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Introductions: Interstitial cystitis/bladder pain syndrome (IC/BPS) is a poorly understood chronic disorder characterized by bladder-
related pain. Chronic psychological stress plays a key role in the exacerbation and development of IC/BPS via unclear mechanisms.
This study aimed to investigate the role of endothelin 1 (ET-1) and its receptors in the development of chronic stress-induced bladder
dysfunction.
Methods: Wistar-Kyoto rats were exposed to chronic (10 days) water avoidance stress (WAS) or sham stress, with subgroups
receiving capsaicin pretreatment to desensitize C-fiber afferents. Thereafter, cystometrograms (CMG) were obtained with visceromotor
response (VMR) simultaneously during intravesical saline or ET-1 infusion. CMG recordings were analyzed for the first and the
continuous voiding cycles, respectively. Endothelin receptor type A (ETAR) expression was examined in the bladder tissues and L6-S1
dorsal root ganglions (DRGs). Toluidine blue staining was to check the bladder inflammation and double-labeling immunofluorescence
(IF) staining was to identify the locations of ETAR, respectively.
Results: During saline infusion, WAS rats elicited significant decreases in pressure threshold (PT) and in the ratio of VMR threshold/
maximum intravesical pressure (IVPmax), and a significant increase in VMR duration and area under the curve (AUC). ET-1 infusion
induced similar alternations in WAS rats, but further significantly diminished the pressure to trigger PT and VMR, together with
a more forceful and longer VMR. The sole effect of WAS exposure or ET-1 administration on the micturition reflex could be
suppressed by capsaicin pretreatment. WAS exposure significantly induced an increased number of total mast cells in the bladder,
while capsaicin pretreatment possibly antagonized them. No significant difference in ETAR expression was found between all groups.
IF staining indicated the co-localization of ETAR and calcitonin gene-related peptides in both bladder and DRGs.
Conclusion: The activation of ET-1 receptors could enhance chronic stress-induced bladder hypersensitization and hyperalgesia
through capsaicin-sensitive C-fiber afferents. Targeting the endothelin pathway may have therapeutic value for IC/BPS.
Keywords: endothelin, endothelin receptor type A, interstitial cystitis, pain, psychological stress, voiding dysfunction

Introduction
Interstitial cystitis/bladder pain syndrome (IC/BPS) is a chronic debilitating condition characterized by bladder-related
pelvic pain and lower urinary tract (LUT) symptoms.1 Due to the heterogeneity in definitions, the true prevalence is
difficult to define but is estimated to 2.7–6.5% in women and 1.9–4.2% in men.2,3 IC/BPS patients usually suffer from
a detrimental quality of life and exaggerated medical burden. The bladder-related pain in IC/BPS patients remains the key
issue imperative to be solved. Despite great progress made in recent years, the exact etiology of IC/BPS is still enigmatic
and none of therapeutic applications is curative. Recently, accumulative studies have revealed the key role of chronic
psychological stress in exacerbation and development of IC/BPS. Patients with IC/BPS have displayed a high prevalence
of comorbid stress-related affective disorders such as anxiety and depression.4,5 And depression may be directly related
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to pain, but not urinary symptoms.6 Further investigation of the pathophysiology of chronic stress-induced bladder
dysfunction may lead to the effective treatment of patients with IC/BPS.

To explore the interplay of chronic stress and IC/BPS, we have conducted an animal model of chronic water avoidance
stress (WAS). WAS, a well-studied stress model, appears to reflect the stress variability seen in patients and mimic the key
features of urinary frequency and bladder hyperalgesia experienced by IC/BPS patients.7–12 WAS could induce significant
changes at multiple levels of micturition pathway, including bladder histopathological alterations13–15 and spinal glutamate
neurotransmission dysfunctions.9,16 By using this WAS model, several drugs were tested to treat voiding dysfunctions such
as quercetin,15 taurine,17 epigallocatechin gallate,18 cyclooxygenase-2 inhibitor,19 silodosin20 and guanethidine.21 In addition
to them, our group’s previous work also showed WAS-induced bladder inflammatory alternations such as increased
vascularity and mast cells.7 Recently we indicated that WAS-induced bladder sensation and nociceptive response may be
related to the sensitized bladder C-fiber afferent and the increased engagement of portions of the micturition circuit.10,12

Sensitization and enhanced excitability of bladder C-fiber afferents, possibly as a result of inflammation, is likely to be
involved in the pathophysiological basis of IC/BPS in particular pain.22 However, the mechanisms underlying chronic stress-
induced hyperexcitability of C-fiber afferents in IC/BPS have still not been definitively identified.

