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Abstract

The pathophysiology of interstitial cystitis/painful bladder syndrome (IC/PBS) is enigmatic. Autoimmunity and impaired
urothelium might lead the underlying pathology. A major shortcoming in IC/PBS research has been the lack of an
appropriate animal model. In this study, we show that the bladder specific uroplakin 3A-derived immunogenic peptide
UPK3A 65-84, which contains the binding motif for IA° MHC class Il molecules expressed in BALB/c mice, is capable of
inducing experimental autoimmune cystitis in female mice of that strain. A highly antigen-specific recall proliferative
response of lymph node cells to UPK3A 65-84 was observed, characterized by selectively activated CD4+ T cells with a
proinflammatory Th1-like phenotype, including enhanced production of interferon y and interleukin-2. T cell infiltration of
the bladder and bladder-specific increased gene expression of inflammatory cytokines were observed. Either active
immunization with UPK3A 65-84 or adoptive transfer of peptide-activated CD4+ T cells induced all of the predominant IC/
PBS phenotypic characteristics, including increased micturition frequency, decreased urine output per micturition, and
increased pelvic pain responses to stimulation with von Frey filaments. Our study demonstrates the creation of a more
specific experimental autoimmune cystitis model that is the first inducible model for IC/PBS that manifests all of the major
symptoms of this debilitating condition.
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contribute to psychological distress. Advancement in addressing
this disease has been slow due to its uncertain etiology and a lack
of understanding of the underlying pathophysiology.

Many possible pathophysiological mechanisms have been
suggested for IC, including inflammatory, neurogenic, autoim-
mune, vascular or lymphatic disorders; damage to the glycosami-
noglycan layer; and the occurrence of toxic substances in the urine
[7]. It is possible that IC/PBS could have various etiologies, all of
which result in parallel clinical manifestations. Support for an
autoimmune etiopathogenesis has come from accumulating
reports of associations of IC/PBS with autoimmune diseases such
as lupus erythematosis, rheumatoid arthritis, ulcerative colitis,
thyroiditis, Sjogren syndrome and fibromyalgia syndrome [8-11],
as well as reports of higher occurrence of autoantibodies in the
serum of IC patients [9]. In addition, antibodies that recognize
uroepithelial cells were found in the urine of IC patients [10].

Introduction

Interstitial cystitis (IC) is a chronic sterile inflammation of the
bladder, inducing pain in the pelvic region and in the bladder [1].
The symptoms typically include a frequent and/or urgent need to
urinate, and nocturia [2]. In order to include patients with IC
symptoms in the absence of predominant bladder inflammation,
the International Continence Society recently defined the broader
term painful bladder syndrome (PBS) as “the complaint of
suprapubic pain related to bladder filling, accompanied by other
symptoms such as increased daytime and night-time frequency, in
the absence of proven urinary infection or other obvious
pathology” [3]. The most recent NIH-funded epidemiological
study of IG/PBS in women in the U.S. (Rand IC Epidemiology or
RICE Study) identified a prevalence of 6.5% and 2.7% based on

high sensitivity and high specificity criteria, respectively, for

diagnosing IC/PBS [4]. Those percentages translated into 3.3 to
7.9 million women 18 years old or older with IC/PBS symptoms
[4]. Other studies have estimated the prevalence of IC/PBS
among men to be 2 to 5 times lower than in women [3,6].
Symptoms of IC interfere with employment, social relationships,
and sexual activity. Furthermore, chronic pain, urinary frequency
and urgency, and sleep deprivation associated with IC/PBS may
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Higher numbers of CD4+, CD8+ and vyd T cells, as well as IgA,
IgG and IgM plasma cells were found in the urothelium and
submucosa of human IC bladder biopsies compared with normal
bladder biopsies [12,13]. IC also has been associated with the
HLA DRG6 allele of MHC class II as a relative risk factor [14].
One of the limitations in IC/PBS research has been the lack of
an animal model that manifests all of the major symptoms,
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including both increased urinary frequency and chronic pelvic
pain. Numerous animal models have been developed to help
identify underlying mechanisms and possible treatment options for
IC/PBS. These models include bladder inflammation induced by
intravesical administration of an irritant or immune stimulant,
virally induced neurogenic inflammation, chronic stress models,
and experimental autoimmunity [15,16].

The concept of experimental autoimmunity through the
stimulation of pro-inflammatory type 1T cell responses to
targeted self-antigens has been utilized recently to create practical
models of autoimmune conditions including autoimmune enceph-
alomyelitis/multiple sclerosis [17], autoimmune myocarditis/
dilated cardiomyopathy [18], autoimmune oophoritis/premature
ovarian failure [19], autoimmune inner ear disease [20], and
autoimmune cystitis [21-24]. We reported the creation of
experimental autoimmune cystitis (EAC) models in mice that
mimic the urinary phenotype of human IC [21,22]. In the initial
model, we induced bladder autoimmunity using a mouse bladder
homogenate, which can also induce non-specific systemic auto-
immune complications [21], while the second EAC model was
generated by immunizing mice with recombinant uroplakin 2
[22]. We observed increased micturition frequency, but not
chronic pain, in both of those models. Uroplakins (1A, 1B, 2, 3A,
and 3B) are a family of heterodimeric integral membrane proteins
that are part of the asymmetric unit membrane formed by
terminally differentiated urothelial cells [25]. It has been suggested
that uroplakins play a protective role by preventing the
asymmetric unit membrane from breaching during bladder
distension [26]. Expression of all of the uroplakins except 1B
appears to be urothelium-specific, making them ideal targets for
the establishment of EAC.

In the present study, we focused on creating an advanced and
more specific EAC model by identifying a single peptide of
uroplakin 3A that is recognized by IAY MHC class I molecules
found in BALB/c mice. We determined that a peptide consisting
of residues 65-84 of murine uroplakin 3A (UPK3A 65-84), which
contains an -SXXVXV- hexapeptide motif, was immunogenic in
female BALB/c mice and capable of inducing a bladder-specific T
cell-mediated response without any collateral or systemic autoim-
mune damage. Immunization with UPK3A 65-84 resulted in an
autoimmune phenotype that included increased urinary frequency
and chronic pelvic visceral pain, thus mimicking the clinical and
histopathological characteristics of human IC/PBS. This study
provides the only clinically relevant inducible murine model for
IC/PBS that manifests all of the predominant symptoms of 1C/
PBS.

