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The etiology of interstitial cystitis/bladder pain syndrome (IC/BPS) remains elusive and may involve multiple causes. To better
understand its pathophysiology, many efforts have been made to create IC/BPS models. Most existing models of IC/BPS strive
to recreate bladder-related features by applying noxious intravesical or systemic stimuli to healthy animals. These models are
useful to help understand various mechanisms; however, they are limited to demonstrating how the bladder and nervous sys-
tem respond to noxious stimuli, and are not representative of the complex interactions and pathophysiology of IC/BPS. To
study the various factors that may be relevant for IC/BPS, at least 3 different types of animal models are commonly used: (1)
bladder-centric models, (2) models with complex mechanisms, and (3) psychological and physical stressors/natural disease
models. It is obvious that all aspects of the human disease cannot be mimicked by a single model. It may be the case that sev-
eral models, each contributing to a piece of the puzzle, are required to recreate a reasonable picture of the pathophysiology and

time course of the disease(s) diagnosed as IC/BPS, and thus to identify reasonable targets for treatment.
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INTRODUCTION

Interstitial cystitis/bladder pain syndrome (IC/BPS) is a chronic
pain disorder involving symptoms of urinary frequency;, urgen-
¢y, and pain. This condition is difficult to diagnose, with some
describing 2 separate disorders: ‘interstitial cystitis’ as a chronic
inflammatory disorder, and ‘bladder pain syndrome; which of-
ten lacks an inflammatory component [1]. Regardless, the
overall etiology of IC/BPS remains elusive and may involve
multiple causes. To better understand its pathophysiology, both
subchronic and chronic cystitis animal models have been intro-
duced, and many attempts have been made to create IC/BPS
models. Animal models of bladder inflammation have been ex-

tensively discussed previously (e.g., [2]). The present review is
focused specifically on some models commonly used to mimic
the features of findings in IC/BPS patients. These models can be
broadly categorized as (1) bladder-centric models, (2) models
with complex mechanisms, and (3) psychological and physical
stressors/natural models.

BLADDER-CENTRIC MODELS

These models (most often rat and mouse) seem to mimic cir-
cumstances in which there is a toxic substance in the urine.
These models can include the instillation of irritants such as hy-
drochloric or acetic acid [3,4], acetone [5], acrolein (the active
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metabolite of cyclophosphamide) [6,7], xylene [8], mustard oil,
croton oil, turpentine [9], protamine sulfate [10], lipopolysac-
charide [11,12], or cyclophosphamide (CYP; [2]). They can also
can include the altered expression of urothelial targets (i.e., clau-
dins [13], antiproliferative factors [14], and uroplakin IT [4]).

A commonly used bladder-centric model of acute bladder
pain is the rodent CYP-induced cystitis model, induced with a
single intraperitoneal injection of CYP. This model exhibits
many typical features of BPS within 24 hours after injection,
such as pain-related behaviours, bladder overactivity, and acti-
vation of inflammation. The bladder shows oedema, massive
inflammatory cell infiltration, haemorrhages, and mucosal de-
struction, which make this model more relevant as an acute
haemorrhagic cystitis model than as a model of IC/BPS. A
chronic model of milder bladder pain, induced by multiple sys-
temic injections of lower doses of CYP and eliciting chronic in-
flammation without pronounced behavioural changes, has
been described in rats [15-17] and mice [18,19].

The CYP models have been used to study the pathological
changes in bladder neuronal pathways associated with chronic
inflammation. The molecular mechanisms underlying the
pathological changes characteristic of this model have been ex-
tensively investigated by many researchers, such as Vizzard and
collaborators [20-25]. Nonetheless, the translational impor-
tance of these findings remains to be elucidated. In rats, even
low doses of CYP induce severe inflammation and damage in
bladder tissue [17,26], which is atypical for nonulcerative BPS
patients.

Mice, unlike rats, appear to be more resistant to systemic
CYP treatment. Boudes et al. [18] demonstrated that chronic
low-dose administration of CYP to C57Bl6 male mice caused
detrusor overactivity, increased urinary frequency, and hyperal-
gesia of the lower abdominal area without impairment of the
physiological state, overt damage to bladder tissue, or changes
in body temperature and weight. In this chronic model, oede-
ma and lymphocyte invasion in the bladder lamina propria
were associated with hyperplasia of the urothelium rather than
denudation, erosions, or thinning. Using a similar protocol, Lai
et al. [27] showed the development of bladder hyperalgesia in
female C57 mice by measuring the abdominal visceromotor re-
sponse to bladder distension. Altogether, these data demon-
strate that a mouse model of chronic CYP-induced bladder in-
flammation and pain can be considered as a promising exten-
sion of preclinical BPS research. Golubeva et al. [19] showed
that mice subjected to repetitive systemic injections of CYP de-
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veloped a mild inflammatory response in bladder tissue charac-
terized by oedema of the lamina propria, a moderate increase in
proinflammatory cytokine gene expression, and mastocytosis.
No signs of massive inflammatory infiltrate, tissue haemorrhag-
es, mucosal ulcerations, or urothelium loss were observed. In-
stead, CYP treatment induced urothelium hyperplasia, accom-
panied by the activation of proliferative signalling cascades, and
a decrease in the expression of urothelium-specific markers.

