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Abstract
Purpose  To investigate the long-term functional change of cryoinjury-induced detrusor underactivity (DU) and the thera-
peutic potential of repeated low-energy shock wave therapy (LESW).
Methods  Fifty-six female Sprague–Dawley rats were assigned into sham and cryoinjury of bladder with or without LESW 
(0.05 or 0.12 mJ/mm2; 200 pulses; twice a week for 2 weeks after cryoinjury). Under halothane anesthesia, an incision was 
made in lower abdomen, and cryoinjury was provoked by bilateral placement of a chilled aluminum rod on the bladder filled 
with 1 ml saline. Measurement of contractile responses to KCl and carbachol in vitro, conscious voiding, and histological 
and protein changes were performed on week 1, 2, and 4 after cryoinjury.
Results  Cryoinjury of bladder induced a significant decrease in the detrusor contraction amplitude at week 1 (55.0%) and 
week 2 (57.2%), but the decrease in the contractile response to KCl and carbachol was only noted at week 1. At week 1, 
significantly increased COX-2 and TGF-β1 expression accompanied a decrease of VEGF and CGRP expression. At week 4, 
there was a partial recovery of voiding function and a significant increase in the Ki-67 staining. LESW treatment at higher 
energy level further amplified the Ki-67 staining and improved the recovery of contraction amplitude and the expression of 
TGF-β1 and VEGF.
Conclusions  Cryoinjury of detrusor induces DU/UAB with functional impairment lasting for up to 4 weeks, but the associated 
molecular changes are restored by 2 weeks. LESW improved bladder wall composition, and hastened functional recovery 
from cryoinjury.
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Introduction

The 2002 International Continence Society standardiza-
tion report has defined Detrusor underactivity (DU) as a 
detrusor contraction of inadequate strength and/or duration 
resulting in prolonged bladder emptying and/or a failure to 
achieve complete bladder emptying in the absence of ure-
thral obstruction [1]. DU contributes to the lower urinary 
tract symptoms (LUTS) and the clinical presentation is also 
called underactive bladder (UAB) [1, 2]. The prevalence of 
DU/UAB increases with age, which is 9–28% in young men 
(< 50 years), and is up to 48% in the elderly men (> 70 years) 
with non-neurogenic LUTS [3].

The etiopathogenesis of DU/UAB is linked to aging, 
bladder outlet obstruction, and diabetes mellitus with con-
tribution of myogenic and neurogenic factors. Detrusor 
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contractile strength generally decreases with age pre-
sumably due to degenerative changes in both muscle 
and nerve axons [4, 5]. Degenerative changes in detrusor 
smooth muscle are characterized by disrupted myocytes 
and increased collagen deposition, which leads to poor 
force generation and impaired response to acetylcholine 
and ATP [3].

There is a lack of effective treatment for DU/UAB, 
which motivates the development of reliable animal mod-
els to examine potential new therapies for DU/UAB. A 
previous mice study demonstrated that temporary freezing 
of the posterior bladder wall provokes cryoinjury, which 
elicits the sequelae of ischemia and reperfusion [6]. Cryo-
injury leads to the destruction of smooth muscle layers 
and poor response to contractile stimuli [6, 7]. Cryoin-
jury of rat bladder wall has also been shown to produce 
detrusor thinning and reduce the amplitude of detrusor 
contraction at week 1 and 2 post cryoinjury [8]. We previ-
ously reported that one episode of low-energy shock wave 
(LESW) treatment can partially reverse the functional 
impairment of the bladder function provoked by cryoin-
jury [8]. LESW has been demonstrated to enhance gene 
expression related to angiogenesis and proliferation, and 
improve tissue neovascularization and regeneration, which 
has clinical utility in treatment of bone fracture, wound 
healing, myocardial infarction, and erectile dysfunction 
[9].

The current study investigated the long-term functional 
changes of cryoinjured bladder from 1 week to 4 weeks, 
and therapeutic effects elicited by multiple applications of 
LESW.

Methods

Animals

In all, 56 Sprague–Dawley rats (female, 250–300 g) were 
used. Experimental protocols were approved by the Institu-
tional Animal Care and Use Committee of the Kaohsiung 
Chang Gung Memorial Hospital.

Induction of cryoinjured urinary bladder

An incision was made in lower abdomen under anesthesia 
with 2% halothane to expose the bladder filled with 1 ml 
saline. An aluminum rod of 8 mm diameter chilled on dry 
ice was placed bilaterally against the serosal surface of the 
bladder wall for 30 s, as described in previous report [8]. 
Sham group was exposed to room temperature aluminum 
rod for 30 s.

