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Abstract

Introduction—Interstitial cystitis (painful bladder syndrome / interstitial cystitis; PBS/IC) is a
persistent pain syndrome affecting the urinary bladder with symptoms including urinary
frequency, bladder pain and nocturia.(1-6) Various animal models have been studied, most of
which mimic some aspect of the human condition of interest to the investigator(s). This review
will provide examples of various animal models including those incorporating chronic stress,
thought to produce features that share similarities to that of PBS/IC patients, whose symptoms are
often exacerbated by various stressors. (7-12)

This review also provides evidence that patients with PBS/IC exhibit abnormalities within the
bladder epithelium (or urothelium), even though a consistent relationship of such changes with
symptom severity has not been demonstrated. These changes include alterations in urothelial
integrity, differentiation and/or proliferation as well as changes in ‘sensory’ function (altered
expression or sensitivity of receptors and ion channels).

Establishing a diagnostic ‘indicator’ with a high degree of correlation in this syndrome would be
of value in terms of disease status, diagnosis and treatment. There have been reports of a number
of factors/mediators altered in PBS/IC. However, the lack of a validated biomarker and a well-
defined etiology for this syndrome introduces a number of complications, including diagnostic
confidence, choice of appropriate animal models to study basic mechanism with the goal toward
treatment, and rational therapies.

It is also becoming increasingly apparent that patients with PBS/IC often overlap or share
symptoms commonly associated with other persistent pain disorders. These include (but are not
limited to) irritable bowel syndrome (IBS), non-cardiac chest pain, fibromyalgia and even
overactive bladder syndrome (OAB).(13-18) Such types of changes are not limited to the urinary
bladder, however, as reports of alterations in epithelial signaling/barrier function have been
described in patients diagnosed with a wider variety of syndromes, including functional and
inflammatory bowel disorders such as irritable bowel syndrome (IBS), gastrointestinal esophageal
reflux disease (GERD) and asthma.(19-21) These and other findings suggest that changes within
the epithelium (barrier as well as signaling functions) may be a common occurrence that may
contribute to peripheral mechanisms of hypersensitivity in a number of disorders.
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Cystitis and Animal Models

A hallmark of chronic visceral pain syndromes, including PBS/IC, is pain in the absence of
readily demonstrable pathology of the viscera or associated nerves. These disorders are
currently defined by symptom criteria in the absence of organic disease. There is no
generally agreed upon etiology or pathophysiology for these syndromes, and no effective
treatments able to eradicate the symptoms in humans. This condition is characterized by
suprapubic pain, associated with bladder filling and can also be accompanied by a persistent
strong desire to void, increased frequency of urination and nocturia.(1-6) The presence of
non-painful symptoms such as urgency and suprapubic pressure suggests overlap with
overactive bladder syndrome (OAB).(14)

A number of animal models have been used for the study of PBS/IC. These have included
administration of an irritant or immune stimulant (e.g., hydrochloric acid, turpenting,
protamine sulphate, mustard oil, lipopolysaccharide and cyclophosphamide) to healthy
rodents.(22) Studies have shown that deficiency of estrogen receptor-p in female mice
develop a bladder phenotype (including alterations in the urothelium) that shares some
superficial similarities with abnormalities found in the bladder of humans with PBS/IC.(23)
However, a review of such animal models has discussed the limitations of artificially
inducing bladder inflammation or injury in otherwise healthy animals that greatly limit their
face and construct validity, e.g. their ability to model the symptoms of this complex
syndrome.(22,24) Furthermore, the degree of bladder hyperreflexia observed in rodents is
variable and can resolve within a matter of days. This may be, in part, due to the capacity of
the healthy bladder urothelium to rapidly regenerate post-intravesical insult, thus limiting
the capacity to establish chronicity reflective of the human condition in these models.

A naturally occurring disease occurring in cats, termed feline interstitial cystitis (FIC),
shares nearly all the characteristics of the non-ulcerative form of PBS/IC found in humans.
(21,24) As in human beings, cats with FIC also commonly display a variety of systemic
abnormalities, which have been found to be responsive to environmental enrichment in both
laboratory and clinical studies. (25) Despite the validity of FIC as a model of PBS/IC, its
utility is constrained by limited availability of affected animals and reagents validated for
use in cats, as well as the relatively superficial knowledge of feline genetics and epigenetics.

In addition, an experimental autoimmune cystitis (EAC) murine model has been shown to
exhibit a number of comparable functional and histological bladder alterations that are
comparable to those found in humans with PBS/IC. (26) Pseudorabies virus (PRV) injection
in mice also results in the development of a neurogenic cystitis associated with pelvic pain
and accumulation of mast cells that is somewhat similar to some features of PBS/IC. (27)
Evidence using chronic stress models (maternal deprivation, social interactive stress and
water avoidance stress) can result in changes in epithelial barrier function, exaggerated
stress responses as well as visceral hyperalgesia.(7-10) Various psychosocial stressors have
been shown to be associated with the first onset of, and with the exacerbation of chronic
symptoms in several persistent pain disorders, including PBS/IC.

