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Delayed Treatment with Low-Intensity Extracorporeal Shock
Wave Therapy in an Irreversible Rat Model of Stress Urinary
Incontinence

Xiaoyu Zhang, Yajun Ruan, Alex K. Wu, Uwais Zaid, Jaqueline D Villalta, Guifang Wang, Lia
Banie, Amanda B. Reed-Maldonado, Guiting Lin, Tom F Lue

Knuppe Molecular Urology Laboratory, Department of Urology, School of Medicine, University of
California, San Francisco, CA, USA

Abstract

OBJECTIVE: To determine the outcomes and mechanisms of delayed low-intensity
extracorporeal shock wave therapy (Li-ESWT) in a rat model of irreversible SUI.

MATERIALS AND METHODS: Twenty-four female Sprague-Dawley rats were randomly
assigned into 3 groups: sham control, vaginal balloon dilation (VBD)+p-aminopropionitrile
(BAPN) (SUI group), and VBD + BAPN +treatment with Li-ESWT (SUI-Li-ESWT group). An
irreversible SUI model was developed by inhibiting the urethral structural recovery with BAPN
daily for 5 weeks. Thereafter, in the SUI-Li-ESWT group, Li-ESWT was administered twice per
week for 2 weeks. After a 1-week washout, all 24 rats were evaluated with functional and
histological studies at 17 weeks of age. Endogenous progenitor cells were detected via the EdU-
labeling method.

RESULTS: Functional analysis with leak point pressure (LPP) testing showed that the SUI-Li-
ESWT group had significantly higher LPPs compared to untreated rats. Increased urethral and
vaginal smooth and striated muscle content and increased thickness of the vaginal wall were noted
in the SUI-Li-ESWT group. The SUI group had significantly decreased neuronal nitric oxide
(nNOS)/ tyrosine hydroxylase (TH) positive nerves ratio in the smooth muscle layers of the
urethra, while the SUI-Li-ESWT group had nNOS/TH+ nerves ratio similar to that of the control
group. The continuality of urothelial cell lining was also improved in the SUI-Li-ESWT group. In
addition, there were significantly increased EdU-positive cells in the SUI-Li-ESWT group.

CONCLUSION: Li-ESWT appears to increase smooth muscle content in the urethra and the
vagina, increase the thickness of urethral wall, improve striated muscle content and neuromuscular
junctions, restore the integrity of the urothelium, and increase the number of EdU-retaining
progenitor cells in the urethral wall.
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The worldwide incidence of stress urinary incontinence (SUI) was projected to be 167
million people (a prevalence of 3.3%) by 2018 1 2. Current non-surgical treatment options
used include pelvic floor exercises, electrical stimulation, biofeedback, hormone creams, and
pessaries. Although most of these therapies are safe, their efficacy and durability are limited.
Surgical treatments for SUI include injection of bulking agents along with various
modifications of bladder neck suspension procedures and mid-urethral tapes. Mesh surgeries
for SUI can be very effective, but unfortunately many patients experience complications that
include infection, mesh erosion, pelvic pain, and dyspareunia. These problems resulted in
more than 140,000 lawsuits in the United States alone and led to total bans of using mesh for
pelvic organ prolapse (POP) in the United States 3, Australia, and the United Kingdom
(UK). Mesh surgeries for SUI was also halted in the UK in July 2018.

Increased awareness of mesh-related complications has propelled interest in applying
regenerative medicine methods for restoring urethral sphincter and pelvic floor structure and
function 4°. The medical and surgical options currently available for SUI provide variable
benefit for patients [5], and most of these treatment options provide only symptomatic relief
[6]. Novel treatments for SUI are needed to correct the underlying pathology and to cure the
symptoms. To this end, stem cell therapy currently dominates the research field for SUI 6-8
and tissue engineering with stem cells dominates the research field for POP °. There is also
increasing interest in exploiting stem cell products and tissue-resident stem/progenitor cells
10 to improve the regeneration process. Despite the overwhelming enthusiasm of scientists,
clinicians, and patients alike, stem cell therapy for SUI nevertheless requires considerable
investigation prior to its disseminated clinical implementation.

