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Abstract

The mechanisms underlying bladder sensation and the way we experience sensations during

normal voiding and in pathology is complex and not well understood. During storage and

emptying, mechanical changes occurring in number of cell types within the bladder wall (i.e. the

uroepithelium and bladder afferents) can have a major influence on our sensory systems. In this

review, we discuss bladder sensation with a focus on coding events in the periphery.

Keywords

afferents; sensation; urothelium

Part 1: urothelial signalling

The urothelium, or epithelial lining of the urinary tract, is composed of a number of cell

layers (Apodaca et al. 2007, Khanderwal et al. 2009). These include a basal layer,

intermediate and a superficial or apical layer, often referred to as ‘umbrella cells’. An

important, but not well understood, function of epithelial cells is the ability to sense changes

in their extracellular environment and then communicate these changes to the underlying

nervous, connective and muscular tissues. For example, during bladder filling and emptying,

the urothelium is able to respond to a wide range of physical stimuli including changes in

bladder pressure, geometric extension (not necessarily accompanied by large forces), tension

(in the urothelium or bladder wall) and ranges of urine composition as well as tonicity. A

variety of studies in humans and in animals have reported that urothelial cells express

‘sensor molecules’ capable of responding to physical as well as chemical stimuli (Birder &

Groat 2006, Birder et al. 2010). Although the urothelium is able to respond to physical (and

chemical) changes by releasing signalling molecules that can impact on afferent activity, the

transducer protein (s) and the physiological regulators involved in these functions are not

well described.
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There is evidence that epithelial cells in different organ systems may express similar

receptor subtypes (Folkerts & Nijkamp 1998, Lumpkin & Caterina 2007, Kummer et al.

2008). Accordingly, epithelial cells could use multiple signalling pathways, whose

intracellular mechanisms differ according to location and environmental stimuli. This would

permit a greater flexibility for the cell to regulate function and respond to complex changes

in their surrounding microenvironment. Whether urothelial sensor molecules all feed into a

diverse array of signalling pathways or share similarities with systems such as olfaction,

whereby hundreds of receptors share identical transduction cascades (Brunet et al. 1996), is

yet to be uncovered.

The urothelium: role in volume regulation and afferent activation

As the bladder fills, the superficial or umbrella cell membrane unfolds and expands because

of the addition of membrane (Truschel et al. 2002, Born et al. 2003, Apodaca et al. 2007,

Kreft et al. 2009). The modulation of the superficial urothelial cell surface is likely to play a

role in accommodating variations in urine volume as the bladder fills and empties and also

to substitute leaky membrane areas. The mechanisms and factors underlying these processes

are complex and not completely understood. There is evidence that ATP released from

urothelium and binding in an autocrine manner to urothelial purinergic cell surface receptors

can modulate membrane traffic (Wang et al. 2005).

ATP, released from the urothelium following either mechanical or chemical stimulation, can

also act in a paracrine manner to stimulate underlying cells within the bladder wall

(Burnstock 2001, Ruggieri 2005, Birder & Groat 2006, Apodaca et al. 2007). This can

influence bladder sensation by binding to purinergic receptors on underlying nerves and

interstitial cells. While evidence supports a role for ATP and purinergic receptors in

modulating symptoms in several urologic diseases, the mechanisms underlying activation of

the micturition pathway at lower bladder volumes (during urgency) and mediators (amount;

type) involved are not understood. In addition, the directionality of transmitter release, the

mixture of receptor subtypes in the apical and basolateral domains and interactions between

multiple transmitters is likely to affect the nature of the output in both health and disease.

Assuming that signal transfer is not unidirectional, how then might communication occur

from the urothelium to the underlying cells within the bladder wall and to the nervous

system? Studies carried out using optical imaging approaches have reported a directionality

of signal transfer, originating within the urothelium/suburothelial layer and propagating to

the detrusor (Kanai et al. 2007, Ikeda & Kanai 2008). Mechanical stretch, exogenous agents

as well as pathology were found to enhance this propagation. It remains to be determined as

to how signalling occurs between the apical–basal urothelium as well as within the

superficial urothelium. It has been suggested that there may be subsets of urothelial cells that

could act as a type of pacemaker cell, which may initiate and propagate activity (Shabir &

Southgate 2008). It has also been suggested that changes in sensitivity or activity in bladders

with damage to the neck/proximal urethra may contribute to urge sensation (de Jongh et al.

2007). In this regard, it seems plausible that the epithelium in this region is well positioned

to release excitatory agents that could impact bladder sensation. Whether or not regional

variations in innervation may be linked to a specific stimulus modality is not known
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(though, some clinical observation studies involving peripheral nerve trauma would suggest

this).

