeptide 

8-(p-sulfophenyl)theophylline 

  

http://en.wikipedia.org/wiki/Thromboxane_receptor


 

  1 

1 INTRODUCTION 

 

1.1 LOWER URINARY TRACT SYMPTOMS 

In 2003, the standardization sub-committee of the International Continence Society 

(ICS) issued the latest report of the standardization of terminology in lower urinary 

tract function (Abrams et al., 2003). This updated version included all the new and 

changed definitions of previous ICS reports. The terminology covered the definitions of 

lower urinary tract symptoms, signs suggestive of lower urinary tract dysfunction, 

urodynamic observations, conditions and treatment. Symptoms are defined as the 

subjective indicators of a disease or change in condition witnessed by the patient, 

caregiver or persons around and may result in seeking help from professionals. There 

are three groups of lower urinary tract symptoms: storage symptoms, voiding 

symptoms and post micturition symptoms. 

 

1.1.1 Storage Symptoms 

The bladder relaxes and stores urine for more than 99% of the lifetime. Storage 

symptoms are experienced during the storage phase of the bladder and include 

increased daytime frequency, nocturia (frequency during sleep), urgency and urinary 

incontinence (not applicable to infants and small children).  

 

1.1.2 Voiding and Post Micturition Symptoms 

Voiding symptoms are experienced during the voiding phase which include slow 

stream, splitting or spraying of urine stream, intermittent stream, hesitancy, straining to 

void and terminal dribble.  

Post micturition symptoms are experienced immediately after micturition including 

feeling of incomplete emptying and post micturition dribble. 

 

Lower urinary tract symptoms also include the symptoms associated with sexual 

intercourse, with pelvic organ prolapse, genital and lower urinary tract pain etcetera. 

 

1.1.3 OAB 

The ICS committee recommended the use of overactive bladder syndrome and detrusor 

overactivity after 2002 ICS standardization of lower urinary tract function/dysfunction 

terminology (Abrams et al., 2002; Abrams, 2003). Detrusor overactivity is an 

urodynamic diagnosis which defines the signs and symptoms during urodynamic 

observation. The report described two types of detrusor overactivity: phasic and 

terminal. In order to simply describe the condition, the term “Overactive Bladder 

(OAB) Symptom Complex” has been introduced. OAB is a symptomatic diagnosis 

with the definition as urgency, with or without urge incontinence, usually with 

increased daytime frequency and nocturia (Abrams et al., 2002). However, OAB is not 

synonymous with detrusor overactivity. A study among 1457 patients showed that 82% 

of men with OAB had detrusor overactivity (sensitivity) and 82% with detrusor 

overactivity had OAB (positive predictive value), while the rate for women were 58% 
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and 85% respectively (Hashim et al., 2006). The bladder seems to be a more reliable 

witness in men than in women (op.cit.). 

 

OAB affects nearly 34 million in the US and 66 million people in the European Union 

One epidemiological study concerning the prevalence of overactive bladder syndrome, 

before the ICS 2002 definition and among 16776 interviews, in six European counties 

found the overall prevalence of overactive bladder symptoms in individuals above age 

40 was 16.6% (15.6% of men and 17.4% of women) (Milsom et al., 2001). Later it was 

believed that this number was too high (Hashim et al., 2007). Many other studies 

regarding the overactive bladder syndrome prevalence showed similar results. The 

National Overactive Bladder Evaluation (NOBLE) Program using a sample of 5204 

adults over age 18 revealed an OAB prevalence of 16.0% in men and 16.9% in women 

in the United States (Stewart et al., 2003). A population-based study of OAB symptoms 

among 1000 adults of age over 18 reported 13.9% (13.1% in men and 14.7% in 

women) prevalence in Canada (Herschorn et al., 2008). Among 1827 community-

dwelling adults in Taiwan, the age-adjusted prevalence of OAB was 16.9% (Yu et al., 

2006). The largest multinational population-based study was the EPIC study using the 

current ICS definition included Canada, Germany, Italy, Sweden and the United 

Kingdom. The overall prevalence of OAB was 11.8% within the 19165 participating 

individuals. Rates were similar in men and women and increased with age (Irwin et al., 

2006a). A recently study limited to individuals aged 40 and older from US, UK and 

Sweden showed that the prevalence of OAB ranged from 26-33% across races for men 

and from 27-46% for women (Coyne et al., 2012).(Figure 1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Ring diagram showing that the average prevalence of OAB from cited studies 

was about 15% of the entire population. 80% of the OAB patients expressed frequency 

especially nocturia, 50% of the OAB patients reported urgency and 30% had urge 

incontinence symptom. OAB dry, the term from the NOBLE study defining the 

individuals who had OAB symptoms but no urge incontinence, was more prevalent in 

men. OAB wet was more prevalent in women which might be due to weak bladder neck 

and sphincter mechanism. 

 

Although OAB symptoms conditions are not life threatening, they seriously affect 

quality of life of the individual, including employment, social interactions and 

Urge incontinence 

Frequency 

OAB 

Wet 

(urge, stress, mixed) 

OAB 
Dry 

Urgency (key symptom) 

OAB ≈15% of population 

≈ 80% of OAB 
≈ 50% of OAB 

≈ 30% of OAB 
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emotional well-being (Irwin et al., 2006b). Frequency and urge incontinence also 

increase the risk of urinary tract infection and falls (Brown et al., 2000). OAB patients 

with nocturia suffering from poor sleeping quality had lower level of vitality (Kobelt et 

al., 2003). These lower urinary tract symptoms are more prevalent in the older 

population, where 40% of individuals over the age of 70 are affected (Milsom et al., 

2001). As a consequence, OAB produces major problems for individuals, health 

professions and society. Importantly, as people are generally living longer, the numbers 

of affected people are increasing. It is obvious that the combined problems give a heavy 

economic burden to the society. The main costs include treatment costs, routine care 

costs, consequences costs and indirect costs (Hu et al., 2004). The mainly non-

pharmacotherapeutic costs can thus lead to an under-estimation of the financial 

magnitude of the problem. It has been indicated that the estimated total cost of urinary 

incontinence and OAB was $19.5 billion and $12.6 billion respectively in the United 

States in year 2000 using data from the NOBLE program (Hu et al., 2004). In 2007, 

OAB resulted in total costs of $65.9 billion in the US with projected total national costs 

of $76.2 billion and $82.6 billion respectively in year 2015 and 2020 (Ganz et al., 

2010). In a report covering Germany alone, 6.48 million adults over 40 years of age 

were affected by OAB, and 2.18 million of these individuals experience incontinence, 

with annual financial implications in the range of €3.98 billion, costs comparable to 

other chronic diseases such as dementia or diabetes mellitus (Klotz et al., 2007). 

Estimation of the economic costs of OAB in six countries (Canada, Germany, Italy, 

Spain, Sweden and the UK) by using the prevalence data from the EPIC study and 

healthcare resource-use data showed the total annual direct cost plus nursing care and 

work absenteeism cost was €9.7 billion (Irwin et al., 2009). The direct cost in Sweden 

was estimated to be €333 million per year.  

 

The primary clinical problem and major impact to the patient is urgency to void 

(Abrams et al. 2002). The ICS definition of urgency is the complaint of a sudden 

compelling desire to pass urine which is difficult to defer. Urgency is the key symptom 

and must be a symptom for OAB diagnosis and is also the driver for other lower 

urinary tract symptoms (Abrams et al., 2012). Remarkably, despite the prevalence and 

costs involved, the mechanisms underlying urgency are currently unknown. There are 

three main pathophysiology theories about OAB and detrusor overactivity: myogenic 

theory (Brading, 1997), neurogenic theory (de Groat, 1997) and autonomous bladder 

theory (Drake et al., 2001). These theories all involve the unbalanced release of 

inhibitory and excitatory neurotransmitters or modulating mediators. Little 

understanding of the mechanism leads to the lack of effective pharmacological 

treatment. Antimuscarinic drugs are the most commonly used agents to treat OAB, but 

their clinical utility is limited due to side effects and low efficacy. Undoubtedly, there 

are needs for exploring the mechanisms underlying this process and finding new 

therapeutic targets to treat OAB effectively. 

 

OAB debate 

Debate on the definition of OAB as a symptom syndrome has been continuing since it 

was first issued in the report by the standardization committee of International 
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Continence Society in 2002. Among all the OAB debates, the main arguments are 

whether the concept of OAB simplifies the clinical conditions, with their different 

causes, underlying ‘overactive bladder’ patients (Zinner, 2011; Tikkinen et al., 2012) 

and if the concept of OAB was created by the pharmaceutical industry as marketing 

method to sell drugs (Tikkinen et al., 2012).  

In my opinion, the driving force of issuing the descriptive term OAB is not the above 

debates but medical needs behind. Before the concept of OAB was introduced, similar 

medical conditions were referred to as unstable bladder which is a urodynamic 

diagnosis. In the clinic, many patients are hesitant to undergoing the urodynamic test 

before receiving any drug treatments. Though OAB describes a set of symptoms which 

does not provide any pathophysiological explanation, there is a need for finding a term 

that patients, nurses, and doctors can easily understand and use it to begin empirical 

management. By using the term OAB, more attention will be brought into the scientific 

fields and more research concerning the mechanisms behind OAB will be done. This 

will lead to modifications of and more accurate description of overactive bladder 

conditions. Already in the seventies, emepronium bromide and later terodiline as 

anticholinergic drugs were introduced in urology to treat smooth muscle overactive 

conditions. Due to severe side effects, these drugs were abandoned in many countries. 

This led to the need of new anticholinergic drugs with less side effects such as 

tolterodine and to find new drugs that target on other signaling pathways. Despite 

having some utility in OAB, many patients are not treated effectively even with the 

most recent agents (Ko et al., 2006), despite supporting reports (Van Kerrebroeck et al., 

2001; Nabi et al., 2006).  

 

 

1.2 LOWER URINARY TRACT ANATOMY AND PHYSIOLOGY 

The lower urinary tract consists of the bladder and urethra. The bladder is a hollow 

muscular organ to collect and store urine generated by the kidneys. The structure of the 

bladder is similar between male and female. The urethra is directly connected to the 

bladder and is a somewhat muscular passage for micturition. The structure and function 

of urethra is different between the male and female. In the male, genital glands are 

connected and have openings towards the urethra which thus carries semen and other 

fluids ejaculated from genital ducts, as well as urine. In the female, the urethra is 

shorter and only responsible for urination. Besides gender differences, there are also 

species variation between the human and other mammals. 

 

1.2.1 Gross Anatomy of Bladder and Urethra 

 

Bladder  

The bladder is a distensible organ in the pelvis. The size and shape of the bladder 

change when it fills with different volumes of urine. In healthy adults, the bladder can 

hold 300-500 ml of urine. The bladder wall consists of several layers. The internal 

surface is lined with transitional epithelium (urothelium), which becomes thinner and 

flatter during bladder distension and folds when the bladder is empty. The urothelium 

has three layers with different cell types, the apical umbrella cells, the intermediate 

cells and basal cells (Richter et al., 1963). The lamina propria underlying the 

http://en.wikipedia.org/wiki/Anticholinergic
http://en.wikipedia.org/wiki/Urology
http://en.wikipedia.org/wiki/Anticholinergic
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urothelium is a collagenous fibroelastic connective tissue rich in blood vessels, nerves, 

interstitial cells and some muscle bundles. The ensuing smooth muscle layer (detrusor) 

which accounts for the most of the bladder wall, mixed with connective tissue, forms 

parallel muscle bundles. These smooth muscle bundles are irregularly oriented, loosely 

arranged into inner longitudinal, middle circular, and outer longitudinal layers. The 

inner and outer layers are not clearly separated; muscle bundle can cross layers and 

branch into a longitudinal or circle direction. 

 

The bladder trigone is defined as the region within the three openings: two ureters and 

urethra. This region is relatively smooth and constant in thickness compared with the 

rest of the bladder. The trigone is composed of three muscle layers: a superficial layer, 

derived from the longitudinal muscle of the ureter extending into the urethra, a deep 

layer and a detrusor layer originally coming from the bladder outer longitudinal and 

middle circular smooth muscle layers.  

 

Bladder neck  

Smooth muscle cells in the bladder neck become smaller in size and the muscle bundles 

are more uniformly organized. The smooth muscle around the bladder neck is 

morphologically and pharmacologically distinct from the remainder of the bladder. The 

anterior of the bladder neck is more closely akin to the bladder detrusor muscle, while 

the posterior fibers are more similar to the trigone (Gosling et al., 1987; Delancey et al., 

2002). The structure of the bladder neck seems to differ between men and women. In 

male, three distinct layers of smooth muscle are present: inner layer of longitudinal 

smooth muscle bundles continuous with the inner longitudinal layer of the urethra, the 

middle circular layer that becomes the proximal sphincter at the bladder neck level, and 

the outer longitudinal layers. At the female bladder neck, the majority of muscle 

bundles extend obliquely or longitudinally into the urethral wall and the existence of 

sphincter like circular muscle layer is debatable (Chung et al., 2012) 

 

Urethra 

The length of the human male urethra is approximately 20 cm and is usually described 

as three parts: prostatic, membranous and spongy. The female urethra is a 

fibromuscular tube only about 3-4 cm long. The urethra is lined with transitional 

epithelium which changes to a nonkeratinized stratified squamous epithelium in the 

very distal end of the female urethra. The lamina propria separates the urothelium and 

muscle layer and has many fibroblasts, small glands, blood vessels and nerves. 

Compared with bladder detrusor, the muscle bundle cells are relatively small and 

interspersed with large amounts of connective tissue. A continuation of bladder inner 

longitudinal smooth muscle forms the inner longitudinal smooth layer of urethra and 

runs the entire course of the urethra. The bladder outer longitudinal muscle cells travel 

obliquely around bladder neck and proximal urethra. As a result, the longitudinal 

arranged muscle cells become more and more circular from the neck to urethra. This 

urethra outer circular smooth muscle layer is only present in the proximal urethra, 

which ends at where it meets the striated muscle that forms the intrinsic 

rhabdosphincter (Hutch et al., 1968). In the male, the outer circular smooth muscle 
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fuses with the ventral face of the prostate in the prostatic urethra region. The outer 

circular muscle only covers the anterior part of the proximal urethra, while in female 

the proximal urethra is surrounded by outer circular smooth muscle. Due to the 

anatomical position of the male prostate and the female vaginal wall, the superior part 

of striated muscle only covers the anterior part of the urethra. The inferior part of the 

striated muscle becomes horseshoe-shaped and covers the anterior and posterior of the 

urethra. In the female, the distal part of the striated muscle extends and covers the 

urethra and vagina (Yucel et al., 2004; Wallner et al., 2009). 

 

Urethral sphincter 

The muscular sphincters in the male prostatic + membranous urethra and the proximal 

60% of the female urethra are especially implicated in urinary continence. Two major 

sphincter mechanisms are described in this region: the internal urethral sphincter and 

the external urethral sphincter (intrinsic rhabdosphincter for the striated component). 

The internal sphincter is located at the junction of the urethra with the bladder. The 

internal sphincter is a continuation of the bladder smooth muscle. The external 

sphincter is located at the 15 to 60% of the proximal urethra in females and at the level 

of the membranous urethra in the male. The external sphincter consists of an outer 

striated muscle and an inner longitudinal thin layer of smooth muscle. (Figure 2) 

 

 

 

 

 

Figure 2. Schematic drawing of different muscle layers arranged in the male (left) and 

female (right) bladder and urethra. The external urethra sphincter is composed of 

urethral inner longitudinal smooth muscle, which extends from bladder inner 

longitudinal detrusor, and of outer striated muscle. The outer longitudinal detrusor 

muscle bundles extend obliquely into the urethral wall. As a result, muscle bundles 

travel across to the other side of the bladder to become circularly oriented. This 

sphincter-like circular muscle layer is referred to as the internal urethra sphincter. 
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Male guinea pig lower urinary tract 

Many different kinds of mammals are used to study the function of the lower urinary 

tract. However, the anatomy, pathophysiology and pharmacology might not be the 

same at all. When performing animal experiments, it is important to be aware of the 

differences. Guinea pigs are widely used for both in vivo and in vitro studies on the 

biological function of the urinary tract. Studies have shown the basic structure of the 

guinea pig LUT to be comparable to the human. However, the accessory glands and 

gland locations are different and it does not seem to be the right model to study the 

glands related diseases (Figure 3). The sphincter mechanisms to maintain continence 

are comparable to human, and it might be suitable to use guinea pig isolated muscle 

strips or cell cultures in this context (Neuhaus et al., 2001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Cartoon showing the locations and structural relations of elements in male 

guinea pig lower urinary tract and accessory glands. The bladder in the figure is 

empty. The prostate glands have several lobes as in the human, but they do not 

surround the proximal urethra lumen. The coagulating glands are unique for rodents 

and do not exist in the human. The prostate glands, coagulating glands, seminal 

vesicles and vas deferens all discharge through the dorsal wall of the proximal urethra.  

 

 

1.2.2 Innervation  

 

The efferent innervation 

A complex network of efferent (motor) and afferent (sensory) signaling in the 

autonomic and somatic nervous system is involved in regulating the lower urinary tract 

function. The cerebral cortex, brain stem and spinal cord are all involved in the central 

nervous system control. In both male and female, the bladder wall is mainly supplied 

with parasympathetic cholinergic nerve endings derived from the S2-S4 spinal cord 

segments. A nonadrenergic, noncholinergic (NANC) component of the autonomic 

nervous system has been proposed in activating the detrusor. Sparse sympathetic 
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neurons derived from Th10-L2 segments may also participate in mediating detrusor 

relaxation during urine storage. Down along the tract, the male bladder neck receives 

rich sympathetic innervation. In contrast, the female bladder neck has little adrenergic 

innervation. The trigone and male preprostatic sphincter (prevents retrograde 

ejaculation) are the only regions to show a distinct innervation by adrenergic neurons. 

The bladder neck and trigone also receive innervation from nitric oxide synthase 

containing nerves. They both relax during micturition. 

 

Being regulated by both excitatory and inhibitory nerves, the innervation of the urethral 

smooth muscle is in this aspect more complicated than the detrusor. The female urethral 

smooth muscle has relatively few noradrenergic sympathetic nerves but receives an 

extensive presumably cholinergic parasympathetic nerve supply from the spinal cord 

S2-S4 segments similar as in the detrusor. In the pig urethra, it was suggested that two 

independent components were involved in the NANC-nerve derived urethral relaxation, 

one of which being nitrergic nerves, the other is still unknown (Werkström et al., 

1995). Urethral smooth muscle is activated in a stimulatory and inhibitory fashion to 

become shortened and widened during micturition. Similar preganglionic 

parasympathetic innervation to the smooth muscle components of the membranous 

urethra is likely to be present in the male. The striated muscle of the external urethral 

sphincter receives dual somatic innervations from the pudendal and pelvic somatic 

nerves from S2-S4 nerve roots in both the male and female (Delancey et al., 2002; 

Chung et al., 2012). 

