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Overexpression of Aquaporin-1 and Caveolin-1 in the Rat
Urinary Bladder Urothelium Following Bladder Outlet
Obstruction
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Department of Urology, Chonnam National University Hospital, Chonnam National University Medical School, Gwangju, Korea

Purpose: This study was designed to investigate the effect of detrusor overactivity induced by partial bladder outlet obstruction
(BOO) on the expression of aquaporin 1 (AQP1) and caveolin 1 (CAV1) in the rat urinary bladder, and to determine the role of
these molecules in detrusor overactivity.
Methods: Female Sprague-Dawley rats were divided into control (n =30) and experimental (n =30) groups. The BOO group
underwent partial BOO, and the control group underwent a sham operation. After 4 weeks, an urodynamic study was performed
to measure the contraction interval and contraction pressure. The expression and cellular localization of AQP1 and CAV1 were
determined by western blot and immunofluorescence experiments in the rat urinary bladder.
Results: In cystometrograms, the contraction interval was significantly lower in the BOO group (2.9±1.5 minutes) than in the
control group (6.7 ±1.0 minutes) (P <0.05). Conversely, the average contraction pressure was significantly higher in the BOO
group (21.2 ±3.3 mmHg) than in the control group (13.0 ±2.5 mmHg) (P <0.05). AQP1 and CAV1 were coexpressed in the
capillaries, arterioles, and venules of the suburothelial layer. AQP1 and CAV1 protein expression was significantly increased in
the BOO rats compared to the control rats (P<0.05).
Conclusions: Detrusor overactivity induced by BOO causes a significant increase in the expression of AQP1 and CAV1, which
were coexpressed in the suburothelial microvasculature. This finding suggests that AQP1 and CAV1 might be closely related to
bladder signal activity and may have a functional role in BOO-associated detrusor overactivity.
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INTRODUCTION
The urothelium has been considered a simple passive barrier
between the urinary tract and urine. However, the urothelium
has recently been found to be a responsive organ capable of
sensing a variety of signals from the urinary bladder [1]. Studies have revealed that the urothelium can release chemical mediators, express a number of sensor molecules, and respond to
external stimuli [2].
Bladder outlet obstruction (BOO) is associated with physiologic and morphologic changes, including impaired contractility and bladder smooth muscle hypertrophy [3]. Functional alCorresponding author: Sun-Ouck Kim
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terations of the urinary bladder induced by BOO are associated
with ultrastructural changes involving mitochondria and the
plasma membrane [4].
The potential role of aquaporins (AQPs) in the functional alteration of the urinary bladder has been investigated [5-7]. AQPs
are a family of transmembrane proteins that mediate water
transport across cell membranes [8]. Aquaporin 1 (AQP1) is
constitutively expressed in cells in which net water transport
does not appear to be important, such as endothelial cells and
vascular smooth muscle cells [9,10].
Caveolae are small flask-shaped invaginations of the cell membrane that are thought to play an important role in cell surface
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signaling [11]. Caveolins (CAVs), the integral membrane proteins of the caveolae, are essential for their formation. Among
the three CAV isoforms, caveolin 1 (CAV1) has been shown to
play a role in the regulation of signal transduction pathways in
various endothelial and epithelial cells [12]. Functional roles of
CAV1 are beginning to emerge from studies of CAV1 knockout
mice. Mice lacking CAV1 also lack caveolae in the bladder and
exhibit several urological disorders, including decreased excretion of acetylcholine and disruption of the M3 muscarinic cholinergic activity of the bladder [13].
In our previous report, altered expression of AQPs was observed in BOO urinary bladders showing detrusor overactivity
[7,14]. Hormonal depletion induced by ovariectomy caused a
significant change in CAV1 expression and detrusor activity,
which was restored to the normal control value after hormonal
replacement [15]. In the cyclophosphamide-induced cystitis rat
model, CAV1 expression changed along with the inflammatory
reaction of the urinary bladder [16]. However, to date, no assessment of the interrelationship between AQPs and CAVs in
the urinary bladder has been reported. The purpose of this study
was to investigate the effect of detrusor overactivity induced by
BOO on the expression of AQP1 and CAV1 and to determine
the role of these molecules in the detrusor overactivity that occurs in association with BOO in a rat model. We specifically focused on the suburothelium, an emerging research target area
in bladder dysfunction.