The most important risk factors for SUI in women are vaginal delivery and menopause 11,
Previously, we established an animal model for female SUI 12. By prolonged vaginal
distension and oophorectomy, the rats recapitulate the pathology of childbirth-induced tissue
injury and provide a good model for the study of SUI. However, after 1 month many rats
regain continence spontaneously, making this an undesirable model for the study of long-
term SUI. Recently, we modified the animal model by administering B-aminopropionitrile
(BAPN) to inhibit lysyl oxidase, an enzyme that is critical in the crosslinking of collagen
and elastin. This impairs the biogenesis of collagen and elastin fibers and creates a highly
reproducible model of irreversible SUI 13,

Low-intensity extracorporeal shock wave therapy (Li-ESWT) has been used to treat
musculoskeletal disorders for decades 14. Recent studies showed that Li-ESWT has been
expanded to address neurovascular erectile dysfunction 1°. Li-ESWT has the ability to
mobilize endogenous stem cells to the injury site 16, promote nerve regeneration 15, and
reverse muscle content reduction 1> 16, In our previous study, we treated an SUI animal
model with Li-ESWT shortly after vaginal dilation and discovered significant preventative
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effectsl’. Most SUI in women occurred years after childbirth, however. Therefore, this
current study was designed to treat the animals in a delayed fashion, long after SUI
developed, to determine the therapeutic effects. To explore whether or not delayed treatment
with Li-ESWT could generate results similar to our earlier study, we combined our previous
methods to establish a stable, irreversible SUI animal model, and we tested the therapeutic
effects and possible mechanisms of Li-ESWT at two dosage levels.

MATERIALS AND METHODS

Experimental Animals and Design

All the experiments were approved by the Institutional Animal Care and Use Committee at
the University of California, San Francisco. Twenty-four female Sprague-Dawley rats
(Charles River Laboratories; Wilmington, MA; USA) were injected with 5-ethynyl-2-
deoxyuridine (EdU) (Invitrogen; Carlsbad, CA; USA) (50mg/kg, intraperitoneally) at birth
for detection of label-retaining cells (LRCs) as previously described!®. At 8 weeks of age,
these animals were randomly divided into 3 groups including the control group (Sham),
vaginal balloon dilation (VBD) + BAPN (SUI group), VBD + BAPN +treatment with Li-
ESWT wave twice a week (SUI-Li-ESWT group). The VBD procedure and subsequent
oophorectomy were performed as previously reported 13. Briefly, under proper anesthesia
(intraperitoneal ketamine/xylazine, 90mg/kg and 10mg/kg, respectively), the balloon of an
18Fr latex Foley catheter was inserted into the rat’s vagina, with subsequent filling of 4 mL
water. A 130-g weight was placed on the suspended end of the catheter, providing a constant
pull to direct the force to the pelvic floor. The balloon was left in place for 4 hours. Three
days later, the rats were anesthetized again, and bilateral ovaries were removed. From the
second week after initial VBD, all the VBD rats received intraperitoneal injections of 300
mg/kg of BAPN twice a week for 5 weeks. After 2 weeks of Li-ESWT treatment (during
week 7 and 8) and 1 week of wash-out, all rats underwent leak-point pressures (LPP)
measurement followed by excision of the urethra and vagina for histological study before
euthanization (Fig 1a).

Low-Intensity Extracorporeal Shock Wave (Li-ESWT)

Li-ESWT was performed by using the MTS Dermagold device (Atlanta, GA; USA). The
shockwave probe was applied directly to the shaved skin over the lower pelvis of the rat,
aiming at the urethra. The probe was coupled to the skin using ultrasound gel (Aquasonic,
Parker Laboratories Inc, Fairfield, NJ; USA) with energy flux density (EFD) 0.06mJ/mm?,
300 pulses at 3 Hz. Rats were treated with Li-ESWT twice a week for two weeks.

Measurement of Leak Point Pressure

Leak point pressure (LPP) was assessed as previously described 19, Briefly, under anesthesia
with urethane, a polyethylene-90 tube was inserted into the bladder dome and secured with a
purse string suture. The bladder was slowly filled with warmed phosphate buffered saline
(PBS), and the volume was recorded. Bladder capacity was recorded as the point at which
leakage of urine was observed. This procedure was repeated 3 times, and the average bladder
capacity was obtained. The bladder was subsequently emptied via aspiration and manual
pressure. Intravesical pressure changes were recorded by a computer with LabView 6.0
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software (National Instruments, Austin, TX, USA) at a sample rate of 10 samples/sec. The
bladder was then filled to 40% of capacity and increasing manual extravesical pressure was
applied until leakage was noted. This procedure was repeated six times, and the LPPs were
recorded. The rats were subsequently sacrificed, and tissues harvested.

