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Purpose: To explore the effect of intravesical electrical stimulation (IVES) on urinary adenosine triphosphate (ATP) and nitric 
oxide (NO) in rats with detrusor underactivity (DU) induced by bilateral pelvic nerve crush (bPNC), and to determine the 
underlying peripheral mechanism.
Methods: Twenty-four female Sprague-Dawley rats were equally divided into 3 groups: sham; bPNC; and IVES. Rats in the 
IVES group began to receive IVES treatment 10 days after bPNC (20 minutes per day for 14 consecutive days). After the 14th 
IVES, rat urine was collected and cystometry was performed. The serum creatinine, blood urea nitrogen, and urinary ATP 
and NO levels were measured, and a routine urinalysis was performed.
Results: The maximum cystometric capacity (MCC), maximum changes in bladder pressure during filling (∆FP), and postvoid 
residual urine (PVR) in the IVES group were significantly lower than the bPNC group, and the maximum changes in bladder 
pressure during voiding (∆VP) was significantly higher than the bPNC group. Compared with the sham group, the MCC, ∆FP 
and PVR were significantly increased, and the maximum voiding pressure (MVP) and ∆VP were significantly decreased in the 
bPNC group. After bPNC, urinary ATP was significantly decreased, and urinary NO was significantly increased. In IVES-treat-
ed rats, urinary ATP was significantly higher than the bPNC group, and NO was significantly lower than the bPNC group. In 
addition, the ATP-to-NO ratio of the rats in the bPNC group was significantly lower than the sham and IVES groups. Correla-
tion analysis showed that the ATP and NO were not correlated with the MCC, ∆FP, MVP, ∆VP, and PVR.
Conclusions: Promoting the release of urothelial ATP and inhibiting the release of urothelial NO may be one of the peripheral 
mechanisms underlying IVES in the treatment of DU. Specifically, IVES may shift the balance between excitation and inhibi-
tion toward excitation.

Keywords: Urinary Bladder, Underactive; Intravesical electrical stimulation; Bilateral pelvic nerve crush; Adenosine triphos-
phate; Nitric oxide
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• HIGHLIGHTS
- �Explore the possible mechanism of intravesical electrical stimulation in the treatment of detrusor underactivity.

INTRODUCTION

Detrusor underactivity (DU) is defined by the International 
Continence Society as “detrusor contraction of inadequate 
strength and/or duration, resulting in prolonged bladder emp-
tying and/or a failure to achieve complete bladder emptying in 
the absence of urethral obstruction” [1]. The prevalence of DU 
is 12%–45% in women and 9%–48% in men [2]. Multiple etiol-
ogies have been proposed to explain the mechanisms underly-
ing DU, including aging, bladder outlet obstruction, diabetes, 
and iatrogenic nerve injury. Among the putative etiologies, iat-
rogenic causes include iatrogenic nerve injury during pelvic 
surgery, such as bilateral pelvic nerve injury during radical hys-
terectomy, thus resulting in damage to the nerve plexus inner-
vating the bladder, and leading to bladder degeneration, dener-
vation, and secondary structural changes [3].

Treatment options for DU are limited. The efficacy and safety 
of drug therapy, such as M receptor agonists and acetylcholin-
esterase inhibitors, are controversial [4]. Surgical treatments, 
such as latissimus dorsi detrusorplasty and transurethral cyst 
neck incision, are not options due to the associated trauma and 
complications [5]. Intravesical electrical stimulation (IVES) in-
volves insertion of a urinary catheter with stimulating elec-
trodes into the bladder, and use of normal saline as a medium 
to stimulate the detrusor via the surviving afferent nerve con-
nection between the detrusor and the center, thus inducing the 
bladder to produce a feeling of urination and increasing the 
output of nerve impulses, promoting urination, or improving 
the ability to control urination [6]. The technique involves a 
stimulation electrode (cathode) that is inserted into the catheter 
and into the bladder together through the urethra, with the 
other end of the electrode connected to the stimulator. Normal 
saline (0.9%) is used as a conduction medium in the bladder. 
The anode electrode is attached to an area of the skin that feels 
reserved, usually on the lower abdomen.

