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Excitatory purinergic 
and cholinergic expression 
changed in a partial bladder outlet 
obstruction‑induced overactive 
bladder rat model
Jingyi Huang 1, Hongliang Li 1, Yao Zhang 1, Jiaye Liu 1, Hongying Cao 1,2* & Yongling Long 1,2*

Overactive bladder (OAB) is a common, long‑term symptom complex with a high prevalence in women 
worldwide. OAB has caused a social burden, and effective treatments are urgently needed. However, 
the pathogenesis of OAB has yet to be elucidated. Model rats underwent bladder outlet obstruction 
surgery. In the 2nd, 3rd, and 4th weeks after surgery, metabolic cages were used to detect the 12 h 
urine volume of rats in the sham and model groups. The urodynamic parameters bladder leak point 
pressure (BPLL), maximum voiding pressure (MVP), residual volume (RV), maximum bladder capacity 
(MBC), bladder compliance (BC), voided efficiency (VE), and non‑voiding contractions (NVCs) were 
also detected. Moreover, the contractile responses of isolated detrusor muscles to electrical and 
carbachol stimulation were examined at the abovementioned time points. At the 4th week after 
surgery, the bladders of both groups were obtained for hematoxylin–eosin (H&E) and Masson’s 
trichrome staining. Real‑time qPCR and Western blot were performed to quantify the expression 
of choline acetyltransferase (ChAT) and solute carrier family 17 member 9 (SLC17A9). At week 4, 
compared with the sham group, the 12 h urine volume of PBOO group increased significantly. The 
BLPP, MVP, VE, MBC, and NVCs increased significantly, and the VE was significantly reduced in 4‑week 
PBOO group. The contractile responses of isolated detrusor muscles to electrical and carbachol 
stimulation significantly increased in 4‑week PBOO group. In the 4‑week PBOO group, the bladder 
wall and the ratio of bladder muscle to collagen within the bladder smooth muscle layer wall were 
significantly higher than those in the sham group. ChAT and SLC17A9 mRNA and protein expression 
in the OAB model rats significantly increased. At 4 weeks after PBOO, the OAB model was successfully 
established. The gene and protein expression levels of ChAT and SLC17A9 increased in the bladder 
of the OAB model, suggesting that OAB may be related to increased excitatory purinergic and 
cholinergic expression.

Overactive bladder (OAB) is a common lower urinary tract symptom, which was defined by the International 
Continence Society as the syndrome of urinary urgency, usually accompanied with frequency and nocturia, with 
or without urgency urinary incontinence (UUI), and in the absence of urinary tract infection or other obvious 
 pathology1; it has a high prevalence rate ranging from 11.8% to 17% in women  worldwide2. The pathophysi-
ological mechanism of OAB remains unclear, and several hypotheses for the pathogenesis of OAB have been 
proposed, including myogenic, urotheliogenic, urethrogenic, and neurogenic  hypotheses3.

Cholinergic nerves are nerve fibers that release acetylcholine (Ach) from their endings as a chemical transmit-
ter. The main source of bladder Ach is the parasympathetic nerve, followed by non-neuronal cells of the urothe-
lium. Ach can act on cholinergic receptors in the detrusor, afferent nerve, and urothelium. Bladder contractions 
are primarily controlled by the cholinergic nerve, followed by purinergic adenosine triphosphate (ATP)-mediated 
 contractions4. The parasympathetic cholinergic nerve secretes Ach and binds to the cholinergic receptors on the 
detrusor muscle, causing the detrusor muscle to contract and promote urination. There are five subtypes of M 
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receptors. In the human bladder, M2 receptors account for about 70% and M3 about 20%. Although M2 is more 
distributed in the detrusor muscle than M3, the M3 receptor plays a major role in the contraction of the detrusor 
muscle after activation. In the detrusor, stimulation of the M3 receptors activates phosphoinositide hydrolysis 
leading to inositol triphosphate (IP3) and diacylglycerol (DAG) formation, which causes the release of calcium 
from intracellular stores and the influx of extracellular calcium, respectively. Choline acetyltransferase (CHAT), 
a hallmark enzyme of the cholinergic nerve, can transfer acetyl-CoA to choline to synthesize Ach.

