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1.1 Bladder physiology         

The lower urinary tract (LUT) comprises a reservoir for urine (the urinary bladder) 

connected with an outlet consisting of the bladder neck, the urethra and the urethral 

sphincter. These two functional units are responsible for the storage and periodic 

elimination of urine, produced by the kidneys and entering the bladder through the 

ureters, at behaviorally appropriate times. A coordinated activity between both 

functional units is required. During bladder filling, the volume of urine increases at low 

bladder pressures, while the outlet resistance increases to prevent leakage and to 

ensure continence (urine storage). A combination of bladder fullness perception and 

voluntary control promotes the periodic evacuation of urine (micturition) by bladder 

contraction and outlet relaxation. This alternation between urine storage and periodic 

micturition (micturition cycle) is a switch-like pattern of activity and controlled by 

complex neural circuits in the brain, spinal cord and peripheral ganglia, which include 

both an autonomic and voluntary control (learned behavior) of LUT function.1-4 

1.2 Neural control of the micturition cycle 

1.2.1 Peripheral innervation 

The LUT functions of storage and periodic elimination of urine are controlled by the 

autonomous (sympathetic and parasympathetic) and somatic nervous system (figure 

1.1).1, 2, 5, 6  

1.2.1.1 Parasympathetic innervation 

Parasympathetic preganglionic efferent nerve fibers leave the spinal cord at the sacral 

level: S2-S4. These fibers travel primarily through the pelvic nerves and synapse with 

post-ganglionic neurons in the autonomic ganglia of the pelvic plexus (extramural pelvic 

ganglia) and in the ganglia of the bladder wall (intramural ganglia) (figure 1.1).  

The parasympathetic postganglionic efferent fibers release acetylcholine and provide an 

excitatory input to the smooth muscle of the bladder (detrusor) principally via the 
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activation of M3 muscarinic receptors to promote bladder contraction during 

micturition. The M2 receptor subtype is also expressed in the detrusor muscle and may 

also facilitate detrusor contraction, but its actual role is not fully understood.7 The 

parasympathetic postganglionic efferent fibers also release Nitric Oxide (NO), which 

provides an inhibitory input to the smooth muscle of the urethra (internal urethral 

sphincter) to promote outlet relaxation during micturition.  

1.2.1.2 Sympathetic innervation 

Sympathetic preganglionic efferent nerve fibers originate in the spinal cord at the 

thoracolumbar level: T11-L2. These fibers pass the sympathetic chain ganglia and then 

run through the inferior mesenteric plexus (IMP) and the hypogastric nerve to the pelvic 

plexus and intramural ganglia to the bladder and the urethra (figure 1.1). The 

sympathetic innervation is dense in the bladder near the ureters and near the bladder 

neck, with much fewer endings projecting to the lateral wall and dome compared with 

the parasympathetic innervation.8-10  Sympathetic fibers also travel through the pelvic 

nerves to enter the base of the bladder and the urethra.11  

The sympathetic postganglionic efferent fibers release noradrenaline and provide an 

excitatory input to the smooth muscle of the urethra and bladder base via the activation 

of α-adrenoceptors. According to traditional concepts, the sympathetic innervation of 

the detrusor may contribute to continence via the activation of β-adrenoceptors (β1, β2, 

β3).
12, 13 However, sympathetic axons are scarce in the detrusor muscle layers.14 It has 

been shown before that adrenergic nerve terminals, primarily found in the bladder neck, 

also innervate intramural ganglion cells.15, 16 It was therefore suggested that the 

sympathetic system also contributes to urine storage by modulating transmission in 

parasympathetic ganglion neurons mediated by different types of adrenergic receptors 

but this remains debatable.13, 17-19  
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1.2.1.3 Somatic innervation 

Somatic efferent pathways originate in Onuf’s nucleus at the S2-S4 sacral spinal level 

and travel through the pudendal nerves to the striated muscle of the external urethral 

sphincter (EUS) to induce contraction via the release of acetylcholine and activation of 

nicotinic receptors (figure 1.1). 

1.2.1.4 Afferent innervation 

The three peripheral nervous systems described above also contain afferent axons 

running mainly through the pelvic but also through the hypogastric and pudendal 

nerves.1 They originate from neurons located in the dorsal root ganglia (DRGs) at S2-S4 

and T11-L2 spinal segmental levels and transmit information from the LUT to 

interneurons that are involved in spinal reflexes or to spinal-tract neurons that project 

to higher brain centers that are involved in bladder control and sensation.2, 20 Individual 

(sensory) neurons located in the DRGs can innervate multiple target organs located in 

the pelvic region (e.g. the colon).21-23 This might contribute to cross-sensitization of 

afferent pathways originating from adjacent pelvic organs (see 1.7 Organ cross-talk).  

In the urinary bladder of humans and animals, afferent fibers have been identified in the 

mucosa and detrusor muscle layer.24-27 The afferent innervation of the mucosa, that run 

close to the urothelium and might even penetrate the basal urothelial layer, is not 

uniform throughout the bladder. A high density of afferent nerves has been reported in 

the bladder neck and proximal urethra, while the afferent innervation of the lateral wall 

and dome is rather sparse. This suggests that signaling from the urothelium to sensory 

nerves, which is important in health and disease,28 is spatially restricted. In contrast, the 

afferent innervation of the detrusor muscle layer is more diffuse and appears uniform 

throughout the bladder. Sensory axons are also found within many blood vessels in the 

bladder wall.24  

Morphologically there are multiple types of afferent nerves. Fibers that express 

neuropeptides such as calcitonin gene-related peptide (CGRP), neurofilament (NF) 
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protein, substance P (SP), choline acetyl transferase (ChAT), vasoactive intestinal 

polypeptide (VIP), neuronal nitric oxide synthase (nNOS), pituitary adenylate cyclase 

activating polypeptide (PACAP) and enkephalins are localized either alone or in 

combination in afferent pathways of the bladder and urethra.20, 27 Thus, based on their 

combinations of neuronal markers, subtypes of afferent fibers can be identified. 

Afferent fibers can also be characterized based on their functional properties. They are 

classically subdivided into two populations based on their conduction velocities: fast 

conducting, small myelinated (Aδ) fibers and slow conducting, unmyelinated C-fibers.1, 5 

In the human bladder, the afferent nerves associated with the detrusor muscle consist 

of both Aδ and C-fibers, while the mucosal afferents only contain C-fibers.29, 30 

Electrophysiological studies in cats revealed that the Aδ-fibers respond to bladder 

distension and contraction, while the C-fibers are generally mechano-insensitive and 

respond to excessive stretch, cold and noxious stimuli.1 The Aδ-fibers appear to be 

mechanoreceptors31 and are thought to be involved in signaling bladder volume and 

triggering the normal micturition reflex,32 while the C-fibers are associated with noxious 

events and pain.1, 33, 34 In rats, there appears to be no difference between the Aδ and C-

fiber function.34 Therefore, C-fibers are suggested to also contribute to the micturition 

reflex under normal physiological conditions in the rat. The majority of the Aδ and C-

fibers in the rat are mechanosensitive, have low activation thresholds and fire during 

bladder filling, while others with a high threshold are able to detect noxious pressure, as 

during bladder overdistension. They are also chemosensitive with increased 

mechanosensitivity during inflammation. Also C-fibers responding to volume changes, 

but not to bladder contraction, have been found. These are considered volume receptor 

afferents, located within the mucosa and responding to (sub)urothelial release of 

mediators. Another group of C-fibers don’t respond to distension and are called the 

silent receptors that can be activated during inflammation.34    
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Afferent fibers innervating the urethra are also important for modulating LUT function. 

Afferent fibers responding to the passage of fluid through the urethra and to high 

intraurethral pressures can be observed in the pelvic and pudendal nerves.1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.1 Peripheral innervation of the bladder. Image modified from de Groat et al. (2015)
1
   

Sympathetic fibers (purple) originate in the T11-L2 segments in the spinal cord and run through the inferior 
mesenteric plexus (IMP) and pass the superior hypogastric plexus (SHP) to enter the hypogastric nerves 
(HGN) and run to the ureter, the pelvic plexus (PP), the bladder and urethra. Sympathetic fibers are likely to 
enter the bladder through the intramural ganglia (IG).

16
 Sympathetic fibers also leave the spinal cord 

through the paravertebral chain to enter the pelvic nerves at the base of the bladder and the urethra. 
Parasympathetic preganglionic fibers (green) arise from the S2–S4 spinal segments and travel in sacral roots 
and pelvic nerves (PEL) to the PP and IG, where they synapse with parasympathetic postganglionic fibers 
innervating the bladder and urethra. Somatic motor nerves (yellow) that supply the striated muscles of the 
external urethral sphincter arise from S2–S4 motor neurons and pass through the pudendal nerves. L1, first 
lumbar root; S1, first sacral root; SN, sciatic nerve; T9, ninth thoracic root. 
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1.2.2 Micturition cycle 

Both the afferent limb, involved in the perception of bladder fullness, and the efferent 

limb of the micturition cycle are affected by multiple sources of facilitative and 

inhibitory influences, peripheral as well as central.4, 35 

During bladder filling, afferent nerve activity gradually increases and activates a spinal 

sympathetic reflex mechanism to prevent bladder contraction and to facilitate bladder 

outlet contraction. This vesico-sympathetic reflex represents a negative feedback 

mechanism that allows the bladder to accommodate larger volumes during bladder 

filling.4, 36 Motor neurons innervating the striated muscles of the external urethral 

sphincter are also reflexively activated to facilitate bladder outlet contraction which in 

turn contributes to the inhibition of bladder contraction to promote urinary 

continence.4, 37  

Also supraspinal centers are involved in the control of urine storage function. Studies in 

cats have suggested that neurons of the pontine urine storage center (PUSC) inhibit 

bladder contraction and promote the activity of the external urethral sphincter.4, 35, 38 

The mechanism of bladder inhibition might involve serotonergic projections to the spinal 

cord and glycinergic spinal interneurons that provide an inhibitory input to sacral 

parasympathetic preganglionic neurons.35, 39, 40  

A high level of bladder afferent activity is able to switch on the micturition reflex. This is 

mediated by a spinobulbospinal pathway, which consists of an ascending sensory limb 

that passes from the sacral spinal cord to circuitry in the rostral brain stem leading to 

activation of neurons in the pontine micturition center (PMC). These activated PMC 

neurons send excitatory signals back to the sacral spinal cord to complete the reflex 

circuit.4 The reflex pathways at the level of the spinal cord are responsible for the 

activation of the sacral parasympathetic efferent pathways to the bladder and urethra 

as well as for the reciprocal inhibition of the sympathetic and somatic pathways to the 

urethral outlet to promote bladder contraction and outlet relaxation. The dense 
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parasympathetic innervation of the detrusor muscle allows a synchronous detrusor 

contraction and is necessary for complete bladder emptying.41-43 

Before entering the PMC, ascending afferent information from the bladder is relayed to 

synapses in the periaqueductal gray (PAG) that is thought to be involved in transmitting 

bladder filling information to higher brain centers.4 These higher brain centers (such as 

the cerebral cortex, limbic system, cerebellum, amygdala, hypothalamus, and thalamus) 

exhibit a continuous inhibitory effect on the PMC.35 The cerebrum, which is responsible 

for the voluntary control of micturition, switches off the inhibitory projections to the 

PMC, as well as the excitatory projections to the PUSC to initiate voiding.  

Additional spinal reflexes occur during micturition and are related to urethral distension 

and flow.33, 37 Urethral distension and flow during voiding activates urethral afferents in 

the proximal and distal urethra sensitive to flow or distension that reflexively promote 

bladder contraction to assure complete bladder emptying.  

The reflex pathways outlined in this section were described in the cat by Barrington in 

the early 20th century.44-46 The inhibitory and excitatory reflex pathways in the central 

nervous system were thought to involve excitatory glutamatergic neurons and inhibitory 

glycinergic and GABAergic neurons.39, 47 Miyazato et al. have shown inhibitory actions of 

the rectum on bladder activity via glycinergic and GABAergic inhibitory actions in the 

spinal cord.48, 49  Bowel-bladder neural cross-talk might also occur at the supraspinal and 

peripheral level (figure 1.2)50 and will be described in more detail in another section (1.7 

Organ cross-talk). 
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Figure 1.2 Neural circuits controlling urinary continence and micturition including sites at which organ 
cross-talk can occur. Afferent input to the central nervous system (black arrows); sympathetic (blue arrows), 
parasympathetic (green arrows), somatic (yellow arrows) output to the bladder and the urethra. 
Sympathetic fibers run through the inferior mesenteric ganglia (IMG), but also through the pelvic plexus and 
intramural ganglia where they might communicate with the parasympathetic system (brown arrow). The 
peripheral output is modulated by spinal interneurons, the pontine micturition center (PMC), 
periaqueductal gray (PAG), pontine urine storage center (PUSC) and the higher brain centers (orange 
arrows). (-) indicates inhibitory effects, while (+) indicates excitatory effects. Organ cross-talk with the bowel 
might occur at the supraspinal, spinal and peripheral level (purple arrows).  
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1.3 LUT dysfunction 

The complexity of the neural regulatory mechanisms controlling continence and voiding 

makes the system vulnerable to lower urinary tract disorders. LUT diseases might 

include storage (increased frequency, urgency and incontinence), elimination (slow or 

weak stream, hesitancy and terminal dribble) and postmicturition (sensation of 

incomplete emptying and postmicturition dribble) disturbances.51, 52 Overactive bladder 

(OAB) is a syndrome of storage symptoms defined as urgency, with or without urge 

incontinence, usually with frequency and nocturia.52, 53 The International Continence 

Society defines urgency as the complaint of a sudden, compelling desire to pass urine 

that is difficult to defer and has been reported to be the most bothersome LUT symptom 

at a population level.53, 54 For individuals, urge incontinence, the complaint of 

involuntary leakage accompanied by or immediately preceded by urgency, is the most 

likely to be rated as bothersome.54 

It was estimated that OAB affects approximately 11-17% of the adult population and its 

prevalence increases with age.55, 56 OAB has a huge impact on the quality of life of 

patients and their family members and it has a sizeable economic impact.56, 57 

Urodynamic measurements can observe detrusor overactivity (DO) in OAB patients,58 

which is characterized by involuntary detrusor contractions during the filling phase that 

may be spontaneous or provoked.59 DO has been used as a surrogate parameter of 

urgency in many human and in all animal studies. It was assumed that DO underlies 

urgency, however the mechanisms are not fully understood.60 Patients with urgency 

have been reported that did not display DO in pressure-flow studies,58, 61 while 

ambulatory urodynamics revealed bladder contractions during bladder filling in up to 

60% of asymptomatic subjects.62, 63 Therefore it could be assumed that the sensation of 

urgency is not necessarily linked to DO in men. Whether urgency is partly independent 

of DO and/or whether not all detrusor contractions are well captured by standard 

urodynamics remains to be elucidated.33, 60  
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Animal models for bladder outlet obstruction (BOO) are frequently used to study OAB.64 

BOO is a common urological clinical problem in men, which mainly results from prostatic 

hyperplasia and may develop DO and OAB symptoms.65 Experimental BOO in animals is 

created by placing a suture around the urethra to reduce the urethral diameter.66, 67 

Altered micturition patterns have been observed including, increased micturition 

frequency with decreased voided volumes, high micturition pressure as well as marked 

spontaneous non-voiding bladder contractions throughout the micturition cycle, which 

are thought to be related to DO in humans.66, 67 

1.4 Non-voiding activity  

It has long been generally assumed that the bladder is inactive during the filling phase. 

The appearance of spontaneous non-voiding contractions during bladder filling was 

considered to be pathological.68 However, Sherrington was the first to report small non-

voiding contractions during bladder filling in the cat under physiological conditions,69 

which was repeated by others in different species.70, 71 These contractions progressively 

increase in amplitude and frequency as the bladder fills.70 Afferent discharges in 

mechanosensitive afferent fibers have been shown in concert with small non-voiding 

contractions during bladder filling.72, 73 This has led to the idea that non-voiding activity 

(NVA) is directly coupled to afferent activity sending information to the central nervous 

system (CNS) regarding bladder volume.74 Therefore NVA could be described as a motor 

component of a motor-sensory system that might contribute to the sensations of 

awareness as the bladder fills.74, 75 

This NVA might correlate with the localized micromotions measured within the detrusor 

of asymptomatic volunteers, which were more frequent in patients with sensory urge.76 

In pathological animal models, an increase in NVA (frequency and/or amplitude) was 

observed during bladder filling compared with the normal controls.66, 67 Also the afferent 

nerve patterns associated with NVA are facilitated during pathology.72 These 

observations are suggestive for a link between the modulation of NVA and the 

development of urgency in LUT dysfunction.  
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1.5 Pharmacological treatment of OAB 

Antimuscarinics are the first-line pharmacological treatments of OAB and DO.77 The 

classical view of their mode of action is that the drugs act by competitively blocking the 

muscarinic receptors on the detrusor muscle, which are stimulated by acetylcholine, 

released from activated cholinergic (parasympathetic) nerves. They thereby decrease 

the ability of the bladder to contract.77, 78 At recommended low doses, antimuscarinics 

mainly act during the storage phase, increasing bladder capacity, and decreasing 

urgency. They only affect the voiding contractions at high doses.77 In addition, 

antimuscarinics were able to alleviate symptoms in patients that do not have overt 

bladder contractions during cystometric investigation,61 suggesting that they do not 

have a motor effect but act on sensory mechanisms.74  

The β3-adrenoceptor agonist, mirabegron, has recently been introduced as a successful 

treatment for OAB, since it effectively reduces voiding frequency and urge in these 

patients and has a better efficacy/tolerability profile compared with the 

antimuscarinics.79, 80 This drug is developed to mimic sympathetic nerve action. The β3-

adrenoceptors account for more than 95% of all β-adrenoceptor mRNA in the human 

bladder and are thought to be the main β-adrenoceptor mediating human detrusor 

relaxation.81-83 In an obstructed rat model, with increased NVA during bladder filling, the 

amplitude and frequency of NVA decreased with mirabegron, suggested via a direct β3-

adrenoceptor mechanism, while voiding activity was not affected.84 Aizawa et al. have 

shown that mirabegron can inhibit mechanosensitive afferent activity which was 

thought to be related with the observed suppression of the NVA during bladder filling.85  

Therefore, adrenergic and cholinergic nerves might be involved in the motor-sensory 

system controlling NVA and possibly also sensation. These observations suggest that the 

therapeutic target of the antimuscarinics and β3-adrenergic drugs might be the 

mechanism generating and/or modulating NVA.74 
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1.6 Generation and modulation of non-voiding activity 

1.6.1 Central and autonomic nervous system 

The role of the sympathetic and parasympathetic system on the control of NVA has been 

studied before by different transection protocols in the anaesthetized cat.86, 87 Section of 

the hypogastric nerves (sympathetic nerves) doubles the voiding frequency and reduces 

the voided volumes, which illustrates that the sympathetic system has a profound effect 

on the timing of voiding.88 The appearance of NVA was associated with an increase in 

hypogastric nerve activity during bladder filling89 and the amplitude and frequency of 

NVA was shown to be modulated after hypogastric nerve transection.86, 90 Pelvic 

(parasympathetic) nerve transection abolishes the micturition reflex leading to a 

hyposensitive and acontractile bladder.91 Gjone has shown that NVA persists after pelvic 

nerve transection but the activity was more pronounced in cats with an intact bladder 

innervation.86 

These observations suggest that NVA is influenced by adrenergic and cholinergic inputs 

and that the output of the motor-sensory system is under direct CNS control. In 

addition, Plum noted that if human subjects were nervous or tense the rhythmic 

contractions were reduced or absent, suggesting the presence of powerful 

‘psychological’ inhibitory influences originating at higher brain centers.92  

1.6.2 Bladder wall 

Spontaneous phasic micro-contractile activity or autonomous activity has been shown to 

occur in vitro in the isolated whole bladder preparation93-95 and detrusor strips96-99 of 

different species, including rat, mouse, guinea pig, rabbit, pig and human. The 

mechanisms underlying this autonomous activity differ from the in vivo NVA, because of 

the lack of central input. In addition, in the in vitro bladder, the activity was not affected 

by atropine and the neurotoxin tetrodotoxin, which blocks nerve conduction.100 

Therefore, a myogenic origin of activity has been suggested. A detailed analysis in guinea 

pig isolated whole bladder preparations has illustrated that this complex activity 
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comprises localized micro-contractions in single or multiple discrete regions (foci), 

propagating waves of contractile activity and localized micro-stretches.93 The number of 

contractile foci increased at increased intravesical volumes. Intravesical pressure 

changes, reported in the isolated whole bladder, were associated with these complex 

bladder movements. Though, localized micro-contractions do not always translate to 

visible changes in intravesical pressure or bladder tension.101 A recent study in which the 

intrinsic micro-contractile activity was characterized in rat detrusor strips concluded that 

the basal bladder tonus and superimposed phasic micro-contractile activity is made up 

of the sum of a number of discrete independent phasic contractile events in contractile 

foci.68, 98   

The contractile activity in the individual foci appears to represent the combined activity 

of a large number of smooth muscle cells acting as a functional working unit or 

syncytium.68 Hammad et al. have recorded macroscopic electrical propagation in the 

isolated guinea pig bladder.102 Electrical activities that occurred simultaneously in 

different areas of the bladder wall and electrical waves that propagated predominantly 

in the axial direction (from dome to base or vice versa) were observed for a limited 

distance before terminating spontaneously. Optical scanning studies have shown that 

this kind of electrical activity is associated with spontaneous Ca2+ transients.103 It was 

hypothesized that the propagating electrical waves are the basis for local spontaneous 

contractions in the bladder during bladder filling.102 However, several studies have 

shown a limited electrical coupling between detrusor muscle bundles.103-105 Therefore, 

the propagating waves might also involve other non-myogenic mechanisms.  

Hashitani et al. have shown that spontaneous action potentials and associated Ca2+ 

transients, preferentially originate along the boundary of muscle bundles, close to 

where interstitial cells (IC) are located.106 These IC have been shown to fire Ca2+ 

transients in response to cholinergic stimulation and can be spontaneously active, 

suggesting that they could act as pacemakers or intermediaries in the transmission of 

nerve signals to smooth muscle cells.107, 108 Such roles for the IC are well described in the 
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gastrointestinal tract, where the IC of Cajal act as pacemaker cells driving peristaltic 

activity and mediate neurotransmission of the enteric nerves.109 However, the function 

of the IC in the bladder is not fully understood.  

Based on different markers for IC (eg. vimentin, c-KIT, PDGFRα, cGMP) at least four 

subtypes of IC could be identified and were consistent across different species: stellate 

shaped IC that form a network interconnected via gap junctions in the lamina propria 

(IC-LP), elongated detrusor IC that are not networked but located on the boundary of 

smooth muscle bundles (intramuscular IC), stellate-shaped IC that form an 

interconnected network within the interstitial spaces between the detrusor bundles 

(interbundle IC) and the IC located on the edges of mucosal microvessels (peri-vascular 

IC).110 These different IC populations might have distinctive functions. They can be 

activated by neurotransmitters including ATP and muscarinic agonists and are likely to 

release signaling molecules. While a role for the muscular IC in the modulation of 

detrusor smooth muscle phasic activity has been proposed, the LP-IC are thought to be 

involved in suburothelial sensory processes.110  

Based on these findings, a modular functional arrangement of the smooth muscle cells 

and distinct populations of IC in the bladder wall that might explain spontaneous micro-

contractile or autonomous activity has been proposed (figure 1.3). Discrete motor units 

are illustrated that operate independently to produce small micro-contractions and 

adjacent stretches. The individual motor units are connected by a network of interstitial 

cells that might act as a pacemaker and are thought to be involved in the transmission of 

activity to the underlying smooth muscle cells. The urothelium may make contacts to 

the muscle layers and modules via a network of interstitial cells in the lamina propria 

and so may contribute to the activation and coordination of module activity.98 Activation 

of several modules would produce macroscopic movements, culminating in contraction 

of the entire bladder.111   
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Figure 1.3 Cartoon illustrating the possible modular arrangement of the detrusor muscle bundles and 
interstitial cells in the bladder wall. Image modified from Gillespie et al, 2015.

