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Spontaneous Activity 
and the Urinary Bladder
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Abstract
The urinary bladder has two functions: to 
store urine, when it is relaxed and highly com-
pliant; and void its contents, when intravesical 
pressure rises due to co-ordinated contraction 
of detrusor smooth muscle in the bladder wall. 
Superimposed on this description are two 
observations: (1) the normal, relaxed bladder 
develops small transient increases of intravesi-
cal pressure, mirrored by local bladder wall 
movements; (2) pathological, larger pressure 
variations (detrusor overactivity) can occur 
that may cause involuntary urine loss and/or 
detrusor overactivity. Characterisation of 
these spontaneous contractions is important to 
understand: how normal bladder compliance 
is maintained during filling; and the patho-
physiology of detrusor overactivity. 
Consideration of how spontaneous contrac-
tions originate should include the structural 
complexity of the bladder wall. Detrusor 
smooth muscle layer is overlain by a mucosa, 
itself a complex structure of urothelium and a 
lamina propria containing sensory nerves, 

micro-vasculature, interstitial cells and diffuse 
muscular elements.

Several theories, not mutually exclusive, 
have been advanced for the origin of sponta-
neous contractions. These include intrinsic 
rhythmicity of detrusor muscle; modulation 
by non-muscular pacemaking cells in the 
bladder wall; motor input to detrusor by auto-
nomic nerves; regulation of detrusor muscle 
excitability and contractility by the adjacent 
mucosa and spontaneous contraction of ele-
ments of the lamina propria. This chapter will 
consider evidence for each theory in both nor-
mal and overactive bladder and how their sig-
nificance may vary during ageing and 
development. Further understanding of these 
mechanisms may also identify novel drug tar-
gets to ameliorate the clinical consequences of 
large contractions associated with detrusor 
overactivity.
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5.1  Introduction: The Filling 
and Voiding Cycle 
of the Bladder

The urinary bladder has two functions: to store 
urine, normally up to a maximum of about 
500 mL; and periodically to completely void this 
content. Bladder filling is achieved with a small 
change of intravesical pressure, up to 10–15 cm 
H2O, i.e. the bladder is compliant. This is neces-
sary to minimise increases of pressure in the 
upper urinary tract (ureters and renal pelvis) that 
would damage renal function. Several times per 
day urine is completely expelled from the blad-
der, a process that is under conscious control. 
This is achieved by active contraction of detrusor 
smooth muscle, the major tissue component of 
the bladder wall, to raise intravesical pressure 
with concomitant reduction of bladder outlet 
resistance; co-ordinated by central control of 
sacral and thoraco-lumbar centres [1]. The latter 
is achieved by relaxation of smooth muscle, com-
prising an internal sphincter, in the urethra and 
bladder neck, as well as cessation of contractile 
activity in skeletal muscle forming the external 
sphincter (rhabdosphincter). This enables intra-
vesical pressure to be raised to a sufficient level 
to overcome the fluid resistance offered by the 
outflow tract.

The periodic rise of intravesical pressure for 
voiding is achieved by generating co-ordinated 
contractions of detrusor smooth muscle, princi-
pally mediated by activation of post-ganglionic 
parasympathetic nerve fibres. However, it  is not 
accurate to view the bladder as completely inac-
tive during filling: continuous asynchronous 
movements of regions of the bladder wall occur 
that can manifest themselves as small variations 
of intravesical pressure. This chapter is con-
cerned with the origin of these small movements, 
what their physiological functions may be and if 
they change under pathological conditions. These 
movements are often called spontaneous, in that 
they are autonomous, with a non-neurogenic ori-
gin and so are intrinsic to detrusor smooth muscle 
itself, modulated or initiated by local factors or 
nearby tissue. It has been implicitly assumed by 

some that spontaneous contractions are random 
and therefore have no role in co-ordinated void-
ing and filling cycles of bladder function. 
However, this may not be an accurate description 
of their role and others consider that spontaneous 
contractions should be regarded as an integral 
part of bladder function that may become aber-
rant during ageing or disease and contribute to 
pathological activity.

5.2  The Structure of the Bladder 
Wall

A description of the tissue components of the 
bladder wall is integral to understand the nature 
of spontaneous contractions. It is convenient to 
describe four layers of the bladder wall: an outer 
serosa; a detrusor (smooth) muscle layer; a lam-
ina propria or suburothelium; and uroepithelium 
(urothelium). The lamina propria and urothelium 
are collectively described as a mucosa as these 
two layers have an integrated activity in the con-
text of spontaneous activity (Fig. 5.1a).

The serosa protects the underlying tissue and 
is a reflection of the visceral peritoneum that cov-
ers only the superior and upper lateral walls of 
the bladder. The remainder of the bladder wall is 
protected by an adventitia that merges with other 
pelvic floor organs. The detrusor muscle layer 
comprises most of the bladder wall and consists 
of detrusor smooth muscle in muscle bundles that 
can combine in circular and longitudinal direc-
tions, although distinct circular and longitudinal 
muscle layers are not as evident as they would be 
in the G-I tract or the urethra.

The mucosa is the most complex region of the 
bladder wall and provides protective and sensory 
functions, and in regard to spontaneous activity 
has an intimate relationship with the detrusor 
muscle layer. The urothelium separates underly-
ing bladder wall tissues from urine and consists 
of a tight epithelium [2] whose transport charac-
teristics will not be considered further in the con-
text of spontaneous activity. However, it also has 
the capacity to release bioactive small molecules 
that are regarded as serving a sensory function in 
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co-ordination with the lamina propria. The lam-
ina propria itself consists of numerous interstitial 
cells (ICs), interspersed with afferent nerve 
fibres, blood vessels and in some larger species a 
separate muscle layer—the muscularis mucosa.

This basic structure is maintained throughout 
the bulk of the bladder wall, called the dome. A 
small triangular region of the bladder, between 
the ureteric orifices and the bladder neck, is 
called the trigone. This consists of a superfi-
cial layer of trigonal smooth muscle overlay-
ing deeper detrusor contiguous with the dome, 
and in the guinea pig bladder the two may be 
separated by blunt dissection. The trigone and 
bladder neck are regarded by some as part of 
the outflow tract with characteristic high levels 
of spontaneous activity that will be described 
separately. The bladder dome and trigone are 
conventionally understood to have separate 

embryological origins, derived, respectively, 
from the endodermal urinogenital sinus and 
mesoderm-derived Wolffian (mesonephric) 
ducts. However, this model has been modified 
recently with the view that the eventual trigone 
musculature largely derives from bladder detru-
sor muscle, with mesodermal tissue confined to 
the ureteric openings [3].

Pathological conditions such a bladder out-
flow obstruction, as occurs in men with benign or 
malignant prostate growth, cause changes to the 
bladder wall, most evident in an increase of wall 
thickness (Fig. 5.1c). Not only does the muscle 
layer undergo cellular hyperplasia and hypertro-
phy, but the lamina propria also thickens with a 
significant increase of interstitial cell number, an 
aspect that has consequences for generation of 
spontaneous activity, as will be discussed in fol-
lowing sections.
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Fig. 5.1 Cross section 
of the sheep bladder 
wall; haematoxylin and 
eosin stain. (a) Full 
thickness section from a 
normal bladder showing 
the urothelium, lamina 
propria with muscularis 
mucosae, detrusor layer 
and serosa. The inset 
shows the urothelium 
and lamina propria 
lying immediately 
below. (b) Schematic 
structure of the lower 
urinary tract. (c) Section 
from a bladder with 
outflow obstruction
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5.3  Demonstration 
of Spontaneous Activity

Overactive bladder syndrome (OAB) is an age- 
related clinical condition characterised by 
 nocturia, urgency and frequency [4] and occurs in 
12–18% of Western populations [5]. A further 
study showed that about 12% of OAB patients 
have a condition of detrusor overactivity (DO 
[6]), i.e. over 1% of the total population. DO is 
characterised by large, spontaneous contractions 
of the bladder that are not possible to defer whilst 
the bladder is being filled. It not only decreases 
the quality of life for patients, but also can lead to 
involuntary loss of urine (incontinence) and if 
persistent a rise of pressure in the ureters that may 
lead to renal failure, especially if it associated 
with bladder outflow tract obstruction and detru-
sor sphincter dyssynergia. Figure  5.2a shows a 
clinical urodynamic record of a patient with 
DO.  Prior to the voiding contraction associated 
with flow, there are three greater overactive con-
tractions with no associated voiding, as presum-
ably there is no co-ordinated reduction of outflow 
tract resistance. One applied objective of funda-
mental research into the origin of bladder sponta-
neous activity is to explain the pathophysiology 
and inform the clinical management of DO.

In vivo, small oscillatory bladder wall move-
ments and intravesical pressure changes have 
been measured in animals and humans during the 
filling phase (Fig. 5.2b). Whilst some are associ-
ated with respiratory movements [7], others are 
independent and can coincide with sensations 
arising from the bladder itself [8, 9]. Bladder wall 
movements are asynchronous in different parts of 
the bladder wall, suggestive of localised, inde-
pendent movements. Because the variations of 
pressure are lower than those observed in DO, 
voiding is not generally initiated and so are 
termed non-voiding contractions. Amalgamation 
of these localised spontaneous contractions could 
however generate larger DO contractions, and 
this raises two questions: what are the origins of 
spontaneous contractions; and how might they 
coalesce into larger ones?

Ex vivo, asynchronous, localised micromo-
tions of the bladder wall or pressure transients are 
also measured (Fig. 5.2c) [10–13], which makes 
it unlikely they are derived only from external, 
nervous influences. These are modulated by 
increased stretch of the bladder wall [14] low 
concentrations of muscarinic agonists [11, 15] or 
pathological conditions such as bladder outflow 
obstruction [10]. Analogous transient electrical 
events also show limited propagation across the 
bladder wall [16]. The above observations are 
mirrored by isometric tension and electrophysio-
logical events from in  vitro bladder sheets 
(Fig.  5.2d), bladder wall strips (Fig.  5.2e) and 
even isolated detrusor myocytes from several ani-
mal and human sources (Fig. 5.2f) [17–22].

Overall, spontaneous contractile and electrical 
activity is a feature of the intact bladder and asso-
ciated isolated preparations and is generally 
enhanced in bladders demonstrating pathological 
overactive behaviour in vivo. Some of this activity 
will derive from detrusor myocytes themselves 
but, as shown below, this activity crucially can be 
initiated or modulated by external influences.

5.4  Significance of Spontaneous 
Activity

Spontaneous contractions in the normal bladder 
wall are generally of small amplitude and occur 
at multiple sites across the bladder wall. 
Associated intracellular Ca2+ and membrane 
potential waves do not propagate significant dis-
tances in relation to the size of the bladder itself 
[11, 16, 23]. Such low level, but relatively fre-
quent (2–3 min−1) activity would be suitable to 
set a background, low level of tension in the blad-
der wall. When nerve-mediated activation of the 
detrusor occurs for voiding, the increased muscu-
lar contraction would raise wall tension, and 
hence intravesical pressure, more quickly than if 
the initial muscle work had to overcome a fully 
flaccid structure.

