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OVERVIEW

This chapter deals with individual components
regulating the neural control of the urinary bladder. This
chapter has been completely remodeled and updated
with the focus on factors and processes involved in
the two models of operation of the bladder: storage
and elimination. There has been significant new
information since the last consultation in a number of
fields:

The urothelium and its roles in sensor and
transducer functions including interactions with
other cell types within the bladder wall (‘sensory
web’)

The location and properties of bladder afferents
including factors involved in regulating afferent
sensitization

The neural control of the pelvic floor muscle and
pharmacology of urethral and anal sphincters
(focusing on monoamine pathways)

Efferent pathways to the urinary bladder

Abnormalities in bladder function including
mechanisms underlying co-morbid disorders
associated with bladder pain syndrome and
incontinence

The next sections deal with the current understanding
of brainstem neuronal networks, which regulate lower
urinary tract function (1-4). The importance is reflected
in the current advances in functional brain imaging
(both positron emission topography or PET and
functional magnetic resonance imaging or fMRI).
These advances have had a major impact on
understanding CNS control of the human bladder.
This section has been completely revised to also
include the recent advances in understanding of
bidirectional brain-gut interactions in addition to
discussion of homeostatic function and neural
mechanisms underlying fecal and anal continence.
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LEVELS OF EVIDENCE

This book attempts to use Levels of Evidence
throughout. The Oxford Centre for Evidence Based
Medicine has laid down guidelines that apply to Levels
of Therapeutic Interventions and Grades of
Recommendations to Patients; the existence of dispute
regarding each major conclusion should be
documented. However this advice does not really
apply to the basic sciences, where randomized
controlled trials are not a common format of
investigation, and acute studies with internal controls
are more common.

Within this chapter we intend to be selective and
report scientific evidence that has appropriate controls
and achieves statistical significance. Other categories
of evidence, e.g. uncontrolled studies, anecdotal
information, hypothesis or speculation will be referred
to as such.

Of some importance in this field are species
differences, and efforts have been made to make it
very clear when each new topic is introduced in which
species the observation was made with special
emphasis as to the extent comparable data exists for
humans.

In this report, we intend to indicate whether the
conclusions are based on (A) peer-reviewed papers
in reputable journals (B) evidence in book chapters
or reviews, and (C) Abstracts: abstracts will only be
mentioned if they refer to a systematic study with
good statistical methodology.



I. THE UROTHELIUM

There is evidence that a number of functional pain
syndromes are associated with changes in the
epithelial layer. Alterations of bladder urothelium at the
molecular and structural levels have been reported in
both patients and animals modeled for various bladder
disorders. It is likely that many therapies currently
used in the treatment of bladder disease may target
urothelial receptors and/or their release mechanisms.

1. INTRODUCTION TO THE ANATOMY AND
BARRIER FUNCTION OF THE UROTHELIUM

The urothelium is the epithelial lining of the lower
urinary tract between the renal pelvis and the urinary
bladder. Urothelium is composed of at least three
layers: a basal cell layer attached to a basement
membrane, an intermediate layer, and a superficial or
apical layer composed of large hexagonal cells
(diameters of 25-250 wm) known as ‘umbrella cells’
[5, 6] (Figure 1) The umbrella cells are interconnected
by tight junctions (which are composed of multiple
proteins such as the claudins) and are covered on their
apical surface (nearly 70-80%) by crystalline proteins
called uroplakins that assemble into hexagonal plaques
[7-10]. Uroplakins and other urothelial cellular
differentiation markers, such as cytokeratin 20, are not
expressed in the stratified epithelium of the urethra.
In some species, the umbrella cells and perhaps also
the intermediate cells have projections to the basement
membrane [5].

The ability of the bladder to maintain the barrier
function, despite large alterations in urine volume and
increases in pressure during bladder filling and
emptying, is dependent on several features of the
umbrella cell layer. These features include tight-
junction complexes that reduce the movement of ions
and solutes between cells and specialized lipid
molecules and uroplakin proteins in the apical

membrane, which reduce the permeability of the cells
to small molecules (water, urea, protons) [5,11]. The
apical surface of the urothelium is also covered with
a sulfated polysaccharide glycosaminoglycan (GAG)
or mucin layer that is thought to act as a nonspecific
anti-adherence factor and as a defense mechanism
against infection [12-14]. In addition, during bladder
filling the umbrella cells become flat and squamous
and this shape change is accompanied by vesicular
traffic (i.e. exocytosis/endocytosis), adding membrane
to the apical surface thereby increasing overall urinary
bladder surface area [7,15,16]. There is evidence that
this stretch-induced exocytosis is dependent on
activation of epidermal growth factor receptor (EGFR)
[17,18]. These processes allow the bladder to
accommodate increasing volumes of urine during
filling without compromising the barrier function.
Exocytosis/endocytosis (vesicular recycling) may also
play an important role in modulating the release of a
number of neurotransmitters/mediators as well as
regulation of the function of many receptors and ion
channels in urothelial cells [19,20].

2. RESPONSE OF THE UROTHELIUM TO
INJURY

Basal cells, which are thought to be precursors for
other cell types, normally exhibit a low (3-6 month)
turnover rate, in fact the slowest turnover of any
mammalian epithelial cells [7,21]. It has been shown
that neither urine-derived factors nor cyclic mechanical
changes contribute to urothelial proliferation and
differentiation; however accelerated proliferation can
occur in pathology. For example, using a model
(protamine sulfate) that selectively damages the
umbrella cell layer, it has been shown that the
urothelium rapidly undergoes both functional and
structural changes in order to restore the barrier in
response to injury [22]. The initiation of urothelial
proliferation is thought to involve up-regulation of
growth factors such as fibroblast growth factor and
nerve growth factor (NGF) [23,24].

Figure 1 : Ultrastructural features of umbrella cell apical membrane. Left panel: Scanning electron micro-
graph (high magnification) of apical surface of rabbit umbrella cell layer (hinges “H” marked with arrows).
Right panel, high power view of tight junctions. (from Apodaca, 2004; Truschel et al., 1999).
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Though the urothelium maintains a tight barrier to ion
and solute flux, a number of local factors such as
tissue pH, mechanical or chemical trauma, or bacterial
infection can modulate the barrier function of the
urothelium [7,25]. Other conditions such as bladder
pain syndrome/interstitial cystitis (BPS/IC) or spinal
cord injury are also associated with changes in
urothelial barrier [26,27]. When the barrier is
compromised, water, urea and toxic substances can
pass into the underlying tissue (neural/muscle layers)
resulting in urgency, frequency and pain during bladder
filling and voiding. In some pathological conditions
the disruption of the urothelial barrier is associated with
ultrastructural changes and alterations in the levels of
chemical mediators such as nitric oxide (NO) and
adenosine triphosphate (ATP) that may alter epithelial
function and/or integrity. Disruption of urothelial barrier
integrity has also been linked to the expression of
substances such as antiproliferative factor (APF),
which also slows urothelial cell growth [28-30]. APF,
a frizzled 8 protein detected in the urine of patients
with BPS/IC, is secreted by bladder epithelial cells
obtained from these patients. Treatment of urothelial
cells from normal patients with purified APF decreases
the expression of adhesion and tight junction proteins.

Urinary tract infections produced by uropathogenic
Escherichia coli (UPEC) are initiated by bacterial
adherence to uroplakin proteins on the apical surface
of umbrella cells [25,31] (Figure 2). The UPEC
express filamentous adhesive organelles (type 1 pili)
that mediate both bacterial attachment and invasion
of the urothelial cells. Internalization of UPEC in the
umbrella cells and formation of intracellular colonies
(biofilm-like pods) of UPEC in umbrella cells has been
implicated in the mechanism of chronic urinary tract
infections.

Disruption of urothelial function can also be induced
by more remote pathological conditions that influence
neural or hormonal mechanisms. For example, spinal
cord transection in rats leads to a rapid alteration in
the urothelial barrier including ultrastructural changes
and increased permeability [26]. The changes are
blocked by pretreatment with a ganglionic blocking
agent, suggesting an involvement of efferent
autonomic pathways in the acute effects of spinal
cord injury on bladder urothelium. Other types of
urothelial-neural interactions are also likely, based on
the recent reports that various stimuli induce urothelial
cells to release chemical mediators that can in turn
modulate the activity of afferent nerves [5,20]. This has
raised the possibility that the urothelium may have a
role in sensory mechanisms in the urinary tract.

In summary, modification of the urothelium and/or
loss of epithelial integrity in a number of pathological
conditions can result in passage of toxic/irritating
urinary constituents through the urothelium or release
of neuroactive substances from the urothelium leading
to changes in the properties of sensory nerves and
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Figure 2 : Image depicts an intracellular bacterial
“pod” on the surface of a C3H/H3J mouse bladder
infected with UT189. (from Anderson et al., 2003).

in turn sensory symptoms such as urinary frequency
and urgency. Thus chemical communication between
the nervous system and the urothelial cells may play
an important role in the generation of urinary bladder
dysfunction.

3. UROTHELIAL HETEROGENEITY

Studies (comparing a number of species) have shown
that the major part of the urinary tract is lined with a
fully differentiated urothelium [9]. Findings in cultured
cells reveal a distinct difference in morphology of
ureteral and bladder urothelial cells, supporting a
difference in cell lineage. There seems to be no
apparent difference between the urothelium of the
trigone compared to the detrusor, in contrast to cells
from the proximal urethra [9,32]. In this region, there
is a transition from urothelium to a stratified or columnar
epithelium accompanied by a lack of urothelial-specific
differentiation markers. Taken together, present
evidence suggests at least 3 urothelial lineages: 1)
those of the ureter/renal pelvis, 2) detrusor/trigone
and 3) bladder neck/proximal urethra [33]. The
functional significance of these findings has yet to be
determined.

4. ROLES FOR UROTHELIAL CELLS IN
VISCERAL SENSATION

While urothelial cells are often viewed as bystanders
in the process of visceral sensation, recent evidence
has supported the view that these cells function as
primary transducers of some physical and chemical
stimuli and are able to communicate with underlying
cells including bladder nerves, smooth muscle and
inflammatory cells (Figure 3).

There are at least 3 lines of evidence that suggest that
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Figure 3 : Hypothetical model depicting possible interactions between bladder afferent and efferent nerves,
urothelial cells, smooth muscle and myofibroblasts. Stimulation of urothelial receptors and channels can
release mediators that target bladder nerves and other cell types; urothelial cells can also be targets for
neurotransmitters released from nerves or other cell types. Urothelial cells can be activated by either
autocrine (i.e. autoregulation) or paracrine (release from nearby nerves or other cells) mechanisms.
Abbreviations: ACh, acetylcholine; AdR, adrenergic receptor; BR, bradykinin receptor; H+, proton, MR,
muscarinic receptor; NE, norepinephrine; NGF, nerve growth factor; NR, neurokinin receptor; NicR, nicotinic
receptor; NO, nitric oxide; P2R, purinergic 2 receptor unidentified subtype; P2X and P2Y; purinergic receptors;
PG, prostaglandin; SP, substance P; Trk-A, receptor tyrosine kinase A, high affinity receptor for nerve growth
factor; TRPs, transient potential channels.
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urothelial cells participate in the detection of both
physical and chemical stimuli. First, bladder nerves
(afferent and efferent) are localized in close proximity,
and some within, the urothelium [20, 34-36]. A second
line of evidence suggesting that urothelial cells play
a role in sensory function is the expression of
numerous receptors/ion channels similar to that found
in both nociceptors and mechanoreceptors. And finally,
these cells secrete a number of transmitters or
mediators capable of modulating, activating or
inhibiting sensory neurons.

a) Urothelial-Neuronal Signaling

Recent studies have shown that both afferent and
autonomic efferent nerves are located in close
proximity to the urothelium. Peptidergic, P2X- and
TRPV1- immunoreactive nerve fibers presumed to
arise from afferent neurons in the lumbosacral dorsal
root ganglia are distributed throughout the urinary
bladder musculature as well as in a plexus beneath
and extending into the urothelium [20,34]. (Figure 4)
In humans with neurogenic detrusor overactivity
intravesical administration of resiniferatoxin, a C-fiber
afferent neurotoxin, reduces the density of TRPV1
and P2X3 immunoreactive suburothelial nerves,
indicating that these are sensory nerves [37,36]. In
addition, immunohistochemical studies have also
revealed both adrenergic (tyrosine hydroxylase)
positive as well as cholinergic (choline acetyltran-
sferase, ChAT) positive nerves in close proximity to
the urothelium [35].

A network of cells with morphologic characteristics
similar to those of myofibroblasts or interstitial cells
is also detected in the suburothelial space of the
bladder in both humans and animals [39-41]. These
cells, which are extensively linked by gap junctions and
have close contacts with nerves, can respond to
neurotransmitters, such as ATP released from nerves
or urothelial cells, suggesting that they could act as

Figure 4 : Confocal image of the urothelium depicts
afferent nerve fibers (red) located in close proximi-
ty to basal (green) urothelial cells.

intermediaries in urothelial-nerve interactions [40-42].
Thus the anatomic substrates for bidirectional
urothelial-neural communication exist within the urinary
bladder.

b) Involvement of the Urothelium in “Sensing”
Chemical and Mechanical Stimuli

The involvement of urothelial function in sensory
signaling is suggested by the finding that urothelial cells
express various receptors that are linked to mechano-
or nociceptive sensations. Examples of neuronal
“sensor molecules” (receptors / ion channels) that
have been identified in urothelium include receptors
for purines (P2X1.7 and P2Y1 2 4) adenosine (A1,
A2g, A2p and A3z), norepinephrine (o and f),
acetylcholine (muscarinic and nicotinic), protease-
activated receptors (PARs), amiloride- and
mechanosensitive epithelial sodium channels (ENaC),
bradykinin (B1 and B2), neurotrophins (p75, trkA,
EGF family ErbB1-3), corticotrophin releasing factor
(CRF1 and CRF2), estrogens (Era and ER(),
endothelins and various TRP channels (TRPV1,
TRPV2, TRPV4, TRPM8 and TRPA1) [34, 43-51].
The expression of these various receptors enable the
urothelium to respond to a number of “sensory inputs”
from a variety of sources. These inputs include
increased stretch during bladder filling, soluble factors
(many found in the urine) such as epidermal growth
factor (EGF), or chemical mediators/ peptides/
transmitters such as substance P, calcitonin gene-
related peptide (CGRP), corticotrophin releasing factor
(CRF), acetylcholine, adenosine or norepinephrine
released from nerves, inflammatory cells and even
blood vessels [5, 19, 20, 52, 53].

Various stimuli can lead to secretion of numerous
chemical substances such as neurotrophins, peptides,
ATP, acetylcholine, prostaglandins, prostacyclin, nitric
oxide (NO) and cytokines that are capable of
modulating, activating or inhibiting sensory neurons.
[19, 20]. For example, urothelial-derived NO can be
released in response to mechanical as well as
chemical stimulation and may either facilitate or inhibit
the activity of bladder afferent nerves [20, 54]. Release
of various factors from the urothelium can also
modulate the spontaneous activity of the underlying
smooth muscle [42, 55].

The mechanism underlying release of chemical
mediators from the urothelium, including whether all
sensory “inputs” stimulate membrane turnover (i.e.
vesicular exocytosis) is not well understood. What
little is known about the roles and dynamics of
membrane-bound cytoplasmic vesicles in urothelial cell
physiology is derived from measurements of
membrane capacitance and microscopy of fixed
tissues and cells. For example, there is evidence that
once released, ATP can act as an important autocrine
mediator, which can induce membrane turnover as well
as enhance both stretch induced exocytosis and



endocytosis [56]. Alterations in membrane turnover can
not only increase apical surface area (as described
above) but also regulate the number and function of
receptors and channels at the cell surface.

1. PURINERGIC RECEPTORS

Since the first report of distension-evoked ATP release
from the urothelium there is now abundant evidence
supporting a role for urothelially-derived release of
ATP in autocrine and paracrine signaling within the
lower urinary tract. ATP is released from both the
apical and basolateral urothelial surfaces in response
to bladder stretch and can act on P2X2 and P2X3
urothelial receptors to stimulate stretch-induced
exocytosis [56]. (Figure 5) The expression of both
P2X and P2Y receptors in nerve fibers and
myofibroblasts in close proximitiy to the bladder lumen
and the sensitivity of these cells to ATP suggests that
basolateral ATP release from the urothelium may also
influence function of myofibroblasts and bladder nerves
[67, 58]; The amiloride-sensitive apical sodium
channel, ENaC, may be involved in mechano-
transduction by controlling basolateral release of ATP
[59]. In addition, intercellular communication mediated
by gap junctions in myofibroblasts could provide a
mechanism for long-distance spread of signals from
the urothelium to the detrusor muscle [42]. Adenosine
is also produced and released by the urothelium, and
may play important roles in modulating sensory afferent
function and smooth muscle contraction [60].

2. TRP CHANNELS

The ability of capsaicin to evoke NO release from rat
urothelium, reported in 1998, provided the first, albeit
indirect, demonstration that TRPV1 channels are
expressed in urothelial cells and that urothelial cells
and afferent nerves, which also express these
channels, share a number of common properties [61].
This ion-channel protein is activated by capsaicin, as
well as to moderate heat, protons and lipid metabolites

Figure 5 : Image is a 3-dimensional reconstruction
(taken with a confocal microscope) depicting local-
ization of P2X3 (green; nuclei blue) in the urotheli-
um (from Wang et al., 2005).
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such as anandamide (an endogenous ligand of both
cannabinoid and vanilloids receptors) [62, 63] TRPV1-
positive nerves are in close contact with urothelial
cells [64, 65]. Activation of urothelial cells with capsaicin
or resiniferatoxin can increase intracellular calcium
and evoke transmitter (nitric oxide, NO or ATP) release.
Similar to that in sensory neurons, urothelial-response
to vanilloids are enhanced by low pH, blocked by
TRPV1 antagonists and eliminated in TRPV1 null
mice [66]. In afferent neurons, TRPV1 is thought to
integrate/amplify the response to various stimuli and
to play an essential role in the development of
inflammation-induced hyperalgesia. It seems likely
that urothelial-TRPV1 might participate in a similar
manner, in the detection of irritant stimuli following
bladder inflammation or infection.

Though TRPV1-null mice are anatomically normal,
they exhibit a number of alterations in bladder function,
including a reduction in stretch-evoked and hypotonic-
evoked ATP release and stretch-evoked increase in
membrane capacitance [66]. In addition, TRPV1
knockout mice have a higher frequency of low-
amplitude, non-voiding bladder contractions suggesting
the possibility of a small but ongoing role for TRPV1
in normal urine storage function. These relatively
benign changes may result from TRPV1 expression
not only in afferent nerves that form close contacts with
bladder epithelial (urothelial) cells but also in urothelial
cells themselves. (Figure 6) These findings
demonstrate that the functional significance of TRPV1
in the bladder extends beyond pain sensation to
include participation in normal voiding function, and
is essential for mechanically evoked purinergic
signaling by the urothelium.

3. ApDITIONAL TRP CHANNELS

Much less is known about the involvement of other
TRPs in bladder function or disease. TRPV4 which is
a nonselective cation channel activated by a number
of stimuli including heat, shear stress, changes in
osmolarity and lipid ligands is expressed mainly within
the epithelium of the urinary bladder [67]. While a
definitive role for TRPV4 in bladder function has not
been established, there is evidence that null mice
exhibit impaired voiding responses and, intravesical
instillation of a TRPV4 agonist in the rat triggers a
novel voiding reflex which could regulate the late
phase of micturition [68, 69]. In addition, in the awake
ewe, TRPV4 may also be involved in a urethra to
bladder reflex, proposed to facilitate bladder emptying
[70]. Another member of the TRP family, TRPA1
(characterized as a thermoreceptor activated by
noxious cold), is expressed in C-fiber afferents as
well as urothelium and agonists to this channel induce
bladder hyperreflexia [71]. Of interest is the finding that
hydrogen sulfide, which may be formed during
infection/inflammation, is an activator of TRPA1 [72].



Figure 6 : TRPV1 expression detected within the rat
urinary bladder urothelium. Image depicts basal
cell TRPV1 (cy3, red) and cytokeratin (FITC, green)
immunoreactivity.

4. ACETYLCHOLINE AND THE UROTHELIUM

There is evidence that the urothelium expresses the
full complement of muscarinic receptors as well as
enzymes necessary for the synthesis and release
(except vesicular choline transporter) of acetylcholine.
[53, 74]. Further, the urothelium is able to release
acetylcholine following both chemical and mechanical
stimulation [53]. Once released, urothelial-derived
acetylcholine is likely to exert effects via a number of
sites including smooth muscle, nerves as well as
urothelial associated-muscarinic or nicotinic receptors,
the latter that could contribute to feedback mechanisms
modifying urothelial function. In addition, stimulation
of urothelial-cholinergic receptors elicits release of
mediators such as nitric oxide as well as ATP, which
could alter bladder sensation by stimulating nearby
sensory afferent nerves [73, 75, 76].

Thus, targeting muscarinic receptors and/or urothelial
release mechanisms may play an important role in the
treatment for a number of bladder disorders. In this
regard, recent evidence suggests that botulinum toxins
prevent the release of transmitters from the urothelium,
which may suggest urothelial-released mediators
contribute to sensory urgency [77].

5. CLINICAL SIGNIFICANCE OF THE SENSORY
WEB

Defects in urothelial sensor molecules and urothelial-
cell signaling are likely to contribute to the
pathophysiology of bladder diseases. For example, a
number of bladder conditions (BPS/IC, spinal cord
injury (SCI), chemically-induced cystitis) are associated
with augmented release of urothelial-derived ATP,
which is likely to result in altered sensations or changes
in bladder reflexes induced by excitation of purinergic
receptors on nearby sensory fibers [9, 10, 47, 73].
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ATP can also act in an autocrine manner that would
act to facilitate its own release from urothelial cells [10].
Once released, ATP can alter the threshold for
activation of ion channels such as TRPV1. This novel
mechanism, which likely reflects activation of
intracellular protein kinases and phosphorylation of the
TRPV1 channel, represents a means by which large
amounts of ATP released from damaged or sensitized
cells, in response to injury or inflammation, could
trigger the sensation of pain. Changes in epithelial
signaling/barrier function would not be unique to the
urinary bladder. For example, airway epithelia in
asthmatic patients as well as keratinocytes in certain
types of skin diseases also exhibit a number of similar
abnormalities and compromised repair processes [78-
80]. This is particularly relevant given the high
incidence of associated diseases that can include
both visceral and somatic conditions, many of which
exhibit a shared loss of epithelial barrier function.
Taken together, epithelial cells can respond to a
number of challenges (including environmental
pollutants and mediators released from nerves or
nearby inflammatory cells) resulting in altered
expression and/or sensitivity of various receptor/
channels as well as changes in release of mediators,
all of which could impact function.

Il. AFFERENT NEURONES

There have been a number of new developments in
this area since the last consultation as a result of the
introduction of in vitro preparations, knockout animals
and an increasing influence of molecular techniques.
Up until recently most experiments have taken place
on cats and rats, but several studies have been
reported in mice and guinea-pigs, mainly using in
vitro preparations. These involve recordings from the
pelvic or hypogastric (lumbar splanchnic) nerves at
peripheral sites near the bladder; hence the conduction
velocities of the single units, which provided information
relevant to the degree of myelination, have not been
measured. These preparations have however been
able to increase the knowledge of the location of
afferent endings within the bladder wall and some of
the physiological/pharmacological properties in relation
to synaptic transmission at these nerve endings. Drugs
that are toxic in the whole animal have also been
used in isolated preparations, and some authors have
used drugs to minimise the smooth muscle movements
and the generation of inflammatory mediators; the
latter are useful in the analysis, but may give rise to
differences in the properties studied either in vivo or
in vitro in the absence of such agents.

1. PROPERTIES OF BLADDER AFFERENT
NEURONS

Afferent axons in the pelvic, hypogastric (lumbar
splanchnic) and pudendal nerves transmit information



from the lower urinary tract to the lumbosacral spinal
cord [81-83] and studies in several species including
cats, rats and mice have shown some similarities in
properties.

The most sensitive afferents are excited by a
physiological increase in volume and by detrusor
contractions: it is believed that these low threshold
afferents have small myelinated axons, are A-delta
fibres (which are larger in diameter and conduct action
potentials more rapidly than C-fibres) and that their
endings are located in the detrusor smooth muscle.
They have been called ‘in series tension receptors’ (84)
because they are excited by bladder wall tension
caused either by distension or by contraction, and
neurons with this range of conduction velocities are
less likely to contain peptides.

There have been a number of systematic studies
recently in mice and guinea pigs that have provided
detailed information about the classes of receptors in
the pelvic and hypogastric nerves (Figure 7). In the
mouse, it seems there may be at least four classes
of mechanosensitive afferents, which include
myelinated and unmyelinated fibres, and distributed
in the serosa, muscle and urothelial layers of the
organ; one class has mechanosensitive endings in
both the muscle and urothelial layers. The lumbar
splanchnic nerves contain principally serosal and

muscular afferents whereas all four classes of afferents
are present in the pelvic nerve (63% of which are
muscular afferents) [85]. Another study found endings
in the urothelium and in the muscle layers, as well as
stretch-insensitive afferents and chemosensitive
afferents [86]. The small myelinated afferents are
involved in two processes: (a) sensing bladder volume,
and (b) reinforcing reflex function by monitoring the
contractile state of the detrusor. In particular these
afferents, which form the most sensitive distension
receptors, are most probably responsible for the
sensation of fullness, and mediate the normal
micturition reflex that involves a spinobulbospinal
pathway that passes through the brainstem.

The unmyelinated afferents contain peptides and most
appear to terminate within the lamina propria and
within the transitional epithelium itself. Many of these
afferents discharge within the higher range of
physiological bladder volumes, and are not usually
sensitive to detrusor contraction, possibly because
only the former causes stretch of the urinary epithelium.
The C-fibres in the urothelium and lamina propria
contain peptides such as substance P and CGRP,
which is a characteristic of one subgroup of afferent
C-fibres. These and other C-fibre afferents may
mediate the spinal C-fibre micturition reflex seen
following cord transection in the cat [87]. It is not
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Figure 7 : Tension-mucosal mechanoreceptors. (A) Response of tension-mucosal mechanoreceptors to
fast 3 mm stretch at 1000 um’s, held for 10s. (B) Response of the same unit to mucosal stroking with a 0.1
mN von Frey hair (five strokes, indicated by asterisks). (C) Activation of the same tension-mucosal unit by
mannitol (1 M) applied to its receptor field in the mucosa.
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clear whether they also contribute to normal voiding
in this species, but there is increasing evidence that
they may be involved in normal bladder control in rats
and mice. In rats and mice, these high threshold units
respond to a range of intravesical pressures that
overlap with the sensitivity of the low threshold units,
so that these together cover the spectrum of pressures
and volumes seen physiologically, and these may
contribute to spinal automatic micturition mediated
by the sacral cord.

Athird group of unmyelinated bladder afferent axons
does not respond to normal distending volumes but
only become active during chemical irritation of the
bladder, including high osmolality and high potassium
solutions and during inflammation, when they behave
like the high volume sensing C-fibres. These have
been demonstrated in cats and rats, and are usually
called ‘silent afferents’ (meaning that the last group
do not respond to normal distensions, but can become
mechanosensitive in inflamed or over-distended
tissues). Thus it would be unwise to infer function
simply on the basis of conduction velocity. This group
of afferents also appears to be sensitive to ATP.

Ultrastructural studies of nerves in the human bladder
have found only unmyelinated nerves in the urothelial
and immediate suburothelial layer, the first small
myelinated nerves appearing only close to the smooth
muscle layers [88]. Whether or not the suburothelial
nerves become myelinated as they pass towards the
serosal surface cannot be ascertained from this study
but it would be inadvisable to make deductions about
the relative number of C and A-delta fibres in the
human based on these observations. Table 1 shows
the properties of afferent fibres, classified according
to their volume thresholds.

2. UROTHELIAL AFFERENTS

Reference has already been made to the presence
of CGRP-containing afferent endings that branch

beneath and within the lamina propria, and within the
urothelium itself. These axon collaterals can release
neurotransmitters on to the various tissues in the
lining of the bladder, including blood vessels, smooth
muscle, urothelium, connective tissue cells, mast cells
and other neurones. In addition there is evidence in
the human bladder that intramural neurones receive
axonal contacts from axon collaterals that contain the
peptides characteristic of primary afferents (see the
section on ganglia, and on integrative physiology).

The plexus of afferent nerves is thickest in the neck
of the bladder and in the initial portion of the urethra,
and it becomes progressively less dense in the
adjacent regions. It does not extend beyond the
equatorial region, and therefore the lamina propria of
the cranial region of the bladder has no afferent axons.
In contrast, the afferent innervation of the musculature
is more diffuse, and appears uniform throughout the
bladder. CGRP-immunofluorescence in urothelial
afferent axons is enhanced in the surviving axons 5
days after contralateral denervation, a change which
may be an early sign of regeneration of these axons
[89]. In the human bladder, CGRP together with
Substance P and NKA occur only infrequently in
nerves in the muscle but are moderately frequent in
the suburothelial layer. Also in the human there
appears to be another population of CGRP-containing
fibres that co-localize with NPY and galanin and some
of these synapse on intramural ganglia within the
bladder [90-93]. There is also recent evidence that
nerves cross the basal lamina and enter the basal
layers of the human urothelium [89]. Table 2 shows
the properties of afferent nerve endings in different
locations.

3. SENSITIVITY OF AFFERENT ENDINGS

The term afferent sensitivity refers to the gain of the
afferent signal, i.e. the number of impulses that are
fired by an afferent ending at any level of distension.
Sensitizing mediators are able to increase the size of

Table 1. Properties of low and high threshold afferents from the bladder in cat, rat, mouse and guinea pig

Sensitivity Natural Conduction Peptides Experi Speci Infl ¥ PFIX3 Rale of Pathway
to distension | Stimuli Velocity in Cat and Stimuli Mediators Agonist TRI'V1
(Cat and Rat
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Chemacal (U} Litnea Fig

(ETS.C)
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Figure 8 : Correlation of afferent discharge with
the cystometrogram. Left: Diagram of afferent
discharge at different volumes for A-delta fibres
and mechanosensitive C-fibres. Right: Diagram
showing the increased responses when the affer-
ent endings are sensitized by inflammation or by
administration of sensitizing agents such as ATP,
Nerve Growth Factor or Neurokinin A. In addition
to the increased discharge rates in the A-delta
and C-fibres, a new population of ‘Silent C-fibres’
is recruited into activity.

Table 2. Location and sensitivity of afferents in the hypogastric (lumbar splanchnic) and pelvic nerves

Location Stimulus Threshold Hypogastric Pelvic Location Mediators/
within (HN) (PN) within the inflammation
bladder wall bladder
(species)
Muscle (M, Distension (D) Low (GP) LT & HT 30% (M) 63% (M) All areas of the Not dependent on
GF) Probing (F) (M) bladder exocytotic synaptic
Tension (T) transmission or
Stroke (5) ATP (GF)
Chemical (C) Inflammation
(M,R)
Serosa (M, C) p.r LT & HT (M) 67% (M) 14% (M) Predominantly
at the bladder
base
Urothelial (M, PS5, T.AM}); LT & HT (M) 3% (M) 9% (M) Hypertomaty (GP)
GP) S5.T.C (GP)
Muscular- PET LT & HT (M) 2% (M) 14% (M) Inflammation (M)
urothelial (M,
GP)

the sensory signal (the frequency of impulse traffic)
at a given level of distension, so the sensations that
occur at a particular rate of firing in an afferent occur
at lower bladder volumes if the afferent endings have
been sensitized. (Figure 8).

