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Abstract

Purpose of Review Interstitial cystitis/bladder pain syndrome (IC/BPS) is a disease that causes bladder symptoms such as
pelvic pain and frequent urination and is often an intractable disease affecting a patient’s quality of life. The etiology of
IC/BPS remains elusive, and treatment strategies are still not fully established. To better understand the underlying patho-
physiology, many studies have strived to recreate an animal model of IC/BPS to help further expand the treatment options
of this difficult disease.

Recent Findings Basic animal studies of IC/BPS have often been conducted by provoking inflammation in the bladder,
which is useful at least in part due to the similarity of the pathophysiology to profound inflammatory responses in IC/BPS,
especially in the Hunner lesion subtype. Also, other animal models such as bladder stimulation models, pelvic organ cross-
sensitization models, autoimmune models, and psychological stress models have been explored and shown various new
outsights. However, the predicted underlying etiology of IC/BPS is complex often with a combination of inflammation,
ischemia, and neurogenic changes, which makes it challenging for researchers to translate the results in animal models to
clinical applications.

Summary Each animal model that is containing a piece of the underlying etiology of IC/BPS cannot be obtained alone, but
by forming a picture by using each piece adequately will enable us to expand the horizon of the unexplored pathophysiology,
which will lead us to identify novel therapeutic targets.

Keywords Animal model - Bladder pain syndrome - Inflammation - Interstitial cystitis - Psychological stress

Introduction least some parts, to better understand its pathophysiological

mechanisms. Each of the models usually focusses on a cer-

Interstitial cystitis/bladder pain syndrome (IC/BPS) is a
chronic disease that causes severe pelvic pain and lower
urinary tract symptoms (LUTS) such as urinary frequency,
urgency, and nocturia [1e], which leads to chronic stress,
sleep dysfunction, anxiety, depression, leading to decrease
of quality of life. The etiology is thought to be multifacto-
rial such as inflammatory, neurogenic, autoimmune, and/or
vascular abnormalities [2]; thus, further studies are needed
to better understand the IC/BPS pathophysiology. There are
many animal experimental models that mimic IC/BPS, at
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tain system to recreate bladder dysfunction, which is useful
to help understand each of the contributing mechanisms.
However, IC/BPS is a condition that consists of multiple
factors and involves multiple systems, which makes it dif-
ficult to represent complex pathophysiological mechanisms
and their interactions in one model.

In addition, although IC and BPS is commonly taken as
a condition that is closely related, the condition of each dis-
ease exhibits that there are two major phenotypes in IC/BPS;
namely, “interstitial cystitis (IC)”, which is a chronic inflam-
matory disorder with Hunner lesions, and “bladder pain syn-
drome (BPS)”, whose inflammatory changes are minimal
without Hunner lesions [3¢]. The existence of these two dif-
ferent phenotypes could be the reason for making the selec-
tion of the adequate experimental model for IC/BPS difficult.
The present review focuses on various models commonly
used to mimic the features in IC/BPS patients, by divid-
ing into the following categories: (1) bladder inflammation/
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irritation models, (2) pelvic organ cross sensitization mod-
els, (3) psychological stress models, and discuss the charac-
teristics of each of these models.

Bladder Inflammation Models

The diagnosis of IC/BPS is often made by biopsy of the
bladder for confirmation of inflammation and exclusion of
other diseases. Many animal models have been explored to
study the relation of inflammation and bladder dysfunction
[4]. These models show several IC/BPS-like phenotypes,
such as shortening of voiding intervals, bladder pain, and
denudation of epithelial cells. However, because of the lack
of understanding of the factors that initiate IC/BPS, one
should note that it is unclear whether bladder inflammation
models are an absolute fit for the study of IC/BPS.

The inflammation of these models is often caused by
chemical irritation or intravesical infection [2], which
does not develop naturally in IC/BPS. Another point that
researchers should keep in mind is that the effect of irritants
does not last long enough to mimic the chronic aspect of IC/
BPS. Symptoms of IC/BPS last for a prolonged period that
may cause further changes whereas the effect of exposure
to irritants is temporary. However, this does not mean that
inflammation animal models are without a value, and that
results of inflammation model experiments have provided
numerous aspects useful for the understanding of IC/BPS.
Therefore, researchers must understand the characteristics
of the experimental model used, and evaluate which part
of the results can be applied for understanding the IC/BPS
pathophysiology and which part cannot.