 

The afferent innervation 

Afferent nerves sense stimuli and provide information to the central nervous system. 

Compared with efferent innervation in the lower urinary tract, the afferent innervation 

is less well understood. Many sensations and nervous pathways have been proposed 

arising from bladder and urethra: the sensation of normal filling; the sensation of 

voiding; the sensation of urgency incontinence; the sensation that urine is passing 

(Nathan, 1956). The afferent innervation in human lower urinary tract arises from 

neurons located in the dorsal root ganglia at the level of S2-S4 and Th11-L2 spinal 

segments. Two kinds of afferent fibers are found in the bladder: myelinated A-δ fibers 

and unmyelinated C-fibers. Sensation of bladder filling is conducted by A-δ fibers. C-

fibers synthesize and release various neuropeptides, including calcitonin-gene-related 

peptide (CGRP), vasoactive intestinal polypeptide (VIP), pituitary-adenylate cyclase- 

activating polypeptide (PACAP) and tachykinins (substance P and neurokinin A). C-

fibers also express many neuropeptide receptors and other receptors, including 

acetylcholine, ATP, prostaglandins and transient receptor potential (TRP) receptors (de 

Groat et al., 2009; de Groat et al., 2012). 

In the human, by using immunohistochemistry, peptidergic afferent axons were found 

distributed throughout the bladder and co-located within the subepithelial region, 

encircling ganglia cells and around blood vessels (Smet et al., 1997). In the urethra, the 

afferent nerves were distributed between the muscle fibers, in the urothelium, and 

especially dense in the suburothelial layer (Crowe et al., 1986; Tainio, 1993). The 

striated sphincter muscle seem to have very little afferent innervation. As indicated 
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before, the morphology of striated muscle in human urethra reveals relatively small 

cells compared with skeletal muscle. Specialized tension receptors which are prominent 

in most skeletal muscles were either absent or present in low density in human 

rhabdosphincter (Gosling et al., 1981; Lassmann, 1984). 

 

1.2.3 Bladder Filling and Voiding 

 

Bladder storage 

During bladder filling, the intravesical pressure remains relatively constant until the 

volume reaches the threshold of voiding although there is increasing afferent activity 

during filling. The ability of keeping the pressure stable is a passive phenomenon of 

smooth muscle called compliance together with spinal modulation of the incoming 

afferent signals. Smooth muscle has the intrinsic ability to change length without 

changing tension within a certain range. de Groat proposed a “gating” mechanism that 

might be involved in bladder storage. In short, an inhibitory interneuron mechanism in 

the spinal cord helps to keep afferent impulses, until they reach a threshold, from being 

transmitted into efferent signals. When reaching the threshold, intensive impulses are 

then transmitted down the postganglionic efferent neuron to the bladder resulting in 

smooth muscle contraction (deGroat et al., 1980). In addition, there are inhibitory 

effects of the sympathetic neurons that have postganglionic branches ending on 

parasympathetic ganglion cells in the bladder. This promotes urethral outlet closure and 

inhibits contractions of the bladder (de Groat et al., 1976). During filling, a local spinal 

reflex with an increased efferent firing in the pudendal nerves results in an increased 

outlet resistance. Contractions mediated by pudendal motorneurons in the urethral 

sphincter are activated by bladder afferent input (Park et al., 1997a), and urethral and 

pelvic floor afferent inputs (Fedirchuk et al., 1992). Contraction of the urethral 

sphincter also sends afferent input to activate the central inhibitory mechanisms, further 

suppressing the micturition reflex (McGuire et al., 1983). 

 

Bladder emptying 

When the bladder volume reaches a threshold, a voiding process will be triggered. As 

mentioned above, increased intensive afferent signaling transmits onward to the pons to 

activate the parasympathetic efferent activity and inhibits the sympathetic and somatic 

pathway. This reflex results in sufficient amplitude and duration of contraction to 

empty the bladder and in relaxation of the intrinsic rhabdosphincter to allow voiding. 

The drop of the urethral pressure is not the consequence of bladder contraction as it 

happens before the bladder contraction (Tanagho et al., 1970). An important inhibitory 

transmitter, NO, is released to relax the bladder neck and urethral smooth muscle 

during micturition, a response mediated by activation of a parasympathetic pathway 

(Andersson et al., 1994; Bennett et al., 1995). The activation of the parasympathetic 

pathway to the urethra also counteracts the excitatory inputs to the urethra (Mundy, 

2010; Yoshimura et al., 2010).  
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1.2.4 Peripheral Control of Smooth Muscle  

 

Mechanisms of smooth muscle contraction 

Detrusor smooth muscle cells are spindle shaped single nucleated cells with plasticity 

and diversity. The phasic contraction of the smooth muscle cell is triggered by myosin 

light chain phosphorylation. Inactivation of myosin (dephosphorylation) results in the 

relaxation. The phosphorylation requires Ca2+-calmodulin complex activated myosin 

light chain kinase (MLCK) while dephosphorylation needs myosin light chain 

phosphatase (MLCP). Protein kinase C (PKC) activates the phosphorylation of both 

structural and regulatory components of actin which regulate the tonic contraction 

(Rasmussen et al., 1987). The intracellular free calcium level is the major determinant 

during smooth muscle contractility. Other modulators that may regulate the activity of 

key enzymes can also affect the contraction and relaxation of smooth muscle, including 

cAMP-dependent protein kinase A (PKA), mitogen-activated protein kinase, CaM 

kinase II (Yamaguchi, 2004) and rho-associated kinase (ROK) (Kimura et al., 1996). 

 

Neurotransmitters and modulators 

In healthy human bladder, acetylcholine (ACh) is the contractile neurotransmitter, 

while in many pathologies including OAB, hypertrophy, interstitial cystitis, neurogenic 

damage (Palea et al., 1993; Bayliss et al., 1999), and in physiological signaling of 

many animals (Burnstock et al., 1978), ATP is regarded as an additional activator of 

muscle contraction. The source of ACh is not only parasympathetic and somatic motor 

nerves but also urothelium (Lips et al., 2007). There are five subtypes of muscarinic 

receptors and they are expressed throughout the LUT. In human, rat, rabbit and guinea 

pig detrusor, immunoprecipitation analyses have shown that m2 and m3 subtypes are 

expressed (Wang et al., 1995). Although more m2 receptors are expressed, the 

contractile activity is via m3 subtype. In most mammalian species, ATP is co-released 

with ACh from parasympathetic nerves, which activates P2 (P2X and P2Y) receptors to 

initiate detrusor contraction (Burnstock, 2011). Unlike parasympathetic activation, 

direct sympathetic innervation in detrusor is less important. In pig, few evenly 

distributed adrenergic nerve terminals were found in detrusor, while a greater number 

of terminals were observed in the trigone, bladder neck and urethra (Larsen et al., 

1978). All three beta-receptor subtypes are expressed in detrusor of which β3  is the 

most abundant subtype (Yamaguchi, 2002). Activation of β3 receptors elevates smooth 

muscle cAMP levels and causes detrusor relaxation, making it a potential interesting 

target for OAB treatment (Andersson et al., 2013).  

 

In most species, nitric oxide does not have a role as neurotransmitter to cause direct 

relaxation of the detrusor. The density of nitric oxide synthase (NOS) immunoreactivity 

was higher in trigone and urethra than in the detrusor (Persson et al., 1993). In human 

bladder neck and urethra, the areas of marked relaxations activity to nerve stimulation 

and the areas of high NOS abundance were in good agreement, suggesting nitric oxide 

as a mediator for the neurogenic dilation of the bladder neck and urethra during the 

micturition reflex (Ehrén et al., 1994). The synthesis, storage and release of 

neuropeptides including vasoactive intestinal polypeptide (VIP), calcitonin gene– 
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related peptide (CGRP), substance P, neurokinin A, and pituitary adenylate cyclase-

activating peptide (PACAP) from efferent and afferent nerves and urothelial cells have 

been demonstrated in the lower urinary tract. VIP was shown to inhibit spontaneous 

contractions in isolated detrusor and urethral muscle from human and animals (Sjögren 

et al., 1985). CGRP is contained within capsaicin-sensitive sensory nerves in the 

urinary bladder. CGRP could relax rat bladder neck, and inhibited neuromuscular 

transmission in the guinea pig detrusor. In vivo, high concentrations of CGRP inhibited 

the rat micturition reflex (Hoyle, 1994). Tachykinins (substance P and neurokinin A) 

had contractile effects in the isolated bladder smooth muscle (Negri et al., 1973; Maggi, 

1991). Tachykinin NK1 receptor seems more commonly found in blood vessels and the 

urothelium than in muscle cells (Candenas et al., 2005). NK2 receptors are present in 

detrusor muscle (Templeman et al., 2003). PACAP- immunoreactivity is present 

primarily in afferent neurons. Exogenous PACAP has both relaxant and excitant effects 

on bladder and urethral smooth muscle depending on species (Yoshiyama et al., 2008). 

Prostaglandins as one of the modulator groups are produced locally in the bladder 

urothelium and muscle layers. Exogenous PG alters bladder motor activity in vitro and 

in vivo and it can also influence the micturition reflex in humans and many different 

species as discussed before.  

 

Spontaneous contraction 

Lower urinary tract tissues especially bladder, are capable of generating a TTX 

resistant spontaneous activity (Sibley, 1984). Moreover, some reports found that 

spontaneous contractions were observed to an increased extent in OAB patients (Mills 

et al., 2000; Sui et al., 2009). The mechanisms behind spontaneous activity is not clear 

yet, although some have been proposed. 1) Neurogenic hypothesis: de Groat reported 

that reduced neurogenic inhibition could increase the activation of micturition reflex 

and contractions associated with smooth muscle overactivity (de Groat, 1997).  2) 

Myogenic hypothesis: changes to the smooth muscle excitability and intercellular 

coupling to the other muscle cells would modify the contractile activity (Brading, 

1997). In addition, pacemaker cells such as interstitial cells could generate spontaneous 

contractions (Hashitani, 2006). Oscillators located in the interstitial cells generate 

repetitive Ca2+ transients that activate inward currents. The currents spread through the 

gap junctions providing a depolarizing signal which opens L-type voltage-operated 

channels (VOCs). The result of increased Ca2+ thus triggers smooth muscle contraction 

(Berridge, 2008). 3) Urotheliogenic hypothesis: changes in the sensitivity and coupling 

of the mucosa (urothelium/suburothelium) network results in the changes of 

spontaneous activity (Ikeda et al., 2008).  

 

1.2.5 Mediator Release 

 

The bladder urothelium has long been thought to be a protective barrier between 

detrusor and urine. In the late 1980’s it was noticed that contraction responses to the 

sensory nerve mediator substance P in the guinea pig urinary bladder were smaller 

when the urothelium was intact (Maggi et al., 1987a). Direct evidence for the release 

of a relaxant mediator from bladder was obtained by Andersson’s group, when they 
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co-incubated urothelium containing urinary bladder with an endothelium-denuded rat 

aorta strip (Fovaeus et al., 1998; Fovaeus et al., 1999). Similar bladder-derived 

relaxant factor was also shown in the rat, using bladder as assay tissue by coaxial 

bioassay system (Bozkurt et al., 2004). Unlike the evidence from the previous studies 

that the relaxant factor(s) was non-urothelium dependent, Chess-Williams group 

showed the existence of a diffusible urothelium-derived inhibitory factor (UDIF) in pig 

urinary bladder by using sandwich-type bioassay experiments (Hawthorn et al., 2000; 

Templeman et al., 2002). UDIF related effects were also observed in mouse urinary 

bladder by using electrophysiology (Meng et al., 2008) and by quantitative analysis 

of contractile responses in human urinary bladder (Chaiyaprasithi et al., 2003). The 

nature of the bladder-derived non-urothelium dependent relaxant factor(s) and UDIF 

have not been elucidated. One substance group to be considered is arachidonic acid 

derivatives from the cyclo-oxygenase (COX) system. Experiments in urothelium-

intact and -denuded preparations had shown that COX products had a role in 

regulation of ureteral motility (Mastrangelo et al., 2007). The data suggested that 

prostacyclin was released from the urothelium, but they furthermore suggested that 

this to a great extent acted indirectly, via stimulation of the release of an unknown 

inhibitory factor.  

 

1.3 PROSTANOIDS AND PROSTANOID RECEPTORS 

Fatty acids as sources of energy and as precursors of mediators are usually derived 

from triglycerides or phospholipids. Eicosanoids are a group of important signaling 

molecules made by oxidation of the 20-carbon fatty acid arachidonic acid (20:4 ω 6). 

One important subclass of eicosanoids is prostanoids, consisting of prostaglandins, 

thromboxanes, and prostacyclins. Prostanoids exert their bioactivities locally via 

specific receptors. The modulatory roles of prostanoids in the lower urinary tract had 

come into focus for many years, but the mechanisms of prostanoids effects are still 

not clear due to their multitude and to lack of pharmacological tools. In recent years, 

the molecular and genetic information as well as specific agonists and antagonists of 

prostanoids receptors have become available, making it possible to evaluate the 

effects of prostanoids from a more detailed perspective. In this study, we focused on 

biosynthesis and bioactivities of prostaglandin D2 and E2 in the lower urinary tract. 

 

1.3.1 Prostanoids Biosynthesis 

Eicosanoids can be metabolized from arachidonic acid (AA) through enzymatic or 

non-enzymatic processes. There are three major well known enzymatic pathways 

catalyzed by cyclo-oxygenase (COX), lipoxygenase (LOX), and cytochrome P450 

(epoxygenase, CYP) respectively (Buczynski et al., 2009). In addition, prostaglandin-

like compounds called isoprostanes are formed via non-enzymatic process where free 

radicals act on AA. Prostanoids that are synthesized via cyclooxygenase pathways are 

a group of hydroxyl fatty acids containing an oxygenated cyclopentane unit. PGH2 as 

the precursor for prostanoids is formed from free AA by prostaglandin endoperoxide 

synthases known as constitutively expressed cyclo-oxygenase-1 (COX-1) or 

inducible cyclo-oxygenase-2 (COX-2) via an unstable intermediate product PGG2. 

PGG2 is then reduced to PGH2 in the peroxidase active site. PGH2 is rapidly 
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converted to prostaglandin D, E, F, and I series and to thromboxane A2 via 

prostaglandin D, E, F, I synthases and thromboxane synthase (Smith et al., 2000). 

(Figure 4) 

 

 

Figure 4. Schematic overview of prostanoids synthesis in the cyclooxygenase pathway 

and the corresponding prostanoid receptors. Prostanoid synthases nomenclature is 

from the IUPHAR database (http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=243). 

 

1.3.2 Prostanoid Receptors 

Based on the IUPHAR prostanoids receptors classification updated in year 2009, there 

are nine prostanoids receptors classified as DP1, DP2 (CRTH2), EP1, EP2, EP3, EP4, FP, 

IP, and TP preferentially activated by the major prostanoids PGD2, PGE2, PGF2α PGI2 

and TxA2 (Woodward et al., 2011) (Figure 4). Some receptors such as EP3 have several 

splice variants. Moreover, ligand binding specificity studies have shown that 

prostaglandins have different binding affinities not only to the corresponding receptors 

but also to the other prostanoid receptor subtypes (Kiriyama et al., 1997). Primary G 

protein coupling studies classified DP1, EP2, EP4 and IP receptors as Gs-coupled 

receptors. EP1, FP and TP receptors were shown to be Gq-coupled, while EP3 receptors 

seemed capable of coupling both Gq and Gi proteins. In smooth muscle, activation of 

Gs-coupled receptors leads to the increase of intracellular cAMP levels, thereby 

activating protein kinase A (PKA) which could phosphorylate myosin light chain 

kinase resulting in smooth muscle relaxation. Activation of Gq-coupled EP1, FP and TP 

http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=243
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receptors could increase the level of second messenger intracellular Ca2+ concentration, 

leading to contractile responses. EP3 receptors can couple Gi protein to decrease the 

cAMP level and couple Gq protein to increase the intracellular Ca2+ concentration. 

Activation of EP3 receptors in the smooth muscle would thus induce a contractile 

response. Studies on DP2 receptor signaling pathways are limited. DP2 receptors are Gi-

coupled which may decrease the intracellular cAMP level and cause Ca2+mobilization 

(Woodward et al., 2011). 

 

1.3.3 Prostanoids and LUT 

1.3.3.1 Production of prostanoids in the LUT    

It is well established that prostanoids are produced locally within the bladder smooth 

muscle and mucosa in human and other species (Abrams et al., 1979; Jeremy et al., 

1987; Andersson, 2009). Their production increases by various stimuli under 

pathological conditions such as bladder outlet obstruction (Park et al., 1997b; Masick et 

al., 2001), spinal cord injury induced bladder overactivity (Masunaga et al., 2006) and 

inflammation (Saban et al., 1994; Wheeler et al., 2001; Wheeler et al., 2002). The 

production of prostanoids also responds to physical stretch (Downie et al., 1984; 

Jeremy et al., 1984) and EFS of urinary bladders strips in vitro (Alkondon et al., 1980).  

Although the prostanoid effects differ slightly between different species, prostaglandin 

E, F series and thromboxane usually contract bladder strips and increase the 

spontaneous activities during in vitro experiments (Abrams et al., 1975; Andersson et 

al., 1977; Ueda et al., 1985; Palea et al., 1998). In in vivo experiments, urodynamic 

tests showed an increased detrusor pressure and reduced bladder capacity after 

intravesical administration of PGE2 (Schüssler, 1990; Ishizuka et al., 1995; Schröder et 

al., 2004). The mechanisms that, apart from inflammation, increase prostanoids 

production are unclear. They could be neuronal, hormonal or via a local reflex. . 

 

In addition to release of the prostaglandins E and F series, some release studies also 

showed significant release of PGD2 from pieces of normal rat urinary bladder (Kasakov 

et al., 1985; Whigham et al., 2002) and from guinea pig urinary bladder after 

ovalbumin sensitization or dietary fat supplementation (Saban et al., 1994; Whigham et 

al., 2002). Whether PGD2 also plays a role in regulating bladder muscle contractility 

has not been reported. In this study, we not only measured the release and recovery of 

PGD2 from the whole urinary bladder but also for the first time investigated PGD2 

effects in modulating guinea pig lower urinary tract motility (Paper II, III and IV). 