Endothelin-1 (ET-1), a potent vasoconstrictor peptide, exerts pleiotropic biological functions by binding to two
different G protein-coupled receptors (endothelin receptor type A, ETAR; endothelin receptor type B, ETBR). These
binding receptors have been identified in the neural and non-neural LUT components including bladder tissues and
peripheral nerve system, where they are primarily of the ETAR subtype.23 ET-1 and its receptors play important roles in
regulating bladder contraction and sensation under normal and pathological conditions.24,25 For instance, by action on
ETAR, ET-1 could induce detrusor overactivity and modulate sensory function in the peripheral nervous system through
C-fibers.25 A just-published study revealed the involvement of endothelin pathway in urinary urgency and incontinence.26

Particularly, ET-1 is a known powerful algogen and increases nerve sensitization and painful feeling in humans and
spontaneous nociceptive behaviors in animals via ETAR.27 The activation of ETAR also enables to increase dorsal root
ganglion (DRG) neuronal excitation.28–30 Moreover, endothelin pathway shows a close link to different inflammatory
conditions such as bladder inflammation.31,32 Under chronic or repeated exposure to psychological stress could lead to
endothelin system dysfunction via ETAR pathway.33,34

Therefore, it seems appropriate to posit that endothelin pathway may play a key role in the chronic psychological
stress-induced bladder hyperalgesia of IC/BPS. As yet, to our knowledge, no studies have demonstrated the relationship
among endothelin pathway, chronic stress and IC/BPS. In present study, we employed WAS model to explore the effects
of ET-1 application on the bladder function after stress exposure and address whether endothelin receptors activation
mediating the effects through bladder C fiber afferents. The location and expression level of probably involved ETAR
subtype was also been analyzed.

Materials and Methods
Animals and Classification
Adult female Wistar Kyoto (WKY) rats (180–200 g) were provided by Charles River Laboratories (Beijing, China). WKY
strain was selected due to its genetic predisposition to anxiety.35 Rats were housed under standard conditions (12:12-hour
light-dark cycle) with water and standard chow ad libitum. All purchased rats had an adjustment period of 1–2 weeks prior to
the experiment. All experimental procedures were approved by the Institutional Animal Care and Use Committee at Second
Xiangya Hospital of Central South University (No.2019001) and were performed in strict accordance with the standards in
the NIH Guide for the Care and Use of Laboratory Animals. The grouping details were listed in Table 1.

Chronic WAS Protocol
24 rats were randomly divided into Sham group (n=12) and WAS group (n=12). The average body weight at baseline was
no significant difference (197.3±13.0 vs 199.2±12.7 g, p>0.05). WAS protocol has been previously described in
detail.10,12,16 Briefly, the rat was placed on a platform centered on the floor of a plastic container. The container was
filled with room temperature water 1 cm below the top of the platform. Rats were subjected to WAS for 1 hour per day
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for 10 consecutive days. Rats in Sham group were exposed to handling only for 1 minute at the beginning and end of the
experimental hour. The above procedures were done in the morning to minimize circadian effects.

Capsaicin Pretreatments
Other 22 WKY rats were pretreated with capsaicin (Sigma-Aldrich, MO, USA) and separated to Sham-Cap group
(n=11) and WAS-Cap group (n=11). The baseline in body weight was 195.4±5.5 g vs 193.8±12.4g (p>0.05).
Capsaicin pretreatment was to desensitize C-fibers afferents using previously described methods.36–38 In brief,
capsaicin was dissolved in a vehicle containing 10% ethanol, 10% Tween 80 (Sigma-Aldrich) and 80% saline at
a concentration of 10 mg/mL. Capsaicin solutions were administered subcutaneously over a 36-hour period (total
dose 125 mg/kg). To prevent capsaicin-mediated respiratory failure, atropine (0.5 mg/kg) were injected intraperito-
neally before the capsaicin injection. The eye wipe test was utilized to evaluate capsaicin desensitization before WAS
or handling exposure.

Surgical Procedures
One day after completion of the WAS protocol, the rats were anesthetized by intraperitoneal injection of 1.2 g/kg
urethane (Sigma-Aldrich) 1 hour before surgery and then placed on a 37°C water-circulating heating pad. For recording
the visceromotor response (VMR), a pair of fine and insulated silver wire electrodes (A-M Systems, WA, USA) with
exposed tips were embedded into the left abdominal external oblique muscle. VMR is well established and validated as
a quantitative measure of visceral nociception.10,39,40 VMR wires were connected to the data acquisition system.
A polyethylene 50 catheter was inserted into the bladder through the urethra outlet. The catheter was connected via
a 3-way connector to a syringe pump (Advance 1200, CellPoint Scientific, MD, USA) and a pressure transducer (Biopac
Systems, CA, USA) for monitoring intra-bladder pressure.8,41 Cystometrogram (CMG) and VMR were all obtained by
using a biological signal acquisition system (MP150, Biopac Systems) (Figure 1).