98
 Detrusor bundles (possibly 

the modules) are surrounded by muscle interstitial cells. The urothelium makes contact with the underlying 
muscle layers and modules via an interconnected network of interstitial cells in the suburothelium (su) and 
lamina propria (lp). 

This activity is intrinsic to the bladder wall but is thought to underlie or contribute to the 

in vivo NVA.74 Studies on the pharmacological modulation of autonomous activity in 

isolated bladder preparations suggest that it can be increased by cholinergic112 and 

purinergic113 agonists and prostanoids114, 115 while decreased by adrenergic116, 

nitrergic117 and peptidergic (CGRP)118 stimulation. These substances can be released by 

afferent and autonomic efferent nerves and by the urothelium in response to physical 

and chemical stimulation and have the potential to modulate afferent firing.28   

Afferent collateral fibers, expressing CGRP, are seen to make contact with neurons in 

intra-mural ganglia.18 These fibers were thought to be involved in local neural reflexes 

that modulate the autonomous activity within the bladder wall (figure 1.4).94, 118 The 

presence of ganglia in the bladder wall has been described for a number of species, 

including the human, pig, and guinea-pig.119-122 Their role has been assumed to be the 
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relay of activity in the parasympathetic nerves to the smooth muscle to initiate the 

micturition contraction but they also have an integrative function.123 In the human 

bladder, intramural neurons with diverse neuropeptides have been found in the 

intramural ganglia.124 Also several nerve terminals that form pericellular baskets around 

the principal neurons have been identified, which supports their integrative function.124 

Moreover, it has been suggested that this intramural ganglionic network influences a 

motor-sensory system in the bladder wall and might be involved in the modulation of 

bladder sensation.18 

 

 

Figure 1.4 Cartoon illustrating the presence of local reflexes in the bladder wall. Image by Gillespie et al. 
(2006)

18
 and based on guinea pig experiments. The possible interactions of cholinergic (ChAT

+
) and 

peptidergic (CGRP
+
) sensory collaterals with the intramural ganglia are illustrated. An output to the muscle is 

postulated that is in addition to the conventional parasympathetic system involved in the initiation of the 
voiding contraction. The intramural and external ganglia also receive adrenergic inputs. The structural 
relationship between identified nerves and the layer of the suburothelial interstitial cells (SU-ICs) and the 
interstitial cells associated with the muscle cell layer (muscle-ICs) are shown. A heterogeneous population of 
ganglion cells is depicted by different shading. DRGs = dorsal root ganglia 

  



Chapter 1  

30 
 

It has been proposed that the modules of detrusor cells and associated IC, described in 

figure 1.3, might be controlled by individual intramural ganglia that are able to integrate 

inhibitory and excitatory peripheral inputs.111 Therefore a role for the intramural ganglia 

similar to the one of the intramural myenteric plexuses in the gastrointestinal tract, 

which are able to disseminate and modulate gut peristalsis, has been assumed.109  

1.6.3 Extramural pelvic ganglia 

A few species, like the rat and mouse, don’t contain intramural ganglia.119 However, in 

all species, nerves leaving the spinal cord travel to the periphery via the 

parasympathetic and sympathetic system, transiting and making contacts in peripheral 

ganglia.123 The neural elements, directed to the bladder, reproductive organs and the 

colon, are contained in a distributed network of peripheral ganglia in the pelvis, which is 

called the pelvic plexus and receives parasympathetic and sympathetic inputs via the 

pelvic and hypogastric nerves, respectively. The intramural ganglia are thought to be a 

subset of this network.123 In the rat, the pelvic plexus is not a distributed network of 

ganglia. Instead, the peripheral neurons are collected into a single large ganglion in the 

male rat, the major pelvic ganglion (MPG), and a single smaller ganglion in the female 

rat, the paracervical ganglion.123, 125 A small cluster of adjacent accessory ganglia has also 

been observed.126 The rat is therefore a far simpler anatomical model in which to study 

the peripheral neural circuitry of pelvic reflexes.  

As for the intramural ganglia, evidence is now emerging that the extramural pelvic 

ganglion is not a simple relay for parasympathetic transmission mediated by 

acetylcholine on nicotinic cholinergic receptors but acts as an integrative nervous 

center.123, 127 Noradrenergic terminals, forming basket like structures have been found 

on a subpopulation of MPG neurons pointing to a possible descending sympathetic 

regulatory input within the ganglia.123 These nerve fibers might be responsible for the 

inhibition of pelvic ganglionic transmission during hypogastric nerve stimulation and are 

thought to be involved in the inhibitory vesico-sympathetic reflex pathway during the 
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urine storage phase.17 Also adrenergic principal neurons and SIF (small intensely 

fluorescent) cells have been observed in the MPG.128, 129 The SIF cells might act as 

interneurons. They express muscarinic receptors and make contact with cholinergic 

nerve terminals.128  Recently, evidence has been found for the expression of the β3-

adrenoceptor and M3 muscarinic receptor on a heterogeneous population of SIF cells 

and were therefore thought to be involved in the therapeutic actions of the β3-

adrenoceptor agonist and antimuscarinics.130  

All subtypes of ganglionic neurons have been shown to receive sensory CGRP containing 

collaterals.130 It is therefore possible that these ganglionic neurons are involved in local 

reflexes coming from the bladder that might be linked to the control of a motor-sensory 

system (summarized in figure 1.5). In the gastrointestinal tract, such reflexes are 

known.131 Mechanosensitive visceral spinal afferent neurons and intestinofugal afferent 

neurons, a unique subset of intramural myenteric ganglion neurons, are able to transmit 

sensory outflow from one region in the gut and excite sympathetic postganglionic 

neurons in the inferior mesenteric ganglion to inhibit the activity of another region of 

the gut. This reflex is called the intestino-intestinal reflex. Luckensmeyer et al,132 have 

also described intestinofugal connections in the MPG. Since colon and bladder 

projecting neurons colocalize in the MPG,125 these intestinofugal afferent neurons might 

also influence bladder activity.  
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Figure 1.5 Cartoon illustrating the neural circuits in the major pelvic ganglion. Image by Eastham et al 
(2015)

130
. Large principal neurons (mixed population of cholinergic and adrenergic neurons, in grey) and a 

heterogeneous population of small intensely fluorescent (SIF) cells (in red and yellow) is shown in the major 
pelvic ganglion (MPG).  The SIF cells are all adrenergic but can express different receptors, including the β3-
adrenoceptor and M3 muscarinic receptor. Some of the SIF cells and principal large neurons receive inputs 
from sensory CGRP fibers and also from cholinergic and adrenergic fibers, representing sympathetic and 
parasympathetic input. CNS = central nervous system 

  



Introduction and outline of the thesis 

33 
 

1.7 Organ cross-talk 

The terminal part of the large intestine, the colorectum, is closely related to the LUT. As 

the LUT, the colorectum is located in the pelvic region, originates from the 

embryological cloaca and has a similar function of storage and evacuation. Its peripheral 

innervation is mediated by the sympathetic (L1-L3) and parasympathetic system (S2-S4) 

via the hypogastric and pelvic nerves, respectively, which is similar to what has been 

described for the peripheral innervation of the bladder. The external anal sphincter is 

innervated by the pudendal nerves, providing a somatic control similar to the one of the 

external urethral sphincter. Also the central processing and perception of the colorectal 

and LUT afferent activity occurs in the same brain areas. Therefore, cross-talk between 

both organ systems might occur.133  

Neural cross-talk that promotes a coordinated activity of the LUT and colorectum is 

essential for physiological functions of the pelvic region. This close relationship between 

the LUT and colorectum has clinical relevance since pathology of both often coexists.133 

Men and women with OAB were significantly more likely to report constipation and 

fecal incontinence, and if OAB was combined with urinary incontinence, fecal 

incontinence was even more prevalent.134 Furthermore, OAB often accompanies an 

irritable bowel syndrome.135 Therefore, controlling the colorectal state might be 

important for the management of OAB.  

In a clinical study of healthy volunteers, rectal distension increased the sensation of 

bladder filling,136 which illustrates that the state of the rectum significantly influences 

sensory information from the LUT. When both the rectum and bladder were full and the 

volunteers were asked to void, only 13% were able to do so, while in the other subjects 

the rectal balloon had to be deflated before voiding could occur.137 In accordance with 

this observation, it has been shown that constipation is associated with incomplete 

bladder emptying in healthy children.138 These findings suggest an excitatory action of 

the rectum on bladder sensation, while an inhibitory action on the bladder motor 

activity.  
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Animal studies in cats have shown that bladder activity can be inhibited by distension of 

the rectum or anal canal.139-142 This effect might be mediated, at least partly, by a 

peripheral adrenergic inhibition of the bladder mediated by the hypogastric nerve.36, 140 

The effects elicited by stimulation of the anal canal was thought to be via pudendal 

nerve afferents.140 Furthermore, Floyd et al. showed that electrical stimulation of the 

colonic branches of the pelvic nerve inhibited spontaneous bladder contractions, 

increased the micturition threshold and reduced the activity in the vesical branches of 

the pelvic nerve.139 Taken together, there is evidence for the involvement of all three of 

the peripheral nerves in the inhibitory colon-bladder reflexes.  

A study in rats has shown an inhibitory recto-vesical reflex (IRVR) in normal and spinal 

cord injured rats.48, 49 This reflex was abolished after intrathecal injection of strychnine 

and/or bicuculline suggesting that the IRVR involves a mechanism via glycinergic and 

GABA-ergic spinal interneurons.49 Furthermore, the IRVR might also occur via the 

stimulation of neurons in the PMC (Barrington’s nucleus),143, 144 suggesting the 

involvement of spinal and supraspinal reflexes. Pezzone et al. have illustrated that 

graded CRD during continuous filling cystometry inhibits micturition and EUS activity, 

suggesting that CRD influences both bladder and EUS activity.145  

A recent study has confirmed the existence of an IRVR in the normal rat.146 The 

frequency of isovolumetric bladder contractions was reduced, however only during a 

noxious colorectal distension. It was therefore suggested that the IRVR was elicited by 

high threshold colonic afferents.146 A follow-up study demonstrated that this noxious 

colorectal distension increased bladder afferent nerve activity.147 Taken both studies 

together, a peripheral excitatory cross-talk mechanism on the bladder afferent activity 

and a central inhibitory cross-talk mechanism on the bladder motor activity can be 

suggested. In contrast, a pathological rat model for acute colitis has demonstrated that 

bladder afferent sensitization occurs following the induction of colon inflammation and 

results in an increased voiding frequency, which is indicative for a hyperactive 

bladder.145   
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It can be concluded that the precise mechanisms of bowel-bladder neural cross-talk is 

not fully understood. Convergence of sensory information from the bladder and the 

colorectum is assumed to be mediated via both the peripheral and central mechanisms 

of afferent stimulus processing.50, 148 The first level includes the existence of 

dichotomizing afferent nerves in the DRGs travelling to both the colon and bladder.22 

Stimulation of colon afferents may affect bladder activity via antidromic action potential 

propagation (axon-reflex) that triggers the release of neurotransmitters and peptides in 

the bladder (figure 1.6, path 1).23 The second level of cross-talk is at the spinal cord, 

where colon and bladder afferent nerves converge on the same spinal interneuron 

(figure 1.6, path 2).149, 150 A third level of convergence is at the supraspinal level (figure 

1.6, path 3). There is evidence for the convergence of bladder and colon input on 

neurons in Barrington’s nucleus (the PMC), the medullary lateral reticular nucleus, 

thalamus and amygdala.50, 148 

Neural cross-talk might also occur in the autonomic peripheral ganglia. Keast et al. have 

shown via a dye injection study that the MPG of the rat contains neurons projecting to 

the colon and the bladder.125 Afferent collaterals or intestinofugal neurons from the 

colon projecting to the inferior mesenteric and pelvic ganglion, described in paragraph 

1.6, might influence bladder post-ganglionic transmission affecting bladder activity.148  

 

 

 



Chapter 1  

36 
 

 

Figure 1.6 Schematic representation of convergent afferent pathways. Image by Malykhina et al. (2007)
50

 
Convergent neurons are shown by a “star” symbol. (1) Convergence of sensory neural pathways within a 
dorsal root ganglion (purple route). (2) Convergence of afferent information in the spinal cord (blue route). 
(3) Convergence of afferent inputs from two different pelvic organs in the brain (green route). Orthodromic 
propagation of the action potential from pelvic organs to the points of convergence is depicted by solid lines 
and arrows. Anterograde action potential propagation from the brain, the spinal cord and dorsal root 
ganglion to the periphery is shown by dotted lines. DRR = Dorsal Root Reflexes 
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1.8 Aims and Outline 

Lower urinary tract (LUT) physiology is under the control of complex interactions 

between both sensory and motor systems communicating at different central and 

peripheral levels. These interactions are still not fully understood, but are important to 

develop knowledge about the generation of LUT dysfunction, due to disturbances of 

these sensory-motor cross-talk mechanisms.   

As described in Chapter 1, OAB pathology is a highly prevalent LUT dysfunction, 

especially in older people, that has a great impact on the quality of life. A link between 

urgency symptoms and detrusor overactivity (urodynamically observed involuntary 

bladder contractions), a sensory and motor component, has been suggested. However, 

the pathophysiology of OAB is not entirely understood. It is therefore important to 

further investigate the mechanism of NVA, the motor component of a motor-sensory 

system, occurring during the bladder filling phase in normal subjects. Modulation of this 

mechanism might be responsible for the generation of OAB. 

Furthermore, sensory information from an adjacent pelvic organ (e.g. the colorectum) 

might also influence LUT function and may contribute to the development of OAB. More 

experimental studies are necessary to clarify the pathways through which the LUT and 

colorectum interact and to identify possible ways to modulate these pathways. 

Neural connectivity of the nerve supply to the bladder is similar across species. 

Therefore rodent models, especially rats, are widely used to investigate LUT 

physiology.151 In this thesis, both rats and guinea pigs were used. Guinea pigs are more 

similar to humans since their bladders contain intramural ganglia. However, it should be 

considered during the interpretation of the results, that rodent models cannot be fully 

translated to human.  

In Chapter 2, the pharmacological actions of the non-selective β-adrenoceptor agonist, 

isoprenaline, and the β3-selective adrenoceptor agonist, mirabegron, have been 

determined on the autonomous activity in the isolated bladder preparation of the rat 
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and guinea pig. The effect of these β-adrenoceptor agonists on the intrinsic autonomous 

bladder activity (dependent on bladder volume) was observed and compared with the 

effect on the intrinsic autonomous activity augmented by muscarinic stimulation. The 

latter might reflect the situation in OAB, in which a shift of balance might occur by 

excessive excitatory inputs leading to detrusor overactivity. Both rats and guinea pigs 

were used due to differences in microanatomy. As summarized in Chapter 1, the rat 

bladder wall consists of a modular structure of detrusor cells and interstitial cells 

communicating with nerves and the urothelium, while the guinea pigs also contain 

intramural ganglia. By these means, the involvement of different structural components 

within the bladder wall in the modulation of a motor-sensory system by these β-

adrenoceptors could be determined. Furthermore, this study might give further insights 

in the therapeutic actions of mirabegron, a drug clinically approved for the treatment of 

OAB. 

The adrenergic signaling elements residing in the bladder wall that might be involved in 

the modulation of the autonomous activity in the rat have been structurally determined 

by immunohistochemistry in Chapter 3. 

In Chapter 4 the role of the parasympathetic and sympathetic system and the impact of 

the pelvic ganglia on the modulation of NVA has been observed by determining the 

effects of subsequent transections of the hypogastric and pelvic nerves and the removal 

of the MPGs in the rat.  

The next part focuses on pelvic organ cross-talk mechanisms. An IRVR has been 

described before in the rat using a standardized CRD at a noxious pressure (60 mmHg) 

and an isovolumetric cystometry model with ligated urethra.146 In Chapter 5, this IRVR 

was compared with the effect of a noxious CRD on bladder activity measured using a 

cystometry model with open urethra, which occurs naturally.  

Finally in Chapter 6, the results from this thesis are discussed and concluding remarks 

and future perspectives are presented. 
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2.1 Abstract 

Background and aims: β3-adrenoceptor agonists influence overactive bladder in humans 

and animal models. However, data are emerging that the mode of action of these drugs 

is complex. The present study explored the actions of the β3-adrenergic agonist 

mirabegron and the non-selective agonist isoprenaline on the contractile systems in the 

rat and guinea pig bladder.  

Methods: Intravesical pressure was measured in isolated whole bladders from female 

adult animals. In both species spontaneous contractile activity was observed. The 

muscarinic agonist arecaidine produced complex responses consisting of an initial 

transient pressure rise followed by complex phasic activity. Three contractile elements 

were identified: intrinsic micro-contractile activity, initial transient response and steady 

state phasic activity. The intrinsic and steady state activity could be further divided into 

a baseline pressure with superimposed phasic activity. The effects of isoprenaline and 

mirabegron where investigated on these elements.   

Results: In the rat, the micro-contractile activity could be completely inhibited by 

isoprenaline (full agonist). The arecaidine-induced initial and steady state baseline 

pressures were partially reduced, while the phasic activity was little affected. In the 

guinea pig, both the arecaidine-induced baseline pressure and the phasic activity were 

affected by isoprenaline. Mirabegron didn’t produce significant inhibitory effects in any 

of the contractile elements in either species. 

Conclusions: These results show that complex contractile systems operate in the rat and 

guinea pig bladder that can be modulated by β1/β2-adrenoceptor mechanisms. No 

evidence was obtained for any β3-dependent regulation of contraction. These data 

support similar data in humans. Therefore the primary site of therapeutic action of β3-

adrenergic agonists remains unknown.  
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2.2 Introduction 

Small contractile events have been recorded in the bladder during urine storage in 

different species including: cat,1 rat,2 guinea pig,3 and human4. Such activity increases in 

amplitude and frequency as the bladder fills, but it is not associated with urine loss. 

Consequently, it has been described as non-voiding activity (NVA). This NVA has been 

demonstrated to be linked to bursts of afferent activity.5, 6 Taken together, these 

observations have led to the concept that NVA forms the motor component of a motor-

sensory system that sends information related to bladder volume to the central nervous 

system.7 Therefore, the mechanisms generating and modulating NVA may be of 

fundamental importance in bladder physiology and the generation of bladder sensation. 

Spontaneous micro-contractions (MC) or autonomous activity has been recorded from 

isolated strips and were thought to be related to NVA.7, 8 The mechanisms underlying 

this autonomous activity in muscle strips differ from the in vivo NVA, because of the lack 

of central input. A myogenic origin of activity was suggested.9 More recently, the idea 

has been introduced that the spontaneous MC are generated and coordinated in the 

mouse and rat by a specialized system of interstitial cells.10, 11 A similar situation has 

been proposed in the guinea pig but in this species an additional role for the intramural 

ganglia has been postulated.7, 12 Therefore, by studying whole isolated bladder 

autonomous activity, more integrated responses responsible for the generation of 

bladder sensation could be observed. The rat bladder is devoid of ganglia and so 

experiments on the whole bladder may reveal information on the interstitial cell 

network. In the guinea pig, where there are intramural ganglia, experiments in the 

whole bladder may shed light not only on the interstitial cell network but also on the 

role of the ganglia. For these reasons it is essential to study the two species in parallel. 

Recently, interest in the peripheral control of bladder sensation has intensified following 

the addition of β3-selective adrenoceptor agonists to pharmacotherapy in overactive 

bladder (OAB) treatment. Drugs such as mirabegron have been reported to decrease 

voiding frequency, reduce incontinence episodes and consequently, improve quality of 
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life.13, 14 Although these drugs were designed to relax the detrusor via a direct action on 

detrusor cell β3-adrenoceptors and so alleviate the symptoms of overactivity,15 evidence 

is now emerging that additional modes of actions should be considered. The plasma 

concentrations of therapeutic doses of mirabegron are in the order of 30-75 nM.16 In 

this concentration range, little relaxation can be seen in carbachol-induced contractions 

in isolated strips of human bladder.17 Parallel experiments have also been done on 

isolated strips of the rat bladder demonstrating little or no effect of mirabegron.18, 19 The 

implication is that mirabegron does not therapeutically act on the smooth muscle. 

Alternative ideas have been put forward regarding the mode of action of mirabegron, 

for example, afferent recording from mechanosensitive afferents have been shown to 

be decreased in the presence of mirabegron, an effect possibly linked to inhibition of 

MC activity.20 In an obstructed rat model, it was shown that mirabegron reduced NVA, 

having little effect on detrusor contractility during voids, suggesting that this motor-

sensory system might be a potential therapeutic target for β3-selective adrenoceptor 

agonists.21 In addition, other targets have been suggested that include the urothelium,22, 

23 or pelvic ganglia24. However, with these additional speculative mechanisms the 

precise nature of the adrenergic component of the overall physiological system remains 

to be fully characterized (see ref 25 for an overview). 

Clearly there is some controversy regarding the mode of action of the sympathetic 

system and adrenergic agonists in the bladder wall. The present study was done to 

explore this question using isolated rat and guinea pig bladders, to characterize in 

greater detail the actions of the selective β3-adrenoceptor agonist mirabegron in the 

bladder wall and compare this to the actions of isoprenaline, a non-selective β-

adrenergic agonist. 
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2.3 Materials and methods 

2.3.1 Animals 

The protocol was approved by the Animal Ethics Committee of the University of 

Antwerp (EC 2013-37). Experiments were done in accordance with the European 

Communities Council Directive (89/609/EEC) on the protection of animals used for 

experimental and other scientific purposes. Female Sprague-Dawley rats (n=11) and 

Dunkin Hartley guinea pigs (n=9) weighing 200-250 g were used. The animals were kept 

under standard laboratory conditions with a cycle of 12h light and 12h darkness and free 

access to food pellets and tap water. The animals were killed using CO2 and cervical 

dislocation.  

2.3.2 Isolated whole bladder preparation 

The procedures for whole bladder isolation have been described before.26 The urinary 

bladder and urethra were removed and placed in Krebs solution: (mM) NaCl 114, KCl 

4.7, CaCl2 2.5, MgSO4 1.2, KH2PO4 1.2, NaHCO3 25, glucose 11.7, ascorbic acid 1.1 gassed 

with 95% O2 and 5% CO2 at 37°C (pH=7.4). A BD Insyte-WTM intravenous bladder 

catheter (rat: 22 gauge; ø 0.5 mm and guinea pig: 16 gauge; ø 1.7 mm) was inserted 

transurethrally and secured at the bladder neck using a thread ligature (Silk 4-0). 

Residual urine was removed using Krebs solution. The bladder was transferred to a 

heated organ bath (volume 20 ml, 37°C) gassed with Krebs solution. The catheter was 

connected to a pressure transducer (Emka-technologies, France) and a NE-1000 syringe 

pump (New Era Pump Systems, Farmingdale, New York, USA) via three-way stopcocks. 

All data were monitored with time using WINDAQ DI-710 data acquisition (Dataq 

Instruments, Inc., Akron, OH, USA).   

