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Establishment of a Novel Autoimmune Experimental Model
of Bladder Pain Syndrome/Interstitial Cystitis in C57BL/6 Mice

Xing-Wei Jin,1 Bo-Ke Liu,1 Xiang Zhang,1 Zhong-Hua Zhao,2 and Yuan Shao1,3,4

Abstract—The aim of this study is to identify whether vaccinating twice with bladder homogenate can
establish a new model of experimental autoimmune cystitis (EAC) in C57BL/6 strain mice. C57BL/6
mice were vaccinated with bladder homogenate in complete Freund’s adjuvant (CFA) and boost
immunized with bladder homogenate in incomplete Freund’s adjuvant (IFA) after 2 weeks were used
as the EAC model. Mice immunized with phosphate-buffered saline (PBS) in CFA or IFAwere used as
the control. Micturition habits and suprapubic–pelvic pain threshold were measured 4 weeks after
primary immunization. Bladder to body weight ratios and expression of inflammatory cytokines and
neurokinin 1 receptor (NK1R) were then examined. Histologic and immunohistochemical examination
of the bladder was carried out, and IL-1β, IFN-γ, and TNF-α production by the kidneys, liver, and lungs
was also tested. Double-immunized mice were extensively sensitive to pressure applied on the pelvic
area (P < 0.001). Compared to single-immunized mice or controls, double-immunized mice showed
more micturition frequency, lower urine output per micturition, higher bladder to body weight ratio, and
significant elevation in the expression of inflammatory cytokines, including IL-1β, IL-4, IL-6, IL-10,
IFN-γ, and TNF-α (all P < 0.05). NK1R gene expression was significantly increased in double-
immunized mice compared to the other three groups (P < 0.001). A nonspecific immune response
occurred in the liver but was much weaker than bladder inflammation. Our dual immunization EAC
model in C57BL/6 mice can effectively mimic the symptoms and pathophysiologic characteristics of
BPS/IC and thus can bewidely used to investigate the pathogenesis and therapeutic strategies of BPS/IC.
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INTRODUCTION

Bladder pain syndrome/interstitial cystitis (BPS/IC) is
a chronic, painful, and disabling disease associated with
sterile inflammation in the urinary bladder [3]. Patients
have to endure intense urinary frequency, urgency, and
pelvic pain, causing not only physical but also mental
suffering [18]. Even BPS/IC is a prevalent disease; its
pathogenesis is poorly understood with no ideal treatment
[17]. The strong female preponderance [1, 7] hinted that
BPS/IC might be an autoimmune disease. A higher prev-
alence rate of autoimmune diseases, such as allergies,
rheumatoid arthritis, and inflammatory bowel disease,
was observed among BPS/IC patients [16, 20, 25], sug-
gesting that the autoimmune theory played an important
role in the pathogenesis of BPS/IC. Thus, many researchers
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try to establish an experimental autoimmune cystitis (EAC)
model for BPS/IC research.

Earlier studies about building an EAC model were
proposed by Bullock et al. [4] and Lin et al. [14]. They
succeeded in BALB/c and SWXJ mice. Recent articles
proposed new methods for creating EAC but were also
limited in SWXJ or BALB/c mice [2, 13]. Up to now, no
effective model of EAC in C57BL/6 mice has been pro-
posed. C57BL/6 mice are commonly used in scientific
research with many advantages including low-cost, multi-
ple knockout strains, and well-characterized genetics. We
aim to investigate whether C57BL/6 mice immunized with
bladder homogenate twice can induce an EAC model that
mimics the symptoms and pathophysiologic characteristics
of BPS/IC.

METHODS

Animals

Female C57BL/6 mice were purchased from the
Shanghai Laboratory Animal Center at age 5 to 7 weeks
and raised in the Animal Center of Ruijin Hospital.
Mice were housed in groups of four or five per cage
and maintained under standard laboratory conditions
(temperature 24 ± 1 °C, humidity 60–70%, 12-h light–
dark cycle) with free access to food and water. One-
week rearing was required for acclimating to the new
environment and mice were used for study at the age 6
to 8 weeks.