Recordings of CMG and VMR
CMG and VMR were recorded simultaneously during intravesical infusion in all groups.10 After one hour of urethane
anesthesia, normal saline (0.9% NaCl) with 0.05% bovine serum albumin (Sigma-Aldrich) was infused continuously
through the catheter at a rate of 6 mL/h. The bladder infusion would stop after obtaining three stable voiding cycles for
analysis. The bladder was then emptied and allowed 20-minute rest periods. Next, the process for recording CMG and
VMR was repeated by infusing ET-1 solution (1 μM, Sigma-Aldrich), which was prepared by dissolving ET-1 into 0.9%
saline with 0.05% bovine serum albumin.

The analysis of recording of CMG and VMR were consisted of two parts, the first voiding cycle and the continuous
stable voiding cycles, to achieving a more comprehensive analysis. For the analysis of first voiding cycle, the latency of
the first void/leak (LFV) was measured as the latency from the beginning of bladder filling to occurrence of the first void/
leak. The bladder capacity (mL) was calculated as LFV (min) × infusion rate (0.1 mL/min). The pressure threshold (PT)
to first void/leak, the maximum intravesical pressure (IVPmax) and the ratio of VMR threshold/IVPmax were obtained.
The VMR threshold pressure was determined as the bladder pressure evoking VMR. If VMR was not evoked during
voiding, the ratio of VMR threshold/IVPmax would be treated as 100%.

Table 1 Groups of Rats Used in the Present Study

Group Number Group Name Number of Rats Pretreatment Exposure Infusion Solution

1 WAS 12 None WAS 1st Saline, 2nd ET-1

2 Sham 12 None Handling 1st Saline, 2nd ET-1

3 WAS-Cap 11 Capsaicin WAS 1st Saline, 2nd ET-1
4 Sham-Cap 11 Capsaicin Handling 1st Saline, 2nd ET-1

Abbreviations: ET-1, endothelin 1; WAS, water avoidance stress.
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For the analysis of continuous voiding cycles, contraction duration (CD), inter contraction interval (ICI), PT, IVPmax
and the ratio of VMR/IVPmax were calculated from three consecutive voiding cycles. In the same voiding cycle, the
duration, amplitude and area under curve (AUC) measurements for the VMR firing activity were also calculated.
Notably, if the VMR did not occur during voiding, the AUC and duration of VMR were regarded as zero. All parameters
were analyzed using Acqknowledge software (Biopac Systems).

Tissue Preparation
After CMG recording, all rats were deeply anesthetized with intraperitoneal injection of urethane (5g/kg). Bladders and
L6-S1 DRGs were dissected out and then flash frozen by liquid nitrogen. The samples were stored in liquid nitrogen for
future Western blot and/or RT-qPCR analysis.

Other 4 rats per each group (total 16) were exempted from CMG analysis to obtain bladder samples for staining,
while naïve DRGs for staining were only harvested from two no capsaicin-pretreated rats among them. After dissection,
tissues were fixed in 4% paraformaldehyde, embedded in paraffin, cut into sections (4-μm thickness) and mounted on
coated slides. Slides were dried and stored for future staining analysis.

Figure 1Water avoidance stress protocol and cystometry setup. (A) Schematic drawing of the performing water avoidance stress to animals. (B) Schematic drawing of the
cystometry setup. A pair of electrodes were embedded into the left abdominal external oblique muscle. A syringe pump is connected to a pressure transducer, which is
connected to the intravesical catheter.
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Western Blot Analysis
Western blot analysis was carried out for the detection ETAR protein levels. Bladder tissues were thoroughly grinded
under liquid nitrogen and protein samples were extracted using RIPA buffer with 1 mM PMSF (Beyotime Biotech,
Shanghai, China). BCA Kit (Beyotime Biotech, China) was used to measure protein concentration. Sodium dodecyl
sulphate-polyacrylamide gel was applied to analyze 30 μg of protein from each group and then transferred to
a polyvinylidene fluoride membrane. After the primary antibodies ETAR (ab85163, Abcam, MA, USA) and GAPDH
(60004-1-Ig, Proteintech, Wuhan, China) and appropriate Secondary antibody reactions, the blot membranes were
processed by using an enhanced chemiluminescence (ECL) kit (Immobilon, Sigma-Aldrich), followed by film exposure
and densitometry analysis.

