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ABSTRACT
Interstitial cystitis (IC) is a chronic bladder dysfunction characterized as urinary frequency, urgency, nocturia,
and pelvic pain. The changes in urethra may wind up with the bladder changes in structure and functions,
however, the functions of the urethra in IC remains elusive. The aim of this study was to understand the
perturbed gene expression in urethra, compared with urinary bladder, associated with the defected
urodynamics. Using female IC mimic rats, a comprehensive RNA-sequencing combined with a bioinformatics
analysis was performed and revealed that IC-specific genes in bladder or urethra. Gene ontology analysis
suggested that the cell adhesion or extracellular matrix regulation, intracellular signaling cascade, cardiac
muscle tissue development, and second messenger-mediated signaling might be the most enriched cellular
processes in IC context. Further study of the effects of these bladder- or urethra-specific genes may suggest
underlying mechanism of lower urinary tract function and novel therapeutic strategies against IC.
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Introduction

Interstitial cystitis (IC) is a chronic noninfectious inflammatory
disease of the bladder wall, characterized by recurring discom-
fort or pain possibly related to the bladder symptoms such as
urinary frequency, urgency, nocturia.8 Increasingly clinical
important issues include significant negative impacts on the
quality of life and social function as well as high prevalence in
the general population1,6 Given that IC affects approximately
3.3 million women in the United States, IC is a major health
issue largely affecting the quality of everyday life of patients—
approximately 50% of those diagnosed with IC have difficulties
working full-time, while approximately 70% of patients have
trouble sleeping. Additionally, 75% of patients report dyspareu-
nia.15 Multimodality therapy has become a standard treatment
of IC, because of no notable responses to therapy as a single
agent.7 This suggests that there are multiple underlying factors
involved in the etiology of IC, and all of which have a direct
impact on the symptom characteristics, disease course and vari-
able responses to therapy. Many causative factors of IC have
been documented, however, our current understanding of the
causation still clings to the assumption of a leaky urothelium to
toxic substances, allergens or bacteria from the urine. This may
be the primary step on the inflammatory process of the deeper
bladder wall layer.10 Although it is plausible, additional

understanding of mechanisms involved in this theoretical
mechanism may be required to clarify the mechanisms behind
this devastating disease.

Various rodent models for IC study have been introduced to
phenotype (a) nociception to bladder distention, (b) pelvic
nociception, and/or (c) urinary frequency. IC animal models
include the bladder injury rat model that mimics IC in which
protamine sulfate (PS) and the endotoxin lipopolysaccharide
(LPS) are administered intravesically to Sprague-Dawley rats.
PS treatment destroys the bladder glycosaminoglycan (GAGs)
layer, leading to enhancement of the LPS action. Animal mod-
els including ours bear 3 similarities to currently known patho-
physiologic steps of human IC4,28 At first, PS damaged the
bladder mucus, and then urothelium was injured by bacterial
toxins such as LPS.4 Following these steps, the injured mucus
and urothelium are exposed to rat’s urine for an additional one
month to give enough time for inducing chronic inflammation
into the injured bladder wall by the toxins from urine. Our pre-
vious findings in this rat model demonstrated the involvement
of degranulated mast cells, which was consistent with observa-
tion in the human bladder affected with IC. Over 50% of
patients have mast cells in lamina propria4,26 Mast cells have
been considered to play key pathophysiological roles in the ini-
tiation and propagation of inflammation, by the production
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proinflammatory mediators, neurotrophic factors and immu-
noregulatory cytokines.25 Mast cells also secrete nerve growth
factor (NGF) leading to the neuropathic pain, one of IC
characteristics.26

Another hypothesis for the etiology of IC is that an initial
insult to the bladder such as urinary tract infection triggers
neurogenic inflammation. Several studies have shown that
there is an increase in the number and sensitivity of nerve fibers
in the bladders of patients with IC19,22 A central role of this
inflammation has been suggested in the pathogenesis of inter-
stitial cystitis.9 The etiology of the IC is obscure, and some
studies have been attributed to an anatomic problem such as
bladder outlet obstruction (BOO) in LUT dysfunction, regard-
less of sex difference.5 Chronic prostatitis/chronic pelvic pain
syndrome (CP/CPPS) is a condition that is similar to IC in
men.27 Many men who are categorized as having CP/CPPS
have urodynamically proven BOO.20 Some evidence shows that
the female paraurethral glands in the distal urethra are homolo-
gous to the prostate, and the inflammation in these glands may
be related to the pathophysiology of IC.28 There may be a
wind-up of urethral changes in structure and function with
these bladder changes without any clear mechanistic
explanation.