Bladder-centric models have clear limitations and are fo-
cused on what may be occurring in the bladder. Acute CYP ad-
ministration causes haemorrhagic cystitis, which is typical for
neither IC nor BPS. Repeated administration of low-dose CYP
induces “chronic” cystitis, but these models are more appropri-
ately considered to be repetitive acute cystitis models, at least in
rats. Chronic CYP treatment of mice causes urothelial hyper-
plasia, which is not a characteristic of IC/BPS. Agents such as
protamine are nonselective, and as such can disrupt the cyto-
plasmic membrane, resulting in cell lysis [28]. This can result in
corresponding damage to multiple cell types extending beyond
the urothelial layer (unpublished observations), so they should
not be considered to be appropriate agents for modelling IC/
BPS. To date, no available model has attempted to mimic the
specific epidemiologic findings of IC/BPS patients or has ac-
counted for the known effect of sustained adult stress on symp-
tom severity. Even if bladder-centric animal models cannot be
considered to model the human disease, they are important for
elucidating pathological changes and underlying mechanisms
in bladder structures associated with chronic inflammation in-
duced in various ways.

MODELS WITH COMPLEX MECHANISMS

Models with complex mechanisms are based on the assump-
tion that the causes for the alterations in the bladder occur else-
where, such as via activation of the central nervous system
(CNS). These models include injection of pseudorabies virus
(PRV) in the tail, leading to bladder changes via the activation
of CNS circuitry and various comorbid disorders (e.g., instilla-
tion of TNBS (2,4,6-trinitrobenzenesulfonic acid) into the co-
lon, autoimmune models, chronic pelvic pain, and vulvodynia)
[29-33].

PRV infection in mice induces a form of neurogenic cystitis
associated with bladder lamina propria mast cell accumulation
and pelvic pain. Rudick et al. [34] induced neurogenic cystitis
by the injection of Bartha’s strain of PRV into the abductor cau-
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dalis dorsalis tail base muscle of female C57BL/6 mice. They
used this model to demonstrate that the PRV-induced pelvic
pain could be reduced in animals treated with antagonists of
neurokinin receptor 1 and histamine receptors. More recent
studies by this group using PRV-induced neurogenic cystitis in
mice have identified acyloxyacyl hydrolase (Aoah) as a novel
locus that is associated with pelvic allodynia and modulates
pelvic pain [35]. The group showed that Aoah-deficient mice
exhibit features of IC with elevated levels of certain biomarkers
(vascular endothelial growth factor) that are also highly ex-
pressed in IC patients. Sadler et al. [36] described a mouse
model of urinary bladder distension in which compressed air at
a specific pressure is delivered to the bladder of a lightly anes-
thetized animal over a set period of time. Electrical activity in
the superior oblique abdominal muscles is recorded as the vis-
ceromotor response, which is a reliable and reproducible mea-
sure of nociception. Wang et al. [37] used a transgenic autoim-
mune cystitis model that reproduces many clinical correlates of
IC/BPS to investigate the role of mast cells in cystitis. They con-
cluded that their results provided direct evidence for the role of
mast cells in cystitis-associated lower urinary tract dysfunction,
and that they supported the use of mast cell inhibitors to treat
certain forms of IC/BPS.

These models may provide interesting insights in mecha-
nisms that can contribute to cystitis/bladder dysfunction, but
their translational value for IC/BPS is unclear.