Phalloidin and a-Bungarotoxin Staining

For muscle staining, tissue sections were incubated with Alexa-488/594-conjugated
phalloidin (1:500; Invitrogen, Carlsbad, CA, USA) diluted 1:200 in 1% bovine serum
albumin for 20 min at room temperature. After rinsing with PBS, the tissues were stained
with 4°,6-diamidino-2-phenylindole (DAPI, 1 pg/ml; Sigma-Aldrich; St. Louis, MO; USA)
for nuclear staining. Neuromuscular junctions were stained with a-bungarotoxin (a-BTX,
1:500 Invitrogen) followed by phalloidin.

Immunofluorescence and EdU Staining

Urethral cryosections were prepared, and immunofluorescence was performed as previously
described. In brief, tissues were rehydrated with PBS for 5 min and treated with hydrogen
peroxide/methanol to quench endogenous peroxidase activity. After rinsing, sections were
washed twice in PBS for 5 min followed by 30 min of incubation with 3% horse serum/PBS/
0.3% triton X-100. After excess fluid was drained, sections were incubated overnight at 4°C
with primary antibodies including anti-neuronal nitric oxide synthase (nNOS; 1:200; Santa
Cruz Biotechnologies, Santa Cruz, CA; USA), anti-tyrosine hydroxylase (TH; 1:200;
Millipore Corp, Bedford, MA; USA), anti-a-smooth muscle (a-SMA) antibody (1:1000;
Sigma-Aldrich, St. Louis, MO; USA), and anti- myosin heavy chain (MHC; 1:500; Abcam,
Cambridge, MA; USA). Secondary antibodies used included Alexa-488- and Alexa-594-
conjugated antibodies (1:500; Invitrogen). Nuclei were stained with 4’, 6-diamidino-2-
phenylindole (DAPI). Sections were assessed for EdU-labeling using the Click-iT reaction
cocktail (Invitrogen), which contained Alexa Fluor 594 (1:500), for 30 minutes at room
temperature followed by nuclear staining with DAPI (1 pg/ml, Sigma-Aldrich). For image
analysis, four randomly selected fields per tissue per animal for each group were
photographed and recorded using a Retiga Q Image digital still camera and ACT-1 software
(Nikon Instruments Inc., Melville, NY, USA). For assessment of EdU- labeled cells, the
entire urethral section of each rat was surveyed, and the number of EdU-labeled cells was
counted.

Statistical Analysis

RESULTS

Results were analyzed using GraphPad Prism Version 5.0 (GraphPad Software, San Diego,
CA, USA) and expressed as mean = standard error of the mean. Statistical analyses were
performed using one-way analysis of variance followed by the Tukey’s post hoc test for
multiple comparisons. Differences among groups were considered significant at P < 0.05.

Delayed Treatment with Li-ESWT Improved LPP in the SUI Group

The beneficial effects of Li-ESWT on LPP are illustrated in Figure 1b. The sham group
exhibited a normal LPP whereas the SUI group (VBD + oophorectomy + BAPN) exhibited
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decreased LPP. In contrast, the peak LPPs were improved in the Li-ESWT treatment group
(SUI-Li-ESWT group) (Figure 1c). No significant difference was found in the bladder
capacity among the three groups.

Muscular Damage in SUI Rats was reversed by Li-ESWT

The overall content of both urethral striated and smooth muscle and vaginal wall smooth
muscle in the SUI group was lower than observed in the sham group (Figure 2 & sFigure 1).
Li-ESWT treatment significantly increased the number and length of urethral striated muscle
fibers. In addition, Li-ESWT increased the content of smooth muscle in both the urethra and
the vaginal wall. The vaginal wall was significantly thinner in the SUI group (185£47um) as
compared to the control group (353+45um). Li-ESWT significantly reversed this pathology
in the SUI-Li-ESWT group (304+59um) (P<0.05).

Effects of LI-ESWT on nNOS+ and TH+ Nerve Fibers

Urethral nitrergic nerve content was examined with nNOS staining and sympathetic nerve
content was checked with TH staining (sFigure 2). In the urethra of the sham control rats,
both nNOS+ and TH+ nerves appeared sporadically in the smooth muscle layer, and the
ratio of nNOS/TH was 0.8. In the SUI group, the ratio decreased to 0.2 with a significant
decrease of NNOS+ nerve fibers and a large increase of TH+ nerves. Li-ESWT reversed the
ratio to approximately 1:1 (sFigure 2) with an increase of NNOS+ nerve fibers and a
decrease of TH+ nerve fibers.

Delayed Li-ESWT Reversed the Decrease of Urethral Neuromuscular Junctions (NMJs) in
SUI-Li-ESWT Rats

The neuromuscular junction (NMJ) is the key structure for innervation of urethral striated
muscle. Urethral striated muscle is essential for sphincter contractility. With a-BTX
staining, we noted that rats in the SUI group had decreased NMJ content as compared to rats
in the sham group (Figure 3). After Li-ESWT, rats in the SUI-Li-ESWT group had a
significant increase in urethra NMJs.