Chemically Induced Cystitis

Majority of animal models used to study IC/BPS have been
generated by inducing bladder inflammation with or without
epithelial damage using intravesical or systemic instillation
of chemical agents or irritants [4]. Although the inflamma-
tion of the bladder in IC/BPS patients is not caused by these
chemicals, they exhibit some of the characteristics of inflam-
mation and clinical features such as urinary frequency and
bladder pain observed in IC/BPS. Each irritant has their spe-
cific characteristics and should be taken into consideration
when used for research.

Hydrogen Peroxide (HP)

HP is a reactive oxygen species that causes lipid peroxida-
tion and oxidation of DNA and proteins. A single intravesi-
cal administration of HP is reported to induce a relatively
long-lasting bladder inflammation and bladder dysfunction
for up to 2 weeks in the rat model [5, 6]. The histological
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changes and enhanced urothelial permeability are similar to
those observed in IC/BPS. It is also reported that intravesical
administration of hydrogen peroxide increases nerve growth
factor (NGF) in the bladder mucosa [6], which is also con-
firmed in IC/BPS patients.

Hyaluronidase

Hyaluronidase, which is a type of endoglycosidase, can
hydrolyze the extracellular matrix, which compose the GAG
layer [7]. Degrading the GAG layer on the endothelial cell
surface increases permeability of the bladder epithelium,
which causes bladder inflammation, diffused fibrosis, stim-
ulation of afferent neurons, which will develop an animal
model of bladder dysfunction [8]. The effect of hyaluro-
nidase acts as a long-lasting, mild inflammatory stimulus,
which is similar to human IC/BPS bladders; thus, this model
may potentially be a valuable IC/BPS animal model.

Protamine Sulfate (PS)

PS increases the apical membrane permeability causing
bladder dysfunction depending on the concentration [9].
High-dose PS causes strong inflammation, which provokes
urinary frequency and pain sensation although adminis-
tration of low-dose PS shows no effect in the normal rat
[10]. However, in certain bladder hypersensitive conditions
including a psychologically stressed condition, which will
be discussed later, low-dose PS penetrates the bladder wall
causing inflammation and denudation of the bladder urothe-
lium. Continuous administration of PS is reported to cause
storage dysfunction of the bladder, which is a commonly
observed characteristic in IC/BPS and is considered a useful
modality for investigating IC/BPS [9].

E. coli Lipopolysaccharide (LPS)

E. coli LPS is a bacterial product that is commonly used to
produce cystitis. Instillation of E. coli LPS can produce blad-
der dysfunction and suprapubic pain caused by infiltration of
neutrophils in the bladder wall [11]. With a combination of
other irritants such as PS, which can destroy the GAG layer
of the urothelium, E. coli LPS can also cross the bladder
wall barrier and penetrate into the body systemically [12].
Systemic administration also causes bladder inflammation
and could produce a model that exhibits IC/BPS-like symp-
toms [13].

Cytokine Overexpression
Previous studies have demonstrated that various cytokines

and chemokines including TNF-a are detected in urine
and/or bladder specimens from IC/BPS patients [14].
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Furthermore, a randomized, double-blind, placebo-con-
trolled trial showed that subcutaneous administration of
certolizumab pegol, an anti-TNF-a monoclonal antibody,
improved global response assessment, Interstitial Cystitis
Symptom & Problem Indices, and a numeric rating scale
for pain and urgency in moderate-to-severe IC/BPS women
[15]. Accordingly, a transgenic mouse model with urothe-
lial overexpression of TNF-a has been produced and exhib-
ited significant pelvic pain, storage dysfunction, urothelial
lesions, and enhanced sensory input [16], suggesting that
this is an appropriate model for studying the cytokine-
related bladder inflammation mechanisms underlying IC/
BPS pathophysiology.

Claudin-2 Overexpression in the Urothelium

It has been proposed that increased urothelial permeability
in the bladder is an important pathophysiological basis of
IC/BPS, which is associated with changes in tight junction
proteins such as reduced expression of ZO-1 or overexpres-
sion of pore-forming claudin-2 [17]. To mimic this urothe-
lial hyper-permeability condition of IC/BPS, a rat model
with adenoviral transduction claudin-2 in the urothelium has
been produced and exhibited increased urothelial permeabil-
ity, suburothelial inflammation, pelvic pain, small bladder
capacity and bladder afferent sensitization [18, 19]. These
results suggest that this claudin-2 overexpression model
could be useful for studying urothelial dysfunction mecha-
nisms leading to bladder inflammation, which underly IC/
BPS pathogenesis.