Changes to passive and active tension of the 
bladder wall are proposed as a sensory transduc-
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Fig. 5.2 Spontaneous contractions from in vivo, ex vivo 
and in  vitro recordings. (a) Urodynamic traces from a 
patient with detrusor overactivity. Traces, top to bottom, 
are from catheters in the rectum, to measure abdominal 
pressure, Pabd, and the bladder lumen, to measure vesical 
pressure, Pves. Detrusor pressure, Pdet, is obtained from 
Pves—Pabd. The trace below shows urine flow from the 
bladder. The volume infused, Vinf, is shown at the bottom. 
The vertical line divides the system into filling (left, 1) 
and voiding (right, 2) periods. The filling period shows 
three uninhibited Pdet contractions in the absence of flow, 
evoked at the end of three periods of infusion. With no 
further filling a voiding contraction occurs, i.e. a rise of 
Pdet accompanied with flow (data courtesy of the Bristol 
Urological Institute). (b) Regional movements of different 

regions of the bladder wall in vivo (d1–d8) and simultane-
ous measurement of intravesical pressure [9]. (c) 
Micromotions of an ex vivo perfused pig bladder. Carbon 
particles are placed on the bladder surface and the scalar 
distance between pairs were measured from video record-
ings. Examples of three distances (a, b, c) are shown with 
time, as well as simultaneous measurement of intravesical 
pressure [12]. (d) Spontaneous isometric contractions 
from a superfused rat bladder sheet for methods [10]. (e) 
Spontaneous isometric contractions from a superfused 
guinea pig strip with an intact mucosa [48]. (f) Isolated 
human detrusor myocytes; left, intracellular Ca2+ tran-
sients, right, spontaneous action potentials for methods 
[19]
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tion mechanism to convert bladder filling to sen-
sory signals. An increase of passive wall tension 
by filling or artificial stretch is associated with 
augmented afferent nerve activity [24, 25]. 
Stretch of the bladder wall releases neuromodu-
lators such as ATP and acetylcholine (ACh) that 
are proposed to activate afferents. It has also been 
hypothesised that added gain to the system may 
be provided by spontaneous contractions that 
will generate additional, transient changes in wall 
tension. Indeed, increased bladder filling raises 
the amplitude and frequency of spontaneous con-
tractions [14, 26]. In part, increased spontaneous 
contraction amplitude on bladder filling will be 
due to muscle cells adjusting to a new position on 
their length-tension relationship, but frequency 
alterations suggest an additional mechanism 
[26], which might include activation of local ner-
vous reflexes upon neuromodulator release. The 
important role of spontaneous contractions con-
tributing to afferent activation is gleaned from the 
fact that afferent firing is dependent not only on 
static changes to wall tension, but also the rate of 
change of tension [27]. The mode of transduction 
of a transient tension/pressure signal to afferent 
nerve activation is unclear and may involve inter-
mediate cellular responses from lamina propria 
cells (see below). However, the significance of 
the study is that alteration to spontaneous con-
tractile activity can modulate afferent nerve 
activity during bladder filling.

5.5  Spontaneous Activity 
and Detrusor Overactivity

Detrusor overactivity is an involuntary rise of 
intravesical pressure, interpreted as a contraction 
of the bladder, measured during the filling phase 
of a urodynamic investigation [4, 28]. Such con-
tractions are transient, cannot be suppressed by 
the patient and may be spontaneous or provoked 

by filling. It is tempting to hypothesise that these 
transient changes to intravesical pressure are a 
result of abnormal spontaneous contractile activ-
ity of smooth muscle in the bladder wall. However, 
it must be remembered that spontaneous contrac-
tions in isolated preparations are brief and of high 
frequency whereas overactive bladder contrac-
tions are less frequent with very much longer 
durations. Nevertheless, this hypothesis is consis-
tent with observations made from in vitro prepa-
rations from overactive bladders where the 
amplitude and frequency of spontaneous contrac-
tions and action potentials are augmented [22, 23, 
29, 30]. Optical imaging experiments show that in 
rat bladder preparations spontaneous contractions 
from in vitro bladder sheets, or pressure variations 
from ex vivo whole bladders, are associated with 
multiple sites of locally propagating Ca2+ and 
membrane potential transients [11, 23]. With sim-
ilar preparations from rats that have overactive 
bladders, there are fewer originating sites, but 
these propagate more extensively over the bladder 
wall [11, 23]. Such rises of intravesical pressure 
can be greater than those achieved during normal 
voiding and sufficient to overcome the resistance 
of a still-contracted outflow and so cause urinary 
leakage. What is unclear is the origin of the over-
active bladder contractions. Before pathological 
mechanisms can be proposed, it is first necessary 
to consider how bladder contractions arise and 
whether they are spontaneous or evoked by ner-
vous stimulation of detrusor smooth muscle.

5.6  Generation of Detrusor 
Contractions

Only a brief description of how detrusor contrac-
tions are generated is given, with more detailed 
descriptions elsewhere [31, 32]. Detrusor con-
tractions are generated by a transient rise of the 
intracellular Ca2+ concentration ([Ca2+]), initiated 
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by intracellular release of Ca2+ from stores and/or 
Ca2+ influx via L-type and T-type Ca2+ channels. 
Co-ordinated contraction of the bladder is evoked 
by parasympathetic post-ganglionic fibres releas-
ing ACh and ATP, and driven by descending 
fibres, emerging at sacral levels S2-S4. ACh and 
ATP bind, respectively, to metabotropic M3 and 
ionotropic P2X1 receptors. Detrusor muscle is a 
phasic type and can generate action potentials 
with a depolarising phase driven by L-type and 
T-type Ca2+ channels and repolarisation driven by 
K+ channels, predominantly but not exclusively 
large conductance Ca2+-activated K+ (BK) chan-
nels [33–35]. It should be noted that with normal 
human and old-world monkey bladders ACh is 
the sole functional transmitter, whilst with most 
other species and also with human detrusor from 
pathological bladders both ACh and ATP support 
nerve-mediated contractions [36]. This may be 
explained by greater extracellular ATP hydrolysis 
in normal human bladder so that released ATP 
from motor nerves does not reach the muscle 
membrane [37].

Between the muscle bundles is a network of 
detrusor interstitial cells (ICdet) that develop 
Ca2+ transients [38, 39]. There is a debate if 
they contribute a pacemaking mechanism to 
drive detrusor myocytes, like their counterparts 
in the G-I tract [40, 41]. However, Ca2+ imaging 
studies show that ICdet transients are out of 
phase with those in detrusor myocytes [39, 42] 
and it is suggested that they may co-ordinate 
activity between adjacent muscle bundles. A 
subset of ICdet label for platelet-derived growth 
factor receptor-α (PDGFRα) [43, 44]. They 
respond to purines via P2Y receptors, mainly 
P2Y2 receptors, to generate membrane hyper-
polarisation by Ca2+-induced activation of small 
conductance K+ (SK) channels. It is proposed 
that they hyperpolarise adjacent detrusor mus-
cle cells via gap junctions [45], but there is as 
yet little evidence for direct intracellular cou-
pling between detrusor myocytes and ICs. 
However, if such coupling is demonstrated this 
provides a mechanism whereby cyclical varia-
tion of ATP release from urothelium and/or 
lamina propria cells would also generate cycli-
cal variation of tension in the detrusor smooth 

muscle layer, through a direct activating 
response on detrusor via P2X1 receptors and 
tempered by the indirect effect via P2Y recep-
tors on PDGFRα- labelled ICdet.

5.7  Influence of the Mucosa 
on Spontaneous Activity

Several groups have reported that the mucosa 
from pig, guinea pig and rat bladder is capable 
of developing spontaneous contractile [46–48] 
or electrical [49] activity independent of detru-
sor smooth muscle, although others report that 
contractile activity is absent from rat and mouse 
isolated mucosa preparations (Hashitani, per-
sonal communication). Moreover, when the 
mucosa and detrusor components are not sepa-
rated the amplitude of spontaneous contractions 
is greater than that developed by the two com-
ponents separately. Figure  5.3 describes the 
basic phenomenon in guinea pig tissue: Fig. 5.3a 
(top) shows spontaneous activity in an isolated 
preparation of the bladder wall with the mucosa 
dissected away as much as possible (in all spe-
cies the mucosa may be removed by sharp or 
blunt dissection), spontaneous activity is pres-
ent but is relatively low in amplitude. In this 
example, spontaneous activity is very small but 
in other publications [50] this may be greater, 
but still smaller than in intact strips as described 
below. If the dissected mucosa is similarly 
attached to an isometric force transducer spon-
taneous activity is also recorded of equivalent or 
even greater amplitude (Fig.  5.3a, middle). 
However, if the mucosa is left intact on the 
detrusor preparation a proportionately much 
greater amplitude of spontaneous contractions 
is measured (Fig.  5.3a bottom), note also the 
change of vertical calibration bar). Thus, the 
mucosa itself is capable of spontaneous contrac-
tile and electrical activity in many animal spe-
cies, and in addition there is synergistic 
enhancement when the two layers of the bladder 
wall are in contact. The significance of the con-
tribution of the mucosa to bladder spontaneous 
contractile activity is that the lamina propria 
thickens in many pathological conditions asso-
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ciated with neurogenic or idiopathic detrusor 
overactivity [51, 52]. The particular cells con-
tributing to mucosa spontaneous activity is con-
sidered in more detail below (Sect. 5.8) and may 
be from the muscularis mucosa, with contribu-
tions also from smooth muscle cells and/or peri-
cytes around blood vessels or even ICs.

5.8  The Origins of Mucosa 
Spontaneous Activity

The mucosa itself has contractile properties and 
electrical field stimulation (EFS) can elicit con-
tractions that are abolished by tetrodotoxin, 
implying they are nerve-mediated. The fre-
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Fig. 5.3 Spontaneous contractions from isolated bladder 
wall preparations. (a) Guinea pig bladder. Baseline spon-
taneous contractile activity from a detrusor strip with the 
mucosa removed (upper); a mucosa preparation dissected 
from detrusor muscle (middle); an intact preparation of 

detrusor and mucosa (lower). (b) Spontaneous contractile 
activity on addition of 10  μM capsaicin in: a detrusor 
preparation (upper); a mucosa preparation (middle); an 
intact preparation (lower). Note the different calibration 
bars for the three preparations. Adapted from [48]
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quency dependence of EFS detrusor vs. mucosal 
contractions is different in pig preparations [53], 
but similar in other species such as guinea pig 
[49, 54], highlighting the fact that mucosal con-
tractile function can have different properties 
from detrusor. Moreover, mucosal spontaneous 
activity demonstrates different pharmacological 
characteristics whereby: capsaicin augments 
detrusor activity but inhibits that of the 
mucosa  (Fig 5.3b); extracellular acidosis ini-
tially suppresses detrusor activity but has a much 
smaller effect on isolated mucosa; and the P2X1 
agonist α,β methylene ATP, (ABMA) enhances 
detrusor but attenuates mucosa activity [48]. 
Moreover, although α- and β-adrenoceptor-
dependent modulation of spontaneous activity in 
the mucosa is evident, the functional receptor 
subtype populations involved show differences 
from the detrusor [55]. The actual cell type(s) 
contributing to mucosa contractions are unknown 
but may be from several sources, including mus-
cularis mucosae, abundant ICs and pericytes 
around blood vessels. All these cells label for 
smooth muscle actin [56, 57].

Muscularis mucosae generates bursts of spon-
taneous action potentials (APs) with a depolaris-
ing phase supported by L-type Ca2+ channel 
activity. BK and SK channels, as well as Kv7 K+ 
channels which all modulate the bursting charac-
teristics of the AP trains and hence the excitabil-
ity of the tissue [58]. The current density of K+ 
currents in the muscularis mucosae is much 
lower than in detrusor [59] and may contribute to 
increased electrical excitability. In addition, 
TRPV4 channels are also present in muscularis 
mucosae and their activation generates a sus-
tained contraction and reduction of spontaneous 
activity, possibly by Ca2+ influx opening BK 
channels [60]. Overall this might suggest that 
muscularis mucosae can exhibit a phasic contrac-
tile response and a background tonus to the blad-
der wall.

Vascular smooth muscle cells and/or pericytes 
surround suburothelial blood vessels, generate 
intracellular Ca2+ transients and also generate cir-
cular and longitudinal contractions [61, 62]. The 
physiological properties of these cells will be 

covered in a separate chapter. Longitudinal con-
tractions would contribute to mucosal force gen-
eration, although the proportional effect they 
have remains to be ascertained.