The sensitivity of afferent endings may be influenced
by the release of mediators from different cell types,
including possibly the urothelium, myofibroblasts,
nerve endings, smooth muscle, mast cells and other
connective tissue cells. It is likely that many or all of
these can release ATP, and some may release other
mediators including nitric oxide, tachykinins (Substance
P, Neurokinin A, Neurokinin B), growth factors (Nerve
Growth Factor [NGF], Brain Derived Neurotrophic
Factor [BDNF] and others) and other endogenous
mediators such as nociceptin.
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The similarity of the properties of the urothelial cells
and the C-fibre afferents suggests that the most likely
contender for a sensory cell may be a urothelial cell,
but it is clear that the afferent endings themselves
respond to a variety of stimuli, and that surrounding
cells may simply enhance the gain of the transducer.
The following paragraphs refer to some of the
mediators that can sensitize bladder afferents.

a) ATP and P2X3 Receptors

Recent studies of mice have shown the P2X2/3
receptor, is present in small sensory neurones
innervating the bladder, and that the effects of bladder
distension on these sensory endings is markedly
attenuated if the gene for the P2X3 receptor is deleted.
Knockout mice that do not express this receptor exhibit



a marked urinary bladder hyporeflexia, characterized
by decreased voiding frequency and increased bladder
capacity, but normal bladder pressures [94, 95]. In
addition, they have reduced pain-related behaviour in
response to injection of ATP or formalin, and lose the
rapidly desensitizing ATP-induced currents in their
dorsal root ganglion neurons; they also have a
reduction in the sustained ATP-induced currents in
nodose ganglion neurons. Immunohistochemical
studies localize P2X3 to nerve fibres innervating the
urinary bladder of wild-type mice, and show that loss
of P2X3 does not alter sensory neuron innervation
density. Thus, P2X3 is critical for peripheral afferent
pathways controlling urinary bladder volume reflexes,
which take place at physiological volumes and
pressures. Antagonists to P2X3 may therefore have
therapeutic potential in the treatment of disorders of
urine storage and voiding such as overactive bladder.
In one recent study it was observed that humans with
detrusor overactivity treated with botulinum toxin
showed decreased levels of P2X3 and TRPV1
receptors in the bladder biopsies [96].

Some groups of bladder afferents appear to be
sensitive to the release of ATP from the urothelium or
other cells. In the last few years, the sensitivity of
bladder afferents to ATP and mechanical stimuli has
been studied intensively in the rat and mouse using
protocols designed to avoid sensitization of the
afferents [97-99]. In the rat, 90% of bladder afferent
neurons gave persistent electrical responses to the
P2X agonist a—p-methylene ATP that were inhibited
by the P2X antagonist 2’,3’-O-trinitrophenyl-ATP (TNP-
ATP) which suggests that pelvic nerve afferents from
the rat bladder express predominantly P2X (2/3)
heteromeric receptors. In the mouse, Rong et al [99]
found that the majority of the low threshold and nearly
all the high threshold receptors were sensitized by
a—p-methylene ATP, i.e. there was a reduction in the
threshold and an increased peak activity during
distensions. In addition some of the ‘silent’ afferents
became mechanosensitive. The absence of
sensitization in P2X3 knockout mice indicated that
the responses were mediated by the P2X3 receptor.
However there is a recent in vitro study in the guinea-
pig that suggests that one group of afferents, the low
threshold ‘in series’ tension receptors in detrusor
muscle, are not sensitive to ATP [86].

b) Nitric Oxide

Nitric oxide (NO) is an important mediator that can be
released from urothelium and from adjacent neurones.
The detrusor however is not very sensitive to nitric
oxide in contrast to the urethral outflow region where
it effectively relaxes the urethral smooth muscle,
suggesting an involvement of nitric oxide in the
decrease in urethral pressure at the start of micturition
[100].

NO may be involved in the control of afferent sensitivity,
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and we now know that NO may increase the activity
of capsaicin-sensitive nerves within the bladder wall
after spinal cord injury [101]. Basal release of nitric
oxide has not been detected in the urothelium of the
normal cat; however it is released in cats with feline
interstitial cystitis [102], and from normal cats after the
addition of agonists. Nitric oxide release from neurones
depends on the enzyme nitric oxide synthase (NOS)
and increased expression of neuronal NOS in bladder
afferent and spinal neurones occurs following cord
injury [103], and in bladder afferents following chronic
bladder irritation with cyclophosphamide. There is
also evidence that nitric oxide can inhibit the function
of primary afferent neurons [104, 105]. This inhibitory
effect may occur in the normal bladder because
intravesical administration of a solution of oxyhe-
moglobin, a nitric oxide scavenger, induced bladder
overactivity in the conscious rat [106] . The effect of
oxyhemoglobin was reduced by pretreatment with
ZD6169, a drug that suppresses capsaicin-sensitive
bladder afferents, suggesting that oxyhemoglobin
enhances afferent excitability.

Knockout mice that do not have neuronal NOS appear
to have normal function in the lower urinary tract [107],
and knockout animals that do not have inducible NOS
do not show major abnormalities. However, the latter
appear to need iNOS in the response to urinary
obstruction [108].

c¢) Tachykinins: Substance P, Neurokinin A and
Neurokinin B

The tachykinins are a group of neuropeptides that
includes substance P and neurokinin A (which are
produced by the same gene), and neurokinin B. They
are found in small diameter afferent neurones,
particularly within the C-fibre population, and may be
released, along with other peptides, by afferent endings
when these become active, e.g. during the axon reflex
in skin. A similar event occurs in the bladder and is
associated with the phenomenon of neurogenic
inflammation. These peptides cause vasodilatation
and an increase in capillary permeability, and are
algesic agents.

In addition some tachykinins can sensitize sensory
nerve endings. This view is based on (a) autoradio-
graphic studies that show the disappearance of NK-
2 receptors in the lamina propria in capsaicin-treated
rats that are deficient in sensory nerves [109], (b) on
studies in which afferents or dorsal root ganglia can
be made hypersensitive using a NKA- analogue and
other intravesical chemical stimuli such as high [K*]
and high osmolality [110-112], and (c) the demons-
tration that the development of hypersensitivity to a
number of sensitizing agents including high [K*] can
be blocked by an NK-2 receptor antagonist [113, 114].
More recently it has been shown that rat dorsal root
ganglion neurones are excited by NK2 agonists, but
are inhibited by NK-3 agonists [115]. This NK2 action



is on L- and N-type Ca2* channels, whereas the NK-
3 action is only on the L-type channels. Both of these
effects are blocked by inhibition of protein kinase C.

d) TRP (Transient Receptor Potential)
Receptors

lon channels that act as receptors because they are
responsible for transient receptor potentials (TRP)
generally work by opening non-specific ion channels.
Some are sensitive to capsaicin and other vanilloids
(TRPV), while others are associated with other
mediators, including cinnamaldehyde (TRPA1) and
Melastatin (TRPM). TRP channels are opened by a
variety of physical and chemical stimuli including heat,
cold, mechanical stress, voltage, hydrogen ion
concentration and osmolality, as well as by specific
ligands, such as capsaicin, melastatin and trans-
cinnamaldehyde. The nerve endings that contain
these channels are therefore often polymodal in their
properties, one of the characteristics of non-myelinated
sensory endings, and also in other cell types, including
the urothelium. TRPV1, TRPV2, TRPV4, TRPMS8, and
TRPA1 have been described in different parts of the
urogenital tract, and TRPV1 (the vanilloid receptor) has
received special attention, particularly in relation to its
role in bladder sensation [116].

The TRPV1 receptor is a cation channel expressed
by nociceptive neurones and can also [117, 118] be
activated by protons or temperature greater than 43
degrees C [119, 120]. Within the bladder, it may be
that it is activated naturally by low pH, but such
changes (e.g. in metabolic acidosis) are not usually
associated with bladder pain. The expression of the
TRPV1 receptor in sensory neurones is regulated by
Nerve Growth Factor (NGF), and stimulation of the
TRPV1 receptor with capsaicin causes the release of
CGRP [121]. Capsaicin and resiniferatoxin act on
unmyelinated afferent fibres throughout the body, but
itis also clear that capsaicin can act on the urothelium
by binding to TRPV1 receptors. Capsezepine is a
blocker of this receptor and it has been found that
nitric oxide (NO) release and the increase in
intracellular Ca2* induced by capsaicin are blocked
by this antagonist. In addition to capsaicin and
resiniferatoxin, a new agonist, piperine, has been
shown to activate TRPV1 receptors and produce
bladder hyperactivity and activity of sensory nerves
in this organ in the rat [117, 118]. Several groups
have searched for endogenous ligands for the TRPV1
receptors, and anandamide, palmitoylethanolamide
and nociceptin are three compounds that deserve a
mention, although much more work needs to be done
to elucidate their exact roles. Anandamide and
palmitoylethanolamide (PEA) are endogenous
cannabinoids (acting on CB-1 and CB-2 receptors
respectively) that also are agonists of TRPV1 receptors
[122, 123] and may act on peripheral perivascular
sensory terminals in a manner that is antagonized by
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the capsaicin antagonist capsezepine. These agents
can also cause the release of CGRP and Substance
P by increasing intracellular Ca2t, and have other
actions, such as activation of G-proteins [124]. Both
anandamide and PEA have been found to attenuate
bladder hyper-reflexia induced by intra-vesical NGF
[125-127]. The TRPV1 receptor seems to be important
for normal bladder function and for excitation of low
threshold distension-sensitive afferents in mice [128,
129] (Figure 9).

¢ OTHER TRP RECEPTORS

The bladder-cooling reflex (induced by instillation of
intravescial cold saline and termed the ice water test)
is believed to be triggered by menthol-sensitive cold
receptors in the bladder wall. Recently, this test has
been used to distinguish sensory symptoms in patients
with bladder pain syndrome and overactive disorders
[130]. Because pain elicited in BPS patients was not
accompanied by reflex detrusor contractions, this test
may be of particular interest since the response of
afferent nerves to cold (and to menthol) depends on
a particular TRP receptor subgroup, TRPMS8. In
experiments in the guinea-pig bladder, the afferent
nerves innervating the organ have been shown to
express TRPMS8, and the bladder cooling reflex is
enhanced in the presence of menthol [131].

The TRPA1 channel is also expressed in dorsal root
ganglion cells that innervate the rat bladder. Trans-
cinnamaldehyde or allyl isothiocyanate, agonists of this
receptor, cause bladder hyperreflexia and appear to
act through C fibres that might be mechanoreceptive
or nociceptive [132].

e) ORL Receptors

Nociceptin/orphanin FQ, another endogenous ligand
that binds with the opioid receptor-like 1 receptor
(ORL1 receptor, now also known as the 4th category
of opioid receptors, OP4) has been shown to have
naloxone resistant inhibitory effects on the micturition
reflex. These actions are mediated at several sites
including the capsaicin sensitive nerves in the bladder,
and a central supraspinal site [133]. Nociceptin
produces a long-lasting protection against capsaicin-
induced desensitization of TRPV1 in afferent nerves,
such that a chemoceptive micturition reflex could be
repeatedly evoked by topical capsaicin in nociceptin-
pretreated rats. This is in sharp contrast to the effects
of nociceptin on the local response to capsaicin, which
corresponds to the release of peptides from capsaicin-
sensitive afferent neurons. Topical application of
nociceptin onto the bladder serosa evokes a
tachykinin-mediated contraction [133]. These results
suggest that the afferent and ‘efferent’ functions of
capsaicin-sensitive primary afferent neurons in the
rat bladder are differentiated by nociceptin, and that
nociceptin has a significant action on afferent
sensitivity.
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Figure 9 : Stimulus-response profile of low threshold, LT (A) and high threshold, HT (B) bladder afferents.
Note that the LT afferents have a blunted response profile in the TRPV1 -/- mice compared to wildtype
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et al., 2007).

In humans nociceptin elicits a strong acute inhibitory
effect on the micturition reflex in patients with a
neurogenic bladder [134]). This was in contrast to the
placebo, and led to the conclusion that nociceptin
and other orphan peptide receptor agonists may be
useful in future as drugs for the treatment of neurogenic
urinary incontinence.

Local administration of kappa-opioid receptor agonists
by intra-arterial injection attenuated the responses of
pelvic nerve afferents to high pressure distension of the
urinary bladder [135]. These agonists had essentially
the same effects whether the bladder was inflamed or
not. The conclusion was that the ability of kappa opioid
agonists to attenuate the responses of afferents to
large bladder distensions indicated a potential use for
peripherally acting kappa opioid receptor agonists in the
control of urinary bladder pain.

f) Neurotrophins
1. NERVE GROWTH FACTOR

(NGF; neurotrophin-1), the first of a group of growth
factors called neurotrophins, is produced in larger
quantities in humans with detrusor overactivity [136],
BPS/IC and bladder cancer [137], in rats with inflamed
bladders [138], spinal cord injury or chemically induced
cystitis [139] or bladder outlet obstruction [140], in
diabetic rats [141] and a number of other states. This
protein is known to sensitize myelinated and unmye-
linated afferents from the bladder [142, 143] and itis
involved in the production of referred pain in bladder
inflammation [144]. It also appears to stimulate the
expression of the vanilloid receptor TRPV1 [121], and
there is a suggestion that increased NGF levels
resulting from intrathecal injection of NGF can induce
a decrease in A-type K* current density in the afferent
pathway that may influence the emergence of bladder
overactivity [145].

181

Recent studies in an animal model for BPS/IC termed
feline interstitial cystitis (FIC) in which TRPV1 responses
to capsaicin were measured in lumbo-sacral dorsal
root ganglion neurones have suggested that affected
neurones are increased in size and exhibit exaggerated
responses to capsaicin that may be associated with
enhanced activity of endogenous protein kinase C
[146]. Afurther study from the same group suggested
that the abnormal activity of afferent neurones from
cats with feline interstitial cystitis may be due to changes
in the behavior of K* currents which are restricted to
capsaicin-sensitive neurones [147].

2. BRAIN DERIVED NEUROTROPHIC FACTOR (BDNF)

levels in the urinary bladder and some other epithelia
are higher than those found in the brain or skin [148].
In situ hybridization experiments showed that BDNF
mRNA was made by visceral epithelial cells, in several
types of smooth muscle, and in neurons of the
myenteric plexus. However the receptors from BDNF
(trkB and p75[NTR]) are not present on the urothelium
but are present in neurons of the peripheral nervous
system. Hence it is thought that in the bladder this
neurotrophin is produced by the urothelium and can
act on the afferent nerves. The mRNAs for NGF,
BDNF and neurotrophin-3 all increase within 2 hours
of bladder inflammation in the rat, and this increases
expression may contribute to sensory and reflex
hyperactivity [138]. Inflammation of the colon also
appears to induce up-regulation of CGRP and TrkB
(suggesting an involvement of BDNF) in bladder
afferent neurons, and suggests that there may be
cross sensitization of bladder afferent pathways by
colonic inflammation [149]. In spinal cord injury there
is also an increase in BDNF and galanin in the dorsal
root ganglia and spinal segments below the lesion;
interestingly NGF expression was reduced below the
level of the lesion [150].



* NGF and TTX-Resistant Na* Channels

Sensitization of afferents appears to be an important
mechanism that leads to reflex hyperexcitability, and
a number of studies have linked the tetrodotoxin
(TTX)-resistant sodium channel, sometimes known as
Nav1.8 to this process. A number of sensitizing agents
including NGF are known to induce increased
expression of this membrane channel; this appears
to be sufficient to change the properties of afferents
so as to lower the threshold for firing of bladder (lower
volume threshold for voiding) and induce spontaneous
and burst firing (overactive contractions, urgency)
[142]. TTX-resistant Na channels (Nay/1.8 and Nay/1.9)
have been found in SP/CGRP immunoreactive small
DRG giving rise to C-fibers supplying the bladder
[151, 152]; these also express the trkA receptor, which
binds NGF and is necessary for its action. Plasticity
of TTX-sensitive and TTX-resistant Na* channels
(Nay 1.8 and Nay, 1.9) occurs in these neurones after
spinal cord injury, and a decreased expression of Nay
1.8 channel immunoreactivity and a small increase in
Nay 1.9 channel immunoreactivity in bladder DRG
neurons can be observed [153, 154].

The dependence of the sensitization of these afferent
neurones and the occurrence of overactivity on NGF
and its actions on the Nay, 1.8 channels has been
shown in experiments using immunoneutralization of
NGF or antisense oligonucleotide treatment to reduce
the expression of these channels in sensory neurons
[151, 155]. More recently studies on ralfinamide, a
drug that interferes with TTX-resistant sodium
channels, indicate that this drug reduces inflammatory
and neuropathic pain as well as bladder overactivity
in rats. The ability of ralfinamide to reduce capsaicin-
induced hyperexcitability and tonic activity of rat
afferent neurones appears to be due to its action as
a sodium channel antagonist [156].

In clinical studies the local anaesthetic lidocaine and
the oral Na* channel blocker, mexiletine, which operate
by reducing excitability in sensitized neurones have
been used to treat urge incontinence and hyper-
reflexic conditions [157-162] with variable degrees of
success.

4. SPINAL CORD

This section is concerned with the central projections
of the primary afferent neurons. Axonal tracing
experiments have been performed in many animal
species [163, 164] and have localized the segmental
distribution and spinal termination of afferent pathways
in the pelvic, hypogastric and pudendal nerves. The
primary afferent cell bodies of the pelvic and pudendal
nerves are contained in lower lumbar and sacral dorsal
root ganglia depending on species; whereas afferent
innervation in the hypogastric arises in the rostral
lumbar dorsal root ganglia. The central axons of the
dorsal root ganglion neurons carry the sensory
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information from the lower urinary tract to second
order neurons in the spinal cord.

Trans-ganglionic transport of axonal tracers has
identified the spinal projections and terminal fields of
visceral and somatic primary afferent neurons. The
dorsal commissure (DCM), superficial dorsal horn
and sacral parasympathetic nucleus (SPN) all contain
interneurons with rostral projections that are activated
during noxious [165, 166] or non-noxious stimulation
[167] of the rat bladder and the urethra. These neurons
are the site of origin of ascending pathways that project
to various structures in the brainstem via spinal
pathways that include the dorso-lateral funiculus [168,
169]. In humans spinal tractotomies for intractable
pelvic pain provide the only insight available as to the
organization of spinal pathways involved in bladder
control in man [170].

Visceral afferent fibers of the pelvic [171] and pudendal
[163] nerves enter the cord and travel rostrocaudally
within Lissauer’s tract, and transversely around the
dorsal horn via the lateral (LCP) and medial collateral
pathways (MCP) to reach the deeper layers of the
spinal cord. Within the spinal gray matter, the LCP and
MCP provide a dense innervation to laminae I, V, and
VIl and the dorsal commissure. Muscle and cutaneous
afferents in the pudendal nerve terminate in different
regions of the cord.

Afferents from the Urethra, Bowel and Genital
Organs

Studies have demonstrated that electrical stimulation
of urethral afferent fibers when the bladder is full can
evoke strong detrusor contractions sufficient for voiding
in intact cats [172, 173] as well as acute spinalized
cats [174]. Similarly, using minimally invasive methods
to apply electrical stimulation within the proximal
urethra via a catheter-mounted electrode, it has been
shown that reflex bladder contractions can be
generated in humans with complete paraplegia but
these do not seem to produce efficient voiding can be
evoked in chronic SCI cats by stimulation of an
excitatory pudendal to bladder spinal reflex [176].

The excitability of the micturition reflex can be
influenced by other sacral afferent pathways [177],
including facilitatory effects resulting from stimulation
of urethral afferents, and inhibition of bladder activity
by stimulation of the dorsal nerve of the clitoris in
keeping with known interactions from the vagina and
colon [178]. Stimulation of urethral afferents by fluid
flowing through the urethra can facilitate the micturition
reflex; however contraction of the urethral sphincter
resulted in inhibition of bladder motility [179].

Excitability of spinal neurons receiving afferent input
from the bladder can also be modulated by input from
other pelvic structures such as the colon [175, 180,
181].This convergence of sensory information from a
number of pelvic organs can occur at the level of the



spinal cord. In addition, the expansion of primary axon
terminals within the spinal cord can also play a role
in altering bladder reflexes. For example, it has been
shown that expression of a number of peptides
including CGRP, VIP as well as PACAP is altered in
primary afferent terminals and may correlate with
changes in bladder function following SCI [182-184].

Glutamate is an important excitatory transmitter in
the afferent limb of the micturition reflex, and mediates
its effects by means of both NMDA and nonNMDA
receptors. This conclusion is based on studies of C-
fos expression and the transmission of afferent activity
rostrally, and the depressive effects of both NMDA
and nonNMDA glutamatergic receptor antagonists
[185, 186].

Bladder afferent neurons contain a number of
peptidergic neurotransmitters, and the central
distribution of bladder afferent terminals and
peptidergic immunoreactive fibers is quite similar.
There has been considerable interest in the role of
tachykinins in the micturition reflex [187] and in
nociception. Intrathecal treatment of adult rats with
intrathecal capsaicin can result in a reversible block
of the micturition reflex [188]. Further, while normal
micturition is not altered following ablation of NK1-R
expressing SC neurons using SSP-saporin, the
response to a nociceptive stimulus was significantly
reduced. These and other studies [188, 189] suggest
that substance P and its receptors may play a part in
transmission of bladder nociceptive responses at the
first synapse in the micturition reflex.

5. SPINAL CORD GLIAL CELLS AND
MODULATION OF PELVIC AFFERENTS

a) Anatomy and Function of CNS Glia

The nervous systems of animals are generally
composed of two cell types: neurons, which propagate
electrical currents and function as the signaling
moieties of the nervous system, and glia, the functions
of which are far less understood [190]. Central nervous
system (CNS) glia, (which greatly outhnumber the
neuronal component [191, 192]), comprise ependymal
cells, oligodendrocytes, astrocytes and microglia.

Astrocytes, (similar to neurons and oligodendrocytes)
are ectodermal in origin. Two distinct types are
described based on their morphology: fibrous
astrocytes, which have long thin processes and are
commonly found in white matter, and protoplasmic
astrocytes, which have short thick processes and are
typically found in grey matter. In the reactive state,
protoplasmic astrocytic processes become more
pronounced [193].

Astrocytes contribute to the regulation of the
microenvironment in which neurons develop and
function, maintaining a tight control on local ion (notably
K*) and pH homeostasis. In addition, they are involved
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in the clearance of synaptically-released
neurotransmitters, such as glutamate and GABA [194].
These multifunctional cells are key players in the
‘tripartite synapse’, which is composed of pre- and
post-synaptic membranes and extra-synaptic astrocytic
contacts; they have the potential to modify synaptic
transmission and plasticity [195].

Microglia are considered to have a mesodermal origin
and to enter the brain during the neonatal period; they
are commonly considered to function as the resident
macrophages of the CNS and are more abundant in
grey than white matter. In the normal brain and spinal
cord, they have a ramified morphology; when activated,
such as when there is damage to the CNS, they rapidly
retract their processes and migrate toward the site of
injury, where they turn into macrophages and remove
the debris [193].

While astrocytes and microglia present as two very
different types of glial cell, it is now becoming
increasingly known that they have functional
similarities. Recent evidence has shown that spinal
cord activation of either of the two cell types may be
involved in both the development and maintenance
of central sensitization in various chronic pain
conditions. Thus, both astrocytes and microglia are
attracting wide interest in the pain field [196].

b) Modulation of Neuronal Signaling by Spinal
Cord Glia

At the level of the spinal cord (the first relay site in the
transmission of nociceptive information from the
periphery to the brain [197], dorsal horn glia may be
activated by chemicals released from primary afferent
terminals such as the neurotransmitters: SP, CGRP,
NO, purinergic agents, glutamate, opioid peptides
,and the chemokines: fractalkine or neuractin.
Activation may result in altered cell morphology,
changes in receptor expression, or release of factors
by astrocytes and microglia, which in turn can lead to
changes in neuronal function and ultimately influence
pain transmission [198]. There is evidence that
microglia may mediate the activation of astrocytes
seen in both somatic and visceral pain pathologies-
the ‘ neuropathic pain triad  [199] . Generally, microglial
activation is transient, while astrocytic activation is
much longer-lasting. However, activation of either of
the two cell types promotes pain [196, 200].

While most reports on the contribution of glia to pain,
study somatic rather than visceral forms of chronic
pain, there is now increasing evidence pointing to a
role for glia as key modulators during inflammatory
pain. Microglia probably play a pivotal role in the
initiation phase, while astrocytes are likely to contribute
to the maintenance of the persistent pain state. There
are reports in non- acute [201, 202] and acute [202]
models of colonic irritation of altered glial cell
morphology, in segments L6-S1 of the spinal cord .



In addition, in the naturally occurring chronic model
of bladder pain syndrome/interstitial cystitis (BPS/IC)
seen in the cat, a pronounced upregulation in immuno-
intensity of astrocytic intermediate filament glial fibrillary
acidic protein (GFAP) in dorsal horn regions which
receive pelvic afferent input [202], has been reported.
Preliminary findings from functional studies using
primary cultures of astrocytes (Figure 10) isolated
from lumbo-sacral region of cats with BPS/IC and
normal cats (Hanna-Mitchell, Buffingtonm and Birder;
unpublished data), point to significant differences in
the physiology of astrocytes in regions of the spinal
cord receiving pelvic afferent input following this
pathology.

Figure 10: Primary culture of GFAP-immunoreac-
tive astrocytes (8 days in vitro) isolated from cat
lower lumbosacral spinal cord.

Together these findings indicate a pronounced
activation of spinal cord astrocytes in animal models
for BPS, which may plan an important role in the pain
syndrome and open up new potential approaches for
drug intervention.

lll. NEURAL CONTROL OF FEMALE
PELVIC FLOOR MUSCLES AND
RHABDOSPHINCTERS

1. STRUCTURAL ELEMENTS OF THE PELVIC
FLOOR

The pelvic floor [203] in women is a bowl-shaped
structure comprised of bone, muscle, and connective
tissue. The rim of the bowl is formed by the bones of
the pelvic girdle (sacrum, ileum, ischium, and pubis).
The “inside and bottom” of the bowl is lined with
striated muscle: the iliococcygeus and pubococcygeus
(which together comprise the levator ani) as well as
the coccygeus, and puborectalis muscles. The muscles
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are attached to the bone and to each other with various
connective tissue supports. These 3 components,
bone, muscle, and connective tissue provide support
of the pelvic viscera (i.e. rectum, vagina, and bladder)
but also allow for excretory and sexual function.

The viscera, as well as striated muscles that serve as
true sphincters - urethral and anal rhabdosphincters
- are attached to the pelvic floor muscles and each
other by connective tissue but do not attach directly
to bone. In addition to the urethral and anal
rhabdosphincters, striated perineal muscles associated
with the viscera include the urethrovaginal sphincter,
the compressor urethrae muscle, the ischioca-
vernosus, and bulbospongiosus muscles [203-205].
In contrast to the levator ani muscles described above,
the rhabdosphincter and perineal muscles embryo-
logically develop from the cloaca with a 2 week delay
in striated muscular differentiation compared to the
levator ani and other skeletal muscles [206, 207]and
are completely separated from the levator ani muscles
by connective tissue [204].

2. INNERVATION OF THE FEMALE LEVATOR
ANI MUSCLES

The levator ani muscle of the pelvic floor is innervated
by the levator ani nerve in human (Figure 11) [208],
squirrel monkey [209-211], dog [212], cat (Karicheti
and Thor, unpublished observations), and rat [213].
The levator ani nerve primarily arises from sacral
spinal roots (e.g. S3-S5 in humans) and travels along
the intrapelvic face of the levator ani muscle with a high
degree of variability in branching patterns [208]. In
humans, there is some controversy whether or not the
pudendal nerve also innervates the levator ani muscle
[214, 215]. This is not the case in other species (rat,
cat, dog, squirrel monkey) where hodological studies
show a marked loss of levator ani muscle mass and
a decrease in levator ani myocyte diameter following
transection of the levator ani nerve [211, 213] but no
change in levator ani muscle mass or myocyte
diameter following pudendal neurectomy [211, 213],
2) the existence of only a single motor endplate zone
at the point of levator ani nerve insertion into the
levator ani muscles [211, 213], 3) absence of
contractions of levator ani muscles upon electrical
stimulation of pudendal nerve efferent fibers (Thor
and Karicheti, unpublished observations) and 4)
phenotypically distinctive motor neuron labeling
following application of nerve tracers to the pudendal
and levator ani nerves [212, 216-221], respectively.
All of these divergent techniques support the
conclusion that only the levator ani nerve innervates
the levator ani muscles with no significant contribution
from the pudendal nerve in non-human species.

In consideration of the vast phenotypic differences
between rhabdosphincter pudendal motor neurons
in Onuf’s nucleus and levator ani motor neurons
(Figure 11 and Table 3), the likelihood of pudendal
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Figure 11 : A) lllustration of the course of the levator ani nerve in a left hemipelvis, sagittal view (arrow points
to levator ani nerve). Abbreviations: S, Sacrum; S1-S5, sacral foramina; Cm, coccygeal muscle; LAN, levator
ani nerve; IS, ischial spine; ICm, iliococcygeal muscle; Olm, obturator internal muscle; PCm, pubococcygeal
muscle; PRm, puborectal muscle; ATLA, arcus tendinous levator ani; C, coccyx; V, vagina; U, urethra; R, rectum
(from Barber, 2002). B-E) Photomicrographs of a single transverse section of sacral spinal cord from a
squirrel monkey with pubocaudalis muscle injected with cholera toxin B (CTB) and the anal rhabdosphincter
injected with fast blue. B) Bright field illumination shows cytoarchitecture of gray and white matter; white
box indicates area shown in high power in panels D and E. C) Epifluorescent illumination showing CTB-labeled
(bright green) levator ani motor neurons; white box indicates area shown in high power in panels D and E.
D) High power photomicrograph of boxed area in panels B and C using epifluorescent illumination to show
CTB-labeled levator ani motor neurons. Note large a and small y CTB-labeled motor neurons; also CTB-
labeled processes extending from levator ani motor neurons into Onuf’s neucleus (dashed circle) and the
ventrolateral funiculus. E) Same area and section as panel D viewed with epifluorescent illumination to show
fast blue-labeled (bright blue) anal sphincter motor neurons in Onuf’s nucleus (dashed circle). Close apposition
between CTB-labeled levator ani motor neuron processes and fast blue-labeled rhabdosphincter motor
neurons were observed (from Pierce, 2005).
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Table 3 : Neuronal markers preferentially associated with rhabdosphincer motor neurons in Onuf’s nucleus.