Results

UPK3A 65-84 Activates CD4+ Proinflammatory Th1-like T
Cells in an 1A%restricted Manner

The 20-mer UPK3A 65-84 peptide derived from the mouse
bladder specific protein uroplakin 3A was predicted by the
SYFPEITHI program and database to be highly immunogenic in
BALB/c¢ mice, due to its inclusion of the -SXXVXV- binding
motif for IAY MHC class II molecules expressed in those mice.
Injection of this peptide into female BALB/c mice yielded high
cellular and humoral immunogenicity, shown by recall prolifer-
ation assays of lymph node cells (LNC) and antibody responses of
sera taken from immunized mice (Figure 1). LNC obtained from
mice 10 days after immunization with UPK3A 65-84 (10-day-
primed LNC) proliferated in response to UPK3A 65-84, but were
unresponsive to ovalbumin (OVA) as a control (Figure 1A,B). The
magnitude of the peptide-specific recall response to UPK3A 65-84
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was similar to the response to recombinant uroplakin 2 that we
reported previously [22]. On the other hand, LNC obtained from
female SWX]J mice immunized with peptide UPK2 115-134
exhibited a negligible recall response to the UPK2 peptide
(Figure 1A,B), suggesting either that other peptide sequences of
uroplakin 2 were responsible for its immunogenicity in our
previous study, or additional native UPK2 amino acid residues are
required in order for the -KXXS- motif to be properly processed
and presented by MHC.

CD4+ T cells purified (>90%) from UPK3A 65-84-immunized
BALB/c 10-day-primed LNC proliferated in response to UPK3A
65-84, whereas purified CD8+ T cells were unresponsive
(Figure 1C). Accordingly, UPK3A 65-84 preferentially actuates
CD4+T cells restricted to the TAY haplotype of MHC class II
molecules. ELISA analysis of 48 hour supernatants of 10-day-
primed LNC cultured with UPK3A 65-84 or OVA revealed a
proinflammatory Th1-like cytokine recall response to UPK3A 65—
84 characterized by enhanced expression of IFNy and IL-2, and
virtually no production of Th2-associated IL-4, IL-5, or IL-10
(Figure 1D). Total and isotype-specific antibody titers were
determined in sera collected from mice 5 weeks after immuniza-
tion with UPK3A 65-84. A high titer (1:12,800) systemic serum
antibody response was observed to UPK3A 65-84, but not to
OVA (Figure 1E). In 2 of 5 mice, immunoreactivity was detectable
at a dilution of 1:25,600. The predominant antibody isotypes
produced in response to the peptide were IgG2a and IgG3, which
are known to be induced by IFN-y and inhibited by IL-4 [27,28]
(Figure 1F). That finding, along with somewhat lower production
of Th2-associated IgG1 and TGFp-induced IgG2b, indicated that
the antibody response to the UPK3A 65-84 peptide is predom-
inantly a Thl-associated response.

Bladder Specific Inflammatory Response in EAC Mice

Hematoxylin and eosin stained bladder sections taken 5 weeks
after immunization with UPK3A 65-84 showed extensive
perivascular  infiltration of inflammatory response  cells
(Figure 2A, right) that was not evident in any sections taken from
control mice immunized with complete Freund’s adjuvant (CFA)
(Figure 2A, left). Immunohistochemical staining for T cell
determinant CD3 showed that the bladder infiltrating cells were
predominantly T' cells (Figure 2B, right), and that no such T cell
infiltration was evident in bladder tissues from control mice
(Figure 2B, left). The bladder T cell accumulation in UPK3A 65-
84-immunized mice was predominantly located under the
urothelium, in the area of lamina propria. qRT-PCR analysis
showed significantly elevated gene expression levels of the
inflammatory cytokines IFNy, IL-1B, and TNFo in the bladder
of UPK3A 65-84-immunized mice, but not in the kidney, ovary,
uterus, or liver of those mice, and not in any of those tissues taken
from age- and sex-matched naive or CFA-immunized control mice
(Figure 2C). Thus, we have demonstrated that the inflammation in
EAC mice is confined to bladder tissue.

IC/PBS Phenotype in EAC Mice

To determine if UPK3A 65-84 was able to induce the major
phenotypes of IC/PBS, bladder dysfunction by urinary frequency-
volume chart (FVC) and pelvic pain were measured in female
BALB/c mice 5 weeks after immunization. Mice immunized with
UPKS3A 65-84 showed significantly increased micturition fre-
quencies (Figure 3A) and significantly decreased mean urine
outputs per micturition (Figure 3B) compared with control mice
immunized with CFA. Figure 3 parts C and D show the FVC
results of individual mice immunized with UPK3A 65-84 and
CFA, respectively. This result mimics the phenotypical features of
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Figure 1. Characterization of the immune response to UPK3A 65-84. (A-B) Antigen specific recall proliferative responses of LNC taken from
female BALB/c and SWXJ mice 10 days after immunization with UPK3A 65-84 and UPK2 115-134, respectively. Results of thymidine incorporation
assays of BALB/c LNC incubated with serial dilutions of UPK3A 65-84 (filled circles) or OVA (open triangles), or SWXJ LNC incubated with serial
dilutions of UPK2 115-134 (filled diamonds) are expressed as the mean plus and minus SEM of the stimulation index (A) or radioactivity (B) (n=5 per
group). (C) High antigen-specific recall responses to UPK3A 65-84 by LNC and purified CD4+ T cells, but not by CD8+ T cells, taken 10 days after
immunization of female BALB/c mice with UPK3A 65-84 (10-day-primed LNC). Cells were cultured with peptide or OVA (10 ng/ml), and proliferation
was measured by thymidine incorporation. Results are mean stimulation indices from 5 mice per group (*p =0.0002 and **p = <0.0001 by unpaired t
tests of UPK3A 65-84 vs. OVA pairs). (D) ELISA of cytokines in supernatants of 10-day-primed LNC cultured with UPK3A 65-84 or OVA for 48 h,
demonstrating a proinflammatory type-1 response to UPK3A 65-84, with high production of IFNy and IL-2 (n =8 per group; *p<<0.0001 by unpaired t
tests of UPK3A 65-84 vs. OVA pairs). (E-F) Antibody responses of sera collected 5 weeks after immunization with UPK3A 65-84. (E) Total antibody
titer. ELISA of sera (n =5 per group) with anti-mouse IgG antibody showed high titer antibody responses to UPK3A 65-84, but not to OVA. (F) Isotype-
specific antibody titer. ELISA of sera (n=4 per group) with IgG isotype-specific antibodies revealed a predominantly type-1 antibody response to
UPK3A 65-84 involving high production of IgG2a and IgG3 compared with IgG1 and IlgG2b. Two way ANOVA with Tukey’s multiple comparisons tests
of the different IgG isotypes in (F) revealed that titers of IgG2a differed significantly from those of IgG1 and IgG2b at all dilutions (p<<0.01), while titers
of 1gG3 differed significantly from those of IgG2b (p<<0.01), but not IgG1, at all dilutions. All assays were performed in triplicate for each mouse; error
bars in C-F indicate plus SEM.

doi:10.1371/journal.pone.0072067.g001

urinary frequency and urgency seen in human IC/PBS. Supra- UPK3A 65-84 peptide is capable of inducing autoimmune cystitis

pubic pelvic pain in the mice was assessed using the widely- in female BALB/c mice.
accepted, non-invasive von Frey monofilaments described in other
studies of visceral pain [29,30]. Mice immunized with UPK3A 65— IC/PBS Phenotype Induced by Adoptive Transfer of