ICs are the most numerous type of cell in the 
lamina propria; the ratio of ICs to smooth mus-
cle cells in the muscularis mucosae in six sheep 
bladders was 5.1  ±  0.7 (n  =  6, Fry, Nyirady, 
unpublished data). They are especially abundant 
near the urothelium (see Fig. 5.1a, b) and often 
appose and even surround the terminals of affer-
ent nerves [63], so that they probably have 
synapse- like relations. They are electrically 
excitable, generating transient depolarisations 
via a Ca2+-activated Cl− channel, the rise of intra-
cellular Ca2+ mediated by release from intracel-
lular stores after membrane receptor activation 
via, for example, purines acting on P2Y recep-
tors [64]. Moreover, these ICs are coupled by 
connexin43 (Cx43) gap junctions suggesting 
they form a functional electrical syncytium [65]. 
Their excitatory responses to purines are consis-
tent with activation by ATP and its metabolites 
that may be released from the overlying urothe-
lium in response to stretch. Moreover, some ICs 
have a myofibroblast-like morphology where 
they contain myofilaments that form cytoplas-
mic stress fibres [66]. IC number increases sig-
nificantly as the lamina propria thickens in 
conditions associated with detrusor overactivity, 
such as bladder outflow obstruction (Fig. 5.1b), 
[67] and spinal cord injury [51] when they could 
augment indirectly mucosal spontaneous 
activity.

Overall it may be concluded that the mucosa 
has distinct contractile properties from detrusor 
with potential contributions from the three major 
cell types described above. The proportion of 
mucosal tissue occupied by muscularis mucosae 
is about 4.5% in guinea pig bladder, compared to 
73.4% occupied by detrusor in the muscle layer 
[48] to produce broadly comparable magnitudes 
of spontaneous contractile activity. Thus, if mus-
cularis mucosae solely contributed to spontane-
ous contractile activity, its unit contractile 
properties would have to be substantially greater 
than detrusor.
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5.9  Interactions Between 
Mucosa and Detrusor 
and the Generation 
of Spontaneous Activity

Augmentation of spontaneous activity by retain-
ing a mucosa-detrusor structure implies there is 
interaction between the two layers. This may be 

though diffusion of chemical modulators or cell- 
to- cell signalling (Fig. 5.4a, b). One observation 
to suggest diffusional coupling (Fig. 5.4a) shows 
that simple placement of mucosa on detrusor mus-
cle rapidly increases the amplitude and frequency 
of spontaneous contractions. Augmentation of 
spontaneous activity is not suppressed by atro-
pine implying that ACh is not the diffusible active 

a

b

10 min

20 

mN

30 µM UTP  50 nM carbachol

CV = 1.9 mm/s  

CV = 

0.5 mm/s 

Mucosa

Serosa

Detrusor

0.5 mm

Fig. 5.4 Interaction between mucosa and detrusor in the 
generation of spontaneous contractions. (a) Evidence for 
non-cell-to-cell contact. Spontaneous activity in a detru-
sor preparation with the mucosa dissected away as a sheet 
(left) and when the mucosa was subsequently placed on 
the detrusor preparation (right): Kitney and Fry, unpub-
lished data. Pig bladder, a schematic of the experiments is 
shown above the experimental tracings. (b) Evidence for 
cell-to-cell contact. Left, a cross section of a rat bladder 
used for optical imaging experiments, the superimposed 
grid delineates separate pixels from which Ca2+ waves 

were recorded to construct conduction maps. Middle, a 
conduction map constructed from the latencies of Ca2+ 
transients from each pixel on injection of a low carbachol 
concentration at the lamina propria (red star)—increasing 
delays are designated by areas of greater darkness. Thus, 
the initiation of a signal propagates transversely in the 
mucosa before propagating laterally to the detrusor layer. 
Right: a conduction map again showing rapid transverse 
propagation and slower invasion of the detrusor after 
application of UTP, a purine that excites lamina propria 
interstitial cells. Adapted from [11, 23]
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agent. However, many other agents are released 
by mucosal cells that can have local paracrine, 
contractile effects on detrusor muscle including 
ATP, prostaglandins and nitric oxide [68]. In par-
ticular, it has been shown in guinea pig bladder 
that spontaneous activity goes through cyclical 
variations in magnitude that coincides with back-
ground release of ATP, after consideration of dif-
fusion times for ATP in the tissue [48]. However, 
Fig.  5.4b shows evidence also  for intercelluar 
coupling from the mucosa  to  the  detrusor lay-
ers. Direct evidence that spontaneous activity can 
result from localised release of ATP from detru-
sor or mucosa is shown below (Fig.  5.5b, see 
Sect. 10.2 below). Although some will be broken 
down by ecto- ATPases, some ATP undoubtedly 
persists to generate contractile events. Moreover, 
ecto-ATPase activity is reduced in bladder wall 
tissue from overactive bladders that would exac-
erbate the contractile effects of ATP released 
from tissue [37].

There are also data to suggest there is cell-to- 
cell coupling between the mucosa and detrusor. 
With intact or detrusor-only preparations, gap 
junction blockers including 18-β glycyrrhetinic 
acid, carbenoxolone or heptanol attenuate spon-
taneous activity, especially in animals where 
activity was increased by spinal cord injury or 
inflammation [51, 69]. However, it should be 
cautioned that there is evidence to show some 
gap junction blockers also block voltage-gated 
Ca2+ channels [70] which would also explain why 
these agents may reduce spontaneous activity. 
However, it remains to be shown whether this 
blockade is occurring solely between detrusor 
muscle cells or also in the lamina propria at the 
interface between the two layers. There are also 
optical signalling data that indicate that Ca2+ 
waves and electrical signals can pass within the 
lamina propria and across to the detrusor layer. 
Ca2+ signals, propagating at 60–70 μm.s−1 have 
been measured in isolated lamina propria prepa-
rations. These were augmented by ATP and 
TRPV4 agonists and attenuated by the Ca2+-
ATPase inhibitor cyclopiazonic acid, implying an 
intracellular source of Ca2+ [71]. Optical imaging 
of the rat bladder wall, with an absent muscularis 
mucosae, reveals that spontaneous waves of 

intracellular Ca2+ or changes to membrane poten-
tial originate not in the detrusor, but in the lamina 
propria where they propagate laterally within 
this layer before invading the detrusor [10]. 
Signal propagation velocity is about 0.3 cm s−1, 
faster than in muscularis mucosae [23, 59]. 
Overall it is possible that the two cellular ele-
ments exert different influences over the detrusor 
layer, with muscularis mucosae setting a back-
ground tonus and an IC layer providing a more 
dynamic response to changes of neuromodulator 
released from the urothelium.

Although the mucosa enhances spontaneous 
activity in the bladder this has to be set against 
the observation that it also suppresses contrac-
tions evoked by muscarinic receptor agonists, but 
not when depolarised by raised extracellular [K] 
[72]. Exhaustive studies by the original authors 
did not reveal the intermediate diffusible agent, 
nevertheless the augmentation of spontaneous 
activity must be offset by this observation.

5.10  Theories for the Origin 
of Spontaneous Activity 
in Normal and Pathological 
Bladders

In principle normal and overactive spontaneous 
activity may arise from several, not mutually 
conflicting, mechanisms:

• A myogenic origin
• A neurogenic origin
• A urotheliogenic origin

5.10.1  Myogenic Spontaneous 
Activity

Isolated detrusor myocytes can develop sponta-
neous action potentials and intracellular Ca2+ 
transients, the frequencies of which are greater in 
cells isolated from overactive human bladders 
(Fig.  5.2f) [22]. The depolarising phase of the 
action potential is supported by L-type and T-type 
Ca2+ currents; the latter are activated at potentials 
near to the membrane potential and so in princi-
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Fig. 5.5 Appearance of spontaneous contractions with 
absence of nerve-mediated activity. (a) Nerve-mediated 
contractions stimulated by tetanic stimulus with frequen-
cies between 0.5 and 16 Hz. Note the greater spontaneous 
activity as stimulus frequency decreases. (b) Spontaneous 
contractile activity (lower trace) during abolition of nerve- 

mediated contractions with 1  μM tetrodotoxin. Upper 
trace: Extracellular ATP transients accompany spontane-
ous contractions. Note the stimulus artefacts on the ATP 
electrode trace co-incident with stimulation at 4, 8 and 
12 Hz. Trace in panel a adapted from [120]
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ple could serve as a pacemaker current. Moreover, 
the density of T-type Ca2+ current is greater in 
myocytes from overactive human bladders and 
this could account for the increased frequency of 
spontaneous action potentials [73]. Detrusor 
myocytes are connected by connexin45 (Cx45) 
gap junctions so that electrical activity generated 
in a cell, or group of cells, could spread to adja-
cent tissue. However, the expression of Cx45 pro-
tein is reduced in human detrusor from overactive 
bladders, corroborated by an increased electrical 
resistance between adjacent myocytes. This 
would limit the speed and extent of spread of 
electrical signals across the bladder wall [74]. 
Thus, although localised electrical activity may 
be generated more in detrusor from overactive 
bladders, these signals would be confined to a 
smaller region of the wall bladder. These data do 
not support the ability of electrical signals to 
spread across larger regions of the bladder wall 
that would form the basis of an overactive blad-
der contraction [23].

It may be hypothesised that during an overac-
tive bladder contraction, detrusor contractility 
may be greater than that during normal voiding. 
An estimate of true bladder contractility may be 
obtained from transformation of the isovolumic 
phase of detrusor pressure rise during voiding or 
overactive contractions. However, an overactive 
contraction does not represent a state of enhanced 
contractility compared to that for a nerve- 
mediated voiding contraction, which does not 
support this hypothesis [75].

Overall, although myogenic activity does 
occur in detrusor smooth muscle, there is no evi-
dence that the greater frequency and larger ampli-
tude of spontaneous activity in detrusor from 
overactive bladders is a significant basis of patho-
logical detrusor overactivity.

5.10.2  Neurogenic Detrusor 
Overactivity (NDO) 
and Spontaneous Activity

A subset of patients with DO have associated 
neurological deficits such as spinal cord injury or 
Parkinson’s disease. This subgroup is described as 

suffering from NDO but whether or not the patho-
physiology of the condition is different from that 
of the majority of DO patients remains unclear 
at present. However, isolated detrusor prepara-
tions from NDO bladders are associated with 
greater spontaneous contractile activity [76, 77]. 
Spontaneous contractions from isolated multicel-
lular detrusor preparations obtained from normal 
or DO bladders are insensitive to application of 
tetrodotoxin (TTX)—to block nerve action poten-
tials—or atropine—to block the action of Ach 
that might be released or simply leaks from motor 
nerves [78]. This implies that intrinsic motor 
nerves do not generate autonomous activity result-
ing from release of neurotransmitter. Moreover, 
nerve-mediated contractions of isolated human 
detrusor preparations from DO bladders are simi-
lar in magnitude or decreased compared to those 
from normal bladders [36, 78]. This implies that 
the functional innervation by postganglionic 
fibres to DO bladders is similar or even reduced 
compared to normal bladders.

The role of several detrusor K+ channels in 
modulating spontaneous activity and their role in 
the aetiology of NDO in particular has been stud-
ied. These channels include small, intermediate 
and large conductance Ca2+-activated K+ chan-
nels (SK, IK and BK channels, respectively), as 
well as ATP-dependent K+ channels. Openers of 
both BK and SK/IK channels (NS-1619 and 
SKA-31/NS-309, respectively) reduce spontane-
ous contractions in rat and human detrusor. These 
actions are reversed by their respective channel 
blockers iberiotoxin and apamin [79–82]. IK 
channels have not been implicated as the IK 
blocker, TRAM-3K, had no effect [81]. However, 
with human detrusor samples from NDO patients 
NS-1619 and iberiotoxin had no effect on sponta-
neous activity, unlike the situation with detrusor 
from normal human bladders [76, 77]. This latter 
result was corroborated by demonstrating a 
reduced iberiotoxin-sensitive K+ current and 
expression of the α-subunit of BK channels, the 
β1 and β4-subunits were not significantly differ-
ent [76]. Thus, increased spontaneous activity in 
isolated detrusor strips from NDO patients may 
be due, at least in part, to a myogenic response 
through reduced BK channel density.