The urinary bladder and urethra are the 2 most relevant
organs to understand the regulatory mechanism of IC. The nor-
mal function of the lower urinary tract is to store and periodi-
cally evacuate the urine, which is delicately regulated by the
opposing actions of the bladder and the urethra during each
phase of storage and voiding. The urethra, a tube through
which urine is excreted from the urinary bladder inside the
body for elimination to outside the body in urination, allows
voluntary control over urination. In males, the urethra carries
urine as well as semen. In females, it is much shorter than those
in males, and is used only for urination. As the urinary bladder
and urethra work together as a functional unit, the changes in
bladder function are closely related to those of the urethral
function.

In this study, we hypothesized that urethra and urinary
bladder have different molecular signatures and regulatory
mechanisms in IC patients. In this study using the IC rat model
and comparable sham control model, we sought to understand
the urethra- or bladder-specific gene signatures and the differ-
ences of biologic functions.

Results

The goal of this study was to identify the differentially
expressed genes specifically in the bladder or urethra within the
IC model, compared with the control. A workflow describing
our analytic procedures for the construction of our IC rat
model, measurement of cystometric parameters, harvests and
extractions of bladder and urethra from animal model, and
RNA-Sequencing down in this study were shown in Fig. 1.

Body weight, bladder weight and ratio were not changed
in rat model

First, we wondered if there were any general health issues in IC
rats compared with sham control rats. There was no significant

difference in the body weight between the sham group (477.6
§ 10.5 g) and the IC group (495.6 § 13.0 g), one month after
intravesical instillations of PS and LPS or saline. The bladder
weight did not differ significantly between the sham (0.22 §
0.01 mg) and IC group (0.24 § 0.02 mg). Although the bladder
weight was normalized to body weight, there was no significant
difference between the 2 groups (Sham; 0.47 § 0.03, IC; 0.49 §
0.04).

The cystometric parameters between the sham controls
and IC rats were assessed

Rats of the IC group did not show any significant difference to
sham rats in any pressure parameters - including BP, TP, and
MP. However, all volume parameters except the RV (BC, MV
and MI) decreased in IC rats comparing to sham, showing the
features of IC. Although the value of RV did not show any sig-
nificance between sham and IC, 57.1% (4 among 7 rats) of rats
in IC group showed RV. However, no rats in the sham group
showed RV (Table 1 and Fig. 1).

RNA-Sequencing analysis identified the differentially
expressed genes, which are specific to bladder or urethra

To understand the molecular responses associated with IC, we
attempted to perform the next generation RNA sequencing
analysis and to get the expression profile of the bladder and
urethra in response to PS and LPS stimulation, and those of
sham controls. Comparison of RNA-Sequencing status between
raw and filtered reads was performed as follows.

Based on raw sequence data, the filtering processes were per-
formed based on the following criteria; (i) position 1 to 15 base
were removed because of hexamer-primed 2nd strand synthe-
sis, (ii) reads with mean base quality � 20 and total base quality
(� 20) � 80% were removed, and (iii) redundant reads (identi-
cal sequences) were collapsed into one read. Further calculation
of expression level from the finally filtered reads was done as
follows: filtered reads were aligned with the UCSC rn5 build of
the Rattus-norvegicus genome using the Subread aligner.16

Gene-wise counts were obtained using the featureCounts.17 We
compared normalized read count values across samples based
on the annotation from UCSC rn5 build.

The differentially expressed genes in bladder and/or
urethra in IC model vs. sham control

We identified differentially expressed genes (DEGs) with a false
discovery rate (FDR)<0.05. A heatmap shown in Fig. 2A
revealed that approximately 3-fold more DEGs were perturbed
in urethra in comparison of the bladder. Forty-four DEGs were
significantly perturbed in bladder tissues obtained from IC rat
model, compared with those from control group (Fig. 2B and
Supplementary Table 1A).