84 exhibited significantly lower thresholds of response to tactile UPK3A 65-84-activated CD4+ T Cells
stimuli, as an indicator of referred pain from the bladder,

compared with CFA-immunized and naive mice (Figure 4A).
The much smaller, though significant effect on 50% thresholds by
CFA immunization compared with naive mice suggests an

We determined if the immunologic and functional features of
EAC could be adoptively transferred to naive mice by CD4+ T
cells, CD8+ T cells, or serum isolated from directly immunized
mice. Ten days after immunization with UPK3A 65-84 peptide or
inflammatory response to GFA that is presumably systemic. YA CD4+ and CD8+ T cells were isolated, activated with
Moreover, UPK3A  65-84-immunized mice had significantly immunogen, and transferred into naive female BALB/ ¢ recipients.
increased bladder weight to body weight ratios compared with Twenty days after adoptive transfer, the IC/PBS phenotype of
CFA-immunized mice, a characteristic of animal models of IC bladder dysfunction was evident in mice injected with UPK3A 65-
indicative of bladder remodeling, possibly due to inflammation 84-induced CD4+ T cells compared to control OVA-induced
(Figure 4B). We thus confirm that active immunization with CD4+ T cells, as shown by increased micturition frequency and
decreased urine output per micturition (Figure 5A,B). However,
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Figure 2. Bladder-specific inflammation in mice 5 weeks after immunization with UPK3A 65-84. (A) Hematoxylin and eosin stained
bladder sections taken from UPK3A 65-84-immunized mice showed extensive perivascular infiltration (right panel) not evident in sections from CFA-
immunized control mice (left panel). Solid bar=100 um. (B) Immunostaining with CD3 antibody showed a predominance of T cells in bladder
infiltrates of mice immunized with UPK3A 65-84 (right panel), but no evidence of T cell infiltration in bladder sections from CFA-immunized control
mice (left panel). Solid bar=20 um. (C) gRT-PCR analysis showed significantly elevated levels of IFNy, IL-1B, and TNFa in the bladder but not in the
kidney, ovary, uterus, or liver of mice immunized with UPK3A 65-84 compared to tissues from age- and sex-matched naive mice or control mice
immunized with CFA. Error bars indicate plus SEM of 4 mice per group, with triplicate assays for each mouse. *p<<0.0001 for UPK3A 65-84-immunized
mice vs. CFA-immunized or naive mice by one way ANOVA with Tukey’s multiple comparisons test.

doi:10.1371/journal.pone.0072067.g002

no signs of bladder dysfunction by FVC measurements were found
in naive recipients of UPK3A 65-84-induced CD8+ T cells
compared to OVA-induced CD8+ T cells (Figure 5C,D). Sim-
ilarly, sera collected 5 weeks after immunization of mice with
UPK3A 65-84 or OVA and then transferred to naive mice yielded
no differences in urination between the groups 20 days after
transfer (Figure 5E,F). Pelvic pain, the most prominent phenotype
of IC/PBS, was examined 10 days after adoptive transfer, by

PLOS ONE | www.plosone.org

applying von Frey filaments to the suprapubic pelvic region.
Transfer of 10-day UPK3A 65-84-primed and -activated CD4+ T
cells into naive mice yielded significantly increased pain responses
10 days later compared with control mice that received OVA-
induced CD4+ T cells specific for OVA, suggesting a lower
threshold of pain referred from the bladder organ (Figure 6A). On
the other hand, adoptive transfer of 10-day UPK3A 65-84-
induced CD8+ T cells into naive recipients yielded no difference in
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Figure 3. Bladder dysfunction in mice immunized with UPK3A
65-84. (A) 24-hour micturition frequencies were significantly higher 5
weeks after immunization of female BALB/c mice with UPK3A 65-84
compared to control mice immunized with CFA (p<<0.0001). (B)
Inversely, mean urine output/micturition was significantly lower in
mice immunized with UPK3A 65-84 compared with control mice
immunized with CFA (p=0.0001). Error bars indicate plus and minus
SEM. (C-D) The graphs show the urine production and frequency of a
representative individual mouse immunized with UPK3A 65-84 (C) and
one immunized with CFA (D).

doi:10.1371/journal.pone.0072067.9003

pain assessment compared to transfer of control OVA-induced
CD8+ T cells, although both of those induced small, but
significant increases in pain responses compared with uninjected
naive mice (Figure 6B), as did OVA-induced CD4+ T cells
(Figure 6A). Presumably, the CD4+ and CD8+ T cells induced by
the known T cell immunogenicity of OVA caused a minor non-
specific systemic inflammatory response when injected into naive
mice, as did the CD8+ T cells from UPKS3A 65-84-immunized
mice, which did not respond to UPK3A 65-84 in the proliferation
assays (Figure 1C). On the other hand, sera collected 5 weeks after
immunization of mice with UPK3A 65-84 or OVA and then
injected into naive mice had no effects on pain measurements
compared to uninjected naive mice (Figure 6C). Thus, serum from
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Figure 4. Pelvic hyperalgesia and increased bladder weight in
mice immunized with UPK3A 65-84. (A) Pain responses were
assessed by application of von Frey filaments to the suprapubic pelvic
region in mice 5 weeks after immunization with UPK3A 65-84 or CFA, or
in naive mice (n=10 per group). The response frequencies (percentage
of positive responses out of 10 stimuli) to increasing filament forces
were plotted, and 50% threshold forces were calculated as described in
Methods. Mice immunized with UPK3A 65-84 exhibited significantly
higher sensitivity (lower 50% thresholds, 0.059+0.046 g) in responding
to suprapubic application of von Frey filaments, as an indicator of pain
referred from the bladder, compared with CFA-immunized mice and
naive mice (1.1£0.56 g and 2.9+0.78 g, respectively; p<<0.0001 in both
comparisons by one way ANOVA of log-transformed 50% thresholds
with Tukey’s multiple comparisons test). In the same analysis, the 50%
thresholds of CFA-immunized and naive mice also differed significantly
from each other (p<<0.01). (B) Ratios of bladder weight (mg) to body
weight (g) were significantly higher in mice immunized with UPK3A 65—
84 compared to CFA-immunized controls (p<<0.0001 by unpaired t test).
Error bars indicate plus and minus SEM.
doi:10.1371/journal.pone.0072067.g004

UPK3A 65-84-immunized mice, despite typically having a high
titer of antibodies against UPK3A 65-84 (Figure 1E), was unable
to induce an inflammatory response in the absence of a cellular
response. In conclusion, the essence of these experiments is that
passive transfer of CD4+ T cells, but not CD8+ T cells or serum,
isolated from UPK3A 65-84-immunized mice induced EAC in
naive BALB/c mice with the characteristic phenotypical features
of IC/PBS, namely frequent urination, decreased urine output per
micturition, and increased pelvic pain responses, similar to
primary immunization with UPK3A 65-84.

