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The Effects of Neurokinin-1 Receptor Antagonist in an
Experimental Autoimmune Cystitis Model Resembling Bladder
Pain Syndrome/Interstitial Cystitis

Bo-Ke Liu,1 Xing-Wei Jin,2 Hao-Zhong Lu,3 Xiang Zhang,2 Zhong-Hua Zhao,4 and Yuan Shao
1,2,5

Abstract— To identify the effects of the neurokinin-1 receptor (NK1R) antagonist aprepitant in
treating pelvic pain, micturition symptoms, and bladder inflammation in mice with experi-
mental autoimmune cystitis (EAC) similar to bladder pain syndrome/interstitial cystitis (BPS/
IC). Female C57BL/6 mice were divided into the following three groups: normal control,
EAC, and EAC plus aprepitant. EAC was induced in mice by duplicate immunization with
bladder homogenate. In the EAC model group, EAC mice were given PBS by gavage once a
day during the fourth week. In the EAC plus aprepitant group, aprepitant was administered
instead of PBS in the same way. After 4 weeks, pelvic pain threshold and urination habits of
mice were analyzed, as well as the bladder weight to body weight ratio, and histologic
assessment of the expression of IL-1β, TNF-α, intercellular adhesion molecule 1 (ICAM-1),
and NK1R in bladder tissue. EAC mice mimicked the phenotype and pathophysiologic
lesions of BPS/IC well. Compared to PBS-treated EACmice, the mice treated with aprepitant
exhibited higher pain threshold values, less number of total urine spots or small urine spots,
lower bladder weight to body weight ratio, and reduced bladder inflammation with less mast
cell infiltration and decreased expressions of IL-1β, TNF-α, and ICAM-1 in bladder tissue.
There was no difference in NK1R expression in bladders treated with or without aprepitant.
The NK1R antagonist aprepitant relieved pelvic pain, urinary symptoms, and bladder inflam-
mation in EAC mice. This indicated that NK1R may be a novel therapeutic target in BPS/IC
treatment.
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INTRODUCTION

Bladder pain syndrome/interstitial cystitis (BPS/IC)
mainly occurs in women with chronic pelvic pain related to
bladder filling, and it is accompanied by urinary frequency
and urgency without infection [2, 4]. BPS/IC causes in-
tense physical and mental suffering and may result in
restricted social and daily life. However, after Alexander
Skene first investigated IC in 1887, numerous studies on its
etiology and pathophysiology have been performed, but
they have revealed more problems than answers [7]. There
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is a lack of understanding regarding the pathogenesis and
the various therapies of BPS/IC in clinical practice and
traditional treatment has proved ineffective in alleviating
the syndrome [14, 17, 21]. Thus, it is necessary to identify
new effective and therapeutic strategies for BPS/IC.

Neurokinin-1 receptor (NK1R) has a high affinity for
substance P (SP) which is an important inflammatory and
pain stimulating factor [1, 18]. SP-NK1R is the major
tachykinin signal involved in bladder function regulation
[5]. A specific NK1R antagonist, aprepitant, was approved
by the US Food and Drug Administration in 2003 for the
treatment of chemotherapy-induced nausea and vomiting
therapy [16]. However, this NK1R antagonist may have
other indications besides the treatment of chemotherapy-
induced nausea and vomiting. The results of previous
clinical studies showed that blocking NK1R could relieve
urinary urgency and frequency in patients with overactive
bladder who share similar urination symptoms to those
with BPS/IC [8, 10]. However, it is not yet known if this
NK1R inhibitor could also be used in the treatment of BPS/
IC as well. In the present study, we investigated whether
the NK1R antagonist aprepitant may be a novel therapeutic
approach in BPS/IC using our new experimental autoim-
mune cystitis (EAC) mouse model.

METHODS

Ethics Statement

All animal experiments were approved by the Animal
Care and Use Committee of Ruijin Hospital affiliated to
Shanghai Jiao Tong University School of Medicine. Pro-
cedures were performed in accordance with the Animal
Management Rule of the Ministry of Health, People’s
Republic of China (documentation no. 55, 2001). All vac-
cinations were performed under isoflurane anesthesia, and
the mice were sacrificed by an overdose of sodium
pentobarbital.