PSYCHOLOGICAL AND PHYSICAL STRESSORS/
NATURAL MODELS

This category includes various stress models (water avoidance
stress [WAS], restraint stress), a feline IC model, and models in-
volving the injection of norepinephrine and the manipulation
of environmental temperature or light. While animals cannot
self-report whether they can feel pain, their behavior in re-
sponse to various noxious or otherwise irritative stimuli can be
observed and scored. Recently, studies have shown that other
factors, including various types of psychological and physical
forms of stress, can produce either analgesia or hyperalgesia in
a number of settings. Even differences in ambient temperature
and social factors can alter measures in pain studies. Psychoso-
cial stress can have a significant impact on several comorbid
and other diseases, including fibromyalgia, skin diseases, and
even asthma and irritable bowel syndrome (IBS). A wealth of
research has revealed that stress can significantly alter commu-
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nication in the (skin, bladder, and gut)-brain axis and that tar-
geting these signaling mechanisms may impact health and dis-
ease [38-40]. In addition, IC/BPS patients exhibit increased
functional brain activation with a full bladder in brain regions
known to participate in sensory perception and pain. In this re-
gard, there is evidence that chronic WAS in rats predisposed to
anxiety can result in a number of clinical and functional fea-
tures similar to those observed in humans diagnosed with IC/
BPS. Studies have shown that chronic psychological stress in-
duced urinary frequency, sustained bladder hyperalgesia, tactile
hindpaw allodynia, and suprapubic hyperalgesia [41,42]. This
model has also revealed increased engagement of portions of
the micturition circuit responsive to urgency [43]. The WAS
model has also been shown to exhibit alterations in the gastro-
intestinal (GI) tract as a model for IBS, which may be a comor-
bid condition associated with both lower urinary tract symp-
toms (LUTS) and IC/BPS.

While the sequence of events that link psychological stress to
functional pain syndromes such as IC/BPS has not been clari-
fied, it is thought that activation of the sympathetic division of
the autonomic nervous system may play a key role. The in-
volvement of the sympathetic system has been reported in a
number of chronic painful conditions, including complex re-
gional pain syndrome and fibromyalgia. For the latter, studies
have revealed that the sympatho-adrenal stress axis can play a
role not only in the induction, but also the maintenance of me-
chanical hyperalgesia. Adrenergic stimulation has been shown
to mediate hypersensitivity of the pelvic viscera, both in terms
of long-lasting effects on bladder function and in terms of
colorectal distension. Thus, chronic stress results in enduring
changes in the nervous system that alter sympathetic nerve ac-
tivity, which may be a mechanism by which stress enhances the
severity and duration of pain symptoms.

The feline IC model is a naturally occurring model of IC. No
other model reproduces as many features of IC as this model,
including comorbidities with other unexplained clinical condi-
tions and increased norepinephrine content [44,45]. Chronic
WAS in rodents is considered to have high construct and face
validity for bladder hypersensitivity syndromes, such as IC/
BPS. 1t is characterized by urinary frequency and bladder hy-
peralgesia and heightened stress responsiveness [43,46]. The
bladder of WAS animals shows inflammatory cell infiltration in
the mucosa and a patchy decrease in the urothelial surface due
to a loss of the superficial umbrella cells. Charrua et al. [47]
used a model where phenylephrine was given subcutaneously
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daily for 14 days. Phenylephrine administration increased vis-
ceral pain, spinal Fos expression, bladder reflex activity, urinary
spotting, and the number of expelled fecal pellets. The mucosa
showed urothelial thinning, and mastocytosis was present in
the suburothelium. The sympathetic nerve density and urinary
noradrenaline levels increased. Induced pain in this model was
reversed by silodosin [48].

The feline IC model, even if it is the most similar to human
disease, is limited by the scarce availability of animals, and does
not seem to be currently used. The WAS models and the phen-
ylephrine model currently seem to be the most interesting, be-
cause they demonstrate not only bladder changes, but also sys-
temic alterations (e.g., central sensitization) that may be found
in IC/BPS patients. In addition, a National Institutes of Health
initiative, the Multi-Disciplinary Approach to the Study of
Chronic Pelvic Pain research network, has evaluated animal
models to study urological chronic pelvic pain syndrome
[49,50]. The WAS model reflects the stress variability of the hu-
man condition, and exhibits many of the key symptoms that
occur in patients.