Discussion

Our study reveals that a UPK3A peptide can induce a peptide-
specific CD4+ T cell autoimmunity that mediates painful bladder
dysfunction in mice. This model exhibits the phenotypical features
of increased urinary frequency and pelvic pain seen in human IC/
PBS. Advancement in research in IC/PBS has been overwhelm-
ingly slow due to a lack of understanding of the underlying
pathophysiology and a lack of reliable markers or animal models
for the disease. The current approaches in our scientific area focus
mostly on merging clinical practice and translational research, thus
stressing the importance of translational models.

Almost 20 animal models that partly resemble the IC/PBS
phenotype have been introduced during the past two decades
[31,32]. The earlier models depend on an inflammatory bladder
msult, such as intravesical instillation of a chemical irritant [e.g.,
acetone [33], acid [34], acrolein [35], turpentine, mustard oil, or
croton oil [36]], an immune response factor [antimicrobial peptide
LL-37 (human cathelicidin) [37]], or bacterial lipopolysaccharide
[38]; systemic administration of cyclophosphamide [39,40];
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Figure 5. Adoptive transfer of EAC micturition phenotype. (A-
D) Ten days after immunization of mice with UPK3A 65-84 peptide or
OVA, CD4+ and CD8+ T cells were isolated, activated with immunogen,
and transferred into naive female BALB/c recipients by i.v. injection.
Twenty four hour micturition (FVC) was measured 20 days after
adoptive transfer (n = 10). Micturition frequency was significantly higher
in mice injected with UPK3A 65-84-primed and -activated CD4+ T cells
(A) (p<<0.0001), but not CD8+ T cells (C), compared to control OVA-
induced T cells. Inversely, urine output per micturition was significantly
lower in mice with UPK3A 65-84-induced CD4+ T cells (B) (p<<0.0001),
but not CD8+ T cells (D), compared to OVA-induced T cells. (E,F) Serum
was collected 5 weeks after immunization of mice with UPK3A 65-84 or
OVA, transferred into naive female BALB/c recipients, and FVC was
measured 20 days later, revealing no significant differences in
micturition frequency (E) or urine output per micturition (F) between
groups (n=10). Error bars indicate plus and minus SEM.
doi:10.1371/journal.pone.0072067.g005
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pseudorabies virus infection of CNS bladder circuits [41,42]; or
systemic induction of bladder-directed autoimmunity (URO-
OVA, URO-OVA/OT-I, bladder homogenate, uroplakin 2
protein) [17,21,22,30,43-45]. The intravesically applied com-
pounds damage the glycosaminoglycan layer and bladder mucosa
nonselectively, involving a variety of mechanisms that may not be
relevant to human IC/PBS [32]. Cyclophosphamide-induced
cystitis is a convenient and well-studied model, however, its
pathogenesis results from direct toxicity to the bladder mucosa by
its metabolite acrolein, which is excreted in the urine [40]. The
magnitude of the increased suprapubic pain responses and
micturition defects we observed in our EAC model appear to be
at least as high as were observed in cyclophosphamide-induced
cystitis In male and female C57BL/6 mice [46]. Injection of
pseudorabies virus into the abductor caudae dorsalis tail muscle of
a rat induces neurogenic cystitis without directly affecting the
bladder, but bladders typically become acontractile within 5 days
of virus injection, thus the model does not accurately recapitulate
all aspects of human IC/PBS [47]. Transgenic URO-OVA mice
produce a membrane form of OVA as a self-antigen on the
urothelium and are susceptible to bladder inflammation induced
by adoptive transfer of activated OVA-specific T cells [43]. URO-
OVA/OT-I mice, derived by crossing URO-OVA mice with
transgenic mice that express an OVA-specific CD8+ T cell
receptor (OT-I mice), spontaneously develop autoimmune cystitis
[43]. However, OVA is not an endogenous antigen of bladder,
and the bladder urodynamic changes and pain correlates of the
IC/PBS phenotype have not been characterized in those
transgenic models [43,44]. A spontaneous model of IC/PBS was
described in cats [48], however this has not been studied
extensively in the scientific community due its unknown etiology
and the high costs of maintaining and handling cats, which require
mvolvement of a veterinarian [15].

In our earlier reports, we employed bladder homogenate [21]
and the bladder specific protein uroplakin 2 [22] for immunization
of mice, and assessed the effects on bladder function. The
disadvantage of immunization with homogenate is that its
composition includes bladder specific and non-specific antigens,
thus can induce non-specific and systemic immune reactions in
addition to bladder-targeted reactions. Our model of uroplakin 2-
immunized mice provided bladder specific autoimmunity, but
those mice did not demonstrate enhanced pelvic pain responses to
noxious stimuli, thus missing one of the major symptoms of IC/
PBS. Mice immunized with bladder homogenate or uroplakin 2
did exhibit increased urination frequencies and decreased urine
output per void [21,22]. The similarity of those observed
abnormalities with the urinary symptoms of human IC/PBS
encouraged us to develop a more potent, targeted autoimmunity
against a bladder-specific antigen and determine if it would induce
the pelvic pain phenotype together with increased frequency and
decreased volume per void, the cardinal manifestations of 1C/
PBS.

In our present study, we evaluated the immunogenicity of
peptides identified in bladder specific uroplakin proteins. We
found that a 20-mer peptide from uroplakin 3A, UPK3A 65-84, is
highly immunogenic in female BALB/c mice and specifically
induces a CD4+ T cell-mediated immune response. The
immunized mice showed significantly elevated urinary frequencies,
decreased urine outputs per void and increased pelvic pain
responses, reproducing all three major symptoms of human IC/
PBS. Correspondingly, the passive transfer of UPK3A 65-84-
restricted CD4+ T cells into naive BALB/c recipients induced the
same EAC phenotypes as direct immunization.
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Figure 6. Adoptive transfer of EAC pelvic pain. Pelvic pain was assessed by application of von Frey filaments to the suprapubic pelvic region of
female BALB/c mice 10 days after adoptive transfer of 10-day immunogen-primed and -activated CD4+ or CD8+ T cells, or serum. (A) UPK3A 65-84-
induced CD4+ T cells yielded increased responses to stimulation compared with CD4+ T cells from OVA-immunized and uninjected naive mice
(p<<0.01 and p<0.0001, respectively, by one way ANOVA of log-transformed 50% thresholds with Tukey’s multiple comparison test). In the same
analysis, the 50% thresholds of OVA-immunized and naive mice also differed significantly from each other (p<<0.01) (B) UPK3A 65-84-induced CD8+ T
cells yielded similar responses to stimulation of the suprapubic region compared with OVA-induced CD8+ T cells, though both were more sensitive to
stimulation than uninjected naive mice (p<<0.01 in each case). (C) Serum samples collected 5 weeks after immunization of mice with UPK3A 65-84 or
OVA were transferred into naive female BALB/c recipients by 3 i.v. injections of 200 ul serum per mouse. Application of von Frey filaments 10 days
later revealed no significant differences in responses among uninjected naive mice and recipients of serum from UPK3A 65-84- or OVA immunized

mice. Error bars indicate plus and minus SEM.
doi:10.1371/journal.pone.0072067.9006