Marker Reference

Transmitters | Enkephalin (345)
CGRP (346)
Somatostatin (347)

Norepinephrine (289, 292)

Serolonin (290-292)
Dopamine (348)

nNOS (245, 248)
Receptors NPY, (349)
5-HT,a (328)
S-HT, A (350)
CRF (351)
D, (352)

5-Hl. (322, 327)

CE Ty ) (328, 353)
NK, (354)
TRP-V2 (359)
lon channel CaV,3 (356)
" Growth-related | P,s (growth factor (357)

receptor)

CNTF receptor (358)
GAP-43 (359)
trkC (360)

motor neurons innervating the levator ani muscle in
humans seems very small. Similarly, the distinct
embryological origins of levator ani muscles versus
rhabdosphincter and perineal muscles (the latter
originating from the cloaca [206, 207]), as well as a
separate “compartmentalization” of the rhabdos-
phincter and perineal muscles by connective tissue
[204], are parsimonious with distinctive “special
somatic” motor innervation by the pudendal versus
typical skeletal motor innervation by the levator ani
nerve. Possibly, the confusing morass of small muscles
(puborectalis, compressor urethrae, urethrovaginal
sphincter, urethral and anal rhabdosphincter, ischio-
cavernosus, bulbocavernosus), blood vessels,
connective tissues, and nerves in the perineal region
makes dissection, identification, and nomenclature
of specific nerve branches and muscles difficult in
cadavers.

Indeed, this morass has led to confusion regarding
even the nomenclature of the muscles themselves
[204, 205] and, without extreme care, a contribution
of the pudendal nerve to levator ani muscle innervation
might be confused. Alternatively, there may be true
species differences between humans and other
mammals in regards to a minor pudendal nerve
contribution to minor levator ani muscles (e.qg.
puborectalis). However, the ability to conduct precise
experimental manipulations in animals provides a
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clear conclusion that the pudendal nerve does not
innervate the major muscles of the pelvic floor, i.e.
iliococcygeus, pubococcygeus, or coccygeus muscles
to a significant degree.

The positioning of the levator ani nerve on the
intrapelvic surface of the muscles may expose it to
damage as the fetal head passes through the birth
canal [208]. This positioning also puts it in a favorable
position to be activated when current is applied with
a St. Mark’s electrode placed in the rectum. The
positioning of the levator ani nerve, close to the ischial
spine, also risks entrapment by sutures used for
various suspension surgeries for pelvic organ prolapse
(POP) and may account for dyspareunia, pelvic pain,
and/or recurrent prolapse [222] associated with such
surgery. Finally, since the ischial spine is used as a
landmark for needle placement when applying a
transvaginal “pudendal nerve” block [223], the
possibility that this procedure also anesthetizes the
levator ani nerve and pelvic floor muscles must be
considered. These complicating factors of historically-
accepted clinical concepts may explain why a possible
innervation of the levator ani muscle by the pudendal
nerve in humans remains controversial.

a) Levator Ani Motor Neurons and Sensory
Innervation

Retrograde tracing studies involving injection of cholera



toxin B (CTB) into the levator ani muscle and fast
blue into the anal rhabdosphincter muscle of squirrel
monkeys [217] show that levator ani motor neurons
are located in the sacral ventral horn (Figure 11 B-
E) in a longitudinal column. In contrast to the very
dense packing of sphincter motor neurons in Onuf’s
nucleus [216, 218-221], the levator ani motor neurons
are more diffusely distributed. Furthermore in contrast
to the uniform intermediate size of pudendal motor
neurons, levator ani motor neurons (Figure 11D)
show a bimodal distribution of large neurons
(presumably o motor neurons) and small neurons
(presumably y motor neurons). These 2 sizes of motor
neurons are in keeping with the presence of muscle
spindles (whose intrafusal muscle fibers are innervated
by y motor neurons) in levator ani muscle [224, 225]
and the absence of muscle spindles in rhabdosphincter
muscle [224, 226-230]; consequently levator ani may
exhibit la (muscle spindle) evoked monosynaptic
stretch reflexes, whereas the EUS does not [231-
234].

Levator ani motor neuron processes (dendrites or
axon collaterals) project into two important areas in
the sacral spinal cord [217]. The first, medial lamina
VI, is a region where primary afferent fibers from
muscle spindle and Golgi tendon organs terminate
[235, 236]. This again suggests an important role for
stretch-activated contraction of levator ani muscles.
Importantly, the second projection of levator ani motor
neurons is to Onuf’s nucleus (Figure 11D-E), which
contains rhabdosphincter motor neurons. These
levator ani motor neuron processes form close
appositions with sphincter motor neurons in both
monkey [217] and rat (Thor, unpublished observations).

Presumably, these appositions reflect a neuroana-
tomical substrate for coordination of the rhabdo-
sphincter and the pelvic floor muscles during micturition
and defecation. Whether these projections are
dendrites designed to receive common afferent input
to levator ani and rhabdosphincter motor neurons, or
if they are axon collaterals transmitting information
from levator ani motor neurons to rhabdosphincter
motor neurons to coordinate contractions is not known
and will require electron microscopic or electrophy-
siological analysis to be resolved.

Dual-labeling immunohistochemistry combined with
cholera toxin-B (CTB) tracing studies of the levator ani
muscles of squirrel monkeys has shown that there
are approximately 4 times as many afferent neurons
versus motor neurons labeled following injection of
tracer into the levator ani muscle [210]. About ? of the
neurons were large, myelinated (i.e. RT-97 neurofila-
ment positive) that did not contain the peptide
transmitter CGRP, binding sites for isolectin-B4 (I1B-
4), or the growth factor receptor, TrkA, immuno-
reactivity. Of the remaining small RT97 negative
neurons, approximately 50% contained CGRP, 1B-4
binding sites, and TrkA. It is tempting to speculate
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that the large, myelinated afferent neurons signal
proprioceptive information from muscle spindle and
Golgi tendon organs, while the small peptidergic, I1B-
4, TrkA positive neurons signal nociceptive information.
A possible role for the large sensory neurons, in
addition to control of levator ani contractility, may
involve regulation of bladder reflex pathways during
on-going levator ani contractile activity; while the small
peptidergic fibers may play a role in detrusor
overactivity associated with pelvic floor trauma or
nerve entrapment by sutures during suspension
surgeries, in addition to classical sensation of muscle
nociception.

Transganglionic transport of CTB from the primary
afferent cell body to their synaptic terminals in the
spinal cord was only seen in medial lamina VI of the
lumbosacral spinal cord, an area of termination for
large, myelinated proprioceptive terminals [235, 236].
Since many of the CTB-labeled primary afferent
neurons were positive for CGRP, IB-4, and TrkA, the
absence of transganglionic CTB labeling in the
superficial dorsal horn is likely due to an inability of
small primary afferent neurons to transport CTB rather
than a true absence of levator ani nociceptive terminals
in the region. Experiments with a tracer (e.g.
horseradish Peroxidase, HRP) that is transported to
nociceptive spinal terminals should be done to confirm
this.

In contrast to the rhabdosphincters [224, 226-230],
levator ani muscles have been shown to contain
muscle spindles [224] and evidence has been
presented that they contain Golgi tendon organs [225].

b) Role of the Levator Ani Innervation in Pelvic
Organ Prolapse in Monkeys

Because the pelvic floor is responsible for providing
support of the viscera, and because one might expect
contraction of pelvic floor muscles to be necessary for
adequate support, damage to the levator ani
innervation and subsequent muscle flaccidity might be
expected to promote pelvic organ prolapse (POP).
To test this expectation, the levator ani muscles were
bilaterally denervated in 7 squirrel monkeys [209],
which is a species that shows age and parity correlated
POP similar to humans [237]. Surprisingly, these
monkeys showed no POP following this procedure
for 2-3 years after surgery, despite showing statistically
significant decreases in levator ani muscle mass and
myocyte diameter. However, a slight increase in
bladder and cervical descent with abdominal pressure
was seen on MRI evaluation compared to nulliparous
controls. Of possible significance was the finding that,
after a single birth, 2 of 4 bilateral levator ani
neurectomy animals showed POP, which is unusual.
A larger study is needed to confirm whether levator
ani nerve damage may accelerate parity-related POP.

Thus, these experiments indicate that, in the absence



of childbirth, the pelvic floor muscle plays a minor role
in providing visceral support and suggests that the
connective tissue plays the major role. Possibly after
stretching of the pelvic connective tissue accom-
panying childbirth, the muscle plays a compensatory
role. In support of this possibility, it was shown that
levator ani muscle mass and myocyte diameter in
monkeys with naturally occurring POP was equal to
or greater than measurements in age-, parity-, and
weight-matched monkeys without POP [209, 238],
suggesting that the levator ani muscle attempts to
prevent visceral descent by working harder, which
induces hypertrophy.

3. INNERVATION OF URETHRAL AND ANAL
RHABDOSPHINCTERS

At the level of the pelvic floor, the urethra and rectum
are surrounded by intimately associated bands of
striated muscle fibers; the urethral and anal
rhabdosphincters, respectively. The muscles do not
have “dedicated” attachments to skeletal structures
and thus act as a true sphincters (i.e. contraction
produces virtually no movement except constriction
of the lumen). In addition, there are small, thin bands
of striated muscle (compressor urethra, urethrovaginal
sphincter, bulbocavernosus, and ischiocavernosus)
that surround the urethra, vagina, and/or rectum and
have connective tissue attachments to the perineal
body [203].

Extensive studies of the urethral rhabdosphincter,
anal rhabdosphincter, bulbocavernosus, and ischioca-
vernosus muscles have shown that these muscles
are innervated by the pudendal nerve [208, 216, 218-
221, 239, 240], which originates from the sacral roots
and passes along the lateral surface of the internal
obturator and coccygeus muscles, through Alcock’s
canal, to eventually approach these muscles laterally
from the extrapelvic surface of the pelvic floor. The
specific innervation of the smaller bands of muscles
attached to the perineal body has not been chara-
cterized.

The nerve fascicles [241], as well as the motor nerve
terminals and end plates [242] of the urethral
rhabdosphincter, are preferentially located along the
lateral aspects of the urethra in rat. Overlap, or crossing
of the midline, between the left and right pudendal
nerve terminal fields has been described in monkeys
[243]. The urethral rhabdosphincter of both men and
women contain neuronal nitric oxide synthase (nNOS)
which is contained in a subpopulation (43%) of the
muscle fibers, as well as nerve fibers, with
concentration at the neuromuscular junction [244-
246]. Additionally, nNOS has been localized to
pudendal motor neurons which innervate the
rhabdosphincter [247, 248]. nNOS is responsible for
producing the transmitter nitric oxide. While NO is
known to increase cGMP levels in many types of
smooth muscle; its role in control of striated muscle
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and neuromuscular junction function is not well
established [249]. An NO donor has been shown to
reduce urethral pressures at the level of the
rhabdosphincter [250], but it is difficult to conclude if
the effect is on smooth or striated muscle.

Some evidence suggesting that the rhabdosphincter
receives a “triple innervation” from somatic, para-
sympathetic, and sympathetic nerves [251] was based
on anatomical studies that showed these fibers within
the portion of the urethra that contains striated muscle
fibers. However, this suggestion has been disputed
by subsequent studies [252] that showed no
physiological effects of autonomic nerve stimulation
on striated sphincter function and showed that the
autonomic fibers are only “passing through” the outer
layer of striated muscle to reach the inner layers of
smooth muscle.

a) Urethral and Anal Rhabdosphincter Motor
Neurons and Sensory Innervation

Extensive hodological studies locate pudendal motor
neurons that innervate the urethral and anal
rhabdosphincters (and bulbocavernosus and
ischiocavernosus) muscles along the lateral border of
the sacral ventral horn in Onuf’s nucleus (Figure 11E)
in man [253] monkey [218, 254], dog [212], cat [219,
220], hamster [255] and guinea pig [256]. Studies in
cats [219], monkey [218], and man [253] show that
within Onuf’s nucleus, urethral rhabdosphincter motor
neurons occupy a ventrolateral position and anal
rhabdosphincter motor neurons occupy a dorsomedial
position within the confines of Onuf’s nucleus.

However in other species, urethral and anal sphincter
motor neurons are located in separate nuclei. In
rat(216), anal sphincter (and bulbospongiosus) motor
neurons are located medially in the ventral horn, just
ventrolateral to the central canal; while the urethral
sphincter (and ischiocavernosus) motor neurons are
located in the same region as others species, i.e.
along the lateral edge of the ventral horn. In the
domestic pig [257] and Mongolian gerbil [258], anal
sphincter (and bulbospongiosus) motor neurons are
located just dorsolateral to the central canal.

Sphincter motor neurons are exceptionally different
from motor neurons that innervate other striated (i.e.
skeletal) muscles. They are densely packed within
the confines of Onuf’s nucleus and exhibit tightly-
bundled dendrites that run rostrocaudally within the
confines of the nucleus, and transversely into the
lateral funiculus, dorsally towards the sacral
parasympathetic nucleus, and dorsomedially towards
the central canal [219, 259]. This is similar to dendritic
projections of bladder preganglionic neurons [260]and
very different from that of limb motor neurons,
suggesting that EUS motor neurons and preganglionic
neurons receive inputs from similar regions of the
spinal cord. It has been suggested that the dense



packing and dendritic bundling of sphincter motor
neurons may be related to their special sphincteric
function and may facilitate simultaneous activation of
all sphincter motor units. Recurrent axon collaterals
[259] in the absence of recurrent inhibition [232, 261]
suggests a recurrent facilitation that may also reinforce
simultaneous activation. Because the rhabdos-
phincters are not attached to bone, efficient closure
of the sphincter requires symmetrical contraction of
all motor units simultaneously, i.e. partial contraction
in one part of the “circle” would be defeated by
relaxation in another region, like squeezing a balloon
only on one side. It has been suggested that the
arrangement of somatic motor nerve terminals
bilaterally at dorsolateral and ventrolateral positions
in the urethra provide symmetrical activation and force
generation [242].

In addition to their unique morphology, rhabdosphincter
motor neurons are also physiologically distinctive from
skeletal muscle motor neurons in that they do not
exhibit significant monosynaptic inputs [232], Renshaw
cell inhibition [232], nor crossed disynaptic inhibition
[261]. The passive membrane properties (e.g. high
input resistance, low rheobase, short after-hyperpo-
larization, membrane bistability, non-linear responses
to depolarizing current injection, which was recently
reviewed [262]) are uniquely conducive to simul-
taneous, prolonged, tonic activity, in keeping with the
anatomical and functional properties described above.

While various studies have characterized primary
afferent neurons of the pudendal nerve [216, 219,
263], it is difficult to specifically characterize the
sensory innervation of the sphincters per se since
the pudendal nerve innervates many visceral structures
(e.g. urethra, genitalia, rectum, vagina) in addition to
rhabdosphincters. However, the absence of labeling
of the largest sensory neurons in sacral dorsal root
ganglia following application of tracers to the pudendal
nerve suggests that the sensory innervation of the
rhabdosphincters does not contain large fiber sensory
endings such as muscle spindles, Golgi tendon organs,
or Pacinian corpuscles. Furthermore, multiple
investigators using various techniques have not found
muscle spindles or Golgi tendon organs in the
rhabdosphincters themselves, nor have they found
evidence of the large myelinated nerve fibers (i.e.
Type la and Ib) associated with muscle spindle and
Golgi tendon organs in the pudendal nerve [224, 226-
230]. This is consistent with the absence of small y
motor neuron axons (which innervate muscle spindles)
in the pudendal nerve [228] and the absence of
rhabdosphincter connections to bone by tendons.

Local injection of HRP targeted to the urethral and anal
rhabdosphincters [219] produced labeling of the spinal
terminals of primary afferent neurons in lateral and
medial lamina |, the intermediate gray matter, and
the dorsal commissure gray matter. Since the HRP
likely spread beyond striated muscle fibers into other
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tissues of the urethra and rectum, it is possible that
this afferent labeling is associated with the viscera
and not necessarily the striated muscle fibers.
However, since no labeling was seen in large diameter
primary afferent neurons nor in terminals in medial
lamina VI, an area where large diameter myelinated
fibers of muscle spindle and Golgi tendon organs
nerves terminate [235, 236] it is again reasonable to
conclude that the rhabdosphincters are not significantly
innervated by large myelinated nerve fibers typically
associated with other striated muscle.

b) Segmental Activation of Urethral and Anal
Rhabdosphincters

Rhabdosphincter motor neurons can be activated via
segmental [231-233, 264, 265] and descending
pathways [232, 266, 267]. The segmental inputs can
be activated by stretch receptors and nociceptors in
the bladder or urethra or genitalia [268-271].
Electrophysiological studies [231, 233, 234, 264, 265,
272] show that stimulation of either pelvic nerve or
pudendal nerve afferent fibers can activate
polysynaptic spinal segmental reflexes that can be
recorded at a latency of about 10 msec from electrodes
placed on pudendal nerve efferent fibers or inserted
directly into the urethral or anal rhabdosphincter
muscles.

Previously, the afferent inputs from the urinary bladder
have been emphasized as being of primary importance
for activation of the segmental reflex by pelvic nerve
stimulation and is often referred to as the “guarding
reflex” or “continence reflex”. However, recent studies
are placing greater emphasis on urethral afferent
fibers [269, 271, 273] mediating spinal reflex activation
of the urethral rhabdosphincter. It is tempting to
speculate that the guarding reflex is actually activated
more vigorously by urethral afferent fibers if urine
inadvertently begins to pass through the bladder neck
and into the proximal urethra, with a requirement for
a rapid closure of the more distal urethral sphincter
(i.e. guarding against urine loss) compared to simple
bladder distension or increases in intravesical
pressure.

The greater importance of urethral afferent fibers is
also suggested by experiments where bladder afferent
fibers are electrically stimulated. For example, [233]
were unable to evoke pudendal nerve firing with
electrical stimulation of pelvic nerve fibers close to
the bladder in a high number of cats but were able to
evoke firing with placement of electrodes more
centrally on the pelvic nerve. In our lab (Karicheti and
Thor, unpublished observations), we have also found
that stimulating nerve bundles close to the bladder is
often ineffective in producing a spinal reflex to the
urethral rhabdosphincter and/or pudendal nerve, while
in the same animals it is possible to consistently evoke
a reflex by moving centrally on the pelvic nerve, which
would include fibers from the urethra. Since the more
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Figure 12 : Activation of a ‘Spinal, Urine-Storage-Reflex, Inhibitory Center’ (SUSRIC) and reduction of inhibition
by 5-HT1A receptor stimulation. A-C) Averaged tracings (10 sweeps each) of evoked potentials recorded from
the urethral rhabdosphincter (URS EMG, top traces) and the hypogastric nerve (HN, bottom traces) resulting
from paired pulses of electrical stimulation (1 V, 0.05 msec, 0.5 Hz) of pelvic nerve (PN) afferent fibers (arrows)
with a delay of 100 msec between first and second stimuli in each trace, in chloralose-anesthetized female
cats. A) Control. Note that the evoked potentials elicited by the first stimulus (i.e. ‘condition’ stimulus)
recorded at 10 msec on the URS and 60 msec on the HN are much larger than the evoked potentials elicited
by the second stimulus (i.e. ‘test’ stimulus). (The evoked potentials resulting from the test stimulus are
denoted by an *. B) After administration of the 5-HT1A receptor agonist, 8-OH-DPAT, note that there is a small
increase in the condition URS EMG evoked potential but a remarkably larger increase in the test URS EMG
evoked potential (), indicating that the inhibition of the URS EMG test potential by the conditioning stimulus
is reduced. Also note that 8-OH-DPAT had no influence on the inhibition of the HN evoked potential. C)
Subsequent administration of WAY100635, a 5-HT1A receptor antagonist after 8-OH-DPAT restores the
inhibition. Note that the inhibition of the test pulse by the conditioning pulse has been restored to control
values. D) Graph showing the relationship between the amplitude of the URS EMG test evoked potential
(expressed as a percentage of the amplitude of the conditioning evoked potential) versus the condition-test
(C-T) interval (ie. time between first and second of the paired pulse stimulations) during the control period
(blue squares, n=12), following 8-OH-DPAT (red triangles, n=8), and subsequent WAY 100635 (green circles,
n=8). Remarkably, 8-OH-DPAT produced no change in the paired pulse inhibition of the HN evoked potential.
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Figure 12 : (Ctd) Importantly, acute spinal transection at the T10 level produced only a small decrease in the
paired pulse inhibition, indicating that inhibition is mediated by a spinal network. No effects of 8-OH-DPAT
on the paired pulse inhibition were seen in animals following acute T10 spinalization, indicating that the
5HT1A receptors responsible for diminishing the paired pulse inhibition are located supraspinally. E-F)
Tracings of URS EMG potentials evoked by repetitive stimulation of the pelvic nerve (PEL) at a frequency of
5-Hz for 10 sec. at 1V, 0.05 msec pulse. E) Note that during the control period that the amplitude of the second
and subsequent PEL-URS evoked potentials are considerably reduced compared to the first potential. F) Note
that after 8-OH-DPAT that the amplitude of the second and subsequent potentials are much less reduced (from
Thor, 2008).
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central electrode placement would also activate colonic
and genital afferent fibers, additional experiments are
needed to specifically compare urethral versus bladder
versus colonic pelvic afferent fibers in evoking the
“guarding reflex”.

Electrical stimulation of pudendal afferent fibers also
evokes a spinal reflex activation of the rhabdosphincter
[233, 274]. Since some urethral afferent fibers (as
well as rectal, genital, and cutaneous afferent fibers)
also travel in the pudendal nerve, it is possible that
the spinal urethral rhabdosphincter activation by
pudendal afferent stimulation is also a manifestation
of the “guarding reflex”.

4. SPINAL URINE-STORAGE-REFLEX
INHIBITORY CENTER (SUSRIC)

While electrical stimulation of pelvic and pudendal
afferent fibers can activate urethral sphincter motor
neurons via a spinal reflex, these same stimuli also
produce an inhibition of urethral sphincter motor
neurons in cats. In early studies of McMahon et al.,
[233] an inhibition of pudendal nerve spontaneous
activity occurred for a period of 50 - 1,000 msec
following pelvic nerve stimulation.

Recently, this inhibitory effect has been characterized
using electrical stimulation of pelvic (PEL) and
pudendal (PUD) nerve afferent fibers and recording
of evoked potentials with urethral rhabdosphincter
(URS) EMG electrodes (i.e. PEL-URS and PUD-URS
reflexes, respectively) in cats [275]. In addition to
recording these somatic motor urine storage reflexes,

electrodes were also placed on the hypogastric (HgN)
nerve (i.e. PEL-HgN and PUD-HgN reflexes,
respectively) to record sympathetic urine storage
reflexes. Both the somatic and sympathetic urine
storage reflexes are reliably evoked when the
frequency of PEL or PUD stimulation is below 1 Hz
(Figure 12A-C). However, when the frequency is
raised to 5 Hz or higher, the amplitudes of the reflexes
immediately drop (Figure 12E). This is not a “rundown”
phenomenon because the reflex drop occurs
immediately after the first stimulus (i.e. upon application
of the second impulse in a given frequency’s series
of pulses). This suggested that the first stimulus was
activating an inhibitory circuit that blocked the second
and subsequent stimuli’s ability to evoke the reflex
(Figure 13).

The activation of an inhibitory circuit was shown in
anesthetized cats [275] using a paired-pulse or
condition-test paradigm, where the first stimulus of a
pair (i.e. the condition pulse) precedes the second
stimulus of the pair (i.e. the test pulse) by incremental
times (i.e. 10, 20, 50, 100, 200, 500, 1,000 msec). This
paradigm showed that when a second (i.e. paired or
test stimuli) stimulus was applied to the PEL and/or
PUD nerve 50 - 500 msec after the first stimulus, the
reflexes evoked by the second stimulus were reliably
inhibited (Figure 12A,D). The paired pulse inhibition
was maximal (2Nd stimulus evoked potential was
< 20% of the 1St stimulus evoked potential) at paired
intervals of 50 - 100 msec and gradually disappeared
at paired intervals of 1,000 msec or more (Figure
12B,D). A possible clinical correlation of SUSRIC

Spinal Urine-Storage-Reflex Inhibitory Center

(SUSRIC)
Central Nervous System
Supraspinal 5- HT,,
receptor stimulation
reduces SUSRIC inhibition
Storage refloxes mj

Hypogastric nerve

Inhibition

Pelvic nerve

Onuf’s
nucleus

Figure 13 : Diagram showing the somatic and sympathetic urine storage reflexes as previously described
(from Thor, 2004). Pelvic and pudendal nerve stimulation, in addition to activating the rhabdosphincter motor
neurons in Onuf’s nucleus and the sympathetic preganglionic neurons (SYM) to cause contraction of urethral
striated and smooth muscle, respectively, also activates a “spinal, urine-storage-reflex, inhibitory center
(SUSRIC) that inhibits both storage reflexes for 50-1,000 msec.

Bladder

Pudendal Inhibition
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activation may be the elegant demonstration that
conditioning stimuli applied to the dorsal nerve of the
penis (i.e. pudendal nerve afferent fibers) inhibited
urethral rhabdosphincter contractions reflexively
evoked by magnetic stimulation of the spinal cord at
intervals of 20 - 100 msec [276].

The threshold stimulus intensity for evoking inhibition
in cats was the same as the threshold stimulus intensity
for evoking the reflex, suggesting the same, or similar
sized, fibers activate both the reflex and SUSRIC.
Inhibition of both the PEL - URS EMG and PEL - HgN
evoked potentials showed similar intensity-response
characteristics. The inhibition could be evoked by
homologous (PEL after PEL and PUD after PUD) or
heterologous (PUD after PEL or vice-versa) pulse
pairing. Furthermore, stimulation of PEL afferent fibers
close to the bladder, which did not evoke a URS reflex,
also produced inhibition of the PEL - URS reflex
evoked by an electrode placed more centrally on the
PEL nerve that did evoke a PEL - URS reflex. This
indicates that the inhibition is not due to refractoriness
of the rhabdosphincter motor neurons.

The paired pulse inhibition was slightly reduced (10-
15%) but otherwise similar after acute spinal
transection at T, indicating that the inhibitory circuit
activated by the conditioning stimulus is located in
the spinal cord. Inhibition of the PEL - URS reflex
also remained after a spinal transection at the L5
level suggesting that the inhibitory circuit is located
within the same segment as the PEL - URS reflex
pathway (i.e. sacral cord). (Since Lg spinalization
interrupts the PEL - HgN reflex, which precludes
testing for its inhibition, we cannot speculate on the
location of the inhibitory circuit for the PEL - HgN
reflex except that it is caudal to T1(g.) Since this
inhibitory center is located in the spinal cord, and
inhibits both the somatic and sympathetic storage
reflexes evoked by either PEL or PUD stimulation,
the name, “spinal, urine-storage-reflex, inhibitory
center” (SUSRIC), is suggested.

The two nerves that are effective for activating the
SUSRIC, the pelvic and pudendal nerves, have spinal
terminals that densely project to the dorsal gray
commissure region of the sacral spinal cord [219,
277]. This is also an area that contains inhibitory
GABAergic and glycinergic neurons that are thought
to mediate urethral rhabdosphincter inhibition during
micturition [278, 279]. Because pelvic and pudendal
nerves densely innervate this same region of the
spinal cord, it is tempting to speculate that these
GABAergic and glycinergic neurons are also the
inhibitory cellular substrate of SUSRIC. Requirement
of multiple, parallel inputs to SUSRIC from pelvic
nerve axons (e.g. bladder afferent neurons), pudendal
nerve axons (urethral afferent neurons), and
descending axons from the pontine micturition center
might be valuable to prevent sphincter relaxation
unless all 3 systems “agreed” that micturition should
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proceed. On the other hand, redundant inputs might
also be valuable to ensure initiation and maintenance
urethral sphincter inhibition until micturition is complete
and all urine has flowed out of the bladder and
completely through the urethra prior to urethral closure.
Experiments to test this model are needed.In addition
to its physiological role, overactivity of SUSRIC may
be involved in the pathology of stress urinary
incontinence, while under activity may be involved in
bladder-sphincter dyssynergia or retentive urinary
dysfunction such as Fowler’s syndrome [280].

* 5-HT1 A Receptor Regulation of SUSRIC

Administration of the 5-HT1p receptor agonist, 8-
hydroxy-dipropylaminotetraline, 8-OH-DPAT, signifi-
cantly reduced the paired pulse inhibition of the
SUSRIC to 20% of control in spinal intact animals
(Figure 12A-D) [275]. The 8-OH-DPAT-induced
reduction in paired pulse inhibition was reversed by
WAY 100,635, a highly selective 5-HT1a receptor
antagonist, which confirms the role of 5-HT1a
receptors in suppressing SUSRIC. 8-OH-DPAT also
enhanced the ability of the PEL - URS reflex to follow
high frequency (i.e. 2 - 10 Hz) stimulation (Figure
12E-F). Importantly, 8-OH-DPAT reduced the inhibition
in spinal cord intact cats but not in animals with an
acute T4 spinal transection, indicating that 5-HT 1A
receptors are working supraspinally, probably to inhibit
a descending excitatory input to SUSRIC (i.e.
disfacilitation of the inhibitory center).

Previous urodynamic studies in anesthetized cats
[281-283] support the supraspinal location of 5-HT1 A
receptors that facilitate urethral rhabdosphincter
activity. This support stems from urodynamic studies
that showed a remarkable enhancement of spon-
taneous urethral rhabdosphincter EMG activity in the
chloralose-anesthetized cat irritated bladder model
when the spinal cord is intact [283] but not when the
spinal cord is transected, even after spinal bladder
reflexes have emerged following spinal shock [281,
282]. In other words, it is proposed that 8-OH-DPAT’s
enhancement of urethral rhabdosphincter activity
results from stimulation of supraspinal 5-HT1A
receptors, which subsequently results in a reduction
of SUSRIC-mediated inhibition of rhabdosphincter
motor neurons, i.e. excitation results from disinhibition
(Figure 13).

a) Supraspinal Activation of Rhabdosphincters
and Pelvic Floor Muscles

Supraspinal activation of urethral and anal
rhabdosphincter motor neurons includes voluntary
inputs (i.e. corticospinal [254]), as well as involuntary
reflexic inputs (e.g. during coughing, sneezing,
vomiting) presumably from nucleus retroambiguus in
the caudal medulla [267, 284-286]. Nucleus
retroambiguus also innervates the pelvic floor muscle
[285, 286], as well as the abdominal muscles; consist



with a role in raising intra-abdominal pressure during
Valsalva maneuvers. Generally, the pelvic floor and
rhabdosphincter muscles are activated as a functional
unit when voluntarily contracted. However, differences
in activation between the rhabdosphincter and the
pelvic floor muscles have been documented [287],
indicating distinct CNS control systems and
innervation. Clinical EMG recordings show that even
during sleep, activity can be recorded from specific
rhabdosphincter motor units [288].

Rhabdosphincter motor neurons are unique among
somatic motor neurons in receiving input from the
paraventricular hypothalamus[266], although the
function of this input has not been determined. In
addition, their input from brainstem serotonergic and
noradrenergic neurons is among the most dense in
the spinal cord [289-292]. Finally, rhabdosphincter
motor neurons also receive input from the “L region”
of the pons that might be important for maintaining
continence, since a lesion in this area produced
continuous incontinence in a cat [293].

