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Abstract

Traditionally, sensory signaling in the urinary bladder has been largely attributed to direct
activation of bladder afferents. There is substantive evidence that sensory systems can be
influenced by non-neuronal cells, such as the urothelium, which are able to respond to various
types of stimuli that can include physiological, psychological and disease-related factors. The
corresponding release of chemical mediators (through activation of a number of receptors/ion
channels) can initiate signaling mechanisms between and within urothelial cells, as well as other
cell types within the bladder wall including bladder nerves. However, the mechanisms underlying
how various cell types in the bladder wall respond to normal filling and emptying, and are
challenged by a variety of stressors (physical and chemical) are still not well understood.
Alterations or defects in signaling mechanisms are likely to contribute to the pathophysiology of
bladder disease with symptoms including urinary urgency, increased voiding frequency and pain.
This review will discuss some of the components involved in control of lower urinary tract
function, with an emphasis on the sensor and transducer roles of the urothelium.
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Introduction

The bladder wall contains the mucosal layer, the muscularis propria and the adventitia/
serosa. The urinary bladder mucosa consists of the urothelium, a basement membrane and
the lamina propria. The urothelium lines the renal pelvis, ureters, bladder, upper urethra and
glandular ducts of the prostate, and forms the interface between the urinary space and the
underlying vasculature, connective, nervous, and muscular tissues.! The urothelium is
considered a stratified epithelium, and is comprised of multiple epithelial layers, including a
superficial or apical layer composed of large hexagonal cells (diameters of 25-250 pum)
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called “umbrella” (also termed superficial or facet) cells.12 Adjacent to the umbrella cell
layer is an intermediate layer (10-25 um in diameter) of cells and beneath this layer are
basal cells (10 um in diameter), which is in contact with underlying connective tissue and
capillary bed. The thickness of the urothelium can significantly vary depending on the
degree of bladder distension, and the number of epithelial layers seems to be species
dependent.

At the trigone region, the epithelium is thought to show a dilated or stretched appearance
due in part to the basement membrane that might limit the degree of contraction in this
region of the bladder. There seems to be no apparent difference between the urothelium of
the trigone compared with the detrusor, in contrast to cells from the proximal urethra.
Although the urethral epithelium has been less systematically studied, this epithelium
becomes columnar in nature and is accompanied by a lack of urothelial-specific
differentiation markers.3# These mucus-secreting cells are often exposed to the lumen and
can share similarities to that of gastrointestinal enterochromaffin cells. In addition, these
epithelial cells are also covered with microvilli, which might function in increasing cell
surface area, affecting bacterial adherence and fluid transport, and might also serve a sensor
role for chemical, as well as mechanical, signals. Within the urethral epithelium in a number
of species are peptide/amine-containing neuroendocrine cells termed paraneurons.>’ It has
been speculated that these neuroendocrine cells (which are also found in epithelia of the
respiratory and gastrointestinal tracts) might exhibit both a secretory and a sensory function;
however, the functional significance of these cells in the lower urinary tract has yet to be
determined.

Interest has grown in understanding the basis for interactions between the urothelium and
the underlying LP, which lies between the basement membrane of the mucosa and the
detrusor muscle. An extensive vascular network (including lymphatic vessels) is also located
beneath the urothelium, and likely to be a source of mediators that can affect cell survival
and signaling. The LP is composed of several types of cells, including fibroblasts, sensory
nerve endings and a layer of spindle shaped cells likely to play an important role in signaling
mechanisms in the bladder wall.%-11 Although the appropriate nomenclature used to
describe these cells is still under debate, they have been termed IC, myofibroblasts or ICC.
In addition, there is evidence that these ICC-LP cells (which have been typically identified
using cellular markers such as c-kit or vimentin) are likely to have a stellate-shaped
morphology, and have close contacts with both afferent and efferent bladder nerves.12-15
There is evidence that these ICC-LP cells are able to form a “network” or functional
syncytium connected by gap junctions, as shown by immunohistochemistry and also by
functional recordings. In addition, these cells might show a differential response to a variety
of mediators based on their location in different regions of the urinary bladder. Although the
functions of ICC cells in bladder physiology and pathology have not yet been established, it
is likely that these ICC cells could functionally link signals from the urothelium with
underlying cells in the bladder wall.
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Afferent nerves