The gene expression of 159 DEGs was significantly altered in
urethras in the IC rat model (Fig. 2B and Supplementary
Table 1B). Only 5 genes were commonly altered both in the
bladder and urethra, suggesting that the gene expression of
bladder and urethra were distinct (Fig. 2B). These 5 genes
include collagen type VII a 1 (Col7a1), integrin a 7 (Itga7),
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Serpin Family A Member 3 (Serpina3n), Solute Carrier Family
25 Member 24 (Slc25a24) and Slit Guidance Ligand 3 (Slit3)
(Table 2A). We also found 61 IC-specific (Fig. 2C and Supple-
mentary Table 2A) or 62 Sham-specific genes (Fig. 2C and Sup-
plementary Table 2B). Four commonly perturbed genes in
bladder - compared with urethra - included Flavin Containing
Monooxygenase 5 (Fmo5), Integrin Subunit a 7 (Itga7), Lym-
phocyte Cytosolic Protein 1 (Lcp1), and Methyltransferase Like
7B (Mettl7b) (Fig. 2C and Table 2B).

Enriched cellular processes perturbed in IC model and the
differentially enriched cellular processes in bladder and
urethra

We next attempted to understand the biologic and mechanistic
meaning of these DEGs by examining the biologic pathways
over-represented by the genes. The comparison between blad-
der and urethra revealed that responses of bladder or urethra
induced IC model by PS and LPS treatment were different.
GOBP and KEGG pathway enrichment analysis demonstrated

Table 1. Cystometric parameters in conscious, unrestrained Sprague-Dawley rats in the sham and IC groups. Table 1. Cystometric parameters (including pressure and vol-
ume parameters) in awake rats subjected to sham-operation or intravesical PS/LPS-treated rats (IC rats).

BP (cmH2O) TP (cmH2O) MP (cmH2O) BC (mL) MV (mL) RV (mL) MI (min)

Sham 16.14 § 1.16 32.16 § 2.04 74.49 § 5.71 1.86 § 0.18 1.86 § 0.18 0 9.99 § 0.91
IC 18.87 § 2.89 38.10 § 3.76 60.90 § 4.68 1.31§ 0.14� 1.17§ 0.10� 0.15§ 0.09 6.22 § 0.83�

BP, basal pressure; TP, threshold pressure; MP, micturition pressure; BC, bladder capacity; MV, micturition volume; RV, residual volume; MI, micturition interval; IC, intersti-
tial cystitis; Results are expressed as the mean § standard error. Pressure parameters were expressed by intravesical pressure.

�p < 0.05,

Figure 1. A workflow of this study.
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that the altered genes in bladder tissues of IC model were
mainly involved in response to disaccharide stimulus, response
to sucrose stimulus, and regulation of blood pressure (Blue
bars, Fig. 3A). The most enriched cellular processes in urethra
in IC model included the response to abiotic stimulus, epithelial
cell differentiation, extracellular matrix organization and
response to wounding et al. (Orange bars, Fig. 3A). We also
found that the cellular processes (e.g., intracellular signaling
cascade, cardiac muscle tissue development, and second-mes-
senger-mediated signaling) were enriched in IC-specific DEGs
(Green bars, Fig. 3B).

Differentially expressed genes in IC model suggest the
bladder specific or urethra specific DEGs

This pathway analysis could allow us to focus on the gene list of
the greatest interest. We chose 5 genes whose expression levels

were significantly increased in bladder, but not in urethra, of
IC model for further validation. They were Fras1 (Fraser syn-
drome 1), Adipoq (adiponectin, C1Q and collagen domain
containing), Tnfaip2 (tumor necrosis factor, a-induced protein
2), Ace2 (angiotensin I converting enzyme 2), and Frem2
(Fras1 related extracellular matrix protein 2). The fold changes
of gene expression in IC model, compared with sham control,
were presented in Fig. 4A.

Additionally we selected 5 more genes whose expression was
significantly increased only in the urethra of IC model. They
were Ceacam1 (carcinoembryonic antigen-related cell adhesion
molecule 1, biliary glycoprotein), Sox2 (SRY, sex determining
region Y)-box 2), Ido1 (indoleamine 2,3-dioxygenase 1), Ccl21
(chemokine (C-C motif) ligand 21), and Atf3 (activating tran-
scription factor 3) (Fig. 4B). Fig. 4C shows the fold changes of
10 genes’ gene expression levels in bladder or urethra in IC
condition (fold change).

Figure 2. Identification of differentially expressed genes (DEGs) in bladder or urethra obtained from IC rats compared with sham controls. (A) A heatmap showing DEGs
(B) Diagrams indicating IC-specific DEGs in bladder or urethra (upper), and bladder- or urethra-specific DEGs associated with IC (bottom).