qRT-PCR Analysis of mRNA
qRT-PCR was employed to estimate ETAR gene expression. Total RNA of bladder tissue was extracted by using Trizol
reagent (Ambion, Carlsbad, USA), while total RNA of DRGs was extracted by using the RNeasy Micro Kit (Qiagen,
USA) following instructions. Reverse transcription kit and real-time PCR kit were purchased from Takara Biotechnology
(China) and performed according to the manufacturer’s instruction. Relative quantification was analyzed using the 2
−ΔΔCt method. The primers in this study were referred to previous studies42 and purchased from Sangon (Shanghai,
China) and were indicated in Table 2.

Toluidine Blue Staining
Toluidine blue staining was conducted to verify the bladder inflammation condition as previous study.7 The slides with
bladder tissues were underwent staining with toluidine blue reagent (Servicebio, Wuhan, China). In each bladder cross-
sectional specimen, total number of mast cells were counted under a light microscope (Nikon, Tokyo, Japan). Three
sections were counted for each bladder specimen. The mean number of mast cells per bladder area in mm2 was calculated
and compared.

Double-Labeling Immunofluorescence Staining
ETAR was double-labeled with calcitonin gene-related peptides (CGRP) in the bladder and L6 DRGs. CGRP is
a type of neurotransmitter related to peripheral nociceptors and stored in a population of capsaicin-sensitive C-fiber
afferents. Immunofluorescence (IF) staining was conducted using standard techniques from Servicebio. Brief, IF was
performed by incubating the paraffin sections with primary ETAR antibody (sc-518060, Santa Cruz, TX, USA) and
CGRP antibody (PC205L, Sigma-Aldrich), which were incubated with Cy3 conjugated Goat Anti-mouse IgG (H+L)
and FITC conjugated Goat Anti-Rabbit IgG (H+L), respectively. 4′,6-diamidino-2-phenylindole (DAPI, Servicebio)
was used for nuclear staining. The immunoreactions in the bladder and DRGs were observed using a confocal
microscope.

Table 2 Nucleotide Sequences of Primers for qRT-PCR

Name Primer Notation Sequence

GAPDH Forward GCATCCTGCACCACCAACTG

Reverse GCCTGCTTCACCACCTTCTT

ETAR Forward CTCAGCGAACACCTCAAGCA
Reverse GGCTTAAGTGAAGAGGGAACCA

Abbreviations: ETAR, endothelin receptor type A; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Data Analysis
Values are presented as means ± standard deviation (SD). Student’s t test, Mann–Whitney test and one-way ANOVA test
were used for statistical analysis as appropriate. A statistical difference was considered when a p<0.05. All data were
statistically analyzed using GraphPad Prism version 9 (GraphPad Software, Inc. San Diego, USA).

Results
CMG and VMR Recordings of First Voiding Cycle During Saline Infusion
During the first voiding cycle under saline infusion (Figure 2A–E), WAS group rats showed significant decreases in PT
(10.8±3.5 vs 16.1±5.8 cmH2O, p<0.05) and the ratio of VMR threshold/IVPmax (54.9±10.7 vs 71.4±12.6%, p<0.05).
WAS did not appear to alter IVPmax and bladder compacity when compared to Shams.

After capsaicin pretreatment, WAS-Cap rats compared to Sham-Cap also showed a significant decrease in PT (10.5
±3.0 vs 15.0±6.5 cmH2O, p<0.05) and IVPmax (26.3±3.4 vs 30.9±4.4 cmH2O, p<0.05) but no significant differences in
the ratio of VMR threshold/IVPmax and capacity. In comparison with no capsaicin-pretreated (Sham and WAS) animals,
capsaicin administration (Sham-Cap and WAS-Cap) could increase the ratio of VMR threshold/IVPmax but decrease the
IVPmax.

CMG and VMR Recordings of Continuous Voiding Cycles During Saline Infusion
The continuous voiding results during saline filling were in according with those of first voiding cycle (Figure 3A–G).
A lower PT (8.6±1.5 vs 10.9±3.6 cmH2O, p<0.05) triggering voiding cycles was indicated in WAS rats than these in
Sham ones. The ratio of VMR threshold/IVPmax also showed the VMR to appear significantly earlier in WAS animals
compared to Shams (45.2±7.6 vs 57.1±16.8%, p<0.05). A slightly increased IVPmax was found in WAS rats rather than
Shams. Particularly, WAS rats presented a longer VMR duration (21.7±9.6 vs 14.9±5.8 second, p<0.05) and a larger
VMR AUC (0.6±0.3 vs 0.3±0.2 mV-second, p<0.05) as compared to Sham ones. There was no significant difference in
ICI between WAS and Sham groups (398.5±160 vs 418.2±166.0 second, p>0.05). No significant changes appeared in
other CMG parameters (CD) or VMR amplitude between WAS and Sham rats.