Ach is mainly released from the cholinergic (parasympathetic) efferent nerve. Urothelial non-neuronal Ach 
can act on M receptors of the detrusor, resulting in myogenic spontaneous contraction. Ach released from the 
urothelium can also activate urothelial cholinergic receptors and then increase the release of urothelial ATP, 
thereby increasing afferent activity and producing urgent urination symptoms. Moreover, Ach released from the 
urothelium can activate afferent nerves, directly contributing to OAB and  DO5,6. In general, myogenic spontane-
ous contractions can be caused by increased Ach release from non-neurons and damaged neurons. A previous 
study demonstrated that the release of Ach from bladder neurons and non-neurons increase in OAB and  DO7.

In a normal physiological state, non-adrenaline non-cholinergic (NANC) nerve conduction has a synergistic 
effect with adrenergic and cholinergic nerve conduction, but the proportion is small. For example, human blad-
der purinergic nerve conduction accounts for only 3% of parasympathetic nerve conduction. However, under 
pathological conditions, such as DO and OAB, NANC accounts for 40–50%8 of bladder nerve conduction, and 
NANC is an important pathogenesis of many diseases.

The purinergic nerve is an important component of NANC. ATP is a major chemical transmitter in purinergic 
signal transmission. During the urination phase, purinergic neurotransmitter ATP released by the parasympa-
thetic nerve acts on the detrusor P2X receptor to mediate bladder contraction; in normal bladder physiology, 
the effect is minor. Bladder smooth muscle of the diabetic bladder dysfunction model in the OAB phase exhibits 
an increased response to EFS, in which the purinergic component is dominant (about 49–84%), the cholinergic 
component decreases, and the remaining components of NANC, nitrogenergic innervation, and peptidergic 
innervation significantly  increase9. Moreover, in idiopathic detrusor overactivity, the purinergic component 
increases by about 50%10. The increased purinergic conduction may contribute to OAB.

The urothelium releases ATP. During bladder filling, ATP is released from umbrella cells, acting on P2X and 
P2Y receptors to initiate afferent activity, thereby mediating the sensation of bladder filling and urgency. The 
increased release of ATP from the urothelium is associated with increased myogenic spontaneous activity. ATP 
released from the urothelium is increased in patients with OAB and  DO11,12. Furthermore, both animal and 
clinical experiments have shown that the parasympathetic nerve releases less Ach and more ATP in the elderly 
bladder, which may be an important cause of OAB in the elderly; purinergic receptor antagonists may provide 
potential therapeutic targets for elderly patients with  OAB11,13–15.

Before secretion, ATP is stored in secretory vesicles found in purinergic cells. Vesicular nucleotide transporter 
(VNUT) family 17, member 9 (SLC17A9) is an anion transporter family member that can carry  nucleotides16, 
such as ATP, adenosine diphosphate (ADP), and guanosine triphosphate (GTP). SlC17A9 can specifically rec-
ognize purinergic vesicles of neuronal swelling, is responsible for ATP exocytosis, and is widely expressed in 
various human and mouse  tissues14. SLC17A9 has been shown to take up glutamate or ATP into synaptic vesicles 
or secretory vesicles using the membrane potential driven by V-ATPase. Similar to synaptic vesicles and secre-
tory vesicles, V-ATPase in the lysosome membranes generates substantial voltage potential and an H  gradient17. 
SLC17A9 was discovered in various invertebrates and vertebrates, indicating that the molecular mechanisms of 
purinergic transmission are common in  animals18.

At present, the most widely used OAB model is the partial bladder outlet obstruction (PBOO)  model19. 
Female Sprague–Dawley (SD) rats are the most commonly used animals in the PBOO  model20,21. The bladder 
undergoes three sequential stages in PBOO: hypertrophic, compensatory, and decompensated  phases22,23. The 
OAB model can be obtained by achieving a compensatory phase after the establishment of  PBOO24. The OAB 
rat models are commonly assessed 2, 3, or 4 weeks after PBOO  surgery20,25–27. In this study, we obtained an 
appropriate rat model by investigating the changes in bladder and detrusor function in PBOO rat models at 
different time points. An appropriate rat model was used to further study the gene and protein levels of ChAT 
and SLC17A9 to clarify the change in excitatory nerve expression in a partial BOO-induced OAB rat model and 
OAB model to investigate the pathogenesis of OAB.

Methods
Ethics statement
All animals were kept in a pathogen-free environment and fed ad  libitum. The procedures for care and 
use of animals were approved by the Ethics Committee of the Guangzhou University of Chinese Medicine 
(NO.20210125001). The rats were handled according to internationally accepted principles for the care and 
welfare of laboratory animals, and the experiment was performed following the ARRIVE guidelines (PLoS 
Bio 8(6), e1000412, 2010). All animals were euthanized in accordance with the American Veterinary Medical 
Association Guidelines.