 

1.3.3.2 Prostanoids bioactivity and receptors in the LUT 

Expression of all EP1 EP2 EP3 and EP4 receptor subtypes have been shown in guinea 

pig urinary bladder (Ponglowhapan et al., 2010; Rahnama'i et al., 2012a). No data 

suggests expression of DP, FP and IP prostaglandins receptors (Rahnama'i et al., 

2012b). Other than expression investigations, there are some mouse knockout studies 

and pharmacological studies dealing with the function of different receptor subtypes in 

urinary bladders. One study using EP1 knockout mice showed that, compared with wild 

type, EP1 knockout mice did not respond to intravesical PGE2 instillation (Schröder et 
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al., 2004). In normal rats, an EP1 antagonist significantly increased the bladder 

capacity, voiding volume and micturition interval (Lee et al., 2007). Urodynamic tests 

of EP3 knockout mice revealed an enhanced bladder capacity in the basal state and 

reduced hyperactivity response to application of PGE2 (McCafferty et al., 2008). In 

rats, intravesical instillation of the EP4 antagonist MF191 suppressed the bladder 

overactivity induced by PGE2 but had no significant effects on control responses 

(Chuang et al., 2012). No data was found concerning the expression of DP receptors or 

the effect of PGD2 and its receptors involved in the urinary bladder except one human 

data set that suggested PGD2 to have a low potency to contract bladder strips (Palea et 

al., 1998). In the respiratory system, PGD2 was found to be a potent mediator, exerting 

biological excitatory and inhibitory effects through DP1, DP2 receptors, and was also 

able to activate TP receptors (Larsson et al., 2011). Expression of DP receptors in 

guinea pig esophageal nodose ganglia was reported by Zhang and colleagues by use of 

immunohistochemistry, Western blotting and RT-PCR (Zhang et al., 2013).  

 

Effects of PGE2 on bladder trigone and proximal urethra have been studied for decades. 

Andersson and colleagues showed that PGE:s relaxed pre-contracted human circularly 

cut urethral rings (Andersson et al., 1977). PGE2 was shown to relax the pre-contracted 

trigone and longitudinally cut urethra in the human and pig (Klarskov et al., 1983a). 

Similar results were also shown in other species, that PGE2 relaxed the pre-contraction 

of circularly cut hamster and longitudinally cut dog urethra (Mutoh et al., 1983; Pinna 

et al., 1998). In one study of cat urethra, PGE2 contracted the longitudinal urethra strips 

but relaxed the circular urethral muscle (Abdel-Hakim et al., 1983). In animal 

experiments using rabbit and dog trigone, PGE2 contracted the tissue and increased 

spontaneous activities (Mutoh et al., 1983; Gotoh et al., 1986). So far, there is no data 

available on the effect of PGD2 in trigone and proximal urethra. Whether PGD2 is 

involved in the regulation of trigone and urethra motility and if there is expression of 

DP1 and DP2 receptors in these regions have until now been open questions. 

 

1.3.3.3 PGD2 in other systems 

PGD2 has a variety of biological roles via CRTH2 (DP2), DP1 and TP receptors. Effects 

of Gi-coupled CRTH2 receptor activation include recruitment of Th2 cells (Honda et 

al., 2003; Xue et al., 2005) and eosinophils (Woodward et al., 1990; Hirai et al., 2001; 

Monneret et al., 2001) resulting in production of cytokines . Gs-coupled DP1 receptor 

activation induces inhibition of platelet aggregation (Whittle et al., 1983; Trist et al., 

1989), bronchodilatation (Matsuoka et al., 2000) , vasodilatation (vary according to 

species) (Giles et al., 1989), tocolysis (Senior et al., 1992; Fernandes et al., 1995), and 

is implicated in central regulation of sleep (Urade et al., 1999) and in pain (Eguchi et 

al., 1999). Suppression of cytokine production, via DP1 activation in inflammation and 

immune responses, occurs in certain leukocytes and in dendritic cells (Hammad et al., 

2003). The effects of DP1 activation in inflammation and immune responses are usually 

accompanied by DP2 activation in an opposing fashion. This could switch PGD2 from a 

pro- to an anti-inflammatory mediator. PGD2 can also bind to the Gq-coupled TP 

receptor. Activation of TP receptors results in platelet aggregation, bronchoconstriction 
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and vasoconstriction (Pettipher et al., 2007), and PGD2 can either by itself or via its 

metabolites exert TP-mediated airway constriction (Coleman et al., 1989). 

 

PGD2 is biosynthesized in brain, platelets, mast cells and some neoplastic cells, and is 

rapidly metabolized by 15-hydroxy prostaglandin dehydrogenase (15-hydroxy PGDH) 

and 11-ketoreductase (AKR1C3) to 13,14-dihydro-15-keto PGD2 (DK-PGD2) and 9α, 

11β-PGF2. Alternatively, through non-enzymatic means, PGD2 is converted to J-ring 

products PGJ2, ∆12-PGJ2, 15-deoxy-∆12,14-PGJ2 (15d-PGJ2) or the D-ring products 

∆12-PGD2, 15-deoxy-∆12,14-PGD2 (15d-PGD2). Conversion of ∆12-PGD2 and ∆12-

PGJ2 from PGD2 and PGJ2 are albumin-catalyzed isomerization processes (Fitzpatrick 

et al., 1983; Shibata et al., 2002). (Figure 5) Although a micromolar range of ligand 

concentrations was used to generate intracellular effects, some of these metabolites 

might be endogenous agonists on CRTH2 and DP1 receptors (Pettipher et al., 2007). 

The influence of PGD2 metabolites in the LUT under physiological and 

pathophysiological conditions is unknown. 

 

 

Figure 5. Schematic overview of PGD2 metabolism. PGD2 spontaneous by dehydrates 

to PGJ2, which can undergo a second dehydration to generate 15d-PGJ2. 15d-PGD2, 

15d-PGJ2 and ∆12-PGD2 and ∆12-PGJ2 are agonists for CRTH2 receptor (Monneret 

et al., 2002; Heinemann et al., 2003; Gazi et al., 2005). 15d-PGJ2 is the most studied 

PGD2 metabolite, and can bind to both DP1 and DP2 receptors. The main target of 

15d-PGJ2 is peroxisome proliferator-activated receptor-γ (PPAR-γ)(Bell-Parikh et al., 

2003). Activation of PPAR-γ in turn mediates anti-inflammatory effects. 9α,11β-PGF2 

might be an agonist of the Gq-coupled TP receptor, activation of which leads to airway 

contraction (Beasley et al., 1987). 9α,11β-PGF2 can also activate CRTH2 receptors 

(Sandig et al., 2006). 
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2 HYPOTHESIS AND AIMS 
 

The general project aims at gaining a further understanding of the Overactive Bladder 

Syndrome. The main hypothesis was that, if proven to exist, the urothelium-derived 

inhibitory factor (UDIF) would be of importance in normal bladder function and if 

chemically identified could be shown to be disturbed in overactive bladder. The main 

aims were: 

 

1. To investigate whether guinea pig urothelium-derived inhibitory factor could be 

demonstrated by in vitro serial bioassay and to attempt its chemical 

characterization. 

 

2. To analyze whether adenosine/purinergic P1 receptor agonists, nitric oxide or 

prostaglandins might explain any observed activity. 

 

 

During chemical analysis of the observed UDIF activity we found considerable 

amounts of prostanoids released from guinea pig urinary bladder, with a PGD2-like 

component. As a consequence of obtained results the following aims were formulated: 

 

3. To identify and quantify the release of prostaglandins under physiological 

conditions and to investigate the activity of PGD2 in modulation of bladder 

motility. 

 

4. To study receptors involved in PGD2 action on the bladder and their distribution.  

 

5. To investigate whether PGD2 might affect the bladder outflow region. 
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3 METHODS 
 

3.1 TISSUES PREPARATION 

Albino guinea pigs of either sex weighing 300 to 800 g were anaesthetized with 

midazolam 1 mg kg-1 + sodium pentobarbital 120 mg kg-1 and exsanguinated. 

 

PAPER I: The kidneys, ureters and urinary bladders of guinea pigs were removed en 

bloc. The proximal ureter about 2 cm long with part of the renal pelvis was removed. 

The pelvic-ureteral preparations were cut open longitudinally, and in some preparations 

the urothelium was removed by scraping with a blunt instrument. Guinea pig bladders 

were kept intact and everted. In some experiments the bladder 

urothelium/suburothelium, which accounts for approximately one third of the thickness 

of the bladder wall, was removed as far as possible by cutting with scissors. Removal 

of the urothelium was after experiments confirmed by NADPH-diaphorase staining.  

 

PAPER II: The abdominal aorta was perfused with warm saline in order to achieve 

blood-free tissue preparations. Then the urinary bladder was removed and cleaned from 

fat and connective tissue. Two kinds of preparations were made. For the release 

experiments, the whole bladder was spirally cut into a 2-3 cm long strip. For bioassay 

and pharmacological studies, one single bladder dome was cut into several 8 X 2 mm 

strips. In some experiments, the bladder urothelium was removed as much as possible 

by fine dissection with iris scissors and forceps under the microscope. Differential 

assay was performed also on guinea pig colon longitudinal strips prepared as previously 

described (Olgart et al., 1998). 

 

PAPER III: The urinary bladder was separated from the urethra and ureters. Detrusor 

from bladder dome was cut into several strips. Urothelium was either intact or removed 

as described before.  

 

PAPER IV: Male guinea pig urinary bladder and proximal urethra were taken en bloc. 

The bladder trigone was dissected by locating the urethra and ureter openings. A 

trigone strip about 7 X 2 mm was made from each guinea pig with the urothelium 

intact. The proximal urethra was cut into several rings with urothelium intact. Urethral 

rings were then cut open into strips for organ bath experiments. 

 

After dissection, tissues were placed in a storage bath for equilibration for 30-60 min 

in Tyrode′s solution (136.9 mM NaCl, 4.8 mM KCl, 23.8 mM NaHCO3, 0.5 mM 

MgCl2, 0.4 mM NaH2PO4, 2.5 mM CaCl2, and 5.5 mM glucose) and aerated with 5% 

CO2 in O2 at 37℃. 

 

3.2 CASCADE SUPERFUSION 

PAPER I. Three water-jacketed and thermostatted chambers were mounted in series. 

The top chamber was preceded by a warming coil through which was pumped aerated 
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(5% CO2 in O2) Tyrode′s solution at 1.5 mL per min by means of a Gilson peristaltic 

pump. The fluid was led onto the tissues via the suspending cotton ligature. In the 

upper chamber the donor tissue, a whole guinea pig bladder, was connected to an 

isometric transducer (FT03, Grass Instruments, Quincy, MA). The initial tension of 

the bladder was adjusted to 20 mN. An assay ureter with one end connected to 

Harvard isotonic transducers (Harvard Apparatus, Holliston, MA) was mounted in 

each of the two lower chambers. The distance between the donor tissue and the assay 

tissue in two chambers was 20 cm. The time required for flow to travel between donor 

and assay tissues was approximately 3 s (Figure 6). 

Carbachol was introduced either by injection onto tissues directly or infusion into the 

supplying flow just before the donor chamber. By infusion at the bottom of the donor 

chamber, compounds such as scopolamine could be directly infused onto assay tissues, 

thus bypassing the donor tissue. Blocking agents (L-NAME, 8-PST or diclofenac) were 

added into the superfusion reservoir separately and exposed to the tissues for at least 30 

min before carbachol application. 

 

           
  

Figure 6. Schematic drawing of the employed cascade serial superfusion, based on 

the Vane technique.(Supporting Figure S1, Paper I; modified from(Gryglewski et al., 

1986). 

 

3.3 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 

PAPER II. Superfusate of the urinary bladder was for 66 min collected after the donor 

chamber onto 35cc Sep-Pak tC18 cartridges (Waters) or directly collected as 15 mL 
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fractions in ice-cold test tubes with acetic acid (2% final concentration). Superfusate 

samples were analyzed by two steps of reversed phase HPLC, first using a C18 column 

(150 x 8 mm, particle size 5 µm; ReproSil-Pur C18-AQ, Dr Maisch GmbH, 

Ammerbuch-Entringen, Germany). The gradient profile was from water to 50% 

methanol in 10 min, 50 to 80% methanol in 60 min and 80 to 100% methanol in 10 min 

with 1% acetic acid throughout. The flow rate was 1.6 mL min-1. Column eluate was 

monitored at 265 nm and 287 nm by two detectors and a scanning diode array UV 

absorbance detector (Waters 991, scanning the range 190-500 nm at 5 s intervals) in 

series. Eluate from the HPLC was collected as 1.5 min fractions in polyethylene test 

tubes. Fractions were dried by overnight by vacuum centrifugation and then analysed 

further in a second step of HPLC. The second purification step was by isocratic elution 

in reversed phase HPLC. The stationary phase was a C18 column (150 X 2 mm, 

particle size 5 µm; Kromasil 100 C18, Dr Maisch GmbH, Ammerbuch-Entringen, 

Germany). The mobile phase was 36% acetonitrile and 1% acetic acid at a flow rate of 

0.45 mL min-1. UV absorbance was monitored at 290 nm by a fixed-wavelength 

detector and at a 190-500 nm by the scanning UV absorbance detector (Waters 991). 

Eluate from this HPLC was collected in 0.5 min fractions in polyethylene test tubes. 

The fractions were freeze-dried overnight and then immediately bioassayed on bladder 

detrusor smooth muscle preparations. Standard compounds were analyzed under the 

same conditions in the HPLC system for comparison of retention times and calculations 

of recovery. 

 

3.4 MEASUREMENTS OF NO/NO2
- BY CHEMILUMINESCENCE 

PAPER I. The superfusate of the guinea pig urinary bladder tissue was collected 

during periods of 1 min before and during ACh stimulation. The NO-synthase 

substrate L-arginine (10-5 M) was added to the Tyrode′s solution, in order to maintain 

the synthesis of NO during collection. Aliquots of 1 mL were injected into a reaction 

glass chamber, containing 100 mL to 150 mL of 1% sodium iodide in deoxygenated 

and concentrated hot (89°C) acetic acid. In the acidic and reducing milieu, NO2

- is 

reduced to NO (Walters et al., 1987) which is by a stream of N2 carried into a reaction 

chamber. In the reaction chamber NO together with ozone reacts under vacuum 

giving rise to photons, the amount of which is counted by a photo- multiplier (Palmer 

et al., 1987; Walters et al., 1987). The detection limit was 0.5-2 pmol NaNO2 per mL. 

The system was calibrated by injecting freshly made aliquots of NaNO2 solution and 

using peak heights for construction of standard curves for calculation of unknown 

samples (Wiklund et al., 1993; Hallén et al., 2007). 

 

3.5 ORGAN BATH EXPERIMENTS 

PAPER II. Bladder strips were mounted vertically in 3.5 mL organ baths with one end 

fixed to a hook at the bottom of the bath and the top end connected to an isometric 

transducer. The initial tension was adjusted to 10 mN. Electrical field stimulation (EFS) 

was applied to the preparations by means of two platinum electrodes on the walls of the 

organ baths (50 V, single pulse of 0.2 ms every 30 s). The evoked contractile responses 

were recorded with a computerised acquisition system (MP100, Biopac). When stable 
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contractile responses developed, diclofenac 10-6 M was given to the tissue. After 1 h 

equilibration, PGE2, PGD2 and the freeze-dried fractions from the HPLC were applied 

and assayed onto the bladder strips in organ baths. 

 

PAPER III. Urothelium denuded bladder strips of either gender were transferred to 2.5 

to 6.5 mL organ baths to pharmacologically study the effects of PGD2 and its receptors, 

using agonists and antagonists on isolated bladder strips. Tissues were stimulated 

electrically and pretreated with diclofenac 10-6 M as in Paper II. When stable 

contractile amplitudes developed, PGD2 and the selective DP1 agonist BW-245C were 

applied to the tissue. When investigating the effects of prostaglandin receptor DP1 and 

TP antagonists, tissues were exposed to these antagonists alone or combined for at least 

one hour due to high lipophilicity/slow onset properties of prostaglandin receptor 

blockers used in this study (Jones et al., 2011). Agonist dose-response curves were then 

carried out in the presence of different concentrations of receptor antagonists. 

 

PAPER IV. Male urothelium intact trigone and proximal urethra rings, prepared into 

strips, were mounted in the organ baths. The initial tension of the trigone and urethra 

strips was adjusted to 5 mN. When stable tension developed, EFS (50 V, 15 pulses of 

0.2 ms every 60 s) was applied to trigone strips. Proximal urethra ring strips were after 

initial tests left unstimulated to record the spontaneous contractions. Upon stabilization, 

PGE2 and PGD2 were applied cumulatively to the tissues in half-log increments. 

 

The corresponding solvent used to dissolve agonists and antagonists was given to 

tissues in the same way without compounds dissolved in it. The final concentration of 

solvent used in each organ bath was less than 0.1% ethanol. 

 

3.6 WESTERN BLOT 

PAPER III. Guinea pigs were anesthetized and the descending aorta was perfused with 

30-40 mL warm saline after which the bladder dome was isolated as described above. 

Separate tissue samples of either intact wall, urothelium with suburothelium, or muscle 

were prepared. For protein extraction, each mg wet tissue was subjected to 20µL of 

lysis buffer with protease inhibitors followed by homogenization. 50 μg of proteins was 

loaded into each well of 8-16% SDS gels followed by electrophoresis. Proteins were 

transferred onto PVDF membranes subsequently probed 1 h at room temperature with a 

anti-human hematopoetic prostaglandin D synthase antibody, a anti-human DP1 

receptor antibody or a mouse IgG1 anti-human β-actin antibody. HRP-conjugated 

secondary antibodies and a chemiluminescent substrate were used to detect protein 

signal on autoradiographs (Kodak X-Omat).  

 

PAPER IV. Male guinea pigs were anesthetized as above and the bladder trigone, neck 

and proximal urethra were dissected and isolated apart. Protein extraction was prepared 

as above. 7 μg of protein was loaded onto 8-16% SDS gels and separated by 

electrophoresis. Membranes were probed overnight with rabbit anti-human DP1 

receptor antibody or rabbit anti-human DP2 (CRTH2) receptor antibody. For protein 

signal detection, HRP-conjugated secondary antibodies were used as above. 
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3.7 MORPHOLOGICAL STUDY 

PAPER I. NADPH-diaphorase staining.  

To confirm successful removal of urothelium from ureters and bladders, the whole 

preparation of urothelium-intact and -denuded ureters and bladders were incubated at 

pH 8 in Tris-HCl buffer solution containing 1 mM β-NADPH, 0.5 mM nitroblue 

tetrazolium and 0.2% Triton X-100 at 37°C for 10 min (Persson et al., 1999). Tissues 

were then washed in saline and directly placed onto slides for microscopic observation.  

 

PAPER III. Guinea pigs were anesthetized and blood-free tissues obtained as above. 