Animals

Female C57BL/6 mice (aged 6 to 8 weeks) were
purchased from the Shanghai Laboratory Animal Center
and raised in the Animal Center of Ruijin Hospital. The
mice were randomly assigned to each experimental group
and were housed under standard laboratory conditions
(temperature 24 ± 1 °C, humidity 60–70%, 12-h light-dark
cycle) with free access to rodent pellets and water.

EAC Model

Experimental autoimmune cystitis in C57BL/6 mice
was carried out, which was successfully introduced in our
previous study [11]. Briefly, bladders were removed from
C57BL/6 mice after euthanasia and then homogenized in
phosphate-buffered saline (PBS). The homogenate was
centrifuged (12,000g, 4 °C, 15 min) and the supernatant
was obtained. A micro-spectrophotometer (Nano-100, All-
sheng Ltd., China) was used to detect the protein concen-
tration in the supernatant which was diluted to 1 mg/ml
with PBS. An emulsion of vaccines was prepared with a
certain volume of the above-mentioned supernatant (or
PBS only as the control) and an equal volume of complete
Freund’s adjuvant (CFA; Sigma-Aldrich, St. Louis, MO,
USA) or incomplete Freund’s adjuvant (IFA; Sigma-
Aldrich). The mice were injected subcutaneously with
400-μl emulsion on the back at first and at 2-week intervals
to achieve immunization. Aprepitant (Merck & Co, Inc.,
Whitehouse Station, NJ, USA) was chosen to block NK1R
[16]. Three experimental groups were included as follows:
(1) control group, PBS-immunized mice were given PBS
by gavage once daily during the fourth week; (2) EAC
group, bladder homogenate-immunized mice were given
PBS by gavage once daily during the fourth week; and (3)
aprepitant group, bladder homogenate-immunized mice
were given aprepitant (1.2 mg/kg) by gavage once daily
during the fourth week. At the end of the fourth week, the
phenotype, pathology, and inflammatory cytokines present
in the bladder were assessed in the three groups. The
procedures carried out in these three groups are shown in
Fig. 1.

Pain Threshold Detection

Pain threshold was measured using an electronic von
Frey anesthesiometer (IITC, Inc., Life Science Instru-
ments, Woodland Hills, CA, USA) [6, 11, 19]. The mice
were placed in transparent cages (10 × 10 × 16 cm high)
with a wire grid floor. Following 30-min environmental
adaptation, an increasing vertical force was applied to the
central area of the pelvic region or hind paw using the tip of
the electronic von Frey anesthesiometer. The intensity of
the force applied was recorded automatically by the instru-
ment when it induced avoidance behaviors in mice. Three
behaviors were considered as positive responses: (1) in-
stant scratching and/or licking of the stimulated area, (2)
sharp retraction of the stimulated body part (abdomen or
hind paw), or (3) jumping. The pain threshold was mea-
sured at 09:00, 18:00, and 21:00, and the pain threshold
value for each mouse was the average of three
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measurements. The measurements were taken by a re-
searcher who was blind to the treatments in the three
groups.

Voiding Behavior Assessments

Spontaneous void spot assays were used to assess the
voiding behavior as described previously [26, 27]. At the
end of the fourth week, the mice were gently placed in
three standard cages according to the different treatments
for 1 h with solid food only. A filter paper (Grade 540,
Whatman, Wohua Ltd., China) was placed on the bottom
of each cage to collect urine. The filter paper was photo-
graphed under ultraviolet light and all void spots were
observed. The Fiji version of ImageJ software (http://
fiji.sc/wiki/index.php/Fiji) was used to analyze numbers
and areas of void spots on each filter paper. The total
number of void spots represented urine frequency. The
void spot with an area ≤ 0.2 cm2 was defined as a small
urine spot [26] and the number of small void spots
represented low urine output per micturition. The void
spots with an area < 6.6 mm2 were excluded as they may
have been due to claw or tooth marks [27].

Histopathologic Evaluation

At the end of the fourth week, bladders were excised
and processed as described previously [11]. Specimens
were fixed in 10% phosphate-buffered formalin, embedded
in paraffin, cut into 5 μm thickness sections, and stained
with hematoxylin/eosin (H&E) or toluidine blue. A light

microscope (Eclipse E600, Nikon, Japan) was used to
observe the inflammatory changes and mast cell status of
bladders. A four-grade scale was used to evaluate the
inflammatory changes in bladders as described previously
[22]. Bladder with no lesions was defined as grade 1,
simple edema as grade 2, serious edema accompanied by
epithelial thinning, cleavage or the initial stage of leuko-
cyte infiltration as grade 3, and bladder with increased
extent and scope of all the above manifestations plus
petechial hemorrhage as grade 4. Mast cells stained by
toluidine blue were counted in two different fields of view
in the area with greatest infiltration. The number of mast
cells was calculated as the average of the two fields
examined.