Our data indicate that the bladder dysfunction occurring in
UPKS3A 65-84-induced EAC is due to T cell-mediated autoim-
mune inflammation of the bladder tissue. We verified inflamma-
tion in bladder by revealing increased expression of proinflamma-
tory cytokines and the presence of clusters of T cells in the bladder
following immunization. Moreover, the significantly increased
bladder weight to body weight ratios of EAC mice are indicative of
organ remodeling, likely due to inflammation in this case. The
finding of bladder specific inflammation that directs persistent
bladder dysfunction parallels the defects observed in uroplakin 2-
or 3-null mice [49].

In this study, we evaluated referred hyperalgesia of the bladder
using von Frey filaments on the suprapubic pelvic region [50]. We
found early enhanced responses to normally painful stimuli and
painful responses to normally painless stimuli after adoptive
transfer of UPK3A 65-84-induced CD+4 T cells. These results
inspire additional investigations of the mechanism of pelvic pain in
this model. The role of mast cells in the induction of cystitis pain
has been reported [51,52]. Our EAC model is suitable for studies
of the involvement of mast cells and their regulation by T cells in
the development of IC/PBS-related pelvic pain.

With regard to the reported association of IC/PBS with the
HLA DRG6 allele of MHC class II [14], we found it interesting that
the extracellular domains of human uroplakins 1A and 2, though
not uroplakin 3A, contain potential HLA-DR6 binding sites,
according to the published HLA-DR6 binding motifs [53]. Those
sequences (human UPKIA 171-179, sequence FTSAFRAAT,
and human UPK2 117-125, sequence ISYLVKKGT) suggest
that uroplakins 1A and 2 are possible targets for T cell-mediated
autoimmunity leading to IC/PBS in humans.

The significance of our model is that a single peptide, UPK3A
65-84, induces T cell-dependent autoimmune-mediated EAC
with high bladder specificity that is unique in accurately reflecting
both the urinary symptoms and chronic pelvic pain of IC/PBS.
Along with a near 100% rate of induction of EAC, these findings
qualify this animal model as a realistic, potentially useful model for
future exploration of the pathogenesis and therapeutic interven-
tion of IC/PBS. Such a translational model of IC/PBS is greatly
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needed and will be valuable for accelerating efforts to understand
and treat this chronic, debilitating disease in humans.

Materials and Methods

Ethics Statement

All mouse protocols were pre-approved by the Institutional
Animal Care and Use Committee of Case Western Reserve
University IACUC permit #2009-0131) in compliance with the
Public Health Service policy on humane care and use of
laboratory animals. All dissections were performed with the mice
under isoflurane anesthesia, and were followed by euthanasia with
an overdose of sodium pentobarbital. All efforts were made to
minimize suffering.

Peptide Identification and Synthesis

We employed an online database of MHC molecules and their
recognized peptide motifs (http://www.syfpeithi.de/) [54] to
locate potentially immunogenic peptides for BALB/c mice
(haplotype H-2%) in the sequences of the bladder-specific uroplakin
proteins. A peptide consisting of residues 65-84 of uroplakin 3A,
containing the -SXXVXV- binding motif for IAY MHC class I
molecules (UPK3A 65-84, sequence AMVDSAMSRNVSVQD-
SAGVP), was predicted by the SYFPEITHI program and
database to be highly immunogenic in BALB/c mice. We also
identified a potentially immunogenic peptide for SWX]J mice
(hybrid haplotype H-2%%) in the sequence of uroplakin 2, the
protein that yielded the urinary phenotype of IC/PBS when used
to immunize female SWX]J mice [22]. The peptide UPK2 115—
134 from the extracellular domain of uroplakin 2, sequence
YYISYRVOKGTSTESSPETP, contains the reported -KXXS-
binding motif for IA* and IAY MHC class II molecules [18]. The
20-mer UPK3A 65-84 and UPK2 115-134 peptides were
synthesized by the Molecular Biotechnology Core Facility of the
Lerner Research Institute. The peptides were purified by reverse-
phase HPLC and their amino acid compositions were confirmed
by mass spectrometry.
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Mice and Immunization

Female BALB/c mice were purchased from Jackson Laborato-
ry. At 6-8 weeks of age, mice were injected s.c. in the abdominal
flank with or without 200 pg of UPK3A 65-84 peptide or
ovalbumin (OVA; Sigma-Aldrich, St. Louis, MO) in 200 pl of an
emulsion of equal volumes of water and Freund’s adjuvant
containing 400 g of Mycobacterium tuberculosis H37RA (complete
Freund’s adjuvant [CFA], Difco Laboratories, Detroit, MI), or
with the emulsion of water and CFA alone.

Cell Culture and Proliferation Assays

To assess the immunogenicity of the UPK3A 65-84 peptide
[18,19], inguinal and axillary LNCs were removed from mice 10
days after immunization (10-day-primed LNC) and cultured for
thymidine incorporation assays. The cells were plated at 3x10°
cells/well in a single-cell suspension in 96-well flat-bottom
microtiter plates (Falcon, BD Biosciences, San Jose, CA) with
Dulbecco modified Eagle medium (DMEM) (Mediatech CellGro,
Herndon, VA) containing 10% fetal bovine serum (HyClone), 5%
HEPES buffer, 2% L-glutamine, and 1% penicillin/streptomycin
(Invitrogen Life Technologies). Serial 10-fold dilutions of peptide
or OVA (negative control), or 2 pg/ml of anti-mouse CD3 (BD
Biosciences; positive control) were added to triplicate wells and the
cells were incubated at 37°C for 96 hours in humidified air with
5% CO,. The cells were then pulsed with [methyl-*H] thymidine
(I uCi per well; specific activity 6.7 Ci/mmol; New England
Nuclear, Boston, MA), and sixteen hours later the cells were
harvested by aspiration onto glass fiber filters. The level of
incorporated radioactivity was determined by scintillation spec-
trometry. The results are shown as mean counts per minute (cpm)
of LNC cultures from 5 mice and as the mean ratio of cpm in
cultures with antigen to cpm in cultures without antigen
[stimulation index; [18]].