Animal grouping and surgical procedures
The SD rats (190 ± 20 g) were randomly divided into two groups, namely, the sham-operated and PBOO-oper-
ated groups, with 10 animals per group. The PBOO-operated rats were anesthetized with 4% isoflurane and 
maintained with 2% isoflurane. A 1 mm-diameter polyethylene pipe was gently inserted into the urethra. The 
bladder was exposed via a 1 cm lower abdominal middle incision. Adipose tissue was removed by blunt dis-
section to expose the proximal  urethra28. Using a 3–0 silk ligature, urethra was tied in the presence of a 1 mm 
polyethylene pipe, which was withdrawn after the  tie29–31. Sham-operated animals received the same surgical 
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steps without tying the urethra. All the animals received appropriate antibiotics after sutures. The experimental 
design is shown in Fig. 1.

12 Hour urine volume analysis
Before 12 h urine volume analysis, all the animals were housed in metabolic cages individually for 12 h and fasted 
with ad libitum access to drinking water. After adaptive feeding, the animals continued to be kept in metabolic 
cages for 12 h, fasting but drinking freely during the experiment, and urine output was measured. At 2, 3, and 
4 weeks after PBOO surgery, the 12 h urine volume of the sham and PBOO groups was measured at each time 
point.

Urodynamic test
A urodynamic measuring machine was used for urodynamic assessment (Laborite Delphis 94-R01-BT, Canada). 
Rats were placed in a supine position after anesthesia with 20% uratan (1 g/kg, intraperitoneal injection). Through 
the urethra, the bladder was then inserted into a 1 mm polyethylene pipe, which was connected to a pressure 
transducer and a syringe pump via a three-way cutoff valve. The bladder pressure was measured by a pressure 
transducer and urodynamic measuring machine. Following bladder emptying, the bladder was filled with 0.1 mL/
min saline through a syringe pump. During perfusion, the external urethral orifice was watched for liquid over-
flow, and the bladder pressure at the first drop of liquid overflow was the bladder leak point pressure (BLPP). 
The bladder pressure curve was observed, and its peak value was recorded, which was the maximum voiding 
pressure (MVP). The volume of fluid spilled was recorded, which was the void volume (Vv). The maximum 
bladder capacity (MBC) was determined by the volume of saline injected, which was recorded with a syringe 
pump. Residual volume (RV) was determined as the urine volume remaining in the bladder after urination and 
computed using the formula (RV = MBC − Vv.). Void efficiency (VE) was calculated by a formula (VE = Vv / 
MBC × 100%). The formula (BC = MBC/BLPP × 100%) was used to compute bladder compliance (BC). During 
the filling phase, the number of contractions that were determined to be non-voiding contractions (NVCs) was 
counted. The values corresponded to the averages of two voiding cycles for each rat.

Assessment of bladder smooth muscle contractility in vitro
Rats were euthanized by inhaling carbon dioxide. After euthanasia, the bladder was rapidly removed and inserted 
into Kreb’s solution. The weight was also determined. The formula of Kreb’s solution is shown in Table 1. The blad-
der was cut into 2 × 6 lengthwise strips and moved into the Kreb’s solution bath, which was inflated with a mixture 
of 95%  O2 and 5%  CO2 at 37 °C. The ends of the strips were attached to the force sensor, which was connected to 
a PowerLab (AD Instruments Pty. Ltd., Australia). Before the trials, the strips were balanced under 1 g of passive 
tension for 1 h. The strips were given EFS (2–64 Hz) stimulation. The strips were then washed and balanced for 
45 min. By adding carbachol (CCH; 10–8 M to 10–5 M) to the bath, a cumulative concentration–response curve 
to CCH was formed. To normalize force data, we measured the weight and length of detrusor strips.

Real‑time PCR
On day 28 following PBOO operation, the animals were sacrificed and the bladders were removed guaranteeing 
the bladder weight. The bladder was sliced into longitudinal detrusor strips and divided into three sections for 
RT-qPCR, Western blot, and histological test. RT-qPCR was used to quantify the expression of SLC17A9 and 
ChAT. The methods were conducted as described in a previous  article32, using an EZ-press RNA Purification 

Figure 1.  Flow chart of experimental design.
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Kit, Color Reverse Transcription Kit, and 2*Color SYBR Green qPCR Master Mix (ROX2 plus), from EZBiosci-
ence, USA. Table 2 contains a list of primer pairs. Results were standardized using the expression of GAPDH.