The bladder and lower urinary tract serves to store and evacuate urine, and is controlled by
neural pathways organized at both spinal and supraspinal levels.16-20 These afferent
pathways provide input to the reflex circuits that control bladder filling and emptying, and
are also the source of non-painful sensations of fullness as well as pain. It has been shown
that the plexus of afferent nerves is most dense in the regions of the bladder neck and
proximal urethra. The lower urinary tract is regulated by three sets of peripheral nerves that
include sacral parasympathetic (pelvic nerves), thoracolumbar sympathetic (hypogastric
nerves and sympathetic chain) and somatic nerves (pudendal nerves). For example, afferents
traveling in the pelvic nerve are thought to be involved in monitoring bladder volume
(during bladder storage) and bladder contraction amplitude (during voiding). These nerves
also contain the efferent parasympathetic, sympathetic, and motor fibres supplying the
bladder, urethra and sphincters.

The two major subtypes of afferents are AS (myelinated) and C (unmyelinated) fibers.16:18
Ultrastructure and immunohistochemical studies (used to identify the terminations of
sensory afferents in the bladder wall) have shown that A5 fibers are distributed mainly
within the detrusor smooth muscle and are responsive to detrusor stretch, which occurs
during bladder filling. In contrast, C-type fibers seem to be more widespread and are
distributed in the detrusor muscle, within the lamina propria and in close proximity to the
urothelium. There are at least two subclasses of C-type bladder afferent fibers including
peptidergic-containing afferents (project to spinal cord lamina 1) and those that do not
contain peptides (project to spinal cord inner lamina Il). Peptidergic-axons seem to be
localized throughout the bladder wall, but most species show a dense distribution within the
lamina propria next to the urothelium.?!

Mechanosensitive afferents are able to respond to bladder filling with a range of thresholds
from volumes that would be encountered under normal bladder filling to levels of distension
that would be considered noxious and give rise to pain.16:18.22 Those afferents with lower
thresholds have small myelinated axons, whereas unmyelinated fibres have generally higher
thresholds for activation. High-threshold afferents are also likely to terminate in the deeper
muscle layers or in the serosa and respond to high levels of stretch that distort the bladder
wall, but might also become sensitized in response to inflammation. This is in contrast to a
subtype of afferent that is non-responsive or silent under physiological conditions, but can
be sensitized during inflammation.23 There are also recent studies that identified and
characterized sacral afferents responding to changes in fluid flow through the urethra.24
These observations show that the properties of these flow-responsive afferents seem to
parallel that of cutaneous afferents. This could be important in terms of restoration of
bladder emptying after spinal cord injury.

There is considerable interest in mechanisms underlying sensitization of C-fiber afferents, as
these nerves are thought to play a key role in symptoms of BPS/IC, as well as patients with
urgency sensations at lower than normal bladder volumes.2°26 The pathophysiological
mechanisms underlying visceral pain hypersensitivity are not well known. For example,
afferents (in particular C-type fibers) can synthesize a number of putative neurotransmitters
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and can express a wide-range of receptors, such as TRPV1, TRPAL, tropomyosin-related
kinase A (responds to nerve growth factor), muscarinic and purinergic subtypes.27-29 In
turn, afferents can respond to mediators (such as prostaglandin, serotonin, ATP, histamine,
bradykinin, and neurotrophic factors such as NGF) released during inflammation, injury and
ischemia from a number of cell types, as well as chemicals present in the urine. For
example, NGF, which is highly expressed within the urothelium,30 has attracted a great deal
of interest as playing a key role in regulating neural plasticity in response to bladder injury
or inflammation. Increased levels of NGF (and other trophic factors) have been detected
both in BPS/IC patient biopsies, as well as in urine.3! In addition, the generation of
transgenic mice with NGF over-expression restricted to the urothelium has shown a number
of changes in bladder function (urinary frequency; pelvic pain) similar to that shown in
BPS/IC patients.32 These findings highlight the importance of the bladder urothelium in
pathology-induced changes in bladder function and sensation.