The bladder dome tissues were fixed for 4 h at 4°C in ice-cold 4% paraformaldehyde 

0.1 M phosphate buffer. After fixation, tissues were cryoprotected with sucrose solution 

for 16 to 20 h and then quickly frozen in cooled isopentane and stored at -80°C. 10 µm 

transverse bladder dome sections were mounted on coated slides and labeled with an 

anti-human hematopoetic prostaglandin D synthase antibody or a polyclonal antibody 

raised against human DP1 receptor C-terminal. To visualize the basal membrane, 

sections were incubated with an anti-laminin antibody. The sequential control sections 

were treated with blocking buffer without primary antibody. Sections were washed 

followed by application of secondary antibody labeled with ALEXA Fluor 568. 

Fluorescein isothiocyanate-labelled phalloidin or a Cy3 conjugated anti-α-smooth 

muscle actin antibody were applied followed by secondary antibody and nuclei 

counterstaining. The sections were then mounted with mounting medium and covered 

with cover slips. 

 

PAPER IV. Blood-free male guinea pig urinary bladder trigone and proximal urethra 

were prepared, fixed and sectioned as in Paper III. Sections were either labelled with 

antibody raised against human DP1 receptor C-terminal or labelled with antibody raised 

against human DP2 (CRTH2) receptor. Counterstaining of smooth muscle actin, F-actin 

and nuclei was by anti-α-smooth muscle actin antibody, phalloidin and Hoechst33258 

respectively. Secondary antibodies were applied, followed by mounting and 

fluorescence immunohistochemistry. 

 

All immunolabeled sections in Paper III and IV were observed under an Axioplan 2 

imaging fluorescence microscope (Carl Zeiss) and photographed with a Nikon D3000 

digital camera. 

 

3.8 STATISTICAL ANALYSIS 

All the data were presented as means ± standard error of the mean (SEM). Statistical 

significance was analyzed by Student's paired or unpaired t-test, or by one-way 

analyses of variances (ANOVA). A p-value less than 0.05 was considered significant. 

Agonist and antagonist characteristics such as EC50, IC50, maximal effect values and 

pA2 values were calculated by Prism software (GraphPad Software Inc). 
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4 RESULTS AND DISCUSSION 

 

4.1 UROTHELIUM DERIVED INHIBITORY ACTIVITY (PAPER I, II). 

Urothelium being one of the key elements throughout the whole project, its presence 

or absence matters. To confirm the removal of urothelium from guinea pig ureters and 

bladders, NADPH-diaphorase staining followed by imaging in reflective light was 

carried out. Several staining techniques were investigated but yielded poor or no 

staining of the urothelium whereas the NADPH diaphorase reaction exhibited 

prominent staining of the urothelium (Figure 7). The difference between urothelium 

intact and urothelium denuded areas was clearly visible, allowing confirmation of 

successful urothelium removal in urothelium-denuded bladders and ureters. 

 

Figure 7. NADPH-diaphorase staining of guinea pig ureters after a cascade 

superfusion experiment and of strips from intact and denuded bladder. Left image: 

ureters were opened longitudinally with their originally internal side facing towards 

the viewer. Top tissue was denuded from urothelium as much as possible. Urothelium 

was stained dark blue by the diaphorase reaction (bottom tissue, and some small 

specks in top tissue). Non-urothelium tissue exhibited light purple staining (top 

tissue). Some urothelium fell off from urothelium-intact tissue in the renal pelvis part 

(lower tissue), but the majority of urothelium was still present on the surface. Right 

image: two strips dissected from the same bladder with the internal side facing 

towards the viewer, one strip with urothelium intact, one removed of urothelium. 

Strips were exposed to the same diaphorase reaction as ureters and a clear difference 

was seen between the strips. When immersing the urothelium-intact bladder in the 

dye, the urothelium was folding, like when the bladder is empty, causing poor 

penetration of the dye into foldings (white streaks between dark blue). (Figure 6, 

Paper I)  

 

Urothelium-derived inhibitory factor (PAPER I) 

Guinea pig ureters exhibited regular spontaneous contractions when superfused by 

Tyrode ś solution at 1.5 mL min-1 (Figure 8, lower panel). The spontaneous activities 

were phasic contractions at a rate of 0.5-1.5 beats min-1 and were relatively stable 

over 1 to 2 h and then declined in both frequency and amplitude, which is a 

phenomenon more prominent in urothelium-intact ureters. Urothelium-derived 

inhibition of ureter spontaneous contractions was observed by using the cascade serial 

superfusion system (Figure 6). Guinea pig whole urinary bladder was mounted in the 

donor tissue bath, urothelium-denuded ureters were the assay tissues. After 
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applications of carbachol 5x10-6 M 0.5 mL directly to scopolamine-treated 

urothelium-denuded ureters, either no effects or only excitatory effect was seen, 

whereas the same amount of carbachol injected over the urothelium intact bladder, 

subsequently reaching the ureter, showed significant inhibition of assay ureter 

contractions, sometimes preceded by an initial excitation (Figure 8). The inhibitory 

effect was reproducible by repeated injections of carbachol. The time course of 

inhibitory effects was somewhat slow. 

 

 

 

 

 

Figure 8.Experimental 

recording of an everted 

urothelium-intact bladder 

(upper tracing) and an 

urothelium-denuded ureter 

(lower tracing) in the cascade 

superfusion mode. (Figure 1, 

Paper I) 

 

 

 

 

In order to investigate whether the observed transmissible inhibitory activity was 

emanating from the urothelium, the same experiment was performed but using an 

urothelium-denuded bladder as donor tissue. No inhibition of assay ureter 

contractions was seen indicating the source of inhibitory activity to be the urothelium. 

Adenosine and nitric oxide exert inhibitory actions on smooth muscle and are well 

known inhibitors in the urinary tract (Canda et al., 2007). Also prostaglandins can 

inhibit the peristalsis of ureters and may also be very important in maintaining 

spontaneous activity of the ureter (Davidson et al., 2000). We investigated if the 

transmissible inhibitory activity was due to one of these well-known compounds. 

Nitric oxide synthase inhibitor (L-NAME), adenosine receptor antagonist (8-PST) or 

cyclo-oxygenase inhibitor (diclofenac) were added separately into the superfusion 

reservoir. In the presence of blocker, the same superfusion experiments were repeated 

as described before. The treatments had a tendency of slightly lowering the 

spontaneous contractions of the ureters, but no modification of the transmissible 

inhibitory activity was observed (Figure 9). 

 

Based on study II, we know that the bladder was able to synthesize PGE2 and PGD2, 

and that PGD2 could inhibit the bladder. However, diclofenac removed the release of 

prostaglandins from the bladder (Paper II), showing that diclofenac was effective in 

this respect. Thus, it is unlikely that the unknown inhibitory factor derived from 

urothelium is PGD2 or PGE2. 
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Figure 9. Effect of transmissible urothelium 

derived activity on ureter contractions in 

different treatment groups (n=8). ** 

denotes p<0.01 after unpaired t-test for the 

comparison between bypass urothelium 

intact (UI) bladder group with over UI 

bladder groups. # denotes no significant 

difference between antagonist/inhibitor 

treatments. Ureters in carbachol bypass UI 

bladder group exhibited similar effect as 

carbachol perfusing over urothelium 

denuded (UD) bladder group (P>0.62). 

(Figure 4, Paper I) 

 

 

Prostaglandin actions were blunted when urothelium was intact (PAPER II) 

In the organ bath, exogenous PGE2 and PGD2 effects on the nerve stimulated guinea 

pig bladder strip contractions were compared under different conditions. In the 

presence of urothelium, PGE2 and PGD2 were less effective in modulating bladder 

motility compared with in the absence of urothelium. Removal of urothelium and 

application of cyclo-oxygenase inhibitor to a similar degree modified PGE2 and PGD2 

effects (Figure 10), these being larger when the endogenous prostanoids production 

was abolished. This is in similarity with exogenous adenosine which is more 

efficacious when endogenous adenosine has been blocked (Nilsson et al., 2010).  

 

 
 

Figure 10. Contractile responses to EFS in guinea pig urinary bladder detrusor strips. 

Dose-response curves of (A) PGE2 enhancing effect and (B) PGD2 inhibitory effect on 

the contractile response. Data from 6 to 10 strips from at least 4 animals, and 

presented as mean±standard error mean (SEM). # denotes p<0.005 and * denotes 

p<0.05 for comparison of maximal response. (Figure 6A and C, Paper II) 

 

4.2 QUALIFICATION OF MEDIATOR RELEASE (PAPER I, II). 

Bladders are able to generate and release many bioactive compounds (Birder et al., 

1998; Knight et al., 2002; Tanaka et al., 2011). The cascade superfusion results in 

Paper I showed that there was an inhibitory factor(s) released from guinea pig 
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urothelium which was unlikely to be one of the known compounds, such as NO. In 

order to confirm that L-NAME was sufficient to block the NO generation, 

measurements of NO/nitrite release before and after L-NAME were carried out. The 

results showed that 3x10-4 M L-NAME was able to reduce the NO production by 

around 80%, rendering NO unlikely to be the released inhibitory factor. (Figure 5, 

Paper II) 

 

During our analysis of the urothelium-derived inhibitory factor, we found significant 

amounts of bioactivity being released from bladder urothelium, and when the HPLC 

fractions initially were bioassayed an excitatory activity was observed. We therefore 

subjected excitatory fractions from the gradient elutions to isocratic separation (Kunz et 

al., 2002) as shown in figure 11B. Subsequent bioassay on isolated urothelium-denuded 

bladder tissues revealed an excitatory activity corresponding to the retention time of 

authentic PGE2 and an inhibitory activity corresponding to the retention time of PGD2. 

 

 

Figure 11. Isolation and 

purification of excitatory and 

inhibitory prostaglandin-like 

bioactivity from guinea pig 

urinary bladder. (Figure 1, 

Paper II) 

(A) Gradient HPLC 

chromatograms of guinea pig 

urinary bladder superfusate 

collected from an urothelium 

intact urinary bladder 

(SAMPLE) and elution profile 

of a run with a sham tissue 

(BKGD).  

(B) Purification and isolation 

by isocratic reversed phase 

chromatography of excitatory 

activity fractions obtained at 

48 min from gradient HPLC 

as in panel A (SAMPLE) and 

compared with standard 

PGE2 and PGD2 (STD).  

 

 

 

Removal of the urothelium abolished more than 90% of PGE2 release, and essentially 

all of PGD2 in the sense that it now was undetectable with our method. The data 

indicated that the urothelium was the main source of PGE2 and PGD2. One hour of 

diclofenac 10-7 M pretreatment abolished more than 68% of PGE2 and 94% of PGD2 

release. This validates that the released bioactivities are likely to be PGE2 and PGD2, 
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and also that the lack of effect by diclofenac on released inhibitory activity in Paper I 

is a true negative result. 

 

4.3 EFFECTS OF PGD2 AND PGE2 IN THE LUT (PAPER II, IV). 

Based on the HPLC analysis, PGE2 and PGD2 were constantly produced in the 

urinary bladder. The effects of PGE2 and PGD2 in modulating the lower urinary tract 

(the bladder dome, trigone and proximal urethra) motilities were therefore 

investigated. Results are summarized in figure 12, panel A. Dose-response curves are 

shown in figure 12, panel B to D. 

 

Figure 12. Summary (panel A) and dose-response curves of PGD2 and PGE2 effects 

(panel B to D) in guinea pig LUT. Panel B: bladder dome, panel C: bladder trigone, 

panel D: proximal urethra. Bladder dome and trigone tissues were electrically 

stimulated whereas spontaneous contractions of proximal urethra were recorded. 

PGD2 and PGE2 were applied cumulatively in log or half-log increments. Data were 

presented as mean±standard error mean (SEM), n denotes number of tissue strips in 

panel B and number of animals in panel C and D. st.M denotes striated muscle in the 

urethra.(parts of Figure 6, Paper II; Figure 2 and 3, Paper IV) 

 

Effects of PGD2 and PGE2 on acetylcholine and ATP induced contractions were also 

investigated (Paper II). In diclofenac pretreated (10-6 M) urothelium-denuded bladder 

strips with EFS turned off, acetylcholine (3x10-6 M) and ATP (10-5 M) caused 

contractions which were reproducible when repeated. Application of PGE2 (10-8 M) 

increased the tone and also enhanced the contractile response to exogenous ACh and 



 

28 

ATP (Figure 13 panel A and C). When PGD2 (10-8 M) was similarly applied, responses 

to exogenous ACh and ATP were significantly inhibited (Figure 13 panel B and D).  

Figure 13. Urothelium denuded guinea pig urinary bladder detrusor strips monitored 

by isometric recording of muscle responses in the absence of EFS. Original 

experimental recordings of enhancing PGE2 (panel A and C) and inhibitory PGD2 

(panel B and D) modulation of contractile responses induced by repeated applications 

of exogenous acetylcholine (ACh) or ATP, with washings indicated by w. Tissues were 

pretreated with diclofenac 10-6 M, repeated after each wash. (Figure 7, Paper II) 

 

Presently, PGD2 in addition to its inhibitory effect on contractile responses to nerve 

stimulation also inhibited the responses to the neurotransmitters acetylcholine and ATP. 

It is reasonable to conclude that PGD2 mainly acts by a postjunctional inhibitory effect. 

Whether this involves changes in membrane potential or changes in second messengers 

or both remains to be studied and additional prejunctional effects by PGE2 and PGD2 

can not be excluded from the present results. 

 

4.4 RECEPTORS INVOLVED IN PGD2 MODULATION (PAPER III). 

In guinea pig urinary bladder detrusor, the DP1 receptor antagonist BW-A868C caused 

a progressive dose-dependent reversal of the PGD2 inhibitory effect on the contractile 

responses to EFS, where first the higher concentrations of PGD2 (during BW-A868C 

10-8 M) and then all concentrations of PGD2 (during BW-A868C 10-6 M) now evoked 

an enhancing effect on the contractile responses. The enhancement by PGD2, after 

blocking DP1 receptors with BW-A868C, was antagonized by the TP receptor 

antagonist SQ-29548 10-7 M which alone did not modify the effect of PGD2 (Figure 

14).  
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Figure 14. Cumulative dose-

response curves to PGD2, in the 

absence and presence of the DP1 

antagonist BW-A868C and/or the TP 

antagonist SQ-29548, on contractile 

responses in urothelium-denuded 

guinea pig urinary bladder detrusor 

strips evoked by electrical field 

stimulation (50 V, single pulses of 

0.2 ms every 30 s). Data presented 

as mean±standard error of the mean 

(SEM), n denotes number of tissues. 

(Figure 2, Paper III) 

 

 

 

In summary, PGD2 and PGE2 are not only released from guinea pig urinary bladder but 

are also involved in the regulation of the lower urinary tract motilities. The action and 

potency of PGD2 and PGE2 were different depending on the tissue type (Figure 12 

panel A and Table 1). PGD2 inhibition of bladder detrusor strip EFS-induced 

contractions was mediated via DP1 receptor. PGD2 also activates TP receptors, where 

this effect can only be seen after blocking of DP1 receptors  

 

Table 1. The presently estimated potency of prostanoids receptor agonists and 

antagonists in different parts of guinea pig lower urinary tract. Data from Paper II, III 

and IV. 

 
 Bladder Trigone Proximal Urethra Antagonism in Bladder 

PGE2 pEC50 8.0±0.38 (n=6) pIC50 7.05±0.27 (n=5) pIC50 7.65±0.17 (n=7)  

PGD2 pIC50 7.6±0.23 (n=8) pIC507.08±0.27 (n=6) pIC50 7.09±0.22 (n=14)  

BW 245C pIC50 8.11±0.07 (n=11)    

BW A868C* pIC50 7.68±0.28 (n=9)   pA2 8.68±0.06 (n=6) 

*Partial agonist (Liu et al., 1996). 

 

4.5 EXPRESSION AND DISTRIBUTION OF PGDS AND DP1/DP2 

RECEPTORS IN LUT (PAPER III, IV). 

PGDS and DP1 receptor in guinea pig bladder dome. The expression of hematopoetic 

prostaglandin D synthase (PGDS) and DP1 receptor protein in the guinea pig bladder 

dome were examined by Western blot. The whole bladder dome extract as well as 

dome detrusor muscle and dome urothelium extracts were exposed to anti-PGDS and 

anti-DP1 antibodies, which were the same antibodies used in the immunofluorescence 

histochemistry. Western blot showed a band slightly above 24 kD in agreement with 

the predicted of size 24 kD for the hematopoetic prostaglandin D synthase protein. In 

the guinea pig bladder dome it was mainly from the urothelium/suburothelium as 

judged from the bands in Figure 4 of Paper III. This result agrees with a strong 
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urothelium-dependency in the release of PGD2 from the guinea pig urinary bladder as 

in the Paper II. The guinea pig urinary bladder dome expressed significant levels of 

DP1 protein. Two groups of protein bands were seen with one slightly above 40 kD as 

predicted from the size of DP1 receptor protein and additional bands at around 95 kD. 

In the immunohistochemistry performed in the bladder dome, the smooth muscle was 

relatively faintly labeled with anti-PGDS antibody compared with 

urothelium/suburothelium (Figure 15A and B). Staining for actin was prominent in the 

detrusor muscle and also in vessels of the lamina propria, with only minor overlap with 

the PGDS stain (Figure 15B). The urothelium basal membrane was identified first by 

laminin staining subsequently allowing its localization from distribution of nuclei. It is 

marked by white dashed line in Figure 15A and C according to the anti-laminin in 

combination with nuclear stain results. In Figure 6C it can be seen that a basal row of 

cell nuclei line up in the urothelium just above the basal membrane laminin stain. In 

comparison, the similar lining up of nuclei allows the major PGDS stain to be 

determined as localized to the suburothelium (Figure 4F). DP1 receptors were seen in 

several cell types throughout the guinea pig urinary bladder, as visualized by the red 

stain in figure 15C and D. There was only moderate staining for DP1 receptors in the 

urothelium, and suburothelial interstitial cells-like profiles stained slightly more for DP1 

receptors (Figure 15C under dashed line). The most prominent staining for DP1 

receptors was in the detrusor muscle (Figure 15D). In the urothelial cells (Figure 15C) 

and especially in the smooth muscle (Figure 15D) the DP1 receptor localization was 

mainly to the cell membrane, although intracellular staining could also be seen.  

DP1 and DP2 receptors in male guinea pig trigone and proximal urethra. Western blot 

results found that in the male guinea pig trigone, neck and urethra, significant levels of 

DP1 and DP2 receptor proteins were expressed in whole tissue extracts. Fluorescence 

immunohistochemistry results, in sequential vertical sections of the trigone with 

transitional urothelium (u) and part of the smooth muscle (sm) layers, are shown in 

Figure 15E and F. Immunoreactivity for DP1 and DP2 receptors was seen throughout 

the trigone urothelium and smooth muscle. DP1 receptors were more prominent in the 

smooth muscle layer (Figure 15E) while DP2 receptors were more evenly distributed in 

the urothelium and smooth muscle layers but not as strong and localized as DP1 

receptors in the muscle cells (Figure 15F). The distribution of DP1 receptor in the 

proximal urethra was similar as in the trigone where fluorescence of DP1 receptor 

antibody was seen more heavily stained in the smooth muscle than in the urothelium. 