In 1975, Katona and Berényi [7] began to promote the appli-
cation of IVES in the treatment of neurogenic voiding dysfunc-
tion. Several investigators worldwide have demonstrated the ef-
fectiveness of IVES in DU patients [6,8,9]; however, the mecha-
nism underlying IVES is not fully understood. Experimental 
studies have shown that IVES involves direct activation of Aδ 

afferent fibers from low-threshold bladder mechanoreceptors, 
which include the sensory system responsible for initiating and 
maintaining the voiding response. It has also been suggested 
that the IVES-induced voiding response is due to enhanced ex-
citatory synaptic transmission in the central voiding response 
pathway [10]. Studies have shown that activation of the bladder 
afferent pathway is accompanied by the release of sensory neu-
rotransmitters from the urothelium, such as adenosine triphos-
phate (ATP) or nitric oxide (NO) [11]. In animal studies, uro-
thelial ATP and epithelial NO synthase levels are also altered in 
under- and overactive bladders (OABs); specifically, the urinary 
ATP:NO ratio is decreased in underactive bladder (UAB) and 
increased in overactive bladder (OAB) [12]. The correlation be-
tween IVES and urinary ATP and NO levels has not been re-
ported to date. Therefore, we determined the effect of IVES on 
urinary ATP and NO levels in rats with DU to elucidate the 
mechanism underlying IVES.

MATERIALS AND METHODS

Animal Model
Twenty-four female Sprague-Dawley (SD) rats (235–275 g, 8 
w–10 w), were used according to the experimental protocol ap-
proved by the Capital Medical University Animal Care and Use 
Committee (AEEI-2021-171). Rats were housed in plastic cages 
with soft bedding and free access to food and water under a 
12/12 hours reversed light-dark cycle. Under isoflurane anes-
thesia, bilateral preganglionic pelvic nerves were exposed by a 
midline laparotomy. As previously described, bilateral pelvic 
nerve crush (bPNC) was induced by applying a WA3040 for-
ceps (Jinzhong, Shanghai, China) 1×15s to the nerve [13]. Am-
picillin sodium (100 mg/kg) was administered subcutaneously 
once daily for 5 days after the operation to prevent infection. 
While the rats were awake, gently press the abdomen manually, 
and assist the rats to empty the bladder 3 times a day (7:00, 
15:00, and 23:00).

The experimental rats were randomly divided into 3 groups: 
(1) sham (n=8), sham-operated with a lower abdominal inci-
sion, bilateral pelvic nerve identification, and no nerve crush; 
(2) bPNC (n =8); and (3) IVES (n =8): bPNC, followed by 
IVES treatment.
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Intravesical Electrical Stimulation
IVES was started 10 days after the bPNC as previously de-
scribed [14]. Each rat in the IVES group were stimulated for 20 
minutes per day for 14 days. The experimental procedure for 
IVES refers to the previous experiments [15,16]. In brief, under 
isoflurane anesthesia, a specially designed PE-50 catheter (0.58 
inside diameter [i.d.] and 0.96 mm outside diameter [o.d.]) 
with a monopolar platinum wire electrode (0.2 mm o.d.) inside 
that can be used for both IVES and cystometry was inserted 
into the bladder through the urethra with a length of 2.5–3 cm. 
The catheter electrode was used as a cathode and a patch elec-
trode under the abdominal skin at the level of the bladder as 
the anode (Fig. 1A). Before IVES, the bladder was filled with 0.2 
mL of saline. IVES was administered with a Power-lab system 
(AD instruments, Canberra, Australia) giving unipolar square 
wave pulses of 0.2-msec duration, with a frequency of 20 Hz 
and an intensity of 7–11 mA [15,16]. At this pulse duration and 
intensity, only myelinated Aδ afferents were activated by the 
IVES procedure, and there was no direct motor response from 
the bladder, suggesting that stimulation was well below the 
threshold for activation of postmyelinated motor fibers [10]. 
Under isoflurane anesthesia, rats in the sham and bPNC groups 
received intravesical catheter and abdominal patch electrodes 
for 20 minutes per day, but without stimulation, for 14 days. 
After each session, the probe was washed with sterile soap and 
water and immersed in a disinfectant container. All rats were 
placed supine on an electric heating pad that was maintained at 
a temperature of 37°C.