Western blot
Western blot was performed to quantify the expression of SLC17A9 and ChAT. The methods were as described 
in the previous article. The membranes were incubated overnight at 4 °C with rabbit anti-SLC17A9 (1:1000; 
MBL), sleep anti-ChAT (1:1000; Abcam), and rabbit anti-actin (1:1000; Abcam; 1:1000; CST). Goat anti-rabbit 
secondary antibody (1:5000, BOSTER) and Donkey anti-goat secondary antibody (1:2000, Servicebio) in 5% 
non-fat milk were used to incubate for 1 h at room temperature.

Histological test
The bladder stored at 4% paraformaldehyde solution was embedded in paraffin and sectioned at 5 µm. The sec-
tions were stained with hematoxylin and eosin (H&E) and Masson’s trichrome and examined by light micros-
copy. The bladder wall thickness was determined based on H&E images. The thickness of the bladder wall was 
measured by graphical analysis software at the same magnification. The ratio of smooth muscle to collagen within 
the bladder smooth muscle layer wall was measured by using Masson’s trichrome-stained images. Muscles were 
dyed red, and collagen was dyed blue. The ratio of smooth muscle to collagen within the bladder smooth muscle 
layer wall was calculated as smooth muscle area/collagen area. The abovementioned parameters were assessed 
by image analysis software (Image-Pro Plus. 6.0).

Statistical analysis
Data were expressed as mean values ± standard error of the mean (SEM) analyzed with SPSS 20.0 software. The 
Kolmogorov–Smirnov test was used to determine the sample distribution’s normality. Student’s t-test was used 
to compare two groups of independent samples in the case of normality. Nonparametric Mann–Whitney U was 
used for data that did not conform to normality. #P < 0.05, ##P < 0.01, and ####P < 0.001 were used for comparisons 
between the PBOO group and corresponding sham group.

Result
Dynamic observation of 12 h urine volume
At 2, 3, and 4 weeks after PBOO surgery, the 12 h urine volume of the sham and PBOO groups was measured 
(Fig. 2B). The 12 h urine volume of the PBOO group increased gradually at 2, 3, and 4 weeks. Compared with 
the 4-week sham group, the 12 h urine volume of the 4-week PBOO group significantly increased (p < 0.05).

Dynamic observation of urodynamic parameters
BLPP, MVP, RV, MBC, VE, BC, and NVCs are shown in Fig. 2. Compared with the 2-week sham group, the 
2-week PBOO group showed an increase in BLPP, MVP, MBC, and BC but without residual urine and NVCs 
and a decrease in voided efficiency (VE). BPLL, MVP, MBC, and BC increased sequentially in the 3-week PBOO 
group and showed slight residual urine and a slight decrease in VE compared with the 3-week sham group.

Table 1.  Formula of Kreb’s solution.

Element Dosage (mM/L)

NaCl 118

KCL 4.75

MgSO4 1.18

NaHCO3 24.8

KH2PO4 1.18

CaCl2 2.5

C6H12O6·H2O 10

Table 2.  Primers used for RT-qPCR.

Gene Primers (5′–3′)