Li-ESWT Increased the Number of EdU-Positive Progenitor Cells in the Urethra

Progenitor cells, or cells with stem properties, are characterized by the ability to retain EAU
for a prolonged period of time. Therefore, we examined the EdU-positive cells to identify
and monitor the progenitor cells in the urethra. After inducing SUI, the number of EdU-
positive cells increased in the SUI group as compared to the sham group. Li-ESWT
enhanced this effect. The distribution of EdU+ cells was different among these groups
(Figure 4). In the SUI group, increased EdU+ cells were noted in the striated muscle layer.
In the SUI-Li-ESWT treated group, more EdU+ cells were present in the mucosal layer and
the smooth muscle layer.

DISCUSSION

In this study, we demonstrated that Li-ESWT has multiple significant effects on the structure
and function of the urethra in treated rats with irreversible stress incontinence induced by
VBD, oophorectomy, and BAPN. Li-ESWT increased the number of EQU+ progenitor cells,
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reversed the decrease in muscle content, down-regulated TH expression, and increased the
number of nNOS+ nerve fibers. Li-ESWT also enhanced neuromuscular junction
regeneration. These changes were associated with a physiologically relevant increase in leak
point pressure. These results strongly indicate that Li-ESWT is capable of restoring urinary
continence in rats after VBD, oophorectomy, and BAPN.

Decades ago, our team developed the first animal model to study the mechanisms of SUI
associated with childbirth by using a vaginal distension method 20, This model has been
modified in multiple different ways, but most animals recover continence within 4-6 weeks
21,22 Because many patients with SUI are parous and post-menopausal, we later added
oophorectomy to VBD23, BAPN has been used extensively to study the contribution of the
extracellular matrix to normal tissue function in various disease states. BAPN interferes with
the synthesis of collagen and elastin fibers by inhibiting lysyl oxidase 24. Our previous work
introduced BAPN into VVBD treated rats to produce a consistent model of long-term
irreversible SUI 13, Of the women who have remission of SUI after delivery, more than half
re-develop SUI 5 years later 25, Thus, in the present study, we combined the VBD,
oophorectomy, and BAPN to create a reproducible and clinically relevant long-term
irreversible SUI animal model.

While conventional ESWT in the field of urology is primarily utilized to treat stone diseases,
in recent years Li-ESWT is been used as an emerging therapy for erectile dysfunction 15 26,
Our previous study showed that Li-ESWT can activate resident stem/progenitor cells,
Schwann cells, and endothelial cells to enhance tissue regeneration. Recently, Zissler et al.
reported that Li-ESWT can stimulate regeneration of skeletal muscle tissue and accelerate
repair processes after acute muscle injury2’. In addition, we previously demonstrated that
Li-ESWT shortly after VBD can prevent incontinence by protecting the urethral sphincter.
In the clinical setting, it is impractical to treat every woman with Li-ESWT shortly after
delivery. With this in mind, our study includes a 5-week interval between the initial VBD
procedure and the Li-ESWT treatment. Our data suggest that Li-ESWT can be a therapeutic
modality to reverse tissue damage and increase LPP in SUI rats.

Anatomically, the urinary continence control system consists of two parts: the urethral
sphincteric closure system and the urethral supportive system?28. The sphincteric closure of
the urethra is provided by urethral striated muscle, urethral smooth muscle, and submucosal
urethral vascular elements. SUI can be caused by multiple factors, but urethral sphincter
deficiency is likely responsible for most cases of SUI 29, especially in women with history of
vaginal deliveryll, Compatible with our understanding of human female SUI, our present
study observed decreased muscle content in the urethra and vaginal wall of the animal
model. After Li-ESWT treatment, the total amount of muscle was dramatically restored.

The normal function of the urinary continence control system depends not only on the
integrity of the urethral anatomy but also on the coordination between nerves and the
muscular structures. In our SUI model, we were surprised to find that the number of TH+
sympathetic nerve fibers was much higher in the SUI group than in the control group.
Moreover, after Li-ESWT, the upregulated sympathetic nerves were decreased in the SUI-
Li-ESWT group. The Th+ sympathetic nerve fibers were mainly distributed within the
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longitudinal smooth muscle.This muscle shortens the urethra and decreases urethral
resistance when activated 30. We speculate that hyperactive sympathetic nerves in the SUI
group may decrease LPP by shortening the functional urethral length and that Li-ESWT
restores urinary function via inhibiting the growth of TH+ nerves. Moreover, increased
nNOS innervation after Li-ESWT may help to increase urethral compliance and facilitate
sphincteric closure by striated muscle during physical exertion. In addition, the contractility
of urethral striated muscle is controlled by somatic cholinergic nerves which connect with
muscle fibers via NMJs. We noted that Li-ESWT significantly enhanced the formation of
NMJs, which helps to re-innervate the regenerated muscle fibers.

