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It is recognized that, as the bladder fills, there is a 
corresponding increase in sensation. This awareness of the 
volume in the bladder is then used in a complex decision 
making process to determine if there is a need to void. It is also 
part of everyday experience that, when the bladder is full and 
sensations strong, these sensations can be suppressed and the 
desire to void postponed. The obvious explanation for such 
altered perceptions is that they occur centrally. However, this 
may not be the only mechanism. There are data to suggest 
that descending neural influences and local factors might 
regulate the sensitivity of the systems within the bladder 
wall generating afferent activity. Specifically, evidence is 
accumulating to suggest that the motor-sensory system within 
the bladder wall is influenced in this way. The motor-sensory 
system, first described over 100 years ago, appears to be a 
key component in the afferent outflow, the afferent “noise,” 
generated within the bladder wall. However, the presence and 
possible importance of this complex system in the generation 
of bladder sensation has been overlooked in recent years. 
As the bladder fills the motor activity increases, driven by 
cholinergic inputs and modulated, possibly, by sympathetic 
inputs. In this way information on bladder volume can be 
transmitted to the CNS. It can be argued that the ability to 
alter the sensitivity of the mechanisms generating the motor 
component of this motor-sensory system represents a possible 
indirect way to influence afferent activity and so the perception 
of bladder volume centrally. Furthermore, it is emerging that 
the apparent modulation of sensation by drugs to alleviate the 
symptoms of overactive bladder (OAB), the anti-cholinergics 
and the new generation of drugs the β3 sympathomimetics, 
may be the result of their ability to modulate the motor 
component of the motor sensory system. The possibility of 
controlling sensation, physiologically and pharmacologically, 
by influencing afferent firing at its point of origin is a “new” 
concept in bladder physiology. It is one that deserves careful 
consideration as it might have wider implications for our 
understanding of bladder pathology and in the development 
of new therapeutic drugs. In this overview, evidence for the 
concept peripheral modulation of bladder afferent outflow is 
explored.
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Introduction

The sensations we associate with the volume in our bladder 
are part of everyday life. As the bladder fills, sensations grow. 
However, the perception of bladder volume is only one of many 
factors that we take into consideration when deciding where and 
when to void. We constantly integrate our bladder sensations into 
calculations of the proximity of an appropriate place to void, pos-
sible delays in getting there, a knowledge of recent fluid intake 
and practical issues involving propriety and safety. For the vast 
majority, this is done automatically with little conscious thought. 
It is part of a complex learned behavior. The generation, percep-
tion and control of bladder sensations are, without doubt, key 
factors. Our understanding of how this information is generated 
and how it is processed is still rudimentary. Critically, it is now 
clear that the bladder is not just a passive bag that has stretch 
receptors in the wall, which, when activated, trigger the coor-
dinated reflexes of voiding. The sensory systems in the bladder 
wall are varied and complex with the potential for even greater 
complexity and subtlety.

As the bladder begins to fill we are not normally aware of it. 
However, as filling continues, sensations increase and this begins 
to encroach into consciousness and to influence behavior. At this 
stage decisions are made to take no action or to seek to void. 
If a decision to void is made, sensations are heightened focus-
ing attention on finding a safe and appropriate place to void.1-6 
These sensations alone do not trigger a reflex void. Rather the 
information appears to be used in a complex decision making 
process.4 The sensation of bladder “awareness” during filling has 
been shown to increase progressively as the bladder is filled at 
a constant rate.5,6 This pattern of growing awareness correlates 
well with electrophysiological data recording from bladder affer-
ents.7-11 Thus, the CNS is constantly receiving information on the 
state of filling of the bladder.