C. H. Fry and K. D. McCloskey



135

An indirect role for motor nerves involvement 
to generate some spontaneous activity may be 
inferred from the observation that an increase of 
nerve stimulation to isolated detrusor samples, 
with an intact mucosa, leads to a decrease of 
activity (Fig. 5.5a) [54]. Not only is spontaneous 
activity resistant to atropine but persists also in 
the presence of PPADS, an antagonist to most 
P2X receptors, including P2X1 expressed in 
detrusor smooth muscle [54]. However, Fig. 5.5b 
shows an experiment after nerve-mediated con-
tractions had been abolished by addition of TTX 
where spontaneous activity was also evident and 
accompanied by transient increases of ATP, as 
measured by an amperometric ATP-selective sen-
sor placed on the surface of the preparation 
(McCarthy and Fry, unpublished data). These 
observations are consistent with the presence of 
spontaneous transient depolarisations in mouse 
detrusor that were abolished by the P2X1 receptor 
antagonist NF449 and increased by latrotoxin 
[83], a venom that acts on presynaptic nerve ter-
minals and secretory cells to release transmitters 
[84]. However, the inability of PPADS to dimin-
ish spontaneous activity requires explanation.

5.10.3  Mucosal Modulation 
of Spontaneous Activity 
and its Significance 
in Overactive Bladder

The term Urotheliogenic derives from the obser-
vation that spontaneous contractions are greater 
when in  vitro detrusor preparations retain their 
covering of mucosa [49]. Although the term 
implies that it is the urothelium itself that aug-
ments detrusor contractions, in fact control may 
derive from any of the cell types in the mucosa, 
either singly or in combination. It has been dis-
cussed above that diffusional and/or cell-to-cell 
contacts between mucosa and detrusor layers 
could generate the augmented spontaneous activ-
ity observed when the two layers of the bladder 
wall are in contact. Moreover, in bladder patholo-
gies thickening of the mucosa occurs, accompa-
nied by an increase in the population of ICs and 
these are associated with larger amplitude spon-

taneous contractions that propagate across greater 
areas of the bladder wall [48]. It is suggested that 
lamina propria IC fall into two subtypes [85], a 
more abundant population near the urothelium 
that express α-smooth muscle actin and PDGFRα 
and not CD34, and a population nearer the detru-
sor layer that had an inverse expression of these 
epitopes. It is not clear what are the functional 
distinctions between these subtypes but any study 
with isolated ICs is more likely to use the former 
due to their greater abundance.

With this caveat the pharmacological proper-
ties of lamina propria ICs can give insight into 
the interaction between mucosa and detrusor in 
generating spontaneous activity. Firstly, enzymati-
cally dispersed lamina propria ICs do not respond 
to exogenous cholinergic agonists to generate an 
intracellular Ca2+ transient or electrophysiological 
responses [64]. However, very low concentrations 
of carbachol do augment spontaneous activity and 
Ca2+-wave propagation in isolated bladder sheets 
with an intact mucosa [11], a potential resolu-
tion to this apparent paradox is discussed below. 
However, ICs respond in a complex way to purines 
as they generate large inward currents to exoge-
nous ATP, ADP and UTP that suggests that they 
act via P2Y receptors [64]. This is corroborated by 
immunohistochemistry that shows an abundance 
of P2Y6 receptors, with only sparse labelling for 
P2X1, P2Y2 and P2Y4 receptors on these cells [86]. 
The inward current is through a Ca2+-activated-Cl− 
channel in response to a rise of the intracellular 
[Ca2+] after purine application. Application of 
ADP or UTP to bladder sheets with an intact 
mucosa greatly increases the magnitude of spon-
taneous contractions, especially in bladders that 
are already overactive with a thickened mucosa 
[23]. With these intact bladder sheets, application 
of P2Y agonists greatly enhances the velocity at 
which membrane transients or Ca2+ waves propa-
gate, as well as increases the area of that bladder 
wall over which they spread.

The urothelium releases a number of bioactive 
molecules when subjected to chemical or physi-
cal interventions, which include ATP, acetylcho-
line, prostaglandins and nitric oxide. Most is 
known about stress-activated ATP release and it 
is noteworthy that release is augmented from 
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urothelium obtained from bladders that exhibit 
overactive pathologies [87–91]. Released ATP is 
rapidly broken down by ectoATPases to ADP and 
other metabolites that would have a paracrine 
effect on the increased numbers of ICs, one result 
of which would be to upregulate spontaneous 
activity.

An allied observation is that ACh release from 
urothelium occurs at much lower levels of physi-
cal stress and in much greater quantities com-
pared to ATP release [92]. Moreover, muscarinic 
receptor agonists augment ATP release from uro-
thelium via M2 receptors [93, 94]. This interac-
tion between muscarinic receptor activation and 
urothelial ATP release provides a sensory trans-
duction pathway for bladder filling or other 
stresses to activate suburothelial afferents as well 
as modulate spontaneous contractions via the 
above urotheliogenic mechanism. Moreover, the 
increase of ATP release in pathological bladders 
provides an understanding of how sensory path-
ways as well as spontaneous activity is increased 
in these pathologies.

A final consideration is the range of physical 
and chemical stressors that can release bioactive 
molecules. Urothelial cells express purinergic, 
muscarinic, nicotinic and adrenergic receptors 
[95–98] among others, which can respond in an 
autocrine/paracrine mode or to circulating cate-
cholamines. Moreover, a variety of transient 
receptor potential (TRP) channels [99–101] and 
piezo-channels [102] have been identified that 
allow urothelial cells to respond to environmental 
changes such as low pH, changes to ambient tem-
perature and physical stress or strain changes. 
This variety of receptor molecules ensures that 
the urothelium is a sensitive and multimodal sen-
sory structure that provides the link to sensation 
and outputs such as spontaneous activity and 
afferent nerve activation.

5.11  The Trigone

Because of its structural connection to the intra-
vesical portion of the ureter, and its potential role 
as part of the outflow tract, the trigone may play 
a role in regulating the opening and closure of the 

ureteric orifices to prevent vesicoureteral reflux. 
Whilst the main mechanism to prevent reflux is 
the oblique angle of the insertion of the ureter 
through the bladder wall, providing a compres-
sion valve as the bladder fills, periodic contrac-
tions of the trigone may support opening of 
ureteral orifices to facilitate filling and may also 
assist compression during voiding contractions 
of the bladder.

Spontaneous phasic contractions have been 
recorded in 71% and 89% of trigone strips from 
pigs and humans, respectively, compared with 
only 20% in muscle strips from the dome [17]. 
Moreover, in the trigone spontaneous contrac-
tions arise purely from the smooth muscle com-
ponent, as removal of the mucosa has no effect 
on their amplitude and frequency [46]. This is in 
contrast to the situation with tissue from the bulk 
of the bladder body—the dome—where the 
presence of the mucosa is crucial to maintain 
spontaneous activity. The cellular pathways 
underlying spontaneous contractions have been 
studied in the superficial trigone of the guinea 
pig bladder, where the majority of muscle strips 
also generate spontaneous phasic contractions 
[103] (Fig. 5.6a). Trigone smooth muscle gener-
ates spontaneous bursts of action potentials 
[104], similar to detrusor from the bladder dome. 
However, electrical stimulation of this region of 
the bladder elicits action potentials [105] which 
do not occur when the dome of the bladder is 
similarly excited. This demonstrates that the tri-
gone exhibits greater excitability than the blad-
der dome and that smooth muscle in the two 
regions are functionally separate. This latter 
observation is corroborated by the fact that spon-
taneous electrical activity in the trigone is gener-
ated independently from that in the bladder 
dome [106]. The greater excitability of a func-
tionally independent trigone arises from the fact 
that its smaller muscle mass, compared to detru-
sor in the bladder dome, means that the overall 
electrical resistance of the tissue is greater. Thus, 
ionic current generated in the tissue will gener-
ate larger local potential fields as observed above 
[105]. The separateness of trigone and detrusor 
is also indicated by spatiotemporal mapping 
techniques that show propagating patches of 
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Fig. 5.6 Characteristics of spontaneous activity in tri-
gone. (a) Isolated trigone tissue showing regular sponta-
neous contractions (upper trace). Different patterns of 
intracellular Ca2+ transients in isolated trigone myocytes 
(middle and lower traces). (b) Spontaneous activity and 
gap junction blockers. Effect of 18-β-glycyrrhetinic acid 
(GA) on regular spontaneous activity recorded in isolated 
detrusor (upper trace) or trigone (lower trace) smooth 
muscle. The two images below are of the muscle layer and 
are labelled for connexin proteins (red) and nuclei (blue); 

sections are from detrusor (connexin45, left) and trigone 
(connexin43, right). (c) Effect of a 0-Ca solution (upper 
panels) on spontaneous contractions (left) and intracellu-
lar Ca2+ transients (right). Effect of a niflumic acid 
(100 μM) on spontaneous contractions (middle panel) and 
intracellular Ca2+ transients (lower panel). (d) Effect of 
carbachol (carb, 1  μM) in the absence or presence of 
10 μM phenylephrine on tension (upper panel) and intra-
cellular [Ca2+], lower panel. Adapted from [8, 103]
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contraction in the dome travel mainly along the 
anterior and lateral surface of the bladder and do 
not traverse the trigone [107].

The relative ease of electrical transmission in 
the trigone compared to detrusor is mirrored by 
a greater abundance of connexin-labelling gap 
junctions, as determined by immunolabelling 
[103]. Moreover, the connexin subtype between 
smooth muscle cells in the trigone is Cx43, 
rather than Cx45 as in the dome [51], which is 
of significance as Cx43 gap junctions have a 
greater unit electrical conductance compared to 
those formed with Cx45. 18-β glycyrrhetinic 
acid, a gap junction blocker, reduces the ampli-
tude but increases the frequency of spontaneous 

contractions in the trigone, whereas under simi-
lar conditions it has little effect on detrusor 
spontaneous activity (Fig.  5.6b). The appear-
ance of less well- coordinated activity in 18-β 
glycyrrhetinic acid suggests that intercellular 
communication plays a role in developing such 
contractions.

The upstroke of the action potential is mainly 
mediated by Ca2+ influx through L-type Ca2+ 
channels as intracellular Ca2+ transients are abol-
ished by either an L-type Ca2+ channel inhibitor 
or Ca2+ free solution, but not by a T-type Ca2+ 
channel inhibitor. Furthermore, neither thapsigar-
gin, an inhibitor of SR Ca2+ uptake, nor FCCP, a 
mitochondrial uncoupler, are inhibitory, also sug-
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gesting the importance of Ca2+ influx rather than 
intracellular Ca2+ stores to support contraction 
[103]. Niflumic acid, a blocker of Ca2+-activated 
Cl− channels, also attenuates Ca2+ transients and 
spontaneous contractions of the trigone [103]. At 
membrane potentials near the resting value such 
channels would pass inward current which would 
activate L-type Ca2+ channels. Thus L-type Ca2+ 
channel antagonists inhibit both spontaneous 
contractions and intracellular Ca2+ transients 
(Fig.  5.6c). Carbachol increases intracellular 
[Ca2+] and thus muscarinic receptor activation 
would initiate the process of augmenting sponta-
neous activity.