2.3.3 Study protocols 

The bladder was filled until spontaneous micro-contractile (intrinsic) activity was 

observed: 400-600 µl in rats and 1000-1200 µl in guinea pigs. These volumes are normal 

voiding volumes for rats and guinea pigs.27, 28 Before starting manipulations, the bladder 
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was left to equilibrate for at least 20 minutes. All drugs were added to the solution 

bathing the serosal surface of the bladder.  

Protocol 1: In these experiments the responses of the isolated bladder to the muscarinic 

agonist, arecaidine but-2-ynyl ester tosylate (Tocris, UK) were determined. Arecaidine 

concentrations of 30, 100, 300 and 1000 nM were administered for 300 s in the rat and 

500 s in the guinea pig in intervals of 300 s in the rat and 500 s in the guinea pig, with 

Krebs washes in between (see figure 2.1 A for further details). 

Protocol 2: In these experiments an arecaidine concentration of 300 nM was present 

throughout the whole experiment. After a 300 or 500 s control period of exposure to 

arecaidine (300 nM), a β-adrenergic agonist: isoprenaline hydrochloride (Sigma Aldrich, 

Belgium) or mirabegron (Kemprotec Limited, UK) was added cumulatively, at increasing 

concentrations (0.001, 0.01, 0.1, 1 and 10 µM) without washing off the arecaidine. 

During this protocol (see figure 2.6 A,B and figure 2.7 A,B), changes of the arecaidine-

induced steady state response, which includes the overall bladder pressure and phasic 

activity, can be observed.  

Protocol 3: A last set of experiments were set up to evaluate the effect of the β-

adrenergic agonists on the intrinsic activity and both the initial and steady state 

arecaidine-induced responses of the isolated bladder. In each experiment, an initial 

control response to arecaidine (300 nM) was elicited for 300 or 500 s. After removing 

the agonist from the bathing solution, bladder activity returned to baseline (intrinsic) 

activity for 300 or 500 s and was subsequently exposed to isoprenaline or mirabegron 

for 300 or 500 s. A second exposure to the same concentration of arecaidine was given 

for 300 or 500 s and the effect of isoprenaline or mirabegron determined. During the 

subsequent wash period, isoprenaline or mirabegron was added to the bathing solution 

at a concentration equal to the one given before the second arecaidine administration. 

This sequence was then repeated for increasing concentrations of isoprenaline or 

mirabegron (0.01 to 10 µM). Original records using this protocol are illustrated in figure 

2.2 A-2.5 A. 
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2.3.4 Data analysis 

Bladder pressure was analyzed using chart software, AD-instruments. The responses are 

characterized by slow changes in pressure upon which high frequency MC events are 

visible. In order to isolate different components, the slower component and the high 

frequency MC element, the records were filtered and subtracted according to the 

method previously described18. Briefly, the original record was smoothed (Triangular 

(Barlett) Window, running smoothing average using 5555 data points for rat data and 

33333 for the guinea pig, sampling rate 1000 Hz) to determine an estimate of the 

underlying slow pressure change, baseline pressure. Baseline pressure measurements 

were measured before arecaidine application (intrinsic response), immediately after the 

arecaidine application and in the steady state. The high frequency activity was 

quantified using the subtracted records (raw data – smoothed data) by determining the 

integral of the activity (area under the curve (pressure x time)). In the rat, the integral 

was determined over a 150 second sampling interval from both the intrinsic activity in 

the absence of agonist and the steady state during arecaidine application. In the guinea 

pig, the integral of the arecaidine-induced phasic activity was determined over a 250 

second sampling interval. 

Since contractile responses are variable between different bladders, treatments were 

compared within each bladder, using normalization to a control value before β-

adrenergic agonist addition.  

2.3.5 Statistical analysis 

For the arecaidine concentration response curves and the inhibitory effects of 

isoprenaline and mirabegron the data are expressed as mean ± standard deviation (SD) 

and were analyzed using Graphpad Prism 6. The differences between means were 

analyzed using repeated measures ANOVA with post hoc Dunnett correction. The level 

for significance was set at 0.05. These statistics were done in first instance to confirm 

the effect of the specific agonist concentrations compared with the control response. 
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Secondly, they were done to identify the shape of the concentration response 

relationships. In addition, the pIC50 values were given and measured from non-linear 

curve fitting (variable slope) of the concentration response curves using Graphpad Prism 

6. 

2.4 Results 

2.4.1 Responses of the isolated bladder to the muscarinic agonist arecaidine 

Figure 2.1 shows the effects of different arecaidine concentrations applied to isolated 

rat (figure 2.1 A) and guinea pig (figure 2.1 D) bladders. In each preparation, complex 

changes of intravesical pressure are apparent. In the rat as previously reported,11, 18 in 

the absence of any agonist intrinsic small MC that range in amplitude from 0.1 to 2 

cmH2O are apparent (figure 2.1 B). During prolonged exposure to the muscarinic agonist 

arecaidine the responses can be separated into two phases: an initial (I) and steady state 

response (S), consisting of phasic bladder contractions (figure 2.1 C). These contractions 

are rapid and vary considerably in amplitude. In the guinea pig, the intrinsic activity, in 

the absence of agonist is variable and different from that in the rat. Occasionally, small 

slow transients of uniform amplitude approximately 1.5 cmH2O were seen (figure 2.1 E) 

(see ref 26). During arecaidine application there was an initial rapid rise in pressure with 

superimposed small phasic contractions (figure 2.1 F). With continued exposure the 

baseline pressure fell, on which there were now superimposed slow transients that 

appeared to become more regular. A full analysis of this is previously described.29  

The combined data from seven rat bladders (figure 2.1 G) and eight guinea pig bladders 

(figure 2.1 H) are shown. As the arecaidine concentration is increased, bladder pressure 

of the initial and steady state responses increased. This pressure increase was less 

pronounced in the guinea pig bladder. The phasic activity that results from prolonged 

agonist exposure was also affected. In the rat, the integral of phasic activity increased 

until 300 nM, but no further increase was seen at 1000 nM. In the guinea pig there was 
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a similar concentration-dependent increase in the integral of the phasic activity. 

However, no maximum was observable within the concentration range studied. 

 

Figure 2.1 Concentration-dependent effects of arecaidine in an isolated rat and guinea pig bladder. 
Figures A-C and G represent rat bladder data; Figures D-F and H illustrate guinea pig data. A and D are 
sections of the original records. B and E are sections of the original records indicated by the grey bars on an 
expanded time scale illustrating the intrinsic micro-contractions (MC) in the rat and guinea pig, respectively. 
C and F are sections of the original record on an expanded time scale illustrating the arecaidine responses at 
increasing concentrations (30 nM, 100 nM, 300 nM and 1000 nM) in the rat and guinea pig, respectively. 
The MC, the initial arecaidine response (I) and the steady state arecaidine response (S) are indicated. The 
broken lines indicate arecaidine administration and Krebs wash after response. G and H: an analysis of 
responses from different bladders to arecaidine (seven rat bladders; eight guinea pig bladders) which 
demonstrates an increase of the initial (square) and the steady state (triangle) baseline pressure in the rat 
(G) and guinea pig (H). The integral of phasic activity during the steady state response (triangle) reaches a 
plateau at higher arecaidine concentrations in the rat (C; 300 versus 1000 nM), while in the guinea pig the 
phasic activity increased at these high concentrations (E). Values are mean ± SD.  
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2.4.2 Effects of the β-adrenergic agonists: isoprenaline and mirabegron 

The effect of isoprenaline on the intrinsic and arecaidine (300 nM) induced activity of a 

rat bladder is shown in figure 2.2. Isoprenaline exposure significantly decreased the 

intrinsic, initial and steady state baseline pressure responses in a concentration-

dependent manner (figure 2.2 A, 2.2 C). Curve fitting these data is difficult to the fact 

that isoprenaline is only a weak partial agonist. However, best estimates of pIC50 values 

for the intrinsic baseline pressure and the initial arecaidine-induced baseline pressure 

are 7.2±0.25 and 7.0±0.13, respectively. It was not possible to curve fit the data for the 

steady state arecaidine-induced baseline pressure. In contrast, isoprenaline appeared to 

be a full agonist on the MC activity with a pIC50 of 7.4±0.21 (figure 2.2 B, 2.2 D). No 

significant decrease of the arecaidine-induced phasic activity was observed and curve 

fitting for this parameter was impossible (figure 2.2 D). 

An example of the effects of mirabegron on the intrinsic and arecaidine (300 nM) 

induced activity of a rat bladder is shown in figure 2.3. The preparations appear not to 

be sensitive to mirabegron such that there are no obvious concentration-dependent 

effects on the baseline pressure, the phasic activity in the steady state and the MC 

activity. The small inhibitions seen on 10 µM are likely to be a non-specific effect. 

Attempts to curve fit the data, using a standard receptor binding curve, was not possible 

(see figure 2.3 C, D).  
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Figure 2.2 The effects of increasing concentrations of isoprenaline on intrinsic micro-contractions and 

arecaidine response in a rat bladder. A illustrates an entire experimental run, showing the effects of three 
concentrations of isoprenaline (0.01, 0.1 and 1µM) on the intrinsic activity and arecaidine response (300 
nM). The broken lines indicate isoprenaline administration (I), arecaidine administration (II) and Krebs wash 
(III). B shows a section of the record illustrated in A on an expanded time scale, which compares the intrinsic 
activity before and after isoprenaline (1 µM) administration. C presents summary data from six rat bladders 
showing a concentration-response curve illustrating the effects of isoprenaline on the baseline pressure of 
the intrinsic activity (circle) and the initial (square) and steady state arecaidine response (triangle). A 
significant difference compared with the control was seen at a concentration equal to and greater than 0.1 
µM (p<0.05) for each parameter. D, Evaluation of the effect of isoprenaline on the integral of intrinsic micro-
contractions (MC) (circle) and arecaidine-induced phasic activity (triangle) in six isolated rat bladders. The 
MC are significantly decreased compared with the control at a concentration greater than or equal to 0.1 
µM (p<0.05). Values are mean ± SD. Data are expressed as relative pressure and relative integral as it is 
normalized to control responses in the absence or presence of 300 nM arecaidine before isoprenaline 
addition. The mean ± SD of these control values are given to illustrate variability between animals and 
justify normalization. Intrinsic baseline: 8.66±1.46 cmH2O, Initial baseline: 35.36±8.21 cmH2O, Steady state 
baseline: 22.44±5.5 cmH2O, Intrinsic MC: 193±105 cmH2O.sec, Steady state phasic: 1058.97±399.214 
cmH2O.sec.* indicates significant difference (p < 0.05; repeated measures ANOVA with post hoc Dunnett 
correction). 
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Figure 2.3 The effects of increasing concentrations of mirabegron on intrinsic micro-contractions and 
arecaidine response in a rat bladder. A illustrates an entire experimental run, showing the effects of four 
concentrations of mirabegron (0.01, 0.1, 1 and 10 µM) on intrinsic activity and arecaidine response (300 
nM). The broken lines indicate mirabegron administration (I), arecaidine administration (II) and Krebs wash 
(III). B shows a section of the record illustrated in A on an expanded time scale, which compares the intrinsic 
activity before and after mirabegron (10 µM) administration. C presents summary data from five rat 
bladders showing a concentration-response curve illustrating the effects of mirabegron on the baseline 
pressure of intrinsic activity (circle), initial arecaidine response (square) and steady state arecaidine 
response (triangle). A significant decrease of the arecaidine-induced initial and steady state baseline was 
observed only at the highest concentration (10µM; p<0.05). D, Evaluation of the effect of mirabegron on the 
integral of intrinsic micro-contractions (circle) and arecaidine-induced phasic activity (triangle) in five 
isolated rat bladders. The intrinsic MC were significantly decreased only at the highest concentration (10µM; 
p<0.05). Values are mean ± SD. Data are expressed as relative pressure and relative integral as it is 
normalized to control responses in the absence or presence of 300 nM arecaidine before mirabegron 
addition. The mean ± SD of these control values are given to illustrate variability between animals and 
justify normalization. Intrinsic baseline: 6.9±2.9 cmH2O, Initial baseline: 32.5±6.1 cmH2O, Steady state 
baseline: 21.4±2.2 cmH2O, Intrinsic MC: 193.8±68.9 cmH2O.sec, Steady state phasic: 1030.94±627.11 
cmH2O.sec.* indicates significant difference (p < 0.05; repeated measures ANOVA with post hoc Dunnett 
correction). 
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Figures 2.4 and 2.5 illustrate the effect of isoprenaline and mirabegron on the arecaidine 

(300 nM) response in a guinea pig bladder. In contrast with the rat, no significant effects 

on the intrinsic baseline pressure were observed. The intrinsic MC activity was not 

studied in further detail due to difficulties with washing of the arecaidine.30 In each 

figure, panels A show the entire experiment and B an example of responses at the 

highest concentrations of isoprenaline and mirabegron.  

As in the rat, the responses to arecaidine and the inhibitions induced with isoprenaline 

are complex. Therefore we have analyzed a similar range of parameters in order to gain 

insight into the underlying mechanisms. Data accumulated from 6 different experiments 

are illustrated in panels C and D. Isoprenaline significantly reduced the arecaidine-

induced initial and steady state baseline pressure (figure 2.4 C). A more detailed analysis 

of the phasic activity using the integral of activity, the product of amplitude and 

frequency, showed a significant reduction with isoprenaline (figure 2.4 D). This effect 

appears to be due to a reduction in both amplitude and frequency. The individual pIC50 

values for the initial and steady state baseline pressures and for the integral, maximum 

amplitude and the frequency of the phasic activity were 6.7±0.15, 6.8±0.1, 6.6±0.1, 

6.6±0.35 and 6.4±0.38, respectively. It would appear that isoprenaline inhibits the 

arecaidine-induced activity in a concentration-dependent manner such that isoprenaline 

is a partial agonist.  
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Figure 2.4 The effects of increasing concentrations of isoprenaline on intrinsic micro-contractions and 
arecaidine response in a guinea pig bladder. A, illustrates an entire experimental run showing the effects of 
four concentrations of isoprenaline (0.01, 0.1, 1 and 10 µM) on intrinsic activity and arecaidine response 
(300 nM). The broken lines indicate isoprenaline administration (I), arecaidine administration (II) and Krebs 
wash (III). B shows a section of the record illustrated in A on an expanded time scale, which compares the 
arecaidine response before and after isoprenaline (10 µM) administration. C presents summary data from 
six guinea pig bladders showing a concentration-response curve illustrating the effects of isoprenaline on 
baseline pressure of the initial arecaidine response (square) and steady state arecaidine response (triangle). 
Isoprenaline significantly reduced the baseline pressure of the initial arecaidine response at a concentration 
≥ 1µM (p<0.001) and of the steady state arecaidine response at a concentration ≥ 0.1µM (p<0.01). D, 
Evaluation of the effect of isoprenaline on the integral, maximum amplitude and the frequency of 
arecaidine-induced phasic activity in six isolated guinea pig bladders. The integral of the phasic activity was 
significantly reduces at a concentration ≥ 0.1µM (p<0.05). Values are mean ± SD. Data are expressed as 
relative pressure and normalized response, including the relative integral, relative maximum amplitude and 
relative frequency as it is normalized to control responses of 300 nM arecaidine before isoprenaline 
addition. The mean ± SD of these control values are given to illustrate variability between animals and 
justify normalization. Initial baseline: 15.9±8.4 cmH2O, Steady state baseline: 8.7±3.1 cmH2O, Integral 
phasic: 1209.3±484.5 cmH2O.sec, Maximum amplitude phasic: 26.7±11.1 cmH2O, Frequency phasic: 2.2±0.8 
peaks/min. * indicates significant difference (p < 0.05; repeated measures ANOVA with post hoc Dunnett 
correction). 
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Mirabegron had no recognizable effect on all parameters measured (figure 2.5). Indeed 

the data show no concentration-dependent decreases (figure 2.5 C, D). Consequently, it 

is not possible to fit the data to any classical model of agonist receptor binding 

interaction. Therefore the small effect seen at the highest concentration (10 µM) is 

indicative for a non-specific mirabegron effect.  

 

Figure 2.5 The effects of increasing concentrations of mirabegron on intrinsic micro-contractions and 
arecaidine-induced contractions in a guinea pig bladder. A, illustrates an entire experimental run showing 
the effects of four concentrations of mirabegron (0.01, 0.1, 1 and 10 µM) on intrinsic activity and arecaidine 
response (300 nM). The broken lines indicate mirabegron administration (I), arecaidine administration (II) 
and Krebs wash (III). B shows a section of the record illustrated in A on an expanded time scale, which 
compares the arecaidine response before and after mirabegron (10 µM) administration. C presents 
summary data from six guinea pig bladders showing a concentration-response curve illustrating the effects 
of mirabegron on baseline pressure of the initial arecaidine response (square) and steady state arecaidine 
response (triangle). The baseline pressure of the initial arecaidine response significantly decreased only at 
the highest concentration (10µM, p<0.01). D, Evaluation of the effect of mirabegron on the integral, 
maximum amplitude and frequency of arecaidine-induced phasic activity in six isolated guinea pig bladders. 
Values are mean ± SD. Data are expressed as relative pressure and normalized response, including the 
relative integral, relative maximum amplitude and relative frequency as it is normalized to control responses 
of 300 nM arecaidine before mirabegron addition. The mean ± SD of these control values are given to 
illustrate variability between animals and justify normalization. Initial baseline: 16.7±5.7 cmH2O, Steady 
state baseline: 9.8±2.7 cmH2O, Integral phasic: 1081.2±364.7 cmH2O.sec, Maximum amplitude phasic: 
23.0±5.6 cmH2O, Frequency phasic: 2.76±1.1 peaks/min. * indicates significant difference (p < 0.05; 
repeated measures ANOVA with post hoc Dunnett correction).   
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2.4.3 Cumulative effects of β-adrenergic agonists on the steady state response 

The effects of isoprenaline and mirabegron, cumulatively added, on the phasic activity of 

a rat bladder generated by arecaidine (300 nM) are shown in figure 2.6 A and figure 2.6 

B, respectively. As previously noted in the rat, the agonist induced responses in the 

steady state are highly complex and variable making it difficult to analyze. However, 

attempts to analyze this complex data show that isoprenaline decreased the arecaidine 

induced baseline pressure in a concentration dependent manner with a pIC50 of 7.3±0.1. 

A pIC50 value can also be obtained by curve fitting for the effect of mirabegron on 

baseline pressure (pIC50 value of 6.3±0.15), which is significantly different from that of 

isoprenaline (p<0.001). However, examination of the data would suggest that this is not 

a typical concentration-dependent curve and reflects a more non-specific action of 

mirabegron. Measurements of the integral of phasic activity (figure 2.6 D) show a higher 

level of variability and complex effects of each β-adrenergic agonist such that the 

determination of pIC50 values was unreliable.  

In the guinea pig (figure 2.7), in the presence of 300 nM arecaidine, isoprenaline reduced 

the steady state baseline pressure and the superimposed phasic activity, defined by the 

integral, frequency and maximum amplitude of the phasic contractions in a concentration 

dependent manner. In each case isoprenaline acted as a partial agonist with a pIC50 value of 

6.7±0.1 for the baseline pressure and 6.6±0.1, 6.9±0.2 and 6.2±0.3 for the integral, 

frequency and maximum amplitude of the phasic activity, respectively. No significant effects 

of mirabegron were observed and no curve fitting was possible (figure 2.7 C-F). 
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Figure 2.6 The cumulative effects of increasing concentrations of isoprenaline and mirabegron on the 

arecaidine (300 nM) induced contractions in a rat bladder. A and B are sections of original records. C and D 

present summary data from rat bladders, showing a concentration-response curve illustrating the effects of 

isoprenaline (n = 6) and mirabegron (n = 5) on baseline pressure of the arecaidine-induced steady state 

response (C) and the integral of phasic activity (D). Isoprenaline significantly reduced the baseline pressure 

at a concentration ≥ 0.001µM (p<0.001), while mirabegron reduced the baseline pressure and the integral 

of the phasic activity only at the highest concentrations ≥ 1µM (p<0.05). Values are mean ± SD. Data are 

expressed as relative pressure and relative integral as it is normalized to control responses of 300 nM 

arecaidine before isoprenaline or mirabegron addition. The mean ± SD of these control values are given to 

illustrate variability between animals and justify normalization. Isoprenaline: Steady state baseline: 20.2±3.8 

cmH2O, Integral phasic: 972.4±328.6 cmH2O.sec; Mirabegron: Steady state baseline: 18.5±2.2 cmH2O, 

Integral phasic: 1021.2±268.5 cmH2O.sec. * indicates significant difference (p < 0.05; repeated measures 

ANOVA with post hoc Dunnett correction). Horizontal dotted line: intrinsic baseline pressure before 

arecaidine administration.  



 

  

 

 

 

 

 

 

 

 

 

 

Figure 2.7 The cumulative effects of increasing concentrations of isoprenaline and mirabegron on the arecaidine (300 nM) induced contractions in a 
guinea pig bladder. A and B, sections of original records.  C-F presents summary data from guinea pig bladders, showing a concentration-response curve 
illustrating the effects of isoprenaline (n = 6) and mirabegron (n = 6) on baseline pressure of the arecaidine-induced steady state response (C) and the 
integral (D), frequency (E) and maximum amplitude (F) of phasic activity. Isoprenaline significantly reduced both the baseline pressure (p<0.01) and the 
integral and frequency of the phasic activity (p<0.05) at a concentration ≥ 0.01. The maximum amplitude was significantly reduced only at the highest 
concentration of 10 µM (p<0.05). Values are mean ± SD. Data are expressed as relative pressure, relative integral, relative frequency and relative 
maximum amplitude as it is normalized to control responses of 300 nM arecaidine before isoprenaline or mirabegron addition. The mean ± SD of these 
control values are given to illustrate variability between animals and justify normalization. Isoprenaline: Steady state baseline: 10.6±2.6 cmH2O, Integral 
phasic: 1558.5±458.8 cmH2O.sec, Frequency phasic: 3.0±0.7 peaks/min, Maximum amplitude phasic: 24.2±11.4 cmH2O; Mirabegron: Steady state baseline: 
10.4±1.9 cmH2O, Integral phasic: 1211.2±265.4 cmH2O.sec, Frequency phasic: 2.4±0.6 peaks/min, Maximum amplitude phasic: 23.0±3.8 cmH2O. * indicates 
significant difference (p < 0.05; repeated measures ANOVA with post hoc Dunnett correction). Horizontal dotted line: intrinsic baseline pressure before 
arecaidine administration. 
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2.5 Discussion 

Previous guinea pig studies have shown that exposure of the whole isolated bladder to 

arecaidine, resulted in complex transient rises in intravesical pressure.26, 29 In the present 

study, comparisons were made between the arecaidine-induced responses in isolated 

rat and guinea pig whole bladder preparations. Species differences were found.  

As previously described in rat detrusor strips, upon immediate arecaidine application, a 

burst of small, high frequency MC was identified that fuse to generate a contracture at 

high agonist concentrations.18 The current study confirmed a large contracture during 

the initial arecaidine response at high concentrations in both species. In the rat this 

appeared to be a smooth contraction while in the guinea pig it appeared to consist of a 

fusion of small rapid contractions. In the guinea pig the pressure subsequently fell to 

almost baseline values on which large transients were superimposed. In this phase in 

the rat the pressure remained elevated and the superimposed phasic responses were 

complex and more variable. These differences must reflect the differences in the 

microanatomy of each species and modes of activation of the detrusor.  