Chronic conditions that involve a continuous tissue inflammation or injury can induce
changes in sensory pathways resulting in a heightened response to both noxious and non-
noxious stimuli. Much of our understanding underlying these plastic changes in the pain
pathway have centered on neuronal mechanisms. However, there is increasing evidence that
spinal cord glial cells (referred to as astrocytes and microglia) drive the creation and
maintenance of allodynia and hyperalgesia, thus playing a significant role in pain
processing.33 Though glial cells (like another non-neuronal cell, the urothelial cell) have
been cast in a supporting role to neurons, activation of these spinal cord glial cells has been
implicated in both the initiation and amplification of persistent pain. For example, remote
activation of spinal cord glial cells in response to a peripheral nerve injury can enhance and
prolong the response of afferent nerves, thus playing a prominent role in pain amplification.

Although most studies have focused on glial cell involvement in peripheral nerve injury,
evidence has shown that spinal cord activation of glial cells might be involved in the
development and maintenance of central sensitization in various chronic pain conditions.
When activated, glial cells can show changes in morphology, as well as function (expression
of receptors/channels and release of mediators). This in turn, can lead to changes in neuronal
function and ultimately influence pain transmission (Fig. 1).34 Alterations in glial cell
morphology and function have been reported in models of colonic irritation, as well as in a
naturally-occurring chronic model of idiopathic bladder cystitis diagnosed in cats (termed
feline 1C).35:36 |n this model, there is a pronounced upregulation of immuno-intensity of
astrocytic marker glial fibrillary acid protein in dorsal horn regions that receive pelvic
afferent input. It is clear that afferent endings respond to a variety of stimuli that reduce the
threshold for activation and alter the responsiveness (or excitability), thereby enhancing the
gain of the transducer.

integrity and repair

The apical surface of the urothelium is also covered with a sulfated polysaccharide
glycosaminoglycan or mucin layer that is thought to act as a non-specific anti-adherence
factor and as a defense mechanism against infection.3” In addition, as the bladder fills the
umbrella cells appear flat and stretched, and this change in morphology and cell size is
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accompanied by vesicular traffic (i.e. exocytosis/endocytosis), which adds membrane to the
apical surface thereby increasing the overall urinary bladder surface area. This process of
ongoing replacement of apical membrane by newly fused discoid vesicles also serves to
maintain the urothelial barrier.38-40 These processes allow the bladder to accommodate
varying changes in bladder volume and also to restore leaky urothelial membrane areas
during bladder filling and emptying. There is evidence that factors, such as ATP (released
from the urothelium), can bind to urothelial-purinergic receptors in an autocrine manner and
thereby modulate membrane traffic.38 Exocytosis/endocytosis (vesicular recycling) might
also play an important role in modulating the release of a number of neurotransmitters/
mediators, as well as regulation of many receptors and ion channels in urothelial cells.

Epithelial integrity is maintained through a complex process of migration and proliferation
(to restore cell numbers), and differentiation (to restore function).*! Urothelial cells typically
show a slow rate of proliferation or turnover.#243 There is significant interest in identifying
urothelial stem cells with the goal of using these cells for bladder repair and regeneration.
Although some investigators have suggested that a population of progenitor cells might
reside in the basal cell layer, at present a definitive identification of urothelial progenitor and
stem cells remains elusive. Although some studies suggest that neither urine-derived factors
nor cyclic mechanical changes are likely to contribute to urothelial proliferation and
differentiation, an accelerated proliferation can occur in various bladder pathologies.14445
For example, after damage to the umbrella cell layer, the urothelium rapidly undergoes both
functional and structural changes in order to restore the barrier in response to infection,
inflammation or injury. After disruption of the barrier, in the early stages of regeneration the
superficial cells might appear smaller in size and are often covered with microvilli.#6 In
some pathologies, a defect in maturation of superficial umbrella cells have been reported,
though the factors that might be involved in these processes have not been identified. The
processes underlying urothelial repair are complex, involving several structural elements,
signaling pathways, trophic factors and a cellular environment that is constantly undergoing
cyclic mechanical deformation.