T Cell Isolation

The proliferative responses of CD4+ and CD8+ T cells to the
UPK3A 65-84 peptide were determined. CD4+ and CD8+ T cells
were purified from 10-day UPK3A 65-84-primed LNC by positive
selection with anti-CD4- and anti-CD8-coated magnetic beads,
respectively, using a MACS LS column in a Midi MACS cell
separator (Miltenyi Biotec, Auburn, CA, USA). The purified
(>90%) CD4+ or CD8+ T cells were plated in 96-well Falcon
microtiter plates at 3x10° cells/well with 5x10° cells/well
gamma-irradiated (2000 rads) syngeneic splenocyte feeders, and
50 pg/ml of UPK3A 65-84 peptide or OVA (negative control), or
2 ug/ml of anti-mouse CD3 (BD Biosciences; positive control) was
added into triplicate cultured wells. The cells were incubated at
37°C for 96 hours and then proliferation was measured by
[methyl-*H] thymidine incorporation as described above.

Cytokine Analysis

The concentrations of cytokines IFN-y, IL-2, IL-4, IL-5, and
IL-10 were determined by ELISA in culture medium of 10-day-
primed LNC cultured in the presence of 25 pg/ml UPK3A 65-84
or OVA (negative control) for 48 hours. Purified capture/
detection antibody pairs and recombinant cytokines were obtained
commercially (BD Biosciences) and included anti-mouse IFN-y
(R4-6A2 and biotin XMG1.2), anti-mouse IL-2 (JES6-1A12 and
biotin JES6-5H4), anti-mouse IL-4 (11B11 and biotin BVDG6-
24G2), anti-mouse IL-5 (TRFK)5 and biotin TRFK4), and anti-
mouse [L-10 (JES5-2A5 and biotin SXC-1). ELISA was
performed as described in our previous studies [19,22], and
absorbance was measured at 405 nm using a Versamax ELISA

PLOS ONE | www.plosone.org

Novel Autoimmune Cystitis Mouse Model

microplate reader (Molecular Devices, Sunnyvale, CA). Standard
curves were established using known concentrations of each
recombinant cytokine, and sample cytokine concentrations were
determined from values within the linear part of the standard
curve.

Total Antibody Titer

Five weeks after immunization of mice with UPK3A 65-84
(n=15), the total antibody titer in serum was determined by ELISA.
Serial dilutions of serum samples were incubated in microtiter
plate wells coated with UPK3A 65-84 antigen or OVA. Goat anti-
mouse IgG antibody (H+L chain specific) conjugated to HRP
(Southern Biotech) was then used at 1/8000 for detection, and
absorbance was measured at 405 nm.

Isotype-Specific Antibody Titers

Isotype-specific antibody titers to UPK3A 65-84 were deter-
mined in serum samples obtained from mice 5 weeks after
immunization with UPK3A 65-84 (n=4). Microtiter wells coated
with UPK3A 65-84 antigen were blocked with BSA and
incubated with serial dilutions of the serum samples (1/200, 1/
400, 1/800, and 1/1600). Using a mouse MonoAB ID/SP ELISA
kit (Zymed-Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions, biotinylated antibodies specific to each mouse
IgG isotype were added, followed by detection with streptavidin-
HRP and 2,2"-azino bis (3-ethylbenzothiazoline-6-sulfonic acid)
substrate, and measurement of absorbance at 405 nm.

Histologic Analysis

Mice were euthanized 5 weeks after immunization with UPK3A
65-84 or CFA alone, and bladders were removed and weighed.
The bladder was sectioned at the equatorial midline, fixed in 10%
neutral formalin, dehydrated, and embedded in paraffin. Serial 5-
Um tissue sections were placed on microscope slides, dewaxed, and
rehydrated for routine hematoxylin and eosin staining. Gross
histologic observations were performed using light microscopy
(Olympus DP70 digital microscope).

Immunocytochemistry

CD3 immunostaining of bladder tissues was performed as
described [19]. Briefly, unmasked and blocked, formalin-fixed,
paraffin-embedded 5-im tissue sections were treated with a 1:250
dilution of rat anti-mouse CD3 antibody (Novacastra, Newcastle
Upon Tyne, UK) followed by a 1:100 dilution of mouse-adsorbed
biotinylated goat anti-rat IgG (BD Biosciences). Slides were
developed conventionally using streptavidin-HRP (Vectastain®
ABC kit, Vector Laboratories, Burlingame, CA) with 3,3'-
diaminobenzidine chromogen and hydrogen peroxide substrate
solution (BioGenex, San Ramon, CA) and examined by light
microscopy (Olympus DP70 digital microscope).

Real Time quantitative Reverse Transcription -
Polymerase Chain Reaction (qRT-PCR)

Expression levels of mRNAs for inflammatory proteins IFN-v,
IL-1B, and TNF-o were measured in tissues of mice 5 weeks after
immunization with UPK3A 65-84 or CFA alone, and in naive
mice tissues. Mice were euthanized and total RNA was extracted
from bladder, kidney, ovary, uterus, and liver using TRIzol”
reagent (Invitrogen, Carlsbad, CA). cDNA was synthesized from
RNA using Super Script III ¢cDNA synthesis kit with random
hexamer primers (Invitrogen). The primer pairs for qRT-PCR
were designed using the online Universal Probe Library Assay
Design Center (Roche, Mannheim, Germany). The sequences of
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the primers used are: IFN y, TGATGGCCTGATTGTCTTT-
CAA (sense) and GGATATCTGGAGGAACTGGCAA (ant-
sense); IL-1B, GAGTGTGGATCCCAAGCAAT (sense) and
AGACAGGCTTGTGCTCTGCT  (antisense); TNF o,
CAAAGGGAGAGTGGTCAGGT (sense) and ATTGCACCT-
CAGGGAAGAGT  (antisense);  P-actin, GGTCATCAC-
TATTGGCAACG (sense) and ACGGATGTCAACGTCA-
CACT (antisense). qRT-PCR was performed using a SYBR
Green PCR Master kit with an ABI Prism 7500 Sequence
Detection System (Applied Biosystems, Foster City, CA). Cytokine
gene expression levels normalized to expression of housekeeping
gene B-actin and relative to the average level in naive mice for
each tissue were calculated with the comparative C- method [55],
after confirming that the mean levels of B-actin mRNA did not
differ significantly between the EAC and CFA mice.

Urinary Frequency-volume Chart (FVC) Assessment
Twenty four hours prior to FVC assessment, solid food was
eliminated from cages and replaced with lactose-free milk to
minimize the frequency and mass of feces produced during the
time of examination [56]. Micturition and drinking behaviors of
mice 5 weeks after immunization were measured continuously
over 24 hours by placing each mouse individually in a metabolic
cage (MED-CYT-M; Med-Associates, St. Albans, VT) and
collecting urine in a plastic tray located on an analytical balance
(VI- 3 mg; Acculab, Huntingdon Valley, PA) set directly
underneath the cage. Balances were linked to a data acquisition
software program advanced by the manufacturer, which record
and total the weight of urine collected over the defined period of
time. Throughout testing, mice were provided with free access to
lactose-free milk and water, and the testing room was maintained
on the usual light/dark cycle. The amounts of milk and water in
the provided bottles were measured at the beginning and end of
testing to quantify fluid consumption over the 24-hour period.