Reagents and Immunizations

After euthanasia, bladders from naive C57BL/6
mice were taken out and homogenized in phosphate-
buffered saline (PBS) using a homogenizer (Scientz-
48, Xinzhi Ltd., China). The homogenate was centri-
fuged at 12,000g, 4 °C for 15 min and the supernatant
was collected. The protein concentration of supernatant
was detected using a microspectrophotometer (Nano-
100, Allsheng Ltd., China) and diluted to 1 mg/ml.
Emulsion of vaccines was made from the supernatant
mentioned above with an equal volume of complete
Freund’s adjuvant (CFA; Sigma-Aldrich, St. Louis,
MO, USA) or incomplete Freund’s adjuvant (IFA; Sig-
ma-Aldrich). Four experimental groups were designed
as follows: (1) naive group, no procedure was per-
formed; (2) control group, each mouse was injected

subcutaneously on the back with 400 μl vaccine made
by equal volume (200 μl, respectively) of PBS and
CFA. After 2 weeks, a boost immunization was imple-
mented with 400 μl vaccine made by equal volume
(200 μl, respectively) of PBS and IFA with the same
approach; (3) single immunization group regarded as
the effective control [14], mice were injected subcuta-
neously on the back with 400 μl vaccine made by
equal volume (200 μl, respectively) of bladder homog-
enate and CFA only once; and (4) dual immunization
group, mice were subcutaneously injected with the
same vaccine as the single immunization group. After
2 weeks, a boost immunization was implemented with
400 μl vaccine made by equal volume (200 μl, respec-
tively) of bladder homogenate and IFA with the same
approach. Four weeks after the first immunization, all
mice were investigated for phenotype, pathology, and
inflammatory cytokines and receptor.

Pain Threshold Assessment

Pain threshold was measured by nociceptive
threshold to mechanical stimulation as described pre-
viously [6, 22]. The test was undertaken with an
electronic von Frey anesthesiometer (IITC, Inc., Life
Science Instruments, Woodland Hills, CA, USA).
Mice were placed in acrylic cages (10 × 10 × 16 cm
high) with a wire grid floor and kept quiet for 30 min
for environmental adaptation. An increasing perpen-
dicular force was applied to the central area of the
suprapubic–pelvic region or hind paw to induce
avoidance behaviors and then the electronic pressure-
meter apparatus automatically recorded the intensity
of the force applied when the avoidance behaviors
happened. Behaviors considered as positive responses
were (1) sharp retraction of the stimulated body part
(abdomen or hind paw), (2) instant licking and/or
scratching of the stimulated area, or (3) jumping.
Three times of detection (09:00, 16:00, and 19:00)
were made with intervals of 30 min, and the pain
threshold value for each mouse was the average of
the three detections. Pain threshold assessments were
taken by testers who were blind to the treatments until
the assessments were finished.

Voiding Behavior Analysis

Short-term voluntary voiding was assessed by the
pad test [8, 26, 27]. Four weeks after primary
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immunization, mice from each group were placed on
filter paper (Grade 540, Whatman, Wohua Ltd., China)
in a standard cage for 1 h with solid food only. Then,
filter papers were collected and urine spots were photo-
graphed under ultraviolet light (Fig. 1c). The numbers
and areas of urine spots were analyzed using the Fiji
version of ImageJ software (http://fiji.sc/wiki/
index.php/Fiji). Two episodes of detection were per-
formed at 06:00 and 22:00 when mice were in active
phase. The total number of urine spots represented urine
frequency. Small urine spot was defined as spot ≤
0.2 cm2 [26], and the number of small urine spots was
counted to reflect the low urine output per micturition.
Spots <6.6 mm2 were excluded as they might have
resulted from claw or tooth marks [27].