SLC17A9—F GCT TCC TCA AGG CTA TGA TCTT 

SLC17A9—R AGG TCC TGA ATG TTG ACT GAAA 

ChAT-F TGG CCA TAC CCA GGA CAC A

ChAT-R TCC AAG ACA AAG AAC TGG TTGCA 

GAPDH-F TGA GCA TCT CCC TCA CAA TTCC 

GAPDH-R TTT TTG AGG GTG CAG CGA AC
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Figure 2.  Urine volume (12 h) and urodynamic variables of the sham and PBOO groups were measured at 2, 
3, and 4 weeks. (A) Typical original record of the urodynamic test performed on the rats in the six groups. (The 
abscissa is the time, and the ordinate is the pressure. The red arrow marks urination, and the blue arrow marks 
the non-voiding contraction.) (B) Changes in 12 h urine volume, (C) bladder leak point pressure (BPLL), (D) 
maximum voiding pressure (MVP), (E) residual volume, (RV), (F) maximum bladder capacity (MBC), (G) 
voided efficiency (VE), (H) bladder compliance (BC), and (I) non-voiding contractions (NVCs). Values are 
expressed as mean ± SEM. #P < 0.05, ##P < 0.01, and ####P < 0.001 indicate comparisons between the PBOO group 
and corresponding sham group.
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NVCs were first observed in the 4-week PBOO group. Compared with the 4-week sham group, BPLL, MVP, 
RV, and MBC significantly increased in the 4-week PBOO group (P < 0.01, P < 0.001, P < 0.01, and P < 0.05, 
respectively), whereas VE significantly decreased (P < 0.05). The 4-week PBOO group exhibited an increase in 
BC, but the difference was not statistically different.

Dynamic observation of the effect of the stimulus on detrusor contraction
At 2, 3, and 4 weeks after PBOO, the effect of EFS (2–64 Hz) and CCH  (10–8–10–5) stimulation on detrusor in vitro 
was determined (Figs. 3 and 4). The contraction of the detrusor muscle to EFS and CCH stimulation in the PBOO 
group increased gradually at 2, 3, and 4 weeks after PBOO. Contractions to EFS stimulation were greater in the 
PBOO group than in the sham group, and statistical differences were observed at week 4 (P < 0.05). The response 
of the detrusor to CCH at 3 ×  10–7 concentration in the 3-week PBOO group was significantly higher than that 
in the corresponding sham group. At 4 weeks, the PBOO group had significantly stronger detrusor contraction 
to CCH  (10–6–10–5) than the 4-week sham group (P < 0.05).

Histological test
Bladder coefficient was calculated as bladder weight/body weight. The bladder coefficient of the 4-week PBOO 
group was substantially higher than that of the 4-week sham group (P < 0.001). The bladder wall was measured 
by H&E staining, and the ratio of smooth muscle to collagen in the smooth muscle layer detected by Masson’s tri-
chrome in the 4-week PBOO group was significantly higher than that in the 4-week sham group (P < 0.05; Fig. 5).

Gene and protein expression levels of ChAT and SLC17A9
Compared with the 4-week sham group, the mRNA expression levels of ChAT and SLC17A9 considerably 
increased (P < 0.01; Fig. 6a). ChAT and SLC17A9 protein expression were higher in the 4-week PBOO group 
than in the 4-week sham group (Fig. 6c).

Discussion
Various factors can affect the time to OAB phases after PBOO, namely, species, weight, gender, and level of 
obstruction. Therefore, to detect the OAB phases, experimental studies are necessary to analyze the changes in 
bladder and detrusor function in PBOO rat models at 2, 3, and 4 weeks after surgery.

At the early stage after PBOO surgery, the contractile force and contractile time of the detrusor muscle 
increase, which causes the energy consumption of the detrusor muscle to increase, finally contributing to the 
rapid increase in bladder  weight33. At this phase, the bladder can expand to store more urine and release urine 
through strong pressure, without leading to detrusor dysfunction. This phase is known as hypertrophy. The uro-
dynamic test results in Fig. 2 showed that the BPLL, MVP, MBC, and BC of the 2-week PBOO group increased 
compared with those in the 2-week sham group; RV, NVCs, and decrease in VE were not detected in this stage. 
The urodynamic characteristics of the 2-week PBOO group in this experiment were similar to those in the hyper-
trophy  stage34. Besides, the 12 h urine volume in the 2-week PBOO group was higher than that in the 2-week 
sham group, and the difference was not significant.

Electrical stimulation of isolated detrusor muscles activates the release of neurotransmitters from detrusor 
nerve terminals and induces frequency-dependent contraction. In normal bladder, this contractile response is 
mainly caused by Ach activation of cholinergic receptors, another is mediated by ATP activation of purinergic 
receptors, and about 5% of the contractile response is mediated by NANC  components35. CCH is a cholino-
mimetic drug and a non-selective M-receptor agonist. The responses of isolated detrusors to EFS and CCH 
stimulation can reflect the changes in detrusor function at different  stages36.

In this study, compared with the 2-week sham group, the contraction of the isolated detrusor to EFS and CCH 
stimulation in the 2-week PBOO group increased, but the difference was not statistically significant. Combin-
ing the results of the urodynamic test, in this stage, detrusor dysfunction had not yet occurred and the bladder 
outlet obstruction was compensated by expanding the bladder capacity and increasing the voiding pressure, 
similar to the hypertrophy stage. Therefore, research on the next time point should be continued to achieve the 
compensated stage.