However, when the bladder is near capacity and awareness 
is high, it is possible to defer voiding. The strong sensations of 
bladder awareness can appear to be suppressed and effectively 
lost from consciousness for short periods of time.12 This waxing 
and waning of strong bladder sensations are indeed part of every-
day experience. The value of this ability to suppress sensation is 
obvious, we can defer voiding to a more convenient time, within 
reason. Also, the opposite can occur. When approaching a toi-
let, sensation can increase in preparation, focusing attention on 
the processes of voiding, the so-called “latch key phenomenon.” 
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brain stem. Of the three major nerves supplying the bladder, ure-
thra and sphincters, the pelvic, hypogastric contain both afferent 
and efferent fibers, both sympathetic and parasympathetic,22,23 
while the pudendal nerve carries somatic efferent and afferent 
fibers. Transection of the pelvic nerves removed central control 
of voiding contractions, suggesting that the major efferent motor 
component of reflex nerves were carried there. In contrast, sec-
tioning the hypogastric nerves did not affect voiding efficiency, 
but voiding frequency was increased and the voided volume 
decreased.20 Barrington deduced that the efferents in the hypo-
gastric, principally sympathetic fibers, have a profound regula-
tory role in determining the timing of voiding, a result since 
repeated by others.25-27 Specifically how this was brought about 
was not considered directly. Thus, simplistically, the parasym-
pathetic and sympathetic arms of the autonomic nervous system 
had defined effects on the bladder: parasympathetics were motor 
and sympathetics regulatory. Peripheral control of voiding fre-
quency by sympathetic efferent outflow is perhaps the first indi-
cation of peripheral control of afferent function.

With respect to the afferent limb, Sherrington pointed out 
that the afferent nerves leaving an organ might be of two types, 
those which contributed to sensation and those that did not result 
in sensation but which were involved in basic reflex activity.19,28 
Therefore, in any experiment recording afferent nerve activity, 
it was impossible to determine if this was involved in generating 
sensations or contributing to a reflex. So, it is not straight for-
ward to study neuro-physiologically sensations generated in the 
bladder in animal models using electrical recording from affer-
ent nerves. The problem of linking afferent fibers to sensation 
is further compounded by the fact that the very nature of the 
sensations resulting from the afferents that reached consciousness 
is very difficult to describe.1,3,29 Thus, questions relating to which 
fibers contribute to particular bladder sensations have been put 
to one side.

Complex Afferent Outflow from the Bladder

Despite these difficulties, attempts have been made to character-
ize the basic electrophysiological properties of the general popu-
lation of afferent fibers. This task was begun by Iggo in 195530 
who described fibers that responded to stretch and contraction: 
in series and in parallel fibers. Also, based on conduction velocity 
and myelination, two broad groups were identified: myelinated 
Aδ fibers (conduction velocity > 1.3 m/sec) and un-myelinated 
C fibers (conduction velocity < 1.3 m/sec).30-34 Afferent fibers of 
both types have been found in both major nerves innervating the 
bladder, the hypogastric and pelvic nerves.35 The properties of 
the different afferent fiber types have been the subject of inten-
sive investigation. The situation is complex and is, as yet, not 
fully understood. In general, the small myelinated Aδ fibers are 
thought to be located in the detrusor and respond to both disten-
sion and contraction.30 The functional properties and the ana-
tomical location of the population of C fibers is more complex, 
with the majority of the C fibers thought to be located within the 
mucosal layer of the bladder, although this is by no means cer-
tain.34 Morrison proposed, based on their functional properties, 

However, despite the importance of these sensory adaptations of 
increased and decreased sensation, the physiological mechanisms 
underlying such gains and losses are not known.