DP2 receptor immunoreactivity was also seen distributed in the proximal urethra 

urothelium and smooth muscle. The urothelium exhibited much stronger fluorescence 

for DP2 receptor compared with the smooth muscle. The border between smooth 

muscle (sm) and striated muscle (st) in proximal urethra is shown in Figure 15G and H. 

Longitudinal and circular smooth muscle layers can be identified by red label in the 

anti-α-smooth muscle actin antibody. DP1 and DP2 receptors were found both in 

smooth muscle and striated muscle components, but DP2 receptor was stained at a 

much lower degree. Merged image of muscle anti-DP1 receptor (green) and anti-α-

smooth muscle actin (red) shows strong yellow fluorescence indicating co-localization 

of DP1 receptor on the smooth muscle bundles (Figure 15G). 
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Figure 15. Transverse section showing PGDS immunofluorescence (green) in guinea pig 

bladder dome (A, B); DP1 receptor fluorescence (red) in dome urothelium (C) and smooth 

muscle (D); DP1 and DP2 receptors fluorescence (green) in trigone urothelium and smooth 

muscle (E, F); DP1 and DP2 receptors fluorescence (green) in proximal urethra smooth muscle 

and striated muscle (G, H). Nuclei were counterstained with Hoechst33258 in blue (C, D, G, 

H).Smooth muscle cells were stained with anti-α-smooth muscle actin antibody in red (B, G, H). 

Symbols legend: u denotes urothelium, su denotes the immediate suburothelium of lamina 

propria, v denotes blood vessels, sm denotes smooth muscle, st denotes striated muscle. White 

dashed line indicates the location of the urothelium basal membrane. Scale bars indicate 100 

µm in A, B, E, F, G and H, 20 µm in C and D.  
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5 GENERAL DISCUSSION 

 

5.1 INHIBITORY MEDIATORS IN LUT  

The current studies have been focused on the peripheral control of the LUT motility. As 

mentioned in the introduction, studies had shown an unidentified smooth muscle 

relaxing factor(s) being released from the bladder smooth muscle (Fovaeus et al., 1998; 

Fovaeus et al., 1999; Bozkurt et al., 2004). Subsequently a urothelium-derived 

inhibitory factor(s) had been suggested (Hawthorn et al., 2000; Templeman et al., 

2002; Chaiyaprasithi et al., 2003; Meng et al., 2008).The results from Paper I 

confirmed the existence of the urothelium-derived inhibitory activity. We could 

ascertain that the inhibitory effect seen on assay ureters was coming from bladder 

urothelium. That merely the mechanical contraction was a cause for the release of 

inhibitory bioactivity seems unlikely since, in a previous study, stimulating the bladder 

with α-adrenoceptor agonist failed to release inhibitory factor although it induced 

significant contraction of the bladder tissue (Templeman et al., 2002). High 

concentration of KCl and neurokinin A (NKA) evoked contractile responses on human 

detrusor which were not affected by urothelium removal (Chaiyaprasithi et al., 2003). 

We therefore believe that released inhibitory activity is not simply a reflection of direct 

bladder detrusor muscle contraction, but seems to be a more complicated process 

involving muscarinic receptor activation and where urothelium is a key component in 

this process. 

 

Some studies suggested that the relaxation of trigone, bladder neck and urethra was not 

only due to the inhibition of excitatory neurotransmitter release but might also involve 

the release of non-adrenergic non-cholinergic (NANC) mediator(s) (Klarskov et al., 

1983b; Hills et al., 1984; Speakman et al., 1988). Nitric oxide was suggested to be 

responsible for the NANC factor mediated relaxation (Thornbury et al., 1992; 

Werkström et al., 1995). The existence of other relaxant mediator(s) can’t be ruled out. 

Some NANC mediator candidates apart from NO and ATP will be discussed below. 

 

Neuropeptides 

Vasoactive intestinal polypeptide (VIP) had been shown to inhibit the isolated bladder 

spontaneous activities in many species including human (Larsen et al., 1981; Levin et 

al., 1981; Finkbeiner, 1983; Klarskov et al., 1984; Sjögren et al., 1985) but seemed to 

have no effect on the EFS or ACh induced contractions (Sjögren et al., 1985). 

Intravenous injection of VIP induced relaxation of dog bladder (Andersson et al., 1990) 

but had no effect on human bladder with the dose that was able to increase the heart 

rate (Klarskov et al., 1987). In the guinea pig urinary bladder, the effects of VIP were 

contradictory. Burnstock and his colleagues found that VIP produced contractions of 

isolated guinea pig bladder strips (Mackenzie et al., 1984). Other studies showed that 

VIP either had a very weak effect (Johns, 1979) or no effect (Finkbeiner, 1983; Pessina 

et al., 2001) on baseline tension, or on magnitude or frequency of contractions of 

guinea pig bladder muscle strips. VIP was also found inhibiting the noradrenaline 

contracted urethra in the rabbit, cat, pig and human (Larsen et al., 1981; Klarskov et al., 
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1984). No data suggest a VIP effect in modulating the guinea pig ureter spontaneous 

contractions, but it can’t exclude the possibility that the urothelium-derived inhibitory 

activity bioassayed on the ureter is VIP. However, it is unlikely that VIP is the 

unknown mediator since VIP has little inhibitory effect on the isolated guinea pig 

bladder. 

 

Neuropeptide Y (NPY) rich nerves were found abundant in both human (Gu et al., 

1984; Crowe et al., 1995; Dixon et al., 1997) and rat bladders (Mattiasson et al., 1985; 

Keast et al., 1989). Moderate numbers of NPY containing nerve fibers were observed 

in the pig trigone and urethra, while very few were found in the detrusor (Persson et al., 

1995). In the rat, NPY had an excitatory influence on spontaneous contractions and 

resting tone of the detrusor, and it also potentiated EFS-induced contractions but did 

not affect ACh-evoked contractions (Iravani et al., 1994). Different results were 

observed when NPY from other species was studied. Porcine and human NPY inhibited 

the EFS-induced contractions of rat detrusor, and in the rat urethra adrenergic 

transmission was primarily inhibited. The degree of inhibitory effects in the rat detrusor 

differed with human and porcine NPY (Zoubek et al., 1993). In guinea pig bladder, 

NPY had no effect on noradrenaline, ATP or α,β-methylene ATP induced contractions, 

but inhibited the NANC components of the EFS induced contractions (Lundberg et al., 

1984). The conflicting results of NPY in modulating the LUT activities could be due to 

the different amino acid sequences in the different species and these NPY-like peptides 

might have different affinity to the receptors. Since NPY has inhibitory effect in guinea 

pig bladder, the possibility of NPY being the unknown inhibitory factor in Paper I can’t 

be excluded. There is a need for investigation of the NPY-like peptides effects in 

human LUT. However, NPY seems less plausible as the urothelium-derived inhibitory 

factor since it has no effect on tone or spontaneous contractions and enhances induced 

contractions in the equine ureter (Prieto et al., 1997). 

 

Calcitonin gene-related peptide (CGRP) is a sensory neuropeptide from capsaicin-

sensitive nerves and found distributed in all bladder layers of human and many other 

species (Nimmo et al., 1988; Smet et al., 1996). CGRP effects differ according to the 

different intensity in distribution between regions of LUT even in the same species. 

CGRP was more potent and effective as inhibitor of the EFS induced contraction in the 

guinea pig bladder neck than in the dome (Maggi et al., 1988). In hamster bladder, 

CGRP also exerted an inhibitory effect in the bladder smooth muscle (Giuliani et al., 

2001), while it had no effect on modulating the rat and human bladder contractility 

(Maggi et al., 1987b; Maggi et al., 1989). Immunoreactivity studies showed that CGRP 

colocalized with tachykinin in primary sensory neurons in bladders (Ghatei et al., 1985; 

Su et al., 1986). Tachykinins exert excitatory effects in the urinary bladder in many 

species (Anderson, 1993). Stimulation of capsaicin-sensitive nerves will result in the 

release of both inhibitory peptide CGRP and excitatory tachykinin such as substance P. 

Thus, effects of combined mediator release from sensory nerves in the bladder onto the 

assay ureter might exhibit as contraction, relaxation or no effect at all. CGRP can 

inhibit induced contractile responses in the guinea pig ureter (Hua et al., 1986; Maggi 

et al., 1996) and induced spontaneous contractions in rat ureter (Maggi et al., 1987b). 
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Further investigations are needed on whether CGRP might be a urothelium-derived 

inhibitor. 

 

Prostanoids 

Prostanoids are known to be synthesized by the cyclo-oxygenases localized in the 

urinary tract. Our results using the cyclo-oxygenase inhibitor diclofenac in the 

superfusion fluid were that it did not abolish the carbachol induced transmissible 

inhibitory activity. However, prostanoids seem to play important roles in modulation of 

urinary tract motility. It was proposed that the spontaneous motility of urinary tract 

depends on local release and balance of both excitatory and inhibitory prostanoids 

(Mastrangelo et al., 2007). Meanwhile, studies also showed difficulties to fully inhibit 

the release of prostanoids from urothelium-containing bladder tissue by application of a 

cyclooxygenase inhibitor (Abrams et al., 1979). In Paper II, we observed and quantified 

the biological release of PGE2 and PGD2 from guinea pig bladder without any stimuli. 

The concentrations of endogenous PGE2 and PGD2 from donor bladder to assay ureter 

were about 1 to 2 nanomolor and were profoundly decreased by cyclo-oxygenase 

inhibitor (Paper II, Figure 4). Furthermore, the investigation of exogenous PGE2 and 

PGD2 effects on ureter spontaneous contraction indicated that with concentration of 

biologically released PGE2 and PGD2, only excitation of ureters were seen. So, 

prostanoids being the unknown inhibitor(s) seems quite unlikely, at least by generation 

from cyclo-oxygenase.  

 

Isoprostane 

Isoprostanes are prostaglandin-analoguos compounds formed in vivo through free 

radical catalyzed peroxidation of arachidonic acid. In 1990, the PGF2 like compounds 

were found from fresh plasma of normal volunteers. Formation of these compounds 

was found to occur by a non-enzymatic oxidative process (Morrow et al., 1990). Since 

then, several other classes of isoprostanes were discovered as D2-isoprostane (D2-isoP), 

E2-isoP, J2-isoP, and A2-isoP (Milne et al., 2008). The isoprostanes were able to bind to 

the normal prostanoids receptors (Kinsella et al., 1997; Audoly et al., 2000) and 

exerted similar activities as cyclooxygenase products. As a biomarker of oxidative 

stress, 8-isoprostane was shown elevated in exhaled breath condensate, plasma and 

urine in asthmatic adults and children compared to healthy controls (Montuschi et al., 

1999; Zanconato et al., 2004). Isoprostanes were also found to be involved in 

regulation of vascular smooth muscle (Fukunaga et al., 1993) and platelet function 

(Ting et al., 2010). The isoprostane 8-epi PGF2α was also shown to be synthesized in 

rabbit bladders and to cause detrusor smooth muscle contraction (Tarcan et al., 2000). 

Based on Paper II and III, PGD2 can inhibit the EFS induced or spontaneous 

contractions in guinea pig LUT. D2-isoP and PGD2 metabolites (Figure 5) are able to 

activate the DP receptors and induce similar effects as PGD2. The possibility of the 

unknown inhibitor(s) being isoprostanes can’t be excluded. 

 

5.2 PGD2 IN LUT 

The roles of PGD2 in the allergic diseases and inflammation have been widely 

discussed and are now better understood (Pettipher et al., 2007), while knowledge 
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about the PGD2 effects in the LUT seems to have been minimal. One in vitro study by 

using human bladder strips showed no effect of PGD2 application up to 3x10-7 M at 

resting tension (Palea et al., 1998). In Paper II, III and IV, the release and effects of 

PGD2 in the guinea pig bladder dome, trigone and urethra have for the first time been 

discribed. The receptors involved in the functional effects together with DP1/DP2 

distribution in LUT was also investigated for the first time. PGD2 was shown to be 

released mainly from guinea pig urothelium/suburothelium. Immunofluorescent 

detection with anti-DP1 and anti-DP2 showed that DP1/DP2 receptors were distributed 

both in the urothelium and suburothelium and DP1 prominently in the smooth muscle 

cells. Although presently not studied, in the smooth muscle cells it seems likely that 

PGD2 directly activates Gs-coupled DP1 receptors leading to the increase of intercellular 

cAMP levels, hence activating PKA which could phosphorylate myosin light chain 

kinase and result in smooth muscle relaxation. Presently, PGD2 in guinea pig urinary 

bladder was also able to inhibit the contractions induced by nerve stimulation, ACh and 

ATP, favouring the idea of a direct smooth muscle relaxing action. In the urethra, PGD2 

inhibited the spontaneous contractions which in the LUT are generally thought to be 

generated or modulated by interstitial cells (Brading et al., 2005; Brading, 2006). Some 

remaining questions are: apart from direct effect on the smooth muscle, is PGD2 

indirectly involved in the modulation of the bladder and urethra motilities through 

action on the interstitial cells? If DP1/DP2 receptors are expressed in the urothelium, 

what is the function of activating DP1/DP2 receptors located on the urothelial cells? 

(Figure 16) 

 

Figure 16. Schematic drawing summarizing the bladder structure, PGD2 released from 

urothelium and suburothelium, localization of DP1 and DP2 receptors and the effect of 

PGD2 relaxing the smooth muscle in guinea pig urinary bladder. 
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The inhibitory effect of PGD2 in modulating guinea pig LUT motility in vitro is 

valuable information to understand the pathophysiology of bladder and urethral 

sphincter. Depending on the expression and distribution of DP receptors in the LUT, 

the functions of PGD2 might be different in other animal species and the human. 

DP1−/− and CRTH2−/− mice were generated and used in many allergy and 

inflammation studies (Mohri et al., 2006; Satoh et al., 2006; Murata et al., 2013). These 

knock-out animals provide us interesting tools to further study the effects of PGD2 in 

the LUT. Moreover, there is also a need for in vivo urodynamic studies to understand 

the systematic role of PGD2 in LUT. 

 

5.3 ENDOGENOUS PROSTANOIDS AND RECEPTOR ANTAGONISTS 

Diclofenac was applied to the bladder tissue in our pharmacological experiments to 

inhibit the production of endogenous prostanoids. After applying diclofenac to a naive 

guinea pig bladder strips, less than 5% inhibition of EFS induced contractions was 

observed. After washing the diclofenac treated bladder tissues, more than 20% 

inhibition was shown which was not seen when washing naive bladder strips. This 

indicates that similar to endogenous adenosine (Nilsson et al., 2010), considerable 

amounts of endogenous prostanoids or prostanoid-like compounds are present in the 

tissues. The concentrations of endogenous prostanoids will be decisive for the effects of 

further application of exogenous prostanoids, which could be one of the reasons that 

some studies reported negative results of prostanoids application to certain tissues. I 

suggest that when working with prostanoids, removal of the endogenous prostanoids 

that have already been formed is as important as inhibition of their production.  

 

Prostanoid agonists and antagonists are a group of compounds with high affinity and 

high lipophilicity. These properties could explain the slow onsets of some prostanoid 

receptor analogs and blockers in multilayer tissues (Jones et al., 2011), which is one of 

the likely reasons why reports on estimated pA2 values of prostanoid receptor 

antagonists vary and may be distorted in the same species and same tissue. There is a 

need for caution in using highly lipophilic prostanoid receptor antagonists as research 

tools. When performing pharmacological experiments in the present studies, the 

minimal incubation time of antagonists was at least one hour, aiming for the blockers to 

exert an optimal antagonism with each given dose.  

 

5.4 PHARMACOLOGICAL IMPLICATIONS 

The framework of prostanoids and their receptors is very complicated. Ligands do not 

exclusively bind to their corresponding receptors. If follows that the receptors are not 

entirely specific for the correspondent prostanoids. Moreover, clinical studies by using 

non-steroidal anti-inflammatory drugs to treat bladder instabilities have shown 

contradictory results (Cardozo et al., 1980; Delaere et al., 1981; Chaudhuri et al., 1993; 

Park et al., 2000). It seems that globally inhibiting the prostanoids production might 

take away the excitatory factors but also inhibitory factors as well. The treatments 

should specifically aim at certain prostanoids or target at prostanoids receptors. 

Urodynamic studies showed that intravesical administration of PGE2 and PGE2-

derivative to women not only increased bladder pressure but also reduced bladder 

capacity and resulted in measurable bladder instability (Andersson et al., 1978; 
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Schüssler, 1990). Treatment targeting EP1 receptors has been attempted. A recent 

clinical phase II study using the EP1 receptor antagonist ONO-8539 to treat non-

neurogenic OAB suggested a minimal role for EP1 receptor antagonism (Chapple et al., 

2014).However, the work leading up to this trial provided concepts of targeting the 

prostanoid receptors to treat OAB. Our work revealed roles of PGD2 in regulating the 

LUT motility, which opens up new possibilities to target PGD2 signaling pathways 

when in the future designing treatments for OAB and other bladder instability 

situations. 
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6 FUTURE PERSPECTIVES 

Prostaglandin D2 as an inhibitory modulator in guinea pig lower urinary tract (bladder 

and proximal urethra), its release, synthase expression, receptor activation, receptor 

expression and pharmacological properties, has been studied and thoroughly discussed 

in the present work. The roles of PGD2 in influencing human bladder motility and the 

outflow region will be valuable future information for us to understand the physiology 

of the human lower urinary tract. To compare the effects of PGD2 in the healthy human 

lower urinary tract tissues with that in OAB patient tissues will help us to understand 

the roles of PGD2 under pathological conditions, which might lead to new treatment 

targets for overactive bladder situations. The expression and effects of inhibitory or 

relaxing prostanoid receptors are also of interest in the human tissue under both 

physiological and pathological conditions.  

 

During chemical analysis of the prostanoids released from guinea pig urinary bladder in 

Paper II, we have developed a method to minimize the abundant background of 

impurities from buffer salts and other system components. The described technique is 

generally applicable for isolation attempts of endogenous compounds. Introducing the 

use of the ureter as a bioassay tissue might prove useful in future studies on urinary 

tract signalling compounds, including UDIF, especially if combined with mass 

spectrometry methodology.  
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7 GENERAL CONCLUSIONS 

 

1. Urothelium-denuded guinea pig ureters can be used in serial superfusion to 

bioassay released inhibitory activities from the guinea pig urinary bladder.  