Pain Assessment

Pelvic visceral pain responses of mice were assessed 5 weeks
after immunization using calibrated von Frey monofilaments [57].
A set of 12 von Frey filaments (Stoelting Co., Wood Dale, IL) of
sizes 1.65 to 5.07 was used, corresponding to an approximately
logarithmic scale of forces (0.008, 0.02, 0.04, 0.07, 0.16, 0.4, 0.6,
1.0, 1.4, 2.0, 4.0, 6.0, 8.0 and 10.0g), and providing a linear scale
of perceived intensity. Tactile sensitivity of the suprapubic pelvic
region was assessed by applying von Frey filaments perpendicu-
larly to the surface and recording the responses of the mice. The
behaviors that were considered to be a positive response were: 1)
sharp withdrawal of the abdomen, 2) instant licking and
scratching, or 3) jumping. Beginning with the smallest filament,
each filament was applied a total of 10 times for 3 seconds, with
mtervals of 8 seconds between each stimulus. The results are
expressed as the percentage of positive responses for each
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Adoptive Transfer of EAC

To determine whether the immunologic and functional features
of EAC could be transferred from primary-immunized mice to
naive mice, CD4+ T cells and CD8+ T cells were isolated from
female BALB/c mice that had been immunized 10 days earlier (at
6-8 weeks of age) with 200 ug of UPK3A 65-84 or OVA. Lymph
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Statistical Analysis

The unpaired, two-tailed Student’s t-test was used to analyze
differences between experimental and control groups in stimula-
tion index (Fig. 1C), LNC production of cytokines, micturition
frequency, mean urine output per void, and bladder weight/body
weight ratio, using Welch’s correction in cases where the variances
were significantly different. One way ANOVA with Tukey’s
multiple comparisons test was used to compare cytokine gene
expression and pain perception (log-transformed 50% thresholds)
among three groups. Isotype-specific antibody titers were analyzed
by two way ANOVA with Tukey’s multiple comparisons test to
compare different IgG isotypes at each dilution. Values of p<<0.05
were considered statistically significant.

Acknowledgments

We thank Ismail Sayin, Fatih M. Gulen, and Yan Xu for their technical
and editorial assistance with this research project and manuscript
preparation.

Author Contributions

Conceived and designed the experiments: CZA XL VKT FD. Performed
the experiments: KI CZA FB AO. Analyzed the data: KI CZA CS XL
VKT FD. Wrote the paper: KI CZA CS VKT FD.

o

. Clemens JQ, Meenan RT, Rosetti MC, Gao SY, Calhoun EA (2005) Prevalence
and incidence of interstitial cystitis in a managed care population. J Urol 173:
98-102; discussion 102.

6. Link CL, Pulliam SJ, Hanno PM, Hall SA, Eggers PW, et al. (2008) Prevalence
and psychosocial correlates of symptoms suggestive of painful bladder syndrome:
results from the Boston arca community health survey. J Urol 180: 599-606.

7. Sand PK (2006) Proposed pathogenesis of painful bladder syndrome/interstitial
cystitis. ] Reprod Med 51: 234-240.

8. van de Merwe JP (2007) Interstitial cystitis and systemic autoimmune diseases.
Nat Clin Pract Urol 4: 484-491.

9. Ochs RL (1997) Autoantibodies and interstitial cystitis. Clin Lab Med 17: 571—

579.

August 2013 | Volume 8 | Issue 8 | 72067



25.
26.

27.

28.

29.

30.

34.

. Keay S, Zhang CO, Trifillis AL, Hebel JR, Jacobs SC, et al. (1997) Urine

autoantibodies in interstitial cystitis. ] Urol 157: 1083-1087.

. Lorenzo Gomez MF, Gomez Castro S (2004) [Physiopathologic relationship

between interstitial cystitis and rheumatic, autoimmune, and chronic inflam-

matory diseases]. Arch Esp Urol 57: 25-34.

. Christmas T] (1994) Lymphocyte sub-populations in the bladder wall in normal

bladder, bacterial cystitis and interstitial cystitis. Br J Urol 73: 508-515.

. MacDermott JP, Charpied GC, Tesluk H, Stone AR (1991) Can histological

assessment predict the outcome in interstitial cystitis? Br J Urol 67: 44-47.

. Christmas 'TJ, Bottazzo GI (1992) Abnormal urothelial HLA-DR expression in

interstitial cystitis. Clin Exp Immunol 87: 450-454.

. Westropp JL, Buffington CA (2002) In vivo models of interstitial cystitis. J Urol

167: 694-702.

. Birder LA, Hanna-Mitchell AT, Mayer E, Buffington CA (2011) Cystitis, co-

morbid disorders and associated epithelial dysfunction. Neurourol Urodyn 30:

668-672.

. Altuntas CZ, Daneshgari F, Liu G, Fabiyi A, Kavran M, et al. (2008) Bladder

dysfunction in mice with experimental autoimmune encephalomyelitis.
J Neuroimmunol 203: 58-63.

. Jane-wit D, Yu M, Edling AE, Kataoka S, Johnson JM, et al. (2002) A novel class

II-binding motif selects peptides that mediate organ-specific autoimmune disease

in SWX]J, SJL/J, and SWR/J mice. J Immunol 169: 6507-6514.

. Altuntas CZ, Johnson JM, Tuohy VK (2006) Autoimmune targeted disruption of

the pituitary-ovarian axis causes premature ovarian failure. J Immunol 177:
1988-1996.

Solares CA, Edling AE, Johnson JM, Back M]J, Hirose K, et al. (2004) Murine
autoimmune hearing loss mediated by CD4+ T cells specific for inner ear
peptides. J Clin Invest 113: 1210-1217.

. Lin YH, Liu G, Kavran M, Altuntas CZ, Gasbarro G, et al. (2008) Lower

urinary tract phenotype of experimental autoimmune cystitis in mouse: a
potential animal model for interstitial cystitis. BJU Int 102: 1724-1730.

. Altuntas CZ, Daneshgari F, Sakalar C, Goksoy E, Gulen MF, et al. (2012)

Autoimmunity to uroplakin II causes cystitis in mice: a novel model of interstitial
cystitis. Eur Urol 61: 193-200.

. Phull H, Salkini M, Purves T, Funk J, Copeland D, et al. (2007) Angiotensin II

plays a role in acute murine experimental autoimmune cystitis. BJU Int 100:
664-667.

Bullock AD, Becich MJ, Klutke CG, Ratliff TL (1992) Experimental
autoimmune cystitis: a potential murine model for ulcerative interstitial cystitis.
J Urol 148: 1951-1956.