The muscarinic agonist, arecaidine, has been used in the present study. This agonist is 

more selective for muscarinic receptors compared to carbachol with a greater selectivity 

for the M2 than the M3 receptor.30 However, similar responses of both agonists have 

been described before in isolated bladder preparations.18, 29  

A role for a complex network of interstitial cells that surround and infiltrate the muscle 

bundles has been suggested to be involved in the generation of the muscarinic 

dependent phasic contractions found in the current study.18, 31, 32 Interstitial cells were 

found to be excitable and able to transmit their electrical activity to the detrusor cells 

via gap junctions to generate propagating waves of contraction in the bladder wall.26, 33, 

34 It has been speculated that such an agonist stimulated, phasic and coordinated 

phenomenon of contractions may be related to the NVA seen during cystometric studies 

in conscious animals21 and might be involved in the generation of bladder sensations.7, 25 
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As described above there are clear differences in the contractile responses to arecaidine 

between the rat and guinea pig. The specific mechanisms underlying these differences 

are not known. It should be noted that the guinea pig bladder has been suggested to be 

organized into modules and that the intramural ganglia may represent local circuits 

which may coordinate activity.35 Direct evidence for this role of the ganglia was obtained 

by comparing muscarinic responses in guinea pig bladder strips with a low and high 

density of intramural ganglia.36 In strips that contain ganglia the activity consists of 

phasic contractions with little change in bladder tone. In contrast, without the ganglia 

the phasic contractions are superimposed on an increased bladder tone.  

In the rat, there are no intramural ganglia. However it has been suggested that the 

intrinsic micro-contractile activity also reflects modular structures within the bladder 

wall.11 The modules appear to be smaller and much more numerous given the 

appearance of much more complex random activity. In the rat, these modules can 

become coordinated in the presence of arecaidine and in pathological situations37 but 

remain much more complex than in the guinea pig. These observations again link to the 

conclusion that there are major differences in the structure and the elements generating 

and controlling contractile activity in the rat and guinea pig bladder.  

Appreciation of these differences is therefore crucial when attempting to interpret and 

understand the mode and site of actions of drugs and the pathological changes that 

occur in each species.  

The present study explored the possibility of β-adrenergic modulation of intrinsic micro-

contractile activity and direct muscarinic activation of the detrusor. The rat data suggest 

that isoprenaline primarily influences the system regulating intrinsic activity which is 

reflected by a major decrease in micro-contractile activity; while the arecaidine-induced 

phasic activity was little affected. Similar effects have been previously shown in rat 

bladder strips.18 These studies indicate that the mechanisms behind micro-contractile 

activity and agonist-induced phasic contractions might involve different elements. A 

switch-like contractile response to β-adrenoceptor activation depending on the 
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activation status of the detrusor by muscarinic agonists has been observed.38 These 

authors suggest that β-adrenoceptor agonists reduce micro-contractile activity during 

the filling phase and strengthen voiding contractions to assure complete bladder 

emptying. However, the nature of the observed crosstalk between β-adrenoceptor and 

muscarinic receptor signaling systems is still not understood.  

Recently, it has been illustrated that the potency of isoprenaline to reduce electrical 

field stimulation (EFS) induced contractions was lower than to reduce MC but higher 

than to reduce muscarinic agonist-induced contractions.18, 19 The reduction of MC and 

EFS-induced activity was found to be due to a β1-adrenoceptor mechanism.19 These 

contrasting isoprenaline effects were described before and were thought to involve 

interstitial cells.18 The fact that β1-adrenoceptor expression was seen on interstitial cells 

that surround the muscle bundles supports this idea (see Chapter 3).  

In comparison with the rat, in the guinea pig, there were no effects of isoprenaline on 

the intrinsic activity. However, the phasic activity induced by arecaidine is affected by 

isoprenaline. These effects appeared to be due to small decreases in the maximum 

amplitude and frequency of the phasic activity (figure 2.7), which is more dramatically 

seen when measuring the integral, the product of amplitude and frequency. Such 

differences must also reflect, as argued above, the differences in the structural and 

functional organization and the receptor expression in the bladder wall of the different 

species.  

The present data suggest that mirabegron has little effect on any of the contractile 

systems in either the rat or guinea pig bladder. It should be noted that β-adrenergic 

bladder responses are species-dependent.39 A mixed involvement of β1, β2 and β3-

adrenoceptors has been proposed in rat bladder relaxation. In the guinea pig bladder, β1 

was suggested to be more involved, while in humans the β3 subtype seems to be the 

most important.39 In the rat, non-selective actions of mirabegron via a β1-adrenoceptor 

mechanism have been reported at high concentrations.19, 40 Furthermore, additional 

non-selective actions of mirabegron have been noticed on the α1 adrenergic41 and M2 
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muscarinic receptors42 at concentrations in the micromolar range. The concentrations of 

mirabegron needed to see effects in these studies are high and above those that can be 

used to see selective β3-adrenergic effects.19 In addition these high concentrations 

exceed the concentrations that are effective in vivo.43  

In strips of human bladder similar observations have been made. Mirabegron only 

produced detectable effects at high concentrations (pIC50 of 6.23±0.26), while 

isoprenaline was more effective (pIC50 of 7.49±0.16).17 The significant effects of 

mirabegron at these concentrations are not related to the unbound drug concentrations 

in plasma (30-75 nM) reached at therapeutic doses in clinical practice,16 which revealed 

a significant decrease of OAB symptoms in patients.14 These data on human combined 

with the available data now on rat and guinea pig are leading to the conclusion that the 

site of action of mirabegron is not likely to be within the bladder wall, including the 

detrusor, the interstitial cells and the intramural ganglia.  

The sites for the therapeutic mode of action for mirabegron are currently under review. 

Data have been put forward to suggest that mirabegron has a low incidence of central 

nervous system effects at therapeutic doses.44 Therefore attention is focusing on 

mechanisms located in the periphery, such as the afferent nerve fibers20 and the motor-

sensory system.21 With respect to the motor-sensory system the idea has been put 

forward that the site of action might be within the pelvic ganglia. β3-adrenoceptor 

immunoreactivity has been detected within a group of small intensely fluorescent (SIF) 

cells in the major pelvic ganglia of the male rat, which may form part of local circuits 

involved in the regulation of bladder contractile events.24, 25 However, functional 

evidence for the role of the pelvic ganglia in the regulation of contractile activity and site 

of action of mirabegron remains to be established.  

2.6 Conclusions  

In conclusion these data show that the intrinsic and agonist-induced contractile 

responses in the rat and guinea pig are different. It is clear that within each species the 
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contractile events are complex and may involve different components. These 

components appear to have different sensitivities to cholinergic and adrenergic 

stimulation. Specifically the data support the conclusion that these contractile systems 

in the bladder wall of both species are not modulated via β3-dependent mechanisms. 

This observation is important as it suggests that the therapeutic mode of action of β3-

agonists is not in the bladder wall. Other mechanisms have been discussed.  
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3.1 Abstract 

Background and aims: A growing body of work is describing the absence of a significant 

sympathetic innervation of the detrusor implying little sympathetic regulation of bladder 

contractility. However, low doses of adrenergic agonists are capable of relaxing the 

bladder smooth muscle. If these effects underpin a physiological response then the 

cellular nature and operation of this system are currently unknown.  

Methods and results: The present immunohistochemistry study was done to explore the 

existence of alternative adrenergic signaling elements in the rat bladder wall. Using 

antibodies to tyrosine hydroxylase (TH) and vesicular mono-amine transporter (vmat), 

few adrenergic nerves were found in the detrusor although TH and vmat 

immunoreactive (IR) nerves were apparent in the bladder neck. TH-IR and vmat-IR 

nerves were however abundant surrounding blood vessels. A population of vmat-IR cells 

was found within the network of interstitial cells that surround the detrusor muscle 

bundles. These vmat-IR cells were not or only weakly TH-IR. This suggests that these 

interstitial cells have the capacity to store and release catecholamines that may involve 

noradrenaline. Cells expressing the β1-adrenoceptor (β1AR-IR) were also detected within 

the interstitial cell network. Double staining with antibodies to β1AR and vmat suggests 

that the majority of vmat-IR interstitial cells show β1AR-IR indicative of an autocrine 

signaling system. 

Conclusions: In conclusion, a population of interstitial cells has the machinery to store, 

release and respond to catecholamines. Thus, there might exist a non-neuronal β-

adrenergic system operating in the bladder wall possibly linked to one component of 

motor activity, micro-contractions, a system that may be involved in mechanisms 

underpinning bladder sensation. 
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3.2 Introduction 

It has been reported that the smooth muscle of the bladder base contains α-

adrenoceptors facilitating bladder outlet contraction while β-adrenoceptors are found in 

the lateral wall, linked to bladder relaxation.1, 2 mRNA for all three β-adrenoceptor 

isoforms (β1, β2, β3) has been identified in the detrusor.3, 4 Using selective β-

adrenoceptor agonists, it was proposed that the β3-adrenoceptor isoform was the most 

relevant in human detrusor relaxation.5-7 These conclusions led to the idea that the β3-

adrenoceptor system would be a potential therapeutic target for the management of 

bladder pathology: overactive bladder (OAB).3, 8 Indeed, drugs such as mirabegron have 

been shown to reduce symptoms of urge and frequency and to improve quality of life 

scores in patients with OAB.8  

Implicit in this concept is the idea that the β-adrenoceptors in the detrusor would be 

activated by adrenergic nerves of the sympathetic system: sympathetic activity 

promoting relaxation and enhancing bladder capacity. However, it has been 

demonstrated that there is only a sparse adrenergic innervation of the detrusor in both 

rat and human.9, 10 Thus, the nature of any physiological activation of β-adrenoceptors in 

the bladder wall is not fully understood. 

Recent observations have led to the suggestion that the organization of the contractile 

elements of the bladder wall might be more complex than previously thought.11, 12 In 

vitro data suggest that rather than being inactive until stimulated, the smooth muscle in 

the bladder wall is involved in generating complex intrinsic micro-contractile activity.13 

Such activity influences the compliance of the bladder wall, but it is also thought to be 

related to complex non-voiding contractile activity seen in vivo, that may be part of a 

motor-sensory system involved in the detection of bladder volume.12 The micro-

contractile activity may be generated within the smooth muscle cells themselves but it is 

now likely that a network of interstitial cells is involved in the generation and 

modulation of this complex activity.13-17 In isolated rat bladder strips, it has been 

reported that isoprenaline reduces this intrinsic micro-contractile activity.13, 18 Using 
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selective adrenergic receptor antagonists, it has been suggested that this inhibition is 

primarily via a β1-adrenoceptor mechanism.18  

To further understand the physiological responses found in previous functional studies, 

the present study was done to identify and characterize adrenergic nerves and signaling 

elements in the bladder wall of the rat using immunohistochemistry. This structural 

approach combined with the previous functional data reinforces the concept that the 

detrusor is controlled by complex systems influencing different physiological systems 

operating within the bladder wall.  

3.3 Materials and methods 

3.3.1 Tissue isolation and preparation 

The isolation of tissue and preparation of sections has been described in previous 

publications.19 Briefly, Wistar rats (female, n=11 weight 150-220 g) were killed by 

stunning and cervical dislocation (Approved UK Home office: scheduled 1 killing). The 

bladders were surgically removed and immersed immediately in 4% paraformaldehyde 

made up in phosphate buffer saline (PBS) for 120 minutes at 4°C. Tissues were then 

washed in PBS and incubated in solutions with progressively higher sucrose 

concentrations (10, 20 and 30%) over a period of 24 hours. This latter procedure was to 

cryo-protect tissues during freezing. Whole bladders were ‘snap frozen’ using 

isopentane cooled to freezing point with liquid nitrogen and stored at -80°C until 

needed. Tissue sections (7-8 μm) were cut at -18°C and thawed onto pre-cooled poly-

lysine coated slides. Tissue morphology was examined to confirm that gross structural 

features were intact. Slides were air dried, wrapped in moisture resistant wrap, labeled 

and stored at -80°C until used. 

3.3.2 Tissue Staining 

Stored slides were removed from the -80°C freezer, allowed to equilibrate to room 

temperature for 60 minutes, unwrapped and placed in a dry environment for a further 
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60 minutes. Slides were then washed for 5 min each in solutions of tris-buffer saline 

(TBS) and tris-buffer saline tween (TBS-T). Primary antibodies, diluted with PBS with 

Triton X-100, were then put on each slide and incubated in a humidifying chamber for 18 

hours at 4°C. Primary antibodies included against vimentin (vim) (1:5000; BioGenex; 

MU074-UC), calcitonin gene related peptide (cgrp) (1:500; Santa Cruz; sc-57053), β1-AR 

(β1 ) (1:200; Santa Cruz; sc-568), vesicular monoamine transporter 2 (vmat) (1:100; Santa 

Cruz; sc-7721), tyrosine hydroxylase (TH) (1:2000; Abcam; ab137869). After incubation 

with primary antibodies, sections were washed in TBS, TBS-T, TBS wash cycles each for 

20 minutes. Sections were subsequently incubated with the complementary secondary 

fluorescent antibodies: mouse, goat and rabbit primary antibodies were visualized using 

donkey anti-mouse/goat/rabbit IgG antibody conjugate (Molecular Probes) Alexa Fluor 

488 or 594. Secondary antibodies were applied in PBS and used at 1:500 dilutions. These 

antibodies were applied sequentially and applied for 1 hour at room temperature in a 

humidifying chamber in the dark. After each incubation, sections were washed 3x in TBS, 

TBS-T, TBS. Finally, sections were covered with Vectashield hardset mounting medium 

with DAPI (nucleic acid molecular probe stain) and a glass cover slip (24x60mm) applied. 

The specificity of the vmat and β1 antibodies were checked by pre-absorption of each 

antibody with its specific blocking peptide on to which it was raised: vmat blocking 

peptide (Santa Cruz; sc-7721P) and β1-AR blocking peptide (Santa Cruz; sc-568P). Each 

antibody was incubated overnight with an excess of its specific blocking peptide 

(antibody:blocking peptide ratio 1:30) at 4°C. Thereafter, the antibody solution or 

antibody plus peptide solution was applied to sections. 

3.3.3 Image capture 

Sections were viewed using an Olympus BX61 fluorescence microscope with x10, x20 

and x60 objectives. Images were captured using an Olympus XM10 monochrome 

camera in 16-bits digital format and examined further using Image J software (Java-

based image processing program - National Institutes of Health (US)). Images taken to 
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determine the effects of blocking peptides were taken with the same exposure as the 

control images in the absence of blocking peptide. 

3.4 Results 

In all bladder studies, antibodies to tyrosine hydroxylase (TH), a key element on the 

synthesis of noradrenaline, and to vesicular mono-amine transporter (vmat), the 

transporter responsible for the storage of mono-amines into synaptic vesicles, identified 

nerve fibers within the bladder wall. It is more than likely that these TH immunoreactive 

(TH-IR) and vmat immunoreactive (vmat-IR) fibers identify adrenergic nerves. However, 

figure 3.1 shows that the number of TH-IR fibers in the bladder wall is low and that few 

fibers are to be found within or between the muscle bundles of the lateral wall (figure 

3.1 A), or towards the base (figure 3.1 B and C). Fibers, when present, tend to run singly 

within muscle bundles, or in small groups between the bundles (figure 3.1 F and G). In 

contrast, TH-IR nerves were readily found associated with blood vessels, primarily in the 

lamina propria (figure 3.1 A-E). It was only in the bladder neck, in close proximity to the 

urethra, that a dense adrenergic innervation was found (figure 3.1 D). Thus, in the main 

body of the bladder there appears to be a minimal adrenergic input to the detrusor.  

Towards the bladder base, muscle bundles were found occasionally with a dense 

innervation of TH-IR or vmat-IR fibers (figure 3.2 A and B (*)). Such innervated bundles 

were found adjacent to bundles with no TH-IR or vmat-IR (+). The incidence of these 

densely innervated muscle bundles was low but this punctuate innervation was seen in 

all bladders examined (n=11). Figure 3.2 B illustrates that there appears to be a 

population of cells lying between the muscle bundles that are vmat-IR (o). These cells 

are not nerve fibers and nuclei are readily seen in the cell bodies. Examination of the 

same section stained to identify TH-IR failed to show a significant or detectable staining 

in these cells. These vmat-IR cells were more abundant in the lateral wall near the base. 

Figure 3.2 C shows a further example of these cells (o) and a muscle bundle with TH-IR 

and vmat-IR nerve fibers. The cells have a stellate appearance and are typically found 

singly. No innervation of these vmat-IR cells by vmat or TH fibers was noted.  
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Figure 3.1 Visualization of Tyrosine Hydroxylase immuno-reactivity (TH-IR) and vesicular mono-amine 
transporter immuno-reactivity (vmat-IR) in the bladder wall. A shows a section of the entire wall in the 
region of the lateral wall: the lumen (lum), urothelium (uro), lamina propria (lp) and detrusor (det) are 
indicated. The panel also shows TH-IR structures (red) and vmat-IR (green). Elements co-localizing appear 
yellow. TH-IR and vmat-IR fibers are seen surrounding blood vessels (bv). However, only a few TH-IR nerves 
can be seen in the detrusor layer (arrows). B illustrates a further example of a full thickness section of the 
bladder wall near the base. Few TH-IR and vmat-IR fibers are found. Note the presence of weakly staining 
isolated single cells between the muscle bundles (arrows). C and D show sections near the bladder neck. 
Close to the neck (C) there are few TH-IR and vmat-IR fibers, however at the neck (D) there is a dense 
innervation of TH-IR and vmat-IR fibers in the muscle layer (arrow). E shows a typical innervation of a blood 
vessel (TH-IR (red)). The section is also stained with cgrp (green) to identify sensory fibers. F and G show 
sections stained for TH-IR (red) and cgrp-IR (green) showing examples of the sparse nerves running within 
and between muscle bundles respectively. Calibration bars: A-D, 300 μm; E, 20 μm, F, 60 μm and G, 15 μm. 
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Figure 3. 2 Illustration of TH-IR and vmat-IR fibers and vmat-IR cells in the lateral wall of the 
bladder. A and B show respectively TH-IR and nuclear staining and vmat-IR and nuclear staining 
in the same section of the lateral wall towards the base. In A, a trabeculum with a dense 
innervation of TH-IR fibers is clearly identifiable (*). These fibers are also vmat-IR (panel B; (*)). In 
the adjacent trabeculum no fibers are seen (+). Note non-neuronal vmat-IR cells lying between 
the muscle bundles (o). These cells do not have a detectable TH-IR (o in panel A). C shows a 
section from a different bladder stained for both TH (red) and vmat (green). Nerve fibers are 
readily seen to be TH-IR and vmat-IR (*). Vmat-IR cells are also observed (o) dispersed between 
the muscle trabeculae. Calibration bars: A and B, 50 μm and C, 30 μm. 
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Further examination of these vmat-IR cells shows that they are also positive for vimentin 

(vim-IR) (figure 3.3 A). However, within any one cell there may be a region of weaker 

vmat-IR, suggesting sub-cellular localization. As also shown in figure 3.3 B and C not all 

vim-IR cells are vmat-IR suggesting that there is a sub-population of catecholamine 

related interstitial cells. These vim-IR and vmat-IR cells appear to form an 

interconnecting network of heterogeneous interstitial cells. No vmat-IR cells were seen 

to run within the muscle bundles. However, vim-IR cells and processes were found 

within muscle bundles (see also figure 3.4).  

 

These observations suggest the possibility of the storage and release of catecholamines 

within the interstitial cell network. The question then arises: ‘What is the target for this 

putative signaling system?’ Since functional studies have led to the suggestion that β1 

dependent mechanisms,18 rather than β2 or β3, are operating in the rat bladder wall, 

experiments were done to determine the presence and location of β1-adrenoceptor 

immunoreactivity (β1AR-IR). Figure 3.4 shows sections stained to locate β1AR-IR and vim-

IR. In figure 3.4 A the network of vim-IR cells is readily seen (panels (a) and (b)). β1AR-IR 

is found within this network located principally within the cell bodies of the vim-IR cells 

(panel (c) arrows). It would appear that the majority of vim-IR interstitial cells show 

β1AR-IR. The β1AR-IR does not appear to be distributed throughout the entire interstitial 

cell and regional intense β1AR staining can be seen (figure 3.4 B).  

 



Chapter 3 

82 
 

 

Figure 3. 3 Illustration of vmat-IR cells in the muscle layers of the bladder. A, left panel, 
illustrates a section stained for vmat (red), vimentin (green) and dapi (blue) (note: cells co-
localizing vmat and vim stain yellow: not all cells or processes co-localize). The middle and right 
hand panels show respectively the individual vimentin and vmat images. Examples of vmat-IR 
cells are shown (arrows). B and C illustrate the vmat-IR cells at higher magnifications. vmat-IR (*) 
and vimentin-IR cells (+) are indicated. Calibration bars: A, 40 μm; B, 15 μm and C, 5 μm 
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Figure 3. 4 Illustration of vimentin positive interstitial cells (green) demonstrating β1-adrenergic 
receptor-IR (red). A shows that the majority of vim-IR cells express β1-adrenergic receptor-IR 
(panel (c) arrows). B shows a highly magnified region from a different section from A illustrating 
the component images with β1 receptor-IR and vim-IR (+). The muscle bundles are also indicated 
(*). Calibration bars: A, 50 μm and B, 20 μm. 
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The signal interactions of these cells were explored further by combining staining for 

vmat-IR and β1AR-IR. A key observation is shown in figure 3.5. It appears that the 

majority if not all of vmat-IR cells are also β1AR-IR suggesting an autocrine signaling 

system. 

The idea that the interstitial cells are involved in such an autocrine signaling system is 

dependent on the specificity of the antibodies to detect the underlying signaling 

elements. In order to check the specificity of the vmat and β1AR selective antibodies, 

experiments were done using the blocking peptides for each antibody. Figure 3.6 shows 

examples using serial sections to determine the extent of both vmat-IR and β1AR-IR with 

and without the respective blocking peptides. Figure 3.6 A shows that the staining of the 

interstitial cells with the β1AR antibody is removed by the blocking peptide. Figure 3.6 B 

shows that the staining with the vmat antibody, identifying adrenergic nerve fibers 

surrounding blood vessels, is removed by the blocking peptide. The blocking peptide 

also removed the vmat-IR of the interstitial cells (figure 3.6 C). Thus, it would appear 

that the antibodies are detecting specifically vmat and β1AR in the interstitial cells. 
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Figure 3. 5 Illustration of the co-localization of β1-IR (red) and vmat-IR (green) in interstitial cells 
in the bladder wall. A shows a low power image identifying specific examples of β1-IR and vmat-
IR cells (o). Individual bundles of smooth muscle can be seen. vmat-IR nerve fibers are apparent 
(+). The nerve does not show β1-IR. B is a further example showing vmat-IR and β1-IR cells. The 
combined color image is shown (left panel) and the component images for specific vmat-IR and 
β1-IR are shown in the middle and right respectively. Note the co-localization of vmat-IR and β1-IR 
in some but not all of the interstitial cells. C and D show highly magnified images of vmat-IR and 
β1-IR cells: note the appearance of vesicular staining. Calibration bars: A and B, 30 μm and C and 
D, 2 μm 
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Figure 3. 6 Illustration of the effects of pre-incubation of the vmat and β1AR antibodies with their 
respective blocking peptides on the detection of vmat-IR and β1AR-IR in the interstitial cell network. A (a) 
shows an image from a section stained for β1AR (β1, red) and vimentin (vim, green). The co-localizing cells 
appear yellow (arrows). Individual stainings are shown in the component images. Panel (b) shows the same 
region in the next section. Here, the tissue was incubated with the same vimentin antibody but now in 
conjunction with the β1AR antibody plus blocking peptide. B and C show similar experiments on serial 
sections examining the effects of the anti-vmat blocking peptide. Comparison of panels (a) and (b) in image 
B shows the loss of vmat-IR, identifying adrenergic nerve fibers innervating blood vessels (arrows), in the 
presence of blocking peptide (BP). Comparison of panels (a) and (b) in image C shows the loss of vmat-IR 
interstitial cells (arrows) in the presence of blocking peptide. Calibration bars: A (a) 30 μm, A (b) 50 μm, B (a) 
20 μm, B (b) 30 μm C (a) and (b) 20 μm. 