Patients with PBS/IC also typically exhibit a number of symptoms that are not part of the
current disease classification, but which overlap with symptoms of other persistent pain
syndromes, including IBS, endometriosis and fibromyalgia.(28-31) Even though the
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mechanisms underlying this overlap are currently incompletely understood, peripheral (e.g.
cross sensitization), spinal and supraspinal mechanisms have been proposed.

Studies in animals permit controlled investigation of some dimensions (or endophenotypes)
of chronic pain conditions (such as visceral hyperalgesia, stress sensitivity) that are not
feasible to perform in humans. However, it is highly unlikely that a complex, symptom
based disorder can be modeled closely in rodents. Thus, a panel of models (taking into
account variability in both subject sex and strain) reflecting known and well characterized
components of the human condition (e.g. endophenotypes) may be useful for target
identification and early drug development.

Epithelial Alterations

There is evidence that functional pain syndromes such as PBS/IC are associated with
alterations in the urothelium. The urothelium, the epithelial lining of the distal urinary tract
is composed of at least three cell layers.(32) These consist of a basal cell layer, an
intermediate and a superficial or apical layer composed of cells termed “umbrella” cells,
which are interconnected by tight junctions.(33) Though the urothelium maintains a tight
barrier to ion and solute flux, a number of local factors (e.g. tissue pH; mechanical, chemical
or environmental insult and microbial infection) as well as conditions such as PBS/IC can
alter or degrade the barrier function of the urothelium.

Alterations of urothelium at both the molecular and structural levels have been identified in
both human patients with PBS/IC, and in cats diagnosed with FIC. Some of the changes
within the urothelium reported in PBS/IC include alterations in synthesis of a number of cell
adhesion and tight junction proteins. Similar urothelial dysfunction occurs in cats diagnosed
with FIC.(34) Changes in the urothelial barrier can permit water, urea and noxious
substances present in the urine to pass into the underlying tissue (neural and/or muscle
layers), which may acutely result in symptoms of urgency, frequency and pain during
bladder filling and voiding, and when present chronically lead to neuroplastic and immune
changes in the neuro-immune-epithelial interface.

Disruption of the integrity of the urothelial barrier may be mediated by hormonal and neural
mechanisms (such as by substances released by surrounding nerves and other cell types
within the bladder wall). For example, nitric oxide (NO) has been found to be elevated in
patients with PBS/IC as well as in cats with FIC.(345,36) Excessive NO levels in the urinary
bladder can increase permeability to water/urea in addition to producing ultrastructural
changes in the apical layer. Although the pathological mechanism(s) remain unknown, these
findings appear to be similar to those in other epithelia where excess production of NO has
been linked to decreases in epithelial integrity.(37) Disruption of epithelial integrity also
may be linked to expression of substances such as antiproliferative factor (APF), which has
been characterized as a frizzled-8-related sialoglycopeptide and is detected in the urine of
patients with bladder pain syndrome.(5,38) Abnormalities in urothelial growth and
proliferation may also be linked to changes in expression of trophic factors such as HB-
EGF.(39)

What is the source of pain in PBS/IC?

Painful bladder syndrome has often been described as a disease of the urothelium.(40) The
urothelium is likely to play an important role by actively communicating with bladder
nerves, urothelial cells, smooth muscle or even cells of the immune and inflammatory
systems.(41) The localization of afferent nerves next to the urothelium suggests that
urothelial cells could be targets for transmitters released from bladder nerves or that
chemicals released by urothelial cells could alter afferent nerve excitability in addition to
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influencing other cells. For example, release of an “urothelial derived inhibitory factor” (42)
is thought to affect smooth muscle function while urothelial-released mediators including
prostaglandins, acetylcholine, ATP, NO and others (41,43-45) may influence bladder
afferent nerve activity. The increased afferent nerve excitability in cats with FIC may be
affected by changes in release of various transmitters from the urothelium.(46) Augmented
release of transmitters, most notably ATP, from the urothelium can lead to painful
sensations by excitation of purinergic receptors on sensory fibers both peripherally as well
as centrally (47,48). There is speculation that this type of non-cholinergic mechanism could
have a role in a number of bladder pathologies including idiopathic detrusor instability and
painful bladder syndrome. In this regard, targeting urothelial release mechanisms may prove
important in the treatment for a number of bladder dysfunctions. For example, uncontrolled
studies have suggested some therapeutic benefit of botulinum toxins (BoNTA) in the
treatment of neurogenic and non-neurogenic detrusor overactivity as well as in painful
bladder syndrome. (49) Though the effectiveness of BONTA may be due to a block of
transmitters released from bladder nerves, recent evidence suggests that BONTA also may
block release of mediators from non-neuronal cells (including the urothelium). (50)