Bladder contractility (N = 5 for each group, total 20)

Control, 1, 2, and 4 weeks after applying cryoin-
jury, full-thickness longitudinal strips (10 × 2  mm2) 
weighing about 20  mg were obtained from the injury 
site of bladder. Each bladder strips was placed in the 
organ bath containing 25  mL PSS solution (mmol/l: 
NaCl 130, KCl 4.7, CaCl2·(H2O) 1.6, MgSO4·(H2O)7 
1.17, NaHCO3 14.9, KH2PO4 1.18, glucose 5.5, 
CaNa2-ethylenediaminetetraacetic acid 0.03, all from 
Sigma-Aldrich) aerated with a mixture of 95% O2 + 5% 
CO2 and maintained at 37 °C. The one end of bladder 
strip was fixed to an L-shaped hook at the bottom of the 
bath side and the other end was connected to an isometric 
tension transducer (PanLab, Spain) via a placed silk-snare. 
The concentration–response curves of bladder smooth 
muscle strips in response to different doses of KCl or car-
bachol were measured [10]. The contractile response was 
expressed as percent of 300 mM KCl-induced mean con-
tractility of the control group in each experiment. All data 
are presented in Mean ± SEM.

Micturition Pattern in Metabolic Cage (N = 6)

The metabolic cage micturition pattern was assessed for 
12-h 1 day before and at 1, 2, and 4 weeks after cryoinjury. 
Collected urine was measured by pan lying over a force 
transducer, which measured the change in weight of pan 
over time and send digitized signals to PowerLab. At the 
end of 4 weeks of metabolic cage study, all of the 6 ani-
mals were used for awake cystometrogram (CMG).

Awake free moving CMG (6 animals per group, 
N = 24)

CMG was performed on sham control animals and at the 
end of 1, 2, or 4 weeks after cryoinjury, by inserting a 
PE-50 tube into the bladder dome under halothane anes-
thesia as previously described for sensing pressure [8]. 
The intercontraction interval (ICI), amplitude (AMP), 
pressure threshold (PT), and pressure baseline (PB) were 
recorded. Measurements in each animal represented the 
average of 3 to 5 bladder contractions. Animal bladder 
was harvested at the end of CMG following transcardiac 
perfusion, as described previously [8]. Harvested bladder 
from each animal used for histology, immunohistochem-
istry, and Western blot analysis.
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Low‑energy shock wave (LESW) treatment 
(200 shocks, frequency of 2 pulses per second, 
and intensity 0.05 or 0.12 mJ/mm2, 6 animals 
for each intensity group, N = 12)

The shock wave probe (Storz, Germany) was gently placed 
over the skin surface above the urinary bladder after appli-
cation of ultrasound transmission gel during week 1 and 2 
after cryoinjury under halothane anesthesia, as described 
previously [8]. The animals received twice-weekly LESW 
treatment for 2 weeks. At the end of week 2, awake CMG 
was performed.

Histology and Immunohistochemistry

Harvested bladder from different animal groups at time 
points was fixed in buffered 10% formaldehyde for 24–48 
h, embedded in paraffin, and stained with hematoxylin and 

eosin or α-smooth muscle actin (SMA) (Abcam) or Ki-67 
(Abcam), as described previously [8].

Western Blot Analysis from cryoinjured site 
for ɑ‑SMA, COX‑2, TGF‑β1, VEGF, CGRP, BDNF

The procedures for Western Blot analysis of cryoinjured 
bladder were as described previously [8]. Expression of 
ɑ-SMA, COX-2, TGF-β1, VEGF, CGRP, and BDNF were 
analyzed according to the standard protocol (Amersham 
Biosciences).

Statistical analysis

Experimental results are presented as means ± SE and 
significance at 5% level was detected by Kruskal–wallis 
ANOVA followed by Dunn’s test or Mann–Whitney U test.