Histopathologic Evaluation

Histopathologic evaluation was made by testers who
did not know the treatments of the four groups until the
evaluations were finished. Bladders were removed and
fixed in 10% phosphate-buffered formalin for 2 to 3 days.
Specimens were embedded in paraffin, serially sectioned,
and stained with hematoxylin/eosin (H & E) or toluidine
blue. The inflammatory changes were described and mast
cell counts were evaluated using a light microscope
(Eclipse E600, Nikon, Japan). The inflammatory changes
in the bladder were assessed using a four-grade scale below
as described previously [24]. Grade 1 was no lesion like
normal bladders. Grade 2 consisted of simple edema.
Grade 3 consisted of serious edema with epithelial thinning
and cleavage and the initial stage of leukocyte infiltration.
Grade 4 consisted of increased scope and extent of all the
above signs plus petechial hemorrhage. Mast cells were
counted in three cross sections at a magnification of
×200 at the most infiltrated area after toluidine blue stain-
ing. The number of mast cell for each bladder was the
average of the three cross sections examined.

Immunohistochemistry of CD3+ Cells

Fixed bladder tissue sections were washed twice with
xylene and serially passed through decreasing concentra-
tions of alcohol. Antigen unmasking was performed by
heating sections in EDTA buffer (pH 8.0) for 15 min in a
microwave oven. Hydrogen peroxide (3%) was used to
inhibit endogenous peroxidase activity, and 5% normal
goat serum was used to block the sections for 30 min at
room temperature. Then, sections were incubated with

rabbit anti-mouse CD3 (1:500, Abcam, Cambridge, MA,
USA) overnight at 4 °C and incubated with biotinylated
goat anti-rabbit immunoglobulins (1:250, Jackson Immu-
noResearch Laboratories, Inc., West Grove, PA, USA) for
50min at room temperature. Positive staining was revealed
with Vector DAB Substrate Kit (Vector Laboratories,
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Fig. 1. Behavioral changes in the four groups of mice. a Pain threshold
assessments of pelvic area. b Pain threshold assessments of hind paw. c
Urine spots analysis performed using ImageJ software, where a shows spot
<6.6 mm2, which should be excluded, b shows spot <0.2 cm2, which is
defined as small urine spot, and c shows spot >0.2 cm2. dNumbers of total
urine spots. eNumbers of small urine spots. Four groups were presented as
naive (without any processing), ctrl (dual immunization with PBS), immu
once (single immunization with bladder homogenate), and immu twice
(dual immunization with bladder homogenate). *** means P < 0.001
(analyzed with Tukey’s multiple comparisons test, n = 10 per group in A
and B or n = 5 per group in d, e).
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Burlingame, CA, USA) and nuclei were counterstained
with hematoxylin. Light microscopy was used for immu-
nohistochemical measurement of infiltrating inflammatory
cells.

Reverse Transcription-Polymerase Chain Reaction
Assays

Total RNA was extracted from the bladder, kidneys,
liver, and lungs with TRIzol reagent (Life Technologies,
Carlsbad, CA, USA) according to the manufacturer’s pro-
tocol. The purity of total RNA was measured using a
microspectrophotometer (Nano-100, Allsheng Ltd.) and
ensured that the wavelength absorption ratio (260/280
nm) of all preparations was from 1.8 to 2.0. Then,
1000 ng of total RNAwas reverse-transcribed into cDNA
by FastQuant RT Kit (Tiangen, Beijing, China). Quantita-
tive PCR was performed in duals with SYBR Premix EX
Taq™ (TaKaRa, Dalian, China) by QuantStudio Dx Real-
time PCR Instrument (Life Technologies). Target gene
expression was first normalized against GAPDH and then
compared to control. The sequence of each primer is found
in Table 1.

Statistical Analysis

Mast cell count was presented as mean with range in
parentheses. One-way analysis of variance (ANOVA) fol-
lowed by a post hoc Tukey’s honest significant difference
(HSD) test (used in pain threshold values, numbers of urine
spots, bladder to body weight ratios, mast cell counts, and
reverse transcription-polymerase chain reaction (RT-PCR)
results) and Mann–WhitneyU test (used in bladder inflam-
mation grade) was used to analyze the statistical signifi-
cance in four groups. All calculations were performed
using IBM SPSS Statistics 23. Graphs were generated
using GraphPad Prism 6. P < 0.05 was considered statisti-
cally significant.