One obvious explanation for changes in the perception 
of bladder fullness is that this occurs within the CNS, as the 
result of information processing within the spinal cord or higher 
centers. Central processing and modulation of sensation is well 
recognized in many other sensory systems, for example altering 
perceptions of pain [for a review see ref. 13]. Ideas are now emerg-
ing in relation to the areas of the CNS that might be involved in 
processing such information from the bladder.14,15 These ideas 
are not reviewed here. However, briefly, as the bladder fills areas 
in the midbrain are progressively activated including the insula, 
periaqueductal gray, anterior cingulate gyrus, locus coeruleus, 
prefrontal cortex, and Barrington’s nucleus. These areas are 
almost certainly associated with progressive awareness of blad-
der volume as it fills. When a decision to void is made, those 
regions associated with behavioral control are activated and then 
the coordinated voiding reflexes within the pons in Barrington’s 
nuclei control voiding. Within such complexity of central sensory 
processing, it is almost certain that the system would allow the 
perception of sensation to be altered. Central processing of infor-
mation from the bladder must be a component in the modulation 
of bladder sensations. But is it the only one?

An intriguing and alternative possibility is that the afferent 
outflow from the bladder can be modulated directly within the 
bladder or within the accessory systems involved in the genera-
tion of bladder sensation. If afferent outflow were to be affected 
by such peripheral mechanisms, the perception of bladder sen-
sation could be modified. Sensations could either be depressed 
or increased, temporarily diminishing or enhancing the need 
to void. Such a peripheral modulation of bladder sensation has 
not been considered a possibility. However, there are some basic 
observations and emerging data that support this idea. In other 
sensory systems, the peripheral modulation of sensory outflow 
is recognized and has been well characterized. For example, in 
the somatic nervous system, the gain of the muscle spindle, the 
complex receptor mechanism involved in determining muscle 
length, can be increased or decreased by a specific and special-
ized efferent innervation, γ motor neurones.16 Similar regulatory 
events are seen at the invertebrate equivalent stretch receptor.17 
So, peripheral regulation of afferent activity is known.

The purpose of this overview is to explore the concept of 
peripheral regulation of the afferent outflow from the bladder 
and to consider possible mechanisms that might underpin such a 
system. If this type of sensory regulation does occur it might be 
an important new insight into our understanding the physiology 
and pathology of voiding.

Perspectives—A Classical View

The classical view of the efferent and afferent innervation of the 
bladder is based on observations made over 100 years ago.18-24 
Basically, the neural connections and sensory elements control-
ling the lower urinary tract (LUT) were considered to involve 
multiple reflex arcs operating at the levels of the spinal cord and 
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to simplify the complexity of the afferent systems in the blad-
der, a basic conceptual model has been proposed: the concept of 
“afferent noise.”43 Here it was suggested that information from 
the bladder, “afferent noise,” can be separated into discrete physi-
ological systems. There are at least 4 components: (1) a system 
registering pain, (2) a mechano-sensory system activated by sim-
ple stretch, (3) a urothelial system activated by signals released 
from the urothelium and (4) a motor-sensory system activated 
by micro-contractions and stretches in the bladder wall. The 
elements within these systems have been identified and char-
acterized using both functional and morphological approaches  
(Fig. 1).14,15,40,41,43-45 The value of this “systems physiology” 
approach allows us to examine the properties and regulation of 
each system, without need for a full understanding of intrinsic 
cellular and molecular mechanisms.

What is emerging is that there may be components within the 
afferent noise systems that can be influenced by external inputs. 
If this is so, then we might have evidence for a modulation of 
bladder sensation at the sites where the afferent outflow origi-
nates. Such mechanisms would contribute to an explanation for 
the perception of waxing and waning of sensations from the blad-
der without any alterations in bladder volume.

The following sections explore the possible regulation of ele-
ments of afferent noise in relation to the physiological modula-
tion of perceived bladder sensations.

Pain afferent noise. Pain is a critical component of the patho-
logical afferent outflow from the bladder. The ability to modulate 
the sensation of pain is well recognized.41,46 It is known, that this 
can occur centrally, within the cord and higher centers, where 
sensations can be increased or decreased. Sensitization of afferent 
nerves by inflammation is well recognized to occur as a result 
of modulation of excitatory mechanisms linked to expression of 
voltage gated ion channels. Such changes are recognized in many 
systems including the bladder.13 Sensitization of C fibers could 
occur anywhere within the bladder wall. However, the urothe-
lium might, in certain circumstances, be involved specifically in 
the sensitization of C fiber afferents linked to pain, for example, 
in interstitial cystitis.