Urine Collection
After the 14th IVES session, a 4-hour urine specimen was col-

lected from each rat in a clean metabolic cage, and 0.5 mL of 
urine was stored in a -80°C refrigerator for routine urinalysis 
and urinary ATP and NO assays.

Cystometry
After urine collection, all 24 rats underwent a cystometrogram 
(CMG) using AcqKnowledge 4.4 software (Biopac Systems, 
Goleta, CA, USA). Under urethane (1.2 g/kg subcutaneously) 
anesthesia, the specially designed catheter was inserted into the 
bladder through the urethra (length=2.5–3 cm; Fig. 1B). The 
catheter was connected via a 3-way stopcock to a microinfusion 
pump (Stoelting Co., Wood Dale, IL, USA) for a saline infusion 
and a pressure transducer (MP150; Biopac Systems Inc., Goleta, 
CA, USA) to record the bladder pressure. Room temperature 
saline was infused into bladder at a rate of 0.08 mL/min for the 
CMG and 3 micturition cycles were recorded.

The following CMG parameters were evaluated: (1) maxi-
mum cystometric capacity (MCC), perfusion volume before 
urination; (2) maximum changes in bladder pressure during 
filling (∆FP), peak bladder pressure minus basal pressure dur-
ing filling; (3) bladder compliance (BC), calculated by the vol-
ume change ∆V) divided by the change in bladder pressure (∆P, 
the threshold pressure - basal pressure) during the filling period 
(∆V/∆P); (4) maximum voiding pressure (MVP), maximum 
bladder pressure during voiding; (5) maximum changes in 
bladder pressure during voiding (∆VP), the peak pressure dur-
ing voiding minus the end-fill pressure; (6) postvoid residual 
urine (PVR), the amount drained from the catheter after each 
urination; and (7) voided volume (VV), the value of MCC mi-
nus PVR. All parameters were measured 3 times, and the aver-
age value was adopted.

Assay of Serum Creatinine and Blood Urea Nitrogen
After CMG, 2 mL of blood was drawn from the heart of each 
rat, placed in an anticoagulant tube for 2 hours at room tem-
perature, centrifuged at 3,000 r/min for 15 minutes, and 100 μL 
of serum was obtained and stored at -80°C. Creatinine (Cr) and 
blood urea nitrogen (BUN) levels were detected using an auto-
matic biochemical analyzer (Leidu, Shenzhen, China).

Routine Urinalysis and Urinary ATP and NO Assays
The following urine measurements were performed using a 
urine analyzer (Urit, Guangxi, China): white blood cell (WBC) 
count; blood (BLD); protein (PRO); glucose (GLU); pH; specif-
ic gravity (SG); urobilinogen (URO); bilirubin (BIL); ketone 

A B

Fig. 1. Schematic diagram of IVES (A) and cystometry (B). 
IVES, intravesical electrical stimulation.
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bodies (KET).
The urinary ATP level was measured using a standard com-

mercial kit (Jiancheng Bioengineering Institute, Nanjing, Chi-
na) with a spectrophotometer (Infinite M200PRO; Tecan, 
Shanghai, China). Luciferase was added to the wells, followed 
by an equal volume of the sample. The highest luminescence 
value was recorded for each sample. After stabilizing the lowest 
luminescence reading, standard additions were made to pre-
vent interference with the assay results due to any urinary com-
pounds.