The trigone is unusual in that both cholinergic 
and adrenergic agonists augment spontaneous 
activity, however the rise of intracellular [Ca2+] is 
greater with carbachol than with the non- selective 
α-adrenoceptor agonist, phenylephrine. 
Moreover, phenylephrine increases the choliner-
gic contractile responses independent of a further 
rise of intracellular [Ca2+], suggesting that an 
important action may be to increase the Ca2+-
sensitivity of the contractile proteins [108] 
(Fig.  5.6d). Synergy between cholinergic and 
adrenergic pathways is also suggested by the fact 
that a muscarinic receptor antagonist reduces 
contraction generated by adrenergic agonists 
[109]. Such synergy between cholinergic and 
adrenergic pathways allows the autonomic ner-
vous system to regulate spontaneous activity with 
a high degree of gain and suggests that the tri-
gone exhibits such activity in the filling and void-
ing phases of bladder activity.

Suppression of spontaneous contractions can 
be achieved by activation of K+ channels. 
However, in contrast to dome detrusor smooth 
muscle, ATP-dependent K+ (KATP) channels 
appear to have important roles in membrane 
repolarisation rather than BK and SK channels as 
is the case in bladder dome detrusor [46].

The greater contractile spontaneity and excit-
ability of the trigone and its functional separa-
tion from the bladder dome implies that 
spontaneous contractions may serve separate 
purposes. During bladder filling, maintained 
tonus by the trigone could contribute to the resis-
tance offered by the internal sphincter. 

Micromotions in the dome of the bladder, which 
help to keep bladder shape and offer a low tonus, 
would also not propagate to the trigone as this 
region of the bladder is fairly rigidly fixed to the 
bladder base. Thus, the different functions of the 
two regions of the bladder are reflected in the 
separate processes that generate and propagate 
spontaneous activity.

5.12  Changes to Spontaneous 
Activity in Development 
and Ageing

Spontaneous contractions develop in the first few 
post-natal weeks in the neonatal bladder, as 
exemplified by studies in rats and pigs [11, 110–
112]. These are greater in amplitude and less fre-
quent than in the adult bladder, reminiscent of the 
pattern observed in adult animals with spinal 
cord injury, an example of pathophysiology reca-
pitulating ontogeny. In the rat, where much work 
has been done, large bladder contractions may be 
evoked by mechanical stimulation of the 
perineum and help to empty the bladder, exem-
plified by maternal grooming of pups. This indi-
cates the activity of local spinal reflexes when 
supraspinal pathways are not yet fully developed 
[113]. Their suppression upon establishment of 
supraspinal control is supported by the fact that 
GABA antagonists increase the amplitude of 
spontaneous contractions in developing animals 
[114]. Because they have been observed in iso-
lated preparations and intact bladders it is pro-
posed that they result from intrinsic processes in 
the bladder wall. Such activity is enhanced by 
low concentrations of muscarinic receptor ago-
nists that initiate excitatory signals that originate 
in the lamina propria and propagate to the detru-
sor layer [11, 114], potentially mediated by acti-
vation of detrusor T-type Ca2+ channels [115]. 
However, the cellular pathways whereby large, 
infrequent spontaneous contractions in the neo-
natal bladder change to smaller more frequent 
ones in the adult bladder remain to be elucidated 
and have important implications to understand 
the origin of large contractions in the neurogenic 
bladder.
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An increase of spontaneous activity is also 
recorded in ageing rats [111, 116] but not mice 
[117]. However, the pattern is different from that 
observed in neonatal bladders, consisting of 
numerous, short-duration events that might imply 
a different origin. A uniform description of alter-
ation to bladder function with ageing is difficult 
to describe, as a variety of changes have been 
observed that may depend on the extent of age-
ing, as well as the experimental model. However, 
a number of changes to purinergic and choliner-
gic signalling systems have been reported in 
human and animal models. In particular, there is 
an increased dependence on purinergic signalling 
during nerve-mediated voiding responses and 
urothelial transmitter release during filling [117–
119]. However, cholinergic signalling changes 
with age are more variable with a reported 
decrease [117] or increase [118, 120] of non- 
neuronal ACh release during filling or supporting 
nerve-mediated contractions. In view of the asso-
ciation of purinergic signalling with spontaneous 
activity, or overactive bladder in human detrusor, 
such a linkage may contribute to increased activ-
ity with ageing.

An increase of bladder afferent firing and 
spontaneous contractions accompanies bladder 
filling, a phenomenon augmented by administra-
tion of P2X receptor agonists or irritants such as 
cyclophosphamide into the bladder lumen [121]. 
The induction of spontaneous contractions by 
raised afferent firing could involve spinal or 
supraspinal reflexes. A decrease of bladder com-
pliance would therefore be expected to increase 
bladder afferent firing and hence increase sponta-
neous activity. Ageing is associated with a spec-
trum of changes to bladder compliance with 
reports of it being decreased [122], increased 
[123] or unchanged [116]. This will reflect vari-
ous changes that may impact on determining 
bladder compliance, ranging from altered central 
or peripheral nervous control that determines 
detrusor tone during filling [124, 125], or deposi-
tion of excess collagen [126] that would reduce 
bladder compliance. Overall, a number of factors 
determine how ageing impacts on the biome-
chanical properties of the bladder during filling, 
so that there is no single way spontaneous activ-

ity may be impacted (see also Sect. 5.14). An 
additional confounding factor when studying 
how ageing may impact on any biological func-
tion is the range of actual ages that are used for 
animal models. The life expectancy of a mouse is 
2–3 years and for a rat up to 5 years [127], so that 
many animal models of ageing to date merely 
reflect middle-aged rather than the aged human 
for comparison.

5.13  External Influences 
on the Bladder 
and Spontaneous Activity

The urinary bladder, due its position immedi-
ately above the pelvic floor, is especially prone 
to external influences that affect its function, 
particularly in the exacerbation of spontane-
ous activity and the development of detrusor 
overactivity. For example, the bladder is prone 
to irritation by exposure to urinary tract infec-
tions or noxious agents, as well as damage 
from irradiation to treat pelvic organ malig-
nancies which may affect spontaneous activity. 
Cyclophosphamide or acetic acid are examples 
of noxious agents often used experimentally to 
induce bladder pain and inflammation, as well 
as generate increased spontaneous activity [121, 
128]. Cyclophosphamide is a cytotoxic drug with 
a major side effect of haemorrhagic cystitis medi-
ated importantly through its metabolite acrolein 
[129]. Acrolein itself has multiple effects includ-
ing urothelial damage through generation of reac-
tive oxygen species and exposure of the deeper 
bladder layers to urine [130]. Acetic acid will 
also reduce urothelial permeability with similar 
consequences [131]. In consequence, cyclophos-
phamide or acetic acid infusion into the bladder 
lumen increases ATP release [132, 133], as well 
as inducing an overactive bladder as measured 
by cytometry [132]. Cyclophosphamide- induced 
detrusor overactivity may be reduced by blocking 
urothelium receptors to prokineticin 2, a chemo-
kine-like peptide implicated in the development 
of inflammatory and pain responses in the blad-
der [128]. The important role of the mucosa has 
also been implicated in radiation- induced cystitis 
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and its regulation of bladder contractions [54]. 
Radiation-treatment increased detrusor contrac-
tion after application of contractile agonists such 
as carbachol; however, this was not observed in 
mucosal-intact preparations. Radiation cystitis 
is also associated with increased fibrosis in the 
bladder wall, a consequent decrease of compli-
ance and development of spontaneous non-void-
ing contractions with urinary leakage. Resolution 
of the fibrosis by post-irradiation treatment with 
the hormone relaxin in rat bladder not only nor-
malised the fibrosis but reversed the decrease 
of compliance and development of spontaneous 
non-voiding contractions [134]. Various noxious 
interventions will impact differently on blad-
der function, one of the final common pathways 
being the development of spontaneous contrac-
tions, but potentially by different processes. 
Thus, it is important to characterise the funda-
mental pathways altered by different interven-
tions to able to ameliorate the consequences to 
lower urinary tract  function  by these different 
processes.

5.14  The Clinical Consequences 
of Bladder Spontaneous 
Activity in Health 
and Disease

Spontaneous contractile activity is a fundamen-
tal feature of bladder function and is reflected in 
recordings from the intact bladder to isolated 
myocytes. It occurs not just in the smooth mus-
cle layer but also in the lamina propria. The 
physiological functions are postulated to add a 
resting tone to the bladder wall to enable the 
bladder itself to efficiently raise detrusor pres-
sure during initiation of voiding and also to 
affect the gain of signal transduction to afferent 
nerve activation during bladder filling. Two 
pathological states may reflect a failure of this 
basic system: (i) bladder underactivity, when the 
increase of detrusor pressure is insufficient to 
completely void the contents of the bladder and 
(ii) detrusor overactivity when large, uncontrol-
lable contractions during modest bladder filling 
leads to sensations of urgency and sometimes 

incontinence. However, whether changes to the 
processes generating normal spontaneous con-
tractions results in pathological states remains to 
be answered.

Detrusor underactivity (DU) is a relatively 
new term to describe poor voiding performance 
and various publications have attempted to define 
a clinical picture [135, 136]. However, the clini-
cal criteria used to define DU are currently 
empirical and do little to identify fundamental 
causes of the symptom complex. There is no evi-
dence that DU results from contractile failure of 
detrusor muscle [74], but more likely is due to a 
replacement of muscle with extracellular matrix. 
This has relevance to the role of spontaneous 
activity in symptoms associated with DU. If the 
extracellular matrix is predominantly of collagen 
the bladder wall will be stiffer and hence a spon-
taneous contraction will transmit more energy to 
afferent transducing mechanisms and so increase 
a sense of urgency without a powerful contrac-
tion [137]. If the extracellular matrix is composed 
more of a gel-like ground substance of glycos-
aminoglycans and glycoproteins, then bladder 
compliance will increase, and transmission of 
forces depressed [138]. Both states have been 
reported in failing bladders [139] and the path-
ways that lead from one state or another have yet 
to be determined.

Detrusor overactivity has been better described 
(Fig. 5.2a) and occurs during filling. Again, the 
precise aetiology is unknown and several theories 
have been advanced, which need not be mutually 
exclusive: altered central control of the normal 
voiding reflex [140]; a myogenic hypothesis of 
increased detrusor excitability and spontaneous 
activity [74, 141]; enhanced spinal reflexes; 
greater urotheliogenic interaction within and 
between lamina propria and detrusor, for exam-
ple from enhanced stretch-activated ATP release 
and enhanced spontaneous activity [89].

The uncertainty in characterising, by funda-
mental research, the extremely common condi-
tion of DO, and the recent description of DU, 
underlies the continuing need to interweave 
investigative and clinical research to explain how 
normal spontaneous activity can manifest itself 
as pathological entities.

5 Spontaneous Activity and the Urinary Bladder



142

References

 1. Seth JH, Panicker JN, Fowler CJ.  The neurologi-
cal organization of micturition. Handb Clin Neurol. 
2013;117:111–7.

 2. Khandelwal P, Abraham SN, Apodaca G. Cell biol-
ogy and physiology of the uroepithelium. Am J 
Physiol Ren Physiol. 2009;297:F1477–501.

 3. Tanaka ST, Ishii K, DeMarco RT, Pope JC, Brock 
JW, Hayward SW. Endodermal origin of bladder tri-
gone inferred from mesenchymal-epithelial interac-
tions. J Urol. 2010;183:386–91.

 4. Abrams P, Cardozo L, Fall M, Griffiths D, Rosier 
P, Ulmsten U, van Kerrebroeck P, Victor A, Wein 
A.  The standardisation of terminology of lower 
urinary tract function. Neurourol Urodyn. 2002;21: 
167–78.

