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Purpose: Hyperalgesia and bladder overactivity are two main symptoms of interstitial 
cystitis/bladder pain syndrome (IC/BPS). Cannabinoid receptors participate in the modula-
tion of pain and bladder function. GPR18, a member of the cannabinoid receptor family, also 
participates in the regulation of pain and bladder function, but its underlying mechanisms are 
unknown. In this work, we sought to study the role of GPR18 in IC/BPS.
Methods: A rat model of IC/BPS was established with cyclophosphamide (CYP). Paw 
withdrawal threshold (PWT) measurement and cystometry were used to evaluate pain and 
bladder function, respectively. RT-PCR, Western blotting and immunofluorescence were used 
to assess the expression and distribution of GPR18. The role of GPR18 in pain and bladder 
function was studied by intrathecal injection of resolvin D2 (RvD2, a GPR18 agonist) and 
O-1918 (a GPR18 antagonist). Calcium imaging was used to study the relationship between 
GPR18 and TRPV1.
Results: A rat model of IC/BPS, which exhibited a decreased PWT and micturition interval, was 
successfully established with CYP. The mRNA and protein expression of GPR18 was reduced in 
the bladder and dorsal root ganglia (DRG) in rats with CYP-induced cystitis. Intrathecal injection 
of RvD2 increased the PWT and micturition interval. However, O-1918 blocked the therapeutic 
effect of RvD2. GPR18 was present in bladder afferent nerves and colocalized with TRPV1 in 
DRG, and RvD2 decreased capsaicin-induced calcium influx in DRG.
Conclusion: Activation of GPR18 by RvD2 alleviated hyperalgesia and improved bladder 
function, possibly by inhibiting TRPV1 in rats with CYP-induced cystitis.
Keywords: interstitial cystitis/bladder pain syndrome, GPR18, TRPV1, hyperalgesia, 
bladder overactivity, resolvin D2, O-1918

Introduction
Interstitial cystitis/bladder pain syndrome (IC/BPS) is defined as pelvic pain asso-
ciated with bladder and lower urinary tract symptoms when there is no clear cause.1 

The prevalence of IC/BPS is 0.25% to 1.22% in men and 0.83% to 2.71% in 
women.2 Millions of dollars are spent on the treatment of IC/BPS every year, but 
the therapeutic effect of available treatments is not satisfactory.3,4 There are many 
theories about the pathogenesis of IC/BPS, such as the myogenic hypothesis, 
afferent hypothesis, and inflammatory factor hypothesis, but the exact mechanism 
remains unclear.5–7
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The endogenous cannabinoid system (ECS) is composed 
of endocannabinoids, cannabinoid receptors, and related 
enzymes.8 A great number of studies have proven that the 
ESC participates in the modulation of pain and bladder func-
tion. Treatment with exogenous cannabinoids relieves pain in 
patients with diabetic neuropathy disease, neuropathic pain, 
and multiple sclerosis.9–11 Intravesical instillation of WIN 
552122, a selective cannabinoid receptor agonist, improves 
detrusor overactivity.12 Further studies have shown that can-
nabinoid receptors are involved in the regulation of pain and 
bladder function by inhibiting TRPV1.13,14 GPR18, 
a cannabinoid receptor in the ECS, also participates in the 
modulation of pain. Resolvin D2 (RvD2), a specific GPR18 
agonist, alleviates cancer pain in oral squamous cell 
carcinoma.15 Likewise, activating GPR18 with RvD2 can 
inhibit TRPV1 in inflammatory bowel disease.16

However, the role of GPR18 in IC/BPS is still unclear. 
In this study, we established an IC/BPS rat model to 
explore the role of GPR18 in pain and bladder function.

Materials and Methods
Animals and Model
Female Sprague-Dawley (SD) rats (200–250 g) were pur-
chased from the Experimental Animal Center of Army 
Medical University (Chongqing, China). The rats were 
housed at a suitable temperature (22±2 °C) and humidity 
(40–60%) on a 12 h light/dark cycle and given free access 
to food and water. The experimental procedures were 
approved by the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals.

Cyclophosphamide (CYP, Merck, USA) was dissolved 
in saline. CYP (200 mg/kg) was injected intraperitoneally 
to establish an IC/BPS model as described in a previous 
report.17 The rats in the control (Con) group were intra-
peritoneally injected with saline.