RESULTS

BPS/IC Phenotype in EAC C57BL/6 Mice

Phenotype evaluation included pelvic pain assess-
ment and urine habit analysis which are the most promi-
nent symptoms of BPS/IC. Pelvic pain threshold values
showed no difference between control and naive groups
(Fig. 1a). Double-immunized mice were extensively sen-
sitive to pressure applied on the pelvic area compared to
the control and naive groups (P < 0.001; Fig. 1a). Mice
from the single immunization group also showed certain
sensitivity to force applied on the pelvic area compared to
the naive group (P < 0.001; Fig. 1a). However, the values
of pelvic pain threshold in the single immunization group
were higher than that in the dual immunization group
(Fig. 1a), which means that single-immunized mice were
less sensitive to pelvic pressure compared to dual-
immunized mice. Pain threshold values of hind paws were
also measured to exclude individual sensitivity. There was
no statistical difference among the four groups in the pain
threshold test of hind paw (Fig. 1b).

Changes of voiding behavior were analyzed by the
pad test. The total number of urine spots increased in mice
of the dual immunization group compared to the single
immunization, control, or naive groups (P < 0.001;
Fig. 1d). This represented frequent micturition that oc-
curred in double-immunized mice. The number of small
urine spots also significantly increased only in the dual
immunization group (P < 0.001; Fig. 1e). There was no
statistical difference among the single immunization group,
control, or naive groups (Fig. 1d, e).

Dual Immunization Induced More Obvious Bladder
Inflammation Response

Bladders of the dual immunization group showed
more severe inflammation with extended hyperemia,

Table 1. Sequence of Primer Pairs Used in Real-Time Quantitative PCR

Genes Forward primer Reverse primer

IL-1β GCAACTGTTCCTGAACTCAACT ATCTTTTGGG1GTCCGTCAACT
IL-4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT
IL-6 CACGGCCTTCCCTACTTCAC GGTCTGTTGGGAGTGGTATC
IL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
IL-17α TTTAACTCCCTTGGCGCAAAA CTTTCCCTCCGCATTGACAC
IFN-γ TGATGGCCTGATTGTCTTTCAA GGATATCTGGAGGAACTGGCAA
TNF-α CAAAGGGAGAGTGGTCAGGT ATTGCACCTCAGGGAAGAGT
NK1R CTCCACCAACACTTCTGAGTC TCACCACTGTATTGAATGCAGC
GAPDH CCCACTAACATCAAATGGGG CCTTCCACAATGCCAAAGTT
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erythema, and severe edema, whereas bladders with single
immunization showed only mild edema. Bladders immu-
nized twice with PBS lacked inflammation similar to nor-
mal bladders (Fig. 2a). Mice were weighed before sacrifice
and bladder weights were obtained after the bladders were
removed. Bladder to body weight ratios in the dual immu-

nization group showed a significant increase compared to
the control or naive group (P < 0.001; Fig. 2b), and also
higher than that of the single immunization group
(P < 0.001; Fig. 2b); ratios in the single immunization
group showed a slight increase with no statistical signifi-
cance (Fig. 2b). Bladder histologic analysis in double-
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Fig. 2. Inflammation performance in the bladder with different treatments. a Gross view of bladder. b Bladder to body weight ratios. c H & E staining for
histologic changes, toluidine blue staining for mast cells, and CD3 antibody staining for lymphocytic infiltration in the bladders of the four groups. Four
groups were presented as naive, ctrl, immu once, and immu twice. *** meansP < 0.001 (analyzed with Tukey’s multiple comparisons test, n = 10 per group).
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immunized mice showed more extensive edema and peri-
vascular leukocyte infiltration than in single-immunized
mice. There was no inflammatory lesion in the bladders
of the control or naive group (Fig. 2c; Table 2). The
number of mast cell infiltration in double-immunized mice
is significantly higher than in the other three groups
(Fig. 2c; Table 2). Immunohistochemistry (IHC) showed
that only the dual immunization group had an obvious
distribution of CD3+ (a lymphocyte maker) cells in
bladder sections, whereas few CD3+ cells were observed
in the bladder submucosa from the single immunization
group and no CD3+ cells were found in the naive or control
group (Fig. 2c). These results indicated that dual
immunization with bladder homogenate in CFA and IFA
could induce obvious bladder inflammation, which was
more severe than single immunization.