After capsaicin pretreatment, WAS-Cap rats presented no significant differences in ICI compared to Sham-Cap ones
(444.3±175.6 vs 395.9±147.2, p>0.05). Besides, other CMG parameters (PT, VMR threshold/IVPmax ratio, IVPmax,
CD) or VMR parameters (amplitude, duration and AUC) showed no significant differences between WAS-Caps and
Sham-Caps. In addition, capsaicin pretreatment (Sham-Cap and WAS-Cap) significantly increased the ratio of VMR
threshold/IVPmax but reduced IVPmax compared to those without pretreatment (Sham and WAS). Significant reductions
in VMR amplitude, duration and AUC were also noted in capsaicin-pretreated rats.

CMG and VMR Recordings of First Voiding Cycle During ET-1 Infusion
During the first voiding cycle under ET-1 infusion (Figure 4A–E), both Sham and WAS rats showed further decreases
in PT and the ratio of VMR threshold/IVPmax ratio when compared with saline infusion. However, these two
indicators, together with IVPmax and bladder capacity, reported no significant differences between WAS and Sham
groups.

Between Sham-Cap group and WAS-Cap group no significant differences were found in CMG and VMR parameters.
However, a significantly reduced IVPmax still could be found in capsaicin-treated rats when compared to non-capsaicin-
treated rats.

CMG and VMR Recordings of Continuous Voiding Cycles During ET-1 Infusion
ET-1 infusion (Figure 5A–G) in WAS rats further significantly decreases in PT (7.9±1.1 vs 10.2±3.5 cmH2O, p<0.05) and
in the ratio of VMR threshold/IVPmax (34.3±15.7 vs 48.7±16.4%, p<0.05) compared to Shams. Differences of PT and
the ratio of VMR threshold/IVPmax appeared to be increased during ET-1 infusion as compared to saline infusion.
Moreover, ET-1 induced a further longer (30.2±22.8 vs 14.8±6.3 second, p<0.05) and more forceful (1.0±0.7 vs 0.4±0.3
mV-second, p<0.05) VMR in WAS rats in comparison with Shams. Instead, ET-1 could not induce significant change of
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Figure 2 Cystometry and visceromotor response (VMR) recordings of first voiding cycle during saline infusion. (A) Representative recording examples of each group. (B)
Alternations in pressure threshold. (C) Alternations in the ratio of VMR threshold/maximum intravesical pressure (IVPmax). (D) Alternations in IVPmax. (E) Alternations in
bladder capacity. VT, VMR threshold. *Represents p<0.05. **Represents p<0.01.
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Figure 3 Cystometry and visceromotor response (VMR) recordings of continuous voiding cycles during saline infusion. (A) Representative recording examples of each
group. (B) Alternations in pressure threshold. (C) Alternations in the ratio of VMR threshold/maximum intravesical pressure (IVPmax). (D) Alternations in IVPmax. (E)
Alternations in the amplitude of VMR. (F) Alternations in the area under the curve (AUC) of VMR. (G) Alternations in the duration of VMR. VT, VMR threshold.
*Represents p<0.05. **Represents p<0.01. ***Represents p<0.001. ****Represents p<0.0001.
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Figure 4 Cystometry and visceromotor response (VMR) recordings of first voiding cycle during endothelin-1 infusion. (A) Representative recording examples of each
group. (B) Alternations in pressure threshold. (C) Alternations in the ratio of VMR threshold/maximum intravesical pressure (IVPmax). (D) Alternations in IVPmax. (E)
Alternations in bladder capacity. VT, VMR threshold. * represents p<0.05. **Represents p<0.01. ***Represents p<0.001.
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Figure 5 Cystometry and visceromotor response (VMR) recordings of continuous voiding cycles during saline infusion. (A) Representative recording examples of each
group. (B) Alternations in pressure threshold. (C) Alternations in the ratio of VMR threshold/maximum intravesical pressure (IVPmax). (D) Alternations in IVPmax. (E)
Alternations in the amplitude of VMR. (F) Alternations in the area under the curve (AUC) of VMR. (G) Alternations in the duration of VMR. VT, VMR threshold.
*Represents p<0.05. **Represents p<0.01. ***Represents p<0.001. ****Represents p<0.0001.
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ICI between WAS and Sham rats (317.2±154 vs 302.1±186.2). No significant alternations were reported in other CMG
parameters (CD) or VMR amplitude between WAS and Sham groups.