Although pain, in all systems studied, can be modulated, the 
peripheral mechanisms associated with these events appear to be 
exclusively associated with the intensification of sensations by the 
pathological sensitization of the afferent nerves. It is likely that 
the bladder is similar, with centrally modulated and peripherally 
sensitized elements. These are pathological situations and are not 
involved in a minute by minute regulation of sensation. Thus, the 

that there were at least 4 distinct sub-groups of mucosal fibers 
that: (1) responded to stretch of the mucosa, (2) were silent in 
normal conditions but which were activated by excessive disten-
sion, termed “pain fibers,” (3) were insensitive to distension but 
which responded to cold stimuli and (4) were normally insensi-
tive to distension but which could become active in pathological 
conditions such as bladder inflammation.

Based on morphological and molecular criteria, different 
sub-types of afferent nerves originate from within the bladder 
wall. In a key early study, it was shown that different afferent 
fibers had different expression profiles for characteristic markers  
(Table 1). Adding to this, it is now recognized that dorsal root 
ganglion (DRG) neurones can also express different markers, 
ChAT (choline acetyl-transferase),37 sodium channel sub-types,38 
and lectin binding,39 suggesting multiple types of afferent nerve. 
In the rat it is clear that a significant number of afferent fibers 
(Aδ and C fibers) express CGRP (calcitonin gene related peptide) 
and substance-P immuno-reactivity while in contrast C fibers 
express little NF (neurofilament) while all the Aδ fibers do.36 
These observations are very important as they strongly suggest 
that there are different and discrete types of afferent fiber and 
that classifications based purely on myelination and conduction 
velocity are an oversimplification. Indeed, there is now a signifi-
cant literature demonstrating quite elegantly the complexity and 
distribution of afferent nerves in the bladder wall and the differ-
ent modalities to which they are sensitive (see refs. 14, 15, 40 and 
41 for an overview) (Table 1).

Using CGRP as a marker for a sub-population of afferent 
fibers, it has been shown that all muscle bundles in the bladder 
wall (rat) show CGRP immuno-reactive (CGRP-IR) nerves.42 
In contrast, CGRP-IR afferent innervation of the mucosa is not 
uniform throughout the bladder, being highest at the bladder 
base. There are few, if any, CGRP-IR fibers in the lateral wall or 
bladder dome.42 This latter observation is of fundamental impor-
tance. It implies that the urothelium, in those regions with no 
nerve fibers, cannot be operating as a stretch sensor for an affer-
ent sensory system: there are no nerves. Therefore, the complex 
functions of the urothelium, in these non-innervated regions, 
needs to be better understood.

By way of an intermediate summary, the current state of our 
understanding of the afferent system in the bladder is rudimen-
tary. It is clear that there are morphologically and anatomically 
distinct types of afferent fiber, but we do not know what these 
different subtypes do. Importantly, we do not know which fibers 
project to consciousness and contribute to bladder sensation. The 
afferent system is regarded simply as a sensing and output system: 
as the bladder fills the output increases. With this simple model 
there is no obvious component or element to suggest that sensa-
tion might be modulated in the periphery. The conclusion might 
be that any modulation of sensation would occur centrally.

“Afferent Noise” and the Concept  
of the Peripheral Regulation of Sensation

It would appear that we are no further forward in considering 
the mechanisms of sensation or their modulation. In an attempt 

Table 1. Neurofiliament and peptide content of DRG neurones with 
identified C, Aδ or Aα/β fiber conduction velocities (data extracted from 
ref. 36)

Fiber type C Aδ Aα/β

Conduction velocity < 1.3 m/sec 1.3–12 m/sec > 12 m/sec

NF 0% 100% 100%

SP-IR 53% 21% 0%

CGRP-IR 46% 38% 17%

SOM-IR 13% 0% 0%
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Urothelial afferent noise. Ideas that the urothelium was more 
than a simple barrier preventing penetration of urine into the 
bladder wall were formulated over 50 years ago. A great deal has 

pain system within afferent noise is unlikely to be involved in the 
waxing and waning of physiological bladder sensations as it fills 
and approaches maximum volume.