Feline Spontaneous Cystitis

A certain strain of domestic cats develop a bladder disease
that presents urinary frequency, urgency, and hematuria [20].
A decrease in the urine glycosaminoglycan level, which is
also observed in human IC/BPS patients, has suggested that
this cat model would be an ideal experimental animal model
of IC/BPS [21]. Basic research has shown that this cat model
represents numerous similarities to IC/BPS; thus, this model
has the advantage of developing IC/BPS symptoms without
application of bladder irritating substances. However, the
underlying causes for developing cystitis in the feline model
is still not fully identified. Further understanding this model
may provide us knowledge of clarifying the IC/BPS etiology.

Viral-Induced Cystitis

In previous studies, injection of pseudorabies virus into the
abductor coccygeus tail muscle in the rat caused hemor-
rhagic cystitis, leading to the understanding that certain areas
of the spinal cord are involved in the tail-to-bladder neural
network inducing cystitis [22]. This model showed bladder

inflammation with infiltrated mast cells, leading to bladder
pain and bladder dysfunction due to the loss of the barrier
function in the urothelium. Further studies have shown that
release of neuropeptides in the spinal cord leads to release of
mast cells within the bladder wall [23-25]. Thus, this model
may provide understandings of the IC/BPS pathogenesis;
however, future studies are needed to clarify whether the IC/
BPS-like condition in this model is induced through the central
nervous system pathway.

Bladder Irritation Models

Urinary substances such as potassium and uric acid are pro-
posed as a factor stimulating C-fiber afferent fibers in the
bladder mucosa, which leads to bladder symptoms in human
IC/BPS patients [26]. Increased permeability and disruption
of the bladder barrier function are proposed as pathophysi-
ological mechanisms causing these symptoms [27]. Many
animal experiments have been conducted by using a specific
substance found in the urine or intravesical administration
of irritants such as acetic acid and cyclophosphamide (CYP)
[4, 28].

Also, animals with systemic CYP administration are a
commonly used model that exhibits IC/BPS-like symptoms
such as pain-related behaviors and bladder dysfunction due
to bladder inflammation. CYP-induced cystitis is a model
that can be obtained by a single intraperitoneal infection of
CYP, which is degraded to acrolein, a TRPA1 agonist [29],
and symptoms occur within 24 h after injection. This model
shows strong bladder inflammation, resulting in mucosal
destruction and hemorrhage, which makes this model more
suitable as a hemorrhagic cystitis model, rather than an IC/
BPS-like model [30]. Recent studies with a lower dose of
CYP showed mild inflammation and symptoms [31], which
may have the potential as a suitable model for IC/BPS.

The limitation for these bladder irritation models is that
the experimental results are the mere consequence of what
is happening in the bladder (e.g., bladder inflammation), but
not what is causing the pathological changes seen in IC/BPS
bladders. Other limitations include that bladder inflamma-
tion is usually short-lasting and that hemorrhagic cystitis
does not usually take place in IC/BPS patients. Therefore,
these models are of use for evaluating treatments of cystitis-
like changes and for examining the correlation of pathologi-
cal and morphological changes and bladder dysfunction, but
may not be suitable for searching the cause of IC/BPS.

Autoimmune Cystitis
Recent studies have shown that IC/BPS with Hunner

lesions, which is characterized as reddish mucosal lesions
with microvessel formation confirmed by cystoscopic
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examinations [1e], are associated with autoimmunity to the
bladder tissue induced by B-cell clonal expansion [32]. To
develop autoimmunity in the animal model, various meth-
ods have been explored. Autoimmunity induced by bladder
tissue homogenization shows mucosal edema, increased
urothelial permeability and lymphocytic infiltration, which
lead to bladder dysfunction and suprapubic pain-related
behavior [33, 34e]. Also, bladder symptoms induced by
bladder tissue homogenization lasted for several months [35,
36]. These models have proven that anti-immune therapy
may be a potential option as a treatment strategy against
certain types of IC/BPS, especially with the Hunner lesion
type with severe bladder inflammation. In addition, blad-
der urothelial antigens such as those against uroplakin, T2
peptide that is an antigenic epitope of TRPMS protein, or
UPK3A-derived immunogenic peptide have been used to
produce IC/BPS animal models [37, 38]. These models show
inflammation with T-cell infiltration in the suburothelial
layer, leading to storage dysfunction and increased suprapu-
bic pain. Furthermore, transgenic autoimmune models have
also been explored. By generating mice expressing a specific
antigen against urothelial cells along with transferring spe-
cific T cells from mice that express specific T-cell receptors,
these mice show increased bladder nociceptive responses
and bladder dysfunction. Also, these conditions last for
almost 20 weeks, proving that these transgenic mice are
the long-lasting model of IC/BPS [39]. Thus, these geneti-
cally produced, antigen-specific animal models enable us to
explore the specific roles of immune cells and receptors in
the IC/BPS-like condition. However, it is not known whether
bladder tissue antigens are involved in human IC/BPS patho-
genesis. Overall, autoimmune animal models are proposed
to be a suitable model of IC/BPS, especially Hunner type
IC with urothelial dysfunction; however, researchers should
well understand the limitation of these models to explore
which aspects in these models are applicable for the condi-
tion of two different phenotypes of IC/BPS; namely IC with
Hunner lesion or BPS without.