Fig. 1   a Effect of cryoinjury on 
the KCl or carbachol evoked 
contractions of the bladder 
strips from control, week 1, 
2, and 4 post cryoinjury. In 
each experiment, contractile 
responses are expressed as 
percent of 300 mmole/l KCl-
induced contraction. Left, 
KCl. Right, carbachol. Points 
represent mean ± SEM of 4 to 5 
observations. Asterisk indicates 
significant difference between 
groups (p < 0.05). b Metabolic 
cage study demonstrated a 
normal micturition pattern 
before cryoinjury and progres-
sive decrease of voiding volume 
at week 1 and week 2 post 
cryoinjury, which was partially 
recovered at week 4
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Results

Effects of cryoinjury on detrusor contractility

Figure 1A shows contractile responses to KCl, and car-
bachol of bladder smooth muscle strips from the 3 cry-
oinjured groups at week 1, week 2, and week 4 vs the 
normal control group. In this study, contractile responses 
to KCl and carbachol were normalized to the 300 mM 
KCl-induced contraction. Strips from 1-week post-cryoin-
jured group showed significant decrease in the contractile 
response to different concentrations of KCl or carbachol 
compared to the control group. This decrease in contractile 
responses to KCl or carbachol showed partial recovery at 
week 2 and week 4 post cryoinjury.

Effects of cryoinjury on micturition pattern

Metabolic cage studies on conscious rats revealed that 
volume of urine per void progressively decreased from 
0.97 ± 0.22 ml at baseline to 0.78 ± 0.88 ml (p = 0.7253 vs. 
baseline) at week 1 and 0.54 ± 0.54 ml at week 2 (p = 0.0684 
vs. baseline). This decrease in voided volume partially 
recovered by week 4 (0.66 ± 0.34 ml; p > 0.9999 vs baseline; 
Fig. 1b). The mean voiding frequency/12 h was 10.8 ± 8.4 
measured at baseline, increased to 19.0 ± 9.4 (p = 0.6373 vs. 
baseline) at week 1, to 18.5 ± 10.9 (p > 0.9999 vs baseline) 
at week 2, and to 22.8 ± 10.6 (p = 0.3124 vs. baseline) at 
week 4.

Tissue scarring in the bladder wall (Fig. 2g) consequent 
of cryoinjury is likely responsible for the increase in void-
ing frequency.

Fig. 2   Representative traces of in  vivo continuous cystometrogram 
(CMG) in awake rats. CMG was performed in control (a), post cryo-
injury at week 1 (b), week 2 (c), week 4 (d), post cryoinjury + LESW 
0.05  mJ/mm2 at week 2 (e), and post cryoinjury + LESW 0.12  mJ/
mm2 at week 2 (f). Compare to the control group, the contraction 
amplitude was significantly reduced post cryoinjury at week 1 and 
week 2, which was partially recovered at week 4, and by LESW treat-

ment. g Bladder cross sectional view of normal control, and at week 
1, week 2, week 4 post cryoinjury, and week 2 with LESW treat-
ment. At the site of cryoinjury in urinary bladder, gross morphology 
revealed focal hemorrhage at week 1, which condition was resolution 
and replaced with scar tissue at week 2. The scar tissue was reduced 
at week 4 and post cryoinjury at week 2 with 0.12 mJ/mm2 treatment
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Effects of cryoinjury with or without LESW on CMG 
changes

As shown in Table 1 and Fig. 2, cryoinjury induces a signifi-
cant decrease of contraction amplitude at week 1 (B, 55.0% 
decrease) and week 2 (C, 57.2% decrease) compared to the 
control group (A). Cryoinjury had no significant effects on 
any other CMG parameters. The decrease in contraction 
amplitude partially recovered itself in control group by week 
4 (D), and the recovery is hastened to week 2 with LESW 
0.05 mJ/mm2 treatment (E) and LESW 0.12 mJ/mm2 treat-
ment (F). Treatment with LESW 0.12 mJ/mm2 treatment 
prolonged the ICI, but other CMG parameters were not sig-
nificantly altered.

Effects of cryoinjury with or without LESW 
on histological and immunohistological response

Necropsy of the cryoinjured site at the one week time point 
showed focal hemorrhage which resolved to produce scar 
tissue at week 2 (Fig. 2). The scar tissue after LESW 0.05 
or 0.12 mJ/mm2 treatment group at week 2 was similar to 

the cryoinjury group without treatment at week 4 indicating 
scar tissue formation is a natural healing response, which 
is hastened by LESW (Fig. 3). Histology of the cryoinjury 
group at the week 1 and week 2 post injury revealed tissue 
edema in the lamina propria, partial loss of the mucosa, and 
destruction of the smooth muscle. In contrast, histology of 
the bladder wall in the uninjured control group was unre-
markable (Fig. 3). The effects of cryoinjury were partially 
reversed by week 4.