Tissue Specimens
The bladder and L6-S1 dorsal root ganglia (DRG) were 
collected 4, 24, and 48 h after intraperitoneal injection of 
CYP or saline and fixed in 4% paraformaldehyde for 1 day. 
The bladder and DRG were cut into paraffin sections and 
frozen sections, respectively. Then, the sections were sub-
jected to HE staining and immunofluorescence staining.

Drug Administration
To analyse the role of GPR18 in CYP-induced cystitis, we 
used a GPR18 agonist, RvD2 (MCE, USA), and a GPR18 

antagonist, O-1918 (Tocris, UK). RvD2 was dissolved in 
sterile PBS while minimizing exposure to light. RvD2 (10 
ng, 100 ng) or vehicle (2% ethanol in PBS) was injected 
intrathecally as described in previous studies.18,19 Before 
using O-1918, the methyl acetate was evaporated under 
a gentle stream of nitrogen, and vehicle was immediately 
added. The final concentration of O-1918 was 25 mM. 
Spinal puncture was performed between the L5 and L6 
levels using a PE-10 catheter for intrathecal injection of 
the reagent (30 µL).

Paw Withdrawal Threshold
Measurement of the paw withdrawal threshold (PWT) is 
a good method for assessing pain.17,20 The PWT was 
assessed by using the “up-down” method with some 
modifications.21 The rats were acclimatized to the cage 
for 30 min before testing. Starting with the 8 g hair, 
a series of Von Frey hairs (2, 4, 6, 8, 10, 15, 26, 60 g) 
were applied to the right hindpaw. Lifting or licking the 
hindpaw was considered a positive response. To rule out 
differences between individuals, we used the PWT at 
0 h as the basal PWT.

Cystometry
Rats were anaesthetized by intraperitoneal injection of 
urethane. One end of a PE-10 catheter was transurethrally 
inserted into the bladder, and the other end was connected 
to a tee that was connected with a syringe pump (SN- 
50F6, SINOMDT, China) and a pressure sensor 
(RM6240C, Chengdu Instrument Factory, China). Saline 
(8 mL/h) was continuously infused into the bladder 
through the catheter. After cystometric measurements 
were stable, we began to record and analyze the basal 
bladder pressure, maximum bladder pressure, and micturi-
tion interval.

Quantitative Real-Time PCR
Using TRIzol reagent (9108, Takara, Japan), total RNA 
was extracted from the bladder and L6-S1 DRG. After 
determining the RNA concentration and purity by using 
a spectrophotometer (Micro Drop, Bio-DL, USA), the 
RNA was reverse transcribed into cDNA using reverse 
transcription reagent (RR047A, Takara, Japan). Finally, 
real-time PCR analysis was performed on a real-time 
PCR instrument (4376600, Thermo Fisher, USA) using 
fluorescent reagent (208054, QIAGEN, Germany). The 
primer sequences were as follows: GPR18: 5ʹ-CATC 
TCAGCAACCCTCCAAC-3ʹ and 5ʹ-CCATGGTACGTAG 
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AAACTCCTG-3ʹ; TRPV1: 5ʹ-CTCCAAGGCACTTGCT 
CCAT-3ʹ and 5ʹ-GTGGCTTGCAGTTAGGGTCT-3ʹ. 
A GAPDH primer was purchased from Sangon Biotech 
(B661204, China).

Western Blotting
Bladders were collected 4, 24, and 48 h after injection of 
CYP or saline. Total protein was extracted from the blad-
ders using lysis buffer (P0013B, Beyotime, China). The 
proteins were separated by 10% SDS-PAGE and trans-
ferred onto polyvinylidene fluoride (PVDF) membranes. 
The membranes were blocked with blocking buffer 
(P0252, Beyotime, China) for 1 h at room temperature 
(RT) and then incubated with the following primary anti-
bodies overnight at 4°C: GPR18 (1:2000, ab174835, 
Abcam, England), TRPV1 (1:1000, ab203103, Abcam, 
England) and GAPDH (1:2000, 60004-1-Ig, Proteintech, 
USA). Then, the membranes were washed with TBST and 
incubated with secondary antibodies (1:2000, G-21234 or 
G21040, Thermo Fisher, USA) for 1 h at RT. Finally, the 
target protein bands were detected using an ECL chemilu-
minescence kit (32132X3, Thermo Fisher, USA). To ana-
lyse the protein band density, ImageJ software was used.