MATERIALS AND METHODS
Experimental Model
Female Sprague-Dawley rats were divided into control (n=30)
and experimental (n=30) groups. The experimental group underwent partial BOO. Animals were premedicated with xylazine (2.2 mg/kg, intramuscular) and were anesthetized with a
zolazepam/tiletamine cocktail (4.4 mg/kg, intramuscular). A
midline abdominal incision was performed and the bladder
and proximal urethra were dissected free of the surrounding tissue. To create an intravesical obstruction, a polyethylene catheter-90 was placed beside the proximal urethra and a 3-zero silk
ligature was tied around the urethra and catheter. The catheter
was subsequently removed and the abdominal incision was
closed. The control group underwent a sham operation. After 4
weeks, urodynamic and histologic studies were performed. All
rats were fed a standard diet until the day prior to the experiments. The rats were deprived of food overnight before the exhttp://dx.doi.org/10.5213/inj.2013.17.4.174
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periments were performed. The expression and cellular localization of AQP1 and CAV1 were determined by western blot
and immunofluorescence experiments. The study was approved
by the Ethics Committee of the Chonnam National University
Medical School.

Cystometrogram
Four weeks after the operation, rats (n=10 in each group) were
anesthetized with a subcutaneous injection of 1.2 g/kg urethane.
A suprapubic midline incision was performed to expose the
bladder, and a transvesical catheter with a fire-flared tip (polyethylene catheter-50) was inserted into the dome of the bladder
and secured with a ligature. The abdomen was then closed. The
catheter was connected to a pressure transducer and syringe
pump via a 3-way stopcock to record the intravesical pressure
and to infuse saline into the bladder. After the bladder was
emptied, cystometry was performed with saline infusion at a
rate of 0.04 mL/min. The contraction pressure and contraction
interval were recorded.
Western Blot
All minced bladder tissues were homogenized in ice-cold isolation solution with a Tissumizer homogenizer (Tekmar, Cincinnati, OH, USA). Tissues were homogenized using a microsawtooth generator, applying five bursts of five strokes. Tissue homogenates (n =10 in each group, 50 μg of protein) were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (Amersham Pharmacia Biotech, Buckinghamshire, UK).
The blots were then washed with Tris-buffered saline containing Tween-20 (TBS-T; 10 mM Tris-HCl, pH 7.6, 150 mM NaCl,
0.05% Tween-20). The membranes were blocked with 5%
skimmed milk for 1 hour and incubated with the appropriate
primary antibody. Monoclonal mouse antibodies against AQP1
(1:2,000; Chemicon, Temecula, CA, USA) and CAV1 (1:2,000;
Chemicon), and a polyclonal rabbit antibody against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:4,000; Cell
Signaling Technology, Danvers, MA, USA) were used. The
membranes were then washed, and the proteins were detected
using a goat anti–mouse-IgG (for CAV1) or a goat anti–rabbitIgG (for AQP1 and GAPDH) conjugated to horseradish peroxidase. Antibody incubations were performed in a 4°C incubator. The bands were visualized by enhanced chemiluminescence
(Amersham Pharmacia Biotech). GAPDH was used as an internal control. Densitometry was performed using the Multi
www.einj.org
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Immunofluorescence Staining
The bladder tissue sections (n =10 in each group, 10 sections
for each animal) were rinsed in phosphate buffered saline (PBS)
and then treated with normal chicken serum for 30 minutes to
block nonspecific binding. After washing in PBS, the sections
were incubated with antibodies for AQP1 (1:100; Chemicon)
and CAV1 (1:100; Chemicon) in PBS for 12–14 hours at 4°C.
Immunoreactivity for CAV1 and AQP1 was detected using Alexa Fluor 594-conjugated chicken anti–mouse-IgG (H+L) and
Alexa Fluor 488-conjugated chicken anti–rabbit-IgG (H+L)
(Molecular Probes Inc., Eugene, OR, USA), respectively. Tissue
sections were mounted using a mounting solution containing
4'-6-diamidino-2-phenylindole. The negative control tissues
were prepared in a similar manner, but the AQP1 and CAV1
antibodies were omitted from the incubation solution. The tissue sections were examined with an LSM 510 (Carl Zeiss, Seoul,
Korea) confocal microscope with an excitation wavelength appropriate for the Alexa Fluor dyes (405, 488, and 594 nm). Final
images were constructed using the LSM Image Examiner software.
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Fig. 1. Representative urodynamic profiles of control and bladder
outlet obstruction (BOO) bladders. (A) The contraction interval
was decreased significantly in the BOO group compared with the
control (*P<0.05). (B) The average contraction pressure was also
significantly increased in the BOO group compared with the
control. The graph denotes the means ±standard error of the
mean of 10 experiments for each condition. *P<0.05 versus control. Con, control.
group (6.7±1 minutes) (P<0.05). Conversely, the average contraction pressure was significantly higher in the BOO group
(21.2±3.3 mmHg) than in the control group (13.0±2.5 mmHg)
(P<0.05) (Fig. 1).

Statistical Analysis
The results are expressed as the mean±standard deviation, except the data for cystometric parameters, which are expressed
as the mean±standard error of the mean. The Mann-Whitney
test was used for statistical analysis, and tested the null hypothesis that no differences existed between the two groups in the
mean expression levels of AQP1 and CAV1. Differences were
considered significant at P<0.05.