The Ki-67 staining progressively increased from 
1.17 ± 0.54 baseline to 12.67 ± 7.00 at week 1 (p = 0.9999 
vs. control), to 19.00 ± 5.48 at week 2 (p = 0.1082 vs con-
trol), and to 27.16 ± 10.95 at week 4 (p = 0.0278 vs. con-
trol). Progressive increase in the Ki-67 staining indicates 
the cell proliferation is a critical component of the healing 
response in bladder wall after cryoinjury (Fig. 4). LESW 
0.05 mJ/mm2 treatment increased the Ki-67 staining to 
63.8 ± 18.7 at week 2 (p = 0.0048, vs. week 2 cryoinjury 
only), and 47.4 ± 12.54 at week 2 with LESW 0.12 mJ/mm2 
treatment (p = 0.0207, vs. week 2 cryoinjury only).

Effect of LESW on protein expression of ɑ‑SMA, 
COX‑2, TGF‑β1, VEGF, CGRP, BDNF

Western blotting (Table 2, Fig. 4) demonstrated that sig-
nificant upregulation n of COX-2 at week 1, and TGF-β1 at 
week 1 and week 2, and downregulation of VEGF at week 
1 and week 2, and CGRP at week 1 compared with con-
trol. There was a trend of decrease of ɑ-SMA (control vs 
cryoinjury 1 week, 1: 0.2 ± 0.06, p = 0.0816). The protein 
expression was partially recovered at week 4. There was no 
significant change in BDNF.

LESW 0.12  mJ/mm2 treatment also significantly 
increased VEGF compared with cryoinjury only group at 
week 2.

Fig. 3   Histology & Immunohistochemistry of normal control (a, g, 
m), post cryoinjury at week 1 (b, h, n), week 2 (c, i, o), week 4 (d, 
j, p), post cryoinjury + LESW 0.05 mJ/mm2 at week 2 (e, k, q), and 
post cryoinjury + LESW 0.12 mJ/mm2 at week 2 (f, l, r). Histology of 
bladder at week 1 and 2 post cryoinjury showed edematous changes 
in the lamina propria, marked thinning of the bladder wall with par-
tial loss of urothelial lining of the mucosa and smooth muscle layer, 
which were partial recovered at week 4 post cryoinjury. Application 
of LESW fastened the recovery of the cryoinjury-induced histological 
changes as evinced by regenerated smooth muscle and proliferation of 
fibroblasts marked by increase in Ki-67 expression. a–f H&E stain; 
g–l SMA stain; Fig (M-R) Ki-67 stain. Magnification × 40. Inlet, 
magnification × 200

◂

Fig. 4   Western blot for ɑ-SMA, 
COX-2, TGF-β1, VEGF, CGRP, 
BDNF protein expression on the 
cryoinjured site with or without 
LESW. Significant upgrade 
expression of COX-2 at week 1, 
and TGF-β1 at week 1 and week 
2, and downgrade expression of 
VEGF at week 1 and week 2, 
and CGRP at week 1 compared 
with control. There was a trend 
of decrease of ɑ-SMA at week 
1. The protein expression was 
partially recovered at week 4. 
There was no significant change 
of BDNF. Cryoinjury with 
LESW 0.12 mJ/mm2 treatment 
has significantly increased TGF-
β1and VEGF compared with 
cryoinjury only at week 2
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Discussion

Chuang et al. demonstrated that cryoinjury on rat detrusor 
induced a decrease of contraction amplitude associated with 
muscle thinning at week 1 and 2 post cryoinjury [8]. This 
current study extends the previous study with the new find-
ing that the detrusor function is partially recovered at week 
4 post cryoinjury as evidenced by urodynamic study, muscle 
strip response to KCl and carbachol, and Ki-67 staining. 
Furthermore, they revealed a reduced expression of α-SMA, 
IL-6, and increased expression of COX-2 by western blotting 
from whole bladder specimens. The current study focused on 
the cryoinjured site only, where it found upregulated expres-
sion of COX-2, and TGF-β1, and downregulated expression 
of VEGF, CGRP, and ɑ-SMA at week 1. The protein expres-
sion gradually recovered at week 4. Imamura et al. reported 
that 19 out of 84 growth factors mRNAs estimated by real-
time RT-PCR arrays from the bladders of female nude mice 
3 days post cryoinjury exhibited at least a twofold increase 
over the control bladders (including 2.85-fold increase for 
TGF-β1, and 2.33-fold increase for VEGFA) [6]. Contrary 
to the finding of whole bladder, our current results on west-
ern blot from injured site 1 week post cryoinjury found that 
TGF-β1 expression was 5.04-fold of control, but, VEGF was 
only 0.7-fold of control. These results suggest that effects of 
cryoinjury might not be localized to just the injured region 
and paracrine mediators may induce changes in the unin-
jured site.