1. RELATIVE CONTRIBUTION FROM LEVATOR ANI NERVE,
PUDENDAL NERVE, AND HYPOGASTRIC NERVE IN
CONTINENCE MECHANISMS DURING SNEEZING IN RATS

AND CATS

Analysis of the urethral closure mechanisms during
sneeze-induced stress conditions in anesthetized
female rats and cats has revealed that pressure
increases in the middle portion of the urethra are
mediated by reflex contractions of the rhabdosphincter
as well as the pelvic floor muscles [294, 295].
Transection of the pudendal nerves reduced sneeze-
induced urethral reflex responses by 67% and
transecting the nerves to the iliococcygeus and
pubococcygeus muscles reduced urethral reflex
responses by an additional 25%.

Transecting the hypogastric nerves and visceral
branches of the pelvic nerves did not affect the urethral
reflexes indicating that sneeze-evoked urethral reflexes
in normal rats were not mediated by these autonomic
pathways. However, hypogastric nerve transection in
conscious, chronic spinal cord injured, female rats
reduced urethral baseline pressure, reduced post-
void residual urine volumes, reduced maximal voiding
pressure, and increased voiding efficiency. This
indicates that sympathetic pathways to the bladder
neck and proximal urethra contribute to urethral
pressure and functional outlet obstruction and voiding
dysfunction after spinal cord injury in unanesthetized
animals(296).

2. NEUROCHEMICAL ANATOMY OF URETHRAL RHABDO-
SPHINCTER MOTOR NEURONS

In addition to their unique morphology, neuro-
physiology, and supraspinal inputs, rhabdosphincter
motor neurons in Onuf’s nucleus also exhibit a plethora
of unique and highly diverse neurotransmitter inputs,
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receptors, ion channels, and growth factors (Table
3). While many of the markers listed in Table 3 are likely
involved in rhabdosphincter control, it is dangerous to
assume a role in rhabdosphincter control based strictly
on anatomical association with Onuf’s nucleus, since
some motor neurons in Onuf’s nucleus innervate the
ischiocavernosus and bulbospongiosus muscles and
thus may be involved in control of sexual function.
The following section will offer some guidance
regarding which transmitter and receptor systems are
involved in control of rhabdosphincter function.

5. PHARMACOLOGY OF URETHRAL AND ANAL
RHABDOSPHINCTERS

The excitatory amino acid neurotransmitter, glutamate,
mediates initiation of action potentials in rhabdo-
sphincter motor neurons (and subsequent rapid
contraction of the muscle) by binding to NMDA and
AMPA receptors. Both spinal reflex activation and
supraspinal activation of the rhabdosphincter are
sensitive to NMDA and AMPA receptor antagonists
[297-299]. Thus it is useful to think of these transmitters
as part of the “hardwired” reflex circuitry that is involved
in all or none activation of consistent and reliable
storage reflexes, as compared to monoamines and
peptide transmitters (see below), that play a role as
modulators of the reflexes, increasing or decreasing
the gain of the reflexes transmitted by the excitatory
amino acids.

The inhibitory amino acids glycine, acting through
strychnine-sensitive ionotropic receptors [279, 300],
and GABA, acting through both GABA-A (ionotropic)
and GABA-B receptors (metabotropic) [257, 301, 302]
are thought to be major inhibitory transmitters
regulating rhabdosphincter activity. Clinical studies
have indicated that systemic [303] and intrathecal
[304, 305] administration of the GABA-B agonist,
baclofen, may reduce bladder-sphincter dyssynergia
in some neurogenic bladder patients. However,
because of the ubiquity of glycine and GABA in
mediating inhibition of multiple systems, pharma-
cological studies linking either of these transmitters
(or any other inhibitory transmitter) to the inhibition of
rhabdosphincter activity during voiding are not
definitive.

In addition to amino acid transmitters, the monoamine
transmitters (serotonin and norepinephrine) are also
important in modulating rhabdosphincter motor neuron
activity [306]. It was the preferential association of
norepinephrine and serotonin terminals [289-292] that
led to extensive studies of noradrenergic and
serotonergic control of rhabdosphincter function and
eventual clinical studies of duloxetine, a norepinephrine
and serotonin reuptake inhibitor, as a treatment for
stress urinary incontinence [270, 307-311]. Elegant
studies in humans using magnetic stimulation of brain
and sacral nerve roots [312] have indicated that
duloxetine increases the excitability of rhabdosphincter



motor neurons to both supraspinal and segmental
inputs and to double urethral pressure responses to
sacral nerve root magnetic stimulation. Importantly,
duloxetine’s ability to increase urethral rhabdosphincter
activity did not interfere with the inhibition of sphincter
activity during voiding (i.e. bladder-sphincter synergy
was well-maintained). Similar clinical results have
been seen with S,S-reboxetine, a selective norepi-
nephrine reuptake inhibitor [313, 314]. This approach
of increasing synaptic levels of serotonin and/or
norepinephrine is logical since, it has been shown
that noradrenergic and serotonergic terminals
associated with rhabdosphincter motor neurons show
an age-dependent decrease in density in rats [315]
that might explain the increased incidence of stress
incontinence with aging.

Multiple adrenergic receptor subtypes play a role in
control of the rhabdosphincter, and the results with
norepinephrine reuptake inhibitors indicate that these
receptors can be activated by endogenous
norepinephrine in anesthetized cats [272]. Strong
evidence exists that a4 adrenoceptors excite rhab-
dosphincter motor neurons [272, 316, 317]. Patch
clamp studies [318] have shown a direct depolarizing
effect of norepinephrine on rhabdosphincter motor
neurons (Figure 14D) that can be blocked by the a1
adrenoceptor antagonist, prazosin. Similar conclusions
regarding the excitatory effects of a4 adrenoceptors
on rhabdosphincter neurons have been reached in
clinical studies [317] where decreases in rhabdo-
sphincter activity were seen after administration of
prazosin to human subjects. On the other hand, strong
evidence exists that ap adrenoceptor stimulation has
the opposite effect, i.e. inhibition, of rhabdosphincter
activity [272, 319]. Importantly, the innervation of the
urethral and anal smooth muscle (i.e. the hypogastric
nerve) shows similar adrenergic pharmacology - an
enhancement of activity by a1 adrenoceptors [272,
316, 320] and inhibition of activity by oo adrenoceptors
[272, 316, 321].

Multiple subtypes of serotonin (5-hydroxytrptamine,
5-HT) receptors are also involved in modulating
rhabdosphincter motor neuron excitability. Strong
evidence exists that 5-HT2 receptors can excite
sphincter motor neurons [274]. Indeed duloxetine’s
facilitatory effects on rhabdosphincter activity in
anesthetized cats are mediated in part through
activation of 5-HT2 receptors [270]. Both 5-HTop and
5-HT2¢ receptor agonists increase rhabdosphincter
EMG activity in dogs, guinea pigs, and rats [322, 323].
Recent in vitro rat spinal cord slice patch clamp studies
show that part of this effect may be directly on
rhabdosphincter motor neurons, as opposed to
interneurons [318], since 5-HT induces a direct
depolarization of rhabdosphincter motor neurons
(Figure 14E). Interestingly, substance P, a peptide
transmitter that is co-localized with 5-HT in raphe
spinal nerve terminals, also produces direct

195

depolarization of rhabdosphincter motor neurons in rat
spinal cord slices [324], and thyrotropin releasing
hormone (TRH), another peptide transmitter co-
localized with 5-HT in nerve terminals, induces
excitation of rat sphincter activity [325, 326] in vivo.

A peculiar finding regarding 5-HT2 receptor-induced
activity of pelvic nerve-evoked rhabdosphincter
reflexes in chloralose-anesthetized cats is that the
effect is highly reproducible when the spinal cord is
isolated (i.e. acute Tq1 transection), but it is highly
variable and statistically insignificant when the spinal
cord is intact [274]. This suggests that supraspinal 5-
HT2 receptors have an opposing, inhibitory, effect
that counteracts their spinal, excitatory, effect. Whether
this phenomenon is an artifact of anesthesia and/or
is specific to cats is important to determine.

Immunohistochemical and molecular studies in
humans and dogs [322] have shown that 5-HT2p, 5-
HT2pg, and 5-HT2( receptor subtypes are associated
with Onuf’s nucleus motor neurons. In addition, 5-
HT2oc receptor mRNA has been localized to anal
sphincter motor neurons in the rat [327]. On the other
hand, another immunohistochemistry study with
retrograde labeling of urethral rhabdosphincter motor
neurons and ischiocavernosus motor neurons in rats
indicates that the 5-HT 5 receptor is associated with
the former, while the 5-HTp receptor is preferentially
associated with the latter [328].

As described in the previous section on the SUSRIC,
supraspinal 5-HT1p receptor stimulation enhances
rhabdosphincter activity in cats [275, 281-283].
Importantly, the excitatory effects of 5-HT 1 A receptor
agonists on the rhabdosphincter can still be “over
ridden” by inhibitory mechanisms during voiding, i.e.
bladder-sphincter synergy remains despite 8-OH-
DPAT-induced enhancement of rhabdosphincter
activity [275, 281-283].

The effect of 5-HT 1A receptors on rhabdosphincter
activity in rats is more complicated. Firstly, rats do
not show an inhibition of rhabdosphincter activity
during voiding like cats and humans but, instead,
show a high frequency bursting (or “phasic firing”) of
rhabdosphincter EMG activity during micturition [329].
This bursting is actually necessary for efficient voiding
in rats presumably by creating a “pumping” action
through the urethra. When the spinal cord is
transected, this bursting disappears and rats present
with urinary retention. Although the bursting is not
seen in anesthetized spinal rats at any time [329], in
conscious spinal rats, the rhabdosphincter EMG
bursting gradually returns in some animals across a
period of 6 weeks [330]. Interestingly, 5-HT1 A receptor
stimulation can unmask the bursting rhabdosphincter
EMG activity in the anesthetized spinal rat [282, 331].
Chang et al [331] further showed that the center
responsible for bursting activity in spinal rats was
located between the T11 and L4 spinal segments. In
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Figure 14 : Monoaminergic modulation of sphincter motor neurons recorded using patch clamp electrophysiology.
A-C) Visual identification of rat urethral sphincter motor neurons. A. Retrograde labeling of dorsolateral
nucleus (DLN) motor neurons was accomplished by fluorescent dye injections into the urethral sphincter
(adult), or the ischiorectal fossa (neonate). Dye was transported through the motor branch of the pudendal nerve
to the lumbar spinal cord. B. Composite fluorescence and low-light image showing Dil-labeled DLN neurons
in the ventral horn of an adult rat lumbar spinal cord section. The dotted line denotes the grey/white matter
boundary, and the dorsal surface is oriented toward the top of the page. C. Enlarged neurons from B with a
patch-clamp electrode schematic to demonstrate electrophysiological recordings from DLN neurons. Calibration
bars are 80 um (B) and 20 um (C). D-E) Either norepinephrine (NE) or serotonin (5-HT) was bath applied to rat
lumbar spinal cord slices containing Dil-labeled dorsolateral nucleus neurons. D. NE (1 uM) produced a
reversible depolarization and action potential firing. E. 5-HT (10 uM) also produced a reversible depolarization

and action potential firing (from Burgard, 2008).
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the studies of Gu et al [282], 5-HT1p receptor
stimulation had no influence on the asynchronous
rhabdosphincter activity that precedes, and follows,
micturition-associated bursting, it only re-organized the
activity into the bursting or phasic characteristics that
accompany micturition.

Another aspect of 5-HT1 A receptor function in rats can
be seen from studies of pelvic nerve-to-rhabdo-
sphincter reflex potentiation. Early studies showed
that this reflex can be potentiated by prolonged, low
frequency electrical stimulation of the pelvic nerve
and by bladder distention [332-334]. Subsequent
studies showed that the potentiation involved a 5-
HT1A receptor-based link [335].

An interesting and possibly important comparison
between drug effects on rhabdosphincter activity in cats
and rats is also shown with k2 opioid receptors. In cats,
the « opioid receptor agonist, ethylketocyclazocine,
selectively inhibits spinal rhabdosphincter reflexes
[234]. In rats, it was found that a k2 opioid receptor
agonist inhibits the rhabdosphincter bursting pattern
associated with micturition, leading to decreased
voiding efficiency [336]. In these studies, k opioid
receptor stimulation had no influence on the
asynchronous rhabdosphincter activity that precedes
and follows micturition-associated bursting.

Thus there may be parallels between excitation of
rhabdosphincter reflexes in cats with enhancement of
rhabdosphincter bursting activity in rats on one hand
(5-HT1 a receptor-mediated), and inhibition of rhabdo-
sphincter motor neurons in cats and suppression of
bursting activity in rats on the other hand (k opioid
receptor-mediated). The fact that asynchronous
rhabdosphincter activity in rat was not affected by
either 5-HT 1 A or k opioid receptor stimulation highlights
differences in the organization of the asynchronous
(spinal) and micturition associated-bursting (su-
praspinal) reflex control in rats.

Another possible parallel for exploration of
rhabdosphincter function in rats might lie in comparing
the above spinal micturition-associated rhabdo-
sphincter bursting center with the spinal ejaculation
center in rats: both centers are located in the mid-
lumbar spinal cord [331, 337, 338], both centers exhibit
“bursting” [329, 339]; 5-HT 1A receptor agonists can
facilitate both activities [340-342], k opioid receptor
agonists inhibit both activities [336, 343]. Of course
it must be appreciated that differences between the
two “bursting centers” exist (i.e. the former activates
rhabdosphincter motor neurons while the latter
activates bulbospongiosus motor neurons, the former
has a period of 6 Hz while the latter has a period of
0.5 Hz).

Future Pelvic Floor Research Needs

The controversy regarding a contribution of the
pudendal nerve to the innervation of the levator ani
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muscles should be addressed. As a first step,
agreements regarding nomenclature should be
established in regards to which muscles actually
comprise the levator ani (i.e. should the definition
include only the pubococcygeus, iliococcygeus, and
coccygeus muscles or should it include the
puborectalis, urethralis, urethrovaginal sphincter, the
compressor urethrae; etc.). Careful characterization
of these various muscles based on physiological
criteria such as embryological origin, skeletal sites of
origin and insertion, compartmentalization imposed by
connective tissue boundaries, myofiber phenotype, and
sensory structures (e.g. Golgi tendon organs and
muscle spindles) is likely to provide insight into which
types of motor neurons (i.e. alpha, gamma, or “special
somatic”) innervate each muscle and which nerve
carries their motor axons. Resolving this controversy
is important for a number of reasons: surgical
guidance, understanding iatrogenic pathologies, and
understanding physiological and pharmacological
control of the individual muscles.

A second important area regards the reflex control of
the levator ani muscles and viscerosomatic interactions
between pelvic floor muscles and pelvic viscera. While
visceral and somatic reflex control of the
rhabdosphincters has been extensively studied,
studies of levator ani muscle reflexes are few.
Understanding whether there are spinal reflex
connections between, for example, bladder afferent
fibers and levator ani motor neurons would further
our understanding of continence control. Similarly,
understanding anatomical connections between
rhabdosphincter and levator ani muscles are important.
Determining whether the cholera toxin B-labeled
processes of levator ani motor neurons located in
Onuf’s nucleus (Figure 11 D-E) are dendrites or axonal
collaterals may provide important insight into
understanding physiological coordination between
the pelvic floor and rhabdosphincters. Finally,
understanding the role of levator ani primary afferent
fibers in controlling lower urinary tract and bowel
function might explain indirect bladder symptoms that
might be induced by pelvic floor injury or suspension
surgeries, as well as physiological controls of levator
ani muscles over excretory function and vice-versa.
The abundant small diameter peptidergic afferent
fibers innervating pelvic floor muscle might also play
a role in the etiology of chronic pelvic pain syndrome
or interstitial cystitis; two conditions for which a frank
pathological cause has not been determined.

A third important area for study is the relative
importance of bladder afferent fibers versus urethral
/ bladder neck afferent fibers in eliciting the “guarding”
or “continence’ reflex. This is important since there are
phenotypic differences between these two groups of
afferent neurons in regards to neurotransmitter and
ion channel phenotypes(344) that might be exploited
to independently control urine storage and voiding
dysfunction.



IV. EFFERENT PATHWAYS TO THE
BLADDER

The motor arm of the lower urinary tract drives bladder
contraction during voiding and the outlet contraction
required for urine storage. In this section, spinal and
peripheral elements contributing to the motor activity
of the bladder is described, while the equivalent
structures for the bladder outlet are discussed in
section 1.

1. PREGANGLIONIC NEURONS

Parasympathetic preganglionic neurons are located
in the lateral part of the sacral intermediolateral gray
matter in a region termed the sacral parasympathetic
nucleus (SPN) and are small, fusiform-shaped cells
which send dendrites into lateral lamina | of the dorsal
horn, the lateral funiculus and medially into the dorsal
grey commissure (DGC). Bladder pre-ganglionic motor
neurons are located in the S1-S3 in the cat [361], dog
[362] and monkey [363]. In cat these motor neurons
are located ventrolaterally in the intermediolateral
column, with cells innervating the colon lying
dorsomedial. The guinea pig is similar; retrograde
labelling following bladder wall injections reveals
neurons bilaterally in the ventrolateral part of the
intermediolateral column at S1 [256]. The rat is
different, as preganglionic motor neurons are located
at L6-S1 [364]; unilateral ventral root rhizotomy at the
L5 level in the rat decreases peak cystometric
pressures [365].

The parasympathetic preganglionic neurones project
through the ventral spinal roots to the major pelvic
ganglion [366-368], releasing the excitatory transmitter,
acetylcholine. They are divided functionally into tonic
and phasic types. In some species they also release
opioid peptide transmitters and express nitric oxide
synthase [369]; there is also evidence of involvement
of pituitary adenylate cyclase activating peptide
(PACAP), a peptide present in visceral afferent
neurones, and of prostaglandins within the spinal cord
[370]. The DGC also contains a group of interneurones,
which are likely to be active during micturition [371,
372]. These DGC interneurones may influence the
function of the parasympathetic preganglionic neurons
[279, 371, 372].

At spinal levels L1-L2, both the intermediolateral horn
and the DGC contain sympathetic preganglionic
neurones whose axons project to the major pelvic
ganglion. With ageing, there is selective attrition of
preganglionic sympathetic neurones in L1-L2, which
project to the pelvic ganglion, with reductions in the
extent of the dendritic arbors of remaining cells [366,
367].

In man the preganglionic parasympathetic motor
nerves to the bladder (and other pelvic organs, the
rectum and descending colon) course through the
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pelvic nerves from the sacral anterior roots S2-S4.
Stimulating these roots with implanted electrodes
designed principally for bladder emptying in spinal
cord injury [373] elicits two principal responses at S3;
at low levels of stimulation, the external urethral
sphincter, external anal sphincter and pelvic floor
muscles are contracted. At high levels of stimulation,
parasympathetic activation contracts the detrusor
muscle, leading to efficient emptying of the bladder
when the sphincter muscle relaxes [374]. Attempts
to use extracorporeal magnetic stimulation to achieve
the same effect [375] have shown insufficient power
to activate the small parasympathetic neurons at the
level of the lumbar-sacral roots [376].

2. GANGLIA

The peripheral ganglia convey the autonomic
innervation to the lower urinary tract and reproductive
organs, along with a substantial part of the extrinsic
motor innervation of the lower bowel. There are
substantial species differences in organization and
neurochemistry of pelvic ganglion cells and their spinal
inputs. Large mammals have a plexus of pelvic and
intramural ganglia, containing both sympathetic and
parasympathetic neurons. The guinea pig is
intermediate in complexity, with separate posterior
and anterior plexuses innervating different pelvic
organs. In the rat and mouse, the pelvic plexus consists
of the major pelvic ganglia (MPG) and a number of
small accessory ganglia. In the rat there are two major
pelvic ganglia and small accessory ganglia, with less
cytological complexity and almost no intramural
ganglia.

The preganglionic input releases acetylcholine, which
acts on nicotinic receptors. Patients with megacystis-
microcolon-intestinal-hypoperistalsis syndrome
(MMHIS) [377] have reduced or no alpha-3 nicotinic
receptor subunit [378]. Selective gene knockout mice
lacking the alpha-3 nicotinic receptor subunit alone or
the beta-2 and beta-4 subunits in combination [379],
develop severe bladder distension soon after birth, and
later overflow incontinence. The detrusor muscle in
these animals contracts in response to field stimulation
or muscarinic agonists, but not nicotinic agonists [380],
indicating the potential importance of alpha-3, beta-
2, and beta-4 nicotinic receptor components in control
of voiding, but not their functional location.

Within the pelvic plexus there is topographical
representation of the pelvic organs. In the female dog,
neurons supplying different pelvic organs are located
in separate ganglia, which possess a distinctive
composition of neurone types and different
preganglionic supply [381]. Neurons retrogradely
labelled from the urinary bladder mainly occur in
ganglia located at the vesico-ureteric junction. They
comprise catecholaminergic calbindin neurons and
noncatecholaminergic neurons containing calbindin or
NOS, with relatively sparse pericellular varicose nerve
fibres.



In male mice [382], the major pelvic ganglia are close
to the dorsal surface of the prostate gland. Their main
inputs are the pelvic nerves, and the hypogastric
nerve from the inferior mesenteric ganglion. The major
outputs are the penile (cavernous) nerve and the
supply to the urogenital organs. Tyrosine hydroxylase
(TH) is expressed by one-third of neurons, almost all
co-expressing dopamine beta hydroxylase (DBH).
Numerous TH axons are present in the hypogastric
nerve, but very few in the pelvic nerve, supporting a
primarily sympathetic origin. Non-neuronal cells
containing TH are also present, resembling small,
intensely fluorescent (SIF) cells observed in many
other autonomic ganglia [382]. Neurons immuno-
stained for choline acetyl transferase (ChAT) have a
complementary distribution to noradrenenergic
neurons. About half of the cholinergic ganglion cells
contain VIP, distributed throughout most of the
ganglion, with a cluster near the origin of the penile
nerve [382]. Neurones with NPY are numerous and
apparently randomly distributed throughout the
ganglion, with marked variation between mouse
strains. All noradrenergic neurons contain NPY, but
many NPY neurons are not noradrenergic. Many of
the cholinergic NPY neurons also contain VIP. ChAT
is seen in varicose axon terminals closely associated
with ganglion neurons. Neither NPY nor VIP are
present in preganglionic terminals, except for a small
number of individual neurones. The latter may arise
from viscerofugal neurons in the myenteric plexus of
the lower bowel [383].

Autonomic ganglia are also found in the vicinity of
the bladder neck, trigone, proximal urethra and
prostate. They receive noradrenergic and cholinergic
excitatory innervation and non-cholinergic, non-
adrenergic inhibitory innervation [384]. Knowledge of

this distribution allows strategic planning for surgical
dissection (Figure 15). In ureteric reimplantation,
several branches of the pelvic plexus travel to the
ureterovesical junction and surround the distal ureter
as a fine network in the human. The main neural
elements are located 1.5 to 2 cm. dorsal and cranial
to the bladder trigone, and dorsal and medial to the
ureter in both female and male cadavers [385]. In the
context of hysterectomy, cadaveric dissections show
pelvic autonomic nerves are at greatest risk during
sacrouterine dissection [386], corresponding with
observed innervation density [387]. In addition
pathophysiological processes such as ageing can
influence the pelvic ganglia, for example the
postganglionic sympathetic neurones in the major
pelvic ganglion of rats [388, 389]. In the proximal
female urethra, virtually all of the NOS immunoreactive
cells also contain the carbon monoxide-synthesising
enzyme, haem-oxygenase- (HO-) 2, but of the HO-2
positive cells, 25% did not show NOS immunoreactivity
[3901].

The bladder wall itself contains intramural ganglia,
and small clusters of autonomic ganglion cells are
present in the adventitial connective tissue and among
the detrusor muscle bundles. There is species variation
in the extent of intramural innervation of the bladder;
ganglia are present in many species such as the
guinea pig [383], while the rat bladder contains the
post-synaptic innervation alone [391]. The ganglia
are found throughout the bladder wall and vary
considerably in size [91, 392]. They show immuno-
reactivity to vasoactive intestinal polypeptide (VIP),
nitric oxide synthase (NOS), neuropeptide Y (NPY) and
galanin (Gal) in varying amounts. However, they do
not contain enkephalin (ENK), substance P (SP),
calcitonin gene-related peptide (CGRP) or soma-
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Figure 15 (left panel): Dissection of superior hypogastric plexus, hypogastric nerves and two main portions
of pelvic plexus in male cadaver. B, bladder, PP, pelvic plexus, LHN, left hypogastric nerve, RHN, right
hypogastric nerve, IMA, inferior mesenteric artery, SHP, superior hypogastric plexus, U, ureter. Middle
panel: Left hypogastric nerve with network of pelvic plexus nerve bundles. Branches run to distal ureter
(U) and bladder (B) trigone. PP pelvic plexus, A, aorta, C inferior vena cava, LHN, left hypogastric nerve,
AMI, inferior mesenteric artery. Right panel: Preparation of distal ureter (U). Clamp is used to dissect nerve
bundles of pelvic plexus. B, bladder R, rectum N, pelvic plexus nerve fibre. From Leissner J., et al. 2001.
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tostatin (Som) [90], suggesting that cell bodies of
sensory neurones are not located in the intramural
ganglia. Postganglionic sympathetic nerves, identified
with antibodies to TH and NPY, also synapse on these
neurones. Nicotinic receptors have been identified
on intramural nerve cell bodies within the bladder
[380]. a1-adrenergic facilitatory receptors in bladder
parasympathetic ganglia (393).

The endothelins (ET-1, ET-5 and ET-3) mediate various
biological effects through two receptor subtypes ET-
A and ET-g. Electrostimulation of the sacral roots
responsible for bladder contraction in the pig leads to
detrusor activation with consecutive rise in bladder
pressure, which can be partly inhibited by an ET-p
receptor antagonist, probably by influencing the
atropine-resistant component of efferent detrusor
activation [394]. Both ET receptors are widely
distributed in the urinary tract. ET-1 modulates bladder
function [395], eliciting potent and long-lasting
contractions of detrusor muscle strips [396, 397]. Itis
synthesized locally and may be a paracrine mediator
of detrusor contraction [397]. The predominant receptor
sub-type in the bladder dome is ET-p [398].

3. TERMINAL NERVE FIBRES

The majority of nerves running in the detrusor stain
positively for acetylcholinesterase and for vesicular
acetylcholine transferase (VAChT) [392, 399] and are
thought to be parasympathetic. Putative postganglionic
sympathetic fibres immunoreactive for TH or NPY are
rare in the detrusor, although they are moderately
frequent in the suburothelium [92]. Nonetheless,
presynaptic a.1-adrenergic facilitatory receptors are
present on efferent parasympathetic nerve terminals
in the bladder wall [400, 401]. The parasympathetic
efferents release acetylcholine to stimulate muscarinic
receptors. However, the presence of additional
substances allows immunohistochemical subclas-
sification of nerve fibres, and raises the question as
to whether additional transmitters other than ACh
have a role in normal micturition function or disease
pathophysiology. Many nerve fibres contain NPY and
VIP, while some contain NOS or Gal. In the human
bladder, markers for sensory nerves (SP, CGRP and
neurokinin A) occur infrequently in nerves running in
the detrusor, in contrast to the suburothelial layer [90-
93]. In the mouse bladder, noradrenergic axons form
a sparse supply in the trigone muscle, are quite rare
in the detrusor muscle and are absent from the mucosa
[382]. Cholinergic axons are prevalent in muscle and
mucosa, with similar relative prevalence of co-localised
peptides in the two regions. In the muscle of the
trigone, the most common axons also contain both VIP
and NPY. In the detrusor muscle, the most common
axon type varied for the two strains studied.
Noradrenergic / NPY axons provide a dense supply
to blood vessels, in common with the other pelvic
organs. Many vessels also have a sparse supply of
VIP axons [382]. Cholinergic nerves are also present

200

in the suburothelium; most of them in addition contain
NPY and some contain NOS [92].

Smooth muscle cells in the bladder are grouped into
fascicles, several of which make up a muscle bundle.
They receive a dense innervation, which runs in line
with the axis of the fascicle and is derived from coarse
nerve trunks in the connective tissue around the
fascicles and bundles. This innervation mediates the
widespread co-ordinated detrusor contraction
accompanying voiding. The anatomical relationship
between the preterminal innervation and the muscle
fascicles has been described in a serial sectioning
study in the human bladder [402]. The nerve supply
is distributed by a series of dichotomous branchings,
illustrated schematically in Figure 16. Adjacent to the
muscle bundles, 1 or 2 primary nerve trunks run
parallel to the long axis of the bundle. These give rise
to circumferential peribundle branches. Both the
longitudinal and circumferential trunks give off
transverse interfascicular branches, entering the
bundle perpendicular to its long axis, approximately
at the midpoint of the bundle. Within the bundle they
give axial interfascicular branches running along the
long axis within and closely adjacent to individual
fascicles, ending in the preterminal and terminal
varicose intrafascicular axial innervation.

4. DESCENDING AND SPINAL SEGMENTAL
INFLUENCES ON SPINAL AUTONOMIC
CENTRES

In the spinal cord, several transmitters mediate the
effects of modulatory pathways that influence the
onward progression of efferent activity from the SPN.
Ascending and descending connections contribute
to micturition reflex control, in many cases involving
excitatory and inhibitory spinal interneurones between
sacral and lumbar spinal segments. In a rat model of
neurogenic bladder dysfunction (autoimmune
encephalomyelitis), an exaggerated descending
excitatory control arises at the spinal segmental level,
which gives rise to detrusor overactivity [403].

Some animals with autoimmune encephalomyelitis
develop detrusor areflexia rather than overactivity; in
these animals, the excitatory control is probably
dominated by segmental inhibition, mediated primarily
by glycine receptor activation. Spinal shock in rats
induces an alteration of glycine/glutamate
concentration ratio [404]. A change in the ratio of
excitation and inhibition was also observed in humans
suffering from spasticity and pain [405]. Ageing affects
many synaptic inputs [368]. This balance of inputs, and
the potential plasticity of neuronal circuits, is crucial
in understanding pathophysiological processes;
following injury to spinal roots, plasticity can create new
reflex circuits, including a somatic-CNS-bladder
reflex, whereby scratching the skin in specific
dermatomes may elicit bladder contractions [406-
408].