The NO level was determined using an antioxidant analyzer 
(Jiancheng Bioengineering Institute, Nanjing, China) and a 
Unico7200 spectrophotometer (Unico, Shanghai, China). At 
the beginning of each analysis, a nitrate standard curve was 
constructed, then 20 mL of the solution was injected into the 
reaction chamber and the peak areas were compared to the 
standard curve.

Statistical Analysis
IBM SPSS Statistics ver. 25.0 (IBM Co., Armonk, NY, USA) was 
used for statistical analysis. GraphPad Prism ver. 9 (GraphPad 
Software Inc., La Jolla, CA, USA) was used for all the graphics. 
Experimental data are presented as the mean±standard error 
of the mean. For statistical analysis we used 1-way analysis of 
variance, followed by a Bonferroni multiple comparison post-
test. We analyzed the correlations between urinary ATP and 
NO levels and urodynamic parameters using Spearman corre-
lation analysis. P<0.05 was considered a statistically significant 
difference.

RESULTS

Body Weight
After the 14th IVES session, there was no significant difference 
in body weight among the sham, bPNC, and IVES groups 
(250.00±10.00 g, 250.60±12.66 g, and 249.40±13.21 g, respec-
tively, P=0.979) (Fig. 2).

Cystometrograms
Fig. 3A–C show representative traces of CMG in sham, bPNC, 
and IVES groups. During CMG, bPNC resulted in a significant 
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Fig. 2. Comparison of body weight among sham, bPNC, and 
IVES groups. The data are presented as mean±standard error 
of the mean. IVES, intravesical electrical stimulation. #P>0.05. 
bPNC, bilateral pelvic nerve crush.

Table 1. Comparison of cystometric parameters among sham, bPNC, and IVES groups			

Parameter Sham bPNC IVES

MCC (mL) 0.39±0.09 1.70±0.27a),* 1.01±0.14b),c),*

∆FP (cm H2O) 5.75±0.70 17.50±1.05 a),** 6.00±0.93b),**

BC (mL/cm H2O) 0.07±0.01 0.11±0.02 0.16±0.03

MVP (cm H2O) 26.50±1.24 18.00±0.93 a),** 17.00±1.27c),**

∆VP (cm H2O) 20.75±1.11 0.50±0.50 a),** 11.00±1.84 b),c),**

PVR (mL) 0.05±0.03 1.19±0.23 a),** 0.54±0.11b),*

VV (mL) 0.34±0.10 0.51±0.12 0.48±0.06

Values are presented as mean±standard error of the mean.
bPNC, bilateral pelvic nerve crush; IVES, intravesical electrical stimulation; MCC, maximum cystometric capacity; ∆FP, maximum changes in blad-
der pressure during filling; BC, bladder compliance; MVP, maximum voiding pressure; ∆VP, maximum changes in bladder pressure during voiding; 
PVR, postvoid residual urine; VV, voided volume.
*P<0.05, **P<0.001.
a)For bPNC group vs. sham group. b)For IVES group vs. bPNC group. c)For IVES group vs. sham group.
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increase in MCC, ∆FP and PVR, and a significant decrease in 
MVP and ∆VP compared with the sham group (Table 1; Fig. 

3D, E, G–I). However, in IVES-treated rats, MCC, ∆FP, and 
PVR were significantly decreased, and ∆VP were significantly 
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Fig. 3. Cystometrograms. Sham group (A), bPNC group (B), IVES group (C), quantitative analysis of cystometric (D–J) parameters. 
The data are presented as mean±standard error of the mean. Pves, intravesical pressure; MCC, maximum cystometric capacity; ∆FP, 
maximum changes in bladder pressure during filling; BC, bladder compliance; MVP, maximum voiding pressure; ∆VP, maximum 
changes in bladder pressure during voiding; PVR, postvoid residual urine; VV, voided volume; bPNC, bilateral pelvic nerve crush; 
IVES, intravesical electrical stimulation. *P<0.05, **P<0.001, #P>0.05.
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increased compared with the bPNC group (Table 1; Fig. 3D, E, 
H, I). MCC was significantly increased in the IVES group com-
pared with the sham group, while MVP and ∆VP were signifi-
cantly decreased (Table 1; Fig. 3D, G, H). There was no signifi-
cant difference in BC and VV among the 3 groups of rats (Table 
1, Fig. 3F).