A heightened perception of sensation (visceral hypersensitivity) is common in various

bladder disorders including overactive bladder and bladder pain syndrome. Augmented

expression/release of urothelial-derived chemical mediators is likely to reduce the threshold

for activation of nearby bladder afferents. Thus, the urothelium has the potential for

amplifying signals, both within the urothelium and the bladder wall and contributing to a

gain of function in sensory processing.

Stressors that can impact on this ‘gain of function’ include alterations in levels of trophic

factors as well as stress and steroid hormones. For example, stress-mediated activation of the

hypothalamic–pituitary–adrenal axis can result in increased production of corticotrophin

releasing factor, which can regulate neuroendocrine and autonomic responses to stress

(Stengel & Tache 2010). Altered levels of circulating estrogens may also play a role in

urinary bladder dysfunction, including urgency and frequency and possibly urogenital

atrophy (Robinson & Cardozo 2002, Hillard 2010). The resulting structural and functional

abnormalities may lead to enhanced signalling between the urothelium and underlying cells.

Part 2: experiencing sensation related to the urinary bladder

Sensation is a perception made by an individual related to a stimulus that occurs in the body.

Feeling fullness of the bladder is one such sensation. Filling of the bladder creates afferent

potentials that run through afferent labelled nervous pathways which consist in general of

different parts: a primary order neuron from receptor/stimulus site, through all peripheral

nerves of the bladder to the spinal cord or brainstem, a second order neuron towards the

thalamus and a third order neuron towards the sensory cortex. Triggering afferent potentials

is through a complex system of different mechanisms, and the urothelium and underlying

structures have been extensively studied in this respect and described above.

One technique of gathering information on afferents in their peripheral part is through

measuring of the potentials directly at the level of the dorsal root in animal experiments.

Several studies have been carried out exploring the differences of potentials in healthy and

pathologic conditions as in spinal animals, animals with bladder pain syndrome/interstitial

cystitis or in animals with hormonal deficiency (Birder et al. 2004, Iijima et al. 2009,

Wyndaele 2010, Aizawa et al. 2011a). The influence of different transmitters and drugs

have been studied, with intravesical or parenteral administration, and often, an effect has

been found on afferent potentials in the primary order neuron in these settings (De Wachter

& Wyndaele 2003a, De Laet et al. 2005, Iijima et al. 2007, Aizawa & Wyndaele 2010a,

Aizawa et al. 2010b, 2011b,c). In these uni or multifibre studies, it has been shown over and

over again that bladder filling gives higher afferent potential rate related to increasing

bladder volume. When voiding occurs, this nerve activity diminishes again to baseline. It

has also become clear that different types of afferent fibres exist, and that in every type,

there are subtypes more or less responsive to chemical actions Figure 1.

This creates the overall image of almost continuous upward flow of large quantities of

different bladder nerve potentials elicited by bladder filling and reaching the brain. When
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these afferent stimuli arrive in the perception areas of the brain, the interpretation and

translating of the stimuli into a sensation is carried out through different coding

mechanisms: for stimulus type, which relates to the receptors triggered and/or the

interpretation by the brain of a combination of potentials if they derive from stimuli for

which no specific receptors exist; for stimulus intensity, which depends on number of

receptors activated and the frequency of action potentials; for stimulus location. To try and

objectivate this afferent inflow, central nervous imaging has been used (Griffiths 2011).

Clinical experience clearly shows that afferent potentials will most of the time not result in

conscious sensations but will be hidden unconsciously until certain thresholds are reached.

Observations have shown that most of the bladder filling is not felt. In investigation

circumstances as with cystometry, individuals, when focussed on the bladder filling and

reminded by an investigator or an equipment to try and keep this concentration going for

mean 10–20 min, most will report similar sensory events which have been put into a fitting

terminology by several investigators over the last decades (Wyndaele 2010). The ICS has

then endorsed these results into their terminology report (Abrams et al. 2003), and now

often urodynamic equipment and urodynamic evaluation sheets will indicate first sensation

of filling, first desire to void and strong desire to void, eventually urgency or pain. Much

attention has gone into these semantics and discussions of what is thought correct and what

not. It remains semantics, and at the best, a good approach of what human physiology could

have as expressions for the individual in such investigating circumstances Figure 2.

In daily life, the sensory information received from bladder filling, which will on average

take 3–4 h during the working day, could be different from sensory data gathered during a

focused period of 20-min-urodynamic testing during which filling is performed at an

unphysiological speed. However, data from a sensation-related voiding diary, where every

void and leakage is reported with the desire that was experienced at the same time, show a

correlation with data from urodynamic tests (De Wachter & Wyndaele 2003b, Naoemova et

al. 2009). It indicates that first desire to void during cystometry can correspond with bladder

sensation in daily life, experienced as that some activities still can be ended before going to

empty the bladder. A strong desire to void on cystometry corresponds with a sensation on

voiding diary that the individual needs to void and has the impression that he/she can no

longer postpone then at the most for 5 min. Activities have to be interrupted. These sensory

descriptions relate to events that are most easily recognized by individuals. One can

hypothesize that such information is then stored in a sensory database like system in the

brain and acts like a trigger as soon as its threshold is reached to let go a sensory warning

that requires action. Studies with sensation-related voiding diaries have shown that in

consecutive days, the pattern and sensation/volume relations are stable (Naoemova et al.