Pelvic Organ Cross Sensitization Models

Previous studies have provided evidence for neural cross-talk
and bidirectional cross sensitization between pelvic organs,
in which chemical irritation of the colon by 2,4,6-trini-
trobenzenesulfonic acid (TNBS) increased pain sensitivity
in the bladder via activation of C-fiber afferent pathways due
to colon-to-bladder cross sensitization in the rodent mod-
els [40e, 41¢]. Dichotomizing afferents that send axonal
branches to different target organs and/or the convergence
of sensory innervation from different pelvic organs onto the
same second-order neurons in the spinal cord have been
put forward as mechanisms inducing this viscero-visceral
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cross-organ sensitization [42—44]. This mechanism could
contribute to the symptoms in some IC/BPS patients.

Cross sensitization in the pelvic organ is also found
between the bladder and the uterus as the co-existence of
IC/BPS and endometriosis was reportedly as high as 65 to
69% [45, 46]. Accordingly, it has been reported that implan-
tation of uterine tissue fragments to ectopic sites such as the
peritoneum or the abdominal wall in rodents induces pelvic
pain and bladder hypersensitivity [47, 48e]. A recent study
has also demonstrated that female rats with uterine tissue
implants to the mesocolon and the pelvic peritoneum exhib-
ited bladder overactivity during TRPA1 receptor activation
along with TRPA1 upregulation in afferent pathways, sug-
gesting that TRPA 1-dependent bladder cross-sensitization
due to endometriosis could be involved in overlapping symp-
toms in IC/BPS and endometriosis [49e]. Overall, animal
models with colonic inflammation or endometriosis could
be useful for studying the cross-sensitization mechanism of
pelvic organs that are involved as the outside-the-bladder
etiology in the IC/BPS pathogenesis.

Psychological and Physical Stress Models

Recent studies have shown that various types of psycho-
logical or physical stress can cause urinary frequency and
bladder pain in animal models [50e]. Psychological stress
has been proposed as an important factor of provoking and
worsening IC/BPS symptoms because previous clinical stud-
ies have demonstrated that IC/BPS symptoms had a correla-
tion with stress levels in humans [51e]. Other studies have
also shown that physical or psychological stress increases
the risk of provoking IC/BPS symptoms in women who had
experience of active military combat during service in the
military [52-54]. In this regard, basic research studies have
proven that psychological stress induced by water avoid-
ance stress (WAS) can result in clinical and morphological
features that are present in human IC/BPS patients, such
as bladder hypersensitivity, denudation of the urothelium,
and increased NGF in the bladder mucosa [55, 56e, 57-60].
WAS-induced psychological stress in rats also exhibits
increased colon mobilization, which mimics the symptom
of irritable bowel syndrome, a gastro-intestinal disorder
that often coexisted in IC/BPS patients [7, 61]. Also, psy-
chological stress induced by WAS in rats shows increased
mast cell infiltration and NGF levels in the urothelium,
increased extracellular distance and permeability of the
bladder mucosa, leading to shortening of inter-contraction
interval and increased bladder pain [S0e, 62]. The WAS rat
model does not require bladder irritation or any chemical
injections, which makes this model very unique as it is a
naturally occurring etiology. Further studies are expected to
lead us to better understanding of the relation between the
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outside-the-bladder factors such as psychological stress and
bladder dysfunction and pain sensation in IC/BPS.