Immunofluorescence
Before staining, bladder paraffin sections were dewaxed and 
subjected to antigen retrieval with antigen repair solution 
(P0081, Beyotime, China). The sections were blocked with 
blocking buffer (P0260, Beyotime, China) for 15 min and 
then incubated overnight with the following primary anti-
bodies at 4°C: GPR18 (1:200, PA5-23218, Thermo Fisher, 
USA), PGP9.5 (1:1000, PA1-10011, Thermo Fisher, USA), 
and TRPV1 (1:200, PA5-111831, Thermo Fisher, USA). 
After being washed with PBS, the sections were incubated 
with secondary antibodies for 2 h at RT. Finally, the sections 
were viewed using a SlideView VS200 slide scanner 
(Olympus, Japan), and the mean fluorescence intensity 
was analysed.

Primary DRG Culture
L6-S1 DRGs were cultured as described previously.22 

After the rats were anaesthetized, the L6-S1 DRGs were 
quickly removed and incubated with digestive enzymes, 
ie, 2 mg/mL collagenase II (Absin, China) and 2 mg/mL 
dispase (Absin, China), in Hank’s balanced solution 
(HBSS, with calcium and magnesium) at 37°C for 
45 min. DMEM/F12 (Zhong Qiao Xin Zhou, China) was 

used to stop the digestion, and neurons were seeded in 
Petri dishes and cultured in DMEM/F12.

Calcium Imaging
After being cultured for 12 h, neurons were incubated with 
2 μM Fluo-4 AM (Beyotime, China) at 37°C for 20 min, 
washed with HBSS (without calcium and magnesium) 3 
times and incubated for 20 min. A laser confocal micro-
scope (Spin SR10, Olympus, Japan) was used to detect the 
change in calcium fluorescence intensity in real time. The 
basal fluorescence intensity of calcium (F0) was recorded, 
and then the fluorescence intensity of calcium influx 
induced by 1 μM capsaicin (F1). To study the effect of 
GPR18 on TRPV1, neurons were incubated with 10 nM 
RvD2 and 30 μM O-1918, as described by Perna.16 The 
F1/F0 ratio was calculated as the change in the intracel-
lular calcium concentration.

Statistical Analysis
All the data are expressed as the mean±standard deviation. 
Statistical analysis was performed using Student’s t-test, 
paired-samples t-test, one-way ANOVA, or two-way 
ANOVA followed by the Newman-Keuls post hoc test 
with a significance threshold of P < 0.05.

Results
A Rat Model of IC/BPS Was Successfully 
Established with CYP
According to the method described by Boucher,17 we suc-
cessfully constructed an IC/BPS model. Measurement of the 
bladder weight to body weight ratio and HE staining were 
conducted 4, 24, and 48 h after intraperitoneal injection of 
CYP or saline. The bladder weight to body weight ratio 
increased significantly and was the highest at 24 h in the 
CYP group (Figure 1A). The CYP-treated bladders exhib-
ited much thicker submucosal oedema than the control 
bladders (Figure 1B). Microscopically, submucosal haemor-
rhaging, epithelial ulceration, and infiltration of inflamma-
tory cells were evident in the CYP group (Figure 1B).

The PWT and Micturition Interval Were 
Decreased in the CYP Group
A reduction in the PWT was observed as early as 4 h after 
injection of CYP, and the PWT was the lowest at 24 h in the 
CYP group (0.95 vs 0.70, 1.08 vs 0.34, and 0.98 vs 0.43; 
P<0.01, P<0.05 and P<0.01, respectively; Figure 2A). 
Cystometry revealed that overactive bladder was 
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successfully induced by CYP (Figure 2B). The micturition 
interval was decreased at 4, 24, and 48 h in the CYP group 
(420.42 vs 87.26 s, 433.47 vs 165.85 s and 415.67 vs 243.26 
s; P<0.001, 0.001, and 0.001, respectively; Figure 2C). The 
basal bladder pressure was only increased at 4 and 24 
h (17.60 vs 21.84 and 17.31 vs 22.55; P<0.05 and 0.01, 
respectively; Figure 2D), and the maximum bladder pressure 
was not changed at any time point (Figure 2E).