Capsaicin pretreatment further increased ICI in both WAS-Cap and Sham-Cap rats (404.4±134.2 vs 406.7±184.5,
p>0.05). In addition, capsaicin pretreatment diminished the differences in other CMG and VMR parameters between
Sham-Cap and WAS-Cap. Consistent with the results of continuous voiding cycles during saline infusion, capsaicin
pretreatment (Sham-Cap and WAS-Cap) significantly reduced IVPmax, VMR amplitude and VMR AUC compared to
non-capsaicin-treated ones (Sham and WAS).

The Altered Expression Level of ETAR in the Bladder and DRG
ETAR mRNA was expressed in the bladder and L6-S1 DRGs (Figure 6A–D). However, no statistically significant
difference was found in ETAR protein and mRNA expressions between these four groups.

Toluidine Blue Staining
Our toluidine blue staining (Figure 7A–E) demonstrated that bladders of WAS animals showed an increased total mast
cells compared to Sham ones, which could be attenuated by capsaicin pretreatment.

Double-Labeling if Staining
The immunoreactivity of ETAR was positive in the bladder and L6 DRG neurons (Figure 7F–N). Double-labeling
staining also revealed that CGRP-immunoreactive sensory nerve terminals co-expressed ETAR beneath the bladder
epithelium as well as bladder muscle. Consistently, ETAR was also co-localized in CGRP-positive DRG neurons in
particular small-to-medium size ones.

Discussion
Chronic psychological stress enables to influence the development or exacerbation of symptoms in IC/BPS via as yet
unclear mechanisms. By conducting WAS model, we here revealed for the first time that the activation of endothelin
receptors (ETAR probably) in capsaicin-sensitive C-fiber afferents could increase bladder hypersensitivity and hyper-
algesia after chronic stress exposure (Figure 8). Current findings suggested the possibility of endothelin pathway as
a novel therapeutic target for IC/BPS.

Functionally, this study demonstrated bladder hypersensitivity and hyperalgesia after WAS exposure. As shown by
CMG recordings, WAS rats reported a decreased PT during saline infusion when compared with Shams. To wit, a lower
pressure can trigger the voiding phase, suggesting the appearance of WAS-induced bladder hypersensitivity. Moreover,
WAS rats showed a VMR that appeared earlier and more forcefully than that in Shams under saline infusion, manifested
by a lower ratio of VMR threshold/IVPmax but a larger AUC of VMR. Given VMR as a reliable and quantitative marker
for visceral nociception,10,39,40 it was reasonable to assume that WAS exposure may alter the properties of afferent
sensory pathway with a decreased pain threshold but an increased pain input. In addition, a longer VMR duration in WAS
rats represented a longer sensory/pain response to bladder stimuli. These results were consistent with our previous
studies, which documented chronic stress-induced bladder functional changes particularly bladder hyperalgesia.10,12,16

Additionally, our prior brain mapping analysis implicated that WAS could increase engagement of portions of the
micturition circuit responsive to urgency and viscerosensory perception.12,16 The increased functional brain activation in
WAS rats, to a certain extent, may arise from the increased bladder afferent sensory input. These WAS-induced
alterations were in line with other IC/BPS reports using different stressors such as neonatal maternal separation
stress39 and social stress,43 supporting the sensitization and hyperexcitability of bladder afferent pathways as one of
the pathophysiological basis of stress-related IC/BPS.

Particularly, we further verified our previous finding that sensitized C-fiber afferents were possibly engaged in the
facilitatory effect of stress on bladder sensory information processing.10 C-fiber afferents are small and unmyelinated
fibers with specific functions of signaling inflammatory or noxious events in the bladder.44 After capsaicin pretreatment,
there was no significant difference in PT and the ratio of VMR threshold/IVPmax between WAS-Cap and Sham-Cap
groups during saline infusion. The duration, amplitude and AUC of VMR all showed no significant difference between
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these two groups. Thus, capsaicin administration diminished visceral hyperexcitability and attenuated many stress-related
functional changes, revealing the role of C-fiber afferents in the development of WAS-induced bladder dysfunction.
However, mechanisms underlying this C-fiber afferent hyperexcitability remain unclear. So far, several candidate
receptors have been identified as contributing to stress-induced bladder afferent hyperexcitability, including protease
activated receptor,39 transient receptor potential channels (TRPV1,TRPV4,43,45 TRPA139), α1-adrenoceptor46 and