Serum Cr and BUN Levels
The serum Cr and BUN levels were 32.80±2.99 μmol/L and 
21.66±1.39 mg/dL in the sham group, 30.09±3.99 μmol/L and 
24.94±2.11 mg/dL in the bPNC group, and 27.57±3.91 μmol/
L and 23.88±0.23 mg/dL in the IVES group. No significant dif-
ferences in serum Cr and BUN levels were detected among the 
3 groups (Fig. 4).

Routine Urinalysis
No significant difference existed in the routine urinalyses 
among the 3 groups of rats (Table 2).

Urinary NO, ATP, and ATP:NO Ratio
Fig. 5 shows the levels of ATP, NO and ATP:NO ratio in the 
urine of 3 groups of rats. For ATP, bPNC group were significant-
ly lower than sham group (257.40 ±25.45 μmol/L vs. 
401.00 ±21.30 μmol/L), while IVES group were significantly 
higher than bPNC group (363.60±28.42 μmol/L vs. 257.40± 
25.45 μmol/L; Fig. 5A). On the contrary, the NO of bPNC group 
was significantly higher than that of sham group (6.33±0.30 
μmol/L vs. 4.91±0.28 μmol/L), while the NO of IVES group was 
significantly lower than that of bPNC group (5.29±0.18 μmol/L 
vs. 6.33±0.30 μmol/L; Fig. 5B). We also compared the ratio of 
ATP:NO, and the bPNC group was significantly lower than the 
sham group and the IVES group, respectively (41.09±4.56 vs. 
84.59±8.48; 41.09±4.56 vs. 69.17±6.03, Fig. 5C).

Correlation of Urinary ATP and NO Levels With Urodynamic 
Parameters
There was no statistically significant correlation between uri-
nary ATP or NO levels with urodynamic parameters such as 
MCC, ∆FP, MVP, ∆VP, and PVR (Table 3).

DISCUSSION

The major findings of this study are as follows: (1) bPNC in rats 
successfully created a DU model; (2) bPNC-induced rat uro-
thelial ATP release was significantly decreased and urothelial 
NO release was significantly increased; and (3) IVES treatment 
had a significant effect on the normalization of the changes in 

Fig. 4. The level of Cr (A) and BUN (B). The data are presented as mean±standard error of the mean. Cr, serum creatinine; BUN, 
blood urea nitrogen; bPNC, bilateral pelvic nerve crush; IVES, intravesical electrical stimulation. #P>0.05.
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Table 2. Routine urinalysis results of 3 groups of rats

Item Sham bPNC IVES P-value

WBC (Cell/μL) 0 0 0 -

BLD (Cell/μL) 0 0 0 -

PRO (g/L) 0 0 0 -

Glu (mmol/L) 0 0 0 -

pH 7.000±0.232 6.938±0.175 6.938±0.113 0.961

SG 1.022±0.001 1.024±0.001 1.025±0.001 0.259

URO 0 0 0 -

BIL (μmol/L) 0 0 0 -

KET (mmol/L) 0 0 0 -

Values are presented as mean±standard error of the mean.
bPNC, bilateral pelvic nerve crush; IVES, intravesical electrical stimu-
lation; WBC, white blood cell; BLD, blood; PRO, protein; Glu, glucose; 
SG, specific gravity; URO, urbilinogen; BIL, bilirubin; KET, ketone-
body.
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urinary tract epithelial transmitter release induced by bPNC in 
rats (i.e., NO [decrease] and ATP [increase]).