The Expression of GPR18 Was 
Downregulated in Rats with CYP-Induced 
Cystitis
To investigate the role of GPR18, we first studied the 
expression of GPR18 in the bladder. The mRNA expres-
sion of GPR18 was decreased at all times in the CYP 
group (1.20 vs 0.35, 1.44 vs 0.11 and 1.98 vs 0.33; 

P<0.01, 0.001 and 0.05, respectively; Figure 3A). 
Similarly, the protein level of GPR18 was reduced at 24 
and 48 h (1.00 vs 0.55 and 1.00 vs 0.66, P<0.001 and 0.01, 
respectively, Figure 3B and C) but not at 4 h in the CYP 
group.

Some studies have proven that GPR18 is expressed in 
the central and peripheral nervous systems;16,18 thus, we 
decided to study the distribution of GPR18 in the bladder 
afferent pathway. Immunofluorescence analysis of 
PGP9.5, a nerve fibre marker, was used to confirm the 
existence of GPR18 in the bladder afferent pathway in 
normal bladder specimens. PGP9.5 and GPR18 were 
coexpressed in the bladder afferent nerve in normal 
bladders (Figure 3D). Then, the expression of GPR18 
in the L6-S1 DRGs was assessed. The mRNA expression 
of GPR18 was reduced at 24 h (1.06 vs 0.63; P<0.05; 

Figure 1 A rat model of IC/BPS was successfully established by administration of CYP. Analysis was performed 4, 24, and 48 h after intraperitoneal injection of saline or CYP. 
(A) The bladder weight to body weight ratio (n=6). (B) HE staining of bladder sections from saline- and CYP-treated rats. The stars indicate epithelial ulceration, the arrows 
indicate submucosal haemorrhaging, and the triangles indicate infiltration of inflammatory cells. Student's t-test was for statistical analysis. ***P<0.001.
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Figure 3E) but not at 4 or 48 h in the CYP group. 
Immunofluorescence showed that GPR18 was expressed 
in neurons of all sizes. The fluorescence intensity of 
GPR18 was decreased at 24 and 48 h (35.57 vs 29.10 
and 36.78 vs 30.67; P<0.01 and 0.05, respectively) but 
not at 4 h (Figure 3F and G).

The expression of GPR18 was decreased in both the 
bladders and DRGs, suggesting that GPR18 might play an 
important role in CYP-induced cystitis.

RvD2 Alleviated Hyperalgesia and 
Improved Bladder Overactivity
Because the expression of GPR18 was the lowest 24 h after 
the injection of CYP, the 24 h CYP-induced cystitis model 

was used to study the role of GPR18. The PWT was sig-
nificantly increased in the 100 ng RvD2-treated group com-
pared with the CYP+vehicle group (0.32 vs 0.49; P<0.01), 
but not in the 10 ng RvD2-treated group (Figure 4A). 
However, O-1918 blocked the effect of RvD2 in increasing 
the PWT (0.36 vs 0.49; P<0.01; Figure 4A). In addition, we 
studied the effect of RvD2 on the basal PWT. The basal 
PWT was not affected in the 10 ng RvD2-treated group or 
100 ng RvD2-treated group compared with the Con+vehicle 
group (Figure 4A). Then, the effect of RvD2 on bladder 
function was studied. Intrathecal injection of 100 ng RvD2 
increased the micturition interval in the CYP group (178.31 
vs 253.36; P<0.01), but 10 ng RvD2 and vehicle did not 
influence the micturition interval (Figure 4B and C). 