Figure 6 The expression of endothelin receptor type A (ETAR) in the bladder and L6-S1 dorsal root ganglions (DRGs). (A) Relative expression of ETAR protein in bladder
tissue. (B) Relative expression of ETAR mRNA in bladder tissue. (C) Relative expression of ETAR mRNA in L6 DRGs. (D) Relative expression of ETAR mRNA in S1 DRGs.
GAPDH, reduced glyceraldehyde-phosphate dehydrogenase.
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corticotropin releasing-factor receptor.47 Given the heterogeneity and intractability of IC/BPS, other mechanisms appear
to be involved in stress-related bladder dysfunction and worthy of further exploration.

As mentioned above, ET-1 can bind to specific receptors to exert multiple effects on bladder functions such as
inducing detrusor overactivity and modulating sensory function in the peripheral nervous system.25,27,48,49 This study

Figure 7 The toluidine blue staining and immunofluorescence staining of bladder and dorsal root ganglions (DRGs). (A–E) Representative toluidine blue staining of each
group. Water avoidance appeared to show increased total mast cells, which could be attenuated by capsaicin pretreatment. (F–H) The immunoreactivity of endothelin
receptor type A (ETAR, red) was positive and co-expressed with calcitonin gene-related peptides (CGRP, green) in the bladder mucosa of non-capsaicin-pretreated rats.
(I–K) The immunoreactivity of ETAR was positive and co-expressed with CGRP) in the bladder muscle of non-capsaicin-pretreated rats. (L–N) The immunoreactivity of
ETAR was positive and co-expressed with CGRP) in the L6 DRG of non-capsaicin-pretreated rats. Calibration bar was 20 μm and 5μm in histological staining and
immunostaining, respectively. *Represents p<0.05.
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also revealed the key role of endothelin pathway in the induction of bladder hypersensitization and hyperalgesia. In
comparison with saline infusion, ET-1 infusion further significantly decreased the pressure to trigger PT and VMR,
together with a more forceful and longer VMR. These results indicated that ET-1 administration could strengthen the
effects of WAS on afferent sensory pathway, causing a further reduction in pain threshold but a further increased and
prolonged pain input during bladder filling. In other words, binding of ET-1 to its receptors boosted the excitability of
bladder afferents following WAS exposure, namely potentiation effect of endothelin pathway on WAS. This finding was
in parallel with previous studies, which revealed that endothelin pathway could potentiate nociception induced by other
algogens such as formalin, serotonin, and capsaicin.50

More importantly, we confirmed that endothelin pathway-potentiated effect on WAS exposure was resulted from the
activation of endothelin receptors in capsaicin-sensitive bladder C-fiber afferents. In present study, ET-1 infusion induced
nonsignificant difference in PT or VMR between WAS-Cap and Sham-Cap groups. These elucidated that capsaicin
pretreatment attenuated the effects of ET-1 infusion by C-fiber desensitization, ignoring the existence of WAS exposure.
Accordingly, ET-1 receptors may be implicated in the bladder sensory transduction mediated by C-fibers. ETAR, rather
than ETBR, was apparently involved in this ET-1-mediated sensory transduction due to the following evidences. For
anatomical locations, ETAR immunoreactivity in rats was presented in a subset of small C-fiber sensory DRG neurons
and their axons, while ETBR immunoreactivity was detected in DRG satellite cells and Schwann cells.51,52 For
expression level, ETAR displayed predominant density than ETBR in particular bladder tissues53 and ET-1 showed the
greatest affinity to ETAR.54 For physiological functions, ETAR activation in the periphery mostly provoked pain or
nociceptive sensitization, while the effects attributed to ETBR were usually anti-nociceptive.55 Therefore, we checked the
expression of ETAR in both bladder and DRGs. Unfortunately, no significant difference in ETAR expression was found
between all four groups, possibly related to the limited number of rats or the relatively short period of WAS exposure. So
WAS exposure may sensitize ETAR to ET-1 and lead to the following bladder dysfunctions. Immunostaining results
confirmed the coexistence of ETAR and CGRP in bladder and DRGs, suggestive of the location of ETAR in C-fiber
afferents. Similar studies also documented ET-1 receptors mediating peripheral pain signaling via C-fiber afferents (in
review).27 Moreover, ETAR could sensitize TRPV1 and TRPA1 signaling via C-fiber afferents,28 and both TRPV1 and
TRPA1 may participate the development of IC/BPS.36,56,57