Even though the pathophysiology and etiology of most persistent pain syndromes is
incompletely understood, it is generally assumed that it involves changes in the target organ
as well as alterations in both central and peripheral pain processing/modulation. In addition,
while alterations in the periphery may alter nociceptive input to the CNS, pain remains an
emergent property of the brain. A number of recent studies have identified structural and
functional changes in the brain of patients with chronic pain syndromes that may influence
the perception of sensory input. (51-54)

Can PBS/IC be correlated with a validated ‘biomarker’'?

Though not currently available, reliable diagnostic markers would be very helpful in the
diagnosis of PBS/IC. Antiproliferative Factor (APF), heparin-binding epidermal growth
factor-like growth factor (HP-EGF), epidermal growth factor (EGF), insulin-like growth
factor 1 (IGF1) and insulin-like growth factor binding protein 3 (IGFBP3) have been shown
to be correlated to PBS/IC. Of these, urine levels of APF, HB-EGF and EGF have been
reported to discriminate between patients with PBS/IC and asymptomatic controls. (55,56)
However studies also have shown weak associations between urine markers and bladder
biopsy findings, which may reflect in part variations in biopsies taken from different regions
of the bladder. (57)

Increased nerve growth factor (NGF) in urine and tissue have been linked with bladder
pathologies including idiopathic sensory urgency, patients with overactivity as well as PBS/
IC.(58) We have previously reported increased NGF in bladder urothelium in cats diagnosed
with FIC as compared to urothelium from healthy, unaffected cats.(59) Studies have shown
that a major source of NGF comes from urinary bladder smooth muscle as well as the
urothelium, which may contribute to increased neural excitability and emergence of bladder
pain in PBS/IC. (60) Thus, NGF has been proposed as a potential ‘biomarker’ for a number
of bladder disorders due to a suggested link between elevated NGF levels to overactivity and
painful inflammatory conditions as compared to unaffected controls.(61)

Additionally, Rubio-diaz et al., (62) recently evaluated the feasibility of diagnosing PBS/IC
in blood from humans and domestic cats using principle components analysis of the spectral
patterns in the blood obtained using infrared microspectroscopy. The classification models
successfully classified spectra based on condition (control/affected), and a different set of
masked spectra correctly predicted the condition of 100% of the subjects in both species.
Classification required information from the 1500-1800 cm™~1 spectral region to
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discriminate between subjects with IC, other disorders, and healthy subjects. Analysis of cat
samples using liquid chromatography-mass spectroscopy revealed differences in the
concentration of tryptophan and its metabolities between healthy and affected cats. (62,63)
These results demonstrate the potential utility of infrared microspectroscopy to diagnose
PBS/IC in both humans and cats.

Co morbid disorders

Patients with PBS/IC often report a variety of co-morbid disorders, which can include other
pelvic pain problems such as IBS, vulvodynia and endometriosis or fiboromyalgia. (11-18)
Individuals with these conditions typically exhibit diffuse hyperalgesia and/or allodynia,
suggesting a generalized dysfunction in pain or sensory processing or central modulation.
For example, functional brain-imaging techniques (which can visualize structures linked
with sensory processing) have revealed a hyperactivity of the insula region (associated with
pain processing) in patients with fibromyalgia (64) and with IBS (65).

Though the etiology is unknown, several factors have been proposed to contribute to the
pathophysiology of some of these disorders which can include changes in epithelial sensor/
barrier function, neurogenic inflammation and even autoimmune involvement.(5,66,67) In
addition, the overlap of symptoms thought to originate from different pelvic organs may be
due in part to organ cross-talk between pelvic viscera. (29,31,68) Although such organ cross
talk cannot readily explain the presence of co-morbid disorders outside the pelvic cavity, or
the observation that the ‘cross-talk’ may not extend to other conditions wherein epithelial
damage is a prominent feature, such as ulcerative colitis or chronic urinary tract infections.
It has also been suggested that PBS/IC may be part of the spectrum of persistent pain
disorders, sharing mechanisms of central pain amplification or augmentation (51). Such
central pain mechanisms are thought to play a primary role in persistent pain conditions in
which few or no peripheral abnormalities can be identified, including common pain
disorders of the gastrointestinal tract such as IBS, functional dyspepsia and functional
heartburn. The latter refers to patients who report symptoms of heartburn, but no not have
evidence for gastroesophageal reflex of acid or bile, or evidence for mucosal erosions (69).