 5. Irwin DE, Milsom I, Hunskaar S, Reilly K, Kopp 
Z, Herschorn S, Coyne K, Kelleher C, Hampel C, 
Artibani W, Abrams P.  Population-based survey of 
urinary incontinence, overactive bladder, and other 
lower urinary tract symptoms in five countries: results 
of the EPIC study. Eur Urol. 2006;50:1306–14.

 6. Diamond P, Hassonah S, Alarab M, Lovatsis D, 
Drutz HP.  The prevalence of detrusor overactivity 
amongst patients with symptoms of overactive blad-
der: a retrospective cohort study. Int Urogynecol J. 
2012;23:1577–80.

 7. Mosso A, Pellacani P. Sur les fonctions de la vessie. 
Arch Ital Biol 1882; 1: 97–128. Tr. R. Feneley 2011, 
Burleigh Press, Bristol, UK.  ISBN 9780956941 
305.

 8. van Os-Bossagh P, Kosterman LM, Hop WC, 
Westerhof BE, de Bakker JV, Drogendijk AC, van 
Duyl WA. Micromotions of bladder wall in chronic 
pelvic pain (CPP): a pilot study. Int Urogynecol J 
Pelvic Floor Dysfunct. 2001;12:89–96.

 9. Drake MJ, Harvey IJ, Gillespie JI, van Duyl 
WA.  Localized contractions in the normal 
human bladder and in urinary urgency. BJU Int. 
2005;95:1002–5.

 10. Drake MJ, Hedlund P, Harvey IJ, Pandita RK, 
Andersson KE, Gillespie JI.  Partial outlet obstruc-
tion enhances modular autonomous activity in the 
isolated rat bladder. J Urol. 2003;170:276–9.

 11. Kanai A, Roppolo J, Ikeda Y, Zabbarova I, Tai C, 
Birder L, Griffiths D, de Groat W, Fry CH. Origin 
of spontaneous activity in neonatal and adult 
rat bladders and its enhancement by stretch and 
muscarinic agonists. Am J Physiol Ren Physiol. 
2007;292:F1065–72.

 12. Parsons BA, Drake MJ, Gammie A, Fry CH, Vahabi 
B. The validation of a functional, isolated pig blad-
der model for physiological experimentation. Front 
Pharmacol. 2012;3:52.

 13. Vahabi B, Drake MJ.  Physiological and patho-
physiological implications of micromotion activ-
ity in urinary bladder function. Acta Physiol. 
2015;213:360–70.

 14. Lagou M, Drake MJ, Gillespie JI. Volume-induced 
effects on the isolated bladder: a possible local 
reflex. BJU Int. 2004;94:1356–65.

 15. Drake M, Gillespie J, Hedlund P, Harvey I, Lagou 
M, Andersson KE. Muscarinic stimulation of the rat 
isolated whole bladder: pathophysiological models 
of detrusor overactivity. Auton Autacoid Pharmacol. 
2006;26:261–6.

 16. Hammad FT, Stephen B, Lubbad L, Morrison JF, 
Lammers WJ.  Macroscopic electrical propagation 
in the guinea pig urinary bladder. Am J Physiol Ren 
Physiol. 2014;307:F172–82.

 17. Sibley GN. A comparison of spontaneous and nerve- 
mediated activity in bladder muscle from man, pig 
and rabbit. J Physiol. 1984;354:431–43.

 18. Hashitani H, Brading AF, Suzuki H.  Correlation 
between spontaneous electrical, calcium and 
mechanical activity in detrusor smooth mus-
cle of the guinea-pig bladder. Br J Pharmacol. 
2004;141:183–93.

 19. Montgomery BS, Fry CH. The action potential and 
net membrane currents in isolated human detrusor 
smooth muscle cells. J Urol. 1992;147:176–84.

 20. Nakahira Y, Hashitani H, Fukuta H, Sasaki S, Kohri 
K, Suzuki H. Effects of isoproterenol on spontane-
ous excitations in detrusor smooth muscle cells of 
the guinea pig. J Urol. 2001;166:335–40.

 21. Meng E, Young JS, Brading AF. Spontaneous activity 
of mouse detrusor smooth muscle and the effects of 
the urothelium. Neurourol Urodyn. 2008;27:79–87.

 22. Sui G, Fry CH, Malone-Lee J, Wu C. Aberrant Ca2+ 
oscillations in smooth muscle cells from overactive 
human bladders. Cell Calcium. 2009;45:456–64.

 23. Fry CH, Young JS, Jabr RI, McCarthy C, Ikeda Y, 
Kanai AJ. Modulation of spontaneous activity in the 
overactive bladder: the role of P2Y agonists. Am J 
Physiol Ren Physiol. 2012;302:F1447–54.

 24. Vlaskovska M, Kasakov L, Rong W, Bodin P, Bardini 
M, Cockayne DA, Ford AP, Burnstock G.  P2X3 
knock-out mice reveal a major sensory role for uro-
thelially released ATP. J Neurosci. 2001;21:5670–7.

 25. McCarthy CJ, Zabbarova IV, Brumovsky PR, 
Roppolo JR, Gebhart GF, Kanai AJ.  Spontaneous 
contractions evoke afferent nerve firing in mouse 
bladders with detrusor overactivity. J Urol. 
2009;181:1459–66.

 26. Heppner TJ, Tykocki NR, Hill-Eubanks D, Nelson 
MT.  Transient contractions of urinary bladder 
smooth muscle are drivers of afferent nerve activity 
during filling. J Gen Physiol. 2016;147:323–35.

 27. Drake MJ, Kanai A, Bijos DA, Ikeda Y, Zabbarova I, 
Vahabi B, Fry CH. The potential role of unregulated 
autonomous bladder micromotions in urinary stor-
age and voiding dysfunction; overactive bladder and 
detrusor underactivity. BJU Int. 2017;119:22–9.

 28. Abrams P.  Describing bladder storage function: 
overactive bladder syndrome and detrusor overactiv-
ity. Urology. 2003;62:28–37.

 29. Kinder RB, Mundy AR.  Pathophysiology of idio-
pathic detrusor instability and detrusor hyper- 

C. H. Fry and K. D. McCloskey



143

reflexia. An in vitro study of human detrusor muscle. 
Br J Urol. 1987;60:509–15.

 30. Kato K, Wein AJ, Radzinski C, Longhurst PA, 
McGuire EJ, Miller LF, Elbadawi A, Levin 
RM. Short term functional effects of bladder outlet 
obstruction in the cat. J Urol. 1990;143:1020–5.

 31. Fry CH.  Physiological properties of the lower uri-
nary tract. In: Mundy AR, Fitpatrick JM, Neal DE, 
George NJ, editors. The scientific basis of urology. 
Colchester: Informa Healthcare; 2010. p. 244–65.

 32. Fry CH, Chess-Williams R, Hashitani H, Kanai AJ, 
McCloskey K, Takeda M, Vahabi B.  Cell biology. 
In: Abrams P, Cardozo L, Wagg A, Wein A, edi-
tors. Incontinence. 6th ed. Paris: ICUD ICS; 2016. 
p. 148–258. ISBN: 978-0-9569607-3-3.

 33. Sui GP, Wu C, Fry CH. A description of Ca2+ chan-
nels in human detrusor smooth muscle. BJU Int. 
2003;92:476–82.

 34. Anderson UA, Carson C, Johnston L, Joshi S, 
Gurney AM, McCloskey KD.  Functional expres-
sion of KCNQ (Kv7) channels in guinea pig bladder 
smooth muscle and their contribution to spontaneous 
activity. Br J Pharmacol. 2013;169:1290–304.

 35. Petkov GV. Central role of the BK channel in uri-
nary bladder smooth muscle physiology and patho-
physiology. Am J Phys Regul Integr Comp Phys. 
2014;307:R571–84.

 36. Fry CH, Bayliss M, Young JS, Hussain M. Influence 
of age and bladder dysfunction on the contractile 
properties of isolated human detrusor smooth mus-
cle. BJU Int. 2011;108:E91–6.

 37. Harvey RA, Skennerton DE, Newgreen D, Fry 
CH.  The contractile potency of adenosine triphos-
phate and ecto-adenosine triphosphatase activity 
in guinea pig detrusor and detrusor from patients 
with a stable, unstable or obstructed bladder. J Urol. 
2002;168:1235–9.

 38. Hashitani H, Yanai Y, Suzuki H.  Role of intersti-
tial cells and gap junctions in the transmission of 
spontaneous Ca2+ signals in detrusor smooth mus-
cles of the guinea-pig urinary bladder. J Physiol. 
2004;559:567–81.

 39. Gray SM, McGeown JG, McMurray G, McCloskey 
KD.  Functional innervation of Guinea-pig bladder 
interstitial cells of cajal subtypes: neurogenic stimu-
lation evokes in situ calcium transients. PLoS One. 
2013;8:e53423.

 40. Hirst GD, Edwards FR. Electrical events underlying 
organized myogenic contractions of the guinea pig 
stomach. J Physiol. 2006;576:659–65.

 41. Sanders KM, Ward SM, Koh SD.  Interstitial cells: 
regulators of smooth muscle function. Physiol Rev. 
2014;94:859–907.

 42. Hashitani H.  Interaction between interstitial cells 
and smooth muscles in the lower urinary tract and 
penis. J Physiol. 2006;576:707–14.

 43. Koh BH, Roy R, Hollywood MA, Thornbury KD, 
McHale NG, Sergeant GP, Hatton WJ, Ward SM, 
Sanders KM, Koh SD.  Platelet-derived growth 
factor receptor-α cells in mouse urinary bladder: 

a new class of interstitial cells. J Cell Mol Med. 
2012;16:691–700.

 44. Monaghan KP, Johnston L, McCloskey 
KD. Identification of PDGFRα positive populations 
of interstitial cells in human and guinea pig bladders. 
J Urol. 2012;188:639–47.

 45. Lee H, Koh BH, Yamasaki E, George NE, Sanders 
KM, Koh SD.  UTP activates small-conductance 
Ca2+-activated K+ channels in murine detru-
sor PDGFRα+ cells. Am J Physiol Ren Physiol. 
2015;309:F569–74.

 46. Akino H, Chapple CR, McKay N, Cross RL, 
Murakami S, Yokoyama O, Chess-Williams R, 
Sellers DJ.  Spontaneous contractions of the pig 
urinary bladder: the effect of ATP-sensitive potas-
sium channels and the role of the mucosa. BJU Int. 
2008;102:1168–74.

 47. Moro C, Uchiyama J, Chess-Williams R. Urothelial/
lamina propria spontaneous activity and the role of 
M3 muscarinic receptors in mediating rate responses 
to stretch and carbachol. Urology. 2011;78:1442.
e9–15.

 48. Kushida N, Fry CH. On the origin of spontaneous 
activity in the bladder. BJU Int. 2016;117:982–92.

 49. Ikeda Y, Kanai A.  Urotheliogenic modulation of 
intrinsic activity in spinal cord-transected rat blad-
ders: role of mucosal muscarinic receptors. Am J 
Physiol Ren Physiol. 2008;295:F454–61.

 50. Xin W, Li N, Cheng Q, Petkov GV.  BK channel- 
mediated relaxation of urinary bladder smooth mus-
cle: a novel paradigm for phosphodiesterase type 
4 regulation of bladder function. J Pharmacol Exp 
Ther. 2014;349:56–65.

 51. Ikeda Y, Fry C, Hayashi F, Stolz D, Griffiths D, 
Kanai A. Role of gap junctions in spontaneous activ-
ity of the rat bladder. Am J Physiol Ren Physiol. 
2007;293:F1018–25.

 52. Roosen A, Datta SN, Chowdhury RA, Patel PM, 
Kalsi V, Elneil S, Dasgupta P, Kessler TM, Khan 
S, Panicker J, Fry CH, Brandner S, Fowler CJ, 
Apostolidis A.  Suburothelial myofibroblasts in 
the human overactive bladder and the effect of 
botulinum neurotoxin type A treatment. Eur Urol. 
2009;55:1440–8.