Figure 1. The components of afferent noise in the guinea pig. (A) Illustrates the broad elements of the afferent systems associated with the bladder: 
components of afferent noise. Four are identified: pain, mechano-sensory, urothelial and motor-sensory. Each sends afferent information to the CNS 
but only the motor-sensory system has the potential for an output from the CNS and inputs from peripheral afferent fibers. (B) Illustrates in more de-
tail some of the component parts of the systems making up afferent noise. The afferent out flow to the CNS can again be seen for each system: 1, pain; 
2, mechano-sensitive (stretch); 3, urothelial; 4, motor-sensory. For the motor-sensory system, part of the complex regulatory systems involved in the 
regulation of motor activity may be occurring via the intra-mural ganglia and local neural circuits within the bladder wall. Reprinted from reference 43 
with permission.
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the final activation of the afferent fibers might occur only after a 
considerable degree of signal and information processing within 
the urothelium. If this is so, then mechanisms such as this might 
represent means whereby sensation is modulated locally, both 
increased and decreased.

However, there is no evidence so far, demonstrating a direct 
efferent control of the urothelial system of afferent noise. Until 
this lack of knowledge is addressed this element may not be a 
candidate for the modulation of sensation as perceived by higher 
centers. The urothelium seems to function only to send informa-
tion not to respond to descending neural control. Furthermore, it 
must be borne in mind that the urothelial mechanisms may not 
be operating under physiological conditions, but may only come 
into play when the bladder is excessively distended, inflamed or 
damaged.

Motor-sensory afferent noise. The existence of a motor-sen-
sory system in the bladder was initially proposed at the turn of 
the 20th century (Fig. 2).18,57 Local contractions not associated 
with voiding, non-voiding activity (NVA), and the local stretches 
that accompany them were recorded during bladder filling. These 

been written on this in recent years and needs not be reiterated 
here. However, it was a series of discoveries that the urothelium 
could synthesize and release a range of substances (prostaglan-
dins, nitric oxide, ATP, and acetylcholine) in response to stretch, 
that led to the concept that the urothelium is a key accessory ele-
ment of an afferent system transducing bladder volume.47-53 When 
released, these agents activate (ATP54) or decrease (NO55) affer-
ent firing and so contribute to afferent noise (urothelial afferent 
noise).51-53 Urothelial signal production and interaction between 
the signals have been the subject of many papers and reviews 
in recent years.51-53 So the urothelial system, urothelial afferent 
noise, clearly has the potential to modulate afferent firing.

Recently, observations have been made showing that these 
urothelial signals interact with each other in the absence of 
stretch, such that the net signal output of the urothelium appears 
to be an integrated response.56 In the guinea pig, certain signals 
are stimulatory, e.g., acetylcholine and ATP increase prostaglan-
din production, while some are inhibitory, nitric oxide decreases 
prostaglandin output.56 The importance of these interactions is 
not fully understood, but their presence raises the possibility that 

Figure 2. Motor activity and the generation of afferent firing. (A) Illustrates one of the original records of non-voiding motor activity recorded in the 
cat from where it was first proposed that this activity was associated with afferent firing and the control of micturition. (B) Illustrates confirmation 
of this concept showing the motor activity in the cat (upper record) with associated bursts of afferent nerve activity (lower record) (reprinted from 
reference 58 with permission). (C) Shows a cystometric record from a conscious rat during bladder filling. Voids can be seen at the beginning and end 
of the recording. During the filling phase small non-voiding contractions appear, progressively increasing in amplitude and frequency as the bladder 
fills. The progressive increase in motor activity implies that the intensity of afferent activity is also increasing during filling (reprinted from reference 59 
with permission).
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The data accumulating so far is suggesting the presence of 
a motor-sensory system that is augmented by cholinergic and 
inhibited by adrenergic inputs. Thus, we have evidence, in 
animal models at least, for a component of afferent noise that 
is clearly capable of modulation. Since the anticholinergic and 
sympathomimetic drugs affect sensation during filling and also 
NVA, we have circumstantial evidence to suggest that the NVA 
element of afferent noise is indeed linked to the perception of 
bladder volume.