Lee G (2011) Uroplakins in the lower urinary tract. Int Neuourol J 15: 4-12.
Kong XT, Deng FM, Hu P, Liang IX, Zhou G, et al. (2004) Roles of uroplakins
in plaque formation, umbrella cell enlargement, and urinary tract diseases. ] Cell
Biol 167: 1195-1204.

Snapper CM, McIntyre TM, Mandler R, Pecanha LM, Finkelman FD, et al.
(1992) Induction of IgG3 secretion by interferon gamma: a model for T cell-
independent class switching in response to T cell-independent type 2 antigens.
J Exp Med 175: 1367-1371.

Snapper CM, Paul WE (1987) Interferon-gamma and B cell stimulatory factor-1
reciprocally regulate Ig isotype production. Science 236: 944-947.

Laird JM, Martinez-Caro L, Garcia-Nicas E, Cervero F (2001) A new model of
visceral pain and referred hyperalgesia in the mouse. Pain 92: 335-342.
Rudick CN, Schaeffer AJ, Thumbikat P (2008) Experimental autoimmune
prostatitis induces chronic pelvic pain. American journal of physiology
Regulatory, integrative and comparative physiology 294: R1268-1275.

. Westropp JL, Buffington CA (2002) In vivo models of interstitial cystitis. J Urol

167: 694-702.

. Bjorling DE, Wang ZY, Bushman W (2011) Models of inflammation of the lower

urinary tract. Neurourol Urodyn 30: 673-682.

. Kato K, Kitada S, Longhurst PA, Wein AJ, Levin RM (1990) Time-course of

alterations of bladder function following acetone-induced cystitis. J Urol 144:
1272-1276.

Elgebaly SA, Allam ME, Walzak MP Jr, Oselinsky D, Gillies C, et al. (1992)
Urinary neutrophil chemotactic factors in interstitial cystitis patients and a rabbit
model of bladder inflammation. J Urol 147: 1382-1387.

PLOS ONE | www.plosone.org

10

36.

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

52.

53.

54.

56.

57.

Novel Autoimmune Cystitis Mouse Model

Sakata T, Smith RA, Garland EM, Cohen SM (1989) Rat urinary bladder
epithelial lesions induced by acrolein. J Environ Pathol Toxicol Oncol 9: 159~
169.

McMahon SB, Abel C (1987) A model for the study of visceral pain states:
chronic inflammation of the chronic decerebrate rat urinary bladder by irritant
chemicals. Pain 28: 109-127.

Oottamasathien S, Jia W, McCoard L, Slack S, Zhang ], et al. (2011) A murine
model of inflammatory bladder disease: cathelicidin peptide induced bladder
inflammation and treatment with sulfated polysaccharides. J Urol 186: 1684~
1692.

Jerde TJ, Bjorling DE, Steinberg H, Warner T, Saban R (2000) Determination
of mouse bladder inflammatory response to E. coli lipopolysaccharide. Urol Res
28: 269-273.

Lanteri-Minet M, Bon K, de Pommery J, Michiels JF, Menetrey D (1995)
_yclophosphamide cystitis as a model of visceral pain in rats: model elaboration
and spinal structures involved as revealed by the expression of c-Fos and Krox-
24 proteins. Exp Brain Res 105: 220-232.

Vera PL, Iczkowski KA, Wang X, Meyer-Siegler KL (2008) Cyclophosphamide-
induced cystitis increases bladder CXCR4 expression and CXCR4-macrophage
migration inhibitory factor association. PLoS One 3: ¢3898.

Jasmin L, Janni G, Manz HJ, Rabkin SD (1998) Activation of CNS circuits
producing a neurogenic cystitis: evidence for centrally induced peripheral
inflammation. J Neurosci 18: 10016-10029.

Jasmin L, Janni G, Ohara PT, Rabkin SD (2000) CNS induced neurogenic
cystitis is associated with bladder mast cell degranulation in the rat. J Urol 164:
852-855.

Liu W, Evanoff DP, Chen X, Luo Y (2007) Urinary bladder epithelium antigen
induces CD8+ T cell tolerance, activation, and autoimmune response.

J Immunol 178: 539-546.

Liu W, Deyoung BR, Chen X, Evanoff DP, Luo Y (2008) RDP58 inhibits T cell-
mediated bladder inflammation in an autoimmune cystitis model. ] Autoimmun

30: 257-265.

5. Luber-Narod J, Austin-Ritchie T, Banner B, Hollins C 3rd, Maramag C, et al.

(1996) Experimental autoimmune cystitis in the Lewis rat: a potential animal
model for interstitial cystitis. Urol Res 24: 367-373.

Vera PL, Iczkowski KA, Howard DJ, Jiang L, Meyer-Siegler KL (2010)
Antagonism of macrophage migration inhibitory factor decreases cyclophos-
phamide cystitis in mice. Neurourol Urodyn 29: 1451-1457.

Doggweiler R, Jasmin L, Schmidt RA (1998) Neurogenically mediated cystitis in
rats: an animal model. J Urol 160: 1551-1556.

Buffington CA (2004) Comorbidity of interstitial cystitis with other unexplained
clinical conditions. J Urol 172: 1242-1248.

Aboushwareb T, Zho G, Turner C, Andersson KE, Tar M, et al. (2007)
Urodynamic characterization of mice lacking uroplakin II or III. FASEB J 21:
A1308-A1308.

. Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL (1994) Quantitative

assessment of tactile allodynia in the rat paw. ] Neurosci Methods 53: 55-63.

. Rudick CN, Bryce PJ, Guichelaar LA, Berry RE, Klumpp DJ (2008) Mast cell-

derived histamine mediates cystitis pain. PLoS One 3: €2096.

Rudick CN, Schaeffer AJ, Klumpp DJ (2009) Pharmacologic attenuation of
pelvic pain in a murine model of interstitial cystitis. BMC Urol 9: 16.
Benvenga S, Santarpia L, Trimarchi F, Guarneri F (2006) Human thyroid
autoantigens and proteins of Yersinia and Borrelia share amino acid sequence
homology that includes binding motifs to HLA-DR molecules and T-cell
receptor. Thyroid 16: 225-236.

Rammensee H, Bachmann J, Emmerich NP, Bachor OA, Stevanovic S (1999)
SYFPEITHI: database for MHC ligands and peptide motifs. Immunogenetics
50: 213-219.

. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using

real-time quantitative PCR and the 2(-delta delta C(T)) method. Methods 25:
402-408.

Liu G, Daneshgari I (2006) Temporal diabetes- and diuresis-induced
remodeling of the urinary bladder in the rat. Am J Physiol Regul Integr Comp
Physiol 291: R837-843.

Mulder GB, Pritchett K (2004) Rodent analgesiometry: the hot plate, tail flick
and Von Frey hairs. Contemp Topics Lab Anim Sci 43: 54-55.

August 2013 | Volume 8 | Issue 8 | 72067