 Adrenergic elements in the bladder wall 

87 
 

3.5 Discussion 

The sympathetic innervation to the bladder has been proposed to play a significant role 

in bladder physiology and pathology.1 However, reports that significant areas of the 

detrusor have no or only a sparse adrenergic innervation,9, 10 raises questions about the 

presence and nature of any sympathetic control.2 

The present study, using immunoreactivity to nerves containing tyrosine hydroxylase 

(TH-IR) and vesicular monoamine tansporter (vmat-IR), has confirmed that, in the rat, 

there is almost certainly a sparse adrenergic innervation of the detrusor in the lateral 

wall and base. However, there is a significant innervation in the bladder neck and 

proximal urethra.10 In the bladder neck and urethra, these adrenergic nerves may be 

responsible for activation of α-adrenoceptors, resulting in contraction of the smooth 

muscle in the wall of the bladder neck and urethra and the maintenance of continence 

during bladder filling.2 Therefore, a significant sympathetic nerve mediated regulation of 

the detrusor body seems unlikely. This has important implications for our understanding 

of the physiology of the bladder. Relaxation involving sympathetic nerves is unlikely. 

Also, the therapeutic mode of action of sympathomimetic drugs, such as the selective 

β3-adrenoceptor agonists, that are purported to mimic an adrenergic dependent 

relaxation, must now be open to question.  

In a recent series of studies from our laboratory, to characterize the contractile systems 

within the rat bladder wall, three conditions were identified that led to detrusor activity: 

spontaneous micro-contractions, electrical field stimulated (EFS) contractions and 

muscarinic agonist induced contractions.13, 14, 18 It was shown that the micro-contractile 

activity was sensitive to isoprenaline and that this mechanism was mediated via β1-

adrenoceptors, while the EFS and muscarinic agonist induced contractions were less 

affected.13, 14, 17, 18 It has been argued that the system generating micro-contractions is 

different from those involving muscarinic agonists and nerves and possibly involves the 

network of interstitial cells that surround the muscle bundles.13, 14 Thus, there appears to 

be different systems operating in the bladder wall that can lead to contraction and that 

these different systems underpin different physiological processes. The system involving 
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micro-contractions appears to be sensitive to adrenergic agonists. However, although 

the pharmacology of this system has been characterized, its physiological role and 

particularly the source of the catecholamines involved in its regulation are not obvious. 

The present study demonstrates the presence of cells within the interstitial cell network 

surrounding bundles of detrusor muscle that are vmat-IR. The vmat protein is 

responsible for the translocation of catecholamines into exocytotic vesicles. Therefore, it 

can be speculated that vmat in these cells may be involved in the storage and release of 

catecholamines. The mono-amine may be noradrenaline but it could also conceivably be 

any one of a number of other molecules. Since no or very weak TH-IR was found, the 

synthetic machinery for the synthesis specifically of noradrenaline, this conclusion must 

remain tentative. On the assumption that the signal is noradrenaline the interstitial cell 

network may therefore include a non-neuronal adrenergic mechanism.  

The vmat-IR interstitial cells also demonstrate β1AR-IR. The expression of β-

adrenoceptors on interstitial cells has also been suggested to occur in the human 

bladder.20 A role for interstitial cells in the generation of phasic contractile activity in the 

bladder wall has been suggested previously.15, 21 This interstitial cell network also 

appeared to be under neural control.22 It has therefore been hypothesized that the 

inhibition of the micro-contractile activity by isoprenaline, demonstrated via a β1-

adrenoceptor mechanism,18 is mediated through an interstitial cell network.13, 14 The 

present observations illustrate that the β1-adrenoceptors are primarily expressed on the 

interstitial cell network, providing evidence for a role of the interstitial cells in the β1-

adrenoceptor mediated regulation of micro-contractile activity.  

Evidence for such a mechanism has been found in the gastrointestinal tract in which the 

interstitial cells of Cajal are known to have a pacemaker activity and are involved in the 

regulation of gastrointestinal tract motility.23 It has been found that noradrenaline 

inhibits the pacemaker currents through the activation of β1-adrenoceptors in cultured 

interstitial cells of Cajal from murine small intestine.24 Since a population within the 

interstitial cell network that expresses vmat-IR and possibly releases catecholamine, has 

been observed in the present study, it is worth speculating that this is the source of the 
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physiological signal that modulates micro-contractile activity in the lateral wall of the 

bladder. 

It must be stressed that the localization of receptors and their ability to function based 

on immunohistochemical data is fraught with complications. The technique relies 

heavily on the selectivity of antibodies in the species under investigation. In the present 

study, the antibodies were chosen as they had been characterized (see manufacturer’s 

data sheets and bibliography) and have suggested structural insights that seem to 

support the functional responses found in our previous series of experiments.13, 14, 18 In 

addition, the removal of immunoreactivity using blocking peptides suggests a strong 

degree of antibody specificity.  

The present data are suggestive of a catecholaminergic autocrine system linked to the 

control of micro-contractile activity. Co-localization of the β1-AR and vmat on individual 

interstitial cells has been observed in the current study. The existence of autocrine 

systems operating in the bladder within the interstitial cell network has already been 

suggested in the guinea pig in relation to prostanoid signaling. Exogenous prostaglandin 

modulates micro-contractile activity in the guinea pig bladder.25 It was subsequently 

shown that the interstitial cells, surrounding the smooth muscle bundles, express the 

prostanoid synthesizing enzyme COX1 and express prostaglandin receptors (EP1 and 

EP2).26, 27  

In summary, the different types of interstitial cells found in the current study are 

illustrated in figure 3.7 A (see legend for further details), which is suggestive for a 

heterogeneous complex network of interstitial cells communicating with each other. The 

possible signaling pathways involving this interstitial cell network are illustrated in figure 

3.7 B. It would appear that the interstitial cell network releases and responds to 

catecholamines. It can be hypothesized that this kind of chemical signaling might 

influence the surrounding interstitial cell network and the detrusor affecting micro-

contractile activity. 
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Figure 3. 7 Cartoons illustrating the major observations of this study. A shows the different interstitial cell 
types observed: vimentin positive cells, cells expressing the catecholamine exocytotic vesicular protein vmat 
and cells expressing the β1-adrenergic receptor. It is possible that this arrangement represents a paracrine 
system operating in the bladder wall. However, specific observations also suggest that some elements may 
be co-localized (e.g. vmat and β1-adrenergic receptor) suggesting an autocrine element. B suggests a 
possible arrangement for the interaction of the different elements. These postulated elements may form 
part of an interstitial cell network involved in the generation and modulation of micro-contractile activity 
within the bladder wall: noradrenaline (NA) inhibits the activity via a β1-adrenergic receptor mediated 
mechanism. Distribution of electrical activity via gap junctions might occur. The communication between 
the interstitial cells and the detrusor might involve electrical propagation of activity via gap junctions (black 
bars).

15
 

3.6 Conclusions 

The observations of the present study using the rat bladder, suggest the presence of a 

network of interstitial cells surrounding the detrusor muscle that have constituent 

elements capable of storing, releasing and responding to catecholamines. Based on 

functional observations of the pharmacology of micro-contractions it is likely that this 

system is involved in the generation and modulation of micro-contractile activity. The 

physiological role of this system remains speculative but it has been linked to the 



 Adrenergic elements in the bladder wall 

91 
 

generation and modulation of non-voiding activity and the motor-sensory system within 

the bladder wall.  
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4.1 Abstract 

Background and Aims: The existence of a motor-sensory system contributing to bladder 

sensation is now becoming widely accepted. Although it is clear that the motor 

component of this system appears to be generated within the bladder wall, recent 

observations suggest that the mechanisms involved in its modulation may lie outside the 

wall. The present study was undertaken to gain more insights into the peripheral 

modulation of non-voiding activity and the role of the major pelvic ganglion.  

Methods: Male Sprague-Dawley rats anesthetized with urethane were used. The bladder 

was filled till 60% of the micturition threshold volume. The baseline pressure and the 

superimposed non-voiding activity were observed before and after consecutive bilateral 

transections of the hypogastric and pelvic nerves and bilateral ablation of the major 

pelvic ganglia.  

Results: Hypogastric and pelvic nerve transection didn’t significantly change the baseline 

pressure and superimposed non-voiding activity. Removal of the major pelvic ganglia 

resulted into an increased baseline pressure when compared with the control and 

increased amplitude of the non-voiding contractions when compared with both the 

decentralized condition (both hypogastric and pelvic nerves transected) and the control. 

The frequency of the non-voiding contractions wasn’t affected. 

Conclusions: Non-voiding activity during the urine storage phase seems to be modulated 

at the level of the major pelvic ganglion. This suggests the possibility of local circuits 

between the bladder and the peripheral ganglia that may be responsible for an 

inhibitory component influencing non-voiding activity.  
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4.2 Introduction 

Transient rises in pressure have been recorded during bladder filling, described as non-

voiding activity (NVA).1-3 This NVA increases as the bladder fills and has been linked to 

bursts of afferent outflow.1, 4, 5 These observations have led to the concept that NVA is 

part of a motor-sensory system that informs the central nervous system (CNS) about 

bladder volume.1, 4 Contractions, similar to NVA, have also been observed in isolated 

whole bladder preparations suggesting that such activity may be an intrinsic property of 

the bladder wall.6 In addition, this autonomous activity in vitro can be influenced by 

neural inputs and local environmental factors.4 However, the fundamental importance 

of NVA and the mechanisms involved in the generation and modulation of NVA are still 

not well understood.  

Data are accumulating that suggest that the motor-sensory system is augmented by 

cholinergic (parasympathetic) and inhibited by adrenergic (sympathetic) inputs.4 The β3-

adrenoceptor agonist, mirabegron, has recently been introduced as a successful 

treatment for overactive bladder (OAB), since it effectively reduces voiding frequency 

and urge in these patients.7 Animal models for OAB demonstrate an increased NVA8 and 

afferent outflow5 to the CNS during bladder filling. This phenomenon is therefore 

thought to be associated with the development of urge sensations.9 In these OAB animal 

models, it has been observed that mirabegron decreases both the amplitude and 

frequency of NVA suggested via a direct β3-adrenoceptor mechanism, while voiding 

activity was not affected.3 In parallel, it has been shown that anti-cholinergic drugs 

reduce sensations during bladder filling at plasma concentrations that don’t have a 

major effect on the detrusor neuromuscular junction.10, 11 In addition, isolated whole 

bladder and detrusor strip experiments in rat and guinea pig have suggested that 

therapeutic doses of adrenergic and anti-cholinergic drugs may not directly affect the 

detrusor, but might act on a motor-sensory system controlling NVA and bladder 

sensation.11, 12 
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The pelvic nerve, principally containing parasympathetic fibers, is considered the major 

pathway for afferent and efferent activity of the bladder. During bladder filling, afferent 

activity in the pelvic nerve correlates well with bladder pressure,13, 14 and is supposed to 

drive the generation of sensation. During micturition the activity in the pelvic nerve is 

both afferent, providing feedback for complete emptying, as efferent responsible for 

detrusor contraction.13 Pelvic nerve transection abolishes the micturition reflex leading 

to a hyposensitive and acontractile bladder.14 Also, a marked reduction in NVA following 

bilateral parasympathetic nerve transection has been illustrated.15 

In contrast, the hypogastric nerves, principally containing sympathetic fibers, don’t 

affect the voiding efficiency but were thought to have a profound regulatory role in 

determining the timing of voiding.16 Section of the hypogastric nerves in the cat doubled 

the voiding frequency and reduced the voided volumes. Also an inhibitory role for the 

hypogastric nerves on NVA has been suggested.15  

Furthermore, a modulatory role for the peripheral ganglia in bladder physiology and 

pathology has been suggested before.17 The pelvic plexus consists of autonomic ganglia 

and axonal pathways that convey afferent and efferent signals between the spinal cord 

and the peripheral target organs. Synapses in the pelvic plexus have integrative as well 

as relay functions and are involved in coordinating sympathetic and parasympathetic 

inputs to the urogenital organs. In the male rat, the pelvic plexus is not a distributed 

network of ganglia.17 Instead, the peripheral neurons are collected into a single large 

ganglion, the major pelvic ganglion (MPG). Recently, immunoreactivity for the β3-

adrenoceptor and muscarinic (M3) receptor has been observed in the MPG.18 These 

observations suggest that the MPG might be a site of action for selective β3-

adrenoceptor and anti-cholinergic drugs on NVA in rats and has been put forward as a 

possible therapeutic target for OAB treatment in men. Also a sensory input via afferent 

collaterals has been observed,18 providing a substrate for a complex local synaptic 

circuitry in the pelvic plexus that might influence NVA.  
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The present study evaluates the role of peripheral pathways on modulation of NVA to 

understand the mechanisms underpinning the generation and modulation of bladder 

sensation. The influence of the sympathetic and parasympathetic nervous system and 

especially the peripheral ganglia was observed by transecting consecutively the 

hypogastric nerves and pelvic nerves followed by excision of the MPGs in the rat.  

4.3 Materials and methods 

4.3.1 Animal model 

The protocol was approved by the Animal Ethics Committee of the University of 

Antwerp (EC 2015-22). Male Sprague-Dawley rats (n=10) weighing 200-300 g were used. 

The animals were kept under standard laboratory conditions with a cycle of 12h light 

and 12h darkness and free access to food pellets and tap water. They were anesthetized 

by intraperitoneal injection of urethane (1.5 g/kg).  

The rat was positioned supine. A flare tipped PE-50 polyethylene catheter (Clay-Adams, 

Parsipanny, New Jersey) was inserted in the bladder through the dome via a lower 

abdominal incision, and externalized via the proximal aspect of the ventral abdominal 

incision. The ureters were ligated to ensure a constant bladder volume by preventing 

the flow of urine from the kidneys to the bladder and vice versa. The catheter was 

connected to a pressure transducer (AD Instruments) and a NE-1000 syringe pump (New 

Era Pump Systems, Farmingdale, New York) via 3-way stopcocks. All data were 

monitored using Powerlab 4/35 data-acquisition and LabChart 8 software (AD 

instruments).  

First, a reference micturition threshold volume (MTV) was determined in all animals 

during three cystometric bladder fillings at a rate of 0.09 ml/min with a 10-minute pause 

between them. To ensure an empty bladder at the start of each filling, the bladder was 

emptied and any residual urine evacuated by gravity during the 10 minutes pause 

between the different fillings. Average bladder volumes at contraction were calculated 

from these three measurements and used as a reference.  
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4.3.2 Nerve transection protocol 

The bladder was filled to 60% of the reference MTV and isovolumetric bladder activity 

(non-voiding activity) was observed for 30 minutes. Then, the bladder was drained by 

gravity and the catheter left open for 5 minutes. After a control measurement, this 

protocol was repeated 3 times: after bilateral transection of (1) the hypogastric nerves, 

(2) the pelvic nerves and (3) excision of the MPGs. The hypogastric and pelvic nerves 

were transected between the spinal cord and the MPG, near the MPG. After hypogastric 

and pelvic nerve transection, the bladder is decentralized but still connected with the 

MPG via peripheral postganglionic sympathetic and parasympathetic fibers and 

peripheral afferent fibers. After each transection procedure, a 10-minute rest with open 

catheter was included before starting bladder filling. The protocol is illustrated in figure 

4.1.  

4.3.3 Data analysis 

The original records were filtered (0.3 Hz) to remove noise. To evaluate the impact of 

the transections, bladder compliance was calculated for each filling. The compliance was 

calculated using the following formula: bladder volume filled from start filling until 60% 

MTV (= stop filling)/ bladder pressure increase from start filling until 60% MTV. For the 

detailed analysis of the superimposed NVA, the filtered original record was smoothed 

(running smoothing average using 5555 data points, sampling rate 100 Hz). The 

smoothed record was subtracted from the filtered original record to isolate the NVA. 

From this isolated NVA, the timed integral of the area under the curve (product of 

amplitude and frequency, cmH2O.s), amplitude (maximum and mean, cmH2O) and 

frequency (events/min) was measured from the last 600 sec selections of each 

condition. The size threshold for each event was set at 0.1 cmH2O. Smoothed data were 

used to measure baseline pressure (cmH2O).  

All data are expressed as mean ± standard deviation (SD) and were analyzed using 

Labchart 8 and Graphpad Prism 6. Normality was tested with a Kolmogorov-Smirnov 
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test. Differences between means were analyzed using repeated measures ANOVA with 

post hoc Tukey correction. If normal distribution wasn’t achieved, the means were 

analyzed using a Friedman test with Dunn’s post hoc test (mentioned in the text). A 

significance level of p<0.05 was used. 

 

 

Figure 4. 1 Graphical representation of the protocol. At the start of the protocol, a reference micturition 
threshold volume (MTV) was determined during three separate bladder fillings with a 10 minute pause 
between them. Then, the nerve transection protocol could start. The bladder was filled until 60% of the 
MTV and the non-voiding activity was observed for 30 minutes. Thereafter, the bladder was drained by 
gravity and the catheter left open for 5 minutes. These procedures were repeated for another three times: 
after bilateral transection of the hypogastric nerves (1), the pelvic nerves (2) and bilateral excision of the 
major pelvic ganglia (MPGs) (3).  
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4.4 Results 

Table 4.1 provides an overview of all parameters measured over the different conditions 

in 10 rats. The mean values, SDs and the level of significance determined by the p-value 

are given. Baseline pressure and compliance were not significantly affected after 

hypogastric nerve transection and the subsequent pelvic nerve transection. A statistical 

significant increase in baseline pressure and decrease in compliance was found after 

MPG removal when compared with the control. 

The superimposed NVA (figure 4.2 A) was analyzed using the integral of activity. This is a 

measurement of the contractile activity area under the curve that was previously 

preferred above the mean amplitude and frequency, since NVA consists out of complex 

events with differing amplitude and frequency.19 Both the integral and maximum 

amplitude of the last 600 sec selection of NVA from each condition were calculated 

(table 4.1). After hypogastric nerve transection no statistical significant change in the 

integral and maximum amplitude was found. Consecutive pelvic nerve transection also 

didn’t significantly change the integral and maximum amplitude of NVA. 

When the control was directly compared with the decentralized condition (after both 

hypogastric and pelvic nerve transection), no significant difference in the integral and 

maximum amplitude was found. However, after MPG removal a statistical significant 

increased integral and maximum amplitude was observed compared with the 

decentralized condition as well as with the control in all rats (see table 4.1 and figure 4.2 

B, C). Analysis of the individual non-voiding contractions with differing amplitude and 

frequency, revealed a significant increase in the mean amplitude after MPG removal 

compared with the control and the decentralized bladder, in which only the bladder-

MPG connections were intact (table 4.1; figure 4.2 C). This change in the mean 

amplitude of the individual non-voiding contractions couldn’t be observed after 

complete decentralization (table 1, figure 4.2 C). The frequency of the individual non-

voiding contractions didn’t significantly change after the consecutive nerve transections 

and subsequent MPG removal (table 4.1). 



 

 
 

 

 

 

a
Significant difference compared with control 

b
Significant difference compared with Pelvic = Decentralized 

*p<0.05, **p<0.01, ***p<0.001 

Baseline and compliance were analyzed with a Friedman with Dunn's post hoc test, while NVA and the individual non-voiding 

contractions (NVC) were analyzed with a repeated measures ANOVA with Tukey post hoc test.

Table 4.1. Effect of nerve transections and major pelvic ganglia (MPGs) removal on baseline pressure, bladder 
compliance (till 60% MTV) and superimposed non-voiding activity (NVA) in 10 rats. 
 

 
Mean±SD Effect 

Condition Control Hypogastric Pelvic = Decentralized MPGs 

Baseline (cmH2O) 4.90±1.51 5.59±1.89 5.96±1.99  6.82±1.88***a 

Compliance (ml/∆cmH2O) 0.035±0.02 0.029±0.02 0.031±0.02 0.023±0.011*a 

Integral NVA (cmH2O.s) 304.13±195.32 327.83±176.51 303.48±145.4 557.16±214*a,**b 

Maximum amplitude NVA (cmH2O) 1.32±0.71 1.54±0.78 1.49±0.75 2.55±1.29*a,b 

Mean amplitude NVC (cmH2O) 0.62±0.35 0.68±0.33 0.7±0.3 1.09±0.53*a,b 

Frequency NVC (peaks/min) 4.24±0.85 4.32±1.09 3.87±0.8 3.84±1.27 
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Figure 4. 2 The effect of subsequent hypogastric and pelvic nerve transections and removal of the major 
pelvic ganglia (MPGs) on non-voiding activity (NVA) (A). Evaluation of the effect of a bilateral removal of 
the MPGs on the integral (cmH2O.s) and amplitude (cmH2O) of non-voiding activity when compared with 
the control and decentralized condition in 10 rats (B, C). The integral of NVA only significantly increased 
after MPG removal compared with the control and decentralized condition. The maximum amplitude of the 
NVA and the mean amplitude of the individual non-voiding contractions are also only increased after MPG 
removal compared with the control and decentralized condition. Values are mean ± SD. * p<0.05; ** p<0.01 
(repeated measures ANOVA with Tukey post hoc). 
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4.5 Discussion 

The existence of a motor-sensory system responsible for the generation of NVA and 

bladder sensation during bladder filling has been proposed.3, 4, 11 Modulation of this 

system by extrinsic excitatory and inhibitory inputs as well as by local reflexes residing 

within the bladder wall has been observed.4 Since these mechanisms are still poorly 

understood, the present study explored the possibility of neural circuits between the 

bladder and peripheral ganglia involved in the modulation of NVA during urine storage 

in the rat. 

4.5.1 General findings 

No significant changes in NVA were found after decentralization of the bladder by 

subsequent transections of hypogastric and pelvic nerves. At this condition, the bladder 

is still connected with the MPG, a peripheral neural integration center involved in 

bladder control. These observations suggest a minor influence of the central nervous 

system via the pelvic and hypogastric nerves on the initiation or modulation of NVA in 

our rat model. In contrast, bilateral removal of the MPGs revealed a significant decrease 

in compliance and increase in baseline pressure associated with an increase of the 

integral and amplitude of the superimposed NVA. It should be noted that MPG ablation 

might have acutely influenced the microvascular control and the release of substances 

within the bladder wall due to damage of autonomic axons, which could have affected 

the present results. However, a similar effect on the NVA, increased amplitude without 

frequency changes, was found after the administration of the ganglionic blocking agent 

hexamethonium to a decentralized bladder,20 which supports that the changes in NVA 

are mediated by a neural mechanism. This activity might reflect the true myogenic 

activity of the bladder and suggest that NVA is principally modulated by peripheral 

mechanisms through the MPG. Since the frequency of NVA did not change, the 

generation and propagation of NVA might be regulated within the bladder wall, whereas 

the amplitude of the non-voiding contractions might be modulated by these peripheral 

ganglionic mechanisms. In addition, also the compliance is influenced by the transection 
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procedure. However, as for the changes in NVA, the compliance significantly changed 

only after MPG removal. This might suggest that bladder compliance is also influenced 

by a neurological input in addition to viscoelastic properties of the bladder wall, which 

has been discussed before,21 and is correlated with the control of NVA.  