Figure 2 CYP successfully induced hyperalgesia and bladder overactivity 4, 24, and 48 h after intraperitoneal injection of saline or CYP. (A) The change in the PWT (n=6). 
The basal PWT at 0 h was defined as 100%. (B) Representative cystometrogram traces and (C–E) statistical analysis of the micturition interval, basal bladder pressure, and 
maximum bladder pressure (n=5). Student's t-test was used for statistical analysis. *P<0.05; **P<0.01; ***P<0.001; ns, no significance.
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Figure 3 The expression of GPR18 was decreased in the bladders and DRGs of rats with CYP-induced cystitis 4, 24, and 48 h after intraperitoneal injection of saline or CYP. 
(A) Analysis of the mRNA expression of GPR18 in the bladders (n=6). (B and C) Analysis of the protein expression of GPR18 and representative Western blotting images of 
GPR18 in the bladder (n=6). (D) Analysis of the coexpression of GPR18 (red) and PGP9.5 (green) in normal bladder sections using immunofluorescence. (E) Analysis of the 
mRNA expression of GPR18 in the L6-S1 DRGs (n=6). (F and G) Analysis of the expression and distribution of GPR18 in the L6-S1 DRGs using immunofluorescence (n=6). 
The arrows indicate the afferent nerves that supply the bladder. Student's t-test was used for statistical analysis. *P<0.05; **P<0.01; ***P<0.001; ns, no significance.
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Figure 4 Intrathecal injection of RvD2 increased the PWT and micturition interval 24 h after intraperitoneal injection of CYP. (A) The effects of intrathecal injection of 
different drugs on the PWT (n=6). (B) Representative cystometrogram traces and (C–E) statistical analysis of the micturition interval, basal bladder pressure, and maximum 
bladder pressure before and after intrathecal injection of different drugs (n=5). Pre, before intrathecal injection of drugs; Post, after intrathecal injection of drugs. The arrows 
indicate the timing of intrathecal drug injection. One-way ANOVA and paired-samples t-test were used for statistical analysis, **P<0.01; ns, no significance.
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Likewise, O-1918 blocked the effect of RvD2 in increasing 
the micturition interval (183.58 vs 183.43; P>0.05; 
Figure 4B and C). RvD2 (10 and 100 ng) did not influence 
the normal micturition interval in the Con group (Figure 4B 
and C). Moreover, basal bladder pressure and maximum 
bladder pressure were not influenced by any treatments 
(Figure 4B, D and E).

The Expression of TRPV1 Was Increased 
in Rats with CYP-Induced Cystitis
TRPV1 has been proven to be a therapeutic target for 
IC/BPS and is coexpressed with cannabinoid receptors; 
thus, we speculated that GPR18 is coexpressed 
with TRPV1.22–24 In rats with CYP-induced cystitis, 
the mRNA and protein expression of TRPV1 was 
increased (1.01 vs 5.63 and 1.00 vs 6.13; P<0.001 
and 0.05; Figure 5A–C). Immunofluorescence 
showed that GPR18 and TRPV1 were coexpressed in 
small- and medium-sized neurons (Figure 5D). These 
results suggested that GPR18 might function through 
TRPV1.

RvD2 Inhibited the Sensitivity of TRPV1 
in the DRGs of the CYP Group
To investigate whether GPR18 participates in modulating 
the sensitivity of TRPV1 in the DRGs, calcium imaging 
was conducted. Capsaicin induced a stronger influx of 
calcium in the CYP group than in the Con group (1.80 
vs 2.61; P<0.001; Figure 6A and B). In both the Con and 
CYP groups, RvD2 inhibited capsaicin-induced calcium 
influx (1.80 vs 1.23 and 2.61 vs 1.60; P<0.01 and 0.001, 
respectively; Figure 6A and B). However, capsaicin- 
induced calcium influx was not inhibited in those groups 
treated with O-1918 and RvD2 (1.75 vs 1.23 and 2.51 vs 
1.60; P<0.01 and 0.001, respectively; Figure 6A and B). 
These results indicated that the activation of GPR18 by 
RvD2 can inhibit the sensitivity of TRPV1 in the L6-S1 
DRGs in rats with CYP-induced cystitis.

Discussion
In this research, we found that GPR18 was involved in 
hyperalgesia and overactive bladder. The PWT was 
decreased, and bladder function was overactive 4, 24, 

Figure 5 The expression of TRPV1 was increased in the CYP group, and TRPV1 colocalized with GPR18 in the L6-S1 DRGs 24 h after intraperitoneal injection of saline or 
CYP. (A) Analysis of the mRNA expression of TRPV1 in the bladders (n=6). (B and C) Analysis of the protein expression of TRPV1 and representative Western blotting 
image of TRPV1 in the bladders (n=6). (D) The colocalization of TRPV1 and GPR18 in the L6-S1 DRGs. Student's t-test was used for statistical analysis. *P<0.05; ***P<0.001.
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and 48 h after the induction of cystitis by CYP. The 
expression of GPR18 was significantly reduced in the 
bladders and DRGs of the CYP group. Intrathecal injec-
tion of RvD2, a specific GPR18 agonist, relieved pain and 
alleviated bladder overactivity. Activation of GPR18 by 
RvD2 inhibited capsaicin-induced activation of TRPV1. 
These results showed that the activation of GPR18 by 
RvD2 can relieve pain and improve bladder function, 
possibly through inhibition of TRPV1.