DU has always been a challenging medical condition because 
DU has no effective treatment other than intermittent catheter-
ization. However, intermittent catheterization is not a true cure, 
and noninvasive electrical regulation is undoubtedly a better 
choice.

We created a DU model of peripheral nerve injury by squeez-
ing the bilateral pelvic nerves. Previous studies have shown that 
10 days after bPNC, rats already exhibit DU characteristics [14], 
and 9 weeks after bPNC, rats still show DU characteristics [17]. 
In this study the functional characteristics of DU, such as in-
creased MCC and PVR and decreased MVP and ∆VP, were 
observed 24 days after bPNC. The pelvic nerve transmits affer-
ent and efferent signals between the lower urinary tract and the 
central nervous system [13]. Therefore, compression of the pel-

vic nerve can lead to mixed injuries. To investigate the possible 
mechanism underlying IVES for the treatment of DU, we chose 
a model of mild crush injury (1 ×15 seconds) of the pelvic 
nerve and maintained the integrity of the hypogastric and pu-
dendal nerves, thus ensuring the residual neural activity be-
tween the lower urinary tract and the central nervous system.

Detrusor contraction is the end result of the interaction of 
multiple afferent stimuli from the urothelium and suburotheli-
um. In addition to acetylcholine and norepinephrine, many 
other mediators, such as ATP and NO, also affect detrusor con-
tractile function by affecting afferent signals from the bladder 
[18,19].

Studies have confirmed that bladder epithelial cells release 
ATP during bladder filling, and ATP acts on P2X receptors 
(mainly P2X3) on the submucosal sensory plexus to participate 
in bladder sensation and the voiding reflex [20,21]. ATP binds 
to the ionotropic P2X receptor, a non-specific cation channel, 
which initiates cation influx and membrane depolarization. 
Subsequent activation of L-type Ca2+ channels increase intracel-
lular Ca2+ and increases Ca2+-induced Ca2+release form intra-
cellular stores to initiate contraction [22]. It has also been sug-
gested that urothelial ATP may induce detrusor contraction by 
increasing pacemaker activity in lamina propria myofibroblasts 
[23]. In this study the urinary ATP of rats with DU in the 
bPNC group was significantly decreased; however, the MCC, 
∆FP, and PVR were significantly decreased, the ∆VP were sig-
nificantly increased, and urinary ATP was also significantly in-
creased in rats treated with IVES compared to rats in the bPNC 
group. Dewulf et al. [17] reported that the bladder contractile 
function of rats did not improve 9 weeks after bPNC. Similarly, 

Fig. 5. Comparison of urinary ATP, NO, and ATP:NO ratio levels among sham, bPNC, and IVES groups. The data are presented as 
mean±standard error of the mean. ATP, adenosine triphosphate; NO, nitric oxide; bPNC, bilateral pelvic nerve crush; IVES, intra-
vesical electrical stimulation. *P<0.05, **P<0.001, #P>0.05.
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Table 3. Correlation of urinary ATP and NO levels with urody-
namic parameters				  