The mechanisms involved in the regulation of NVA may be 
more complicated. When the bladder is isolated and maintained 
in vitro, spontaneous activity, autonomous activity, can readily be 
recorded in nearly all species examined.18,58,67 It has been specu-
lated that this autonomous activity represents the systems in the 
bladder wall that underlie or contribute to NVA.68 Studies on the 
pharmacological modulation of this autonomous activity suggests 
that it can be increased by cholinergic64 and purinergic agonists67 
and prostanoids68 and decreased by nitrergic,69 peptidergic (cal-
citonin gene related peptide [CGRP])70 and adrenergic71 stimula-
tion. This has led to the suggestion that this mechanism is the 
target for multiple systems that can lead to modulation of blad-
der sensation.58 Inhibition of autonomous activity by CGRP has 
also led to the idea that this system may be modulated by local 
neural reflexes within the bladder wall (Fig. 4A). 72,73 Collaterals 
of afferent fibers expressing CGRP are seen to make contact with 
neurones in intra-mural ganglia.69 Stimulation of these afferents 
either associated with the urothelium or muscle layers appear to 
modulate autonomous activity. In this way sensation may be fur-
ther modulated, but in these cases by mechanisms originating 
within the bladder wall.

Intra-mural ganglia are found in many species, but not all. 
For example, they are absent in the mouse and rat.74 Therefore, 
if some form of neural circuitry is involved in regulating bladder 
motor-sensory activity, what happens in the mouse and rat? In 
all species, nerves leaving the spinal cord travel to the periph-
ery, transiting and making contacts in peripheral ganglia.75 The 
neural elements, directed to the bladder, reproductive organs and 
colon, are contained in a distributed network of ganglia in the 
pelvis: the pelvic plexus. It has been suggested that the intra-
mural ganglia in the bladder are a sub-set of this network.76 In the 
male rat there is a particularly large single peripheral ganglion, 
the major pelvic ganglion (MPG) that receives inputs from the 
pelvic and hypogastric nerves and connects to the bladder. It is 
possible that this structure sub-serves some of the complex func-
tional interactions and modulations that might be ascribed to the 
intra-mural ganglia. Indeed there is a great deal of literature dis-
cussing the potential integrative functions in these pelvic ganglia 
(see ref. 76 for a review and refs. 77–80). The vast majority of this 
work has focused on the possible modulation of efferent function, 
with little consideration that processing in the ganglia might have 
a sensory element. The possibility, put forward here, is that the 
elements for control and modulation of the motor-sensory system 
might reside in these intra-mural and extra-mural ganglia.

The motor-sensory system in vivo is augmented by a choliner-
gic input as deduced from the fact that it is inhibited by musca-
rinic antagonists.10 It has been reported that a sub-population of 

contractions increased in amplitude and frequency as the bladder 
filled (see Fig. 2).10,18,59,60 It was suggested that this motor activity 
is directly coupled to afferent activity (Fig. 2B),7-9,11,30 sending 
information to the CNS regarding bladder volume.57 The motor-
sensory system is a component of afferent noise that can inform 
the CNS on the state of bladder filling. This afferent outflow 
does not appear to be part of the autonomic reflexes involved 
in the control of the coordination of micturition (Barrington’s 
reflexes). For reasons that will be argued below, it is possible that 
this system is a reasonable candidate to contribute to the sensa-
tions of “awareness” as the bladder fills.4,6 It is also a candidate 
for modulation.