 

2. An inhibitory activity originates from the urothelium and is transmissible over a 

significant distance. This opens up the possibility of attempting isolation of the 

elusive urothelium derived inhibitory factor(s). 

 

3. The unknown urothelium-derived inhibitory activity is unlikely to be induced 

by or mediated through nitric oxide, adenosine receptor agonists or 

cyclooxygenase products.  

 

4. The urothelium/immediate suburothelium is a major source of PGD2 production 

and PGD2 can inhibit the bladder motility mainly through a postjunctional 

action. 

 

5. PGD2 exerts a dual action on contractile responses, with an inhibitory effect at 

relatively low concentrations through DP1 receptors localized in the smooth 

muscle, masking an excitatory effect exerted via TP receptors. 

 

6. In the guinea pig outflow region, PGD2 has an inhibitory influence on the 

trigone and proximal urethra which is consistent with the expression and 

distribution of DP1 and DP2 receptors in these regions. 

 

7. The role of PGD2 in regulation of the human bladder, and especially the 

outflow region, should be considered in future investigations, not least in the 

context of overactive bladder. 

 

 



 

40 

8 ACKNOWLEDGEMENTS 
I would like to express my deep and sincere gratitude to everyone who has contributed to make this work 

possible and enjoyable, in particular: 

 

Lars Gustafsson, my main supervisor, for introducing me to the field of science, for sharing his vast and 

extensive knowledge, for his thorough tutorship and never-failing support, invaluable and stimulating 

discussions, for his creativity and brain storming, for his beautiful mind and great human character, for 

his historical stories and cultural instruction, for his bravely fighting against the potentially fatal disease, 

for a lot more.  

Peter Wiklund, my co-supervisor, for accepting me as a student, for introducing me to the field of 

Urology, for his brilliant capacities intellectual and substantial support. 

Elias Arnér, my mentor, for all the enlightening, valuable meetings and supportive presence.  

 

The former PhD students in the lab Kristofer Nilsson, my co-author, for teaching me everything in the 

beginning and always willing to help, for all the valuable discussions about science and life. Lydia 

Bennedich Kahn, for being a young female role model who takes good care of both career and family. 

Katarina Hallén Grufman and her student Anna Thor, my co-authors, for good time we spent together in 

the lab. Kalle Svennersten, Petra de Verdier, my co-authors and Mirjana Poljakovic, for opening the 

possibility to perform molecular biology methods and all the joyful time I spent in the Urology lab with 

you. All the summer students for interesting discussions and good company. 

I would like to express my appreciations to Stefan Eriksson, chairman of the FyFa department, and Eva 

Gipperth for being very supportive in all ways. Camilla Fors Holmberg, Monica Pace-Sjöberg, Sarah 

Lindholm and the rest of the administrative staff for practical support. Sofia Pettersson, Mats Rundgren 

and Peter Wolf for great teaching administration. Håkan Westerblad for being a very helpful director of 

postgraduate studies. Micke Elm for taking good care of the working environment. Renee Andersson for 

never-failing IT-support. The former and present animal staff for taking good care of animals and dealing 

with all related issues. Other members in the department, both those who have left and those who are still 

here, which in one way or another made my life joyful, special thanks to Shi-jin Zhang and Xiaoqun 

Zhang for caring, for supporting, for treating me like family. Joseph Bruton for reviewing the papers and 

teaching me confocal imaging technic, for sharing. Anders Arner for help and for organizing fantastic 

international meetings. Karima Chergui and her group members for all the pleasant breaks and lunches.  

I would like to thank members of Sven-Erik Dahlen’s group in IMM for scientific advice, for providing 

us with important chemicals and for sharing animals.  

 

My friends in Sweden, it is great fortune to meet a bunch of wonderful people these years. Thank you for 

all the help, for all the wonderful trips, all the good treats and get-togethers, all the Friday after-work 

entertainments. My friends in China, special thanks to Dr. Qin Longqun and colleagues in the hospital 

where I have been working.  

 

In particular, Mom, for encouraging your daughter perusing the knowledge of science, for giving up the 

ordinary everyday get-togethers we used to share, for your love, for everything.  

感谢妈妈的养育之恩，感谢妈妈一直以来对于我学业的支持，没有您就没有我和我今天的一切。

抱歉女儿离家太久，抱歉女儿人过而立之年依然让您操心，日后定当尽力弥补，再次感谢您。 

Even more, Jianren and his family, for making me a loving and better person, for all the joyful moments 

we spent and will spend in the future. To be continued! 

 

This work was supported by the Swedish Science Council, the Swedish National Space Board, the EU 

FP7 INComb, Karolinska Institutet, KID funding and the Lars Hierta Memorial Foundation. 

http://www.journals.elsevier.com/bba-general-subjects/editorial-board/elias-arner/


 

  41 

9 REFERENCES 

 
Abdel-Hakim A, Hassouna M, Rioux F, St-Pierre S, Abdel-Rahman M, Galeano C, et al. 
(1983). Response of urethral smooth muscles to pharmacological agents. II. Noncholinergic, 
nonadrenergic agonists and antagonists. J Urol 130(5): 988-991. 
 
Abrams P (2003). Describing bladder storage function: overactive bladder syndrome and 
detrusor overactivity. Urology 62(5 Suppl 2): 28-37; discussion 40-22. 
 
Abrams P, Cardozo L, Fall M, Griffiths D, Rosier P, Ulmsten U, et al. (2002). The 
standardisation of terminology of lower urinary tract function: report from the Standardisation 
Sub-committee of the International Continence Society. Neurourol Urodyn 21(2): 167-178. 
 
Abrams P, Cardozo L, Fall M, Griffiths D, Rosier P, Ulmsten U, et al. (2003). The 
standardisation of terminology in lower urinary tract function: report from the standardisation 
sub-committee of the International Continence Society. Urology 61(1): 37-49. 
 
Abrams P, Chapple CR, Jünemann KP, Sharpe S (2012). Urinary urgency: a review of its 
assessment as the key symptom of the overactive bladder syndrome. World J Urol 30(3): 385-
392. 
 
Abrams PH, Feneley RC (1975). The actions of prostaglandins on the smooth muscle of the 
human urinary tract in vitro. Br J Urol 47(7): 909-915. 
 
Abrams PH, Sykes JA, Rose AJ, Rogers AF (1979). The synthesis and release of prostaglandins 
by human urinary bladder muscle in vitro. Invest Urol 16(5): 346-348. 
 
Alkondon M, Ganguly DK (1980). Release of prostaglandin E from the isolated urinary bladder 
of the guinea-pig. Br J Pharmacol 69(4): 573-577. 
 
Anderson KE (1993). Pharmacology of lower urinary tract smooth muscles and penile erectile 
tissues. Pharmacol Rev 45(3): 253-308. 
 
Andersson KE (2009). Prostanoid receptor subtypes: new targets for OAB drugs? J Urol 
182(5): 2099-2100. 
 
Andersson KE, Ek A, Persson CG (1977). Effects of prostaglandins on the isolated human 
bladder and urethra. Acta Physiol Scand 100(2): 165-171. 
 
Andersson KE, Henriksson L, Ulmsten U (1978). Effects of prostaglandin E2 applied locally on 
intravesical and intraurethral pressures in women. Eur Urol 4(5): 366-369. 
 
Andersson KE, Martin N, Nitti V (2013). Selective β₃-adrenoceptor agonists for the treatment 
of overactive bladder. J Urol 190(4): 1173-1180. 
 
Andersson KE, Persson K (1994). Nitric oxide synthase and nitric oxide-mediated effects in 
lower urinary tract smooth muscles. World J Urol 12(5): 274-280. 
 
Andersson PO, Sjögren C, Uvnäs B, Uvnäs-Moberg K (1990). Urinary bladder and urethral 
responses to pelvic and hypogastric nerve stimulation and their relation to vasoactive intestinal 
polypeptide in the anaesthetized dog. Acta Physiol Scand 138(3): 409-416. 
 
Audoly LP, Rocca B, Fabre JE, Koller BH, Thomas D, Loeb AL, et al. (2000). Cardiovascular 
responses to the isoprostanes iPF(2alpha)-III and iPE(2)-III are mediated via the thromboxane 
A(2) receptor in vivo. Circulation 101(24): 2833-2840. 
 



 

42 

Bayliss M, Wu C, Newgreen D, Mundy AR, Fry CH (1999). A quantitative study of atropine-
resistant contractile responses in human detrusor smooth muscle, from stable, unstable and 
obstructed bladders. J Urol 162(5): 1833-1839. 
 
Beasley CR, Robinson C, Featherstone RL, Varley JG, Hardy CC, Church MK, et al. (1987). 9 
alpha,11 beta-prostaglandin F2, a novel metabolite of prostaglandin D2 is a potent contractile 
agonist of human and guinea pig airways. J Clin Invest 79(3): 978-983. 
 
Bell-Parikh LC, Ide T, Lawson JA, McNamara P, Reilly M, FitzGerald GA (2003). 
Biosynthesis of 15-deoxy-delta12,14-PGJ2 and the ligation of PPARgamma. J Clin Invest 
112(6): 945-955. 
 
Bennett BC, Kruse MN, Roppolo JR, Flood HD, Fraser M, de Groat WC (1995). Neural control 
of urethral outlet activity in vivo: role of nitric oxide. J Urol 153(6): 2004-2009. 
 
Berridge MJ (2008). Smooth muscle cell calcium activation mechanisms. J Physiol 586(Pt 21): 
5047-5061. 
 
Birder LA, Apodaca G, De Groat WC, Kanai AJ (1998). Adrenergic- and capsaicin-evoked 
nitric oxide release from urothelium and afferent nerves in urinary bladder. Am J Physiol 275(2 
Pt 2): F226-229. 
 
Bozkurt TE, Sahin-Erdemli I (2004). Evaluation of the rat bladder-derived relaxant factor by 
coaxial bioassay system. Eur J Pharmacol 495(2-3): 193-199. 
 
Brading AF (1997). A myogenic basis for the overactive bladder. Urology 50(6A Suppl): 57-
67; discussion 68-73. 
 
Brading AF (2006). Spontaneous activity of lower urinary tract smooth muscles: correlation 
between ion channels and tissue function. J Physiol 570(Pt 1): 13-22. 
 
Brading AF, McCloskey KD (2005). Mechanisms of Disease: specialized interstitial cells of the 
urinary tract--an assessment of current knowledge. Nat Clin Pract Urol 2(11): 546-554. 
 
Brown JS, Vittinghoff E, Wyman JF, Stone KL, Nevitt MC, Ensrud KE, et al. (2000). Urinary 
incontinence: does it increase risk for falls and fractures? Study of Osteoporotic Fractures 
Research Group. J Am Geriatr Soc 48(7): 721-725. 
 
Buczynski MW, Dumlao DS, Dennis EA (2009). Thematic Review Series: Proteomics. An 
integrated omics analysis of eicosanoid biology. J Lipid Res 50(6): 1015-1038. 
 
Burnstock G (2011). Therapeutic potential of purinergic signalling for diseases of the urinary 
tract. BJU Int 107(2): 192-204. 
 
Burnstock G, Cocks T, Crowe R, Kasakov L (1978). Purinergic innervation of the guinea-pig 
urinary bladder. Br J Pharmacol 63(1): 125-138. 
 
Canda A, Turna B, Cinar G, Nazli O (2007). Physiology and pharmacology of the human 
ureter: basis for current and future treatments. Urol Int 78(4): 289-298. 
 
Candenas L, Lecci A, Pinto FM, Patak E, Maggi CA, Pennefather JN (2005). Tachykinins and 
tachykinin receptors: effects in the genitourinary tract. Life Sci 76(8): 835-862. 
 
Cardozo LD, Stanton SL, Robinson H, Hole D (1980). Evaluation of flurbiprofen in detrusor 
instability. Br Med J 280(6210): 281-282. 
 
Chaiyaprasithi B, Mang CF, Kilbinger H, Hohenfellner M (2003). Inhibition of human detrusor 
contraction by a urothelium derived factor. J Urol 170(5): 1897-1900. 
 



 

  43 

Chapple CR, Abrams P, Andersson KE, Radziszewski P, Masuda T, Small M, et al. (2014). 
Phase II Study on the Efficacy and Safety of the EP1 Receptor Antagonist ONO-8539 for 
Nonneurogenic Overactive Bladder Syndrome. J Urol 191(1): 253-260. 
 
Chaudhuri TK, Fink S, Netto IC, Wilson SK, Kolm P (1993). Double-blind placebo controlled 
randomized trial of indomethacin on urodynamic values measured by radionuclide imaging. 
Clin Auton Res 3(1): 37-40. 
 
Chuang YC, Tyagi P, Huang CC, Chancellor MB, Yoshimura N (2012). Mechanisms and 
urodynamic effects of a potent and selective EP4 receptor antagonist, MF191, on 
cyclophosphamide and prostaglandin E(2) -induced bladder overactivity in rats. BJU Int. 
 
Chung BI, Sommer G, Brooks JD (2012). Anatomy. In: Kavoussi LR, Partin AW, Novick AC, 
Peters CA (eds). Campbell-Walsh urology, 10. edn. Philadelphia, PA: Elsevier Saunders. p^pp 
52-55. 
 
Coleman RA, Sheldrick RL (1989). Prostanoid-induced contraction of human bronchial smooth 
muscle is mediated by TP-receptors. Br J Pharmacol 96(3): 688-692. 
 
Coyne KS, Margolis MK, Kopp ZS, Kaplan SA (2012). Racial differences in the prevalence of 
overactive bladder in the United States from the epidemiology of LUTS (EpiLUTS) study. 
Urology 79(1): 95-101. 
 
Crowe R, Light K, Chilton CP, Burnstock G (1986). Vasoactive intestinal polypeptide-, 
somatostatin- and substance P-immunoreactive nerves in the smooth and striated muscle of the 
intrinsic external urethral sphincter of patients with spinal cord injury. J Urol 136(2): 487-491. 
 
Crowe R, Noble J, Robson T, Soediono P, Milroy EJ, Burnstock G (1995). An increase of 
neuropeptide Y but not nitric oxide synthase-immunoreactive nerves in the bladder neck from 
male patients with bladder neck dyssynergia. J Urol 154(3): 1231-1236. 
 
Davidson M, Lang R (2000). Effects of selective inhibitors of cyclo-oxygenase-1 (COX-1) and 
cyclo-oxygenase-2 (COX-2) on the spontaneous myogenic contractions in the upper urinary 
tract of the guinea-pig and rat. Br J Pharmacol 129(4): 661-670. 
 
de Groat WC (1997). A neurologic basis for the overactive bladder. Urology 50(6A Suppl): 36-
52; discussion 53-36. 
 
de Groat WC, Theobald RJ (1976). Reflex activation of sympathetic pathways to vesical 
smooth muscle and parasympathetic ganglia by electrical stimulation of vesical afferents. J 
Physiol 259(1): 223-237. 
 
de Groat WC, Yoshimura N (2009). Afferent nerve regulation of bladder function in health and 
disease. Handb Exp Pharmacol(194): 91-138. 
 
de Groat WC, Yoshimura N (2012). Plasticity in reflex pathways to the lower urinary tract 
following spinal cord injury. Exp Neurol 235(1): 123-132. 
 
deGroat WC, Booth AM (1980). Physiology of the urinary bladder and urethra. Ann Intern Med 
92(2 Pt 2): 312-315. 
 
Delaere KP, Debruyne FM, Moonen WA (1981). The use of indomethacin in the treatment of 
idiopathic bladder instability. Urol Int 36(2): 124-127. 
 
Delancey J, Gosling J, Creed K, Dixon J, Delmas V, Landon D, et al. (2002). Gross Anatomy 
and Cell Biology of the Lower Urinary Tract. In: Abrams P, Cardozo L, Khoury S, Wein A 
(eds). Incontinence : 2nd international consultation on incontinence, edn: Health Publications 
Ltd. p^pp 50-52. 
 



 

44 

Dixon JS, Jen PY, Gosling JA (1997). A double-label immunohistochemical study of 
intramural ganglia from the human male urinary bladder neck. J Anat 190 ( Pt 1): 125-134. 
 
Downie JW, Karmazyn M (1984). Mechanical trauma to bladder epithelium liberates 
prostanoids which modulate neurotransmission in rabbit detrusor muscle. J Pharmacol Exp 
Ther 230(2): 445-449. 
 
Drake MJ, Mills IW, Gillespie JI (2001). Model of peripheral autonomous modules and a 
myovesical plexus in normal and overactive bladder function. Lancet 358(9279): 401-403. 
 
Eguchi N, Minami T, Shirafuji N, Kanaoka Y, Tanaka T, Nagata A, et al. (1999). Lack of 
tactile pain (allodynia) in lipocalin-type prostaglandin D synthase-deficient mice. Proc Natl 
Acad Sci U S A 96(2): 726-730. 
 
Ehrén I, Iversen H, Jansson O, Adolfsson J, Wiklund NP (1994). Localization of nitric oxide 
synthase activity in the human lower urinary tract and its correlation with neuroeffector 
responses. Urology 44(5): 683-687. 
 
Fedirchuk B, Hochman S, Shefchyk SJ (1992). An intracellular study of perineal and hindlimb 
afferent inputs onto sphincter motoneurons in the decerebrate cat. Exp Brain Res 89(3): 511-
516. 
 
Fernandes B, Crankshaw D (1995). Functional characterization of the prostanoid DP receptor in 
human myometrium. Eur J Pharmacol 283(1-3): 73-81. 
 
Finkbeiner AE (1983). In vitro effects of vasoactive intestinal polypeptide on guinea pig urinary 
bladder. Urology 22(3): 275-277. 
 
Fitzpatrick FA, Wynalda MA (1983). Albumin-catalyzed metabolism of prostaglandin D2. 
Identification of products formed in vitro. J Biol Chem 258(19): 11713-11718. 
 
Fovaeus M, Fujiwara M, Högestätt E, Persson K, Andersson K (1998). A non-nitrergic smooth 
muscle relaxant factor released from the contracting rat urinary bladder. Acta Physiol Scand 
162(1): 115-116. 
 
Fovaeus M, Fujiwara M, Högestätt E, Persson K, Andersson K (1999). A non-nitrergic smooth 
muscle relaxant factor released from rat urinary bladder by muscarinic receptor stimulation. J 
Urol 161(2): 649-653. 
 
Fukunaga M, Makita N, Roberts LJ, Morrow JD, Takahashi K, Badr KF (1993). Evidence for 
the existence of F2-isoprostane receptors on rat vascular smooth muscle cells. Am J Physiol 
264(6 Pt 1): C1619-1624. 
 
Ganz ML, Smalarz AM, Krupski TL, Anger JT, Hu JC, Wittrup-Jensen KU, et al. (2010). 
Economic costs of overactive bladder in the United States. Urology 75(3): 526-532, 532.e521-
518. 
 