Previous studies have found that cannabis can improve 
bladder function in patients with multiple sclerosis, but the 
exact mechanisms are unknown.25 The ECS is composed of 
cannabinoid receptors, endocannabinoids and enzymes that 
regulate endocannabinoid biosynthesis and degradation.8 

Cannabinoid receptors include CB1, CB2, GPR18 and 
GPR55. Many reports have proven that CB1 and CB2 are 
expressed in bladder afferent nerve fibres, the L6-S1 DRGs, 
and the L6-S1 spinal cord.26,27 Likewise, GPR18 is distrib-
uted in the central nervous system, including the cerebellum 
and spinal cord, as well as in peripheral nervous system, 
including the DRGs.18 In our experiment, we also found 
that GPR18, which was colocalized with PGP9.5, was 
expressed in bladder afferent nerve fibres and in the L6-S1 
DRGs. In patients with CYP-induced cystitis and detrusor 
overactivity, the expression of CB1 and CB2 is 
increased.12,26 Conversely, we found that the expression of 
GPR18 was decreased in the bladders and DRGs of rats with 
CYP-induced cystitis. These results suggest that GPR18 
might be a target for the treatment of CYP-induced cystitis.

Pelvic pain and bladder overactivity are the two main 
clinical symptoms of IC/BPS.28 Systemic injection of 

cannabinoid receptor agonists and cannabinoid analogues 
alleviate referred pain associated with cystitis.29–31 

Likewise, intrathecal injection of cannabinoid receptor 
agonists attenuates cancer pain,32,33 and intravesical infu-
sion of CB1 and CB2 agonists alleviates detrusor 
overactivity.12 GPR18 is also involved in the regulation 
of pain and bladder function. PSB-KK-1415, a GPR18 
agonist, has been shown to exert antinociceptive effects 
in pain models.34 Plantar injection of NAGly, a GPR18 
agonist, mitigates formalin-induced inflammatory pain, 
and systemic injection of O-1602, a nonselective GPR18/ 
GPR55 agonist, ameliorates detrusor overactivity.35–38 

Additionally, we found that CYP significantly decreased 
the mechanical pain threshold and that intrathecal injection 
of RvD2, a selective endogenous GPR18 agonist, alle-
viated CYP-induced hyperpathia. We observed that the 
micturition interval was decreased and the basal bladder 
pressure was increased in the CYP group and that intrathe-
cal injection of RvD2 increased the micturition interval. 
O-1918, an antagonist of GPR18, reversed the effect of 
RvD2 on the PWT and micturition interval.

The urination and storage function of the bladder is 
regulated by the nervous system.39 Recent findings 
revealed that bladder afferent nerve hyperexcitability was 
involved in the pathological mechanisms of IC/BPS.40,41 

Bladder afferent nerve fibres consist of Aδ fibres and 
C fibres, and the cell bodies of bladder afferent neurons 
reside in the DRGs.42 Aδ fibres respond to the normal 
contraction and diastolic function of the bladder. C fibres 
mainly respond to noxious stimuli, such as capsaicin, low 
pH, and inflammatory factors. Aδ fibres participates in the 

Figure 6 RvD2 inhibited the sensitivity of TRPV1 in the DRGs of the CYP group. (A) Representative curve of the calcium fluorescence intensity under different treatments 
and (B) statistical analysis of the changes in calcium fluorescence intensity (n=6). Cap., capsaicin stimulation. Two-way ANOVA followed by the Newman-Keuls post hoc test 
was used for statistical analysis. **P<0.01; ***P<0.001.
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regulation of normal bladder function, while C fibres only 
participate in the modulation of bladder function under 
pathological conditions.43 In IC/BPS and cystitis, the den-
sity of bladder afferent nerve fibres increases.44,45 In addi-
tion, the excitability of bladder C afferent nerves is 
enhanced, as indicated by increased afferent firing, 
a decreased activating threshold and an increased evoked 
action potential area.46–48