It has also been known for over 100 years, that the sympa-
thetic innervation to the bladder exerts a profound effect on 
voiding behavior: section of the sympathetic nerves (hypogastric 
nerve) to the bladder in the cat, doubled the frequency of void-
ing, with the animals voiding reduced volumes.20,61 Stimulation 
of sympathetic nerves has also been shown to have profound 
effects on NVA.25,26,62 Thus, the output of the motor-sensory 
system appears to be under direct CNS control. By reducing the 
afferent output in this way, bladder sensation may be depressed 
at the site of origin within the bladder wall. At times of stress 
(sympathetic activation), bladder afferent outflow, possibly 
sensation, could be reduced, leaving the individual free to con-
centrate on other things. Thus, sympathetic control of bladder 
afferent outflow, operating via the motor-sensory system, may 
be involved in the waxing and waning of sensations experienced 
in everyday life.

An unexpected link, supporting the idea for a sympathetic 
regulation of the motor-sensory system, has come from experi-
ments with drugs that mimic sympathetic nerve action. Recently, 
β3-specific adrenoceptor agonists have been suggested to be 
effective in reducing the frequency of voiding in patients diag-
nosed with the overactive bladder symptom complex (OABSC).63 
In an obstructed rat model, where NVA is dramatically increased 
during bladder filling, direct pharmacological activation of β3 
adrenoceptors by mirabegron reduces both the amplitude and 
frequency of the NVA (Fig. 3).10 This adrenergic inhibition of 
motor-sensory noise suggests that adrenergic nerves might be 
involved in the system controlling NVA. Thus, sympathetic 
reduction in motor-sensory noise reduces sensation and allows 
deferment of the decision to void.

A parallel argument can be used for a cholinergic regulation of 
NVA. Anti-cholinergic drugs reduce sensations during the filling 
phase. These drugs do so at plasma concentrations that do not 
have a major effect on the detrusor neuromuscular junction.64,65 
Furthermore, at therapeutic concentrations, they do not affect 
the overt overactive bladder contractions. Critically, they are able 
to alleviate symptoms in patients that do not have overt bladder 
contractions during cystometric investigation66 suggesting that 
they do not have a motor effect but act on sensory mechanisms. 
In search for an alternative site of action, it has been shown, in the 
outflow obstructed rat, that the non-voiding activity is affected 
at therapeutic concentrations.10 It was therefore argued that the 
mechanisms generating NVA were the therapeutic target for 
these drugs also.
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to a possible descending sympathetic regulatory input within the 
ganglia.76,81-84 It is not known if these sub-populations converge, 
representing a single population of ganglion cells or whether they 
might connect via interneurons. It is therefore tempting to specu-
late that, within these peripheral ganglia, we have two functional 
physiological systems: the classical nicotinic parasympathetic 
relay system for activating the detrusor during voiding and a fur-
ther system, involving a sub-set of neurones, receiving musca-
rinic, peptidergic and adrenergic inputs, linked to the regulation 
of the motor component of motor-sensory afferent noise.

Afferent noise, generated from NVA, may be an impor-
tant system involved in the perception of bladder volume. The 

neurones in the pelvic ganglia express muscarinic receptors.76 It is 
therefore possible that it is this sub-population of neurones that 
could be linked to the generation of motor-sensory activity. The 
concept for a functionally different sub-set of ganglionic motor 
neurones is also suggested by the distribution of other regulatory 
inputs. As in the intra-mural ganglia in the guinea pig, CGRP 
and substance P afferent collateral fibers are seen to form basket 
like structures on a sub-population of cholinergic neurones in 
the rat major pelvic ganglion and in the female equivalent gan-
glion, the paracervical ganglion.76 Furthermore, noradrenergic 
terminals, also forming basket like structures, have also been 
observed around a sub-population of MPG neurones pointing 