Glutamate Glutamate is present in the terminals of
primary afferent neurons in the spinal cord along with
interneurons and fibres originating in the medulla
oblongata. In general, glutamatergic neurons tend to
be excitatory, contrasting with generally inhibitory
effects of glycinergic neurons; however, excitatory/
inhibitory effects of transmitters can be reversed by
the nature of the post-synaptic neuron. Thus,
glutamatergic neurons can indirectly have an inhibitory
effect if an inhibitory neuron is interposed before the
ultimate target [409]. With ageing, there is a decrease
in the density of glutamatergic synaptic inputs, which
may influence urinary tract function [368]. Glutamate
acts on spinal neurons through a variety of receptor
subtypes. These include NMDA receptors, which are
important in controlling polysynaptic reflex pathways
at the lumbosacral levels. The NMDAR1 glutamatergic
receptor sub-unit is present in the spinal cord of male
rats, and is expressed in the SPN. Glutamate is present
in the dorsal root ganglion cells supplying the bladder
[410], and the NMDAR1 sub-unit is also present in L6
dorsal root ganglion cells of the rat [411]. In female rats
intrathecal injection of an NMDA receptor antagonist
decreases bladder contraction pressure [412].
NMDAR1 receptors may be activated by glutamate
released by afferents from peripheral and supraspinal
origins to elicit bladder contractions [413].
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Figure 16 : Top panel: Diagram of the pelvic
autonomic nerves in radical hysterectomy.
Transverse section through the pelvis showing
the bladder, cervix and rectum. Left side
represents the conventional technique, right side
represents the nerve sparing technique. Scale
bar 250 um. A, Vesicouterine ligament,
conventional, B, vesicouterine ligament, nerve
sparing; C, Sacrouterine ligament, conventional;
D, Sacrouterine ligament, nerve sparing. Lower
panel: Diagram of the pelvic autonomic nerves
in radical hysterectomy. Frontal sections through
the uterus and cardinal ligament. UA, uterine
artery, UV, uterine vein, SN, splanchnic nerves,
HN, hypogastric nerve. Leftside represents the
conventional technique, right side represents
the nerve sparing technique. Scale bar 250 um.
A, Posterior cardinal ligament, conventional; B,
posterior cardinal ligament, nerve sparing. From
Maas C.P, et al. 2005

Glycine/ gamma amine butyric acid Glycinergic
and GABAergic interneurones have a major role in
neural control processes mediating LUT function [414].
Glycinergic/ GABAergic projections to the lumbosacral
cord inhibit the micturition reflex and also inhibit
glutamatergic neurons [404]. Rectal distention prolongs
the interval, decreases the amplitude and shortens the
duration of bladder contractions in rats; this effect is
not seen after simultaneous intrathecal injection of
low dose strychnine (a selective glycine-receptor
antagonist) and bicuculline (GABA-A receptor
antagonist), suggesting that the inhibitory rectovesical
reflex involves glycinergic and GABAergic mechanisms
in the lumbosacral spinal cord, which may be
synergistic [415].

Serotonin Spinal reflex circuits involved in voiding
function have a dense serotonergic innervation [416]
(Figure 17). Immunocytochemical studies in rats, cats
and primates show that lumbo-sacral sympathetic
and parasympathetic autonomic nuclei receive
serotonergic inputs from the raphe nuclei [291, 292,
417, 418]. Activation of the central serotonergic system
can suppress voiding by inhibiting the parasympathetic
excitatory input to the urinary bladder, and 5-HT elicits
a prolonged activation of thoracic sympathetic
preganglionic neurons. Stimulation of the raphe nuclei
in the cat inhibits reflex bladder activity [419-421]. 5-
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Figure 17 : Serotonergic pathways controlling blad-
der function in the cat. A neuroanatomic substrate
for explaining the effects of serotonergic drugs on
the lower urinary tract is shown. Raphe neurons in
the brain stem send axons to the spinal cord to con-
trol the processing of afferent input from the blad-
der, the parasympathetic efferent outflow to the uri-
nary bladder and somatic efferent outflow to the
striated muscle of the urethral sphincter. 5-HT1A
receptors mediate inhibitor effects on 1, parasym-
pathetic preganglionic neurons (PGN), 2, spinal
interneurons (INT) that provide an inhibitory input
to sphincter multineurons (MN) and 3, raphe neu-
rons in the brain stem. The transmitter released by
inhibitory interneurons has not been identified.
Activation of 5-HT1A and 5-HT3 receptors also
inhibits afferent input passing from the bladder to
the brain. Blockade of 5-HT1A autoreceptors in
raphe neurons would increase raphe neuron firing
and enhance serotoniergic control of spinal reflex
mechanisms. This effect would promote urine stor-
age by enhancing sphincter activity and depressing
bladder activity. From de Groat W.C., 2002.

HT1A and 5-HT2 receptors are present in the SPN.
However, in different species serotonin (5-hydroxy
tryptamine, 5-HT) may have varying functions in the
central nervous control of bladder activity [416]. For
example, activation of 5-HT1A receptors facilitates
reflex bladder activity in rats [416, 422]. It also inhibits
excitatory amino acid—induced firing of vesical SPN
neurones [423]. Inhibitory effects on bladder activity
are most likely mediated primarily by 5-HT1 A receptors
[283].

5-HT1 A and 5-HT2 receptor agonists depress sacral
parasympathetic reflex firing elicited by bladder
afferents, and enhance sympathetic and somatic
storage reflexes in the cat [283, 424]. Activation of
5-HT1a receptors decreases the amplitude of
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isovolumetric bladder contractions induced by bladder
distension and increases the bladder volume threshold
for triggering the C-fiber afferent-mediated spinal
micturition reflex in chronic SCI cats, probably at the
level of interneuronal pathways in the spinal cord or
on the afferent limb of the micturition reflex [425].

Recordings from neurons in the raphe nucleus
revealed that the neurons are activated by bladder
distention [426], suggesting a possible spino-
bulbospinal negative-feedback circuit, in which
ascending sensory input from the bladder elicits
descending inhibition.

Adrenergic Descending catecholaminergic neurones
are primarily located in the upper medulla or pons
[315] (Figure 18). In clinical use, non-selective a1-
adrenergic antagonists influence urine flow and storage
phase lower urinary tract symptoms; the two effects
probably occur by different mechanisms, and both
central or peripheral locations may be responsible
[400]. Reflex bladder activity is modulated by at least
two spinal a1-adrenergic mechanisms.

Firstly, there is inhibitory control of reflex bladder
contractions, probably by modulation of afferent
processing. Secondly, there is excitatory modulation
of the amplitude of bladder contractions due to
regulation of the descending glutamatergic limb of
the spinobulbospinal bladder reflex pathway [427,
428]. aqA- adrenoceptors comprise 70% and o1B-
adrenoceptor 30% of the a-adrenergic receptors in the
rat lumbar spinal cord [429], while a-1p-adrenoceptors
do not appear to have a significant role [428].

Substance P Substance P- containing terminals are
closely apposed to both sympathetic and para-
sympathetic preganglionic neurones projecting to the
major pelvic ganglion [430]. Substance P- containing
afferents in the pelvic nerve terminate in the outer
laminae of the dorsal horn and in the region of the SPN
and DGCJ[364, 431]. Substance P is also located in
intraspinal neurons located in the dorsal horn [432] or
DGC [433]. In young adult rats, substance P in the
ventral horn is almost exclusively co-localized with
serotonin and derived from descending axons of
medullary neurones [430, 434, 435].

Notably, substance P is often co-localized with 5-HT
in axon terminals in the lumbosacral spinal cord [436].
Functionally, substance P affects micturition reflex
activity [437]; intrathecal administration of Substance
P at spinal levels L5-S1 induces bladder contraction
[438]. Substance P also increases the firing rate of
sympathetic preganglionic neurons [439]. Studies in
the rat show that substance P levels decline with
ageing in both the dorsal and ventral regions of the
lumbosacral cord [440, 441]. Substance P-immuno-
reactive innervation of the dorsolateral nucleus
(supplying the EUS) is not obviously altered with
ageing [442].
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Figure 18: Scheme showing putative mechanisms
using alpha 1 adrenoceptor subtypes in the L6-S1
spinal cord that contribute to the control of reflex
activity of bladder in the rat. PGN preganglionic
neurons, PMC pontine micturition centre.
Descending noradrenergic pathways from the
brainstem may excite inhibitory ineterneurons to
regulate the sensory pathways from the bladder
and excitatory interneurons to regulate the efferent
pathway to the bladder. From Yoshiyama M. and de
Groat W.C., 2001

5. NEURAL TRAFFIC

Low frequency (10 Hz) stimulation of the pudendal
nerve elicits a continence-like response, by decreasing
parasympathetic outflow in the pelvic nerve and
increasing sympathetic outflow in the hypogastric
nerve, thus inhibiting the bladder and activating the
external urethral sphincter. Stimulation of both genital
[443] and anal [444] sensory branches in the pudendal
nerve results in bladder inhibition. If low frequency
stimulation is applied during a bladder contraction the
bladder pressure decreases and the activity of the
external sphincter increases. When the pudendal
nerve is stimulated at higher frequency in the cat
(intact or after spinal transection), the response is
fundamentally different [444]. Following spinal
transection, pudendal nerve stimulation at 33 Hz elicits
bladder contraction synergically with reduction in
external urinary sphincter activity, provided the bladder
contains more than a threshold volume. Indeed,
efficient post stimulus voiding can be induced by
intermittent high frequency pudendal nerve stimulation
[425]. Such activity may be influenced by various
peripheral receptors, exemplified by menthol (TRPMS8)
[445].
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6. PELVIC ORGAN INTERACTIONS AT THE
EFFERENT NEURAL LEVEL

a) Bladder and Outlet

Neural coordination of physiological and behavioral
functions depends on convergence within the nervous
system of information from relevant areas, and
convergence could result in collateral effects of
pathology in one organ affecting function elsewhere.
There is extensive convergence of pelvic organ input
[446, 447] at the levels of the spinal cord, dorsal
column nuclei, solitary nucleus, medullary reticular
formation, and thalamus [448]. Convergent processing
underpins the coherent functioning of systems
controlled by efferent outflows diverging from a
common starting point, as exemplified by the synergic
co-ordination of bladder and urethra required for
normal voiding. The fundamental role of supraspinal
mechanisms in lower urinary tract synergy is well
recognized. However, synergic lower urinary tract
function may also be a feature of the peripheral
innervation, independent of CNS co-ordination. In the
female minipig, pre-ganglionic pelvic nerve stimulation
evokes a pressure increase in the bladder and a
pressure decrease in the urethra [449]. It remains to
be determined whether this observation reflects
coherent activation of separate motorneurones
(excitatory to the bladder, inhibitory to the outlet), or
whether postganglionic motorneurones send branches
which supply both bladder and urethra. In the latter
arrangement, release of different neuromuscular
transmitters from branches of the same motorneurone,
or interposition of an additional intermediary cell would
be required. The former is circumstantially supported
by the observed co-localization of acetylcholine- and
nitric oxide-related enzymes [450].

b) Bladder and Bowel / Uterus

Clinicians are familiar with the detrimental effect of
bowel disorders on lower urinary tract activity.
Physiologically, the efferent limb of the micturition
reflex is inhibited by afferent input from the rectum
[451]; thus, rectal distention inhibits bladder activity
via glycinergic and GABAergic mechanisms in rats
[415]. Dual labeling studies show that many neurones
in Barrington’s nucleus supply both colon and bladder,
with smaller populations supplying the two organs
separately (Figure 19; 20). At the level of the major
pelvic ganglion, double-labeled cells are relatively
infrequent, but processes of colonic-retrograde-labeled
cells often surround cell bodies of equivalent cells for
the bladder. Dual-labeled cells in the spinal cord are
rare [452].

The pelvic organs are supplied by sensory and
autonomic fibers in the hypogastric nerve [453].
Inflammation of the uterine horn or colon gives rise
to inflammation in the bladder, an effect that can be
eliminated by sectioning the hypogastric nerve {454].
Bladder overactivity induced by inflammation is



Figure 19: A, Fluorescent micrographs of sections at the level of (A1) the major pelvic ganglion, (A2, B1,
B2 and C1) the lumbosacral spinal cord and (C2) Barrington’s nucleus of rats injected with PRV-Beta-GAL
in the bladder and PRV-GFP in the colon and having different survival times. The viscera, tracer and sur-
vival time are indicated in each photomicrograph. BD, bladder. CO, colon. A1. Separate labeling from both
viruses is apparent in the MPG at 48 hours. A2. In the same case, only occasional cells are labeled in the
spinal cord. B1. Substantial labeling from both organs is visible in the preganglionic parasympathetic col-
umn of the spinal cord and most cells are singly labeled from either the colon or the bladder. The arrow
points to a rare double-labelled neuron. B2. Bladder- and colon-related neurons in close proximity.
Processes from the colon-related neuron (arrow heads) are apposed to the bladder-related neuron. C1.
Increasing survival time results in greater number of double-labelled cells (arrows). In most double labeled
cells PRV-Beta-GAL label from the bladder is surrounded by PRV-GFP label from the colon. C2. Section
from Barrington’s nucleus from the same case as C1 indicating that only a few cells are transsynaptically
labeled from the bladder and none from the colon at the survival time. Arrow heads point to the surface of
the fourth ventricle and stars indicate the location of trigeminal mesencephalic neurons. Calibration bars:
50 um A1 and A2, 30 um B2 and C1, 50 ym B2, 50 um C2. From Rouzade-Dominguez, M., et al. 2003.

Figure 20: Fluorescent photomicrograph of 30 um
thick coronal sections through dorsal pons, proceed-
ing caudal to rostral. A, Sections from rats injected
with PRV in the distal colon. B, Rats injected with
PRYV in bladder. PRV-labelled neurons are green and
TH immuno-labelled neurons are red. The arrows in
A2 point to double-labelled neurons, which appear
yellow. The arrows in B2 point to bladder-related
neurons near the ventricular surface. Dorsal is at the
top, medial is to the right. BD, bladder. CO, colon.
Arrowheads show the ventricular surface. Calibration
bar 60 um. From Rouzade-Dominguez, M., et al. 2003.
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influenced by estradiol, probably mediated through
effects on the sympathetic nervous control of the
bladder [455]. There are several potential mechanisms
by which neural input could contribute to emergence
of inflammation in neighbouring organs [454] (Figure
21);

1. Axon reflexes occurring in hypogastric sensory
nerves that branch to supply more than one pelvic
organ. Though such branching has not yet been
specifically identified, a small proportion of single
afferent fibres may branch to supply the colon

and bladder [456].

A dorsal root reflex; hypogastric afferents from
the inflamed organ could, via a spinal interneuron,
sensitize and antidromically activate other
hypogastric afferents from an uninflamed organ,
exemplified by sensitization of a population of
spinal neurons responding only to bladder input
with chronic colonic inflammation [457].

Input from the inflamed organ (via the hypogastric
nerve) activates neurons in the dorsal horn that
activate postganglionic neurons in the pelvic
ganglion via thoracolumbar preganglionic neurons.

A spinal mechanism could be mediated by
intraspinal connections to lumbosacral pre-
ganglionic neurons (as seen for gynaecological
organs [458]).

A suprasacral mechanism could be mediated
through the brain stem [452, 459, 460].

7. EFFERENT INHIBITION

The possibility of bladder inhibition by the CNS can
be inferred from various experimental observations
[461]. The sympathetic nervous system mediates
inhibition of ganglionic transmission to the bladder.
Isolated whole bladders manifest spontaneous
contractile activity [118, 461-465], suggesting the
possibility of active neural inhibition of the bladder
during urine storage. In the decentralised bladder,
following transection of sympathetic input, addition
of the ganglion blocking agent hexamethonium leads
to an increase in spontaneous bladder activity, likewise
suggesting that a peripheral reflex inhibits the bladder
during urine storage [461]. Rat brainstem/ spinal cord/
bladder preparations or neonatal spinal cord/ bladder
preparations show tonic inhibition, arising at L6-S1 and
involving a peripheral ganglionic synapse [465-467].
Clearly, efferent inhibition of the bladder will facilitate
urine storage.

In the neonatal rat, considerable activity arises in the
bladder wall when inputs from the lumbosacral spinal
cord are disrupted [465]. Selective spinal cord and root
lesions indicate that intrinsic bladder activity of the
neonatal rat is tonically inhibited by parasympathetic
efferent outflow [465]. This path is additional to the
predominant cholinergic preganglionic efferents
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mediating the main voiding reflexes. The functional
difference in the two sets of cholinergic ventral root
efferents may result from differing synaptic targets,
since both are blocked by the nicotinic antagonist
hexamethonium [465]. Thus, inhibitory efferents must
synapse with noncholinergic inhibitory neurons in the
maijor pelvic ganglia, in contrast to excitatory efferents
synapsing with the cholinergic detrusor innervation.

In addition to efferent input, local reflexes may
contribute to the inhibition of detrusor activity, probably
driven by interstitial cells [468], so that peripheral
autonomous activity increases as a result of bladder
distension [462, 469]. This has been proposed to
signify the presence of a regional regulatory influence
[470] and a peripheral “pacemaker” [471] and various
mechanisms for the propagation of activity within the
bladder wall [464]. In the clinical context, processes
affecting peripheral innervation would then predispose
to emergence of inappropriate detrusor activity during
urine storage (through loss of inhibitory fibres),
associated with inefficient bladder emptying (through
loss of excitatory fibres).

8. PERIPHERAL EXCITATORY MECHANISMS

Agonist exposure appears to elicit contraction by two
different mechanisms, comprising a component
derived from direct stimulation of the muscle cell
(‘classical’ efferent), and a separate component which
is more phasic, responsible for the obvious pressure
fluctuations. The latter ‘intrinsic’ mechanism may
involve an intermediary cell type [472]. Optical imaging
and calcium-/ voltage-sensitive dyes in whole rat
bladder preparations have detected electrical activity
moving in a co-ordinated manner from localized
regions over the entire bladder [473, 474]. The isolated
whole bladder shows regionalized responses when
exposed to cholinergic/ muscarinic agonists [463,
465, 472, 475, 476]. Dynamic migrating localities of
contraction and elongation, give rise to a complex
mix of micromotion phenomena, including micro-
contractions, microstretches and propagating waves.
Several species show differences in contractile activity
according to the region of the bladder from which a
muscle strip is taken. Different effects are seen
according to stage of development- spontaneous
activity is not apparent in bladder strips from neonatal
rats [401], but subsequently emerges, so that at one
month, high-frequency spontaneous contractions
occur in conjunction with high-amplitude, low frequency
contractions.

The likely functional significance of peripheral
excitatory mechanisms is exemplified by the rodent
neonate voiding reflex, which is induced by parental
stimulation of the perineum, prior to establishment of
mature control by the higher micturition centres [401,
465]. The physiological role of such activity in the
adult is not known, but could include; 1. Optimization
of the bladder wall configuration for volume contained,
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Figure 21: Five compatible mechanisms by which hypogastric nerve fibres can contribute to the process of
inflammatory induction between organs. A.Branching sensory afferents. B. Dorsal root reflex. C. Multisynaptic
route involving sensory afferents from the inflamed organ to the T-13/L1 segment of the cord followed by
output from preganglionic fibres in the T13/L1 segment to postganglionic in the pelvic ganglion that innervate
the uninflamed organ. D. Multisynaptic route involving sensory afferents from the inflamed organ to the T13/L1
segment of the cord followed by output from preganglionic fibres in the L6-S2 segments to postganglionic fibres
in the pelvic ganglion that innervate the uninflamed organ. E. Multisynaptic route involving sensory afferents
from the inflamed organ to the T-13/L1 segment of the cord followed by output from preganglionic fibres in the
L6-S2 segments to postganglionic fibres in the pelvic ganglion that innervate the uninflamed organ. In this
case the multisynaptic route includes ascending connections from spinal cord to brain and descending
connections from brain to L6-S2. From Winnard, K.P. et al. 2006.
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to ensure efficient voiding regardless of volume [477],
2. Stimulation of ‘in series’ receptors for signaling
bladder volume [476], 3. Amechanistic component of
accommodation during filling, a counterintuitive
suggestion supported by the observation that
accommodation in the colon involves synchronous
contraction and relaxation [478], 4. Servoassistance
of voiding for maintenance of contraction [479]. The
potential importance of peripheral functional structures
may explain the recognition that nerve growth factor
can contribute to overactive bladder problems [480].

V. MIDBRAIN-BRAINSTEM CONTROL
OF BLADDER FUNCTION

With the direct role of both limbs of the autonomic
nervous system in regulating filling and voiding of the
bladder, the involvement of brainstem circuitry is
paramount in normal bladder function. The brainstem
is involved in reflexes controlling filling, storing and
emptying of the bladder. Clinical cases of lesions within
specific brainstem regions, most notably the pons,
can resultin either bladder continence or incontinence
problems. This section will review the current
understanding of brainstem neuronal networks that
influence the parasympathetic and sympathetic motor
outflows destined for the detrusor and smooth muscle
of the urethral sphincter.

1. AFFERENT PATHWAYS TO THE BRAINSTEM

Sensations of bladder fullness are conveyed to the
spinal cord by the pelvic and hypogastric nerves, while
input from the bladder neck and urethra is carried in
the pudendal and hypogastric nerves. Afferents arising
from the bladder and urethra are mechanoreceptive
(Ad fibres) and nociceptive (C fibres). The most
important afferents for initiating micturition are those
passing in the pelvic nerves, whose fibres terminate
in discrete regions of the lateral aspect of the dorsal
horn of the lumbar and sacral spinal cord (see [481,
482, 483] for reviews). Many of these dorsal horn
neurones make spinal connections that mediate
segmentally organised reflex responses. However, a
proportion of the spinal interneurones send ascending
projections to the brain. These afferents are involved
in transmitting sensory information to the cerebral
cortex and can trigger micturition mediated by neural
circuitry within the brainstem.

Ascending fibres from dorsal horn neurones receiving
afferent input from the bladder terminate in the gracile
nucleus and the central aspect of the periaquaductal
grey (PAG; Figure 22); the latter has been described
as a most dense spinal innervation [483, 484], perhaps
emphasizing its essential role. The gracile nucleus
relays information regarding nociception to the thalamus
and cortex. Those PAG neurones receiving direct
spinal inputs project to multiple sites including the
pontine micturition centre (PMC) and the thalamus for
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onward relay to the cerebral cortex [483]. Although
these data are based on animal species, the pivotal
role of the PAG and PMC has been confirmed in man
using positron emission tomography [485, 486] and
functional magnetic imaging [487] with and without a
full bladder (see Figure 23). Indeed, the PAG
projections to the PMC originate from its lateral aspects
[488]. Since the spinal projections relaying bladder
distension target the central PAG there is the possibility
of some integration prior to onward transmission to
the PMC. This is likely to include integration of
descending information from higher brain regions such
as the limbic system and cerebral cortex [483], which
provide contextual information concerning the
appropriateness for micturition. Recently, the
parabrachial nucleus appears activated during bladder
contraction and may also receive afferent inputs directly
from the spinal cord or via other central structures ( Fig
23).

2. DEFINING BRAINSTEM CIRCUITRY
REGULATING BLADDER FUNCTION

It is evident from recent reviews [481, 482] that most
regions of the brainstem involved in controlling bladder
function are known. However, as is evident in figure
4 of de Groat’s (2006) review, it remains unclear how
these central nervous structure are connected up
(see Figures 23 & 24). Are there, for example,
brainstem pathways running in parallel and/or series
that drive the preganglionic motoneurones? A method
of revealing key brainstem regions regulating end
organ function that has the ability to address this is
transneuronal retrograde labelling using pseudorabies
virus (PRV). Both the bladder wall and urethra of the
rat have been injected with PRV. This has resulted in
similar regions of the brainstem being labelled, which
supports the close coordination of detrusor and urethral
muscle function as suggested previously [481]. The
brainstem regions labelled included Barrington’s
nucleus (the pontine micturition centre), midline raphe
(magnus and obscurus), locus coeruleus (AG6),
subcoeruleus, A5, reticularis gigantocellularis and
nucleus paragigantocellularis [489, 490] but also in
neonatal rats only the prepositus hypoglossal nucleus
and lateral vestibular nucleus [489]. In addition, the
PAG was labelled (Figure 22). Recent work has also
indicated a role for the medial parabrachial nucleus
(Figure 22). Whilst this provides information
concerning the major players within the brainstem,
the PRV technique does not imply precise information
about connectivity. For example, are all these
brainstem regions connected in parallel to the spinal
interneurones and / or pre-ganglionic neurones or
are some positioned in series? Are reciprocal
connections between these nuclei present? Much of
this information remains unknown but seems important
if one is to understand the way in which the brain
controls bladder storage and emptying and how one
obtains reversible switching between these essential
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functions. Most anatomical, electrophysiological and
imaging studies to date have concentrated on the
PMC as this appears pivotal regarding bladder function
in both animals and man.

3. THE PONTINE MICTURITION CENTER (PMC)

In the rat, the PMC is just dorsomedial to A6 [293, 491]
whereas in the cat it appears to be within A6 extending
ventromedial into the mesencephalic tract of the
trigeminal nerve [266]. It is these regions that are
termed Barrington’s nucleus- a region named after
Barrington, who in 1925 was the first to describe this
pontine control centre for micturition in the cat (Figure
22). In man, comparable regions in the pons can be
imaged and found activated when the bladder is full
(see Figure 23; [486]).

a) Barrington’s nucleus: is it the master of
ceremonies for bladder emptying

Based on the finding that its activation (electrical or
chemical stimulation) in rats and cats relaxes urethral
sphincters and initiates bladder contractions [293,
492, 493], it seems reasonable to propose a dominant
role for the PMC in micturition. Moreover, lesions
localised to this pontine region in animals abolish
micturition and cause urine retention [293]. Similarly,
a PMC lesion (on the right hand side) resulted in
urinary retention in man [494]. Thus, the PMC would
appear to play a major point of convergence of
numerous pro- and anti micturition drivers. Thus, it may
be a major integrating centre and, indeed, possible
‘command’ centre for initiating and orchestrating the
act of bladder emptying.

b) How is the PMC connected up?

The inputs to, and outputs from, the PMC are
considered below:

1. INPUTS: As described above, the lateral aspects of
the PAG send information regarding the degree of
bladder distension. These inputs are powerful and
can trigger micturition as evidenced by the finding
that chemical stimulation of ventrolateral PAG can
cause voiding [488]. Recently, Kuipers et al. [495]
have examined the afferent inputs to the PMC using
conventional anterograde and retrograde tracing
techniques. In addition to the PAG (ventrolateral and
dorsomedial aspects) inputs arose from: ventromedial
pontomedullary tegmental field (Figure 22); medial
preoptic area, posterior hypothalamus (perifornical
region). It is unclear as to the exact function of the
pontomedullary tegmental field, although Holstege
believes this is a diffuse input providing a ‘general
level-setting’ of PMC neuronal activity [496]. This
might be interpreted as a potential mechanism for
establishing a neuronal set-point or threshold beyond
which micturition occurs. The medial pre-optic region
may well provide inhibition and this may be important
during sleep and/or sexual activity to suppress

209

micturition [266, 483, 4971, although the previous work
by Gjone demonstrated that micturition could be
evoked following activation of this region [498], which
is inconsistent with an exclusive inhibitory role. The
posterior hypothalamic region is involved in fight or
flight (defense response). Its connection to the PAG
may account for the urination reported in conscious
animals during a defense response, since regions of
the PAG can also evoke the defense response [499]
and, via PMC, could also initiate urination [500].

The study by Kuipers et al [495] in the cat failed to
confirm the numerous central nervous afferent inputs
to the PMC described by Valentino et al. in the rat [501];
these included the Kolliker Fuse nucleus, raphe,
nucleus tractus solitarius, parabrachial nucleus,
nucleus paragigantocellularis and the cuneiform
nucleus. Whether a species difference can explain
this seems unlikely. Certainly the regions labelled by
Valentino et al. [501] map more closely to data obtained
using PRV injected into the bladder wall or urethra (see
[489, 490, 502]) as described above. With this said,
it is likely that many of the nuclei that project to the
PMC also connect to each other but this needs
confirming using localised injections of neuronal
retrograde and anterograde tracers.

2. OutpuTs. During micturition the PMC exerts
simultaneous excitatory influences on parasympathetic
outflows that cause bladder contraction and complete
emptying but inhibition of sympathetic preganglionics
to relax the urethral sphincter. It is, therefore, entirely
appropriate that within the PMC there are bulbospinal
neurones (Figure 24): PMC sends direct projections
to parasympathetic preganglionic motoneurones
innervating the bladder [503]. The latter authors
provided ultrastructural evidence of asymmetric
(excitatory) synaptic contacts on sacral para-
sympathetic preganglionic neurones originating from
the PMC. Moreover, single neurones have been
recorded extracellularly from Barrington’s nucleus in
cats (i.e. medial to the mesencephalic tract of the
trigeminal nerve) and found to have spinally projecting
axons based on antidromic invasion testing from the
dorsolateral funiculus of the first sacral segment [504-
506]. An involvement of glutamate as the main
neurotransmitter in this pathway has been described
[507]. Such a pathway would explain bladder
contraction. Urethral relaxation requires an inhibition
of somatic motoneurones and this appears to be
mediated from PMC projections onto inhibitory
interneurones located in the intermediolateral cell
column at the sacral segmental level [278]. Both
glycine and gamma amino butyric acid are thought to
play a role here [279, 508].

c) On-switching micturition: a role for the PMC

With the PMC being essentially a pre-motor
(parasympathetic/sympathetic) micturition nucleus, it
should fulfil certain criteria if it is involved in the initiation
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of bladder contraction and sphincter relaxation. For
example, neurones should project to the spinal cord,
fire ahead of a bladder contraction and fire continuously
with each bladder contraction. Previous studies have
found pontine units that fired in phase with bladder
contraction [509, 510], but whether these connected
to the spinal cord directly was not tested. However,
subsequent single unit recordings by Sasaki [504,
505] and Sugaya et al. [506] provide convincing
evidence that many PMC neurones do project to the
spinal cord. Studies have shown that feline spinally
projecting neurones (as demonstrated using the
antridromic collision test) located in Barrington’s
nucleus discharged in phase with bladder contractions
(Figure 25). Many had firing patterns not different to
those recorded from bladder afferents. But this is not
always the case. Indeed, some of these units fired prior
to the onset of bladder contraction consistent with a
role in initiating bladder contractions (Figure 25).
Whilst the proof of causality is always a difficult one,
these neurones do make excellent candidates for
driving/initiating bladder contraction. Indeed, many
were also shown to be synaptically activated (ortho-
dromically) following electrical stimulation of the spinal
cord [506] raising the possibility of bladder afferent
input, which may assist in providing positive-feedback
and additional excitatory drive to both sustain and
possibly amplify firing during micturition. The latter of
course should be taken cautiously as it is not clear
whether the spinal input demonstrated originated from
bladder mechanoceptors. Physiological stimulation
of the bladder mechanoreceptors themselves, rather
than electrical stimulation of the spinal descending
afferents, would be necessary to confirm this.

The issue of whether the PMC is the only pre-motor
micturition initiating region is addressed by Sugaya et
al. [506]. From their recordings, units localised to the
rostral medial medulla (reticularis gigantocellularis
and magnocellularis) could also be activated

involved in bladder contraction and filling.
Who drives who and what terminates firing
of neurones during bladder filling and
contraction. Additionally, how are the
volitional drives integrated with the
automatic control circuitry of the lower
brain. Abbreviations: P, parasympathetic
neuron; PAG, periacqueductal grey; PMC,
pontine micturition centre; PSC, pontine
storage (continence) centre; RVMM, rostral
ventromedial medulla; S, sympathetic
neuron.

antidromically from the spinal cord (L1) and also fired
in or out of phase with bladder contractions (Figures
22, 23 & 25). These units included those that fired just
before and/or with bladder contractions as well as
firing in between bladder contractions. Interestingly,
many of these rostral medial medullary units
responded at short latency (2 to 3 ms) following
stimulation of the PMC, supporting direct orthodromic
activation. Thus, Sugaya et al. [506] proposed two
descending pathways from the PMC for initiating
micturition: one direct to the parasympathetic
preganglionic neurones and the other via the medial
reticular formation. Incidentally, the study also showed
that these medullary units could be orthodromically
activated from L1 indicating the potential for bladder
mechanosensitive afferent drive to these neurones,
although no direct proof for this was given that this
spinal input originated from the bladder wall.