Table 2. (A) List of 5 common genes in the comparison of IC vs. Sham controls, (B) List of 4 common genes in the comparison of bladder vs. urethra.

A
Symbol Description IC/Sham (Bladder) IC/Sham (Urethra)

Col7a1 collagen, type VII, a 1 ¡0.65 ¡0.97
Itga7 integrin, a 7 0.81 ¡0.6
Serpina3n serine (or cysteine) peptidase inhibitor, clade A, member 3N ¡0.88 ¡0.74
Slc25a24 solute carrier family 25 (mitochondrial carrier,

phosphate carrier), member 24
0.7 1.14

Slit3 slit homolog 3 (Drosophila) ¡0.86 0.99

B
Symbol Description Bladder/Urethra (Sham) Bladder/Urethra (IC)

Fmo5 flavin containing monooxygenase 5 0.77 0.99
Itga7 integrin, a 7 ¡0.75 0.67
Lcp1 lymphocyte cytosolic protein 1 0.73 0.84
Mettl7b methyltransferase like 7B ¡0.84 0.76
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To validate the expression levels and to challenge the impor-
tance of these candidates as major modulators of important
cellular processes, we performed qRT-PCR analysis using inde-
pendent bladder (n D 3) or urethra (n D 3) tissues obtained
from IC model (n D 3) or sham controls (n D 3). In total the
top 10 genes, which were already selected based on our interest
and representativeness of organ that they were belonged to,
were analyzed (Fig. 5). Consistent with the expression levels
quantified in the RNA-sequencing analysis, we found gene
expression of Fras1, Tnfaip2, Ace2, and Frem2 were increased
in IC model, and expression of Adipoq and activating tran-
scription factor 3 (Atf3) was decreased in IC model, compared
with sham controls (Fig. 6A). In the urethra, expression of
genes such as Ceacam1, Ido1, and Ccl21 was increased in IC
group, while gene expression of Adipoq, Tnfaip2, Ace2, Frem2,
SRY, and Atf3 was significantly decreased (Fig. 6B).

Discussion

In this study, we sought to understand the functional mecha-
nism associated with the altered gene expression in our IC rat

model. Our global RNA profile using a comprehensive RNA-
sequencing analysis identified genes whose expression levels
were significantly altered in Sprague-Dawley rats by intravesi-
cal instillations of LPS following PS. Animal models are useful
tools, in particular to study the symptom-driven human disor-
ders of unknown etiology such as IC.2 Although IC is not an
infectious disease, LPS - an endotoxin from E. coli - is com-
monly used as an acute precipitating factor in animal models
of IC.29 Our previous series of animal experiments in
Sprague-Dawley rats by intravesical instillations of LPS fol-
lowing PS demonstrated that this chronic rat model exhibited
the uninhibited detrusor contractions proved by simultaneous
intra-abdominal pressure (detrusor overactivity; DO) during
the filling phase and the characteristic degranulatedmast cells
in their histologic appearance.4

Our study took a systems approach to overview the enriched
biologic pathways of these DEGs, and to identify an IC-regulatory
bladder or urethra specific gene set. This approach provides a
testable hypothesis that the bladder of IC patients may be differ-
ent from the urethra of these same patients. We also performed
independent biochemical validation experiments, which revealed

Figure 3. (A) Enriched cellular processes perturbed in IC rats by PS and LPS treatment. Representative DEGs of “response to abiotic stimulus” and “epithelial cell differenti-
ation” were indicated in orange boxes. Blue, bladder specific; Orange, urethra-specific DEGs. (B) Differentially enriched cellular processes changed sham or IC specifically.
Gray, sham control specific; Green, IC specific DEGs.
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the 10 most altered genes in bladder vs. urethra. These findings
suggest the molecular mechanism in bladder or urethra tissues of
IC patients may distinct, leading to the different responses to the
therapeutic approaches of IC patients, by regulating downstream
gene sets, and the understanding of the difference would benefit
the patient treatment.

A central observation of the present study was that chronic
IC with similar characteristics to the human disease was
induced in rat model by intravesical instillations of LPS follow-
ing PS.28 All rats in this chronic model except one exhibited
degranulated mast cells, which was crucial evidence for the suc-
cessful establishment of a model resembling the human disease.
All rats demonstrated DO during the filling phase. These find-
ings are similar to those of a previous rat model of IC induced
by intravesical administration of HCl.13 Previous population-
based studies on IC reported a prevalence of urodynamically
verified DO ranging from 14–30% in IC patients.