4.5.2 Pelvic nerve transection 

Pelvic nerve transection abolishes the micturition reflex leading to a hyposensitive and 

acontractile bladder.14 We hypothesized that conditions eliminating the micturition 

reflex in vivo would highly influence NVA. This is the reason why hypogastric nerve 

transection preceded pelvic nerve transection. The results in this study show that NVA 

during filling persists after decentralization, therefore after pelvic nerve transection. This 

suggests that the NVA observed during our study doesn’t appear to be part of the same 

autonomic reflexes involved in the coordination of micturition, but instead are 

generated and coordinated within the bladder wall or local reflexes through the MPG. 

Sugaya et al have shown both inhibitory and excitatory parasympathetic efferent spinal 

inputs on baseline pressure depending on bladder volume.20 However, the present study 

showed no significant effects on baseline pressure after pelvic nerve transection. In cats, 

a marked reduction of NVA following bilateral parasympathetic nerve transection has 

been illustrated.15 Again, no such effect was found in the present study. This discrepancy 

might be due to differences in species, anesthesia and bladder filling procedure.22 

4.5.3 Hypogastric nerve transection 

In cats, NVA and hypogastric nerve activity increases as the bladder is being filled.23 

Furthermore section of the hypogastric nerves to the bladder in cats, doubles the 

voiding frequency and reduces the voided volumes16 and increases NVA.15 These data 

suggest an inhibitory input on NVA through the hypogastric nerve15 and point to a 

regulatory role for the sympathetic system in determining the timing of voiding behavior 

without affecting voiding efficiency.16 
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In rats, hypogastric nerve activity has been linked to both inhibitory as excitatory effects 

on the bladder. In case of bladder irritation a major excitatory input via afferent fibers in 

the hypogastric nerves has been observed,24 whereas in spinal cord injured rats NVA 

increased after hypogastric nerve transection suggesting an inhibitory effect.25 However, 

these observations in the rat were both in pathological conditions. Our study showed no 

significant differences after hypogastric nerve transection, suggesting no significant role 

for the hypogastric nerves during bladder filling in the normal rat. To study NVA during 

filling and eliminate any induction of a micturition reflex contraction, thus keeping NVA 

reflex activity and micturition reflexes separated, analysis was done at 60% of the MTV. 

Higher bladder volumes might have stimulated the central reflexes and shown a 

significant effect of subsequent hypogastric and pelvic nerve transections. The impact of 

different bladder volumes on central reflexes has been discussed before.20, 22 

4.5.4 MPG removal 

The most striking findings of the current study were the significant changes in NVA that 

occurred after disconnection of the MPG from the bladder. The MPG is a large single 

peripheral ganglion that receives central inputs via the pelvic and hypogastric nerves 

and projects to accessory ganglia, the rectum and urogenital organs, including the 

bladder.17 Transection of the hypogastric and pelvic nerves between the MPG and the 

spinal cord leading to a decentralization of the bladder, didn’t significantly influence 

NVA in our study, suggesting that the control of NVA is modulated by peripheral 

mechanisms residing in the MPG through its peripheral connections to the bladder. In 

contrast to our findings, Biallosterski et al have described phasic patterns of NVA in a 

bladder with intact spinal connections,1 a pattern which cannot be observed in isolated 

bladders.6 Therefore, they attributed this pattern to spinal input. However, in the guinea 

pig, the influence of the pelvic plexus located outside the bladder wall,17 which could 

theoretically also influence the pattern of NVA activity, has not been investigated yet.  

Previously, administration of the ganglionic blocking agent hexamethonium to a 

decentralized rat bladder demonstrated increased amplitude of small spontaneous 
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bladder contractions.20 This effect is similar to the changes of NVA found in our present 

study, although the differences were more pronounced in a rat model for bladder outlet 

obstruction.26 These studies suggest the existence of reflex pathways between the 

bladder and the pelvic ganglia and a possible role of the ganglia in modulating NVA, 

which is also supported by data from structural studies. The MPG of the male rat 

contains a mixed population of cholinergic and adrenergic large neurons and adrenergic 

SIF (small intensely fluorescent) cells.18 These SIF cells were thought to act as 

interneurons making complex neural circuits within the MPG. All subtypes of ganglionic 

neurons were found to receive calcitonin-gene related peptide (CGRP) containing 

sensory collaterals forming basket-like structures.18 It is therefore possible that these 

ganglionic neurons are involved in local reflexes coming from the bladder and 

controlling a motor-sensory system. Such reflex mechanisms have been identified in the 

intestine.27 Sensory neurons projecting to the peripheral autonomic ganglia (inferior 

mesenteric ganglion and MPG) and mediating the intestino-intestinal inhibitory 

sympathetic reflex mechanism have been described in the male rat.27, 28 In addition, this 

pathway could also trigger a peripheral colon-bladder inhibitory reflex mediated by 

noradrenaline. These complex neural circuits in the MPG might be linked to the 

observed net effect on MPG removal found in this study and are suggestive for 

inhibitory local reflexes to the bladder modulating a motor-sensory system. This motor-

sensory system was proposed to be involved in bladder fullness perception during urine 

storage.4 Therefore, disturbances in such reflexes might occur during pathology and 

might be involved in the generation of urinary urgency. Since structural evidence for the 

presence of β3-adrenoceptors and (M3) muscarinic receptors has been observed in the 

MPG,18 it might be speculated that the neural circuits through the MPG might be 

affected by anticholinergic and β3-adrenergic drugs during OAB treatment. However, 

further functional and structural experiments are necessary to fully understand our 

observations.  
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4.6 Conclusions 

Decentralization of the male rat bladder by transection of the pelvic and hypogastric 

nerves does not significantly change NVA. However, transection of the MPG increases 

the amplitude of the non-voiding contractions without changing its frequency. These 

data suggest a modulatory influence of the MPG on NVA in the rat. 
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5.1 Abstract 

Background and Aims: The existence of an inhibitory rectovesical reflex elicited by 

noxious colorectal afferent input has been previously documented in an isovolumetric 

cystometry model with ligated urethra. We compared the effect of noxious colorectal 

distension on bladder cystometries with open and ligated urethra. 

Methods: Female Sprague-Dawley rats, anesthetized with urethane, were used. The 

effect of noxious (60 mmHg) colorectal distension on intermittent and continuous 

cystometry with open urethra was studied and was then compared to the inhibition of 

isovolumetric bladder contractions in the same rat after ligation of the urethra. We 

evaluated the volume and pressure micturition threshold, the intercontraction interval, 

bladder contraction frequency and amplitude of the micturition contractions.  

Results: Noxious colorectal distension (60 mmHg) didn’t significantly influence the 

volume and pressure micturition threshold during intermittent cystometry. Nor did it 

influence the pressure micturition threshold, the intercontraction interval and bladder 

contraction frequency during continuous cystometry. After ligation of the urethra, 60 

mmHg colorectal distension did inhibit isovolumetric bladder contraction frequency in 

the same rat (0.363 ± 0.207 vs. 0.886 ± 0.106 per minute, p<0.05). This inhibition 

persisted for 289.08 ± 91.24 sec after deflation of the rectal balloon.  

Conclusions: The inhibitory rectovesical reflex, elicited by noxious colorectal distension, 

occurs clearly within an isovolumetric bladder model with ligated urethra but only to a 

negligible extent in filling related voiding contractions. Our results suggest that the 

inhibitory rectovesical reflex, most likely at the level of the lumbosacral spinal cord, is 

the result of an additive noxious urethral and colonic afferent stimulus.   
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5.2 Introduction 

Lower urinary tract (LUT) and colorectal pathology often coexist. In a community-based 

study, the prevalence of combined fecal and urinary incontinence was reported at 6-

9%.1 Patients with urinary incontinence experienced more complaints of fecal 

incontinence and of constipation compared with a control group.2  

A coordinated activity of the LUT and the colorectum, by neural cross-talk, is essential 

for the physiological functions in the pelvic region.3 Micturition and defecation mostly 

alternate4 and previous clinical studies reported that colorectal distension (CRD) 

increases bladder filling sensation.5 Furthermore, it was shown that CRD can inhibit 

bladder activity.6  

The existence of this inhibitory rectovesical reflex (IRVR) was confirmed in animal 

studies,7-9 but the exact mechanism is not yet fully understood. CRD and electrical 

stimulation of the colon were shown to inhibit spontaneous bladder contractility and to 

increase the micturition threshold.7-9 The IRVR is considered to occur in the lumbosacral 

spinal cord through glycinergic and GABAergic mechanisms and persists after spinal cord 

injury.8, 9  

Previously it was shown that only noxious CRD (40-60 mmHg) inhibits isovolumetric 

bladder contraction frequency with often (67%) a complete abolishment of bladder 

contractions during 60 mmHg CRD.10 Amplitude and duration of bladder contractions, 

parameters of efferent activity, were not affected. These results suggest that the IRVR is 

only activated by high threshold colonic afferents and occurs in either the afferent limb 

of the micturition arc or on the spinal level. However, in a subsequent study it was noted 

that noxious CRD increases afferent bladder activity which indicates that noxious 

colorectal afferent stimuli may exert their inhibitory effect on the spinal connection 

between the afferent and efferent limbs of the micturition pathway.11 

The previous experiments were performed in an isovolumetric model with ligated 

urethra, which is considered a noxious stimulus.8-10, 12 Normal storage and voiding 
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function of the bladder requires a coordinated activity between the bladder and the 

urethra. Stimulation of urethral (pelvic and pudendal) afferents during voiding, 

facilitates reflex bladder contractions. While stimulation of somatic afferent pathways 

projecting in the pudendal nerve (originated from the external urethral sphincter (EUS)) 

to the lumbosacral spinal cord can suppress the micturition reflex.13  To further explore 

the IRVR, and more specifically the role of the urethra in this reflex, we determined the 

effect of noxious CRD in two cystometry models with open urethra, as it occurs 

naturally. We first evaluated the effect of noxious CRD on the volume threshold of 

separate individual micturitions obtained by intermittent bladder filling. In the same rat, 

we evaluated the effect of noxious CRD on uninterrupted micturition cycles using 

continuous cystometry.  Finally, the urethra was ligated and we studied the effect of 

noxious CRD on spontaneous rhythmic isovolumetric bladder contractions.  

5.3 Materials and methods 

5.3.1 Animal model 

The protocol was approved by the Animal Ethics Committee of the University of 

Antwerp (EC 2013-06). In total, 13 female Sprague-Dawley rats weighing 200-255 g were 

used. The rats were kept under standard laboratory conditions with a cycle of 12 h light 

and 12 h darkness and free access to food pellets and tap water. Anaesthesia was 

induced by intraperitoneal injection of urethane (1.5 g/kg). After the experiments, the 

rats were sacrificed by urethane overdose.  

Animals were positioned supine. A flared-tipped PE-50 polyethylene catheter (Clay-

Adams, Parsippany, New Jersey) was inserted in the bladder through the dome via a 

lower abdominal incision, secured with a ligature (purse-string suture; Prolene 7/0, 

Ethicon) and externalized via the proximal aspect of the ventral abdominal incision.11 

During the implantation of the catheter, extra isoflurane anesthesia (1.5 % ; 1 l/min 

oxygen) was used.  
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The catheter was connected to a pressure transducer (Emka technologies) and a NE-

1000 syringe pump (New Era Pump Systems, Farmingdale, New York) via 3-way 

stopcocks. Normal saline was infused into the bladder at a rate of 0.09 ml/min.  

A custom-made latex balloon catheter (3.5 cm) was made from the little finger of a size 

6 Triflex® surgical glove, inserted into the rectum and fixed to the tail 1 cm from the 

anus. The balloon was connected to a pressure controlled distension device (2PK+ 

pipette pressure/vacuum generator, ALA Scientific Instruments, Farmingdale, New York), 

to maintain constant pressure during CRD. All data were monitored with time using 

WINDAQ® DI-710 data acquisition.10 

5.3.2 Protocols 

5.3.2.1 General 

Following surgical preparation, a 30-minute rest period was included before the start of 

bladder filling. Three protocols were performed. All animals first underwent an 

intermittent cystometry. In a few animals, this protocol was followed by a continuous 

and isovolumetric cystometry. To perform isovolumetric cystometry, the urethra had to 

be ligated. Therefore, this was the last protocol performed. Between each protocol, a 

rest period of 30-minutes was included. 

5.3.2.2 Filling bladder – Open urethra 

Intermittent cystometry 

The first part of the study was set up to evaluate the effect of 60 mmHg CRD on the 

micturition threshold volume (MTV), on the micturition threshold pressure (MTP) and 

on the amplitude of the ensuing micturition contraction during intermittent filling-

voiding cycles. Baseline MTV was defined as the volume at which the micturition 

contraction initiated in 3 consecutive measurements with a deflated rectal balloon. After 

completing the baseline recordings, one filling cystometry was performed during 60 

mmHg CRD. The protocol was concluded with a control measurement with a deflated 

rectal balloon.  
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After each bladder contraction, the catheter was opened for 5 minutes and gentle 

abdominal pressure was applied to remove possible residual urine from the bladder. To 

avoid bladder damage, the bladder was filled to a maximum of 160% of the baseline 

MTV or until bladder pressure reached 30 cmH2O. 

Continuous cystometry 

In the second part of the study, we examined the effect of 60 mmHg CRD on micturition 

contractions during continuous cystometry. The intercontraction interval (ICI), bladder 

contraction frequency (BCF), MTP and amplitude of the micturition contraction were 

measured. The protocol began with a 15 minute period of baseline measurements, 

followed by 15 minutes of CRD (60 mmHg). CRD was always introduced between two 

contractions. Finally, a 15 minute period with deflated colorectal balloon concluded the 

measurements.    

5.3.2.3 Full bladder protocol – Ligated urethra 

Isovolumetric cystometry 

Finally, we determined the effect of CRD on isovolumetric bladder contractions after 

ligation of the urethra near the external meatus. The methodology of this experiment 

was previously described.10 Isovolumetric contractions were observed for 15 min during 

which the pattern stabilized, followed by 10 min of 60 mmHg CRD. Finally, the balloon 

was deflated and contractions were observed for another 10 min. The BCF and the 

duration of continued inhibition after CRD, i.e. the time during which bladder 

contractions remained abolished after deflating the colorectal balloon, were evaluated. 

5.3.3 Statistical analysis 

All data are expressed as mean ± standard error of the mean (SEM) and were analyzed 

using SPSS statistics 20. Due to the small sample size, we used a non-parametric method 

of analysis. The paired data were analyzed with the Friedman test and the Wilcoxon 

signed rank test for post hoc testing. Because of the normal distribution, which was 
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tested with a Kolmogorov-Smirnov and Shapiro-Wilk test (data not shown), we also used 

parametric tests. The paired data were analysed using repeated measures ANOVA with 

post hoc Bonferroni correction. The results of the parametric and non-parametric tests 

were similar. The p-values shown are the outcome of the parametric analyses with p < 

0.05 considered statistically significant.  

5.4 Results 

Figure 5.1 illustrates the effect of 60 mmHg CRD on bladder activity during an 

intermittent, continuous and isovolumetric cystometry.   
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Figure 5. 1 The effect of 60 mmHg colorectal distension (CRD) on bladder activity during an intermittent, 
continuous and isovolumetric cystometry. A, effect of 60 mmHg CRD on intermittent cystometry. I, filling 
start. II, filling stop when a micturition contraction occurs. III, catheter opened for 5 minutes to empty the 
bladder. IV, 60 mmHg CRD. V, deflation of the rectal balloon. VI, end of measurement. B, effect of 60 mmHg 
CRD on continuous cystometry. I, start baseline measurement. II, 60 mmHg CRD. III, deflation of the rectal 
balloon. IV, end of measurement. C, effect of 60 mmHg CRD on isovolumetric cystometry with urethral 
ligation. I, stabilized isovolumetric contractions. II, 60 mmHg CRD. III, deflation of the rectal balloon. IV, end 
of measurement. A complete inhibitory effect of CRD on the isovolumetric rhythmic high amplitude bladder 
contractions is illustrated, while only a weak effect on bladder activity was measured during intermittent 
and continuous cystometry. Y-axis represents intravesical pressure (IVP) or intrarectal pressure (IRP). 
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5.4.1 Filling bladder – Open urethra 

5.4.1.1 Intermittent cystometry (13 rats) 

The effect of 60 mmHg CRD on the MTV, MTP and amplitude of the micturition 

contraction with open urethra is shown in table 5.1.   

A tendency towards an increase in MTV was noted during 60 mmHg CRD (figure 5.1) but 

it did not reach statistical significance (p = 0.214). On 1 measurement made at 60 mmHg 

CRD and on 1 of the control measurements, no clear micturition contraction was 

elicited, even when filling continued to 160% of baseline MTV. These data (recorded in 2 

rats) were not included in the statistical analysis. CRD did not influence the MTP (p = 

0.627) or amplitude of the micturition contraction (p = 0.101). 

Table 5. 1 Parameters of intermittent bladder filling before, during and after 60 mmHg 
CRD in 13 rats 

 
Mean ± SEM Effect 

Condition Baseline CRD* Control* 

MTV (ml) 0.438±0.064 0.529±0.078 0.437±0.064 

MTP (cmH2O) 13.37±0.593 13.78±0.979 12.48±0.503 

Max pressure (cmH2O) 34.12±1.620 34.87±2.185 31.53±1.651 
* Not significantly different from baseline (p>0.05) 
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5.4.1.2 Continuous cystometry (7 rats) 

The effect of 60 mmHg CRD on micturition contractions during continuous filling 

cystometry with open urethra is shown in table 5.2. 

The overall effect of 60 mmHg CRD on the ICI and on the BCF is not statistically 

significant (p = 0.113 and p = 0.096 respectively). CRD did not influence the MTP (p = 

0.164) and amplitude of the micturition contraction (p = 0.167).  

Table 5. 2 Parameters of continuous bladder filling before, during and after 60 mmHg 
CRD in 7 rats 

 
Mean ± SEM Effect 

Condition Before During* After* 

ICI (sec) 270±32.8 278±30.9 334±39.4 
BCF (No./min) 0.238±0.024 0.229±0.018 0.171±0.021 

MTP (cmH2O) 12.7±0.897 13.9±0.809 15.0±1.40 

Max pressure (cmH2O) 31.1±1.79 31.9±3.5 28.3±1.35 
* Not significantly different from baseline (p>0.05) 

5.4.2 Full bladder protocol – Ligated urethra 

5.4.2.1 Isovolumetric cystometry (8 rats) 

Figure 5.2 shows that 60 mmHg CRD significantly decreases the BCF (0.363 ± 0.207 vs. 

0.886 ± 0.106 per minute, p<0,05). The BCF did not fully restore after CRD (0.630 ± 0.110 

per minute). Rhythmic bladder contractions disappeared completely during 60 mmHg 

CRD in 5 rats (63 %) (figure 5.1). This complete inhibition still continued after CRD but its 

duration was different between rats with a mean value of 289.08 ± 91.24 sec. 

Furthermore, in 2 rats (25%) the inhibition started with a delay during CRD, or even after 

CRD. One rat (13 %) didn’t show an inhibition of bladder activity during 60 mmHg CRD. 
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Figure 5. 2 Evaluation of the effect of 60 mmHg colorectal distension (CRD) on the bladder contraction 
frequency (BCF) of isovolumetric rhythmic bladder contractions in a filled bladder of 8 rats. Values are 
mean ± SEM. * indicates significant difference (p<0.05). 

5.5 Discussion 

Activity in both the LUT and colorectum is coordinated via peripheral and central 

nervous systems, and is essential for the physiological functions in the pelvic region. A 

dysfunction in this neural cross-organ communication often leads to co-morbidity of 

bladder and colorectum.3 A better understanding of bidirectional colon-bladder 

interactions under physiological conditions would therefore be beneficial. The existence 

of an IRVR was shown in animal studies, but the exact mechanism is not yet fully 

understood.7-9 

In accordance with previous studies,10 noxious CRD (60 mmHg) inhibited the BCF of 

spontaneous rhythmic isovolumetric bladder contractions with ligated urethra, which 

suggests an activation of the IRVR by high threshold colonic afferents.10 The duration of 

the inhibitory reflex was different for each rat (i.e. prolonged, delayed or not present). 

There was no significant inhibitory effect of noxious CRD in the majority of animals 

0 

0,2 

0,4 

0,6 

0,8 

1 

1,2 

Before During After 

B
la

d
d

er
 c

o
n

tr
ac

ti
o

n
 f

re
q

u
en

cy
 

(N
o

./
m

in
) 

60 mmHg 

* 



Chapter 5 

120 
 

during intermittent and continuous cystometries with open urethra. This difference can 

be considered as significant because we compared both models, isovolumetric 

(obstructed) versus unobstructed voiding, in the same rat. The results also demonstrate 

a variability of the IRVR between individual rats. Three different kinds of responses were 

noted: 1) lack of IRVR (no effect), 2) inhibition of spontaneous rhythmic isovolumetric 

bladder contractions and of micturition cycles with unobstructed voiding and 3) 

presence of IRVR only during isovolumetric cystometry. 

In contrast to our findings, Pezzone et al showed that graded CRD leads to inhibition of 

micturition during open cystometry.14 This discrepancy may be explained by a difference 

in method of CRD application: Pezzone et al performed graded CRD by volume 

infusion.14 Because the effect of CRD is an acute effect,15 colorectal pressure should be 

increased frequently during the 15 min interval. Also, graded CRD should be encouraged 

because it simulates de novo conditions. Furthermore, higher pressures should be 

applied to be able to compare our findings with those of Pezzone et al.14 In contrast to 

previous studies, we did not observe a completely reversible inhibitory effect of noxious 

CRD during isovolumetric cystometry.10 This discrepancy can be explained by a 

difference in protocol.  

Isovolumetric bladder contractions have been described in a number of studies, but the 

exact mechanism underlying these contractions is not fully understood.8-10 They are 

characterized by a sequence of bladder contractions and relaxations elicited by a 

constant bladder volume, i.e. constant peripheral stimulus. During our study, the 

bladder was filled until the afferent activity reached the micturition threshold. At this 

level, a micturition contraction can be initiated by an excitatory process in the central 

nerve system (CNS).16 Because the volume doesn’t change, we hypothesize that 

isovolumetric bladder contractions and relaxations are regulated by a communication 

between excitatory and inhibitory centres in the CNS and the pelvic ganglion.16, 17 This 

switch of excitation to inhibition and vice versa is reflected by a sequence of increased 

and decreased afferent activity during isovolumetric cystometry (own lab unpublished 
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data Tomonori Minigawa 2012). Thus, afferent input from the colon is likely to converge 

with these centres leading to the IRVR. 

There are a number of sites at which the IRVR could possibly occur. The first includes 

higher centres in the brain.18 Convergence of bladder and colon sensory information has 

been shown within medullary, amygdalar and lateral thalamus neurons, as well as in 

Barrington’s nucleus.18-21 These supraspinal centres are also activated during painful 

events in pelvic organs.18 In addition, pathways involved in the IRVR projecting from 

Barrington’s nucleus to the spinal cord may involve paracrine (corticotrophin releasing 

factor or CRF) signaling.20-23 Alternatively, activation of Barrington’s nucleus neurons 

may enhance parasympathetic outflow to both viscera and the IRVR may be mediated 

most likely at the level of inhibitory glycinergic and GABAergic spinal interneurons.8-11, 21, 

24   

Finally, it has been demonstrated that both colon- and bladder-derived neurons are 

present in the major pelvic ganglion, suggesting that this site may also contribute to the 

IRVR.25 In this regard, afferent collaterals from the colon projecting to the pelvic 

ganglion could inhibit postganglionic bladder neurons projecting back to the bladder 

during noxious CRD.17, 24 Pelvic ganglionic transmission is depressed during stimulation 

of the hypogastric nerves.26 A noxious colorectal stimulus can initiate sympathetic 

(hypogastric) activity.15 Therefore, the hypogastric nerve may play a role in the IRVR. 