Parameter
ATP NO

r P-value r P-value

MCC (mL) -0.421 0.32 0.002 0.996

∆FP (cm H2O) -1.156 0.099 0.788 0.246

MVP (cm H2O) 0.909 0.171 -0.752 0.247

∆VP (cm H2O) -1.648 0.119 0.993 0.331

PVR (mL) -0.344 0.428 0.6 0.169

ATP, adenosine triphosphate; NO, nitric oxide; MCC, maximum cys-
tometric capacity; ∆FP, maximum changes in bladder pressure during 
filling; MVP, maximum voiding pressure; ∆VP, maximum changes in 
bladder pressure during voiding; PVR, postvoid residual urine.
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a study by Payne et al. [24] on pelvic motor and sensory auto-
nomic axon regeneration showed no additional recovery be-
tween 4 and 12 weeks after injury. Thus, the recovery of bladder 
function of rats in the IVES group was mainly due to the inter-
vention with IVES. Kontani and Hayashi [25] recorded bladder 
function in rats with DU symptoms after bilateral pelvic nerve 
transection, which resulted in increased bladder pressure by 
stimulating the hypogastric nerve. The hypogastric nerve of the 
rats in this experiment remained intact, so the above results 
suggest that the hypogastric nerve may be involved in IVES-in-
duced bladder contraction. Following nerve injury, neurons 
switch their gene expression from an excitatory phenotype to a 
regenerative phenotype, resulting in reduced neurofilament 
and neurotransmitter production and increased brain-derived 
neurotrophic factor (BDNF) [26]. Al-Majed et al. [27] reported 
that nerve electrical stimulation can up-regulate BDNF and its 
receptor tyrosine kinase B (TrkB) in both sensory and moto-
neurons, thereby upregulating regeneration-related genes. It has 
also been reported that nerve electrical stimulation can pro-
mote nerve sprouting, nerve regeneration, target organ reinner-
vation, and functional recovery after nerve injury by enhancing 
the intrinsic nerve regeneration processes [28]. It can be specu-
lated that IVES can promote the binding of BDNF and TrkB re-
ceptors by upregulating BDNF in nerve cells, thereby upregu-
lating regeneration-related proteins, enabling damaged nerves 
to sprout and regenerate, thereby promoting the reinnervation 
of pelvic nerves to the detrusor muscle and restoring bladder 
function. In response to electrical stimulation, ATP-induced 
activation may involve depolarization and increased Ca2+ in-
flux. IVES may induce upregulation of purinergic receptors to 
improve bladder function. More precise reasons warrant fur-
ther research.

NO is an inhibitory neurotransmitter that acts by increasing 
the intracellular second messenger, cGMP [29]. Aizawa et al. 
[30] determined the effect of NO on sensory afferent signals by 
directly recording the electrical activity of afferent nerves in the 
rat bladder. Aizawa et al. [30] reported that the intravenous ad-
ministration of L-arginine, a NO substrate, decreased mecha-
nosensitive afferent activity of Aδ and C fibers during saline 
filling of the bladder, and intravesical instillation of a NO syn-
thase inhibitor (N(ω)nitro-L-arginine methyl ester hydrochlo-
ride [L-NAME]) increased fiber-like afferent activity, and intra-
venous L-arginine inhibited the afferent activity of these 2 fi-
bers, suggesting that the NO-cGMP signaling pathway is in-
volved in the inhibition of bladder mechanosensitivity and hy-

persensitivity response inhibition. Munoz et al. [12] showed 
that urinary NO release is significantly enhanced in artificially 
induced UAB rats. We also found that the urinary NO levels 
were significantly increased in the bPNC group with DU symp-
toms compared with the sham group. It has been reported that 
IVES induces bladder contractions by exciting low-threshold 
mechanical Aδ afferent fibers in the bladder wall [15]. The 
above finding indicated that improvement of DU symptoms in 
rats after IVES treatment may be attributed to IVES counteract-
ing the inhibitory effect of NO on the neural activity of Aδ af-
ferent fibers. Payne et al. [24] found that the regeneration ca-
pacity of sensory nerves after splanchnic nerve injury was sig-
nificantly higher than that of motor nerves, and the promotion 
of nerve regeneration by nerve electrical stimulation could also 
accelerate the recovery of bladder sensory nerves [28], thereby 
indirectly altering NO levels. NO is produced constitutively in 
tissues by neuronal and endothelial NO synthase (NOS) en-
zymes (e.g., neuronal NOS and endothelial NOS, respectively), 
but also by inducible NOS (e.g., inducible NOS) under specific 
conditions, such as inflammation [31], via non-vesicular mech-
anisms release [32]. Therefore, the NO level should not be di-
rectly affected by IVES treatment; however, IVES can indirectly 
affect NO levels via effects on NOS activity. In the future, we 
will investigate whether IVES treatment induces changes in 
NOS activity that might account for the differences in NO lev-
els observed in this study. In bPNC rats treated with IVES, 
IVES significantly restored the balance between the levels of ex-
citatory and inhibitory transmitters released from the urotheli-
um. After IVES treatment, the balance between excitation and 
inhibition is likely to shift toward excitation.