Conditions, such as BPS/IC, senescence or spinal cord injury, are also associated with
changes in the urothelial barrier (Fig. 2).4748 For example, studies in aged animals have
shown significant alterations to the bladder urothelium including areas of mucosal
denudation. There is evidence that instillation of liposomes composed of phospholipids
results in a repair or restoration of the urothelial barrier in animals after injury or
inflammation.49:50 Although the mechanism underlying liposome interaction in epithelium
is not known, studies have shown that different lipid species can improve the barrier
function and might even have an anti-inflammatory role. In this regard, a study using
intravesical liposomes on a single subject with ulcerative BPS/IC has shown promise to
repair the dysfunctional urothelium and decrease bladder symptoms.>!

Studies have shown that various types of physiological and psychological stress lead to a
failure of urothelial and suburothelial “defensive” systems, thereby promoting changes in
both urothelial barrier and signaling functions. For example, stress-mediated activation of
the HPA axis can result in increased production of corticotrophin-releasing factor, which can
regulate neuroendocrine and autonomic responses to stress.>2:3 Psychological stress and
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HPA axis alterations can exert deleterious effects on mucosal immune function in a number
of structures, such as the gut and the skin.>45 Stress-related dysregulation of signaling
between the brain and target structures (including the urinary bladder) can lead to a
disruption of the epithelial barrier and alteration in sensory function, as well as an increased
prevalence of infection. For example, psychological stress through HPA axis activation has
been shown to inhibit microbial peptides and increase the severity of cutaneous infection in
mice.%® Thus, it is likely that epithelia in many target organs can express the equivalent of
the HPA-stress axis that might act as a defense system and exhibit similar roles in
coordinating localized responses to stress in addition to other (sensory/barrier) functions.

Urinary tract infections produced by UPEC are initiated by bacterial adherence to uroplakin
proteins on the apical surface of umbrella cells.5”->8 Studies have shown that indwelling
catheters have been cited as a prime site for bacterial colonization and a common cause of
infection.>® The bacteria can form attachments to the irregularities of the catheter surface
and develop into biofilms that can play a role in the persistence of infection. It has also been
suggested that urothelial differentiation (and increased uroplakin 111 expression) plays a
pivotal role in sensitizing urothelial cells to UPEC-induced infection and possible cell
death.®0 In addition, there is also a role for endotoxin (lipopolysaccharide, LPS) on the
bacterial cell wall in mediating the pain associated with UPEC infection.61

In summary, modification of the urothelium and/or loss of epithelial integrity in a number of
pathological conditions can result in the passage of toxic/irritating urinary constituents
through the urothelium or release of neuroactive substances from the urothelium. This might
result in chronic or persistent changes in the properties of neuronal and non-neuronal cells
that can lead to sensory symptoms, such as urinary frequency, urgency, and pain during
bladder filling and emptying.

Urothelial-cell interactions

Although 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. The urothelium is able to
respond to a wide variety of mechanical stresses during bladder filling and emptying by
activating a number of possible transducer proteins. Possibilities of mechanical signals
include bladder pressure, tension in the urothelium or bladder wall, torsion, geometrical
tension, movement of visceral organs and even urine tonicity. Alterations in the composition
of urine are a type of stress whose contents can vary in both their rate of delivery, as well as
the particular constituents.

Additional lines of evidence suggest that urothelial cells participate in the detection of both
physical and chemical stimuli. Studies have shown that both afferent and autonomic efferent
nerves are located in close proximity (with some penetrating) to the urothelium, and can be
activated by a variety of transmitters and mediators released in part by the
urothelium.21.62-64 peptidergic, purinergic and TRPV1-immunoreactive nerve fibers
presumed to arise from afferent neurons in the lumbosacral dorsal root ganglia are
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distributed throughout the urinary bladder musculature, as well as in a plexus beneath and
extending into the urothelium. In addition, immunohistochemical studies have also shown
both adrenergic (tyrosine hydroxylase) positive nerves, as well as cholinergic (choline
acetyltransferase) positive nerves, are in close proximity to the urothelium.