Real-Time Quantitative Reverse Transcription-
Polymerase Chain Reaction

Bladder total RNAwas extracted with TRIzol reagent
(Life Technologies, Carlsbad, CA, USA) according to the
manufacturer’s protocol. The wavelength absorption ratio
(260/280 nm) of all specimens was from 1.8 to 2.0. The
purity of total RNA was measured and 1000 ng of total
RNA was reverse transcribed into cDNA using the Fast-
Quant RT Kit (Tiangen, Beijing, China). Quantitative PCR
was performed in duplicate with SYBR Premix EX Taq™
(TaKaRa, Dalian, China) by the QuantStudio Dx Real-time
PCR Instrument (Life Technologies). The sequence of each
primer is listed in Table 1. The results of target gene
expression were first normalized against GAPDH and then
compared to the control.

Fig. 1. Group setting and procedures in each group.
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Statistical Analysis

ANOVAwith post hoc Tukey’s test for multiple com-
parisons was used to evaluate pain threshold values, numb-
ers of void spots, bladder weight to body weight ratios,

mast cell counts, and RT-PCR results. The Mann-Whitney
U test was used to analyze bladder inflammation grade.
Mast cell count data were expressed as the mean with the
range in parentheses. All calculations were performed

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

Genes Forward primer Reverse primer

IL-1β GCAACTGTTCCTGAACTCAACT ATCTTTTGGG1GTCCGTCAACT
TNF-α CAAAGGGAGAGTGGTCAGGT ATTGCACCTCAGGGAAGAGT
ICAM-1 TGTCAGCCACTGCCTTGGTA TCCTCTGCGTCTCCAGGATCT
NK1R CTCCACCAACACTTCTGAGTC TCACCACTGTATTGAATGCAGC
GAPDH CCCACTAACATCAAATGGGG CCTTCCACAATGCCAAAGTT

Fig. 2. Behavioral changes in the three groups. a Pain threshold changes in the pelvic area. Compared with the control, EAC mice showed extensive sen-
sitivity to pressure on the suprapubic area, and the sensitivity was down-regulated after aprepitant administration. b Pain threshold changes in the hind paw.
There was no significant difference in the hind paw pain threshold among the three groups. c Changes in total urine spot number. Compared with the control
group, EAC mice showed a higher number of total urine spots, and this number was reduced after aprepitant administration. d Changes in small urine spot
number. EAC mice showed a higher number of small urine spots which was also reduced by aprepitant. *** represents p < 0.001, ** represents p < 0.01, *
represents p < 0.05 (analyzed using Tukey’s multiple comparisons test, n = 10 per group).
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using IBM SPSS Statistics 23. Graphs were generated
using GraphPad Prism 6. p < 0.05 was considered statisti-
cally significant.

RESULTS

NK1R Antagonist Relieved Pelvic Pain in EAC Mice

Suprapubic-pelvic pain is the most prominent
symptom of BPS/IC. The pain threshold changes in
the three groups were determined and compared. The
lower the threshold, the more noticeable the pain was.
The results showed that mice in the EAC group were
extremely sensitive to pressure applied to the supra-
pubic area compared to the control group (p < 0.001;
Fig. 2a). Mice treated with aprepitant showed some
sensitivity to pressure applied to the suprapubic area
compared to the control group (p < 0.001; Fig. 2a),
but lower than that in the EAC group (p < 0.001;
Fig. 2a). Following administration of aprepitant, mice
were less sensitive to pelvic stimulation compared to
EAC mice. In order to exclude individual sensitivity,
pain threshold values of the hind paws were also
determined. There were no significant differences be-
tween the three groups in hind paw pain threshold
values (Fig. 2b). These findings indicated that the
application of NK1R antagonist relieved pelvic pain
in EAC mice.