2008). Studies on fake cystometry have also given interesting data. When an individual is

told that a cystometry, fully installed, is starting while no fluid is given, there is still a

minority that will report some of previously described filling sensations in the next 15 min

(De Wachter et al. 2008). One can hypothesize that these individuals might have the

‘sensory scenario’, painted in their unconsciousness, played off automatically and report

back some sensations that should develop in the scenario out of memory and without proper

new changes in afferent information at the time. It is remarkable that in such individuals, the
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time and consecutive sensation ratios are as normal. It is easy to imagine that with sensory

events that occur daily, every day, for years, the stored information must be solid and the

impact of memory is important.

Afferent information from the bladder would seem to get a favoured handling in the central

nervous system. In coma patients, with the exception of the lowest Oxford scale, bladder

filling will elicit strong body movements as of unease before ending in a reflex, synergic

voiding (Wyndaele 1986). Bladder filling will lower rectal filling sensation (De Wachter &

Wyndaele 2003c). When volunteers go to the toilet with the desire to empty the bowel, most

will empty the bladder first (De Wachter et al. 2007).

The question remains how, from an almost continuous inflow of afferent potentials, with

increasing intensity the further the bladder fills, distinct signs of warning develop. Probably,

many different mechanisms will play, including modulation in sensory pathways, memory

and emotion, attention and more. Sensation is by definition always subjective, and thus,

special for every single individual Figure 3.

This has to be taken into account and standardizing sensory information will always need to

accept large ranges and different expressions between people, a concept also developed as

the ‘cognitive voiding’ by J. Gillespie in the State of the art David Rowen lecture during the

Annual International Continence Society meeting in Glasgow, UK, August 30 to September

2, 2011.

Another item that needs further developing is the afferent and sensory interaction between

pelvic organs. The different pelvic functions are carried out in a coordinated way through

complex integrative pathways that may converge peripherally and/or centrally. If pathology

occurs, traumatic, irritative or infectious, the shared afferent pathways may produce

generalized pelvic sensitization or cross-sensitization to both chemical and mechanical

stimuli, dependent on both intact bladder sensory innervation and neuropeptide content as

shown bidirectionally for the bladder and bowel in animal models (Ustinova et al. 2010).

There are many examples of mutual sensory influences between bladder and bowel, in

health and in sickness [Malykhina A, Wyndaele JJ, k Andersson KE, De Wachter S,

Dmochowski R.Do the urinary bladder and large bowel interact, in sickness or in health?

Accepted for publication NUU 2011].

Sensation can be pathological, either that there is not enough sensory warning either that it

becomes too strong and interferes with daily life and quality of life. In such last case,

urgency can be experienced or pain and frequency can develop. How in these circumstances

the normal handling of afferent potentials gets disturbed needs more study. Is it a breaking

through inhibiting mechanisms, or a too high and quick inflow of extra afferent potentials so

that thresholds are reached earlier or combinations? What is the role of neuroplasticity?

Bladder afferents show plasticity; the total number of active primary afferents is not static

but critically depends on the state of the tissue. This may account for the changes in bladder

sensation as in BPS-IC and needs further study (Peeker et al. 2000, Nazif et al. 2007).

Birder and Wyndaele Page 5

Acta Physiol (Oxf). Author manuscript; available in PMC 2014 May 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



An important domain for research is the possible influence of treatment modalities on

sensation from the lower urinary tract. It can be influenced by behavioural means (Wyndaele

et al. 1997), drugs (Finney et al. 2006) and surgery.

Conclusion

Recent research has shown that afferent potentials from the lower urinary tract depend on

complex regulating mechanisms. This afferent inflow is transported in a few sensory

warnings. How this is processed in healthy and in patients with different bladder conditions

needs to be further explored.
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Figure 1.
Diagram of the technical operation procedure (Aizawa, Wyndaele University Antwerp

2011).
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Figure 2.
Diagram of the experimental summary (Aizawa, Wyndaele University Antwerp 2011).
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Figure 3.
Typical single afferent activity traces. Recorded afferent activity was averaged at 5-cm H2O

interval of pressure or at five equal divisions (0–20, 20–40, 40–60, 60–80 and 80–100%) of

volume in the filling phase. Average total unitary activity was also calculated in function of

intravesical pressure or volume. Afferent nerve activity is expressed as impulses per second

or Hz, which is based on pressure or volume respectively (Aizawa, Wyndaele University

Antwerp 2011).
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