A number of neuronal “sensor molecules” (receptors/ion channels) have been identified in
urothelium using both in vivo and in vitro (cell culture and isolated tissue) preparations.
Expression of these various receptors enable the urothelium to respond to a number of
sensory inputs (physical and chemical) from a variety of sources (for review see:65-67),
These inputs include increased stretch during bladder filling; soluble factors (many found in
the urine), such as epidermal growth factor; or chemical mediators/peptides/transmitters,
such as substance P, calcitonin gene-related peptide, corticotrophin releasing factor,
acetylcholine, adenosine or norepinephrine released from nerves, inflammatory cells and
even blood vessels. Various stimuli can lead to a number of outputs from the urothelium
including the secretion of numerous chemical substances, such as neurotrophins, peptides,
ATP, acetylcholine, prostaglandins, prostacyclin, NO and cytokines. In this regard, the
diffusion of such signaling molecules (referred to as volume transmission or paracrine
signaling) between the uroepithelium and underlying cell layers has been examined by
measuring the propagation of calcium and membrane potential events. Calcium wave
propagation might be a common way of translating extracellular stimuli into functional
processes that can spread as a “wave” to nearby cells, ultimately leading to release of
neuroactive mediators. A range of stimuli are able to enhance this propagation including
mechanical stretch and in a number of pathological conditions.88-70 Though a number of
studies have shown a directionality of this type of signal transfer, it remains to be
determined as to how signaling occurs between the apical-basal epithelium as well as within
the superficial (apical) layers. Examples of some urothelial-signaling pathways and potential
therapeutic targets in bladder pathophysiology are considered below.

Cholinergic signaling

Urothelial cells express the receptor proteins and mRNA for all the muscarinic subtypes
(M1-M5), and also exhibit the machinery necessary for the synthesis and release of
acetylcholine.”=7> Although the significance of cholinergic signaling is still being
investigated, acetylcholine is likely to act in a paracrine manner to stimulate underlying
nerves and smooth muscle, as well as in an autocrine manner to stimulate urothelial
(nicotinic; muscarinic) receptors. For example, there is evidence that muscarinic receptors
influence urothelial-signaling by enhancing intrinsic detrusor contractions, as well as
afferent signaling.89 Some studies have suggested that cholinergic mechanisms might be
involved in the release of (yet unidentified) inhibitory factors from the urothelium that
depress muscle contractility.’6:"7 Qverall, the release of urothelial-derived acetylcholine and
corresponding actions on bladder function is likely to be multifactorial and subject to
autoregulation (inhibition/facilitation), which can also be modulated by changes in receptor
expression and receptor blockade. Thus, examining the complexities of the non-neuronal
acetylcholine synthesis and release machinery (and associated changes in receptor
localization/function) could be beneficial to understanding the lack of efficacy/increased
adverse effects in some patients, as well as for the development of future therapies.

Int J Ural. Author manuscript; available in PMC 2014 May 28.
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Investigators have also shown that the urothelium expresses both inducible nitric oxide
synthase and endothelial NOS.8.79 Urothelial-derived NO can be released in response to
mechanical, as well as chemical, stimulation and might either facilitate or inhibit the activity
of bladder afferent nerves conveying bladder sensation. For example, reduced levels of NO
(through experimental manipulation or pathology) have been shown to result in a bladder
hyperactivity that is suggestive of an inhibitory role of NO in bladder function.8° In this
regard, activation of urothelial-receptors and the release of inhibitory mediators might
explain, in part, the mechanism of action for therapies (e.g. B3-adrenergic receptor agonists)
in treatment of bladder disorders such as overactive bladder.

Purinergic signaling

The mechanism underlying the 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.38 ATP was the first neurotransmitter shown to be released directly from the
urothelium by several mechanisms and can interact with P2X (2/3) receptors expressed on
nearby afferent neurons. In addition, it has been shown that pathology results in augmented
release of ATP from the urothelium, which can enhance excitability of nearby bladder
nerves.29-81-84 Urothelial-release of ATP (and autocrine stimulation of urothelial-nucleotide
receptors) is likely to contribute to the release of a variety of mediators with the resulting
signal likely to be dependent on a number of factors. These include the subtype of purinergic
(or adenosine) receptor expressed, as well as the expression of ATPases and other
ectonucleotidases. These ecto-enzymes can be secreted or membrane-bound and act to
degrade (ATP and UTP) to respective nucleotides, including conversion into adenosine,
which activates its own class of P1 receptors also expressed within the urothelium.83.84
Although evidence supports a role for ATP modulating symptoms in several bladder
disorders, the mechanisms underlying activation of the micturition pathway at lower bladder
volumes (during urgency) are not well understood.