NK1R Antagonist Improved Voiding Behavior in EAC
Mice

Changes in voiding behavior were evaluated by the
pad test. Numbers of total urine spots and small urine spots
in the EAC model group increased compared to those in
the control group (all p < 0.001; Fig. 2c, d). The number of
total urine spots in the aprepitant group decreased com-
pared to that in the EAC model group (p = 0.011; Fig. 2c),
which indicated that urine frequency was improved by
aprepitant. The number of small urine spots in the aprepi-
tant group was also decreased compared to the EAC group
(p = 0.001; Fig. 2d), indicating that urine urgency was also
improved by aprepitant. There was no significant differ-
ence in the number of small urine spots between the
aprepitant group and the control group (p = 0.502, Fig.
2d). These results suggested that aprepitant improved uri-
nary symptoms in EAC mice.

NK1R Antagonist Reduced Bladder Inflammation in
EAC Mice

The weight of each mouse and removed bladder were
obtained to calculate the bladder weight to body weight
ratio. This ratio reflected general edema in the bladder by
eliminating the effects of individual differences. The blad-
der weight to body weight ratios in EAC mice were much
higher than those in control mice (p < 0.001, Fig. 3). Fol-
lowing treatment with aprepitant for 1 week, the bladder
weight to body weight ratio significantly declined com-
pared to PBS-treated EAC mice (p = 0.003, Fig. 3). There
was no significant difference in the bladder weight to body
weight ratio between the control group and aprepitant
group (Fig. 3).

The histopathologic results are presented in Fig. 4.
Bladder histologic analysis in the control group showed no
inflammatory lesions and almost no mast cell infiltration.
In the EAC group, bladders showed obvious mucosal
edema, perivascular leukocyte infiltration, and petechial
hemorrhage. Following treatment with aprepitant, bladder
edema and leukocyte infiltration were reduced, and mast
cell infiltration disappeared. A comparison of bladder in-
flammation grade and mast cell counts in the three groups

Fig. 3. Changes in bladder weight (mg) to body weight (g) ratio in the
three groups. Compared with the control group, EAC mice had a higher
bladder weight to body weight ratio, and this ratio was decreased after
aprepitant administration. *** represents p < 0.001, ** represents p < 0.01
(analyzed using Tukey’s multiple comparisons test, n = 10 per group).
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is shown in Table 2. These results indicated that aprepitant
improved bladder inflammation in EAC mice.

Changes in Inflammatory Cytokines and ICAM-1 in
Bladder Tissue

Changes in bladder tissue IL-1β and TNF-α levels
were determined. Compared with the control group, the
expression of IL-1β and TNF-α was significantly elevated
in the EAC group (all p < 0.001, Fig. 5). Aprepitant lowered
the expression of IL-1β and TNF-α compared to EAC mice
(p = 0.001 and p = 0.025, respectively; Fig. 5). However,
there were significant differences in IL-1β and TNF-α levels
between the aprepitant group and control group (p = 0.004
and p = 0.007, respectively, Fig. 5). We also determined the
expression of ICAM-1 in the bladder, which is closely related
to BPS/IC [9, 12, 22]. The expression of ICAM-1 in the EAC
group was significantly higher than that in the control group
(p < 0.001, Fig. 5). Treatment with aprepitant decreased the

expression of ICAM-1 compared to EAC mice (p = 0.025;
Fig. 5). NK1R expression in the bladder in the three groups
was also measured. NK1R expression was elevated follow-
ing immunization with bladder homogenate (EAC group and
aprepitant group, all p < 0.001, Fig. 5). There was no statis-
tically significant difference in NK1R expression between
the EAC group and aprepitant group, indicating that aprepi-
tant down-regulated bladder inflammatory cytokines with no
effect on NK1R.

DISCUSSION

This study investigated the effect of an NK1R antag-
onist using our new experimental autoimmune cystitis
mouse model, which showed remarkably lower pelvic pain
threshold, urinary frequency, and obvious bladder inflam-
mation. This model mimicked the phenotype and

Fig. 4. Inflammation of bladder tissue in the three groups. H&E staining (100×) was used for histologic analysis and toluidine blue staining (200×) was used
for mast cell analysis. EAC mice showed obvious mucosal edema, perivascular leukocyte infiltration, and petechial hemorrhage. Following aprepitant ad-
ministration, bladder edema decreased with less leukocyte infiltration, and mast cell infiltration disappeared.