Figure 3. The effects of the β3 specific agonist mirabegron on motor sensory noise in the conscious partially obstructed rat. (A) Illustrates an original 
record showing 4 filling and voiding cycles during cystometry in a conscious rat. The micturition contractions are easily seen. The first 2 cycles are 
under control conditions and the motor component of the motor-sensory system, the non-voiding activity, is apparent. This is more clearly seen in 
section (b) where the non-voiding activity has been isolated by filtering. The β3 specific agonist (YM-178, mirabegron) was then added and the ef-
fects on the following filling and voiding cycles noted. The drug clearly affects the non-voiding activity but has little effect on the amplitude of the 
voiding contraction. (Reprinted from reference 10 with permission). (B) Shows a cartoon proposing how on-voiding activity and micturition activity is 
generated in the rat. The accepted parasympathetic motor system is there to initiate the large voiding contraction. In addition the system generating 
and modulating the motor component of the motor-sensory noise behaves as though it had a “pacemaker” controlled by cholinergic (excitatory) and 
adrenergic (inhibitory) inputs. Afferent fibers (green) respond to the local contractions and stretches sending information related to bladder volume 
to the CNS.
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Figure 4. Images of afferent nerves and intra-mural ganglia in the guinea pig bladder. The sections were stained for choline-acetyltransferase (ChAT) 
(red) detecting the enzyme responsible for synthesising acetylcholine. The sections were also stained with an antibody to calcitonin gene related 
peptide (CGRP) (green). Almost certainly these CGRP fibers are afferent fibers. (A and B) Show images of sub-urothelial cholinergic (A) and peptidergic 
(CGRP) (B) nerves indicating two distinct populations of afferent fiber. (C and D) Show cholinergic terminals (C, red) within the intra-mural-ganglia as 
are CGRP terminals (C and D, green). These observations suggest the possibility of integration of different inputs into these neurons. Panel E shows a 
cartoon illustrating the possible interactions of afferent collaterals, both peptidergic (CGRP) and cholinergic with the intra-mural ganglia. An output to 
the muscle is postulated that is in addition to the conventional parasympathetic system involved in the initiation of the voiding contraction (reprinted 
from reference 73 with permission).
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The motor-sensory system is one such element. In addition, re-
examination of the structures within the bladder wall, the intra 
mural ganglia, and the pelvic plexus reveals elements that might 
contribute to the peripheral regulation of afferent mechanisms. 
These systems appear to involve excitatory and inhibitory syn-
aptic input. This, in turn, raises the possibility of pharmacologi-
cal manipulation of bladder function, specifically sensation. This 
may indeed be the mode of action of drugs used to treat bladder 
dysfunction. Finally, and critically, an understanding of systems 
regulating sensation may provide and alternative basis with which 
to understand and interpret the pathologies of the LUT. Thus, 
with a deeper understanding of basic physiology, novel systems 
targeted by specific pharmacology and new insights into pathol-
ogy, the future holds the promise of new and exciting discoveries 
that will ultimately benefit those who suffer from the disabling 
pathologies of the bladder.
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complexity and regulation of motor-sensory noise points to its 
basic physiological importance. First, it appears to have extrin-
sic (cholinergic and sympathomimetic) excitatory and inhibi-
tory inputs. Second, it is also influenced by local reflexes and 
local mediators residing within the bladder wall. Third, it is 
altered in conditions of bladder pathology where there is likely 
to be increased bladder sensations. Finally, motor-sensory noise 
appears to be the site of therapeutic action for the major drugs 
used to treat bladder over activity and incontinence. Thus, there 
may indeed be evidence for the modulation of sensation by the 
regulation of peripheral sensory systems.

Conclusions

The control of the bladder and the lower urinary tract is much 
more complex than commonly acknowledged. Also, key basic 
and critical observations about bladder function and bladder 
sensations are yet to be made. In attempts to address such ques-
tions we are now discovering, or re-discovering, ideas and phe-
nomena that have lain dormant in the literature for many years. 
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