Urine is a liquid-by-product of the body, which is made
up of 95 percent water and 5 percent dissolved urinary toxic
solutes including urea, chloride, sodium and potassium ions.
These poisonous or toxic materials are always subject to
invadinginto the bladder wall, which is protected in normal
conditions by the tight junction of the umbrella cells and

bladder mucus composed of GAGs and proteoglycans. This
layer is known as a critical regulator of the bladder’s perme-
ability to water and urinary solutes, and is deficient in many
patients with IC.23 The lower urinary tract (LUT) function
results from simultaneous opposing interactions between the
bladder and urethra, such as the bladder relaxation and ure-
thral contraction during storage, and bladder contraction
and active urethral relaxation during micturition. These con-
tinuously changing intravesical environments make the blad-
der wall more susceptible to these toxins. If there were an
initial insult such like the LPS, the toxic urine results in uro-
thelial hyperplasia and alterations of the LUT functions,
forming a vicious cycle. According to the urodynamic study,
obstruction is common in male or female patients with IC,
which was postulated to be primarily due to pelvic floor dys-
function3,24 This may be caused by the bladder wall inflam-
mation. However, these alterations that affect these
interactions and result in voiding dysfunction in IC patients
have not yet been fully elucidated.

Among 10 identified IC-specific DEGs from our female IC
rats, we found that at least 3 of the DEGs (Fras1, Frem2, and
Ceacam1) were related to the cell adhesion or extracellular
matrix regulation. Further GO analysis suggested that the

Figure 4. (A) Bladder specific DEGs, (B) Urethra specific DEGs, (C) Expression patterns obtained from RNA-Sequencing data of 10 genes.
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intracellular signaling cascade, cardiac muscle tissue develop-
ment, and second messenger-mediated signaling were the
most enriched cellular processes in bladder and urethra of
IC group. Experimental data from quantitative RT-PCR
analysis for further validation showed the patterns of gene
expression in bladder and urethral cells were quite different.
Expression of Tnfaip2, Ace2, and Frem2 was significantly
changed but in the opposite way (Fig. 5). These findings
strongly suggest that perturbed genes in IC context are sig-
nificantly different in the bladder and urethra. In contrast,
expression of Atf3 and Adipoq was both significantly down-
regulated both in bladder and urethra of IC rats, compared
with sham controls. Although the biologic function of Atf3
in bladder or urethra remain unknown, a previous study sug-
gested that Atf3 as a player involving in the growth of the
detrusor muscle and its motor innervation following infra-
vesical outlet obstruction,30 suggesting the possibility that
Atf3 downregulation may cause bladder dysfunction
observed in IC. Adiponectin, an adipose tissue-secreted adi-
pocytokine, was reported to associate with bladder contrac-
tion, through PKCa signaling pathway and calcium
sensitivity. Downregulation of Adipoq found in our study
suggests a potential functional link to bladder contraction
allowing proper voiding pattern - although this speculation
should be tested in future work. We also found Ccl21 was
significantly increased only in urethra, not in bladder tissues
of IC rats. A previous study using 15 women with IC and 15

control subjects with stress urinary incontinence without
bladder pain suggested that Ccl21 may be correlated signifi-
cantly with clinical outcomes through an increased nocicep-
tive signaling by Ccl21.21

In summary, we have identified the perturbed gene expres-
sion associated with the defected urodynamics in IC mimic ani-
mal model, thereby exhibiting the dysfunction of the urinary
bladder. A comprehensive analysis based on the next genera-
tion RNA-sequencing method combined with a bioinformatics
analysis was performed. Our experimental results revealed that
the perturbed alterations in gene expression in bladder and ure-
thra are distinct, along with different structure and anatomy,
are functionally associated with extracellular matrix organiza-
tion, wound healing, intracellular signaling cascade and sec-
ond-messenger-mediated signaling. Further study of the effects
on lower urinary tract function may suggest novel therapeutic
strategies.