However, we could not find a clear IRVR during intermittent and continuous filling 

cystometry models. A previous study by our group reported the presence of an IRVR in 

the filling bladder.10 This is in contrast to our findings. The contrasting results may be 

attributed to a difference in methodology as the previous study was performed with a 

ligated urethra, which in itself is a noxious stimulus.12  Studies have shown that urethral 

ligation induces activation of c-fos in spinal cord second order neurons receiving input 

from both pelvic and pudendal afferents.12, 27  In addition, chemical stimulation and 

urethral distension have been shown to elicit an urethrovesical inhibitory response 

which is mediated by capsaicin-sensitive afferent fibers.28 This suggests that a noxious 
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stimulus in the colon alone does not suffice to inhibit the bladder, but that an additive 

inhibitory (nociceptive) urethral stimulus is necessary to elicit the IRVR. It also suggests 

the existence of convergent bladder-colon and bladder-urethral afferents that influence 

each other’s output.  

Single medullary neurons receive afferent input from both bladder and colon as well as 

from the urethra.19 Also, neurons projecting to both bladder and EUS are found in the 

brainstem and the lumbosacral spinal cord.29 Lumbosacral spinal interneurons make 

inhibitory synaptic connections with parasympathetic preganglionic neurons by GABA 

and glycine release.13 These findings suggest an inhibitory interaction between urethral 

and bladder afferents at supraspinal and spinal centres in which the inhibitory bladder-

colon interactions (already discussed) could possibly occur.  

 Normal bladder physiology requires an inhibitory urethrovesical reflex to maintain 

continence during bladder filling.13 In accordance with the hypothesis of Valentino et al, 

we suggest that the inhibitory reflexes exhibited in our study are a response of the CNS 

to remain continent during severe stress as well as during a noxious visceral stimulus.30 

Additive noxious bladder, colonic and urethral pressures may result in strong 

nociceptive (afferent) stimuli to the CNS, which could be considered stress inputs. These 

inputs may converge at different central and peripheral levels and amplify the 

nociceptive stress response, i.e. bladder inhibition. For example, corticotrophin releasing 

factor or CRF, is a stress related neuropeptide highly expressed in neurons localized to 

Barrington’s nucleus, which project to the lumbosacral spinal cord and the locus 

coeruleus (LC). Activation of the LC in turn, can initiate arousal in response to visceral 

stimuli by CRF release, which is known to inhibit micturition.30 Valentino et al suggest 

that the inhibitory influence in the spinal cord may help maintain continence by allowing 

arousal to occur prior to bladder contraction.30 Extra stress input, like bladder 

obstruction, will strengthen this response. Patients with benign prostatic hyperplasia 

have symptoms of acute urinary retention combined with anxiety and sleeping 
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disorders, which is associated with tonic LC activation.30 These findings demonstrate a 

correlation between our inhibitory effect and stress.  

It is tempting to speculate that this IRVR maintains continence during stress related 

behaviours. Identifying urethral ligation as a noxious stimulus within our own animal 

model will be the subject of future study to confirm our thoughts. 

5.6 Conclusions 

The IRVR, stimulated by noxious CRD, occurs clearly within an isovolumetric bladder 

model with a closed outlet. The effect in a filling bladder with unobstructed voiding is 

weak. Lumbosacral spinal interneurons are most likely the most important mechanism 

behind the IRVR. Finally, we suggest the IRVR may be the result of an additive noxious 

urethral and colonic afferent stimulus.  
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6.1 Introduction 

The different studies presented in this thesis are performed to gain a better 

understanding of the sensory-motor interactions of the urinary bladder. These sensory-

motor interactions occur at different central and peripheral levels and control bladder 

function.  

The central and peripheral neural circuits, involving the autonomic and somatic nervous 

system, that organize the micturition cycle have been described in Chapter 1. These 

neural circuits are in close contact and directly communicating with parts of the afferent 

nervous system, a part of which is also involved in the perception of bladder fullness, 

and are necessary to maintain continence during urine storage and to initiate periodic 

micturition at socially accepted times and places. Disturbances in the control of these 

complex pathways can lead to the development of urinary bladder dysfunction. 

One of the bladder dysfunctions is OAB. This is characterized by urine storage symptoms 

such as urgency, frequency, nocturia and in some cases urge incontinence.1 Its 

prevalence is estimated to be between 11 and 17% of the adult population and 

increases with age.2, 3 The consequences of OAB have a great impact on patient well-

being and health-related quality of life and are one of the leading causes of early 

institutionalization among elderly people.4 However, the underlying causes of OAB 

remain unclear. Most patients with OAB have urodynamically confirmed DO which is 

defined as involuntary detrusor contractions during bladder filling.5, 6 It has been 

assumed that DO causes urinary urgency, but the precise nature of the relationship 

between these motor and sensory symptoms is not fully understood, since OAB 

symptoms can occur in the absence of involuntary detrusor contractions.7 Since OAB 

symptoms are associated with DO, drugs have been developed to reduce detrusor 

contractility during OAB treatment.8 The antimuscarinic drugs have been until very 

recently the first-line therapy used for this purpose.9 However, due to intolerable side 

effects and variable treatment efficacy, lots of patients discontinue their antimuscarinic 

treatment.10, 11 Recently, β3-adrenoceptor agonists have been introduced as a good 
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alternative for the treatment of detrusor overactivity.12 Several clinical trials have 

reported a good efficacy and a mild side effect profile for these β3-adrenoceptor 

agonists.13, 14 However, further studies are required to fully understand its mechanisms 

of action.   

It should be emphasized that besides the detrusor, other cellular and neural 

mechanisms inside or outside the bladder wall might be considered as a target for OAB 

treatment. The sensory and motor symptoms of OAB have been described to be related 

with changes in urothelial signaling,15 the interstitial cell network,16 bladder 

innervation17 and neural reflexes to the bladder18. Also a causal relationship with other 

pelvic disorders has been observed.19 

The studies described in this thesis were done to understand the physiological 

interactions between sensory and motor systems controlling urinary bladder function at 

the peripheral level within the bladder wall and outside the wall, including the 

peripheral nerves, the peripheral ganglia and other pelvic organs (the colorectum). 

These studies might give further insights into the development of OAB symptoms and 

will hopefully contribute to better future treatment modalities. 

6.2 Adrenergic signaling elements within the bladder wall 

Multiple lines of evidence suggest that β-adrenoceptors (β1, β2 and β3) are abundant in 

the urinary bladder wall and play important roles in detrusor relaxation during urine 

storage in various species.20-22 The β3-adrenoceptor isoform was proposed to be the 

most relevant in human detrusor relaxation. It was assumed that β-adrenoceptor 

agonists relax the detrusor through a direct action on the myocyte β3-adrenoceptor.23 In 

this purpose, the β3-adrenoceptor mirabegron has been developed to mimic the 

sympathetic system to increase bladder capacity and alleviate OAB symptoms through 

direct detrusor effects. Indeed, mirabegron has been reported to successfully decrease 

voiding frequency, reduce incontinence episodes and consequently, improve quality of 

life.12, 24 However, alternative ideas have been put forward regarding the mode of action 
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of mirabegron. For example, afferent recording from mechanosensitive afferents has 

been shown to be decreased in the presence of mirabegron, an effect possibly linked to 

the inhibition of micro-contractions.25 Furthermore, urodynamic observations in an 

obstructed rat model have illustrated a significant effect of mirabegron on non-voiding 

activity (NVA), while the voiding activity was little affected.25, 26 Therefore, the inhibitory 

actions of mirabegron suggest that adrenergic nerve activity might modulate a motor-

sensory system controlling NVA and bladder sensations. However, the exact 

mechanisms involved in such systems are still not fully understood. 

6.2.1 Adrenergic modulation of non-voiding activity evaluated in an isolated bladder 

NVA can also be observed in vitro in isolated bladder preparations, described as intrinsic 

micro-contractile or autonomous activity,27 which suggests that non-voiding 

contractions are generated and processed at least in part in the bladder wall. In Chapter 

1 it has been described that this micro-contractile activity might be generated by a 

modular functional arrangement of smooth muscle bundles and interstitials cells 

communicating with nerves and the urothelium. In some species, like the guinea pig and 

human, the local reflexes found in the intramural ganglia (Chapter 1) might be involved 

in the generation and modulation of this kind of activity. We have used isolated whole 

bladder preparations to evaluate the modulation of micro-contractile activity by the β3-

adrenoceptor agonist mirabegron and the non-selective β-adrenoceptor agonist 

isoprenaline in the rat and guinea pig bladder to explore the mode of action of the 

sympathetic system and β-adrenergic agonists in the bladder wall (Chapter 2). Effects on 

the intrinsic and muscarinic-induced detrusor contractions were observed. 

Muscarinic agonists are known to activate the detrusor during bladder contraction and 

are thought to be involved in the generation of DO during OAB by a shift in balance to 

excitatory neurotransmitters.9 It has been described before that the addition of the 

muscarinic agonists, carbachol and arecaidine, to the isolated bladder results in an 

augmentation of autonomous activity containing two types of activity: a contracture and 
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phasic activity.28 These kinds of activity were suggested to be regulated by mechanisms 

including the neuromuscular junction and a pacemaker that is responsible for the 

generation of phasic activity. Within our study we have used arecaidine to activate the 

detrusor, since this agonist is more selective for muscarinic receptors compared to 

carbachol.28 We have confirmed the data of Gillespie et al.28, showing the appearance of 

coordinated phasic contractions following the administration of low arecaidine 

concentrations (30 nM). At the highest agonist concentrations (300, 1000 nM) an initial 

large contracture was observed, followed by the appearance of complex phasic 

contractions superimposed on an increased baseline pressure. In rat detrusor strips, the 

large initial pressure response has been described as bursts of small, high frequency 

micro-contractions that fuse to generate a contracture at high agonist concentrations.29 

We hypothesize that besides a direct detrusor effect, arecaidine influences a pacemaker 

system that regulates the excitation and propagation of localized micro-contractions and 

that the frequency of these micro-contractions influences the baseline intravesical 

pressure. There is some indication that this pacemaker system, generating complex 

muscarinic-induced phasic activity, involves a network of interstitial cells that surround 

and infiltrate the muscle bundles.16, 29, 30 It has been shown that these cells are excitable, 

e.g. an activation by cholinergic agonists has been observed,31 and that activity can pass 

directly to the detrusor resulting in contraction.32, 33 Thus, activity in this interstitial cell 

network can stimulate the generation of larger contractions and propagating waves of 

contractions within the bladder wall.27 

In our rat experiments (Chapter 2), isoprenaline significantly reduced the intrinsic micro-

contractile activity, while the arecaidine-induced phasic activity was not affected. These 

observations suggest that the mechanisms underpinning the intrinsic micro-contractions 

and the muscarinic agonist-induced phasic contractions involve different elements. 

Recently, it has been illustrated in rat bladder strips that the potency of isoprenaline to 

reduce intrinsic micro-contractions was higher than to reduce electrical field stimulation 

(EFS) induced contractions.29, 34 The potency of isoprenaline to reduce EFS-induced 

contractions was higher than to reduce muscarinic agonist-induced contractions.29, 34 
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The reduction of the intrinsic micro-contractions and EFS-induced activity was found to 

be due to a β1-adrenoceptor mechanism.34 We have observed immunoreactivity for β1-

adrenoceptors on a network of vimentin positive cells, identified as interstitial cells and 

surrounding the muscle bundles (Chapter 3). Since the intrinsic micro-contractions were 

almost completely abolished at the highest concentrations of isoprenaline and a β1-

adrenoceptor mechanism has been suggested34 it might be speculated that the 

interstitial cells have an important role in the generation and modulation of these 

intrinsic micro-contractions. Furthermore, the demonstration that isoprenaline has a 

greater inhibitory effect on nerve mediated contractions (EFS-induced activity) than 

muscarinic agonist induced contractions (involves direct muscarinic detrusor 

activation),29 has led to the idea that the interstitial cell network is involved in the 

spread of parasympathetic nerve induced excitation and the coordination of global 

detrusor contractions. The close proximity of interstitial cells to cholinergic efferent 

nerve terminals in the detrusor35, 36 confirms this idea. 

A switch-like contractile response to β-adrenoceptor activation depending on the 

activation status of the detrusor by muscarinic agonists has been previously suggested.37 

Intrinsic micro-contractions and bladder contractions activated by low concentration 

muscarinic agonists were inhibited by β-adrenoceptor activation, while the contractions 

activated by high concentration muscarinic agonists were not inhibited or even 

strengthened. Such switch-like response explains the differences in potencies of 

isoprenaline to reduce intrinsic micro-contractions, EFS-induced contractions and 

muscarinic agonist induced contractions previously observed in isolated rat detrusor 

strips.29, 34, 38 Our rat data support this hypothesis. Based on our rat observations, it 

could be speculated that β-adrenoceptor agonists reduce micro-contractile activity 

during the filling phase via interstitial cells to prevent unwanted coordinated 

contractions. At high arecaidine concentrations, mimicking a high parasympathetic 

excitatory input, the detrusor is directly activated. In addition, cholinergic activation of 

the interstitial cells at these high arecaidine concentrations might override the inhibitory 

inputs to the interstitial cells and indirectly activate the detrusor to strengthen voiding 
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contractions and assure complete bladder emptying during micturition. This hypothesis 

suggests an integration of inhibitory and excitatory inputs on the interstitial cells to 

support or prevent detrusor contractions. A long-term imbalance to excitation might 

therefore be involved in the generation of OAB.  

The study in Chapter 2 also describes species differences, which emphasizes the 

importance of using different animal models in pharmacological experiments. In the 

guinea pig, the intravesical baseline pressure was less affected by arecaidine compared 

with the responses in the rat, while the superimposed arecaidine-induced phasic 

contractions were more coordinated. Also a difference in the isoprenaline effect has 

been observed in the guinea pig compared with the rat. In the guinea pig, no effect on 

the intrinsic micro-contractile activity by isoprenaline could be observed, while the 

arecaidine-induced phasic activity (both the amplitude and frequency) was significantly 

decreased. These species differences might involve a major difference in the structural 

and functional organization, including the presence of intramural ganglia39 and receptor 

expression in the bladder wall of different species. However the specific mechanisms 

underlying these differences are not known. 

Although species differences were found, it might be concluded that isoprenaline 

significantly affects bladder activity in both isolated bladder models. This is suggested to 

be via the activation of interstitial cell β1-adrenoceptors surrounding the detrusor 

muscle bundles. However, it has been clearly demonstrated before that there is only a 

sparse adrenergic innervation of the detrusor in both rat and human.40, 41 Thus, the 

nature of the physiological activation of our observed β1-adrenoceptors in the interstitial 

cell network is not fully understood.  

6.2.2 Evidence for the existence of adrenergic interstitial cells 

We have found evidence for the presence of a subpopulation of spindle-shaped 

vimentin positive interstitial cells containing vesicular mono-amine transporter (vmat), a 

transporter responsible for the storage of noradrenaline into synaptic vesicles (Chapter 
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3). These were highly present in between the detrusor muscle bundles in the lateral 

wall, where the adrenergic innervation to the detrusor was minimal. In accordance with 

previous studies,40, 41 the adrenergic innervation of the lateral wall was primarily 

associated with blood vessels in the lamina propria, while a dense adrenergic 

innervation was found in the bladder neck. In the bladder neck, these adrenergic nerves 

may be responsible for activation of α-adrenoceptors, resulting in contraction of the 

bladder neck and the maintenance of continence during bladder filling.42 It might be 

speculated that in the lateral wall, adrenergic signaling is controlled by a network of 

interstitial cells. In Chapter 1, the interstitial cell network of the bladder has been 

described as complex and heterogeneous. It stretches out from the suburothelium to 

the lamina propria and smooth muscle layer.16 The urothelium has been observed to 

release several neurostransmitters: NO, ATP, acetylcholine and prostaglandins43 

primarily in response to stretch and are thought to signal to underlying suburothelial 

interstitial cells.44-46 Activation of these suburothelial interstitial cells demonstrates large 

inward Ca2+ transients that might spread to the detrusor.47 Electrophysiological studies 

in the rat have shown that the calcium and membrane potential transients produced by 

stretch begin near the urothelial-suburothelial interface before spreading to the 

detrusor.48 This spread of activity was thought to involve electrical propagation via gap 

junctions.48 The propagation of such activity might also occur via chemical signaling. For 

example, there is evidence for the existence of interstitial cells that both release and 

respond to prostaglandins, thought to facilitate signal propagation.49 It might therefore 

be speculated that these suburothelial interstitial cells further activate the underlying 

interstitial cell network, including those in between the smooth muscle bundles to 

release neurotransmitters and to modulate detrusor activity. Alternatively, the smooth 

muscle interstitial cells might also be directly activated by stretch.50 The 

catecholaminergic interstitial cells identified in our study may be activated to release 

noradrenaline by one of these pathways. Since the majority of the vmat-IR cells were 

also β1AR-IR, it might be speculated that noradrenaline release from an interstitial cell 

might influence its own activity, suggesting an autocrine function, or the activity of 
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neighboring interstitial cells via a β1-adrenoceptor mechanism that might result into 

inhibitory actions on the detrusor. The mechanism by which this β1-adrenergic stimulus 

might cause a reduction of intrinsic micro-contractile activity is unknown. Previous rat 

bladder studies have suggested that β-adrenoceptor-mediated relaxation is mainly 

attributed to a cAMP-dependent mechanism.51 Since an increase in cAMP production 

results in an attenuation of the cytoplasmic Ca2+ concentration, we hypothesize that this 

might reduce the pacemaker activity of the interstitial cells and consequently reduce the 

intrinsic micro-contractions. However, cAMP-independent mechanisms, including K+ 

channels,51, 52 might also be involved and should be investigated. 

It must be stressed that the localization of receptors and their ability to function based 

on immuno-histochemical data is fraught with complications. The technique relies 

heavily on the selectivity of antibodies in the species under investigation. In our study, 

the antibodies were chosen as they had been fully characterized and have suggested 

structural insights that seem to support our functional observations.29, 34, 38 Furthermore, 

there is evidence for the existence of similar adrenergic signaling mechanisms in other 

pelvic organ systems. It has been observed that noradrenaline affects the pacemaker 

activity of the interstitial cells via a β1-adrenoceptor mechanism to modulate peristaltic 

activity of the gastrointestinal tract.53 Also, evidence has been found for the existence of 

catecholamine producing interstitial cells in between the muscle bundles of the 

prostate.54 These cells also responded to noradrenaline, which suggests an autocrine 

function.  

6.2.3 Interstitial cells and OAB 

In pathologies such as OAB, spontaneous phasic activity was more pronounced and 

associated with an upregulation of interstitial cells with increased connectivity, 

suggesting an enhanced propagation of electrical signals that might facilitate intrinsic 

contractile activity and can lead to detrusor overactivity.55-57 The coupling of interstitial 

cells may occur as a compensatory mechanism in response to a disruption of bladder 
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innervation in order to aid voiding.58 Also an increased release of urothelial signaling 

factors and an increased receptor expression in bladder interstitial cells was thought to 

further excite the interstitial cell network and exacerbate detrusor overactivity and/or 

alter sensory processing.58 β-Adrenoceptor activation might decrease the increased 

excitability of the interstitial cell network and consequently reduce bladder overactivity 

and bladder sensations. However, we have suggested in Chapter 2 that the interstitial 

cell network was not the primary site of action for the β3-adrenoceptor agonist, 

mirabegron. Mirabegron could only attenuate the intrinsic and muscarinic augmented 

micro-contractions at the highest concentrations in both rat and guinea pig. These high 

concentrations, were thought to involve non-selective actions34 and are well over those 

affecting β3-AR-mediated bladder functions in in vivo rat models.59 Also in human strips, 

the concentration-response curves of mirabegron are rather shallow with bladder 

relaxation IC50 values that are much higher than the peak plasma levels of mirabegron 

when administered in therapeutic doses.60, 61 These observations might either suggest 

that the concentrations in the target tissue exceed those in plasma upon chronic dosing 

or additional actions of mirabegron outside the bladder wall might be more important. 

6.3 The role of the pelvic plexus in the modulation of non-voiding activity 

Some of the neurons in the pelvic plexus, in the rat specifically the major pelvic ganglion, 

express β3-adrenoceptors and have been speculated to be a key element in the control 

of bladder function, possibly in the regulation of afferent outflow and sensation.62 We 

therefore hypothesize that the site of action of mirabegron in reducing afferent activity 

and NVA in vivo25, 26 might be at the level of the pelvic plexus. These neurons express 

both muscarinic (M3) receptors and β3-adrenoceptors,62 which mediate opposite effects 

and indicate the integration of parasympathetic and sympathetic inputs. Indeed, the 

synapses in the pelvic plexus are proposed to have both integrative as well as relay 

functions and are involved in coordinating sympathetic and parasympathetic inputs to 

the urogenital organs.63 



 General discussion and future perspectives 

135 
 

We have described in Chapter 4 that subsequent transection of the pelvic and 

hypogastric nerves, which removed central parasympathetic and sympathetic inputs and 

therefore decentralized the bladder, didn’t significantly affect NVA in our anesthetized 

rat model. These results suggest a minor influence of the CNS on NVA. In contrast, 

bilateral removal of the major pelvic ganglia revealed a significant increase in baseline 

pressure associated with an increased amplitude of the superimposed non-voiding 

contractions, while no change in their frequency was observed. A similar effect on the 

NVA, increased amplitude without frequency changes, was found after the 

administration of the ganglionic blocking agent hexamethonium to a decentralized 

bladder.64 This supports the idea that our changes in NVA are mediated by a neural 

mechanism. We therefore suggest that the amplitude of non-voiding contractions is 

primarily modulated by neural circuits between the bladder and the peripheral ganglia, 

while the generation and propagation of NVA might be regulated within the bladder 

wall. Previous studies in the rat and cat (discussed in Chapter 4), have observed 

significant influences of the CNS on NVA, which is in contrast with our results. This 

discrepancy might be due to differences in species, anesthesia and bladder filling 

procedure.65 Also in the rat, it has been suggested that the central sympathetic 

influences become more important under pathological conditions.66, 67 

The existence of neural reflex pathways between the bladder and MPG has been 

supported by data from structural studies. The MPG of the male rat contains a mixed 

population of cholinergic and adrenergic large neurons and adrenergic SIF (small 

intensely fluorescent) cells.62 The SIF cells were thought to act as interneurons making 

complex neural circuits within the MPG. In addition, these are the cells that express β3-

adrenoceptors and M3 muscarinic receptors.62 All subtypes of ganglionic neurons were 

found to receive CGRP containing sensory collaterals forming basket-like structures.62 It 

is therefore possible that these ganglionic neurons are involved in local reflexes coming 

from the bladder and controlling a motor-sensory system. Such reflex mechanisms have 

been identified in the intestine.68 Sensory neurons projecting to the peripheral 

autonomic ganglia (IMG and MPG) and mediating the intestino-intestinal inhibitory 



Chapter 6 

136 
 

sympathetic reflex mechanism have been described in the male rat.68, 69 In addition, this 

pathway could also trigger a peripheral colon-bladder inhibitory reflex mediated by 

noradrenaline. These complex neural circuits in the MPG, involving motor and sensory 

elements, are suggestive for inhibitory local reflexes to the bladder modulating NVA and 

might be disturbed by MPG removal, which increases the amplitude of the non-voiding 

contractions. Furthermore, this motor-sensory system was proposed to be involved in 

bladder fullness perception during urine storage.70 Therefore, disturbances in such 

reflexes might occur during pathology and might be involved in the generation of 

urinary urgency. Furthermore, these ‘disturbed’ reflexes might be affected by 

anticholinergic and β3-adrenergic drugs during OAB treatment. 