Table 2. Comparison of Bladder Inflammation and Mast Cell Counts in EAC Mice Treated with Aprepitant or Not

Croup Bladder inflammation (grade) p value Mast cell count p value

1 2 3 4

Control group 5 0 0 0 1.2(1–1.5)
EAC group 0 0 3 2 0.008Δ 2.4(2–3.5) 0.003Δ

Aprepitant group 0 4 1 0 0.008 Δ, 0.016‡ 0.7(0.5–1) 0.209 Δ, < 0.001‡

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 comparison test (mast cell count); all p values were
calculated for each group: Δ compared to control group; ‡ compared to EAC group
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pathophysiologic lesions of BPS/IC as described previous-
ly [11]. Compared to PBS-treated EAC mice, NK1R an-
tagonist administration resulted in higher pain threshold
values, fewer total urine spots and small urine spots, lower
bladder weight to body weight ratios, and decreased blad-
der inflammation on histopathology, as well as decreased
expression of inflammatory cytokines and ICAM-1 in
bladder tissue. Thus, the NK1R antagonist aprepitant
may relieve pain, urinary symptoms, and inflammation in
bladder lesions such as BPS/IC.

The precise etiology of BPS/IC is unknown, and
long-term, effective treatments for BPS/IC have not yet
been established [15]. Current therapies for BPS/IC
can be divided into two categories: intravesical treat-
ments and oral medications. Intravesical treatments
require repetitive catheterization, and intravesical drug
dilution occurs as urine is continuously produced and
voiding behavior results in short drug duration in the
bladder. Tight junctions and umbrella cells in the blad-
der result in urothelial impermeability which hinders

Fig. 5. Gene expression of inflammation-related factors in mouse bladder, including IL-1β, TNF-α, ICAM-1, and NK1R. Compared with the control group,
the expression of IL-1β, TNF-α, and ICAM-1 in EAC mice was elevated and was down-regulated following aprepitant administration. Aprepitant had no
effect on NK1R expression. *** represents p < 0.001, ** represents p < 0.01, * represents p < 0.05 (analyzed using Tukey’s multiple comparison test, n = 4
per group).
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drug delivery [28]. Therefore, intravesical treatments
are often considered second-line therapies. Oral medi-
cations are more acceptable to patients due to their
convenience and long-term tolerance. However, to
date, there is no effective and well-tolerated drug for
BPS/IC. An NK1R antagonist may be a promising
treatment option according to our findings. Aprepitant
is a specific NK1R antagonist which has been ap-
proved by the US FDA for the prevention of
chemotherapy-induced nausea and vomiting [16]. The
safety and tolerance of aprepitant in humans have been
confirmed. Thus, it would be beneficial to patients if
the effects of NK1R antagonist on BPS/IC could be
confirmed in the near future.

The potential mechanism of NK1R antagonist in
treating lesions such as BPS/IC is unknown, although
previous studies have provided some evidence. Intra-
vesical instillation of hyaluronic acid can relieve
symptoms in BPS/IC patients [23] by down-
regulating the expression of ICAM-1 in the bladder
[9, 12, 22]. In fact, NK1R activation can up-regulate
ICAM-1 expression [13]. Aprepitant can also relieve
urinary urgency and frequency in patients with over-
active bladder [8]. Moreover, mast cells play a major
role in BPS/IC [20, 25]. The NK1R has been demon-
strated to be of functional relevance and leads to an
increase in the sensitivity of mast cell [3, 24]. Our
mouse study showed that the NK1R antagonist apre-
pitant improved urinary symptoms, increased the pain
threshold, and inhibited mast cell infiltration and rel-
evant cytokines in autoimmune cystitis, suggesting
that further research to investigate the value and
mechanism of NK1R in BS/IC is warranted.

There are some limitations in this study. We did not
measure the underlying signaling pathway of aprepitant in
bladder tissue, which is essential to understand the mech-
anism of NK1R inhibition. When the effect of NK1R
antagonist is confirmed, clinical trials of aprepitant in
BPS/IC patients should be considered.

CONCLUSIONS

This research showed that the NK1R antagonist apre-
pitant relieved pain, urinary symptoms, and bladder in-
flammation in a mouse model of EAC, which resembles
BPS/IC. Our results indicated that the NK1R may be a
novel therapeutic target in BPS/IC and the NK1R antago-
nist, aprepitant, may be a promising drug in the treatment
of BPS/IC.
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