Clinical significance of urothelial signaling

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, 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.
ATP can also act in an autocrine manner that could facilitate its own release (and contribute
to basal levels of other mediators) from urothelial cells. Augmented expression/release of
urothelial-derived chemical mediators is likely to reduce the threshold for activation of
nearby bladder afferents. In addition, intercellular communication mediated by gap junctions
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in myofibroblasts could provide a mechanism for the long-distance spread of signals from
the urothelium to the detrusor muscle. Thus, the urothelium has the potential for amplifying
signals, both within the urothelium and the bladder wall, and contributing to a gain of
function in sensory processing. Factors that can impact on this “gain of function” include
alterations in levels of trophic factors, as well as stress and steroid hormones. For example,
altered levels of circulating estrogens might play a role in urinary bladder dysfunction,
including urgency and frequency. The resulting structural and functional abnormalities
might lead to enhanced signaling between the urothelium and underlying cells.

There is evidence that epithelial cells in different organ systems might express similar
receptor subtypes.85-87 Accordingly, epithelial cells could use multiple signaling pathways,
whose intracellular mechanisms differ according to location and environmental stimuli. This
would permit a greater flexibility for the cell to regulate function and respond to complex
changes in their surrounding microenvironment. Whether urothelial-sensor molecules all
feed into a diverse array of signaling pathways or share similarities with systems such as
olfaction, whereby hundreds of receptors share identical transduction cascades,88 is yet to be
uncovered.

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 show a number of similar abnormalities and compromised repair
processes.8 This is particularly relevant given the high incidence of associated diseases that
can include both visceral and somatic conditions, many of which show a shared loss of
epithelial barrier function. For example, recent studies suggest that BPS/IC might share a
number of commonalities with other functional pain syndromes.9%:91 patients with BPS/IC
also suffer a variety of comorbid disorders that can include irritable bowel syndrome,
fibromyalgia, rheumatoid arthritis and even asthma. Although the causes(s) remain
unknown, changes in epithelial sensor/barrier function, neurogenic inflammation and even
autoimmune involvement might play an important role in the pathogenesis of BPS/IC and
comorbid disorders. In addition, multiple organ system involvement might be due in part to
organ cross talk, which can exacerbate pelvic pain. Although mechanistic differences are
certain to exist, a number of these visceral (and somatic) disorders might also share common
features, including reports of stress as a contributing factor in exacerbating the symptoms. In
animals, stress-sensitization has been associated with the induction of hyperalgesic states
similar to many functional pain syndromes.

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 sensory function.
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Abbreviations & Acronyms

ATP adenosine triphosphate

BPS/IC bladder pain syndrome/interstitial cystitis

HPA hypothalamic—pituitary—adrenal

IC interstitial cystitis

ICC interstitial cells of Cajal

IC-LP interstitial cells-lamina propria

LP lamina propria

NGF nerve growth factor

NO nitric oxide

PGE> prostaglandin E,

UPEC uropathogenic Escherichia coli
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Fig. 1.

Hypothetical model showing possible bi-directional interactions between non-neuronal cells
(A-urothelium; B-spinal cord glial cells) and nerves. Both urothelial cells and glial cells can
be targets for transmitters and mediators released from nerves. In turn, these non-neuronal
cells can release a number of mediators that can alter the responsiveness (or excitability) of
sensory nerves. This suggests that non-neuronal cells might have the ability to change the
gain of the system, thereby altering sensory functions.
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Fig. 2.

Urgothelial alterations with bladder pathology. Scanning electron micrograph of apical
surface of umbrella cell layer from (a) normal rat and (b) 2 h after spinal cord injury
(reproduced from Apodaca et al.” with permission). Scanning electron micrograph of
hydro-distended bladders from (c) C-control (normal, unaffected) cats and in (d) cats
diagnosed with feline interstitial cystitis (depicting regions where the umbrella cells layer is
disrupted; reproduced from Lavelle et al.*8 with permission).
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