It has been proven that the sensitization of TRPV1 is 
a cause of bladder afferent nerve hyperexcitability.22 

TRPV1, a calcium ion channel that is mainly expressed 
in C fibres, participates in mechanosensitive and nocicep-
tive conduction.49 Clinical evidence has shown that eleva-
tion of the number of TRPV1-positive nerve fibres is 
correlated with the severity of pain and urgency.44 In CYP- 
induced cystitis, TRPV1 in the bladder afferent nerve 
become sensitized. In CYP-induced cystitis, a higher cur-
rent density can be induced by capsaicin in the afferent 
nerve, and the afferent nerve can be activated by heat at 
a lower temperature than in the normal bladder.50 Some 
inflammatory mediators, such as nerve growth factor and 
histamine, can increase the expression of TRPV1 and 
sensitize TRPV1, causing TRPV1 to contribute to bladder 
afferent nerve hyperexcitability.51,52 Clinically, intravesi-
cal instillation of resiniferatoxin and capsaicin has been 
used to treat bladder overactivity because resiniferatoxin 
and capsaicin can desensitize TRPV1 and reduce the num-
ber of TRPV1-positive nerve fibres in the bladder.53,54 

Knockout or drug-mediated blockade of TRPV1 also alle-
viates bladder overactivity and pain.55,56 These studies 
suggest that TRPV1 is an important target for the treat-
ment of IC/BPS.

Electrophysiological studies have found that cannabin 
receptor agonists inhibit the activity of bladder afferent 
nerve fibres.57–59 URB937, an inhibitor of endocannabi-
noid degradation, reduces the hyperactivity of bladder 
afferent nerve fibres and improves bladder function.60 As 
mentioned above, CB1 and CB2 are distributed in bladder 
afferent nerve fibres and the DRGs. Further research has 
revealed that CB1 and CB2 are coexpressed with TRPV1 
in bladder afferent nerve fibres and the DRGs.24,58,61 

Researchers have found that CB1 and CB2 inhibit the 
activity of afferent fibres induced by capsaicin.14,62 

These results indicate that cannabinoid receptors block 
the activity of afferent nerves by inhibiting TRPV1.14 

Thus, we hypothesized that GPR18 improves bladder 
function and alleviates pain by inhibiting TRPV1.

Consistent with the findings of Yang, we found that the 
expression of TRPV1 was upregulated in the CYP 
group.63 We found that GPR18 and TRPV1 were coex-
pressed in small- and medium-sized neurons in the L6-S1 
DRGs, providing indirect evidence that GPR18 might 
function by inhibiting TRPV1. Calcium imaging showed 
that capsaicin induced a stronger elevation of the intracel-
lular calcium concentration in the CYP group than in the 
Con group. Consistent with the findings of Perna, we 
found that the activation of GPR18 with RvD2 inhibited 
the capsaicin-induced increase in the intracellular calcium 
concentration and that O-1918 reversed the effect of RvD2 
in reducing the intracellular calcium concentration.16

TRPV1 contains many phosphorylation sites and 
can be phosphorylated in a PKA- or PKC-dependent 
manner to enhance its activity. For example, histamine 
enhances TRPV1 activity by activating histamine 
receptors, leading to increased intracellular PKA and 
PKC levels.52,64 Gαi-coupled G protein-coupled recep-
tors (GPCRs) are known to transmit inhibitory signals, 
such as reducing the intracellular calcium concentra-
tion. GPR18, a GPCR, is coupled to Gαi.16 Balemans 
concluded that activation of Gαi-coupled GPCRs by 
resolvins inhibits adenylyl cyclase expression and sub-
sequently downregulates PKA expression, resulting in 
the dephosphorylation of TRPV1.65 In our experiment, 
we hypothesized that RvD2 activates GPR18 to inhibit 
TRPV1 by inhibiting the cAMP/PKA signalling path-
way, but this hypothesis requires further experimental 
confirmation.

Conclusion
In summary, the present study suggests that activation of 
GPR18 by RvD2 can alleviate hyperalgesia and improve 
bladder function in CYP-induced cystitis, possibly through 
inhibition of TRPV1. Our results suggest that GPR18 
might be a potential therapeutic target for IC/BPS.
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