Gazi L, Gyles S, Rose J, Lees S, Allan C, Xue L, et al. (2005). Delta12-prostaglandin D2 is a 
potent and selective CRTH2 receptor agonist and causes activation of human eosinophils and 
Th2 lymphocytes. Prostaglandins Other Lipid Mediat 75(1-4): 153-167. 
 
Ghatei MA, Gu J, Mulderry PK, Blank MA, Allen JM, Morrison JF, et al. (1985). Calcitonin 
gene-related peptide (CGRP) in the female rat urogenital tract. Peptides 6(5): 809-815. 
 
Giles H, Leff P, Bolofo ML, Kelly MG, Robertson AD (1989). The classification of 
prostaglandin DP-receptors in platelets and vasculature using BW A868C, a novel, selective 
and potent competitive antagonist. Br J Pharmacol 96(2): 291-300. 
 



 

  45 

Giuliani S, Santicioli P, Lippi A, Lecci A, Tramontana M, Maggi CA (2001). The role of 
sensory neuropeptides in motor innervation of the hamster isolated urinary bladder. Naunyn 
Schmiedebergs Arch Pharmacol 364(3): 242-248. 
 
Gosling J, Dixon J (1987). Structure and innervation in the human. In: Torrens M, Morrison 
JFB (eds). The Physiology of the lower urinary tract, edn. London: Springer. p^pp 3-23. 
 
Gosling JA, Dixon JS, Critchley HO, Thompson SA (1981). A comparative study of the human 
external sphincter and periurethral levator ani muscles. Br J Urol 53(1): 35-41. 
 
Gotoh M, Hassouna M, Elhilali MM (1986). The mode of action of prostaglandin E2, F2 alpha 
and prostacyclin on vesicourethral smooth muscle. J Urol 135(2): 431-437. 
 
Gryglewski RJ, Moncada S, Palmer RM (1986). Bioassay of prostacyclin and endothelium-
derived relaxing factor (EDRF) from porcine aortic endothelial cells. Br J Pharmacol 87(4): 
685-694. 
 
Gu J, Blank MA, Huang WM, Islam KN, McGregor GP, Christofides N, et al. (1984). Peptide-
containing nerves in human urinary bladder. Urology 24(4): 353-357. 
 
Hallén K, Wiklund NP, Gustafsson LE (2007). Inhibitors of phosphodiesterase 5 (PDE 5) 
inhibit the nerve-induced release of nitric oxide from the rabbit corpus cavernosum. Br J 
Pharmacol 150(3): 353-360. 
 
Hammad H, de Heer HJ, Soullie T, Hoogsteden HC, Trottein F, Lambrecht BN (2003). 
Prostaglandin D2 inhibits airway dendritic cell migration and function in steady state conditions 
by selective activation of the D prostanoid receptor 1. J Immunol 171(8): 3936-3940. 
 
Hashim H, Abrams P (2006). Is the bladder a reliable witness for predicting detrusor 
overactivity? J Urol 175(1): 191-194; discussion 194-195. 
 
Hashim H, Abrams P (2007). Overactive bladder: an update. Curr Opin Urol 17(4): 231-236. 
 
Hashitani H (2006). Interaction between interstitial cells and smooth muscles in the lower 
urinary tract and penis. J Physiol 576(Pt 3): 707-714. 
 
Hawthorn MH, Chapple CR, Cock M, Chess-Williams R (2000). Urothelium-derived inhibitory 
factor(s) influences on detrusor muscle contractility in vitro. Br J Pharmacol 129(3): 416-419. 
 
Heinemann A, Schuligoi R, Sabroe I, Hartnell A, Peskar BA (2003). Delta 12-prostaglandin J2, 
a plasma metabolite of prostaglandin D2, causes eosinophil mobilization from the bone marrow 
and primes eosinophils for chemotaxis. J Immunol 170(9): 4752-4758. 
 
Herschorn S, Gajewski J, Schulz J, Corcos J (2008). A population-based study of urinary 
symptoms and incontinence: the Canadian Urinary Bladder Survey. BJU Int 101(1): 52-58. 
 
Hills J, Meldrum LA, Klarskov P, Burnstock G (1984). A novel non-adrenergic, non-
cholinergic nerve-mediated relaxation of the pig bladder neck: an examination of possible 
neurotransmitter candidates. Eur J Pharmacol 99(4): 287-293. 
 
Hirai H, Tanaka K, Yoshie O, Ogawa K, Kenmotsu K, Takamori Y, et al. (2001). Prostaglandin 
D2 selectively induces chemotaxis in T helper type 2 cells, eosinophils, and basophils via 
seven-transmembrane receptor CRTH2. J Exp Med 193(2): 255-261. 
 
Honda K, Arima M, Cheng G, Taki S, Hirata H, Eda F, et al. (2003). Prostaglandin D2 
reinforces Th2 type inflammatory responses of airways to low-dose antigen through bronchial 
expression of macrophage-derived chemokine. J Exp Med 198(4): 533-543. 
 
Hoyle CH (1994). Non-adrenergic, non-cholinergic control of the urinary bladder. World J Urol 
12(5): 233-244. 



 

46 

 
Hu TW, Wagner TH, Bentkover JD, Leblanc K, Zhou SZ, Hunt T (2004). Costs of urinary 
incontinence and overactive bladder in the United States: a comparative study. Urology 63(3): 
461-465. 
 
Hua XY, Lundberg JM (1986). Dual capsaicin effects on ureteric motility: low dose inhibition 
mediated by calcitonin gene-related peptide and high dose stimulation by tachykinins? Acta 
Physiol Scand 128(3): 453-465. 
 
Hutch JA, Shopfner CE (1968). A new theory of the anatomy of the internal urinary sphincter 
and the physiology of micturition. VI. The base plate and enuresis. J Urol 99(2): 174-177. 
 
Ikeda Y, Kanai A (2008). Urotheliogenic modulation of intrinsic activity in spinal cord-
transected rat bladders: role of mucosal muscarinic receptors. Am J Physiol Renal Physiol 
295(2): F454-461. 
 
Iravani MM, Zar MA (1994). Neuropeptide Y in rat detrusor and its effect on nerve-mediated 
and acetylcholine-evoked contractions. Br J Pharmacol 113(1): 95-102. 
 
Irwin DE, Milsom I, Hunskaar S, Reilly K, Kopp Z, Herschorn S, et al. (2006a). Population-
based survey of urinary incontinence, overactive bladder, and other lower urinary tract 
symptoms in five countries: results of the EPIC study. Eur Urol 50(6): 1306-1314; discussion 
1314-1305. 
 
Irwin DE, Milsom I, Kopp Z, Abrams P, Cardozo L (2006b). Impact of overactive bladder 
symptoms on employment, social interactions and emotional well-being in six European 
countries. BJU Int 97(1): 96-100. 
 
Irwin DE, Mungapen L, Milsom I, Kopp Z, Reeves P, Kelleher C (2009). The economic impact 
of overactive bladder syndrome in six Western countries. BJU Int 103(2): 202-209. 
 
Ishizuka O, Mattiasson A, Andersson KE (1995). Prostaglandin E2-induced bladder 
hyperactivity in normal, conscious rats: involvement of tachykinins? J Urol 153(6): 2034-2038. 
 
Jeremy JY, Mikhailidis DP, Dandona P (1984). The rat urinary bladder produces prostacyclin 
as well as other prostaglandins. Prostaglandins Leukot Med 16(2): 235-248. 
 
Jeremy JY, Tsang V, Mikhailidis DP, Rogers H, Morgan RJ, Dandona P (1987). Eicosanoid 
synthesis by human urinary bladder mucosa: pathological implications. Br J Urol 59(1): 36-39. 
 
Johns A (1979). The effect of vasoactive intestinal polypeptide on the urinary bladder and 
taenia coli of the guinea pig. Can J Physiol Pharmacol 57(1): 106-108. 
 
Jones RL, Woodward DF, Wang JW, Clark RL (2011). Roles of affinity and lipophilicity in the 
slow kinetics of prostanoid receptor antagonists on isolated smooth muscle preparations. Br J 
Pharmacol 162(4): 863-879. 
 
Kasakov LN, Vlaskovska MV (1985). Profile of prostaglandins generated in the detrusor 
muscle of rat urinary bladder: effects of adenosine triphosphate and adenosine. Eur J 
Pharmacol 113(3): 431-436. 
 
Keast JR, de Groat WC (1989). Immunohistochemical characterization of pelvic neurons which 
project to the bladder, colon, or penis in rats. J Comp Neurol 288(3): 387-400. 
 
Kimura K, Ito M, Amano M, Chihara K, Fukata Y, Nakafuku M, et al. (1996). Regulation of 
myosin phosphatase by Rho and Rho-associated kinase (Rho-kinase). Science 273(5272): 245-
248. 
 



 

  47 

Kinsella BT, O'Mahony DJ, Fitzgerald GA (1997). The human thromboxane A2 receptor alpha 
isoform (TP alpha) functionally couples to the G proteins Gq and G11 in vivo and is activated 
by the isoprostane 8-epi prostaglandin F2 alpha. J Pharmacol Exp Ther 281(2): 957-964. 
 
Kiriyama M, Ushikubi F, Kobayashi T, Hirata M, Sugimoto Y, Narumiya S (1997). Ligand 
binding specificities of the eight types and subtypes of the mouse prostanoid receptors 
expressed in Chinese hamster ovary cells. Br J Pharmacol 122(2): 217-224. 
 
Klarskov P, Gerstenberg T, Hald T (1984). Vasoactive intestinal polypeptide influence on 
lower urinary tract smooth muscle from human and pig. J Urol 131(5): 1000-1004. 
 
Klarskov P, Gerstenberg T, Ramirez D, Christensen P, Hald T (1983a). Prostaglandin type E 
activity dominates in urinary tract smooth muscle in vitro. J Urol 129(5): 1071-1074. 
 
Klarskov P, Gerstenberg TC, Ramirez D, Hald T (1983b). Non-cholinergic, non-adrenergic 
nerve mediated relaxation of trigone, bladder neck and urethral smooth muscle in vitro. J Urol 
129(4): 848-850. 
 
Klarskov P, Holm-Bentzen M, Nørgaard T, Ottesen B, Walter S, Hald T (1987). Vasoactive 
intestinal polypeptide concentration in human bladder neck smooth muscle and its influence on 
urodynamic parameters. Br J Urol 60(2): 113-118. 
 
Klotz T, Brüggenjürgen B, Burkart M, Resch A (2007). The economic costs of overactive 
bladder in Germany. Eur Urol 51(6): 1654-1662; discussion 1662-1653. 
 
Knight GE, Bodin P, De Groat WC, Burnstock G (2002). ATP is released from guinea pig 
ureter epithelium on distension. Am J Physiol Renal Physiol 282(2): F281-288. 
 
Ko Y, Malone DC, Armstrong EP (2006). Pharmacoeconomic evaluation of antimuscarinic 
agents for the treatment of overactive bladder. Pharmacotherapy 26(12): 1694-1702. 
 
Kobelt G, Borgström F, Mattiasson A (2003). Productivity, vitality and utility in a group of 
healthy professionally active individuals with nocturia. BJU Int 91(3): 190-195. 
 
Kunz T, Marklund N, Hillered L, Oliw EH (2002). Cyclooxygenase-2, prostaglandin synthases, 
and prostaglandin H2 metabolism in traumatic brain injury in the rat. J Neurotrauma 19(9): 
1051-1064. 
 
Larsen JJ, Nordling J, Christensen B (1978). Sympathetic innervation of the urinary bladder and 
urethral muscle in the pig. Acta Physiol Scand 104(4): 485-490. 
 
Larsen JJ, Ottesen B, Fahrenkrug J, Fahrenkrug L (1981). Vasoactive intestinal polypeptide 
(VIP) in the male genitourinary tract: concentration and motor effect. Invest Urol 19(3): 211-
213. 
 
Larsson AK, Hagfjärd A, Dahlén SE, Adner M (2011). Prostaglandin D₂ induces contractions 
through activation of TP receptors in peripheral lung tissue from the guinea pig. Eur J 
Pharmacol 669(1-3): 136-142. 
 
Lassmann G (1984). [Muscle spindles and sensory nerve endings in the urethral sphincter]. 
Acta Neuropathol 63(4): 344-346. 
 
Lee T, Hedlund P, Newgreen D, Andersson KE (2007). Urodynamic effects of a novel EP(1) 
receptor antagonist in normal rats and rats with bladder outlet obstruction. J Urol 177(4): 1562-
1567. 
 
Levin RM, Wein AJ (1981). Effect of vasoactive intestinal peptide on the contractility of the 
rabbit urinary bladder. Urol Res 9(5): 217-218. 
 



 

48 

Lips KS, Wunsch J, Zarghooni S, Bschleipfer T, Schukowski K, Weidner W, et al. (2007). 
Acetylcholine and molecular components of its synthesis and release machinery in the 
urothelium. Eur Urol 51(4): 1042-1053. 
 
Liu YJ, Jackson DM, Blackham A, Leff P (1996). Partial agonist effects of BW A868C, a 
selective DP receptor antagonist, on Cl- secretion in dog tracheal epithelium. Eur J Pharmacol 
304(1-3): 117-122. 
 
Lundberg JM, Hua XY, Franco-Cereceda A (1984). Effects of neuropeptide Y (NPY) on 
mechanical activity and neurotransmission in the heart, vas deferens and urinary bladder of the 
guinea-pig. Acta Physiol Scand 121(4): 325-332. 
 
Mackenzie I, Burnstock G (1984). Neuropeptide action on the guinea-pig bladder; a 
comparison with the effects of field stimulation and ATP. Eur J Pharmacol 105(1-2): 85-94. 
 
Maggi C, Santicioli P, Parlani M, Astolfi M, Patacchini R, Meli A (1987a). The presence of 
mucosa reduces the contractile response of the guinea-pig urinary bladder to substance P. J 
Pharm Pharmacol 39(8): 653-655. 
 
Maggi CA (1991). The role of peptides in the regulation of the micturition reflex: an update. 
Gen Pharmacol 22(1): 1-24. 
 
Maggi CA, Giuliani S, Santicioli P, Abelli L, Meli A (1987b). Visceromotor responses to 
calcitonin gene-related peptide (CGRP) in the rat lower urinary tract: evidence for a transmitter 
role in the capsaicin-sensitive nerves of the ureter. Eur J Pharmacol 143(1): 73-82. 
 
Maggi CA, Giuliani S, Santicioli P, Brading AF (1996). Role of intracellular Ca2+ in the K 
channel opener action of CGRP in the guinea-pig ureter. Br J Pharmacol 118(6): 1493-1503. 
 
Maggi CA, Patacchini R, Santicioli P, Turini D, Barbanti G, Beneforti P, et al. (1989). Further 
studies on the motor response of the human isolated urinary bladder to tachykinins, capsaicin 
and electrical field stimulation. Gen Pharmacol 20(5): 663-669. 
 
Maggi CA, Santicioli P, Patacchini R, Geppetti P, Giuliani S, Astolfi GM, et al. (1988). 
Regional differences in the motor response to capsaicin in the guinea-pig urinary bladder: 
relative role of pre- and postjunctional factors related to neuropeptide-containing sensory 
nerves. Neuroscience 27(2): 675-688. 
 
Masick JM, Levin RM, Hass MA (2001). The effect of partial outlet obstruction on 
prostaglandin generation in the rabbit urinary bladder. Prostaglandins Other Lipid Mediat 
66(3): 211-219. 
 
Mastrangelo D, Iselin C (2007). Urothelium dependent inhibition of rat ureter contractile 
activity. J Urol 178(2): 702-709. 
 
Masunaga K, Yoshida M, Inadome A, Iwashita H, Miyamae K, Ueda S (2006). Prostaglandin 
E2 release from isolated bladder strips in rats with spinal cord injury. Int J Urol 13(3): 271-276. 
 
Matsuoka T, Hirata M, Tanaka H, Takahashi Y, Murata T, Kabashima K, et al. (2000). 
Prostaglandin D2 as a mediator of allergic asthma. Science 287(5460): 2013-2017. 
 
Mattiasson A, Ekblad E, Sundler F, Uvelius B (1985). Origin and distribution of neuropeptide 
Y-, vasoactive intestinal polypeptide-and substance P-containing nerve fibers in the urinary 
bladder of the rat. Cell Tissue Res 239(1): 141-146. 
 
McCafferty GP, Misajet BA, Laping NJ, Edwards RM, Thorneloe KS (2008). Enhanced 
bladder capacity and reduced prostaglandin E2-mediated bladder hyperactivity in EP3 receptor 
knockout mice. Am J Physiol Renal Physiol 295(2): F507-514. 
 



 

  49 

McGuire E, Morrissey S, Zhang S, Horwinski E (1983). Control of reflex detrusor activity in 
normal and spinal injured non-human primates. J Urol 129(1): 197-199. 
 
Meng E, Young JS, Brading AF (2008). Spontaneous activity of mouse detrusor smooth muscle 
and the effects of the urothelium. Neurourol Urodyn 27(1): 79-87. 
 
Mills IW, Greenland JE, McMurray G, McCoy R, Ho KM, Noble JG, et al. (2000). Studies of 
the pathophysiology of idiopathic detrusor instability: the physiological properties of the 
detrusor smooth muscle and its pattern of innervation. J Urol 163(2): 646-651. 
 
Milne GL, Yin H, Morrow JD (2008). Human biochemistry of the isoprostane pathway. J Biol 
Chem 283(23): 15533-15537. 
 
Milsom I, Abrams P, Cardozo L, Roberts RG, Thüroff J, Wein AJ (2001). How widespread are 
the symptoms of an overactive bladder and how are they managed? A population-based 
prevalence study. BJU Int 87(9): 760-766. 
 
Mohri I, Taniike M, Taniguchi H, Kanekiyo T, Aritake K, Inui T, et al. (2006). Prostaglandin 
D2-mediated microglia/astrocyte interaction enhances astrogliosis and demyelination in 
twitcher. J Neurosci 26(16): 4383-4393. 
 
Monneret G, Gravel S, Diamond M, Rokach J, Powell WS (2001). Prostaglandin D2 is a potent 
chemoattractant for human eosinophils that acts via a novel DP receptor. Blood 98(6): 1942-
1948. 
 
Monneret G, Li H, Vasilescu J, Rokach J, Powell WS (2002). 15-Deoxy-delta 12,14-
prostaglandins D2 and J2 are potent activators of human eosinophils. J Immunol 168(7): 3563-
3569. 
 
Montuschi P, Corradi M, Ciabattoni G, Nightingale J, Kharitonov SA, Barnes PJ (1999). 
Increased 8-isoprostane, a marker of oxidative stress, in exhaled condensate of asthma patients. 
Am J Respir Crit Care Med 160(1): 216-220. 
 