In the 3-week PBOO group, the BLPP, MVP, MBC, and BC continued to increase with no statistical dif-
ference. Compared with the 3-week sham group, the 3-week PBOO group showed less severe RV and a slight 
decrease in VE; no NVC was observed. Furthermore, the 12 h urine volume of the 3-week PBOO group was 
higher than that in the 3-week sham group with no statistical difference. However, compared with the 2-week 
PBOO group, the above parameters continued to show an upward trend. Compared with the 2-week PBOO 
group, the urodynamic indexes and 12 h urine volume in the 3-week PBOO group showed a trend of further 
development to the OAB stage.

The response of the isolated detrusor to EFS and CCH stimulation in the 3-week PBOO group increased 
compared with that in the 2-week PBOO group. Moreover, compared with the 3-week sham group, the response 
of the isolated detrusor significantly increased under stimulation with CCH at 3 ×  10–7 concentration. This result 
suggested that the OAB phase was about to enter after 3 weeks after PBOO surgery, so the observation at 4 weeks 
was continued.

The compensatory phase occurs after hypertrophy phase, during which the bladder weight becomes  stable37. 
However, persistent bladder hypertrophy and persistent increase in detrusor contractility and contraction time 
in the early stage lead to high energy loss and detrusor dysfunction, resulting in NVCs that can cause frequent 
urination and urge incontinence. During the compensatory period, urination pressure increases, whereas the 
bladder emptying capacity decreases, increasing residual urine volume; thus, the next stage reaches the maximum 
bladder capacity early, shortening the urination interval and increasing the urination  frequency38.



7

Vol.:(0123456789)

Scientific Reports |        (2023) 13:18395  | https://doi.org/10.1038/s41598-023-45014-5

www.nature.com/scientificreports/

In this study, compared with the 4-week sham group, BLPP, MVP, MBC, RV, and NVCs in the 4-week PBOO 
group increased significantly, and VE was significantly decreased. The 12 h urine volume of the 4-week PBOO 

Figure 3.  Effect of EFS (2–64 Hz) stimulation on detrusor in vitro was conducted at 2, 3, and 4 weeks. (A) 
Representative original recording of the contraction of detrusor to EFS. (B) Detrusor contractile response to 
EFS from six group rats. Values are expressed as mean ± SEM. #P < 0.05, ##P < 0.01, and ####P < 0.001 indicate 
comparisons between the PBOO group and corresponding sham group.
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Figure 4.  Effect of carbachol (CCH;  10–8–10–5) stimulation on detrusor in vitro was determined at 2, 3, and 
4 weeks. (CCH at concentrations of  10–8, 3 ×  10–8,  10–7, and 3 ×  10-7 M was sequentially added to the bath at 
60 s intervals, whereas CCH at concentrations of  10–6, 3 ×  10–6, and  10-5 M was added at 30 s intervals.) (A) 
Representative original recording of the contraction of detrusor to CCH  (10–8–10–5). (B) Detrusor contractile 
response to CCH  (10–8–10–5) from six group rats. Values are expressed as mean ± SEM. #P < 0.05, ##P < 0.01, and 
####P < 0.001 indicate comparisons between the PBOO group and corresponding sham group.
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group continued to increase, which was statistically different from that of the 4-week sham group. Previous stud-
ies reported similar results for the urodynamic parameters of the PBOO-induced OAB  models34,39.

Furthermore, in the 4-week PBOO group, the responses of the isolated detrusor to EFS and CCH stimulation 
continued to increase compared with those in the 2-week and 3-week PBOO groups, and they were significantly 
higher than those in the 4-week sham group. These results indicated that it entered the OAB phase at 4 weeks 
after the operation, and the OAB model was successfully  established40.

The isolated detrusor finally enters the decompensated stage after staying in the compensated stage for a while, 
with bladder weight increasing  rapidly41. At the end of decompensation, smooth muscle cells decrease, forming 
a large, thin-walled fibrous bladder or a small, thick-walled fibrous bladder. The micturition pressure decreases 
because of fibrosis and degeneration bladder. In the decompensated stage, detrusor innervation is impaired, the 
response to EFS and CCH stimulation is reduced, and the bladder emptying ability is gradually lost, which result 
in the further increase in residual urine  volume42.