Though mechanistic differences are certain to exist, a number of these visceral disorders
also share increased stress responsiveness, as a pathophysiological factor.(70,71) Reports of
abnormalities in vasomotor tone and increases in bladder sympathetic neuron density and
urine norepinephrine secretion in both humans with 1C and FIC cats are consistent with
altered noradrenergic function, including increased stress responsiveness. (72) Moreover,
environmental enrichment has been shown to reduce lower urinary tract and co-morbid
symptoms in cats with FIC in both laboratory and clinical studies, further supporting a role
for abnormalities of the stress response system playing a role in the pathophysiology of
PBS/IC. (73,74) Studies in animals with experimentally induced disease also have
documented that stress-sensitization is associated with hyperalgesic states similar to that
exhibited by many persistent pain syndromes.(75) In addition, stress has been linked to
disturbances of the epithelial barrier in a number of tissues. Reports in both healthy human
volunteers and animals show that excessive exposure to stress results in an abnormal
epithelial response to stimuli and can impair the barrier function. (76,77) Thus, defects in
epithelial response to stimuli in a number of tissues including the urinary bladder may lead
to the development of a persistent mucosal dysfunction and increased susceptibility for
symptom flares.

Alterations in esophageal epithelium: Is there a common link in PBS/IC?

Changes in epithelial signaling/barrier function are not unique to the urinary bladder. For
example, airway epithelia in asthmatic patients as well as keratinocytes in certain types of
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skin disease also exhibit a number of similar abnormalities and compromised repair
processes. (77,78) In addition, it has also been shown that patients with GERD exhibit
alterations of esophageal epithelial structure and function. (79-81) This dilation of
intercellular spaces (or DIS) signifies a break in the epithelial barrier. Similar to events
reported as a consequence of urothelial barrier dysfunction in PBS/IC, loss of esophageal
epithelial integrity may allow access of (refluxed) luminal acid and other agents to
underlying lamina propria cells, enteric neurons and afferent nerve terminals, which in turn
may result in peripheral and central sensitization, associated with esophageal pain. It is not
known if such loss of epithelial integrity also plays a role in functional heartburn.

TRPV1 is a plausible candidate for mediating the symptoms of heartburn and esophageal
pain. Similar to reported findings in the urinary bladder, TRPV1-immunoreactive nerves
have been localized within esophageal mucosa in humans and animals. (82—84) Patients
with symptoms of esophagitis exhibit increased expression of TRPV1-positive nerve fibers
as compared to healthy subjects.(83,84) In association with increased TRPV1 expression,
studies of patients with esophagitis also demonstrated elevated levels of NGF, which can
sensitize and alter expression of TRPV1 in various tissues.(85) Thus, inflammatory
mediators including NGF can indirectly sensitize TRPV1, which may be an integral
component of pathways contributing to pain and hypersensitivity.

Release of proinflammatory mediators such as plate-activating factor (PAF) has been linked
to esophageal damage as well as amplifying the response of inflammatory and immune cells.
Evidence supports an important role for esophageal epithelial cells as the initiating cell type
in esophageal inflammation. It has been shown that stimulation of TRPV1 from cat
esophageal epithelial cells releases PAF. (86) Thus, activation of esophageal-epithelial
TRPV1 may lead to release of a number of factors that could contribute to alterations in the
epithelium as well as excitability of underlying afferent nerves. This is consistent with
findings in mice lacking TRPV1, which have been shown to be less likely to develop
esophagitis as compared to wild-type mice when exposed to acid (87).

A variety of chronic pain syndromes share alterations in epithelial barrier or signaling
functions. These epithelial cells can respond to a number of challenges, including
environmental inputs and mediators released from nerves or nearby inflammatory cells,
which can result in altered expression and/or sensitivity of various receptor/channels as well
as changes in release of mediators, all of which could impact normal function.

Patients with PBS/IC exhibit increased association with certain chronic diseases and pain
syndromes. It has been described that gastrointestinal disorders are common in relation to
PBS/IC and many PBS/IC patients also describe symptoms of heartburn. One may speculate
that shared disease mechanisms (“endophenotypes™), such as increased epithelial
permeability and/or increased responsiveness of epithelial cells to mechanical and/or
chemical stimuli exist in these disorders. In this regard, it has long been reported that
augmented release of epithelial-derived ATP from ‘tubes and sacs” (88) (such as the urinary
bladder, ureter, gastrointestinal tract and esophagus) may play a significant role in primary
afferent sensitization in a number of pain-related diseases. Taken together, modification of
the epithelium and/or loss of epithelial integrity in a number of pathological conditions can
result in passage of irritating substances and/or release of neuroactive substances from the
epithelium. These can lead to changes in the properties of sensory nerves and sensory
symptoms.
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