APPLICATION OF ANIMAL MODELS FOR THE
STUDY OF IC/BPS

There are many caveats and concerns to consider when assess-
ing the translational impact of the various models that have
been claimed to mirror IC/BPS. An important question is:
which aspects of a complex human disease such as IC/BPS can
be modeled in animals? No animal model can be expected to
reproduce all the various symptoms experienced by humans,
and it is obvious that all aspects of the disease cannot be mim-
icked by a single model. Furthermore, it is widely accepted that
IC and BPS are different disorders with similar symptoms, but
with different bladder pathologies. Since it is not established
whether IC/BPS is a bladder disease that sometimes has sys-
temic manifestations or a systemic disorder with bladder mani-
festations, the bladder-centric models have obvious limitations.
For example, the effects of intravesical instillation of an irritant
or immune stimulant, which have been investigated in a num-
ber of species (guinea pigs, rodents, rabbits, and cats), exhibit a
great deal of variability in terms of the type and concentration
of irritant, the volume instilled (which affects the urothelial bar-
rier, amongst other considerations) and the time of exposure.
Each change in a parameter can alter the amount and duration
of the effect on an epithelial surface, thereby producing differ-
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ing results. A noxious agent can affect multiple epithelial sur-
faces, so the resulting changes may be nonspecific effects due to
injury. Additionally, histologic changes may occur, but not
functional changes. Multiple types of experiments (bladder
strips, cystometrograms, etc.) may yield incremental pieces of
evidence, but be too disparate for any logical conclusion rele-
vant to IC/BPS. The time course and resolution of any form of
acute inflammation differs from that in most patients (in whom
inflammation does not resolve). Thus, the net effect for most
(not all) models using animals, while useful, may not mirror
patient symptoms, which typically are chronic and wax and
wane. A chronic model capable of mirroring patients who show
both peripheral and central sensitization can be expected to in-
volve several systems/mediators. The use of biomarkers, espe-
cially in human tissue, is fraught with problems given the lack
of standardization of where biopsies are taken, the depth of the
biopsies, and so on. The same problems are relevant for animal
tissue (or blood/urine samples). Additionally, how and when
the urine is collected (full vs. empty bladder) can affect the
amount and type of mediators released for any measurement.
What can then be studied in animal models attempting to
reproduce characteristics of IC/BPS in humans? Is it fruitful to
study inflammatory changes in the bladder, guided by the find-
ings of human bladder biopsies? Elbadawi [51] stated that “no
specific or diagnostic light microscopic pathologic features are
provided by either routine histopathology or immunohisto-
chemistry” Despite this, Tomaszewski et al. [52], using these
techniques, reported 4 statistically significant pathologic chang-
es in IC patients: (1) the mast cell count in lamina propria with
tryptase staining; (2) complete loss of the urothelium; (3) gran-
ulation tissue in the lamina propria; and (4) vascular density in
the lamina propria with factor VIII staining. The percentage of
the mucosa denuded of urothelium and the percentage of subu-
rothelial haemorrhage remained closely associated with pain in
a multivariable predictive model. These results suggest that his-
topathologic features can play an important role in the predic-
tive modelling of IC symptoms, a view supported by Leiby et al.
[53], who suggested that the use of biopsy data appeared to be a
powerful, parenchyma-oriented approach to subgroup assign-
ment. Even if Elbadawi [51] questioned the importance of fac-
tors such as mast cells from a diagnostic point of view, he dem-
onstrated by electron microscopy the presence of mast cells, ac-
tivated by piecemeal degranulation, in close proximity to in-
trinsic nerves, particularly in the suburothelium. Sant et al. [54]
found that detrusor mastocytosis occurred in both classic and
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nonulcerative IC. In classic IC, mast cells were 6 to 8 fold more
common in the detrusor compared with controls and 2 to 3
fold higher than in nonulcerative IC. Logadottir et al. [55] stat-
ed that in patients with nonulcerative IC, scarcely any inflam-
mation was found in the bladder mucosa, and mast cells were
not even noted in most cases. Most investigators now favour
the view that IC and BPS are distinct entities [55,56], with IC
being a disease and BPS a syndrome. Only about 12% of IC/
BPS patients suffer from classic (ESSIC 3C) IC [53]. Does this
mean that bladder-centric models are of value only for studies
of classic IC, and that if the histopathological changes in classic
IC patients can be demonstrated in an animal model, such a
model has a predictive value when testing a therapeutic inter-
vention? Which models have predictive value for patients with
BPS? Are complex-mechanism or ‘natural’ models preferable?
As discussed above, WAS models in rats predisposed to anxiety
can result in a number of clinical and functional features simi-
lar to those observed in humans diagnosed with IC/BPS. Since
this model has also been shown to exhibit alterations in the GI
tract as a model for IBS, which may be a comorbid condition
associated with both LUTS and IC/BPS, it may yield new in-
sights into the presumed systemic pathophysiology of these
disorders.

SUMMARY AND CONCLUSIONS

The etiology of IC/BPS is unknown, but may involve multiple
causes. It is now generally accepted that IC and BPS may be 2
different entities, so each disorder may require distinct animal
models. However, 20 years ago Elbadawi [51] wrote: “As it now
stands, there is no natural or induced animal model that dupli-
cates IC as it occurs in humans?” This remains true today. The
limited success in translating the vast amount of basic scientific
data obtained using animal models into effective and safe treat-
ments for a variety of pain conditions may be due in large part
to the complexities of the human condition itself. Thus, no ani-
mal model can be expected to reproduce all the various symp-
toms experienced by humans. Most available animal models
strive to reproduce morphological and functional changes
found in the bladders of patients; as such, they are bladder-cen-
tric, and may be useful for studies of, for instance, inflammato-
ry pathways in IC patients. More complex models are needed
for mimicking the symptoms and systemic changes found in
BPS patients. All aspects of the human disease cannot be mim-
icked by a single animal model, and it may be the case that that
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several models, each contributing to a piece of the puzzle, are
required to create a reasonable picture of the pathophysiology
and time course of the disease(s) diagnosed as IC or BPS, and
thus to identify reasonable targets for treatment.
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