The present study revealed urodynamic changes in the PBOO rats in the hypertrophy and compensated stages 
that followed PBOO. The rat model for the OAB study was chosen in week 4 after the PBOO operation. In the 
OAB model, the bladder coefficient, bladder wall thickness, and the ratio of smooth muscle to collagen within 
bladder smooth muscle were significantly higher than those in the sham group, similar to the findings reported 
by a previous  study36,43. The results of hypertrophy of the bladder are as follows. In the early stage of BOO, the 
main change in bladder wall is the thickening of the muscle layer caused by the proliferation of detrusor muscle 
 cells44. Collagen composition is increased, but the smooth muscle/collagen ratio is increased compared with the 
proliferation of detrusor  muscle43. Collagen fibers are sparse, but detrusor fibers are dense. Bladder emptying 
ability may be related to the bladder structure. On the one hand, the hypertrophic bladder wall increases the con-
tractility of the bladder, which is conducive to the emptying of the bladder. On the other hand, the proliferation 
of the detrusor muscle and the decrease in the relative composition of collagen may lead to increased detrusor 
stiffness, which is not conducive to bladder emptying, producing residual  urination45.

ChAT was used to label cholinergic nerves and study Ach  release46,47. The results of this study showed that 
ChAT expression increased in PBOO-induced OAB rat models, suggesting that the release of excitatory neu-
rotransmitters Ach in bladder increased, which may lead to the increase of detrusor autonomic contraction, 
thereby triggering OAB. Previous studies reported similar results. ChAT inhibitors have been shown to improve 
OAB  symptoms42,48. In diabetic rats with bladder overactivity, ChAT expression was increased in bladder tissue 
and primary bladder  neurons49,50, which was similar to our findings. Levin RM et al. showed that ChAT activity 

Figure 5.  Changes in bladder structure. (A) Bladder coefficient was calculated as bladder weight/body weight. 
(B) Bladder wall thickness. (C) The ratio of smooth muscle to collagen. (D) Representative digitalization 
images (100 ×) from H&E staining and Masson’s trichrome staining from two groups. Values are expressed as 
mean ± SEM. #P < 0.05, ##P < 0.01, and ####P < 0.001 indicate comparisons between the 4-week PBOO group and 
4-week sham group.
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increases in the early stage of bladder outlet obstruction (OAB stage), and ChAT activity decreases in the later 
stage (decompensated stage).

Numerous studies have proven that purinergic‐induced contraction significantly increases under  OAB9–12,51, 
but whether this increased contraction is caused by the increase in ATP release needs to be studied further. 
Increased release of ATP from the urothelium of spinal cord injured bladders may contribute to the develop-
ment of bladder  hyperactivity52. SLC17A9 can be used to study the release of  ATP53. In this study, the gene and 
protein levels of SLC17A9 were higher than those in the sham group, suggesting that the release of excitatory 
neurotransmitters ATP in bladder increased. Similar results were noted in other OAB models. Increased expres-
sion of SLC17A9 protein in the bladder was detected in diabetic bladder dysfunction induced by streptozotocin 
(STZ) in male C57BL/6 mice. However, during the decompensation phase of diabetic bladder dysfunction, 
SLC17A9 expression is  reduced53. KK-Ay is the most common model of spontaneous type 2 diabetes. In KK-ay 

Figure 6.  Expression levels of ChAT and SLC17A9 in OAB rat bladder. (A) mRNA levels of ChAT (a) and 
SLC17A9 (b). (B) Immunoblots of the protein expression levels of ChAT and SLC17A9. (C) Quantification 
of protein expression of ChAT (a) and SLC17A9 (b) by normalizing with β-actin. Values are expressed as 
mean ± SEM. #P < 0.05, ##P < 0.01, and ####P < 0.001 indicate comparisons between the 4-week PBOO group and 
4-week sham group.
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diabetic dysfunction, SLC17A7 mRNA expression was elevated in the OAB phase. Selective regulation of ATP 
release may offer a way to treat OAB.

Conclusions
We established an OAB model by dynamically observing the changes in bladder function and detrusor function 
after PBOO. The results of OAB model provide the basis for future OAB research. We revealed increased bladder 
ChAT and SLC17A9 expression in PBOO-induced OAB models, suggesting the increased release of excitatory 
neurotransmitters Ach and ATP in OAB models. This study provides evidence for the pathogenesis of OAB and 
includes possible treatment options for the treatment of OAB (Supplementary file).

Data availability
Data will be made available on request (please contact 1289574479@qq.com).
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