The cryoinjured myogenic DU/UAB model has maxi-
mal characteristic of DU/UAB between week 1 and week 
2 post cryoinjury, and bladder function partially recovers 
by 4 week. Therefore, we evaluated the therapeutic effects 
of LESW twice weekly on the current DU/UAB model at 
2 week post cryoinjury. Although young rat (3–4 months 
old) can spontaneously recover from the harmful effects of 
cryoinjury by 4 weeks, we hypothesized that older rats (> 24 
months old) may take longer in recovery and exhibit UAB 
symptoms for a prolonged time than young rats.

Wang et al. reported the therapeutic effect of once-
weekly LESW (0.02 mJ/mm2 at 3 Hz for 400 pulses) on 
the lower abdomen of the rats aiming toward the bladder 
and urethra in the streptozotocin-induced diabetic underac-
tive bladder rat model [11]. The LESW treatment in DM 
group revealed significantly improved voiding function, 
enhanced detrusor contractility, increased muscle actin 
expression and muscle proportion of the bladder wall, 
and recovery of neuronal integrity and innervations [11]. 
In the previous study, the animals received shock wave 
treatment at multiple locations near the cryoinjured blad-
der wall immediately after cryoinjury of urinary bladder 
[8]. Chuang et al. found that LESW-induced cell prolifera-
tion and anti-inflammatory effect resulted in a dramatic 

improvement in the detrusor contractile strength [8]. 
Taken together, the therapeutic mechanism of LESW on 
restoration of bladder function in DU/UAB models might 
involves angiogenesis, nerve innervation, muscle regenera-
tion, and muscle function restoration [12, 13].

The current study employed twice-weekly treatment of 
200 shocks with the intensity of 0.05 or 0.12 mJ/mm2 at 
2 Hz on the abdominal skin over the urinary bladder at 
week 1 and 2. The transcutaneous method is more close 
to the potential use of LESW in human study. The cryoin-
jured animals with LESW treatment at higher energy level 
(0.12 mJ/mm2) revealed a significant increase in Ki-67 
staining, TGF-β1 and VEGF expression, and contraction 
amplitude compared with cryoinjured group at the end 
of week 2. The increase of ICI from 4.98 min at normal 
control group to 9.49 min at week 4 (p = 0.3003) post 
cryoinjury, and from 4.24 min post cryoinjury at week 2 
to 8.75 min at the group of week 2 with LESW 0.12 mJ/
mm2 treatment (p = 0.0284), was an unexpected finding. It 
might be related to bladder remodeling and nerve regen-
eration after cryoinjury or LESW [11]. However, all of 
the above findings suggested that LESW at higher energy 
level improve the pace of recovery from cryoinjury in DU/
IAB model.

These results underscore the promise of LESW to facili-
tate bladder wall regeneration and facilitate the recovery of 
voiding function in myogenic DU/UAB due to aging, blad-
der outlet obstruction, DM, or post-bladder cancer treat-
ment. Since molecular changes at the cryoinjured site are 
distinct from the changes measured in the whole bladder, 
further studies are necessary to advance the understanding 
of this model in UAB.

It is worthwhile to state the obvious limitations of this 
study, which include lack of measurement of voided vol-
ume, voiding efficiency, and post-void residual (PVR) 
urine volume. All of these parameters are important 
factors for the evaluation of DU. Although our pre-
vious report described that the mean PVR increased 
from 225.00 ± 42.80 µl measured in the control group 
to 447.71 ± 102.1  µl at 1 week following cryoinjury 
(p = 0.0583), cryoinjury-mediated rise in PVR of cryoin-
jured group was reversed by LESW treatment [8]. Here we 
investigated the local biochemical and functional changes 
in the bladder contributing to the PVR improvement by 
assessing the contractile responses to KCl and carbachol. 
We expect to examine the contractile response to electrical 
field stimulation to complete a comprehensive analysis of 
the cryoinjury-induced DU/UAB model, and show the sig-
nificant improvement of muscle contractility after LESW 
treatment in bladder strip contraction studies at 1 and 2 
weeks after cryoinjury to further confirm the effects of 
LESW treatment for myogenic DU in the future.
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Conclusion

Cryoinjury of detrusor induced DU/UAB at week 1 and 2, 
and maintain the physiological characters of DU/UAB at 
week 4. Twice-weekly LESW for 2 weeks improved bladder 
function recovery. LESW remodeled bladder wall composi-
tion, activated detrusor regeneration, and enhanced bladder 
muscle contractile function. Further investigations are war-
ranted for clinical application of LESW for human DU/UAB.
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