Changes in Inflammatory Cytokines and Neurokinin
Receptors in the Bladder

In the bladders of the dual immunization group, sig-
nificant elevation of gene expression was found in related
inflammatory cytokines, including IL-1β, IL-4, IL-6, IL-
10, IFN-γ, and TNF-α (all P < 0.05; Fig. 3). There was no
statistically significant increase of inflammatory gene ex-
pression in the single immunization, control, or naive
group (Fig. 3). We also measured the level of neurokinin
1 receptor (NK1R) in bladder tissues, as it is an important
receptor in cystitis [23]. NK1R is the major receptor of
substance P (SP), which is one of the most famous pain and
inflammatory factors [21]. The level of NK1R gene ex-
pression was significantly elevated in the bladders of the
dual immunization group compared to the other three
groups (P < 0.001; Fig. 3). All these revealed remarkable
bladder inflammatory status in mice of the dual immuni-
zation group.

ANonspecific Immune Response Existed butWas Very
Slight

To explore the systemic impact of immunizing pro-
cedures on mice, the kidneys, liver, and lungs were taken
and analyzed for IL-1β, IFN-γ, and TNF-α expression.
Elevations of these cytokines were detected in mice of the
dual immunization group, especially in the liver. Gene
expression of IL-1β and IFN-γ was significantly elevated
in the liver of double-immunized mice but much weaker
than that in the bladder (Fig. 4). There was no significant
increase of IL-1β, IFN-γ, or TNF-α in the kidneys or lungs
among all the four groups (Fig. 4).

DISCUSSION

This study provides an EACmodel in C57BL/6 mice,
which has not been proposed before. Concretely, compared
to the single immunization, control, or naive groups,
double-immunized mice with bladder homogenate showed
more severe bladder inflammation in gross view (Fig. 2a),
bladder to body weight ratio (Fig. 2b), and histopathology
(Fig. 2c; Table 2). Inflammatory cytokines, such as IL-1β,
IL-4, IL-6, IL-10, IFN-γ, and TNF-α, increased signifi-
cantly only in the bladders of the dual immunization group
(Fig. 3). NK1R, which can bind to SP as a major factor of
pain, was significantly increased in the dual immunization
group as well (Fig. 3). However, nonspecific immune
response (as IL-1β and IFN-γ increasing) outside the
urinary bladder occurred mainly in the liver of double-
immunized mice but was much weaker than that in the
bladder (Fig. 4). This may be due to the extent of the
nonspecific immune response of repeated immunization
and metabolic function or immune regulation of the liver.

The most prominent symptoms of BPS/IC are pelvic
pain and urinary frequency. Our EAC mice presented

Table 2. Comparison of Bladder Inflammation and Mast Cell Infiltration

Group Bladder inflammation (grade) P value Mast cell count P value

1 2 3 4

Normal 5 0 0 0 0.1 (0–0.5)
Control 4 1 0 0 0.317Δ 0.2 (0–0.5) 0.715Δ

Immu once 2 3 0 0 0.050Δ 0.6 (0–1.5) 0.082Δ

Immu twice 0 1 3 1 0.005Δ, 0.008‡, 0.016¶ 1.9 (1.5–2.5) <0.001Δ,‡,¶

Bladder inflammation was presented as the number of mice in each grade (n = 5 per group). Mast cell count was presented as mean with range in parentheses.
The indexes were compared with Mann–Whitney U test (bladder inflammation) or Tukey’s multiple comparisons test (mast cell count)
All P values were calculated for each group: Δ compared to normal; ‡ compared to control; ¶ compared to immu once
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lower pain threshold values and an increased number of
total urine spots and small urine spots (Fig. 1). Single-
immunized mice showed somewhat impairment in bladder
morphology and function, but no significance to naive
mice. These results illustrated that our modified method
of prime-boost-immunization with bladder homogenate
can successfully generate an EACmodel in C57BL/6mice.
This EACmodel can mimic the phenotype and pathophys-
iologic lesions of BPS/IC well.