Materials and methods

Animals and study design

A total of 13 female Sprague-Dawley rats (Orient Bio Inc.,
Gyeonggi-do, South Korea), weighing 200–250 g, were used in
the present study. In 7 rats, LPS was instilled intravesically, fol-
lowing the intravesical administration of PS. In 6 rats, the saline
was instilled into the bladder and served as the sham group. To

Figure 5. Further validation using qRT-PCR analysis.
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avoid potential leak of drugs during instillation of PS and LPS
to the bladder, which might cause epithelial damage and subse-
quent inflammation, we were careful not to overflow the capac-
ity of the individual bladders while the rats were anesthetized.
In addition, the drugs were injected to ensure that the fluid
does not flow to the urethra and were injected only into the
bladder dome. The normal urethra is closed during the storage
phase and anesthesia.

Continuous cystometry was performed in all of the rats
under awake conditions, one month following intravesical
instillation of LPS or saline. After cystometry, rats were killed
by cervical dislocation. Following laparotomy, the bladder and
urethra were obtained en bloc from all rats, separated at the
level of the bladder neck, and the bladder was weighed. All
experimental animal procedures were conducted in accordance
with the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health (Bethesda, MD, USA) and
were approved by the INHA Institutional Animal Care and
Use Committee at the Inha University Medical School
(Incheon, South Korea; approval ID: INHA 140731–321–1).
The rats were maintained under a 12-h light:dark photoperiod
and normal laboratory conditions, with free access to food pel-
lets and tap water except during the experiments.

Surgical procedures

The rats were anesthetized with ketamine (Ketamine; Yuhan
Corp., Seoul, Korea; 75 mg kg¡1 intraperitoneally) and xylazine
(Rompun; Bayer Korea Corp, Seoul, Korea; 15 mg kg¡1 intra-
peritoneally) mixture, during the surgical procedures. Through
a lower abdominal midline incision, the bladder and the proxi-
mal urethra were approached.

Induction of cystitis

Cystitis was induced by the intravesical instillation of LPS fol-
lowing PS, as described previously.28 Briefly, a 31 gauge needle
attached to a syringe (Insulin syringe, SUNGSHIM MEDICAL
CO., LTD, Gyeonggi-do, Korea) was inserted into the bladder
dome, after the bladder was exposed. The bladder was then
emptied by aspiration of urine, and then an appropriate volume
of PS (10 mg ml¡1) was instilled into the bladder. Twenty
minutes later, the bladder was emptied, washed with phos-
phate-buffered saline (PBS) and then filled with the same vol-
ume of LPS (750 mg/ml) for another 20 min. The sham group
was instilled with normal saline of the same volume.

Procedures for intra-vesicalcatheter implantation

Three days before cystometry, the catheterization for intravesi-
cal pressure (IVP) recordings was done, as described previ-
ously12,14 Briefly, after the bladder exposed, a polyethylene
catheter (PE-50; Becton-Dickinson, Parsippany, NJ, USA) with
a cuff was inserted into the dome of the bladder and held in
place with a purse-string suture to record IVP. The catheter
was tunneled through the subcutaneous space, exited through
the back of the animals and anchored to the skin of the back
with a silk ligature. The free end of the catheter was sealed.
After surgery, the animals were caged individually and main-
tained in the same manner.

Functional evaluation

Cystometrograms were performed under unanesthetized, unre-
strained conditions in metabolic cages. The external portion of
the catheter, implanted into the bladder of the rat, was con-
nected to a 2-way valve that was connected via a T-tube to a
pressure transducer (Research Grade Blood Pressure Trans-
ducer; Harvard Apparatus, Holliston, MA, USA) and a micro-
injection pump (PHD22/2000 pump; Harvard Apparatus).
This was used to record the IVP on the condition of continuous
injection. Room-temperature saline was infused into the blad-
der by microinjection pump at a rate of 10 ml h¡1. The micturi-
tion volume (MV) was recorded by means of a fluid collector
connected to a force displacement transducer (Research Grade
Isometric Transducer; Harvard Apparatus). IVP and MV were
continuously recorded using Acq Knowledge 3.8.1 software
and an MP150 data acquisition system (Biopac Systems, Goleta,
CA, USA) at a sampling rate of 50 Hz. The mean values from 3
reproducible micturition cycles were used for evaluation of cys-
tometric parameters.

Investigation of cystometric parameters

Cystometric parameters consisted of pressure and volume
parameters of the model, including the lowest bladder pressure
during filling phase (BP), bladder pressure immediately before
micturition (TP), maximum bladder pressure during the mictu-
rition phase (MP), MV, remaining urine after micturition (RV),
MVCRV (BC) and intervals between maximum micturition
contractions (MI).