A question arises as to whether the spinally projecting
PMC and rostral medial medullary neurones are
actually defined pre-parasympathetic versus pre-
sympathetic neurones? Said differently, does a single
unit project to both autonomic preganglionic neuronal
types in the spinal cord (see [508, 511]). This relates
to the current understanding that during micturition the
bladder contracts (parasympathetic activation) but
relaxes the urethral sphincter (somatic inhibition). No
data exist for this presently. However, in the nucleus
tractus solitarius located in the dorsomedial medulla,
a similar issue exists. Here, neurones receive
mechanoreceptor sensory inputs from arterial
baroreceptors activated by increases in blood
pressure, which when activated mediate simultaneous
excitation of cardiac parasympathetic motor outflow
but inhibition of vasomotor sympathetic activity, thereby
reducing cardiac output and peripheral resistance
respectively that together lower arterial pressure to
normal levels. Simms et al. [512] recently reported that
the cardiac parasympathetic limb was activated at a
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Figure 25: A montage of neuronal activities during bladder contraction and filling located in major regulatory
brainstem and midbrain regions. Note that not all neurons showed firing to a single phase; phase-spanning (i.e.
from bladder contraction to relaxation) exists. A challenge for future studies is to confirm these neuronal activities
as causal to bladder control (and not reactive to simultaneously occurring responses such as those in arterial pressure,
breathing, heart rate that accompany micturition). Data compiled from Liu et al (2004), Sakakibara et al (2002), Sasaki

(2004; 2005) and Sugaya et al (2003).

higher pressure threshold compared to the
sympathoinhibition. It was surmised that output
neurones within NTS are dedicated and already
destined for either the parasympathetic or sympathetic
networks [512] Thus, a similar organization may exist
within the PMC and could be teased apart by
differences in the bladder pressures threshold
necessary for bladder contraction versus urethral
relaxation. Moreover, each autonomic limb of the
baroreceptor reflex could be modulated differentially
(e.g. [513-515].

4. BLADDER ‘FILLING’ NEURONES IN THE PMC
AND MEDIAL RETICULAR FORMATION:
WHAT’S THEIR ROLE?

Within both the vicinity of the PMC and medial reticular
formation, neurones were encountered that fired during
the interval between bladder contractions but were
silent during contractions. These were termed type 2
neurones by Sugaya et al. [506] and ‘inverse neurones’
by Sasaki et al. [516]. Many of these neuronal types
had spinal projections (e.g. 26/35 type 2 neurones of
Sugaya et al. [5606]) but some could not be
antidromically back fired. Although the latter is not
definitive proof that these cells do not project spinally,
the data are suggestive that they form a group of
interneurones.
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So, what is the function of these spinally and non-
spinally projecting inverse neurones? Considering
those with spinal projections, these cells might provide
excitatory drive to sympathetic pre-ganglionics
destined for the detrusor muscle to bring about active
relaxation, via [32/3-adrenoceptor stimulation. In regard
to the non-spinally projecting neurones that fire out of
phase with bladder contractions, these may be
involved in ensuring that the neurones which are
active during bladder contractions that project spinally
to the parasympathetic preganglionic neurones remain
silent during filling via local inhibitory connections. If
so, one might predict that they contain GABA or glycine
as an inhibitory neurotransmitter.

Future studies could consider difference in neuronal
phenotype spinally and non-spinally projecting
neurones by juxtacellular labelling and post-hoc
immunocytochemistry or in situ hybridisation to identify
their neurochemical content (glutamatergic versus
GABAergic, for example) as elegantly performed by
others in the cardio respiratory regions of the medulla
[517, 518]. Equally, the non-spinally projecting PMC
neurones that fired in phase with bladder contractions
could provide a source of synaptic inhibition to prevent
neurones involved in bladder relaxation from firing
prematurely.



5. OFF-SWITCHING MICTURITION - THE
PONTINE CONTINENCE CENTRE (PCC)

As Sasaki (2004) points out [505], since the majority
of units recorded from Barrington’s nucleus (60/76)
continued to fire after the onset of bladder relaxation
and that almost all inverse neurones do not start to
fire until after relaxation is well underway (Fig 25),
there must be a separate region for ‘off-switching’
bladder contractions and for relaxing the detrusor
muscle. Simultaneously the urethral sphincter should
constrict to allow filling and prevent incontinence. For
these functions, the pontine continence centre or PCC
is considered. This region was also termed the L
region being distinct from the M region designated to
be the PMC (see [519]).

Where is the PCC, what types of neurones exist
and what are their connections?

The PCC is located in the dorsolateral pontine
tegmentum (Figure 22). Neuroanatomical evidence
indicates that PCC neurones do not project to spinal
regions influencing detrusor muscle. Rather,
projections appear to be limited to Onuf’s nucleus in
the sacral cord. This nucleus contains the urethral
sphincter motoneurones, suggesting that PCC drives
their contraction. Perhaps some of the PCC neurones
therefore have a defined pre-motor autonomic function
as discussed above in the context of the arterial
baroreceptor reflex. However, activation of PCC can
stop micturition contractions [520]. Importantly, 78%
of PCC neurones fire during the relaxation phase of
bladder contractions (Figure 25) and the onset of
their firing can be prior to the initiation of bladder
relaxation [521].

Indeed, this would make sense if their prime function
is to close the urethral sphincter. Another potential
role is in off-switching micturition. One argument
against this is that there appear to be no connections
between the PCC and PMC, although a small number
of PCC units could be either ortho- or anti- dromically
activated from the PMC using electrical stimulation
[506], which does not necessarily indicate the origin
of the input or axon terminal. Others believe that the
PMC and PCC act independently [520].

However, evidence supporting a role in off-switching
micturition is that lesions within PCC cause
incontinence, excessive detrusor activity, an inability
to store urine and relaxation of the urethral sphincter.
Further, activation of the PCC stops micturition, excites
the pelvic floor musculature and contracts the urethral
sphincter [278, 520]. Whether the PCC is actively
involved in off-switching micturition to allow filling and
storage and how it does this are questions requiring
future experimental consideration. An area that may
play a role in regulating micturition is the periaqueductal
grey or PAG.
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6. THE PERIAQUEDUCTAL GREY (PAG): IS
THIS AN ESSENTIAL REGION FOR
SUPPRESSING THE MICTURITION

REFLEX?

The PAG is often referred to as a relay between
ascending bladder afferent information and PMC
activation of sacral parasympathetic preganglionic
motoneurones. The present evidence suggests that
the PAG is not just a simple ‘relay’. As mentioned
above, afferents of sacral origin terminate in central
regions of the PAG but that onward transmission to
the PMC originates from more lateral aspects [484,
488, 490, 502]. Therefore, some form of ‘neural
integration’ within the PAG is very likely. Chemical
stimulation of the ventrolateral PAG can trigger
micturition together with defensive behaviours (see
[522]) but equally inhibition of micturition can be
evoked by stimulation of rostral dorsal and caudal
ventral PAG regions as well as areas ventral to the
PAG (e.g. dorsal mesencephalic reticular formation and
nucleus reticularis pontis oralis; [523]). Lesions within
the PAG abolish the micturition reflex in the pre-
collicular decerebrate cat [524] but studies in human
also report bladder overactivity [525]. Matsuura,
Downie et al. (2000) have shown that micturition
evoked by chemical stimulation of the ventrolateral
PAG is mediated by Barrington’s nucleus in the
urethane anaesthetized rat. Moreover, these same
authors were able to obtain coordinated sphincter
activation from the PAG (with bladder contraction) as
well as sphincter activation without bladder contraction
at different sites within the PAG. This suggests the PAG
is involved in both voiding and storage functions. This
proposal is consistent with single unit recording from
the PAG: Liu et al. [523] recorded from 84 micturition-
related PAG neurones of which the majority were
storage neurones (i.e. fired during bladder filling; 58%;
Figure 25). Further, PET imaging revealed PAG
regions becoming active during urinary retention in
man [485]. However, close examination of the
recording sites in Liu et al. study [523] reveals that the
majority of neurones (68 of the 84) were located
ventral to the lateral/ventrolateral PAG (in which 16
were recorded) in the dorsal mesencephalic reticular
formation and nucleus reticularis pontis oralis.
Nevertheless, based on the prominence of storage
neurones in this region the idea that it plays a role in
both urinary filling and suppression of the micturition
reflex was advanced by Liu et al. [523]. They also
proposed that micturition neurones may reciprocally
depress the storage neurones. If true, this makes this
part of the midbrain important in terms of providing a
command locus for on- and off- switching micturition.
In support of this was the observation of diverse firing
patterns of the neurones including augmenting and
decrementing [523]. Such firing patterns have been
ascribed roles as ‘phase-switching neurones’ in the
respiratory network [526], and could well play a role



in the transition between storage and voiding. Some
of the midbrain cells recorded by Liu et al. [523] also
fired across voiding/filling or filling/voiding transitions
(Figure 25); this again supports the possible role in
switching again akin to the brainstem respiratory
network [526] between filling and emptying of the
bladder. With the well established connections of the
PAG that include orbital and pre-frontal cortex,
amygdale, pre-optic region of the hypothalamus [500],
it is proposed that the PAG may form a site for the
integration of information from both higher centres,
such as cortex, and bladder distension afferent inputs.
With this said, the PAG is a clear contender for decision
making about when to void or not, which it could
execute via connections to PMC and PCC respectively.

7. NEUROTRANSMITTERS & MODULATORS
WITHIN BRAINSTEM NETWORKS
CONTROLLING BLADDER FUNCTION

There is not the scope in this review to provide a
thorough detailed coverage of all transmitters and
modulators affecting brainstem regulation of the urinary
bladder. For recent reviews see: [481, 482]. These
latter reviews highlight the importance of classical
transmitters (glutamate, GABA and glycine) and non-
NMDA, NMDA, GABAA and glycine receptors within
the brainstem (and PMC) for regulating bladder
capacity and micturition (see also: [297, 492]).
Important observations include that both NMDA and
non-NMDA receptors within the brainstem are
important for micturition [527] and that the PMC is
under tonic inhibitory tone mediated by GABAp
receptors [492]. This prompts the question as to where
and how this inhibitory tone is generated. Possibilities
could be the PAG or higher centres, such as pre-optic
hypothalamic structures, for example. Below is a brief
account of two important and clinically relevant
transmitter systems affecting bladder function via
effects within the brainstem.

a) Serotonin

Many transmitter systems have been investigated by
drug applications into the brain ventricles. Whilst this
determines whether or not a modulating system has
an effect on micturition it is difficult to assess where
this might be exerted. In their review [528], Burgard
et al. emphasise that serotonin appears to affect
nervous control of bladder function at multiple levels
including sensory processing of bladder wall afferents
within the dorsal horn of the spinal cord and at the level
of the spinal motoneurones. In all cases this appeared
to be inhibitory on detrusor muscle activity but
excitatory on urethral sphincter. A model proposed, was
that 5-HT 14 receptors were located on the terminals
of sensory afferent fibres to depress neurotransmitter
release. Similarly, Ito et al. [529] have described a
predominance of an inhibitory effect evoked from the
midline raphe system extending from the pons to
medulla on micturition in cats. Where this effect is
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mediated (i.e. supra-brainstem, pons or spinal cord)
is unclear. Moreover, 79 raphe neurones were
recorded in which their firing was related to bladder
pressure with 66% related to storage [529]. These
data support a role of the raphe system in suppressing
micturition and facilitating external urethral sphincter
activity in cats, which is consistent with earlier studies
identifying a central inhibitory role for 5-HT1a receptors
[283]. In stark contrast, this does not seem to be the
case in the rat where 5-HT1a system facilitates
micturition [530].

b) Dopamine

In Parkinson’s disease, where there is a reduction in
dopamine availability, the bladder is hyperactive (409).
Yoshimura et al. [531] discovered that D4 and Dg
receptors acting within supraspinal sites are inhibitory
to micturition whereas other dopamine receptor
subtypes were facilitatory. This is an important finding
given the major clinical and psychological problems
of incontinence.

* Looking towards the horizon

A number of pertinent questions regarding brainstem
mechanisms regulating detrusor and urethral muscle
have evolved. First, the issue of the neuronal
mechanisms underpinning the switching from storage
to voiding but also off-switching detrusor activity at the
end of voiding remain unclear. Most brainstem
neurones relating to bladder voiding/filling appear to
show firing that is either in or out of phase with bladder
contractions (as indexed by increases in bladder
pressure). Whether this neuronal firing is a cause or
consequence of the bladder contractions is unclear.
Therefore, future studies could address the issue of
the origin of neuronal activity (whether coincident with
bladder contraction or relaxation) in terms of that
generated centrally versus that which is dependent on
sensory afferent mechanoreceptor feedback for
midbrain and brainstem regions. Second, and a related
issue, is following the volitional command to void,
which lower brain structures execute this demand? Is
this in the brainstem or midbrain (PAG) or higher
centres? Based on the evidence presented here, a
most likely candidate appears to be the PAG/dorsal
mesencephalic reticular formation. This structure
appears to have the right neuronal connections in
terms of both ascending spinal afferent inputs and
outputs to pontine micturition centres. In addition, it
receives inputs from higher centres. Third, switching
between voiding-filling-voiding has to be coordinated
with the corresponding control of the urethral
sphincters. This means there has to be cross talk
between detrusor and sphincter neural circuits. Whilst
evidence was discussed for a spinal inhibitory
mechanism within the sacral cord, no such cross
connectivity was found between PMC and PCC
regions but there remains a possibility that some cross
talk may exist in the PAG/dorsal mesencephalic
reticular formation. Fourth, is whether there are within



the PMC/PCC (or PAG) neurones that are dedicated
to the sympathetic or parasympathetic nervous system
that exist as pre-motor autonomic neurones. It was
discussed above that such organisation exists for
brainstem control of the baroreceptor reflex in
regulating arterial pressure. Finally, some technical
issues. Most studies inflate the bladder and work on
spontaneous isovolumetric contractions. This is clearly
not physiological as the bladder does not void. This
will affect detrusor muscle mechanoreceptor afferent
feedback as well as afferent feed back from the urinary
tract. The bladder volume/pressure always remains
above the micturition threshold, again non-physio-
logical. Many of the early experimental studies were
based on the cat. Typically this was decerebrate
raising the issue of how this relates to the conscious
intact animal where higher centres are intact and
known to regulate micturition. It is clear that more
recent studies have ventured to the rat and most
recently man. One wonders how compatible the
regions regulating bladder function is between species
and whether the connectivity and neuronal
mechanisms are preserved or different. A good
example is the opposing effects of 5-HT1a receptors
in cats (inhibit micturition) versus rat (pro-micturition;
for references see above). This is an important issue
in terms of translating work from cat/rat to man. Whilst
serotonin seems to be inhibitory to detrusor muscle
activity in cat this is not the case in rat. Thus, the idea
that modulation of the descending serotonergic system
as a potential treatment strategy for incontinence in
human [528] will need further validation. However, it
is notable that areas identified as key brainstem sites
for micturition in animal models do relate to regions
identified in man using fMRI [486]. Finally, a universally
agreed consensus needs to be defined as to how to
characterize a neuron involved in central control of the
bladder. Basing it entirely upon its firing response to
inflation or contraction of the bladder could give false
positive information. Since bladder afferents can affect
other autonomic variables (breathing, blood pressure,
heart rate) one has to be sure that the neuronal
response obtained is not a consequence of alterations
in these other variables. A proposal for stricter criteria
to enable a more accurate characterization of neurons
involved in urinary storage and voiding function, and
sphincter control.

VI. CORTEX AND BRAINSTEM
CONTROL OF BLADDER FUNCTION

1. BACKGROUND

The aim of this section is to present a synthesis of the
human literature and review what this tells us about
brain regions mediating specific aspects of human
bladder behaviour.

Prior to the advent of functional brain imaging
techniques, our knowledge of the cerebral and
brainstem areas involved in the control of micturition
was based on a small number of carefully observed
clinical cases: patients presenting with specific bladder
symptoms who were found by investigation to have
lesions at particular brain sites. However this “lesion”
literature is really quite sparse, presumably mainly
because if bladder symptoms occurred as a result of
a cerebral lesion the clinical picture was usually
dominated by a variety of other neurological deficits
and furthermore such bladder symptoms that there
were would not have been of interest to the majority
of neurologists. Initially the lesion studies were based
on observations made in life correlated with post
mortem or pathological specimens, but with
increasingly better means of imaging it was possible
to correlate symptoms with smaller, more discrete
abnormalities.

From what was written, the importance of the frontal
cortex and pons was clearly recognized and there
are a number of case histories of patients reported with
lesions at either site. Subsequent functional brain
imaging studies confirmed the clinically based findings
and then greatly extended our understanding of the
complex cortical and subcortical networks involved
in sensing bladder filling and activating appropriate
voiding. In fact the few further cases of “cortical
bladders” described since the emergence of functional
imaging findings have reported lesions at sites that
previously would probably not have been recognized
as being important in “lesion” evidence presented
here and summarized in Table 4. In fact functional
imaging and lesion studies should be regarded as
complementary because, functional brain imaging
provides information about regional activation of grey
matter, whereas lesions may give information about
damage to white-matter connecting pathways. The
lesion literature also improves our understanding of
patients’ complaints. Most of the functional imaging
studies to be reviewed were carried out using either
positron emission tomography (PET) or functional
magnetic resonance imaging (fMRI). Both provide
indirect measures of regional blood flow, assumed to
be related to local neuronal activity, but their temporal
resolutions are quite different: several minutes for
PET versus a few seconds for fMRI. For this reason
PET is good for measuring long-lasting states of a
system, while fMRI is better for following relatively
fast events. Experimental paradigms are therefore
quite different for the 2 techniques.

2. ROLE AND IMPORTANCE OF CEREBRAL
CONTROL OF VOIDING

In order to understand the cerebral control of voiding
it is helpful first to examine what would happen if there
were no such control. Provided brainstem and midbrain
are intact, micturition is organized in 2 phases, storage



Table 4. Effect on bladder behavior of pathological changes in key brain regions.

Key brain | Pathology Number | Effect on bladder behaviour
regions of
Ccases
" |

Frontal

Various causes of frontal lobe pathology | 36 Altered bladder sensation and incontinence in

(1) absence of intellectual deterioration or retention

3J cases had retention

Frontal lobe tumours (537) T Frequency, urgency incontinence

Frontal abscess (540) 1 Retention

Frontal abscessfhaematoma (539) 2 Retention

Antenor cerebral vascular lesions (538)

Various bladder disorders and hemiparaesis

ACG

Bilateral infarchon of anterior cingulate
gyri (553)

Complex behavioural changes and incontinence

Glioma of ACG and supplementary
molor cortex (533

Urgency incontinence with loss of sensation

Insula

Glioma of insula and inferior frontal

Hypothalamus

Incontinence without loss of bladder sensation

gﬁs ib33=

Pituitary tumours extending into the | 3 Urgency incontinence, weight loss, psychiatric
hypothalamus (534) symptoms

Cystic lesion of hypothalamus (551) 1

Ruptured anterior cerehral ansurysm | 5§

ESEEE
PAG
Presumed inflammatory lesion (532) 1 Urinary retention
Pons Posterior fossa tumours (558) Voiding difficulty
Brain stem tumours{Ueki, 1960 #2954
Brainstern vascular lesions (564) _
Brainstem gliomas in children (563) 24 Voiding difficulty

Developmental malformation (559)

Urinary retention and disordered sye movements

Low grade glioma (560)

Paraparesis, urinary retenfion and disordered eye
movernenls

R pontine lesion, unknown (494)

Urinary retention and disordered eye movements

Herpes encephalitis (561)

Lirinary retentinn and disnrdered eye movemeants

and voiding, governed by reflexes involving the
brainstem and spinal cord. During storage the urethral
sphincter mechanism contracts tonically, preventing
urine leakage, while the detrusor remains relaxed, so
as to avoid developing a pressure that would expel
urine. Urethral contraction is maintained by sacral
reflexes known collectively as the ‘guarding reflex’;
detrusor relaxation is ensured by absence of excitatory
parasympathetic input as well as active sympathetic
inhibition provided by spinal reflexes (2).

During voiding the urethral sphincter relaxes, facilitating
urine flow, and the detrusor contracts so as to expel
urine. This coordinated relaxation and contraction of
urethra and bladder respectively is driven by a long-
loop spinobulbospinal reflex (2), shown schematically
in Figure 26. As the bladder fills, increasingly strong
bladder afferents travel via synapses in the sacral
cord to the brainstem and midbrain, where they
synapse in the central periaqueductal gray (PAG). If
the afferent signals exceed a trigger level, efferent
fibres in the more lateral PAG are excited and they in
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turn excite the pontine micturition centre (PMC).
Efferent signals from the PMC descend to the sacral
cord, where they excite an indirect inhibitory pathway
via the nucleus of Onuf that leads to sphincter
relaxation [535] and an excitatory pathway to the
bladder that leads to detrusor contraction; thus voiding
occurs. In the absence of higher control, the reflex
system just described would lead to involuntary bladder
emptying (i.e. incontinence) whenever the bladder
volume reached a critical level. However human
behaviour relating to bladder function is fundamentally
different from that of other species because in modern-
day society we void in a controlled fashion, preferably
in privacy. Embarrassment with inappropriate voiding
and feelings of shame about incontinence are deeply
embedded in human behaviour. Voiding at a socially
acceptable time and place is only achieved by
maintaining strict voluntary control of the voiding reflex.

The decision to void is based on a combination of
factors, including one’s emotional state, an appreciation
of the social environment and the afferent (sensory)



other brain regions

from
hypothalamus

pons

sacral cord _ nucleus

of Onuf

striated urethral
sphincter

Figure 26 : The voiding reflex. The lines on the right
(green) show bladder afferent activity ascending to
the PAG during storage. Note there is no direct
afferent input into the PMC.

On the left (blue), lines show activation of the PMC
by the PAG, with descending activity to the sacral
cord from where the parasympathetic innervation
to the detrusor arises. An inhibitory synapse onto
the motor innervation of the sphincter (Onuf’s
nucleus) results in relaxation of the striated
sphincter muscle and thus synergistic detrusor
sphincter activity. Note that higher brain regions
control the voiding reflex almost exclusively via the
periaqueductal grey (PAG), apart from a connection
via the hypothalamus.

signals arising from the bladder. Knowledge of the
extent to which one’s bladder content is comfortable
and ‘safe’ is central in this process. Thus, voluntary
control of the bladder and urethra has two important
aspects, namely registration of bladder filling
sensations and manipulation of the firing of the voiding
reflex. The PAG - the most rostral part of the reflex
pathway shown in Figure 26 — appears to have a
pivotal role in both aspects. On the one hand it receives
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bladder afferents [535] and transmits them to higher
brain centres and into the realm of conscious
sensation. On the other hand it receives projections
from many higher centres and controls the primary
input to the PMC [536]. During bladder filling, such
higher brain centres can suppress any excitatory
signal from the PAG to the PMC and prevent voiding
or incontinence. Then, when voiding is consciously
desired, they can allow the PAG, and thus the PMC,
to be excited.

Thus, during the storage phase, the net effect of higher
(voluntary) control is tonic suppression of the voiding
reflex. This suppression can be interrupted to allow
voiding to occur if appropriate: i.e. if it is necessary
(bladder volume is adequate), socially acceptable,
and judged to be safe.

3. CORTICAL AND SUBCORTICAL CENTRES
INVOLVED IN BLADDER CONTROL.
EVIDENCE FROM OBSERVATIONS OF
LESIONS AND FROM FUNCTIONAL BRAIN
IMAGING IN HUMANS

a) Frontal Lobes

Although Andrew and Nathan (1) were not the first to
describe disturbances of micturition resulting from a
variety of causes of frontal lobe pathology, their
celebrated paper reporting the syndrome of frequency,
urgency (and in some patients faecal) incontinence
causing distress to the patient, is regarded as seminal
in the field. Their description of these patients cannot
be improved upon.

“The patients described here were not demented,
indifferent or lacking in social awareness; they were
much upset and embarrassed by these symptoms. The
acts of micturition and defecation occur in a normal
manner; what is disturbed by this frontal lesion is the
higher control of these acts. The lesion causes
frequency and extreme urgency of micturition when
the patient is awake, incontinence when asleep. The
sensation of gradual awareness of increasing fullness
of the bladder and the sensation that micturition is
imminent, are impaired. When the syndrome is less
pronounced, the sensation underlying the desire to
micturate is absent, whereas the sensation that
micturition is imminent still occurs. Then the patient
is waylaid by a sudden awareness that he is about to
pass urine; when neither sensation is experienced, the
patient is amazed to find that he has passed urine. The
threshold of the micturition reflex is much lowered. In
the most complete form of the syndrome, the patient
cannot inhibit the detrusor contraction of the micturition
reflex; he is thus forced to empty his bladder as soon
as the reflex occurs. When the syndrome is less
pronounced, the patient can make a conscious effort
to stop the act of micturition, and he may or he may
not succeed. The lowering of the micturition reflex
threshold may account for the fact that the patient



does not feel the normal gradual filling of the bladder
that underlies the desire to micturate; but it cannot
account for the unawareness of the sensations arising
from the activity of pelvic and perineal muscles or of
the sensation that urine is passing.”

The cases of leucotomy in Andrew and Nathan’s
series were regarded as most useful for localizing
the lesion causing the syndrome. The significant plane
of the lesion was that lying immediately anterior to the
tips of the ventricles and the genu of the corpus
callosum. Such lesions involved grey matter, in
particular the superomedial part of the frontal lobe
(see Figure 27); but they caused a permanent disorder
of the control of micturition and of defecation only
when they involved some of the white matter lateral
to the anterior horns of the lateral ventricle. Lesions
that did not affect this white matter caused only
transient disordered control of micturition.
Correspondingly, Andrew and Nathan’s Figure 10A
suggests that most of the critical lesion area was in
this white matter (Figure 27).

Subsequently the same features were observed in 7
patients out of a series of 50 consecutive frontal
tumours [537]. In an analysis of patients with acute
hemispheric strokes the occurrence of disturbance
of micturition was found to be more common in frontal
than occipital lobe lesions and there was an association
with hemiparesis [538]. In 3 cases, Andrew and Nathan
observed that lesions in similar areas to those
discussed above led to urinary retention rather than
incontinence (Table 4). Three further cases of frontal
lesions with urinary retention have been reported.
Successful treatment brought recovery of bladder
function [539, 540].

Imaging studies, both PET [485, 541-544], and fMRI
[545-548], are in agreement that, during bladder filling,
storage and withholding of urine, there is activity in the
right inferior frontal or dorsolateral prefrontal cortex,
perhaps extending into the lateral part of the superior
frontal cortex (Figure 28A,B). There is some right-
sided predominance. In contrast there is little evidence
for activation of the medial parts of the frontal cortex
during storage. One PET study showed medial frontal
activity during sacral nerve stimulation [548], but this
is difficult to interpret; another study that showed
medial frontal activity during filling [549] employed
SPECT imaging, which has poor spatial resolution. An
fMRI study showed abnormally weak activation in
medial prefrontal cortex in subjects with urge
incontinence [547], and further analysis revealed that
bladder filling tends to provoke deactivation in this
region [550]. Regardless, there is little overlap with the
superomedial frontal region described by Andrew and
Nathan (1), except in part of the anterior cingulate
gyrus (ACG; see Figure 29). These observations are
consistent with the concept that functional imaging
reveals grey-matter activation or deactivation, while
lesions may damage critical links in white-matter
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connecting pathways as well as grey-matter regions.

Neuroanatomical observations indicate that there is
a strong and direct connection from medial prefrontal
cortex to PAG [536]. It is tempting to postulate that this
pathway is responsible for tonic PAG suppression of
the voiding reflex, thus maintaining the storage phase.
White-matter lesions in this pathway would then allow
involuntary excitation of the voiding reflex, with resulting
incontinence. It would appear from this account that
bilateral lesions would be required to cause
incontinence, yet in practice a lesion on one side
seems to be sufficient. Andrew and Nathan’s
suggestion — that this is because a unilateral lesion
is likely to involve the fibres connecting one side with
the other [551] — is difficult to follow.

Voiding has not been studied directly by fMRI, but
there are 3 PET studies of voiding [535, 542, 543]
and one fMRI study of simulated voiding [552]. All
identify activation of the right inferior frontal gyrus
(dorsolateral prefrontal cortex) and in the medial
prefrontal cortex or nearby ACG (see next section).

b) Anterior Cingulate Gyrus (ACG)

The anterior cingulate is an extensive area with parts
serving varied functions. The cases of aneurysm in
Andrew and Nathan’s series of frontal lobe pathologies
were thought to have involved the anterior end of the
cingulate gyrus (1) (Figure 29, cyan circle).
Incontinence was observed as part of a complex
behavioural disorder following bilateral infarction of the
anterior cingulate gyri [553]. Arecent report of a patient
in whom a glioma in the right posterior ACG and
supplementary motor area was resected described
how she experienced urgency incontinence and loss
of bladder sensation following surgery [533].

Many functional imaging studies have observed ACG
responses — activation or occasionally deactivation —
to bladder filling, storage or withholding [485, 541,
542,544,547, 549]. The reported locations form a trail
extending from dorsal to ventral ACG, suggesting that
different parts of the ACG respond to the very varied
experimental paradigms that were used (Figure 29).
There is a cluster of activations near the anterior area
identified from lesion studies by Dr Nathan (personal
communication), confirming that this part of the brain
is indeed critical for control of micturition. Response
of the dorsal ACG to bladder filling is abnormally
pronounced in patients with urge incontinence, even
in the absence of any detrusor contraction [547, 550],
suggesting that it is involved both in recruitment of
accessory pathways (to help avoid loss of control of
the bladder) and in the sensation of urgency that
accompanies this situation. Imaging studies of voiding
[541-543] and simulated voiding [552] have all revealed
ACG involvement.

c) Insula

Given what we now know from functional imaging



Figure 27 A, B and C : Location of white matter lesions causing persisting incontinence (red: based on
Andrew and Nathan’s Figures 10 A, B and C (1)); and of grey matter lesions causing incontinence (cyan:
personal communication to CJF from Dr Nathan).

Figure 28A : Locations of peaks of activation reported as
right inferior frontal or lateral prefrontal cortex, during
bladder filling, storage and withholding of urine.
Locations of peaks more than 20 mm from the midline
are projected onto right lateral surface of brain. Note
some overlap with insula shown in Figure 30.

Figure 28B : Medial prefrontal area activated in a few
studies during withholding of urine. Locations of peak
activation less than 20 mm from the midline are project-
ed onto the midline plane.