6.4 Mechanisms of pelvic organ cross-talk 

We have already mentioned that neural reflexes coming from the intestine might affect 

bladder activity at the level of the pelvic plexus. In Chapter 1 it has been described that 

the bladder and the terminal part of the large intestine, the colorectum, have a common 

embryological origin, the cloaca. This explains their close anatomical position and joint 

peripheral and central innervation that coordinates their similar function of storage and 

evacuation. Because of this close relationship, the bladder and colorectum interact in 

both physiological and pathological conditions. Experimental studies are necessary to 

reveal the underlying mechanisms of these interactions in order to understand the 

development of bladder and colorectum comorbidity. In the context of this thesis, we 

were interested in the neural pathways by which the colorectum can influence bladder 

activity. More specifically, we have further explored the IRVR, which is the inhibitory 

effect of CRD on bladder activity. We have compared the effect of a pressure-controlled 

noxious (60 mmHg) CRD on bladder micturition contractions in an isovolumetric bladder 

model with ligated urethra, in which the IRVR has been previously observed,71 with the 

effect in a filling bladder with open urethra.  
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In Chapter 5, we have confirmed that noxious CRD (60 mmHg) inhibited the 

isovolumetric BCF in a full bladder with a ligated urethra. This noxious CRD didn’t 

significantly influence the BCF and intercontraction interval of the micturition 

contractions measured during continuous cystometry. Also no effects on the volume 

and pressure micturition threshold were observed during our continuous and 

intermittent cystometries in which the urethra was open and voiding could occur. These 

different results were considered significant since we compared the 2 models 

(isovolumetric and obstructed vs. unobstructed voiding) in the same rat.  

The Isovolumetric bladder contractions observed in this study are a sequence of 

spontaneous bladder micturition contractions and relaxations against a closed outlet 

without volume changes. They are proposed to be generated by a communication 

between excitatory and inhibitory processes in the CNS and the pelvic plexus.64, 72 This 

switch of excitation and inhibition and vice versa is reflected by a sequence of increased 

and decreased bladder afferent activity (Minagawa et al, unpublished data, 2012). It has 

been suggested that the afferent input from the colon is likely to converge with these 

centres to elicit the IRVR. There are a number of sites at which the IRVR could possibly 

occur.73 The first pathway is an antidromic reflex via dichotomizing afferents identified 

in the DRGs projecting to both the colon and bladder.74 Convergence of colon and 

bladder sensory information has also been observed at the supraspinal level including 

Barrington’s nucleus and at the spinal interneurons and the pelvic plexus (discussed in 

Chapter 5).73, 75 

Previously it has been suggested that the IRVR occurs at the afferent limb of the 

micturition arc, since the amplitude and duration of the micturition contractions, which 

are parameters of efferent activity, were not affected.71 However, a subsequent study 

demonstrated that noxious CRD increases afferent bladder activity in both converging C-

fibers and (non-converging) Aδ-fibers.76 This finding has suggested that the IRVR occurs 

at the level of interneurons, communicating with both colon and bladder afferent 

nerves.71, 76 Furthermore, Miyazato et al. previously showed that intrathecal injection of 
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glycine and GABA receptor antagonists could abolish the IRVR.77, 78 This suggests that the 

IRVR most likely occurs at spinal interneurons, as glycine and GABA are known as the 

main neurotransmitters of inhibitory spinal interneurons.  

We believe that the IRVR is depending on an acute noxious stimulus. It has been 

previously observed that only a noxious CRD could elicit the IRVR.71 Moreover, the IRVR 

was more pronounced with a larger intrarectal balloon or intrarectal irritation, which 

increases the colorectal afferent activity. On the other hand, inhibition of colorectal 

afferent activity by intrarectal application of lidocaine can abolish the IRVR. Since we 

have observed that the IRVR was much weaker or even absent in a filling bladder with 

unobstructed voiding, we suggest that the isovolumetric obstructed model is a noxious 

model. We hypothesize that detrusor contraction against a closed outlet might distend 

the urethra and activate a noxious urethral afferent input to the CNS. It has been shown 

that urethral distension elicits an urethrovesical inhibitory response, which is mediated 

by capsaicin sensitive afferent fibres.79 Also, urethral ligation was proposed to be a 

noxious stimulus, since it induces c-fos activation in spinal cord second order neurons 

that receive input from pelvic as well as pudendal nerves.80 Induction of the early 

immediate gene coding for c-fos in the dorsal horn of the spinal cord has been used to 

map the distribution of central neurons involved in pathways mediating nociception of 

both physiological and noxious stimuli.81-83 This suggests that a noxious stimulus in the 

colon alone does not suffice to inhibit the bladder but an additive inhibitory 

(nociceptive) urethral stimulus is needed to elicit the IRVR. Recently, evidence has been 

found for the existence of dichotomizing afferent nerves projecting to both the urethra 

and colon, which is indicative for cross-sensitization of urethral and colonic afferent 

signals.84 Interactions between the bladder and urethral afferents might occur at the 

supraspinal and spinal level (discussed in Chapter 5).85, 86 

We have hypothesized that the IRVR is an acute CNS response to remain continent 

during severe stress, which is in our case a result of additive nociceptive visceral stimuli 

elicited by noxious pressures in the colon, bladder and urethra as well as by urethral 
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ligation. It might also be suggested that this is a physiological mechanism of the CNS to 

protect the bladder against high pressure development which might be life threatening. 

The release of the stress-related neuropeptide, CRF, by Barrington’s nucleus neurons 

was thought to be involved.87 Again, it must be stressed that these interactions might 

occur under physiological circumstances. Chronic pathological conditions are 

characterized by a loss of central control, which has been observed in PBOO rats.88 Since 

a frequent comorbidity of OAB and constipation has been observed (Chapter 1),89, 90 we 

therefore speculate that peripheral mechanisms might be involved in the development 

of an overactive bladder during chronic constipation. However the exact mechanisms 

are still not understood.  

6.5 Conclusions and future perspectives 

In this thesis, we have performed several studies to investigate the peripheral 

modulation of bladder activity. We have discussed the importance of the IC, the pelvic 

plexus and colon-bladder cross-talk mechanisms, involving sensory-motor interactions 

which facilitate or inhibit bladder activity. Both our functional and structural studies 

suggest that the IC network might be involved in the adrenergic relaxation of the 

detrusor. More specifically, these actions were observed to include a β1-adrenoceptor 

mechanism. Also the release of noradrenaline by the IC network has been speculated. 

This might explain the sparse adrenergic innervation of the detrusor. However, direct 

functional studies on isolated detrusor IC should be performed to explore the 

modulation of IC activity via a β1-adrenoceptor mechanism. Also the possible release of 

noradrenaline should be further investigated. 

Our observations of the autonomous bladder activity in the isolated bladder 

preparations of rat and guinea pig have suggested that the site of action of mirabegron 

at its therapeutic concentrations might not be within the bladder wall. A previous 

structural study has found evidence for the expression of β3-adrenoceptors in the pelvic 

plexus of the male rat, more specifically identified as the MPG in this species.62 We have 
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illustrated the existence of local reflexes between the bladder and the MPG of the rat 

that are involved in the modulation of NVA, the motor component of a motor-sensory 

system. We hypothesize that the therapeutic site of action of mirabegron might involve 

such local reflexes. To prove this hypothesis, we should observe NVA during the storage 

phase with and without mirabegron before and after MPG removal. Since, the local 

reflexes between the bladder and the MPG might be involved during pathology, we 

should perform these experiments in an obstructed rat model, which is frequently used 

as a model for OAB. We believe that these kinds of experiments might reveal the 

importance of the MPG in the actions of mirabegron on the increased NVA in PBOO rats. 

We might then translate our observations to humans, which might suggest that the 

pelvic plexus is a site of action for mirabegron during OAB treatment. These kinds of 

experiments are giving new insights into bladder physiology. It is taking together the 

work of Sherrington91, who discovered the existence of small NVC during bladder filling 

and the work of de Groat63, studying the role of the pelvic plexus in bladder function. 

Research performed in this thesis, has given direct evidence for the role of the pelvic 

plexus in the modulation of small NVC appearing during bladder filling. Since the NVC 

are thought to be associated with bladder filling sensations92, our research also supports 

a role for the pelvic plexus in the modulation of bladder sensation. 

Finally, we have determined the peripheral modulation of bladder activity via colon-

bladder cross-talk mechanisms under physiological conditions. We have observed that 

an acute additive noxious colonic and urethral sensory input was necessary to elicit the 

IRVR and central interneurons were thought to be involved. These reflexes might 

indicate acute stress responses of the bladder. However, we should further explore the 

exact levels at which the inhibitory reflexes occur. Also, these studies don’t explain the 

frequent comorbidity of constipation and OAB (discussed in Chapter 1).90 We believe 

that peripheral bladder changes, initiating bladder hyperactivity (e.g. afferent 

sensitization and detrusor hyperplasia), might become more important, but the 

mechanisms are still not understood. We therefore should use a chronic constipated rat 

model to investigate the actions of chronic constipation on bladder activity. These kinds 



 General discussion and future perspectives 

141 
 

of studies are important for the management of OAB. The first-line treatment of OAB, 

the anti-muscarinics, might induce constipation as a side-effect and constipation has 

been suggested to stimulate OAB development.90 Insights in the exact mechanisms that 

are involved in the development of OAB as a consequence of constipation might give 

insights into a better treatment resolving both pathological conditions.  
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The lower urinary tract (LUT) is under the control of complex central and peripheral 

neural interactions. Because of this high level of complexity, the LUT is vulnerable to 

dysfunction. Overactive bladder pathology (OAB) is one of the major areas of LUT 

dysfunction and is characterized by urine storage symptoms such as urgency, frequency, 

nocturia and in some cases urge incontinence. Disturbances in both the sensory and 

motor control of the bladder has been suggested, however the exact mechanism 

responsible for the development of OAB is still not understood. It is therefore important 

to first fully understand the normal bladder physiology. With respect to this, studies 

have been undertaken to explore the peripheral modulation of the sensory-motor 

interactions controlling bladder activity under physiological conditions.  

A first study, a functional study, was performed in isolated whole bladder preparations. 

Such models have been frequently used to explore the autonomous bladder activity, 

which is thought to be associated with the small non-voiding contractions observed 

during urodynamic measurements in healthy volunteers. These small non-voiding 

contractions are increased during OAB, resulting in detrusor overactivity and might be 

responsible for urge sensations.                             

In this first study, small micro-contractions were observed in isolated whole rat and 

guinea pig full bladders. Muscarinic stimulation of the isolated bladder preparations 

resulted in a large initial contraction followed by large phasic contractions in both 

species. Isoprenaline, a non-selective β-adrenoceptor, completely reduced the small 

micro-contractions in the rat, while its muscarinic induced phasic contractions were not 

affected. A switch-like β-adrenoceptor response influenced by the muscarinic activation 

status of the detrusor has been suggested. This finding indicates the importance of a 

balance between the inhibitory and excitatory inputs to the bladder to prevent the 

development of an overactive bladder.  

The study reports also species differences. In the guinea pig, the muscarinic induced 

phasic bladder contractions were more coordinated and affected by isoprenaline. These 

different observations might indicate the difference in micro-anatomy and receptor 
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expression between both species. While isoprenaline significantly inhibited the 

autonomous activity of the isolated rat and guinea pig bladder, the β3-adrenoceptor 

agonist mirabegron didn't have a major influence on the isolated bladder preparations 

of either species. Mirabegron is a drug that has been clinically approved for the 

treatment of OAB. Its mode of action was thought to be via a direct action on detrusor 

cell β3-adrenoceptors. However, the results of our isolated bladder study suggest that 

the therapeutic mode of action of the β3-adrenoceptor agonists might be elsewhere in 

the periphery.  

In a second study, a structural study, the adrenergic elements that might be responsible 

for the adrenergic modulation of bladder activity within the bladder wall were explored 

via immunohistochemistry. Rat detrusor strips were incubated with antibodies to 

tyrosine hydroxylase (TH) and vesicular mono-amine transporter (vmat). These proteins 

are responsible for the synthesis and storage of catecholamines, such as noradrenaline. 

A dense adrenergic innervation was observed in the bladder neck and surrounding the 

blood vessels. These are thought to be responsible for contraction of the urethral 

sphincter and microvascular control. Few adrenergic nerves were found in the detrusor. 

However, evidence was found for the existence of adrenergic vmat-positive interstitial 

cells surrounding the smooth muscle bundles and containing the β1-adrenoceptor. These 

findings are suggestive for the existence of a non-neuronal β-adrenergic system 

operating in the lateral wall of the bladder that might be involved in the adrenergic 

inhibition of micro-contractile activity, observed in the first functional study.  

In a third study, again a functional study, the role of the parasympathetic and 

sympathetic system and the impact of the peripheral ganglia on the modulation of NVA 

was observed using a nerve transection protocol in a rat model. Subsequent 

transections of the hypogastric and pelvic nerves revealed a minor impact of the central 

sympathetic and parasympathetic nervous systems on NVA. In contrast, transecting the 

major pelvic ganglia significantly increased the amplitude of the non-voiding 

contractions. These findings were indicative for the existence of local reflexes between 
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the bladder and the major pelvic ganglia modulating NVA, the motor component of a 

motor-sensory system. Since a previous structural study has found evidence for the 

existence of β3-adrenoceptors in the major pelvic ganglion, we might speculate that the 

local reflexes found in our functional study might be involved in the therapeutic actions 

of the β3-adrenoceptor agonist mirabegron. 

In a last functional study, the peripheral modulation of bladder activity by colorectal 

distension (CRD) was determined. The colorectum and the bladder are regulated by 

similar neural complexes. As a consequence of these shared neural circuits, neural cross-

talk mechanisms between the bladder and the colorectum occur. These neural cross-talk 

mechanisms are necessary for the coordination of bladder and colorectal activity under 

physiological circumstances, but might also be responsible for the development of 

bladder and colorectal comorbidity. We have observed an inhibition of bladder 

micturition contractions by a noxious CRD (60 mmHg) in an isovolumetric cystometry 

model with ligated urethra. This inhibitory interaction was not observed in an 

intermittent and continuous cystometry model with open urethra. We have suggested 

that the inhibitory rectovesical reflex is elicited by additive noxious colonic and urethral 

afferent inputs, converging with the bladder afferents, most likely at the level of the 

spinal interneurons.   

As a conclusion, studies have been conducted to investigate the peripheral modulation 

of bladder activity under physiological conditions. Sensory-motor interactions within the 

bladder wall and outside the wall, including the peripheral ganglia and adjacent pelvic 

organs (the colorectum) have been explored. Further studies should be performed in 

pathological models to fully understand the changes in these sensory-motor interactions 

that are responsible for the development of bladder dysfunction, including the 

overactive bladder pathology.  
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De werking van de lagere urinewegen wordt gecontroleerd door complexe centrale en 

perifere neurale interacties. Deze hoge graad aan complexiteit heeft als gevolg dat de 

lagere urinewegen gevoelig zijn aan een verstoorde werking. Overactieve blaas-

pathologie is één van de meest voorkomende ziektebeelden ter hoogte van de lagere 

urinewegen en wordt gekarakteriseerd door symptomen zoals aandrang om te plassen, 

vaak plassen, 's nachts opstaan om te plassen en in een aantal gevallen urine-

incontinentie. Het ziektebeeld zou zowel door een verstoring van de sensorische alsook 

de motorische controle van de blaas worden veroorzaakt. Het exacte mechanisme dat 

verantwoordelijk is voor de ontwikkeling van overactieve blaaspathologie is echter nog 

niet gekend. Het is daarom belangrijk dat in eerste instantie de normale fysiologie van 

de blaas volledig wordt begrepen. Met dit doel voor ogen, werden verschillende studies 

uitgevoerd om de perifere modulatie van het motor-sensorische systeem die de 

blaasactiviteit controleert, te onderzoeken onder fysiologische omstandigheden. 

Een eerste studie, een functionele studie, werd uitgevoerd in geïsoleerde blazen. 

Dergelijke studies worden frequent toegepast voor het bestuderen van de autonome 

blaasactiviteit. Autonome blaasactiviteit wordt vaak geassocieerd met de kleine blaas-

contracties, "non-voiding" contracties, die geobserveerd kunnen worden bij blaasvulling 

tijdens urodynamische metingen in gezonde vrijwilligers. Karakteristiek voor het 

ziektebeeld overactieve blaaspathologie is dat deze kleine blaascontracties zijn 

toegenomen, wat resulteert in een overactieve blaas. Er werd ook gesuggereerd dat de 

toegenomen activiteit van deze blaascontracties verantwoordelijk is voor de frequente 

aandrang om te plassen bij mensen met overactieve blaaspathologie.                 

In deze eerste studie werden micro-contracties geobserveerd in volle geïsoleerde rat- en 

caviablazen. Stimulatie van de geïsoleerde blazen met muscarine agonisten resulteerde 

in een initiële grote blaascontractie, gevolgd door fasische grote blaascontracties in 

zowel de rat als cavia. Toevoeging van de niet-specifieke β-adrenoceptor, isoprenaline, 

aan de geïsoleerde ratblaas was verantwoordelijk voor het zo goed als volledig 

verdwijnen van de micro-contracties. De door muscarine agonisten gestimuleerde 

fasische blaascontracties werden echter niet aangetast door isoprenaline in de rat.  Op 
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basis van deze rat resultaten, kon besloten worden dat het isoprenaline respons van de 

blaas afhankelijk is van in welke mate de detrusor geactiveerd wordt door muscarine 

agonisten. Hieruit blijkt ook dat het evenwicht tussen de inhiberende en exciterende 

signalen naar de blaas belangrijk is voor de normale werking van de blaas en het 

voorkomen van de ontwikkeling van een overactieve blaas.                        

Er werden in deze studie verschillen waargenomen tussen de blaasactiviteit van de rat- 

en caviablaas. Bij de cavia waren de fasische blaascontracties na activatie door middel 

van de muscarine agonisten meer gecoördineerd dan bij de rat. Deze door muscarine 

geactiveerde fasische blaascontracties werden bij de cavia wel aangetast door 

isoprenaline. Deze verschillen kunnen wijzen op een verschil in microanatomie en/of 

receptor expressie in de blazen van verschillende diersoorten.                   

Ook het effect van de β3-selectieve adrenoceptor agonist, Mirabegron, op de autonome 

activiteit van de geïsoleerde rat- en caviablaas werd in deze eerste studie bestudeerd. Er 

konden echter geen significante effecten worden waargenomen. Mirabegron werd 

recent goedgekeurd als een behandeling voor overactieve blaaspathologie. Het 

werkingsmechanisme werd verondersteld via een directe actie op de β3-adrenoceptoren 

van de detrusor gladde spiercellen. Onze studie in geïsoleerde rat- en caviablazen 

suggereert echter dat het therapeutische werkingsmechanisme van de β3-adrenoceptor 

agonisten elders in de periferie plaatsvindt.  

In een tweede studie, een structurele studie, werd via immunohistochemie de 

aanwezigheid van adrenerge structuren in de blaaswand bestudeerd, die 

verantwoordelijk zouden kunnen zijn voor de adrenerge modulatie van de 

blaasactiviteit. Rat detrusor strips werden geïncubeerd met antilichamen gericht tegen 

"Tyrosine Hydroxilase (TH)" en "vesicular monoamine transporter (vmat)". Dergelijke 

eiwitten zijn verantwoordelijk voor de synthese en opslag van catecholamines, zoals oa. 

noradrenaline. Een dense adrenerge bezenuwing werd geobserveerd ter hoogte van de 

blaasnek en rondom bloedvaten. Deze worden verondersteld verantwoordelijk te zijn 

voor de contractie van de urethrale sfincter en microvasculaire controle. Er was weinig 

evidentie voor de aanwezigheid van adrenerge zenuwen in de detrusor. Toch werden er 
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adrenerge structuren teruggevonden in de laterale blaaswand. Rondom de detrusor 

bundels konden interstitiële cellen waargenomen worden die positief aankleuren voor 

vmat. Deze cellen kleurden ook positief aan voor de β1-adrenoceptor. Dergelijke 

bevindingen veronderstellen het bestaan van non-neuronale β-adrenerge systemen in 

de laterale wand van de blaas die betrokken kunnen zijn bij de adrenerge inhibitie van 

de micro-contracties, zoals werd waargenomen in de eerste functionele studie.  

In een derde studie, opnieuw een functionele studie, werd de rol van het 

parasympathische en sympathische systeem en de impact van de perifere ganglia op de 

modulatie van "non-voiding" activiteit bestudeerd in de rat. Opeenvolgende transsecties 

van de hypogastrische en pelvische zenuwen toonden aan dat het centrale sympatische 

en parasympatische zenuwstelsel weinig impact heeft op de "non-voiding" activiteit van 

de ratblaas. In tegenstelling tot deze bevindingen werd wel een significant effect 

waargenomen op de "non-voiding" activiteit na transsectie van de pelvische ganglia, 

namelijk een toename in amplitude van de "non-voiding" contracties. Deze bevindingen 

zijn indicatief voor het bestaan van locale reflexen tussen de blaas en de pelvische 

ganglia die de "non-voiding" activiteit moduleren. Aangezien een voorgaande 

structurele studie de aanwezigheid van β3-adrenoceptoren ter hoogte van de pelvische 

ganglia heeft aangetoond, kunnen we speculeren dat de locale reflexen die wij hebben 

geïdentificeerd in deze derde studie, deel uitmaken van de therapeutische werking van 

de β3-adrenoceptor agonist Mirabegron.  

In een laatste functionele studie werd de perifere modulatie van de blaasactiviteit door 

middel van een colorectale distensie onderzocht. Het colorectum en de blaas worden 

door gelijkaardige neuronale complexen gecontroleerd. Als gevolg van deze 

gezamenlijke neuronale systemen kan een communicatie plaatsgrijpen tussen het 

colorectum en de blaas. Deze communicatie is noodzakelijk voor het coördineren van de 

colorectale en blaasactiviteit onder fysiologische omstandigheden. Deze communicatie 

kan echter ook verantwoordelijk zijn voor de ontwikkeling van blaas en colorectum 

comorbiditeit.                
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We hebben via een experimentele studie in een verdoofde rat waargenomen dat de 

isovolumetrische (mictie)contracties, uitgelokt in een volle blaas met een afgebonden 

urethra, onderdrukt worden door middel van een nociceptieve colorectale distensie (60 

mmHg). De mictie-contracties uitgelokt door een periodiek of continu vullende blaas 

met open urethra werden niet geïnhibeerd door deze nociceptieve colorectale distensie. 

We veronderstellen dat het remmende rectovesicale reflex uitgelokt wordt door middel 

van een additieve nociceptieve afferente input afkomstig van zowel de colon als de 

urethra die convergeert met de blaasafferenten. Het niveau van convergentie is het 

meest waarschijnlijk ter hoogte van de spinale interneuronen. 

We kunnen concluderen dat verschillende studies werden uitgevoerd om de perifere 

modulatie van de blaasactiviteit onder fysiologische condities te bestuderen. Interacties 

tussen verschillende sensorische en motorische elementen ter hoogte van de 

blaaswand, maar ook perifeer van de blaas, zoals onder andere ter hoogte van de 

pelvische ganglia alsook naburige orgaansystemen (het colorectum) werden onderzocht. 

Verdere studies zullen moeten worden uitgevoerd in pathologische modellen om de 

veranderingen ter hoogte van deze sensorische en motorische interacties die 

verantwoordelijk kunnen zijn voor de ontwikkeling van blaasdysfunctie, zoals 

overactieve blaaspathologie, volledig te kunnen begrijpen. 
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