Models of Multiple Mechanisms

As discussed above, each model not only has its unique
character, but also limitations. Therefore, recent studies
have explored the IC/BPS pathogenesis by using multiple
methods that have been utilized in IC/BPS research. This
may be a reasonable approach, due to the recent evidence
that Hunner type IC is a disease with an underlying condi-
tion of autoimmune disorders and that onset of occurring
mucosal lesions is triggered by bladder inflammation [3e,
63e]. From this point of view, natural cause or autoimmune
models combined with either inflammation or bladder irri-
tation may be an adequate approach for evaluating the IC/
BPS etiology. Recent studies have also reported the usage of
the psychological stress model induced by WAS in rats with
the combination of intravesical low-dose PS administration,

Table 1 Summary of merit and demerit of animal models

which does not cause bladder stimulating effects in normal
rats [56¢]. Based on the results in this combination model,
IC/BPS-like symptoms such as urinary frequency was
observed accompanied by increased urothelial permeability,
which was detected by MRI evaluation. The strongest point
of these multiple mechanism models is that combination of
different methods can compensate for each method’s short-
falls and can still maximize each method’s usefulness. The
combination model could enable us to further understand
the unclarified underlying etiology of IC/BPS in the future.

Summary and Conclusions

In this review article, we summarized the common animal
models used for basic research of IC/BPS (Table 1). Although
the etiology of IC/BPS is still not completely understood, the
underlying mechanism is multifactorial, which makes it diffi-
cult to fully clarify the pathophysiological process of IC/BPS.
Furthermore, the disease concept of IC and BPS, which used

Merits

Demerits

Bladder inflammation models
Chemical irritation

intravesical infection

Cytokine overexpression

Claudin-2 overexpression

Feline spontaneous cystitis

Viral-induced cystitis

Bladder irritation models

Autoimmune cystitis models

Pelvic organ cross sensitization
models

Psychological and physical stress
models

Multiple mechanisms

Mimics several IC/BPS-like pheno-
types

Exhibits bladder symptoms observed
in IC/BPS

Existing evidence of suppressing
chemokines such as TNF-o improves
IC/BPS symptoms

Increases urothelium permeability
leading to similarity to IC/BPS

Represents numerous symptoms that
are similar to IC/BPS

Enables to explore the relation of
CNS and the bladder

Mimics several IC/BPS-like symptoms
such as pain behaviors and bladder
dysfunction due to inflammation

Combined with clinical observa-
tions, may have a strong relation
with hunner type IC

Enables to explore the relation
between bladder and other organ
symptoms in IC/BPS

Represents IC/BPS like symptoms
and does not require unnatural
irritation

Combining multiple methods enable
to exhibit bladder dysfunction with
little untoward effects

Does not develop naturally and symp-
toms do not last long enough

Infection is not commonly observed in
IC/BPS patients

May be specific to hunner type IC
rather than BPS

Inflammatory process triggered by the
overexpression of claudin-2 cannot
be excluded

Underlying causes for developing
cystitis is unknown

Utility is limited to confirming the
capacity of potential mechanistic
pathways of bladder disorders

Results are consequences of symp-
toms, but not the cause

Lack of reports showing that immu-
nosuppresive therapy improves IC/
BPS confounds the model

Histologic changes observed in hun-
ner type IC does not occur in the
bladder

Sequence of events that links psycho-
logical stress to IC/BPS in unknown

Translational value for IC/BPS is
unclear
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to be thought as related, has been proposed as two different
phenotypes with different bladder pathologies [3]. Thus,
it remains challenging to expect a specific animal model to
reproduce morphological and functional changes of IC/BPS
completely as seen in human patients. Tomaszewski reported
4 statistically significant pathologic changes in IC/BPS blad-
ders, which are mast cell infiltration, loss of the urothelium,
and decreases of granulation tissues and vascular density in
the lamina propria [64]. However, the diagnosis of IC/BPS
are not always made by histological confirmation by bladder
biopsy. Even with the absence of inflammation in the bladder
mucosa, [C/BPS are often diagnosed by cystoscopic findings
without biopsy [1e]. Thus, the proper diagnosis and treatment
of IC/BPS phenotypes is often hindered. It has been proposed
that the underlying causes of IC/BPS include inflammatory,
vascular, and neurogenic factors, and these can cause IC/
BPS symptoms by either a single or multiple combined fac-
tors. Currently, each animal model mimicking IC/BPS-like
symptoms cannot cover all aspects of IC/BPS. Therefore,
researchers should understand the pros and cons of each
model and identify which animal model best represents the
pathophysiological mechanisms of IC/BPS that are sought to
be investigated. It is hoped that these research efforts would
lead us to further understanding and development of treat-
ment targets with better outcomes in clinical management of
IC/BPS in the future.
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