Figure 29: Cingulate gyrus areas activated on withhold-
ing of urine or full bladder, projected onto midline plane
(dots). The larger cyan circle is the projection of the
superomedial grey matter area shown in Fig 27 onto the
midline plane.
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experiments about the importance of the insula in
processing afferent activity from the bladder (see
Figure 30) it is remarkable that there have not been
more reported cases of bladder dysfunction from
lesions at that site. Possibly the bilateral nature of
insular connections, even though there is some right-
sided predominance, protects against a drastic effect
of insular lesions. One patient in whom a glioma
affecting the inferior frontal gyrus and the insula was
excised experienced incontinence without loss of
bladder sensation [533].

Imaging studies during storage or withholding of urine
show that regions reported as insula form a cluster
near the expected location of that structure (Figure
30) [541-544, 547, 549, 554]. There is some overlap
with the lateral frontal activations reported above and
shown in Figure 28A. In the figure right and left sides
are projected on the same brain surface, masking
any right-sided predominance, and the insula is about
20 mm deeper than the brain surface shown. In healthy
subjects, insular activation becomes stronger with
increasing filling of the bladder, consistent with its
postulated role in bladder sensation [555]. In normal
elderly, this insular response to bladder filling
decreases with age, consistent with age-associated
loss of sensation. However, insula activity cannot by
itself be responsible for conscious desire to void or
urgency, because these sensations are lost following
extensive frontal lesions [551], suggesting that integrity
of connecting pathways between insula and frontal
cortex is essential for conscious sensation.

The insula was activated in only one [543] out of four
imaging studies of real or imagined voiding, suggesting
that it is not strongly involved in this phase of
micturition.

d) Periaqueductal Grey (PAG)

A single case history describes a young man
presenting with urinary retention in whom the only

Figure 30: Locations of activation peaks reported
as insula, during bladder filling, storage and with-
holding of urine, projected onto right lateral surface
of brain. Note overlap with areas shown in Fig 28A.

abnormality found was a small, presumed inflammatory
lesion in the PAG [532]. Presumably in other cases
the clinical picture was dominated by other symptoms
and deficits that were more striking to a neurologist.

Given the spatial resolution of PET and fMRI (a few
mm), it might be expected to be difficult to distinguish
small but functionally different areas in the brainstem
and midbrain. In fact however the brainstem/midbrain
activations reported during the storage and voiding
phases seem to cluster in 3 distinct regions (Figure
31), one of them being the PAG. PAG response to
bladder filling is reported in 3 studies [485, 544, 547].
This response may reflect increased afferent signals
arriving at the PAG (Figure 26) or increased inhibitory
activity from the medial prefrontal cortex (MPFC),
needed to prevent triggering of the voiding reflex (see
Figure 32). The PAG responded to imagined voiding
in one fMRI study [552], but not to real voiding.

e) Hypothalamus

Lesions at this site as a cause of bladder symptoms
are rare but 3 cases of pituitary tumours, extending
upwards into the hypothalamus have been described
with urgency incontinence or retention, weight loss,
psychiatric disturbance and bitemporal field restriction
[534]. Other instances include gliomas involving the
hypothalamus [551] or vascular disturbances of the
anterior hypothalamus. Andrew and Nathan also
reported five patients with bladder symptoms
appearing after a ruptured cerebral aneurysm and
speculated that the site of lesion responsible was the
anterior hypothalamus [556].

Animal observations suggest that the anterior and
caudal hypothalamus have monosynaptic connections
with the PAG and PMC [536]. Correspondingly, two
human brain imaging reports suggest response to
bladder filling in a region near the caudal hypothalamus
[485, 555], and one near the preoptic area [547]. It has
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Figure 31: Brainstem areas activated during stor-
age or voiding, projected onto the midline plane.



been suggested that these connections allow the
hypothalamus to inhibit voiding unless the situation is
judged to be safe.

f) Pons

The demonstration by Barrington [557] in the cat that
a centre existed at the level of the pons necessary for
activation of micturition, provided the background for
recognizing a comparable centre in humans and the
early report of the association of difficulty with
micturition with posterior fossa tumours [558]. Later
histories of individual cases of discrete pontine lesions
[559, 560, 561], [494] and reports of difficulties with
micturition or retention as a feature of brainstem
gliomas in children [562, 563] or vascular lesions
[564], confirmed the likely existence of a comparable
centre in humans. Studies using MRI to visualize the
precise location of the responsible lesions, sited this
in the dorsolateral pons, including the pontine reticular
nucleus and the reticular formation, adjacent to the
medial parabrachial nucleus and locus coeruleus
[564]. Lesions in this location are frequently associated
with disturbances of consciousness and respiration and
bladder symptoms may therefore be overlooked. The
commonest clinical association of urinary retention
arising from a pontine lesion is an internuclear
opthalmoplegia.or disorder of eye movements.

Functional imaging experiments have shown a cluster
of activations near the postulated location of this
pontine micturition centre (PMC), Figure 31. There are
3 reports of PMC activation during voiding [541-543]
and — surprisingly — one in response to bladder filling
[555]. However, excitation during bladder filling might
be inhibitory rather than excitatory, a distinction that
cannot be made by functional imaging.

A few studies suggest activation of the postulated
pontine L-region or continence centre (Figure 31),
somewhat ventral, lateral and/or caudal to the PMC
(Figure 26): during storage [485], during failed attempt
to void [541, 542], during imagined voiding [554], and
during imaginary inhibition of voiding [552]. However,
not all these studies recognized the L-region as such.

g) Other Regions

The regions discussed in sections 3.1 to 3.6 are
reasonably well established since they are observed
in lesion, imaging and (in some cases) animal studies.
In particular, the triad insula/ACG/prefrontal cortex is
well known from studies of other aspects of brain
function [565]. Other regions relevant to bladder control
however have been revealed only by functional
imaging. They include parts of parietal and
frontoparietal cortices, posterior cortex (precuneus,
posterior cingulate cortex), putamen, caudate, parts
of the limbic system (hippocampal complex,
amygdala), and various parts of the cerebellum. Rarely
seen in functional imaging experiments is activity in
the basal ganglia, yet dopamine pathways are thought
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to have a profound inhibitory effect on the PMC in
health, which is lost in Parkinson’s Disease.

4. WORKING MODEL OF BRAIN/BLADDER
CONTROL

The diagram in Figure 32 shows what are currently
thought to be the principal areas and connections
involved in bladder control, with the more important
connections identified by thicker lines. This scheme
is hypothetical but offers, at this point in time, a
framework based on evidence from the clinical reports
of the effects of “lesions”, the regions shown to be
activated in the PET imaging experiments (Figure
33) and the results currently emerging from functional
MRI and connectivity studies.

The PMC is the final efferent brain nucleus involved
in bladder control — when activated there follows co-
ordinated sphincter relaxation and detrusor contraction,
resulting in voiding. However the PMC has been show
to have only a few central connections (Figures 26
and 32) namely, from the hypothalamus and from the
PAG. The PAG is now recognized as having a central
role in mediating the influences of higher function on
the PMC and so achieving voiding at brain- rather
than bladder-determined volumes. To perform this
role the PAG receives afferent input via the sacral
roots conveying “bladder fullness” information, as well
multiple inputs from higher centres including the

vd '
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Figure 32 A: preliminary conceptual framework,
based on current evidence, suggesting a scheme for
the connections between various forebrain and
brainstem structures that are involved in the control
of the bladder and the sphincter in humans. Arrows
show probable directions of connectivity but do not
preclude connections in the opposite direction. PAG
= periaqueductal grey; PMC = pontine micturition
centre. Reproduced, with permission (2), based on
the work of (4).
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Figure 33 : Brain areas involved in the regulation of
urine storage. A meta-analysis of positron-emis-
sion tomography and functional MRI studies that

prefrontal cortex, ACG, insula and hypothalamus and
also probably the basal ganglia and cerebellum. The
insula (the right in particular) has been shown to
respond in a way that suggests it is responsible for
mapping and processing bladder as well as other
visceral sensations and is sometimes referred to as
the “sensory cortex of the autonomic nervous system”.

The ACG monitors stress and conflict and generates
appropriate autonomic arousal. It may also determine
how much attention is paid to signals from the bladder
and how one reacts to them. The medial prefrontal
cortex (MPFC) has a role in response selection and
S0 may be involved in evaluating afferent activity. The
MPFC is crucial for decision-making in an emotional
and social context and is thus evidentially important
in controlling micturition. It is close to the anterior
cingulate region revealed by lesion studies and
functional imaging (Figure 29) and has strong and
direct connections with the PAG, suggesting that it may
be responsible for maintaining the tonic suppression
of the voiding reflex during the storage phase, which

investigated which brain areas are involved in the
regulation of micturition reveals that the thalamus,
the insula, the prefrontal cortex, the anterior cingu-
late, the periaqueductal grey (PAG), the pons, the
medulla and the supplementary motor area (SMA)
are activated during the wurinary storage.
Reproduced with permission from (3)|

normally is only relaxed when the decision to void
has been made. This decision is conveyed back to the
PAG, which correspondingly excites or inhibits the
PMC (Figure 34).

Figure 34: A preliminary working model of lower urinary tract control by higher brain centres. A: During
storage, ascending afferents (yellow) synapse on the midbrain periaqueductal grey (PAG); they are relayed
via the thalamus (TH) to the dorsal anterior cingulate gyrus (ACG: responsible for monitoring and warning)
and to the right insula (RI: responsible for sensations such as desire to void) and lateral prefrontal cortex
(LPFC); in the storage phase they pass to the medial prefrontal cortex (MPFC, red arrow) where the deci-
sion to void or not is made; in this phase the decision is not to void, and this situation is maintained by
chronic inhibition of the PAG via a long pathway (red arrows) from the MPFC; consequently the pontine mic-
turition centre (PMC) is also suppressed, and voiding does not occur. B: When the decision to void is made,
the MPFC relaxes its inhibition of the PAG (green arrow) and the hypothalamus (H) also provides a ‘safe’
signal; consequently the PAG excites the PMC which in turn sends descending motor output (green arrow)
to the sacral spinal cord that ultimately relaxes the urethral sphincter and contracts the detrusor, so that
voiding occurs.
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VIl. ABNORMAL LOWER URINARY
TRACT FUNCTION

Dysfunction of neural control may underpin a wide
range of clinical urinary tract problems. On the afferent
side, neural dysfunction will alter reflex activity and
influence sensation, which can either be enhanced,
reduced or altered (e.g. with the emergence of pain
instead of usual bladder filling sensations). On the
efferent side, motor activity within the components of
the lower urinary tract (bladder and outlet) can be
increased, reduced or uncoordinated. The following
is not a comprehensive description of the entire scope
of this complex arena, but focuses on key issues
relevant in the clinical context.

1. ABNORMALITIES INVOLVING
INFLAMMATION

e Bladder Pain Syndrome / Interstitial Cystitis
(BPSI/IC)

Although no consensus has been reached on the
fundamental causes of Bladder pain syndrome/
Interstitial Cystitis (BPS/IC), existing data suggest 3
pathophysiological mechanisms: epithelial dysfunction,
mast cell activation, and neurogenic inflammation
[566].

1. MasT CELL AcTIVATION — Mast cells may be activated
by a number of mechanisms within the bladder wall.
Increased permeability with influx of potassium ions
may lead to sensory nerve up-regulation resulting in
mast cell activation. Vasoactive, nociceptive and pro-
inflammatory molecules released from mast cells can
produce neuronal sensitisation and secretion of
neurotransmitters that further stimulate mast cells.
Mast cell — neuronal interactions may therefore
provoke a vicious cycle in BPS/IC, contributing to the
painful symptoms of the disease [567].

2. NeurROGENIC INFLAMMATION — The close physical
relationship between the C fibres and mast cells is of
particular importance, as substance P (SP) released
from the nerve fibres degranulates mast cells. During
degranulation, the mast cells release a multitude of
proinflammatory agents including nerve growth factor
(NGF), tumour necrosis factor-a (TNFa), histamine,
heparin, proteases, interleukins, serotonin and others.
This induces an inflammatory response in the form of
vasodilatation (redness) and plasma protein
extravasation (oedema). Additionally, newly released
nerve growth factor (NGF) stimulates a further increase
in the number of afferent fibres, thus increasing the
potential for further releases of SP and the transmission
of nociceptive impulses. Inflammatory models of cystitis
resultin increased levels of TNF-alpha, SP and NGF
production in the bladder, paralleling the hypothesized
neuro-inflammatory etiology of IC [568].
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During mammalian development, NGF is required for
the survival and growth of several populations of
neurons. There is evidence to suggest that it also
plays a role in the ongoing regulation of neural function,
as well as inflammation and pain [569].

In the urinary tract, NGF is produced by the bladder,
smooth muscle and urothelium, and levels of NGF
increase in response to interstitial cystitis. In one
study, patients with BPS/IC were found to have
elevated levels of neurotrophic factors in their urine,
including neurotrophin-3, nerve growth factor and glial
cell line-derived neurotrophic factor [570]. This finding
is consistent with the observation of increased NGF
mRNA and protein in bladder biopsies from patients
with BPS/IC compared with controls [571].

Intravesical NGF is known to sensitize bladder afferent
fibres [142], and sequestration of NGF can reduce
inflammation associated with chemical cystitis in a
rat model [572]. Blockade of NGF using either
endogenous antibody or antibody against the NGF
receptor, or a fusion protein that prevents interaction
between NGF and its receptor, prevents neural
plasticity and bladder overactivity in experimental
models of these conditions [143, 573].

Other substances including neurotrophins,
prostaglandins, and tachykinins may also contribute
to altered afferent excitability [574]. The potential
relevance of these changes has been demonstrated
in cats diagnosed with feline interstitial cystitis (FIC)
(which demonstrates nearly all the characteristics and
symptoms of human BPS/IC), in which capsaicin
sensitive neurons are larger, with dorsal root ganglia
that exhibit increased excitability and slower
desensitisation to capsaicin, suggesting changes in
the properties of the primary afferent neurons [146,
147], a finding that may be associated with tendency
of NGF to stimulate TRPV1 expression.

2. INVOLVING ABNORMAL URINE STORAGE
a) Overactive Bladder / Detrusor Overactivity

Detrusor overactivity can arise in neuropathic
conditions, secondary to bladder outlet obstruction
or idiopathically. Several observations on structural and
functional properties of the bladder have been made
in individuals with detrusor overactivity:

Patchy denervation is present within the bladder
wall, while sensory neurones and parasympathetic
ganglion cells are enlarged

Exaggerated spontaneous myogenic activity can
be seen in isolated detrusor muscle strips, with
increased incidence of fused tetanic contractions

Muscle strips also show altered responsiveness to
nervous and pharmacological stimuli



Characteristic changes in smooth muscle
ultrastructure have been described.

Smooth muscle strips dissected from the bladder in
detrusor overactivity often show altered responses
to nerve stimulation and to various agonists. For
example, in obstructed overactive bladders there is
reduced contractile response to intrinsic nerve
stimulation, along with supersensitivity to muscarinic
agonists and potassium solutions [575-578]. Among
neuropathic conditions, spina bifida is associated with
supersensitivity to cholinergic agonists and potassium
solutions, but there is no change in the sensitivity to
intrinsic nerve stimulation [579]. In spinal cord injury,
there is no reduction in sensitivity to electrical field
stimulation, but the maximum force generated by
each milligram of bladder tissue is significantly reduced
[92]. In idiopathic detrusor overactivity, bladder strips
show supersensitivity to potassium, but not to
muscarinic agonists, and there is a reduced contractile
response to intrinsic nerve stimulation [580]. Where
functional denervation is present, there appears to
be an increase in spontaneous contractile activity and
presence of fused tetanic contractions, a feature more
typical of well-coupled smooth muscles [581, 582]. A
common ultra-structural feature of the overactive
detrusor is the emergence of protrusion junctions and
ultra-close abutments between the smooth muscle
cells [583]. Overall, the cells may be better coupled
electrically in detrusor overactivity, perhaps allowing
spontaneous activity to propagate over a wider area.
Bladder biopsies from overactive detrusor show a
patchy denervation; some muscle bundles may be
completely denervated, whilst neighbouring ones
appear normal and in other areas sparser innervation
is also seen [92, 579, 580, 584]. A similar pattern is
seen in animal models [576, 585]. Overall, these
observations suggest that response to loss of local
innervation by the smooth muscle cell may explain the
altered behaviour of the bladder in detrusor overactivity
[575, 586].

Preclinical studies in animal models of OAB / detrusor
overactivity contribute further to our understanding
of the importance of neural control in this condition.
The main models relevant to OAB include (i) instillation
of irritative agents into the bladder during cystometry,
(ii) partial bladder outflow obstruction, (iii) the
spontaneously hypertensive rat, (iv) spinal cord injury,
and other CNS lesions similar to those responsible for
bladder dysfunction in humans [587].

Irritative agents are employed in animals to evoke a
painful or irritant response, in particular through C-
fibres. Both acetic acid and citric acid have been used,
although the latter probably represents a better model
since it is less irritant and therefore less likely to invoke
an acute inflammatory response. Both agents have
been shown to increase bladder contractile activity,
decrease bladder capacity and reduce bladder
compliance, while micturition pressure remains normal
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or is increased, suggesting that this model may
contribute to understanding of increased bladder
sensory activity, as may occur during the symptom of
urgency. These effects are due to stimulation of
nociceptive afferent fibres, confirmed through
demonstration of increased c-fos expression in rat
spinal cord and in regions of the periaqueductal grey
[372, 588], an effect that can be eradicated by
desensitization of TRPV1 receptors on the sensory
neurones following pre-treatment with resiniferatoxin
[589].

Partial bladder outflow obstruction has been achieved
through application of urethral ligatures or a constricting
ring that results in partial urethral occlusion, mimicking
the obstruction seen in men with BPH who often
develop secondary OAB [577]. The animals develop
cystometric features such as increased bladder
capacity and non-voiding bladder contractions, with
associated histological features (muscle hypertrophy,
patchy denervation and enlarged sensory neurones
and parasympathetic ganglia) and detrusor functional
features (spontaneous myogenic activity and altered
response to stimuli) reminiscent of the human condition
[586]. Afferent plasticity in animals with bladder outflow
obstruction involves NGF, the content of which is
increased in obstructed bladders prior to the
enlargement of bladder neurons and the development
of urinary frequency [590]. The relevance of NGF in
the response to obstruction in animals is suggested
by the finding that rats immunized with mouse NGF
in order to develop autoantibodies do not develop
neural plasticity and urinary frequency in response
to obstruction [591]. While neuronal changes are
evident in the obstructed model, further observations
appear to indicate that the overactive phenotype in
obstructed rats derives from a combination of
increased propensity to localized muscle contraction,
together with a tendency towards wider propagation
of this activity in an organ that may have developed
greater autonomy from central control as a result of
the neuronal changes [592]. In this context, the
relevance of peripheral contractile modules appear to
emerge as the functional units of detrusor activity
[477].

The spontaneously hypertensive rat (SHR) is a genetic
model of hypertension, which is also known to exhibit
abnormal bladder function; in particular, SHRs have
been shown to have reduced bladder capacity and
voided volume, increased urinary frequency and
increased occurrence of non-voiding contractions,
associated with altered detrusor innervation and
physiological response [450]. Again, increased bladder
smooth muscle NGF levels appear to be associated
with these changes [593]. The bladders of SHRs also
show increased levels of calcitonin gene-related
peptide immunoreactive fibres (presumably afferent)
with increased size of neuronal cross-sectional area
profiles for bladder afferents in the L6—S1 dorsal root



ganglia as well as the major pelvic ganglia [594]. The
potential importance of the afferent innervation in this
model can be highlighted by the finding that intrathecal
application of antisense oligonucleotide against the
tetrodotoxin- resistant sodium channel (Nav1.8)
reduces bladder hyperactivity [595].

Spinal cord injury (SCI) in animals has been shown
to result in changes in lower urinary tract function
similar to those seen in humans [596]. Recovery of
bladder function from the initial areflexia after SCI in
animal models is dependent in part on plasticity of
bladder afferent pathways and the unmasking of
reflexes triggered by the normally silent capsaicin-
sensitive C-fibre bladder afferent neurons, resulting
in cystometric changes akin to those seen in
neurogenic detrusor overactivity [596]. Studies in rats
indicate that the increased excitability in the C-fibres
is associated with an increase in the expression of
sodium channels from a high-threshold TTX-resistant
type to a low-threshold TTX-sensitive type [597].

Other animal models of CNS lesions associated with
bladder dysfunction have also been developed. For
example, a model of Parkinsonism secondary to 6-
hydroxydopamine injection into the substantia nigra
pars compacta in rats has been developed, confirming
the relevance of D1/D5 dopaminergic stimulation in
improving bladder capacity [531]. Furthermore, a
model of bladder overactivity associated with cerebral
infarction due to occlusion of the middle cerebral
artery in rats has been shown to lead to significant
ischaemia within the putamen and cerebral cortex,
confirming the importance of these areas in the control
of micturition [598]. In this latter model, a role for
glutamatergic and dopaminergic stimulation in the
development of bladder dysfunction has been
demonstrated [598, 599]. These findings are consistent
with the observation that anterior brain lesions in
humans are more likely to be associated with
incontinence than posterior, occipital lesions [600].

Additional evidence for the importance of emergent
C-fibre contribution to afferent signalling in OAB and
detrusor overactivity can be found in experimental
clinical studies. For example, patients with various
idiopathic and neurogenic bladder dysfunctions have
reduced current perception threshold to direct bladder
stimulation [601] and urethral stimulation [602] at
frequencies that selectively stimulate C-fibres,
indicating increased excitability in the C-fibre afferents
in these patients. Similarly, ice water instillation (which
excites C-fibres) into the bladder can trigger involuntary
detrusor contraction in patients with neurogenic
detrusor overactivity [603]. In addition, the efficacy of
capsaicin and resiniferatoxin in the treatment of
patients with both idiopathic and neurogenic detrusor
overactivity confirms the role of C-fibres and the
afferent limb of the micturition reflex in bladder storage
conditions [604]. While the hyper-excitable C-fibres
appear to be the conduit for the abnormal sensory
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signals from the overactive bladder, the origin of the
sensations probably lies in the bladder wall itself,
either in uncoordinated asynchronous localized
detrusor contractile activity [476, 605] which may lead
to urgency with negligible associated pressure rise
within the bladder, or in a more co-ordinated propa-
gation of autonomous contractile activity via emergent
gap junctions providing more syncytial characteristics
to the overactive detrusor [583].

b) Stress Urinary Incontinence

Stress urinary incontinence (SUI) is characterized by
reduced outflow resistance during urinary storage
due to weakness in the urethral sphincter mechanism.
It is often associated with weakness of the pelvic floor
and urethral musculature, but peripheral nerve
dysfunction is also implicated, in particular pudendal
nerve damage following childbirth in women [606].
Animal models have contributed to understanding of
the importance of the peripheral innervation of the
urethra in SUI, with development of disease models
association with pudendal nerve crush and vaginal
distension initiating neuropraxic nerve injury in rats
[607] and mice [608]. The role of pharmacological
neuromodulation in the treatment of SUI has shown
that urethral function and therefore incontinence can
be improved by augmenting somatic neuronal
discharge using the serotonergic (5HT) and
noradrenergic (NE) reuptake inhibitor duloxetine,
which is thought to act in the sacral spinal cord at
Onuf’s nucleus, the pudendal somatic motor nucleus
of the spinal cord which is densely innervated by SHT
and NE terminals [307, 609]. More recent data on the
effect of the selective noradrenergic reuptake inhibitor,
[S,S]-reboxetine in the treatment of SUI, indicate that
the serotonergic activity of duloxetine may be
redundant and that effects are dependent solely on
noradrenergic reuptake inhibition [610, 611].

3. INVOLVING ABNORMAL VOIDING
e Bladder Outflow Obstruction

Bladder outflow obstruction (BOO) is typically
associated with prostatic enlargement in men, although
it is also seen in women following surgery for stress
urinary incontinence and in children secondary to
proximal urethral valves. Bladder overactivity is seen
in many patients with BOO, and this storage
dysfunction together with the associated neuronal
changes has been described above. The voiding
dysfunction per se seen in patients with BOO is caused
by a combination of both passive and dynamic
obstruction of the proximal urethra and, in some
patients, by detrusor decompensation resulting in a
deterioration in the contractile function of the bladder
during voiding.

During obstructed voiding, the bladder is subject to high
pressures required to expel urine through a region of
high resistance. These pressures compromise detrusor



blood flow during voiding leading to periods of
ischaemia and hypoxia, followed by reperfusion [612].
Recurrent cycles of ischaemia and reperfusion result
in progressive neuronal damage in the bladder wall,
an effect that has been seen in animal models of
obstruction and bladder distension, as well as in an
in vitro model in which detrusor muscle is intermittently
exposed to hypoxic glycopenic perfusate followed by
oxygenated glucose-containing perfusate [384, 613].
This neuronal damage initially has a patchy
appearance, when it seems to be related to the
development of an overactive phenotype in pigs [586].
With time, however, bladder decompensation with
incomplete voiding and chronic retention can develop,
and this is associated with a more generalized detrusor
denervation and reduced contractile response to
neuronal stimulation in organ bath studies [614].

4. CO-MORBID DISORDERS

The significance of neural control mechanism in lower
urinary tract dysfunction is further implied by a number
of comorbid conditions that have been associated
with BPS/IC and incontinence.

Patients with BPS/IC and SUI are more likely to report
depressive symptoms. Findings on two validated
depression measures indicate that patients with
interstitial cystitis report significantly greater depressive
symptomatology than healthy controls, although less
than 20% notice moderate or severe depressive
symptoms. This finding is consistent with the
observation that patients with chronic pain experience
a higher level of depressive symptoms than healthy
controls and other chronically ill populations. Patients
report low mood (56%), fatigue (63%), difficulty
concentrating (49%), insomnia or excessive daytime
sleepiness (49%) and are 3 to 4 times more likely to
report suicidal thoughts than the general population
[615]. The association of IC/PBS [616] and
incontinence [617] with depression has been
corroborated in other studies, although a more recent
study suggests that, after multivariate adjustment for
the influence of other urogenital symptoms, only the
symptom of nocturia remains significantly associated
with depression [618].

BPS/IC has also been associated with other chronic
pain conditions, especially fibromyalgia [616, 619-
621]. An association has also been shown for child
abuse [616, 622]. Based on recent improvements in
understanding of pain processing pathways in the
central nervous system, and in particular the role of
limbic structures, especially the anterior cingulate
cortex, hippocampus and amygdala, in chronic and
affective pain perception, a condition termed limbic
associated pelvic pain has been proposed to explain
the concurrence of these various chronic pain
conditions. This limbic dysfunction is manifest both as
an increased sensitivity to nociceptive afferents from
pelvic organs, and as an abnormal efferent innervation
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of pelvic musculature, which undergoes tonic
contraction as a result of limbic efferent stimulation,
generating a further sensation of pain. The nociceptive
afferents from these pelvic organs then follow the
medial pain pathway back to the sensitized,
hypervigilant limbic system. Chronic stimulation of
the limbic system by pelvic pain afferents again
produces an efferent contraction of the pelvic muscles,
thus perpetuating the cycle [622].

VIIl. BRAIN-GUT INTERACTIONS

The bidirectional interactions between different hindgut
organs (urinary bladder, rectum) show both similarities
and differences. The primary function of both organs
is to store waste products, and to empty them in
accordance with a) the state of filling as well as b) the
overall state of the organism, and environmental and
social constraints. While the former is accomplished
by a series of hierarchal reflexes, the latter is
accomplished by modulatory input from the brain to
change the gain of these reflexes. While spinal and
supraspinal reflexes are involved in both the regulation
of bladder and rectal emptying, peripheral reflexes
contained within the enteric nervous system are unique
to the colorectum, while supraspinal reflexes involving
the periaqueductal grey and Barrington’s nucleus (or
pontine micturition center) appear to play a more
prominent role in bladder emptying. Conscious
perception of the state of these organs is the end
result of various afferent inputs to the insular cortex,
including visceral afferents, and inputs from cognitive
and emotional arousal circuits. Based on this model,
modulation of both emptying and perception of
peripheral events in both health and disease can
occur at multiple levels, and by various mechanisms.
It is proposed that while peripheral changes in the
end organ by inflammatory processes may play the
primary role in organic disorders, central changes in
modulatory circuits may play the primary role in so
called functional disorders, like irritable bowel
syndrome and bladder pain syndrome/interstitial
cystitis (BPS/IC).

1. BACKGROUND

Functions required for the elimination of waste products
are coordinated with each other, with the body’s needs
and with appropriate behaviors. This integration is
accomplished at different levels of the neuroaxis, from
the lumbar spinal cord (reflex functions; bladder —
rectal integration) to pontine nuclei such as Barrington’s
nucleus (integration of bladder and rectal function
with other information about the state of the organism)
to the periaqueductal grey (PAG) and to cortical regions
(insula, anterior cingulate cortex, ACC). The PAG and
BN receive inputs from cortical and emotional brain
circuits, integrating pelvic visceral function with
voluntary behavior and with the emotional state of



the organism. Symptoms affecting several pelvic
viscera, such as incontinence and chronic pain and
discomfort related to the distal colon/ rectum (irritable
bowel syndrome, IBS) and to the urinary bladder
(BPS/IC) often co-exist.

This section on bidirectional brain distal gut interactions
tries to put rectal sensations and continence
mechanisms into the larger context of regulation of
homeostatic function, and highlights the differences
and similarities in neural mechanisms underlying fecal
and urinary continence mechanisms. The approach
of providing a general framework to understand how
the nervous system, in particular the human brain,
processes and modulates visceral afferent input arising
from two viscera derived from the embryological
hindgut is useful to understand the comorbidity of
fecal and urinary incontinence, and of BPS/IC and
IBS.

a) The concept of homeostatic emotions

We humans uniquely experience feelings from each
of the tissues of our bodies, including the viscera
concerned with storage and evacuation of bodily waste
(anorectum and the urinary bladder), because
evolution has produced brain mechanisms in humans
for the conscious perception of an image of the
physiological condition of our bodies.

The classical term interoception, formerly used only
to refer to visceral sensation, has been re-defined, to
refer to the sense of the physiological condition of
the body. Recent neuroanatomical findings indicate that
all of the feelings from our bodies reflect its
physiological condition and can be viewed as
homeostatic emotions.

This includes not only visceral sensations such as
hunger and thirst, but also a range of other sensations
including rectal or urinary fullness, urge and pain.
Like all emotions, these comprise both a (conscious)
feeling and a motivation and motor response. While
the anterior insula has been identified as an important
neurobiological substrate involved in the conscious
perception of feelings and sensations from our viscera,
a set of brain circuits referred to as the emotional
motor system [623] is involved in the mediation of the
motor response to such visceral input.

b) Homeostatic emotions drive behavior

Sensory inputs that relate the body’s physiological
condition, or homeostatic afferents, drive the
homeostatic mechanisms that promote survival. The
primordial means of regulating the evacuation of stool
and urine in all vertebrates is motivated behavior, so
the pathways that guide homeostatic sensory input to
motivational processes must be ancient. Such
behavioral motivation (and the accompanying
autonomic and somatic motor changes required for
the evacuation of waste products) is generated in
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non-humanoid mammals by a signal to the forebrain
from the main homeostatic afferent integration site in
the brainstem, the parabrachial nucleus (PBN).