Next generation RNA-Sequencing analysis

RNA-Sequencing analysis identified the differentially expressed
genes, which are specific to the bladder or urethra. To under-
stand the molecular responses associated with IC, we attempted
to perform the next generation RNA sequencing analysis and to
get the expression profile of bladder and urethra in response to
PS and LPS stimulation, and also those of sham controls. Com-
parison of RNA-Sequencing status between raw and filtered
reads was performed as follows.

Bladder (n D 3) and urethra tissues (n D 3) were harvested
from Sham controls (n D 6 in total) or IC rat model (n D 6 in
total), and total RNA from the urine sediments were purified
using the miRNeasy mini kit according to the manufacture’s
instruction (Qiagen). Concentration and yield of RNA samples
was determined using a NanoDrop ND-1000 Spectrophotome-
ter (NanoDrop Technologies). RNA integrity was determined
by analysis on an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies) following the manufacturer’s recommendations. Only
samples with a RIN score greater than 7.0 were used for the
subsequent molecular analysis. Nugen Ovation RNA-Seq Sys-
tem V2 kit was used to generate the double-stranded cDNA
using a mixture of random and poly (T) priming. cDNA library
was prepared using commercial kits and following manufac-
turer’s protocols. Kapa LTP library kit was used to make the
sequencing library. The workflow consists of fragmentation of
double stranded cDNA, end repair to generate blunt ends,
A-tailing, adaptor ligation and PCR amplification Different
adaptors were used for multiplexing samples in one lane.
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Sequencing was performed on Illumina NextSeq 500 for a sin-
gle read 75 run. Data quality check was done on Illumina SAV.
Demultiplexing was performed with Illumina CASAVA 1.8.2.

The quality of sequence reads was assessed using the FastQC
tool (Babraham Bioinformatics, Cambridge, UK). The few low-
quality bases were trimmed from read extremities using Short-
Read (version 1.30.0) package from R bioconductor (version
3.3). More than 30 £ 106 reads were generated for each repli-
cate and were aligned with the UCSC rn5 build of the Rattus-
norvegicus genome, through the use of the Subread aligner.16

Gene-wise counts were obtained with the featureCounts pro-
gram.17 Genes were filtered out and excluded from downstream
analysis if they failed to achieve raw read counts of at least 2
across all the libraries. DESeq218 (version 1.6.1) was used for
calculating normalized data count data by regularized log trans-
formation and conducting differential gene expression analyses.
Differentially expressed genes (DEGs) were determined with
false discovery rate (FDR) < 0.05 and fold change > D 1.5. If
certain conditions didn’t have replicate to estimate dispersion
of the IC model versus Sham control in Urethra tissue and IC
Bladder vs. IC Urethra, DEGs were determined by only using
fold change of more than 1.5 folds due to no replicate in the IC
model from Urethra tissue. Finally, to identify cellular pro-
cesses represented by the DEGs, the enrichment analysis was
performed using the DAVID software.11 Specifically enriched
cellular processes between up- and downregulation was selected
with enrichment P < 0.05. Bar graphs were used to represent
the level of significance of each cellular process with enrich-
ment score (¡log10 [P]).

Reverse transcription and PCR analysis

Total RNA was separately purified from bladder (nD 3) or ure-
thra tissues (n D 3) from the Sham controls (n D 6 in total) and
IC model rates (n D 6 in total) using a QiagenRNEasy tissue
extraction kit (Qiagen Inc., Valencia, California). RNA concen-
tration was measured using a Nanodrop ND-1000 spectropho-
tometer (Thermo Scientific, Willmington, DE). Primers for
RT-PCR were designed based on sequence information sug-
gested from RNA-sequencing data.

Statistical analysis

All results were analyzed using SigmaStat 2.0 (SPSS Inc., Chi-
cago, USA). The results are presented as the mean values §
standard error of the mean. The Shapiro-Wilk W-test con-
firmed normal distributions. Statistical significance was deter-
mined by paired or unpaired t-tests. Unpaired t-tests were used
to determine the statistical significance to detect differences in
urodynamic parameters and histological data between the
sham and IC groups. For multiple comparisons, one-way anal-
ysis of variance with Tukey’s test was used to detect differences.
Statistical significance was considered at p < 0.05. All calcula-
tions were made on the basis of n, which denoted the number
of animals.
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