 53. Moro C, Leeds C, Chess-Williams R.  Contractile 
activity of the bladder urothelium/lamina propria 
and its regulation by nitric oxide. Eur J Pharmacol. 
2012;674:445–9.

 54. McDonnell BM, Buchanan PJ, Prise KM, 
McCloskey KD.  Acute radiation impacts con-
tractility of guinea-pig bladder strips affecting 
mucosal- detrusor interactions. PLoS One. 2018;13: 
e0193923.

 55. Moro C, Tajouri L, Chess-Williams R. Adrenoceptor 
function and expression in bladder urothelium and 
lamina propria. Urology. 2013;81:211.e1–7.

 56. Sadananda P, Chess-Williams R, Burcher 
E. Contractile properties of the pig bladder mucosa 
in response to neurokinin A: a role for myofibro-
blasts? Br J Pharmacol. 2008;153:1465–73.

5 Spontaneous Activity and the Urinary Bladder



144

 57. Hinz B. Masters and servants of the force: the role of 
matrix adhesions in myofibroblast force perception 
and transmission. Eur J Cell Biol. 2006;85:175–81.

 58. Lee K, Isogai A, Antoh M, Kajioka S, Eto M, 
Hashitani H. Role of K+ channels in regulating spon-
taneous activity in the muscularis mucosae of guinea 
pig bladder. Eur J Pharmacol. 2018;818:30–7.

 59. Heppner TJ, Layne JJ, Pearson JM, Sarkissian H, 
Nelson MT. Unique properties of muscularis muco-
sae smooth muscle in guinea pig urinary bladder. Am 
J Phys Regul Integr Comp Phys. 2011;301:R351–62.

 60. Isogai A, Lee K, Mitsui R, Hashitani H. Functional 
coupling of TRPV4 channels and BK channels in 
regulating spontaneous contractions of the guinea pig 
urinary bladder. Pflugers Arch. 2016;468:1573–85.

 61. Hashitani H, Mitsui R, Shimizu Y, Higashi R, 
Nakamura K.  Functional and morphological prop-
erties of pericytes in suburothelial venules of 
the mouse bladder. Br J Pharmacol. 2012;167: 
1723–36.

 62. Hashitani H, Lang RJ.  Spontaneous activity in the 
microvasculature of visceral organs: role of pericytes 
and voltage-dependent Ca2+ channels. J Physiol. 
2016;594:555–65.

 63. Wiseman OJ, Fowler CJ, Landon DN.  The role of 
the human bladder lamina propria myofibroblast. 
BJU Int. 2003;91:89–93.

 64. Wu C, Sui GP, Fry CH.  Purinergic regulation of 
guinea pig suburothelial myofibroblasts. J Physiol. 
2004;559:231–43.

 65. Sui GP, Rothery S, Dupont E, Fry CH, Severs 
NJ.  Gap junctions and connexin expression in 
human suburothelial interstitial cells. BJU Int. 
2002;90:118–29.

 66. Drake MJ, Fry CH, Eyden B. Structural character-
ization of myofibroblasts in the bladder. BJU Int. 
2006;97:29–32.

 67. Sharif-Afshar AR, Donohoe JM, Pope JC 4th, 
Adams MC, Brock JW 3rd, Bhowmick NA. Stromal 
hyperplasia in male bladders upon loss of transform-
ing growth factor-beta signaling in fibroblasts. J 
Urol. 2005;174:1704–7.

 68. Birder L, Andersson KE.  Urothelial signaling. 
Physiol Rev. 2013;93:653–80.

 69. Okinami T, Imamura M, Nishikawa N, Negoro H, 
Sugino Y, Yoshimura K, Kanematsu A, Hashitani H, 
Ogawa O. Altered detrusor gap junction communi-
cations induce storage symptoms in bladder inflam-
mation: a mouse cyclophosphamide-induced model 
of cystitis. PLoS One. 2014;9:e104216.

 70. Palani D, Ghildyal P, Manchanda R. Effects of hep-
tanol and carbenoxolone on noradrenaline induced 
contractions in guinea pig vas deferens. Auton 
Neurosci. 2007;137:56–62.

 71. Heppner TJ, Hennig GW, Nelson MT, Vizzard 
MA. Rhythmic calcium events in the lamina propria 
network of the urinary bladder of rat pups. Front 
Syst Neurosci. 2017;11:87.

 72. Hawthorn MH, Chapple CR, Cock M, Chess- 
Williams R. Urothelium-derived inhibitory factor(s) 
influences on detrusor muscle contractility in vitro. 
Br J Pharmacol. 2000;129:416–9.

 73. Sui GP, Wu C, Severs N, Newgreen D, Fry CH. The 
association between T-type Ca2+ current and out-
ward current in isolated human detrusor cells from 
stable and overactive bladders. BJU Int. 2007;99: 
436–41.

 74. Sui GP, Coppen SR, Dupont E, Rothery S, Gillespie 
J, Newgreen D, Severs NJ, Fry CH. Impedance mea-
surements and connexin expression in human detru-
sor muscle from stable and unstable bladders. BJU 
Int. 2003;92:297–305.

 75. Fry CH, Gammie A, Drake MJ, Abrams P, Kitney 
DG, Vahabi B.  Estimation of bladder contractility 
from intravesical pressure-volume measurements. 
Neurourol Urodyn. 2017;36:1009–14.

 76. Oger S, Behr-Roussel D, Gorny D, Bernabé J, 
Comperat E, Chartier-Kastler E, Denys P, Giuliano 
F. Effects of potassium channel modulators on myo-
genic spontaneous phasic contractile activity in 
human detrusor from neurogenic patients. BJU Int. 
2011;108:604–11.

 77. Hristov KL, Afeli SA, Parajuli SP, Cheng Q, Rovner 
ES, Petkov GV. Neurogenic detrusor overactivity is 
associated with decreased expression and function 
of the large conductance voltage- and Ca2+-activated 
K+ channels. PLoS One. 2013;8:e68052.

 78. Mills IW, Greenland JE, McMurray G, McCoy 
R, Ho KM, Noble JG, Brading AF.  Studies of the 
pathophysiology of idiopathic detrusor instabil-
ity: the physiological properties of the detrusor 
smooth muscle and its pattern of innervation. J Urol. 
2000;163:646–51.

 79. Soder RP, Petkov GV.  Large conductance Ca2+-
activated K+ channel activation with NS1619 
decreases myogenic and neurogenic contractions 
of rat detrusor smooth muscle. Eur J Pharmacol. 
2011;670:252–9.

 80. Hristov KL, Parajuli SP, Soder RP, Cheng Q, Rovner 
ES, Petkov GV.  Suppression of human detrusor 
smooth muscle excitability and contractility via 
pharmacological activation of large conductance 
Ca2+-activated K+ channels. Am J Phys Cell Physiol. 
2012;302:C1632–41.

 81. Parajuli SP, Hristov KL, Soder RP, Kellett WF, 
Petkov GV.  NS309 decreases rat detrusor smooth 
muscle membrane potential and phasic contrac-
tions by activating SK3 channels. Br J Pharmacol. 
2013;168:1611–25.

 82. Soder RP, Parajuli SP, Hristov KL, Rovner ES, 
Petkov GV. SK channel-selective opening by SKA- 
31 induces hyperpolarization and decreases contrac-
tility in human urinary bladder smooth muscle. Am J 
Phys Regul Integr Comp Phys. 2013;304:R155–63.

 83. Young JS, Meng E, Cunnane TC, Brain 
KL.  Spontaneous purinergic neurotransmis-

C. H. Fry and K. D. McCloskey



145

sion in the mouse urinary bladder. J Physiol. 
2008;586:5743–55.

 84. Südhof TC. α-Latrotoxin and its receptors: neurex-
ins and CIRL/latrophilins. Annu Rev Neurosci. 
2001;24:933–62.

 85. Gevaert T, Vanstreels E, Daelemans D, Franken J, 
van der Aa T, Roskams T, de Ridder D. Identification 
of different phenotypes of interstitial cells in the 
upper and deep lamina propria of the human bladder 
dome. J Urol. 2014;192:1555–63.

 86. Sui GP, Wu C, Fry CH.  Characterization of the 
purinergic receptor subtype on guinea-pig subu-
rothelial myofibroblasts. BJU Int. 2006;97: 
1327–31.

 87. Birder LA, Barrick SR, Roppolo JR, Kanai AJ, de 
Groat WC, Kiss S, Buffington CA. Feline interstitial 
cystitis results in mechanical hypersensitivity and 
altered ATP release from bladder urothelium. Am J 
Physiol Ren Physiol. 2003;285:F423–9.

 88. Sun Y, Chai TC.  Augmented extracellular ATP 
signaling in bladder urothelial cells from patients 
with interstitial cystitis. Am J Phys Cell Physiol. 
2006;290:C27–34.

 89. Munoz A, Smith CP, Boone TB, Somogyi 
GT. Overactive and underactive bladder dysfunction 
is reflected by alterations in urothelial ATP and NO 
release. Neurochem Int. 2011;58:295–300.

 90. Munoz A, Somogyi GT, Boone TB, Ford AP, 
Smith CP.  Modulation of bladder afferent signals 
in normal and spinal cord-injured rats by puriner-
gic P2X3 and P2X2/3 receptors. BJU Int. 2012;110: 
E409–14.

 91. Shiina K, Hayashida KI, Ishikawa K, Kawatani 
M. ATP release from bladder urothelium and serosa 
in a rat model of partial bladder outlet obstruction. 
Biomed Res. 2016;37:299–304.

 92. McLatchie LM, Young JS, Fry CH.  Regulation of 
ACh release from guinea pig bladder urothelial 
cells: potential role in bladder filling sensations. Br J 
Pharmacol. 2014;171:3394–403.

 93. Kullmann FA, Artim DE, Birder LA, de Groat 
WC. Activation of muscarinic receptors in rat blad-
der sensory pathways alters reflex bladder activity. J 
Neurosci. 2008;28:1977–87.

 94. McLatchie LM, Fry CH. ATP release from freshly 
isolated guinea-pig bladder urothelial cells: a quanti-
fication and study of the mechanisms involved. BJU 
Int. 2015;115:987–93.

 95. Birder LA, Ruan H, Chopra B, Xiang Z, Barrick S, 
Buffington CA, Roppolo JR, Ford AP, de Groat WC, 
Burnstock G. Alterations in P2X and P2Y purinergic 
receptor expression in urinary bladder from normal 
cats and cats with interstitial cystitis. Am J Phys. 
2004;287:F1084–91.

 96. Beckel JM, Kanai A, Lee SJ, de Groat WC, Birder 
LA. Expression of functional nicotinic acetylcholine 
receptors in rat urinary bladder epithelial cells. Am J 
Phys. 2006;290:F103–10.

 97. Chess-Williams R. Muscarinic receptors of the uri-
nary bladder: detrusor, urothelial and prejunctional. 
Auton Autacoid Pharmacol. 2002;22:1330–145.

 98. Birder LA, Nealen M, Kiss S, de Groat WC, 
Caterina MJ, Wang E, Apodaca G, Kanai AJ. Beta- 
adrenoceptor agonists stimulate endothelial nitric 
oxide synthase in rat urinary bladder urothelial cells. 
J Neurosci. 2002;22:8063–70.

 99. Birder LA, Kanai A, de Groat WC, Kiss S, Nealen 
ML, Burke NE, Dineley KE, Watkins S, Reynolds IJ, 
Caterina MJ. Vanilloid receptor expression suggests 
a sensory role for urinary bladder epithelial cells. 
Proc Natl Acad Sci. 2001;98:13396–401.