The precise mechanisms of BPS/IC remain unknown
[17]. Autoimmunity is considered to be involved in path-
ogenesis according to a higher prevalence rate of other
autoimmune diseases observed among BPS/IC patients
[16, 20, 25], a strong female preponderance [1, 7], and
the same features with other inflammatory diseases in
many aspects [15]. All these lend support to researchers
to choose an EAC model for investigation. In recent stud-
ies, some methods of the BPS/IC model were used, such as
cystitis induced by intravesical instillation of irritants (in-
cluding hydrochloric acid [11], acrolein [26], hydrogen
peroxide [12], lipopolysaccharide [10], or other chemical
materials), cyclophosphamide-induced cystitis [9, 19], and
pseudorabies virus-induced cystitis [5]. However, cystitis
induced by irritants (including cyclophosphamide) is clas-
sified as acute chemical inflammation which shows dis-
similarities in its pathogenesis of BPS/IC patients. Pseu-
dorabies virus-induced cystitis is classified as neurogenic
cystitis and shows a certain degree of pain but lacks obvi-
ous inflammation. From these perspectives, EACmay be a
better option for the BPS/IC study.

Two improved models of EAC have been reported in
the past 20 years. The use of recombinant mouse uroplakin
II as antigen for EAC in SWXJmice was proposed in 2012
[2]. However, it was difficult to acquire or synthesize the
recombinant mouse uroplakin II, which limited its appli-
cation. More importantly, this model did not demonstrate
enhanced pelvic pain responses to noxious stimuli, thus
lacking the major symptom of BPS/IC [13]. The other
reported EAC model was induced by UPK3A 65–84 pep-
tide consisting of residues 65 to 84 of the murine urothelial
protein uroplakin 3A [13]. This peptide contains the -
SXXVXV- binding motif, which was identified as the
IAd major histocompatibility complex (MHC) class II-
restricted epitope, so it can induce EAC in BALB/c mice.
However, it is not in conformity with C57BL/6 mice, as
C57BL/6 mice express IAb MHC class II molecules.

There are many advantages in our novel method.
C57BL/6 strain mice are the most widely used experimen-
tal mice and majority of the transgenic and knockout mice
have C57BL/6 background. What is more, C57BL/6 mice

express IAb MHC class II molecules that are the same for
human beings. As a novel successful EAC model in
C57BL/6 mice, it can mimic the autoimmune background
with similar symptoms and pathophysiology to BPS/IC
patients. It could be helpful in the research of therapeutic
intervention as well as the pathogenesis in BPS/IC. In
addition, the reagents used in our method can be easily
obtained by most researchers. The duration of model es-
tablishment is 4 weeks, which is also shorter than in other
EAC models (usually require 4 months [4, 14] or 5 weeks
[2, 13]). Our results revealed the good convenience and
efficacy of this novel EAC model in C57BL/6 mice.

The limitation of this study is the nonspecific immune
response because the bladder homogenate is not a tissue-
specific protein or peptide for immunization. Nonspecific
immune response occurred mainly in the liver but was
much weaker than that in the bladders. Finding a bladder-
specific antigen that can induce BPS/IC in C57BL/6 mice
is included in our future research.

CONCLUSIONS

C57BL/6 mice immunized with bladder homogenate
emulsified in CFA and boosted with bladder homogenate
in IFA showed remarkable pelvic pain, urinary frequency,
and obvious bladder inflammation including higher in-
flammatory grade and elevated expression of inflammatory
cytokines and NK1R. This dual immunization EACmodel
can mimic the symptoms and pathophysiologic character-
istics of BPS/IC in C57BL/6 mice, which can be widely
used to investigate the pathogenesis and therapeutic strat-
egies of BPS/IC.
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