Morrow JD, Harris TM, Roberts LJ (1990). Noncyclooxygenase oxidative formation of a series 
of novel prostaglandins: analytical ramifications for measurement of eicosanoids. Anal Biochem 
184(1): 1-10. 
 
Mundy AR (2010). Structure and Function of the Lower Urinary tract. In: Mundy AR, 
Fitzpatrick JM, Neal DE, George NJR (eds). The scientific basis of urology, 3rd ed. edn. 
London: Informa Healthcare. p^pp 222-243. 
 
Murata T, Aritake K, Tsubosaka Y, Maruyama T, Nakagawa T, Hori M, et al. (2013). Anti-
inflammatory role of PGD2 in acute lung inflammation and therapeutic application of its signal 
enhancement. Proc Natl Acad Sci U S A 110(13): 5205-5210. 
 
Mutoh S, Ueda S, Yano S, Ikegami K, Sakanashi M (1983). Effects of some prostaglandins on 
urinary bladder and urethra isolated from the dog. Urol Int 38(4): 219-222. 
 
Nabi G, Cody JD, Ellis G, Herbison P, Hay-Smith J (2006). Anticholinergic drugs versus 
placebo for overactive bladder syndrome in adults. Cochrane Database Syst Rev(4): 
CD003781. 
 
Nathan PW (1956). Sensations associated with micturition. Br J Urol 28(2): 126-131. 
 
Negri L, Falconieri Erspamer G, Piccinelli D (1973). The action of polypeptides, amines and 
prostaglandins on isolated smooth muscle preparations of seminal vesicles and deferent ducts. 
Arch Int Pharmacodyn Ther 205(1): 23-28. 
 



 

50 

Neuhaus J, Dorschner W, Mondry J, Stolzenburg JU (2001). Comparative anatomy of the male 
guinea-pig and human lower urinary tract: histomorphology and three-dimensional 
reconstruction. Anat Histol Embryol 30(4): 185-192. 
 
Nilsson KF, Grishina VA, Glaumann C, Gustafsson LE (2010). Estimation of endogenous 
adenosine activity at adenosine receptors in guinea-pig ileum using a new pharmacological 
method. Acta Physiol (Oxf) 199(2): 231-241. 
 
Nimmo AJ, Morrison JF, Whitaker EM (1988). A comparison of the distribution of substance P 
and calcitonin gene-related peptide receptors in the rat bladder. Q J Exp Physiol 73(5): 789-
792. 
 
Olgart C, Hallén K, Wiklund NP, Iversen HH, Gustafsson LE (1998). Blockade of nitrergic 
neuroeffector transmission in guinea-pig colon by a selective inhibitor of soluble guanylyl 
cyclase. Acta Physiol Scand 162(1): 89-95. 
 
Palea S, Artibani W, Ostardo E, Trist DG, Pietra C (1993). Evidence for purinergic 
neurotransmission in human urinary bladder affected by interstitial cystitis. J Urol 150(6): 
2007-2012. 
 
Palea S, Toson G, Pietra C, Trist DG, Artibani W, Romano O, et al. (1998). Pharmacological 
characterization of thromboxane and prostanoid receptors in human isolated urinary bladder. Br 
J Pharmacol 124(5): 865-872. 
 
Palmer RM, Ferrige AG, Moncada S (1987). Nitric oxide release accounts for the biological 
activity of endothelium-derived relaxing factor. Nature 327(6122): 524-526. 
 
Park JM, Bloom DA, McGuire EJ (1997a). The guarding reflex revisited. Br J Urol 80(6): 940-
945. 
 
Park JM, Houck CS, Sethna NF, Sullivan LJ, Atala A, Borer JG, et al. (2000). Ketorolac 
suppresses postoperative bladder spasms after pediatric ureteral reimplantation. Anesth Analg 
91(1): 11-15. 
 
Park JM, Yang T, Arend LJ, Smart AM, Schnermann JB, Briggs JP (1997b). Cyclooxygenase-2 
is expressed in bladder during fetal development and stimulated by outlet obstruction. Am J 
Physiol 273(4 Pt 2): F538-544. 
 
Persson K, Alm P, Johansson K, Larsson B, Andersson KE (1993). Nitric oxide synthase in pig 
lower urinary tract: immunohistochemistry, NADPH diaphorase histochemistry and functional 
effects. Br J Pharmacol 110(2): 521-530. 
 
Persson K, Alm P, Johansson K, Larsson B, Andersson KE (1995). Co-existence of nitrergic, 
peptidergic and acetylcholine esterase-positive nerves in the pig lower urinary tract. J Auton 
Nerv Syst 52(2-3): 225-236. 
 
Persson K, Poljakovic M, Johansson K, Larsson B (1999). Morphological and biochemical 
investigation of nitric oxide synthase and related enzymes in the rat and pig urothelium. J 
Histochem Cytochem 47(6): 739-750. 
 
Pessina F, Kalfin R, Sgaragli G (2001). Vasoactive intestinal peptide protects guinea-pig 
detrusor nerves from anoxia/glucopenia injury. Eur J Pharmacol 423(2-3): 229-233. 
 
Pettipher R, Hansel TT, Armer R (2007). Antagonism of the prostaglandin D2 receptors DP1 
and CRTH2 as an approach to treat allergic diseases. Nat Rev Drug Discov 6(4): 313-325. 
 
Pinna C, Puglisi L, Burnstock G (1998). ATP and vasoactive intestinal polypeptide relaxant 
responses in hamster isolated proximal urethra. Br J Pharmacol 124(6): 1069-1074. 
 



 

  51 

Ponglowhapan S, Church DB, Khalid M (2010). Expression of prostaglandin E₂ receptor 
subtypes in the canine lower urinary tract varies according to the gonadal status and gender. 
Theriogenology 74(8): 1450-1466. 
 
Prieto D, Hernández M, Rivera L, García-Sacristán A, Simonsen U (1997). Distribution and 
functional effects of neuropeptide Y on equine ureteral smooth muscle and resistance arteries. 
Regul Pept 69(3): 155-165. 
 
Rahnama'i MS, Biallosterski BT, de Wachter SG, Van Kerrebroeck PE, van Koeveringe GA 
(2012a). The distribution of the prostaglandin E receptor type 2 (EP2) in the detrusor of the 
guinea pig. Prostaglandins Other Lipid Mediat 99(3-4): 107-115. 
 
Rahnama'i MS, van Kerrebroeck PE, de Wachter SG, van Koeveringe GA (2012b). The role of 
prostanoids in urinary bladder physiology. Nat Rev Urol 9(5): 283-290. 
 
Rasmussen H, Takuwa Y, Park S (1987). Protein kinase C in the regulation of smooth muscle 
contraction. FASEB J 1(3): 177-185. 
 
Richter WR, Moize SM (1963). Electron microscopic observations on the collapsed and 
distended mammalian urinary bladder (transitional epithelium). J Ultrastruct Res 39: 1-9. 
 
Saban R, Undem BJ, Keith IM, Saban MR, Tengowski MW, Graziano FM, et al. (1994). 
Differential release of prostaglandins and leukotrienes by sensitized guinea pig urinary bladder 
layers upon antigen challenge. J Urol 152(2 Pt 1): 544-549. 
 
Sandig H, Andrew D, Barnes AA, Sabroe I, Pease J (2006). 9alpha,11beta-PGF2 and its 
stereoisomer PGF2alpha are novel agonists of the chemoattractant receptor, CRTH2. FEBS Lett 
580(2): 373-379. 
 
Satoh T, Moroi R, Aritake K, Urade Y, Kanai Y, Sumi K, et al. (2006). Prostaglandin D2 plays 
an essential role in chronic allergic inflammation of the skin via CRTH2 receptor. J Immunol 
177(4): 2621-2629. 
 
Schröder A, Newgreen D, Andersson KE (2004). Detrusor responses to prostaglandin E2 and 
bladder outlet obstruction in wild-type and Ep1 receptor knockout mice. J Urol 172(3): 1166-
1170. 
 
Schüssler B (1990). Comparison of the mode of action of prostaglandin E2 (PGE2) and 
sulprostone, a PGE2-derivative, on the lower urinary tract in healthy women. A urodynamic 
study. Urol Res 18(5): 349-352. 
 
Senior J, Sangha R, Baxter GS, Marshall K, Clayton JK (1992). In vitro characterization of 
prostanoid FP-, DP-, IP- and TP-receptors on the non-pregnant human myometrium. Br J 
Pharmacol 107(1): 215-221. 
 
Shibata T, Kondo M, Osawa T, Shibata N, Kobayashi M, Uchida K (2002). 15-deoxy-delta 
12,14-prostaglandin J2. A prostaglandin D2 metabolite generated during inflammatory 
processes. J Biol Chem 277(12): 10459-10466. 
 
Sibley GN (1984). A comparison of spontaneous and nerve-mediated activity in bladder muscle 
from man, pig and rabbit. J Physiol 354: 431-443. 
 
Sjögren C, Andersson KE, Mattiasson A (1985). Effects of vasoactive intestinal polypeptide on 
isolated urethral and urinary bladder smooth muscle from rabbit and man. J Urol 133(1): 136-
140. 
 
Smet PJ, Edyvane KA, Jonavicius J, Marshall VR (1996). Neuropeptides and neurotransmitter-
synthesizing enzymes in intrinsic neurons of the human urinary bladder. J Neurocytol 25(2): 
112-124. 
 



 

52 

Smet PJ, Moore KH, Jonavicius J (1997). Distribution and colocalization of calcitonin gene-
related peptide, tachykinins, and vasoactive intestinal peptide in normal and idiopathic unstable 
human urinary bladder. Lab Invest 77(1): 37-49. 
 
Smith WL, DeWitt DL, Garavito RM (2000). Cyclooxygenases: structural, cellular, and 
molecular biology. Annu Rev Biochem 69: 145-182. 
 
Speakman MJ, Walmsley D, Brading AF (1988). An in vitro pharmacological study of the 
human trigone--a site of non-adrenergic, non-cholinergic neurotransmission. Br J Urol 61(4): 
304-309. 
 
Stewart WF, Van Rooyen JB, Cundiff GW, Abrams P, Herzog AR, Corey R, et al. (2003). 
Prevalence and burden of overactive bladder in the United States. World J Urol 20(6): 327-336. 
 
Su HC, Wharton J, Polak JM, Mulderry PK, Ghatei MA, Gibson SJ, et al. (1986). Calcitonin 
gene-related peptide immunoreactivity in afferent neurons supplying the urinary tract: 
combined retrograde tracing and immunohistochemistry. Neuroscience 18(3): 727-747. 
 
Sui G, Fry CH, Malone-Lee J, Wu C (2009). Aberrant Ca2+ oscillations in smooth muscle cells 
from overactive human bladders. Cell Calcium 45(5): 456-464. 
 
Tainio H (1993). Neuropeptidergic innervation of the human male distal urethra and intrinsic 
external urethral sphincter. Acta Histochem 94(2): 197-201. 
 
Tanagho EA, Miller ER (1970). Initiation of voiding. Br J Urol 42(2): 175-183. 
 
Tanaka I, Nagase K, Tanase K, Aoki Y, Akino H, Yokoyama O (2011). Modulation of stretch 
evoked adenosine triphosphate release from bladder epithelium by prostaglandin E₂. J Urol 
185(1): 341-346. 
 
Tarcan T, Siroky MB, Krane RJ, Azadzoi KM (2000). Isoprostane 8-epi PGF2alpha, a product 
of oxidative stress, is synthesized in the bladder and causes detrusor smooth muscle contraction. 
Neurourol Urodyn 19(1): 43-51. 
 
Templeman L, Chapple CR, Chess-Williams R (2002). Urothelium derived inhibitory factor 
and cross-talk among receptors in the trigone of the bladder of the pig. J Urol 167(2 Pt 1): 742-
745. 
 
Templeman L, Sellers DJ, Chapple CR, Rosario DJ, Hay DP, Chess-Williams R (2003). 
Investigation of neurokinin-2 and -3 receptors in the human and pig bladder. BJU Int 92(7): 
787-792. 
 
Thornbury KD, Hollywood MA, McHale NG (1992). Mediation by nitric oxide of neurogenic 
relaxation of the urinary bladder neck muscle in sheep. J Physiol 451: 133-144. 
 
Tikkinen KA, Auvinen A (2012). Does the imprecise definition of overactive bladder serve 
commercial rather than patient interests? Eur Urol 61(4): 746-748; discussion 749-750. 
 
Ting HJ, Khasawneh FT (2010). Platelet function and Isoprostane biology. Should isoprostanes 
be the newest member of the orphan-ligand family? J Biomed Sci 17(1): 24. 
 
Trist DG, Collins BA, Wood J, Kelly MG, Robertson AD (1989). The antagonism by BW 
A868C of PGD2 and BW245C activation of human platelet adenylate cyclase. Br J Pharmacol 
96(2): 301-306. 
 
Ueda S, Yoshida M, Yano S, Mutoh S, Ikegami K, Sakanashi M (1985). Comparison of the 
effects of primary prostaglandins on isolated human urinary bladder. J Urol 133(1): 114-116. 
 
Urade Y, Hayaishi O (1999). Prostaglandin D2 and sleep regulation. Biochim Biophys Acta 
1436(3): 606-615. 



 

  53 

 
Van Kerrebroeck P, Kreder K, Jonas U, Zinner N, Wein A, Group TS (2001). Tolterodine 
once-daily: superior efficacy and tolerability in the treatment of the overactive bladder. Urology 
57(3): 414-421. 
 
Wallner C, Dabhoiwala NF, DeRuiter MC, Lamers WH (2009). The anatomical components of 
urinary continence. Eur Urol 55(4): 932-943. 
 
Walters CL, Gillatt PN, Palmer RC, Smith PL (1987). A rapid method for the determination of 
nitrate and nitrite by chemiluminescence. Food Addit Contam 4(2): 133-140. 
 
Wang P, Luthin GR, Ruggieri MR (1995). Muscarinic acetylcholine receptor subtypes 
mediating urinary bladder contractility and coupling to GTP binding proteins. J Pharmacol Exp 
Ther 273(2): 959-966. 
 
Werkström V, Persson K, Ny L, Bridgewater M, Brading AF, Andersson KE (1995). Factors 
involved in the relaxation of female pig urethra evoked by electrical field stimulation. Br J 
Pharmacol 116(1): 1599-1604. 
 
Wheeler MA, Hausladen DA, Yoon JH, Weiss RM (2002). Prostaglandin E2 production and 
cyclooxygenase-2 induction in human urinary tract infections and bladder cancer. J Urol 168(4 
Pt 1): 1568-1573. 
 
Wheeler MA, Yoon JH, Olsson LE, Weiss RM (2001). Cyclooxygenase-2 protein and 
prostaglandin E(2) production are up-regulated in a rat bladder inflammation model. Eur J 
Pharmacol 417(3): 239-248. 
 
Whigham LD, Higbee A, Bjorling DE, Park Y, Pariza MW, Cook ME (2002). Decreased 
antigen-induced eicosanoid release in conjugated linoleic acid-fed guinea pigs. Am J Physiol 
Regul Integr Comp Physiol 282(4): R1104-1112. 
 
Whittle BJ, Moncada S, Mullane K, Vane JR (1983). Platelet and cardiovascular activity of the 
hydantoin BW245C, a potent prostaglandin analogue. Prostaglandins 25(2): 205-223. 
 
Wiklund CU, Wiklund NP, Gustafsson LE (1993). Modulation of neuroeffector transmission 
by endogenous nitric oxide: a role for acetylcholine receptor-activated nitric oxide formation, as 
indicated by measurements of nitric oxide/nitrite release. Eur J Pharmacol 240(2-3): 235-242. 
 
Woodward DF, Hawley SB, Williams LS, Ralston TR, Protzman CE, Spada CS, et al. (1990). 
Studies on the ocular pharmacology of prostaglandin D2. Invest Ophthalmol Vis Sci 31(1): 138-
146. 
 
Woodward DF, Jones RL, Narumiya S (2011). International Union of Basic and Clinical 
Pharmacology. LXXXIII: classification of prostanoid receptors, updating 15 years of progress. 
Pharmacol Rev 63(3): 471-538. 
 
Xue L, Gyles SL, Wettey FR, Gazi L, Townsend E, Hunter MG, et al. (2005). Prostaglandin D2 
causes preferential induction of proinflammatory Th2 cytokine production through an action on 
chemoattractant receptor-like molecule expressed on Th2 cells. J Immunol 175(10): 6531-6536. 
 
Yamaguchi O (2002). Beta3-adrenoceptors in human detrusor muscle. Urology 59(5 Suppl 1): 
25-29. 
 
Yamaguchi O (2004). Response of bladder smooth muscle cells to obstruction: signal 
transduction and the role of mechanosensors. Urology 63(3 Suppl 1): 11-16. 
 
Yoshimura N, Chancellor MB (2010). Physiology of Micturition. In: Cardozo L, Staskin D 
(eds). Textbook of female urology and urogynecology, 3rd ed. edn. London: Informa 
Healthcare. p^pp 200-211. 
 



 

54 

Yoshiyama M, de Groat WC (2008). The role of vasoactive intestinal polypeptide and pituitary 
adenylate cyclase-activating polypeptide in the neural pathways controlling the lower urinary 
tract. J Mol Neurosci 36(1-3): 227-240. 
 
Yu HJ, Liu CY, Lee KL, Lee WC, Chen TH (2006). Overactive bladder syndrome among 
community-dwelling adults in Taiwan: prevalence, correlates, perception, and treatment 
seeking. Urol Int 77(4): 327-333. 
 
Yucel S, Baskin LS (2004). An anatomical description of the male and female urethral 
sphincter complex. J Urol 171(5): 1890-1897. 
 
Zanconato S, Carraro S, Corradi M, Alinovi R, Pasquale MF, Piacentini G, et al. (2004). 
Leukotrienes and 8-isoprostane in exhaled breath condensate of children with stable and 
unstable asthma. J Allergy Clin Immunol 113(2): 257-263. 
 
Zhang S, Grabauskas G, Wu X, Joo MK, Heldsinger A, Song I, et al. (2013). Role of 
prostaglandin D2 in mast cell activation-induced sensitization of esophageal vagal afferents. Am 
J Physiol Gastrointest Liver Physiol 304(10): G908-916. 
 
Zinner NR (2011). OAB. Are we barking up the wrong tree? A lesson from my dog. Neurourol 
Urodyn 30(8): 1410-1411. 
 
Zoubek J, Somogyi GT, De Groat WC (1993). A comparison of inhibitory effects of 
neuropeptide Y on rat urinary bladder, urethra, and vas deferens. Am J Physiol 265(3 Pt 2): 
R537-543. 
 

 