Serum Cr and BUN are 2 important indicators of renal func-
tion. Cr is a metabolite of muscle in the body and BUN is a me-
tabolite of protein in the body. There were no significant differ-
ences in the serum Cr and BUN levels among the 3 groups of 
rats in this study. Under certain pathologic conditions, such as 
bladder infection or inflammation, the bladder urothelium re-
leases more ATP or NO into the bladder, resulting in elevated 
urinary ATP or NO concentrations [33]. There were no signifi-
cant differences in the WBC count, BLD, PRO, GLU, pH, SG, 
URO, BIL, and KET in the routine urinalyses of the 3 groups of 
rats in this study, and the number of WBCs was 0. The above 
data show that IVES therapy did not cause upper urinary tract 
injury and no urinary tract infections, and thus was safe.

Studies have shown that the urinary ATP:NO ratio is repre-
sentative of the overall sensory transmission in the bladder, and 
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the ATP:NO ratio is higher in OAB and lower in UAB [12]. 
Therefore, the ratio of ATP:NO can be used as a measure of 
bladder dysfunction. In this study, we calculated the ratio of 
ATP:NO in the urine of the 3 groups of rats and found that the 
ratio of ATP:NO in the bPNC group was significantly lower 
than the sham and IVES groups. This ratio may be of great 
clinical significance, as follows: (1) the ratio may help in the di-
agnosis of UAB with uncertain urodynamic findings; (2) the 
ratio may be used as an evaluation index of bladder sensation 
and provide evidence for the changes in bladder sensation in 
UAB treated with IVES; and (3) based on this study, we provid-
ed preliminary evidence for the role of ATP and NO in periph-
eral neurotransmission in IVES-treated DU.

The release of ATP and NO into the urine suggests that the 
urothelium is the source of both transmitters, and that bladder 
urine can be used as a source for monitoring ATP and NO re-
lease under physiologic or pathologic conditions. Daneshgari et 
al. [34] showed that the frequency of bladder contractions was 
positively correlated with urinary ATP and negatively correlat-
ed with urinary NO. Cho et al. [35] have shown that ATP levels 
from mucosal bladder specimens positively correlated with 
bladder contractility index and detrusor pressure at maximum 
flow in patients with UABs. In the present study we did not de-
tect a significant correlation between urinary ATP and NO and 
urodynamic parameters (MCC, ∆FP, MVP, ∆VP, and PVR). 
The possible reasons for the inconsistency of this result with 
those of other studies are differences in urodynamic parame-
ters, and different sources of ATP and NO collection. Accord-
ing to the significant differences in urodynamic parameters be-
tween groups of rats in this study, we think that the difference 
in CMGs (MCC, ∆FP, ∆VP, and PVR) of bPNC rats and IVES 
rats in IVES is the motor effect. The effect of IVES on bladder 
sensory transmission still needs our further study to verify.

In this study we used a rat model of pelvic nerve injury that 
mimics pelvic surgery-induced DU. Because the etiology of DU 
is often multifactorial, our findings in this simplified animal 
model may not be applicable in complex clinical settings. We 
only treated bPNC rats with IVES for 14 days, however, the 
long-term mechanism of action of IVES remains to be deter-
mined. In addition, this study only tentatively explored the pe-
ripheral mechanism underlying IVES in the treatment of DU 
by urinalysis, and because more in-depth peripheral and central 
mechanisms of action are also very important, we will conduct 
corollary studies.

In conclusion, promoting the release of urothelial ATP and 

inhibiting the release of urothelial NO may be one of the poten-
tial peripheral mechanisms underlying IVES in the treatment 
of DU. The effects of IVES on bladder function are associated 
with changes in the balance between excitatory and inhibitory 
transmitter levels in peripheral nerve activity.
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