The mechanisms of Li-ESWT for SUI remain unclear. Activation and recruitment of
sufficient progenitor cells to the target organ is usually the first step of tissue regeneration. In
this study, we used the Edu label-retaining technique and identified more progenitor cells in
the urethra tissue after induction of SUI than in the sham group. This is consistent with the
process of tissue repair after injury. We found even more progenitor cells in all layers of the
urethra after treatment with Li-ESWT, which may account for the therapeutic effects of low
dose Li-ESWT.

Atrophy of the vaginal wall after oophorectomy or menopause in women is a well-known
condition. Our SUI group clearly showed decreases in smooth muscle content and thickness
of the vaginal wall. Li-ESWT restored vaginal smooth muscle content and vaginal wall
thickness without estrogen therapy. This suggests that Li-ESWT may ameliorate urethral
hypermobility in women by restoring the structure and function of the vaginal wall, which
provides support of the urethra. On the other side, the age dependent loss of progenitor cells
and age dependent loss of muscle satellite cells are very critical for the therapeutic outcome
813233 ' more studies are needed.

A major limitation of the current study is that we did not investigate the exact mechanisms
of interaction between Li-ESWT and tissue. We are also aware that the age dependent loss
of progenitor cells and muscle satellite cells may negatively affect the therapeutic outcome
313233 and more studies in older animals are needed. Additional studies are also needed to
determine the fate of cells after in-situ activation by Li-ESWT. We hope to collaborate with
both physicists and clinicians in forthcoming studies to delve deeper into the basis of Li-
ESWT’s biological effects in order to determine whether Li-ESWT may be a viable
therapeutic option for SUI.

CONCLUSION

By combining VBD, oophorectomy, and BAPN, we created a novel animal model of
prolonged irreversible SUI, mimicking the human condition after childbirth trauma and
menopause. We found that delayed treatment with Li-ESWT can restore both the functional
and structural defects that contribute to SUI. We suspect that these improvements are
mediated via activation of EdU+ stem/progenitor cells, regeneration of urethral and vaginal
muscles, inhibition of TH+ nerves, and amplification of NMJs. Our results suggest that Li-
ESWT is a non-invasive modality to facilitate tissue regeneration and improve voiding
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function in an animal model of SUI. Thus, it may provide a novel, non-invasive therapeutic
approach for SUI patients in the future.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental design of the delayed Li-ESWT therapy experiment.
(a) Experimental protocol from week 1 to week 10; (b) Representative graphs of LPP (cm

H20) measurement among the 3 groups: sham, SUI, and SUI-Li-ESWT; (c) Average LPP of
the 3 groups. (n=8 * p < 0.05, compared with the sham group ** 0.01 < p < 0.05, compared
with the SUI group.)
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Figure 2. Li-ESWT ameliorated the decline of muscular structure.
(a) Middle section of urethra presents urethral striated muscle (MHC, green) and urethral

smooth muscle (a-SMA, red). Upper panel: co-localization of urethral striate muscle and
smooth muscle (x40); lower panel: urethral striate muscle and smooth muscle at high
magnification (x400); (b) Data were presented as number of urethral striated muscle fibers
per high power field. (c) Data were presented as length (um) of urethral striated muscle
fibers. N=8, * p < 0.05 compared with the sham group, ** p < 0.05 compared with the SUI

group.
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Figure 3. Li-ESWT increased formation of neuromuscular junctions (NMJ).
(a) Representative staining of NMJs with a-BTX (green) and phalloidin (red) among three

groups. (b) Total number of NMJs in each cross-section of urethra. * p < 0.05 compared
with the sham group, ** p < 0.05 compared with the SUI group.
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Figure 4. Li-ESWT increased recruitment of EdU+ label-retaining cells (LRCs).
(A) Representative staining of EdU and phalloidin among the groups. (B) Total number of

EdU+ cells was increased after Li-ESWT; (C) The distribution of EdU+ cells was changed
after LI-ESWT treatment, * p < 0.05, ** 0.01 < p < 0.05, *** p <0.01 compared with the

sham group.
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