In addition, two interesting results were found during CMG and VMR analysis. One was the different profile features
between first voiding circle and continuous ones. During saline infusion, a relatively lower PT and VMR threshold/
IVPmax ratio were presented in continuous voiding cycles other than the first one, suggesting the facilitation effect of

Figure 8 Schematic drawing of the involvement of endothelin pathway in chronic psychological stress-induced bladder hyperalgesia. After chronic stress exposure, the
increased activation of endothelin receptors (possibly subtype A) may enhance the afferent input and in turn cause increased pain feeling.
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continuous infusion on micturition reflex. The existed residual volume after prior voiding phase may contribute to this
effect. The other one was the capsaicin-induced decrease in IVPmax during both saline and ET-1 infusion. This
difference may be related to the reduction in afferent input and subsequent the lack of efferent inhibition, resulting in
reflex detrusor contraction as a reaction on muscle stretch (due to filling) at low volume. It was, to a certain degree,
similar to the bladder dysfunction in neurogenic bladder due to spinal cord injury58 or underactive bladder due to bilateral
pelvic nerve injury.59

Several postulated mechanisms may underpin the activation of endothelin receptors in bladder C-fiber afferents after
WAS exposure. Firstly, WAS-induced inflammatory alternations may activate endothelin receptors. Robust studies have
demonstrated the linking between inflammation and C-fiber (see in review),22 as well as the interaction between
inflammation and the ET-1/ETAR pathway.31,32,60 Our group previously showed profound inflammatory alterations in
the bladders of WAS rats.7 Increased total mast cells here also partly confirmed inflammation in WAS rats, which was
seemingly reversed by capsaicin pretreatment. Secondly, WAS exposure may directly result in peripheral endothelin
system dysfunction via ETAR pathway. Convincing evidence suggested that brief episodes of mental stress caused
a chronic endothelial dysfunction, which was prevented by selective ETAR antagonism.33 Early life stress also
produced alterations in endothelin pathway.34 In our study, a 10-day WAS exposure could, at least in part, increase
the expression of ETAR or sensitize endothelin receptor to its ligands. Thirdly, strain-specific difference might
influence the activation of endothelin receptors after WAS exposure. As reported by Robbins et al, chronic stress
significantly increased bladder nociceptive responses only in high-anxiety rats (WKY) rather than Sprague-Dawley
rats.61 Moreover, WKY rats showed a greater magnitude of the bladder contraction response to ET-1 versus Sprague-
Dawley rats.49 Further studies are needed to determine the definite pertinent factors to activate endothelin pathway
after WAS.

However, certain limitations should be mentioned. Above all, CMG and VMR recording from urethane anesthetized
rats may not always be extrapolated to conscious rats. Additional analysis under conscious condition seem to be
necessary, such as metabolic cage study and conscious-filling cystometry. Besides, although ETAR was conceivably
involved in WAS-induce bladder dysfunction due to aforementioned findings, no sufficient evidence could directly
support it. Moreover, we did not perform quantitative comparison of bladder inflammation level of other inflammatory
markers before and after capsaicin pretreatment. Our previous study noted no evidence for an increase in inflammatory
markers in harvested WAS bladder tissues.7 Lastly, we should admit that individual differences likely existed in CMG
and VMR recording, partly reducing the confidence power. However, the main goal of this study was to report our initial
findings that endothelin pathway may be functionally involved in chronic stress-induced bladder dysfunction through
C-fiber afferents. One strength of our study was the utilization of a novel IC/BPS animal model with a comprehensive
in vivo functional analysis. We also investigated the CMG recording during the first voiding and continuous voiding,
respectively. Despite the nature of instability, the first voiding could mimic a physiological micturition and serve as
a supplement. Moreover, the alternations in DRGs were also enrolled for analysis. Sometimes harvesting DRGs and
performing analysis such qRT-PCR remain a considerable challenge. Our findings added a piece of important information
for a better understanding the interplay between stress and bladder dysfunction.

Conclusion
Our study firstly reported that the activation of ET-1 receptors, possibly ETAR subtype, could increase chronic
psychological stress-induced bladder hypersensitization and hyperalgesia through capsaicin-sensitive C-fiber afferents.
This work shed some lights on the mechanistic pathways linking chronic stress to IC/PBS. Targeting peripheral ET-1
receptors could be an effective treatment for IC/BPS. Further studies are needed to clarify the involved receptor type of
ET-1, delineate the possible mechanisms and identify the potential therapeutic drugs.
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