As proposed by Craig, [624] evolution produced a
new direct (spino-thalamo cortical) pathway in humans
to the forebrain that surmounts the primal pathway and
which generates both an affective motivation and a
sensation in the limbic motor and sensory cortices
(Figure 35A). The basic homeostatic (interoceptive)
feelings or modalities include abdominal fullness as
well as fecal and urinary urge. These feelings are the
human percepts of distinct “homeostatic emotions”
that directly relate to the body’s needs.
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Figure 35A : Ascending projections of homeostat-
ic afferents: Ofganization of interoceptive path-
ways. Small diameter afferents that travel with
sympathetic and with parasympathetic efferent’s
provide input to lamina | and NTS, respectively.

In mammals, the activity of both types of afferents
is integrated in the PBN, which projects to insular
cortex. In non-human and human primates, a
direct projection from lamina | and from the NTS
exist to ventromedial thalamic nuclei (Vmpo and
VMb, respectively).

Neurons in these nuclei project in a topographical
fashion to the mid/posterior insula. In humans,
this cortical image of the homeostatic state of the
organism if re-represented in the anterior insula
on the same side of the brain.

These representations provide the substrate for a
subjective evaluation of interoceptive state.



The concept of homeostatic emotions, regardless of
the valence of the emotion, is consistent with the
reported activation of similar brain regions (insula,
dACC) by a variety of both pleasant and unpleasant
stimuli (reviewed in Vogt, 2005 [625]).

2. ORGANIZATION OF HOMEOSTATIC
REFLEXES: PROCESSING OF PELVIC
VISCERAL INFORMATION WITHIN
HIERARCHICAL ORGANIZED
HOMEOSTATIC REFLEXES

a) Enteric reflexes within the Enteric Nervous
System

The hierarchal organization of homeostatic reflexes
within the central neuroaxis, and which are pertinent
to both anorectum and urinary bladder is shown in
Figure 35B. A fundamental difference in the regulation
of the distal gut and the urinary bladder is the prominent
role of the enteric nervous system (ENS) as the primary
reflex circuit mediating both filling and emptying of
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Figure 35B: Ascending projections of homeostat-
ic afferents: Spino-thalamo-cortical system.
Summary diagram illustrating the projections in
primates of homeostatic afferent pathways from
lamina | (spinal) and NTS (vagal) to thalamic
nuclei, and the two cortical regions involved in the
sensory (insula) and motivational (ACC) dimen-
sions of homeostatic emotions.
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the distal colon. The ENS, which is considered the third
division of the ANS [626], is made up of two
ganglionated plexus situated between the different
muscle layers of the gut (myenteric plexus) and the
mucosa (submucosal plexus). Even in the absence
of any central input, these enteric (or intrinsic) reflexes
can generate proximal to distal propulsion of colonic
contents (peristaltic reflex), and relaxation of the
internal anal sphincter [627]. While the enteric reflex
circuitry within the anorectum is unique to fecal
continence, the spinal and supraspinal reflexes
mediated by extrinsic afferents overlap considerably
for bladder and rectum.

b) Lamina | afferents provide input to spinal
and supraspinal reflexes.

The small-diameter afferent fibers that innervate the
pelvic viscera course peripherally with sympathetic
and parasympathetic nerves (e.g. splanchnic, pelvic,
vagus), and with somatic nerves (e.g. pudendal).
Many innervate the mesenteric ganglia and play a
role in the communication between the central nervous
system and the ganglionated plexus of the ENS. Many
of these extrinsic afferents respond to chemical and
mechanical stimuli over a broad range of thresholds
and response slopes, so that they might be considered
to represent a broad continuum of response properties.
However, they can also be regarded as separable
into different classes, including low-threshold, high-
threshold (nociceptive), “silent” (unresponsive unless
inflamed), and thermosensitive (primarily warm) [628,
629]. These classes may correspond to different
functional roles and different subjective feelings. Within
the gut, there are also several distinct anatomical
patterns of innervation, with some fibers ending within
the longitudinal muscle sheets, others ending within
the enteric ganglia (intraganglionic laminar endings,
IGLEs), [630] and others in close proximity to
enterochromaffin [631] or to mast cells [632].

c) Spinal and supraspinal reflexes

The lamina | neurons that receive the small-diameter
fiber inputs have projections within the spinal cord
and brainstem (Figure 36A). In the spinal cord, their
only major projection is to the sympathetic cell column
of the thoracolumbar spinal cord, where autonomic pre-
ganglionic output neurons are located. In the
brainstem, they project exclusively to the recognized
homeostatic integration sites (e.g. caudal and rostral
ventrolateral medulla, catecholamine cell groups A1-
2 and A5-7, Barrington’s nucleus (“pontine micturition
center’, PMC), PBN, periaqueductal gray [PAG]),
which also receive parasympathetic afferent activity
by way of the NTS and which are heavily
interconnected with the hypothalamus and the
amygdala complex (including the bed nucleus stria
terminalis, BNST). The NTS that receives small-
diameter fibers from parasympathetic nerves similarly
projects to all of these sites. These spinal and bulbar
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Figure 36: Hierarchical organization of homeosta-
tic reflex systems involving the sympathetic nerv-
ous system. A. Homeostatic afferents that report
the physiological condition of all tissues in the
body, including the Gl tract, terminate in lamina |
of the dorsal horn. The ascending projections of
these neurons provide the basis for reflex arcs at
the spinal, medullary and mesencephalic levels.
Limbic, paralimbic and prefrontal centers provide
modulatory influences on the gain of these reflex-
es.

projections from lamina | and from the NTS provide
the substrate for the hierarchical, modality-selective
somato-autonomic reflexes activated by spinal small-
diameter afferents that are crucial for homeostatic
control of all tissues of the body [633].

Traditionally, the pontine regulation of the pelvic viscera
had been considered specific for the urinary bladder
and was accordingly referred to as the pontine
micturition center (PMC). However, more recent work
in rodents has clearly established a role of this pontine
nucleus (Barrington’s nucleus, BN) as the anatomical
substrate for the co-regulation of both bladder and
rectosigmoid with central arousal circuits (via
projections to the locus coeruleus) and with forebrain
function [634] (Figure 37). Efferent projections from
BN to the dorsal motor nucleus of the vagus (DMV)
and to the sacral parasympathetic nucleus give this
nucleus a unique role in the regulation of both upper
and lower Gl function through the two divisions of the
parasympathetic nervous system [634]. Efferent
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Emotion

Cognition, Perception

Figure 36B: Cortical modulation of homeostatic
afferent input to the central nervous system. PFC
regions (dorsolateral PFC [dIPFC], orbitofrontal
cortex [orbFC]) modulate activity in limbic and par-
alimbic regions (amygdala [amy], ACC subregions,
and hypothalamus [Hypoth]), which in turn regu-
late activity of descending inhibitory and facilitato-
ry descending pathways through the PAG and
pontomedullary nuclei. Activity in these corticol-
imbic pontine networks mediates the effect of cog-
nitions and emotions on the perception of homeo-
static feelings, including visceral pain and discom-
fort. From Mayer et al. (635)

projections from BN to the noradrenergic locus
coeruleus are an important pathway by which afferent
signals from both pelvic viscera can activate central
arousal mechanisms, and hyperresponsiveness of
these arousal circuits have been implicated in central
pain amplification in functional visceral disorders such
as IBS and PBS/IC [635]. The forebrain connections
from the BN make this brain region ideally positioned
to coordinate the activity of both pelvic viscera with
behaviors that are appropriate for evacuation. Valentino
et al. demonstrated evidence for the existence of 3
types of neuronal populations in BN, one of which is
synaptically linked to both the bladder and the colon,
and the other two populations which are specifically
linked to either viscera [460, 452]. The authors
concluded that these neuroanatomical substrates
may underlie the central coordination of bladder and
colon function and, in pathological states, may play
arole in disorders characterized by a co-existence of
bladder and colon symptoms.
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Figure 37: Role of Barrington’s nucleus in the co-regulation of pelvic viscera. A, Barrington’s nucleus (or
“pontine micturition center”, PMC) is in a unique strategic position to co-regulate upper and lower gastrointestinal
function via vagal and sacral parasympathetic projections, and to influence higher brain functions via
projections to cortical and emotional circuits. Close interactions with the noradrenergic locus coeruleus
mediate the effect of pelvic visceral afferent input on emotional arousal circuits (ascending noradrenergic
projections) as well as on descending pain modulation (descending noradrenergic projections).

B, Afferent projections to Barrington’s nucleus as identified by regtrograde and anterograde tracing studies.
Different cell groups within Barrington’s nucleus receive either converging input from both pelvic viscera,
or selective input from either bladder or rectum. BN receives descending projections from the periaqueductal
grey (PAG), the lateral hypothalamus (LH), the bed nucleus striae terminalis (BNST), the medial preoptic
nucleus (MPO) and cortical regions, including the ACC. From Valentino et al. [634]

229



d) Spino-thalamic input to interoceptive cortex

In sub-primates, ascending lamina | homeostatic
afferent activity is integrated mainly in several
brainstem sites (A1, PBN, PAG), which then provide
an integrated signal to behavioral control regions in
the forebrain. In primates, however, there is a novel,
additional lamina | STT projection to a specific thalamo-
cortical relay nucleus (VMpo) in posterolateral
thalamus, which in turn projects to a discrete portion
of dorsal posterior insular cortex (Fig. 35) [636]. This
interoceptive cortex contains modality-selective
representations of all afferent activity from lamina l (i.e.,
sympathetic afferent input) and from the NTS (i.e.,
parasympathetic input). In monkeys, this pathway is
justvisible, but in humans, it is greatly enlarged. Many
functional imaging studies in humans confirm role of
the insular cortex in pain, hunger, thirst, temperature,
itch, muscle sensation, sensual touch, and
cardiorespiratory activity, (reviewed in Craig, 2002
[636]), and it can be regarded as primary sensory
cortex for the physiological condition of the body in
primates. By contrast, in sub-primates the insular
cortex appears to have a primordial role in modulating
brainstem homeostatic integration (in PBN and other
sites) and shows convergent, non-selective responses
to homeostatic afferent inputs. The differences in the
neuroanatomy of the insular cortex and its subregions
have potentially important implications for the
pathophysiology of IBS and BPS/IC. The modulation
of visceral afferent input reaching the posterior insula
is modulated by emotional arousal circuits and by
cognitive input at the levels of the mid and anterior
insula, respectively [624].

e) Spino thalamic input to limbic behavioral
motor cortex

The ascending homeostatic afferent lamina | pathway
in primates and humans also provides a direct thalamo-
cortical pathway (by way of MDvc in medial thalamus)
that activates the dACC (Fig. 35). In sub-primates, the
dACC receives only integrated homeostatic input from
the brainstem [636, 637]. On the basis of functional
imaging and lesion studies in humans, the dACC can
be directly associated with the affective aspect of
visceral and somatic pain (unpleasantness), and with
volition, behavioral motivation, as well as autonomic
and motor responses [636,637,638,639,640]. Its
interconnections with PFC regions, insular, and ventral
striatal regions, along with its strong descending
projections to the brainstem, particularly the PAG and
the BN, strongly support the idea that it can be
regarded generally as the limbic behavioral motor
cortex, just as the insula can be regarded as the limbic
sensory cortex [625-641].

3. CONSCIOUS PERCEPTION OF INPUT FROM
THE BODY AS ASPECTS OF HOMEOSTASIS

Pain or discomfort from the pelvic viscera is often
regarded as a distinct feeling, but from the perspective
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laid out above, pain can be viewed as another
homeostatic feeling. It has characteristics exactly
comparable to other feelings from the body. Pain
normally originates with a change in the condition of
the tissues of the body, a physiological imbalance
that automatic (subconscious) homeostatic systems
alone cannot rectify. It comprises both a sensation
and an affective behavioral drive with accompanying
autonomic adjustments. Depending on conditions,
pain can be unpleasant (as usual) or pleasant (such
as when it relieves an intense itch). Pain also generates
characteristic reflexive motor patterns as do
experimental gut and bladder stimuli. The behavioral
motivation of pain is normally correlated with the
intensity of the sensory input, but this can vary under
different behavioral, autonomic and emotional
conditions, so that pain can become intolerable or it
can disappear, similar to any other homeostatic
emotion (e.g. hunger). The modulation of the
motivational aspect of a homeostatic emotion like
pain can occur via inhibitory or excitatory prefrontal
influences on brain circuits involving the dACC [640-
642,643].

Viewing rectal or urinary urge and pain as homeostatic
emotions provides a ready explanation of the
interactions of these feelings from the body, including
“gut feelings,” with other homeostatic conditions
(including blood pressure, level of arousal, mood and
affect) because homeostasis is an integrated, dynamic
process. This conceptual perspective also provides a
firm basis for explaining the interactions of pain and
non-painful visceral discomfort with emotional status,
emotional arousal or attention (i.e., the psychological
dimension of pain), and it unifies the different conditions
that can cause different types of pain/discomfort from
different tissues under a common homeostatic function
— the maintenance of the integrity of the body. All
animals respond with emotional behavior to stimuli that
in humans cause a feeling of pain [644]. An example
relevant to preclinical studies in visceral pain
mechanisms is the so called visceromotor reflex seen
in response to colorectal or urinary bladder distension
in rodents [645]. In primates, novel thalamo-cortical
projections have emerged from this basic homeostatic
system that provides direct pathways to encephalized
cortical mechanisms for highly resolved sensations and
motivations. In humans, these novel pathways are
further elaborated, re-represented, and integrated
with other forebrain emotional components in the
anterior insula and in the orbitofrontal cortex (the
fronto-insular region) (Figures 35A, B).

The concept of homeostatic emotions has considerable
implications for the study of mechanisms underlying
visceral pain and autonomic dysregulation in patients
with symptom based (or “functional) disorders of the
Gl and urinary tract. In the majority of these patients,
primary symptoms (urgency, sensation of fullness,
pain) are directly related to the altered perception of
homeostatic feelings associated with the intestine,



rectum or urinary bladder (visceral hypersensitivity).
Since rodents, the animals most commonly used in
experiments to model these disorders, do not have the
forebrain structures to generate the same conscious
emotional feelings of humans, findings obtained in
such animals (using so-called pseudo-affective reflex
responses) may reflect primarily the phylogenetically
shared enteric, spinal and brainstem components of
homeostatic pathways (e.g. reflexes), but may provide
little or no insight into the uniquely human experience
of abdominal pain and discomfort, nor to the
modulatory cortical influences related to this
experience.

The VMpo also has a collateral projection to a portion
of sensorimotor cortex (area 3a) that is intercalated
between the primary somatosensory area and the
primary motor area. Similarly, vagal afferent activation
occurs in the lateral portion of area 3a of the primary
sensorimotor region by way of the NTS and VMb.
These projections can be associated with cortical
control of the reflex actions of skeletal muscle in
response to homeostatic afferent inputs, a role
subsumed under the term “viscero-somatic”
integration.

The forebrain interoceptive representation of the
body’s condition in the dorsal posterior insula is
successively re-represented in the middle insula and
then in the right (non-dominant) anterior insula (636).
Functional imaging data show that the right anterior
insula is associated with subjective awareness of
homeostatic emotions (e.g. visceral and somatic
painful and non-painful sensations, temperature,
sexual arousal, hunger, and thirst) as well as all
emotions (e.g. anger, fear, disgust). This region is
intimately interconnected with the dACC, which is co-
active in such studies. Thus, viewing feelings from
the body as homeostatic emotions enables
neuroanatomical explanations of interactions with
other homeostatic functions and with emotions at the
level of the forebrain. Finally, recent evidence showing
asymmetry in the sympathetic and parasympathetic
afferent re-representations and control mechanisms
in the left and right insula/orbitofrontal cortex and ACC
seems to accord with the psychophysiological
evidence for the forebrain asymmetry of positive and
negative emotions [646]. In this context, it is of
considerable interest that studies of central
representation of both bladder [482] and rectal
distensions [635] have repeatedly shown activation of
the right ventrolateral PFC.

4. DESCENDING MODULATION OF HOMEO-
STATIC REFLEXES AND FEELINGS

Lamina | neurons not only receive input via somatic
and visceral afferents, but also receive descending
(facilitatory and inhibitory) modulation directly from
brainstem pre-autonomic sources, including
serotonergic nuclei within the rostral ventral medulla
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and the noradrenergic pontine locus coeruleus
complex (Figure 36). Indeed, lamina | and the spinal
autonomic columns are the only regions in the spinal
cord that receive descending modulation from the
hypothalamus. Thus, the activity of lamina | neurons
that ultimately produces the various feelings from the
body is modulated by various tonic and phasically
active, descending inhibitory and facilitatory pathways
[647,648,649], whose primary purpose is control of
homeostatic integration [650,651]. As pointed out by
Mason [651,652,653], these serotonergic descending
pathways from the PAG and ventromedial medulla
are not only involved in descending pain modulation,
but play a prominent role in various homeostatic
functions including micturition and continence.

Recent evidence (in rats) suggests that the gain of the
spino-bulbo-spinal reflex loops originating from
neurokinin 1-receptor-containing lamina | neurons is
not constant but can be modulated by peripheral
primary afferent inputs from inflamed tissue or
damaged nerves, [654] adapting the homeostatic
response to the overall state of the organism. Thus,
since the descending forebrain control of these pre-
autonomic brainstem regions originates in brain
networks associated with attention, emotion generation
(i.e. the limbic system) and emotion regulation (PFC),
these anatomic connections provide the basis for
corticolimbic modulation of the afferent activity
associated with feelings from the body, including pain
and discomfort, at the spinal level as well as at the
brainstem and forebrain levels (Figure 36).

5. BRAIN CIRCUITS ACTIVATED BY ACUTE
VISCERAL STIMULI: EVIDENCE FROM
FUNCTIONAL BRAIN IMAGING STUDIES IN
HUMANS

Visceral sensations, including discomfort, hunger,
fullness, early satiety, nausea, bloating or abdominal
pain in humans are a subjective, conscious experience,
that result from the modulation of homeostatic feelings
by cognitive (attention, expectation), emotional
(arousal, anxiety) and motivational factors, as well as
memories of past experiences. Thus, the conscious
experience is an image of the homeostatic state of the
body represented in the insular cortex (Figure 35)
and is further modified by these cortical and limbic
inputs. In principal, altered perception of visceral
stimuli could result from activity changes in visceral
afferent signal processing areas alone (reflecting
increased visceral afferent input to the brain from the
gut), from alterations in distinct but overlapping pain
modulation circuits (“central pain amplification”), or
from variable combinations of these two overlapping
circuitries [655,656,657] (Figure 37).

a) Activation of Regions involved in Homeo-
static Emotions in Studies of the Human Brain-
Gut Axis

Studies published during the past 5 years using widely



different experimental paradigms have confirmed the
consistent activation of the central homeostatic afferent
network consistent with the robust activation of
homeostatic afferent pathways despite varying
experimental paradigms and analysis techniques
[658,659,660,661,662,663]. On the other hand, the
variable activations of PFC and limbic regions, and the
seemingly contradictory results on sex differences in
reported studies is reflective of the fact that
experimental paradigms and analysis techniques
varied, and that the majority of these studies did not
take into account cognitive and emotional aspects of
pain modulation.

b) Modulation of Homeostatic Afferent Network
Matrix by Cognitive and Emotional Stimuli

The brain has multiple ways to modulate the perception
of afferent information and this modulation is influenced
by the environmental context, the emotional state of
the individual (e.g. fear, anxiety, or anger), cognitive
factors (e.g. expectation, attention), or memories of
previous sensory events (conditioned responses)
(Figure 36B). As outlined in the earlier sections of this
review, these top-down influences can modulate
homeostatic afferent input to the central nervous
system at multiple levels (Figure 37A). Considerable
progress has been made both on a preclinical and,
more recently, on a clinical level to identify brain
regions, circuits and mechanisms which play a role
in the facilitation and inhibition of the subjective pain
experience [649-664], Both clinical and preclinical
studies support a role for right orbitofrontal and right
ventrolateral PFC in mediating inhibition of emotional
and pain responses (reviewed in Lieberman et al.
2004 [643]) and for dorsolateral PFC in pain
modulation [642-665].

¢ CoGNITIVE MODULATION

Attention. Aziz's group (666) examined the modulatory
role of attention on the brain responses to non-painful
visceral (esophageal) distension in 7 healthy volunteers
(6 males). Brain responses to phasic visual and
esophageal stimuli were presented simultaneously
while subjects were asked to focus their attention on
either the esophageal or the visual stimulus (selective
attention) or both (divided attention). Selective attention
on the esophageal stimulus was associated with
activation of sensory (somatosensory cortex) and
cognitive (dACC) networks, while selective attention
on the visual stimulus activated the visual cortex.
During the divided attention task, more brain regions
in the sensory and cognitive domains were activated
to process esophageal stimuli, in comparison to those
processing visual stimuli. These findings emphasize
the importance of attentional processes in the
modulation of sensory information from the body and
the relative biological importance placed on visceral
sensation, compared to other sensory modalities.
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Expectation. A variety of studies in the somatic pain
literature have evaluated brain responses to the
expectation of an aversive stimulus [662-667, 668,
669,670]. These studies suggest that the brain can
either up- or down-regulate sensory and limbic brain
regions based on previous experience, familiarity with
the stimulus and expected intensity [668]. Several
early studies have shown some evidence of activation
of the homeostatic afferent network during conditioned
anticipation of a visceral stimulus [662-667]. Berman
et al. studied the brain fMRI BOLD response to
anticipated (cue condition) and delivered mild and
moderate rectal distension in 12 healthy women and
14 female IBS patients [671]. Distension increased
activity in the homeostatic brain regions and decreased
activity in the infragenual cingulate. As in previous
studies comparing IBS patients and control subjects,
the increases were more extensive in the IBS patients,
with significant differences in midcingulate and dorsal
brainstem. During cued anticipation of distension,
activity decreased in the insula, dACC, amygdala and
dorsal brainstem in healthy women, but not in IBS
patients, consistent with a top-down modulation of
homeostatic afferent networks by cortical regions.
Three self-rated measures of negative affect during
scanning were higher in IBS patients than healthy
women (P < 0.001), and the anticipatory BOLD
decreases in bilateral dorsal brainstem, centered in
the pontine LCC, were inversely correlated with all
three measures. The amplitude of anticipatory
decrease in the LCC was associated with greater
activation by subsequent distension in right orbitofrontal
cortex and bilateral supragenual ACC — regions
previously implicated in corticolimbic inhibition. When
the cue was followed by a sham distension (e.g. no
change in distension pressure from the resting
pressure of 5 mmHG occurred), only IBS patients
showed activation of the insula cortex, and this
activation was limited to the more anterior portions of
the insula. These findings are consistent with top-
down modulation of the anterior insula by PFC
influences, and with an enhanced top-down facilitation
in IBS patients. In summary, these findings suggest
that in healthy women, the brain decreases activity
within the homeostatic brain matrix in expectation of
a certain, inescapable pelvic pain stimulus. A failure
to generate this down-regulation in IBS patients, and
an inappropriate activation of the anterior insula during
a sham distension, may be related to differences in
cortically-mediated coping styles, emotional factors and
linked arousal systems.

Yaguez et al. [672] studied brain responses during
different phases of visceral aversive conditioning in 8
healthy volunteers (5 males) using fMRI. The authors
used a classical conditioning paradigm in which
different colored circles were used as conditioned
stimuli and were paired with painful esophageal
distension (learning phase), airpuff to the wrist or
nothing. Brain responses during the learning phase



(delivery of aversive esophageal distension) were
seen in the homeostatic brain matrix and in
somatosensory cortex. During the anticipation and
extinction phase of the paradigm, brain activity
resembled that seen during actual esophageal
distension, including activation in insula and dACC.
These findings emphasize the importance of cognitive
influences, such as expectation and memory recall in
top-down modulation of brain regions involved in the
processing of homeostatic information from the body.

Hypervigilance. Several lines of evidence indicate that
IBS patients and other functional disorders have
hypervigilance for symptom-relevant sensations [673].
Repeated exposure to experimental visceral stimuli
can lead to decreased hypervigilance and, therefore,
discomfort. In a longitudinal study of IBS patients
exposed to 6 sessions of rectal inflations over a 1-year
period, we examined regional cerebral blood flow to
the inflations and anticipation of inflations using
Ho150-PET at the first and last session [674].
Subjective ratings of the rectal inflations normalized
over the 12 months of the study, while IBS symptom
severity did not, indicating decreased vigilance
independent of changes in perceived disease activity.
In response to rectal distension, stable activation of
regions of the homeostatic afferent network (including
thalamus and anterior insula) was observed over the
12-month period, while activity in limbic, paralimbic and
pontine regions decreased. During the anticipation
condition, there were significant decreases in dACC,
amygdala, and dorsal brainstem (perhaps involving
the LCC) activation at 12 months. One way to interpret
these findings is that brain regions processing the
feeling and the motivational dimension of the
homeostatic emotion were affected differentially by the
habituation process: while insula activation remained
constant, dJACC activation progressively decreased.
An analysis examining the covariation of these brain
regions, as well as preliminary results from an effective
connectivity modeling approach to the data [675]
supported the hypothesis of changes in an arousal
network including limbic, pontine and cortical areas
underlying the decreased perception seen over the
multiple stimulation studies.

In summary, brain imaging studies of cognitive and
affective modulation of perceptual and brain responses
to visceral stimuli strongly support the concept of a
homeostatic afferent network in the brain. The fact
that components of this network can be modulated
differentially by top-down corticolimbic influences has
important implications for a better understanding of
symptom generation/modulation in functional Gl
disorders.

c) Modulation of Homeostatic Emotions by
Descending Modulation

Since the beginning of the 20th century it has been
known that the brain can tonically inhibit spinal cord
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excitability, thereby regulating the amount of peripheral
sensory information reaching the central nervous
system. More recent evidence has demonstrated the
activity of both pain inhibitory and facilitatory
mechanisms which can tonically and phasically
regulate spinal cord excitability [647,648,649]. While
top-down tonic pain inhibitory modulation appears to
predominate in healthy individuals during basal
conditions, an up-regulation of descending pain
facilitatory systems has been demonstrated in the
maintenance of hyperalgesia in animal models of
peripheral nerve injury [654]. An alteration in the
balance between inhibitory and facilitatory pain
modulatory systems has been proposed as a possible
mechanism underlying chronic pain syndromes such
as fibromyalgia [676] and IBS [677,678].

Zambreanu and coworkers were the first to
demonstrate the activation of brainstem regions in
the context of central sensitization in healthy human
volunteers [679]. Using 3T fMRI, they compared whole
brain responses, including the brainstem, to punctuate
mechanical stimulation in an area of secondary
hyperalgesia (induced by heat/capsaicin sensitization
model) or in a control area. They found greater
activation during stimulation of the hyperalgesic region
in several cortical regions, including posterior insula,
ACC and posterior cingulate cortex, as well as
thalamus and pons. The brainstem activation was
localized to the NCF (possibly involving PBN) and
the PAG, brain regions that receive input from
corticolimbic networks (including the rostral ACC),
send projections to the rostroventral medulla and are
part of a cortico-limbic-pontine pain modulation circuit
[680,681] (see also Figure 36). There is preliminary
evidence to suggest that patients with IBS may also
show abnormal activation of brain circuits involved in
pain modulation [660-682,683]. Two studies were
performed by Wilder-Smith and coworkers [660- 683]
to study the central correlates of heterotopic pain
inhibition. In the first study, they performed an fMRI
study in 10 female patients with IBS (5 constipated-,
5 diarrhea-predominant bowel habit) and 10 female
healthy control subjects to test the hypothesis that
IBS patients show abnormal activation of diffuse
noxious inhibitory control (DNIC) systems in response
to a noxious stimulus [660]. DNIC activation can be
quantified by the perceptual modulation of a painful
stimulus (in this case noxious rectal balloon distension)
by a secondary heterotypically applied nociceptive
stimulus (in this case ice water immersion of the foot).
They found that subjective pain ratings of rectal volume
distension by the heterotypic cold pain stimulus was
reduced in healthy controls but not in the IBS patient
group, suggesting an inadequate activation of DNICs
in the IBS patients. Following the heterotypic cold
stimulus, a complex set of differences in response to
rectal pain were found among the controls and the two
IBS bowel habit-based sub-groups. These included
decreased activation in insula, thalamus and PAG in



the control group (perhaps reflecting the DNIC process)
that was absent in the IBS patients. In the second
study, similar perceptual results were found and
differences were also found between IBS and controls
during expectation of rectal pain, without actual
distension [683].

More recent brain imaging studies in patient
populations provide more direct support for alterations
in cortico-limbic-pontine pain modulation networks in
IBS patients leading to visceral hypersensitivity. Mayer
et al. [682] examined three groups of male subjects,
ulcerative colitis patients with quiescent disease (n =
9), patients with IBS (n = 9), and healthy male controls
(n =9), during actual and expected but undelivered
rectal distensions using Ho190-PET. This study found
similar responses in all three groups in the homeostatic
afferent network (anterior insula and dACC). However,
IBS patients compared to both the ulcerative colitis and
control groups showed consistently greater activation
of limbic/paralimbic brain regions (amygdala, hypo-
thalamus, ventral/rostral ACC, dorsomedial PFC),
suggestive of increased activation of pain facilitatory
pathways. In addition, the results showed activation
in the ulcerative colitis and control subjects, but not
IBS patients, in the lateral frontal regions and a brain
region including the PAG. A connectivity analysis using
structural equation modeling supported these regions
acting as part of a pain inhibition network that involves
lateral and medial frontal influences on the PAG.

In summary, a small group of hypothesis-driven
studies aimed at evaluating specific mechanisms of
visceral pain modulation (e.g. descending modulation)
are beginning to demonstrate the activation of cortico-
limbic-pontine networks, which may be the biological
substrate of such endogenous modulation. The
concept emerging from these studies is the ability of
brain regions and networks involved in emotional
generation (limbic circuits) as well as in emotion
regulation (orbitofrontal, ventrolateral PFC) to modulate
activity within the homeostatic brain matrix [655, 656].
Observations obtained with rectal and with bladder
stimuli show many similarities in these activations
[482]. Differences in the activation of these networks
by cognitive or somatic stimuli between IBS patients
and control populations suggest a possible role of
such differences in the pathophysiology of enhanced
visceral perception in IBS.

The concept of homeostatic emotions with a sensory
feeling dimension (processed in the anterior insula)
and a motivational dimension (processed in the dACC)
provides a general framework to understand the
interactions between peripheral afferent signals arising
from the pelvic viscera, and centrally-mediated
influences (including psychological factors, cognitions
and emotions) on the conscious perception and
associated autonomic responses to such stimuli. The
deconstruction of symptoms into distinct contributions
of specific brain networks mediating a variety of
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cognitive, emotional and motivational influences on the
basic homeostatic afferent processing network may
help to understand the pathophysiology of a variety
of chronic disorders, including IBS and PBS/IC. A
whole range of chronic disorders characterized by
physical or emotional discomfort and pain (including
functional visceral and somatic disorders, as well as
disorders of mood and affect) can be conceptualized
as disorders of homeostatic emotions. The ability to
study a neurobiological substrate (e.g. brain activity)
rather than relying on highly variable subjective
symptoms, may make it possible to obtain insights
about the role of genetic factors, receptor physiology,
and drug interventions from much smaller samples of
subjects, compared to epidemiological or traditional
pharmacological studies.
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