 100. Stein RJ, Santos S, Nagatomi J, Hayashi Y, Minnery 
BS, Xavier M, Patel AS, Nelson JB, Futrell WJ, 
Yoshimura N, Chancellor MB, De Miguel F.  Cool 
(TRPM8) and hot (TRPV1) receptors in the blad-
der and male genital tract. J Urol. 2004;172: 
1175–8.

 101. Streng T, Axelsson HE, Hedlund P, Andersson DA, 
Jordt SE, Bevan S, Andersson KE, Högestätt ED, 
Zygmunt PM.  Distribution and function of the 
hydrogen sulfide-sensitive TRPA1 ion channel in rat 
urinary bladder. Eur Urol. 2008;53:391–9.

 102. Miyamoto T, Mochizuki T, Nakagomi H, Kira 
S, Watanabe M, Takayama Y, Suzuki Y, Koizumi 
S, Takeda M, Tominaga M.  Functional role for 
piezo1  in stretch-evoked Ca2+ influx and ATP 
release in urothelial cell cultures. J Biol Chem. 
2014;289:16565–75.

 103. Roosen A, Wu C, Sui G, Chowdhury RA, Patel 
PM, Fry CH. Characteristics of spontaneous activ-
ity in the bladder trigone. Eur Urol. 2009;56: 
346–53.

 104. Callahan SM, Creed KE.  Electrical and mechani-
cal activity of the isolated lower urinary tract of the 
guinea-pig. Br J Pharmacol. 1981;74:353–8.

 105. Kelley RS, Vardy MD, Simons GR, Chen H, 
Ascher-Walsh C, Brodman M.  A pilot study of 
cardiac electrophysiology catheters to map and 
pace bladder electrical activity. Neurourol Urodyn. 
2017;36:1174–7.

 106. Shafik A.  Role of the trigone in micturition. J 
Endourol. 1998;12:273–7.

 107. Lentle RG, Reynolds GW, Janssen PW, Hulls CM, 
King QM, Chambers JP. Characterisation of the con-
tractile dynamics of the resting ex vivo urinary blad-
der of the pig. BJU Int. 2015;116:973–83.

 108. Roosen A, Fry CH, Sui G, Wu C. Adreno-muscarinic 
synergy in the bladder trigone: calcium-dependent 
and -independent mechanisms. Cell Calcium. 
2009;45:11–7.

 109. Wuest M, Witte LP, Michel-Reher MB, Propping 
S, Braeter M, Strugala GJ, Wirth MP, Michel MC, 
Ravens U.  The muscarinic receptor antagonist 
propiverine exhibits α1-adreno-ceptor antagonism in 
human prostate and porcine trigone. World J Urol. 
2011;29:149–55.

5 Spontaneous Activity and the Urinary Bladder



146

 110. Oh SJ, Lee KH, Kim SJ, Kim KW, Kim KM, Choi 
H. Active properties of the urinary bladder: in vitro 
comparative studies between adult and neonatal rats. 
BJU Int. 2000;85:1126–33.

 111. Szigeti GP, Somogyi GT, Csernoch L, Széll 
EA.  Age-dependence of the spontaneous activity 
of the rat urinary bladder. J Muscle Res Cell Motil. 
2005;26:23–9.

 112. Vahabi B, Sellers DJ, Bijos DA, Drake MJ. Phasic 
contractions in urinary bladder from juvenile versus 
adult pigs. PLoS One. 2013;8(3):e58611.

 113. Sugaya K, De Groat WC. Micturition reflexes in the 
in vitro neonatal rat brain stem-spinal cord-bladder 
preparation. Am J Phys Regul Integr Comp Phys. 
1994;266:R658–67.

 114. Ng YK, de Groat WC, Wu HY.  Muscarinic regu-
lation of neonatal rat bladder spontaneous con-
tractions. Am J Phys Regul Integr Comp Phys. 
2006;291:R1049–59.

 115. Ekman M, Andersson KE, Arner A.  Receptor- 
induced phasic activity of newborn mouse bladders 
is inhibited by protein kinase C and involves T-type 
Ca2+ channels. BJU Int. 2009;104:690–7.

 116. Lluel P, Palea S, Barras M, Grandadam F, Heudes D, 
Bruneval P, Corman B, Martin DJ.  Functional and 
morphological modifications of the urinary bladder 
in aging female rats. Am J Phys Regul Integr Comp 
Phys. 2000;278:R964–72.

 117. Daly DM, Nocchi L, Liaskos M, McKay NG, 
Chapple C, Grundy D. Age-related changes in affer-
ent pathways and urothelial function in the male 
mouse bladder. J Physiol. 2014;592:537–49.

 118. Yoshida M, Miyamae K, Iwashita H, Otani M, 
Inadome A.  Management of detrusor dysfunction 
in the elderly: changes in acetylcholine and ade-
nosine triphosphate release during aging. Urology. 
2004;63(3 Suppl):17–23.

 119. Sui G, Fry CH, Montgomery B, Roberts M, Wu R, 
Wu C. Purinergic and muscarinic modulation of ATP 
release from the urothelium and its paracrine actions. 
Am J Physiol Ren Physiol. 2014;306:F286–98.

 120. Yoshida M, Masunaga K, Satoji Y, Maeda Y, Nagata 
T, Inadome A.  Basic and clinical aspects of non- 
neuronal acetylcholine: expression of non-neuronal 
acetylcholine in urothelium and its clinical signifi-
cance. J Pharmacol Sci. 2008;106:193–8.

 121. Yu Y, de Groat WC. Sensitization of pelvic afferent 
nerves in the in vitro rat urinary bladder-pelvic nerve 
preparation by purinergic agonists and cyclophos-
phamide pretreatment. Am J Physiol Ren Physiol. 
2008;294:F1146–56.

 122. Chun AL, Wallace LJ, Gerald MC, Levin RM, Wein 
AJ. Effect of age on in vivo urinary bladder function 
in the rat. J Urol. 1988;139:625–7.

 123. Smith PP, DeAngelis A, Kuchel GA. Detrusor expul-
sive strength is preserved, but responsiveness to 
bladder filling and urinary sensitivity is diminished 
in the aging mouse. Am J Phys Regul Integr Comp 
Phys. 2012;302:R577–86.

 124. Hotta H, Morrison JF, Sato A, Uchida S. The effects 
of aging on the rat bladder and its innervation. Jpn J 
Physiol. 1995;45:823–36.

 125. Smith PP, DeAngelis A, Simon R.  Evidence of 
increased centrally enhanced bladder compli-
ance with ageing in a mouse model. BJU Int. 
2015;115(2):322–9.

 126. Zhao W, Aboushwareb T, Turner C, Mathis C, 
Bennett C, Sonntag WE, Andersson KE, Christ 
G.  Impaired bladder function in aging male rats. J 
Urol. 2010;184:378–85.

 127. Gorbunova V, Bozzella MJ, Seluanov A.  Rodents 
for comparative aging studies: from mice to beavers. 
Age (Dordr). 2008;30:111–9.

 128. Chen B, Zhang H, Liu L, Wang J, Ye Z. PK2/PKR1 
signaling regulates bladder function and sensation 
in rats with cyclophosphamide-induced cystitis. 
Mediat Inflamm. 2015;2015:289519.

 129. Brock N, Stekar J, Pohl J, Niemeyer U, Scheffler 
G.  Acrolein, the causative factor of urotoxic side- 
effects of cyclophosphamide, ifosfamide, trofos-
famide and sufosfamide. Arzneimittelforschung. 
1979;29:659–61.

 130. Haldar S, Dru C, Bhowmick NA.  Mechanisms 
of hemorrhagic cystitis. Am J Clin Exp Urol. 
2014;2:199–208.

 131. Birder LA, de Groat W, Mills I, Morrison J, Thor 
K, Drake M.  Neural control of the lower urinary 
tract: peripheral and spinal mechanisms. Neurourol 
Urodyn. 2010;29:128–39.

 132. Sugaya K, Nishijima S, Tasaki S, Kadekawa K, 
Miyazato M, Ogawa Y.  Effects of propiverine and 
naftopidil on the urinary ATP level and bladder 
activity after bladder stimulation in rats. Neurosci 
Lett. 2007;429:142–6.

 133. Girard BM, Wolf-Johnston A, Braas KM, Birder LA, 
May V, Vizzard MA. PACAP-mediated ATP release 
from rat urothelium and regulation of PACAP/VIP 
and receptor mRNA in micturition pathways after 
cyclophosphamide (CYP)-induced cystitis. J Mol 
Neurosci. 2008;36:310–20.

 134. Ikeda Y, Zabbarova IV, Birder LA, Wipf P, Getchell 
SE, Tyagi P, Fry CH, Drake MJ, Kanai AJ. Relaxin-2 
therapy reverses radiation-induced fibrosis and 
restores bladder function in mice. Neurourol 
Urodyn. 2018;37:2441–51. https://doi.org/10.1002/
nau.23721.

 135. Chapple CR, Osman NI, Birder LA, van Koeveringe 
GA, Oelke M, Nitti VW, Drake MJ, Yamaguchi O, 
Abrams P, Smith PP. The underactive bladder: a new 
clinical concept? Eur Urol. 2015;68:351–3.

 136. Gammie A, Kaper M, Dorrepaal C, Kos T, Abrams 
P.  Signs and symptoms of detrusor underactiv-
ity: an analysis of clinical presentation and uro-
dynamic tests from a large group of patients 
undergoing pressure flow studies. Eur Urol. 2016;69: 
361–9.

 137. Kanai A, Fry C, Ikeda Y, Kullmann FA, Parsons 
B, Birder L.  Implications for bidirectional signal-

C. H. Fry and K. D. McCloskey

https://doi.org/10.1002/nau.23721
https://doi.org/10.1002/nau.23721


147

ing between afferent nerves and urothelial cells. 
Neurourol Urodyn. 2016;35:273–7.

 138. Johnston L, Cunningham RM, Young JS, Fry CH, 
McMurray G, Eccles R, McCloskey KD.  Altered 
distribution of interstitial cells and innervation in the 
rat urinary bladder following spinal cord injury. J 
Cell Mol Med. 2012;16:1533–43.

 139. Chen J, Drzewiecki BA, Merryman WD, Pope 
JC.  Murine bladder wall biomechanics fol-

lowing partial bladder obstruction. J Biomech. 
2013;46:2752–5.

 140. Griffiths D, Tadic SD. Bladder control, urgency, and 
urge incontinence: evidence from functional brain 
imaging. Neurourol Urodyn. 2008;27:466–74.

 141. Bramich NJ, Brading AF.  Electrical properties of 
smooth muscle in the guinea-pig urinary bladder. J 
Physiol. 1996;492:185–98.

5 Spontaneous Activity and the Urinary Bladder


	5: Spontaneous Activity and the Urinary Bladder
	5.1	 Introduction: The Filling and Voiding Cycle of the Bladder
	5.2	 The Structure of the Bladder Wall
	5.3	 Demonstration of Spontaneous Activity
	5.4	 Significance of Spontaneous Activity
	5.5	 Spontaneous Activity and Detrusor Overactivity
	5.6	 Generation of Detrusor Contractions
	5.7	 Influence of the Mucosa on Spontaneous Activity
	5.8	 The Origins of Mucosa Spontaneous Activity
	5.9	 Interactions Between Mucosa and Detrusor and the Generation of Spontaneous Activity
	5.10	 Theories for the Origin of Spontaneous Activity in Normal and Pathological Bladders
	5.10.1	 Myogenic Spontaneous Activity
	5.10.2	 Neurogenic Detrusor Overactivity (NDO) and Spontaneous Activity
	5.10.3	 Mucosal Modulation of Spontaneous Activity and its Significance in Overactive Bladder

	5.11	 The Trigone
	5.12	 Changes to Spontaneous Activity in Development and Ageing
	5.13	 External Influences on the Bladder and Spontaneous Activity
	5.14	 The Clinical Consequences of Bladder Spontaneous Activity in Health and Disease
	References