Effect of BOO on the Expression of AQP1 and CAV1
AQP1 and CAV1 were coexpressed in the capillaries, venules,
and arterioles of the suburothelial layer (Fig. 2). Immunofluorescence studies revealed that, in terms of the cellular patterns
of labeling, the expression of AQP1 and CAV1 in the control
group was similar to that in the BOO group (Fig. 2). For both
groups, western blot analysis revealed bands at 28 kDa and 22
kDa corresponding to the AQP1 and CAV1 proteins (Fig. 3).
AQP1 and CAV1 protein expression was significantly increased
in the BOO rats compared to the controls (P<0.05) (Fig. 3).

RESULTS

DISCUSSION

All of the animals survived for 3 weeks after partial BOO. There
was no difference in body weight between the two groups. The
weight of the urinary bladders was significantly higher in the
BOO group (610±18.1 mg) than in the control group (132.4±
19.7 mg) (P<0.05). This finding indicated that partial BOO was
properly introduced.

This study demonstrated the coexpression of AQP1 and CAV1
in the suburothelial microvasculature and significantly increased
expression of these proteins following BOO in a rat model.
Cystometric results showed that the BOO bladder exhibited a
decreased voiding interval and increased voiding pressure compared to the control bladder, indicating detrusor overactivity.
Immunohistochemical experiments showed that AQP1 and
CAV1 were colocalized in the urinary bladder, specifically in
the capillaries, venules, and arterioles of the suburothelial layer.
These results provide evidence that BOO induces bladder insta-

Effect of BOO on Cystometric Parameters
In cystometrograms, the contraction interval was significantly
lower in the BOO group (2.9±1.5 minutes) than in the control
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Fig. 2. (A) Immunofluorescence labeling of aquaporin 1 (AQP1)
and caveolin 1 (CAV1) in the rat urinary bladder. AQP1 (green)
and CAV1 (red) coexpression (merge) was noted throughout the
capillaries, venules, and vascular smooth muscle. The expression
of AQP1 and CAV1 was increased in the bladder outlet obstruction (BOO) group. The horizontal scale bar at the bottom left of
each figure indicates the magnification power. (B) The lower
panel denotes the means±standard deviation of 10 experiments
for each condition as determined by relative densitometry. Con,
control; DAPI, 4'-6-diamidino-2-phenylindole.

http://dx.doi.org/10.5213/inj.2013.17.4.174

*
*

Con
Boo

0.8
0.4
0

AQP1

CAV1

B

Fig. 3. (A) Immunoblotting for aquaporin 1 (AQP1) and caveolin 1 (CAV1) in the rat urinary bladder. The anti-AQP1 antibody recognizes the 27–29 kDa bands that correspond to glycosylated AQP1. The anti-CAV1 antibody recognizes a 22 kDa
band. The anti-GAPDH antibody recognizes a 42 kDa band.
The expression of the AQP1 and CAV1 proteins was significantly increased in the bladder outlet obstruction (BOO) group.
(B) The lower panel denotes the means±standard deviation of
10 experiments for each condition, as determined by densitometry relative to GAPDH. Con, control; GAPDH, glyceraldehyde
3-phosphate dehydrogenase. *P<0.05.
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bility, and suggest that AQP1 and CAV1 might be closely associated with each other and play a role in the bladder dysfunction induced by BOO. To the best of our knowledge, this is the
first study to show the possible occurrence of signaling in the
suburothelial microvasculature via an interaction between
AQP1 and CAV1 in bladder dysfunction induced by BOO.
Many studies have suggested that the urothelium can mediate water and solute transport under certain conditions [17,18].
An epithelial sodium channel (ENaC) is known to be responsible for salt and fluid transport across the epithelia of many tissues. The role of ENaC in bladder dysfunction in male patients
with clinically detected BOO has been investigated [19]. The
expression level of ENaC was significantly greater in BOO patients than in controls, and their correlation was evident in the
www.einj.org
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patients’ storage symptom scores [19]. AQPs are a family of intrinsic membrane proteins that function as water channels in
many cell types involved in fluid transport [8]. Until now, however, data regarding the expression of AQPs in the urinary bladder has been limited. Previously, we investigated the effect of
BOO on the expression of AQP2–3 and nitric oxide synthase
(NOS) isoforms in the rat urothelium [14]. We reported that
detrusor overactivity induced by BOO causes a significant increase in the expression of AQP2–3, endothelial NOS, and neuronal NOS in the rat urinary bladder, suggesting that AQPs and
NOS isoforms have a functional role in BOO-associated bladder dysfunction [14].
CAV1, a structural protein of caveolae, plays a role in the
regulation of signal transduction pathways [11]. The CAV1
knockout mouse has been proposed as a novel animal model
exhibiting primary hypocontraction of the urinary bladder and
detrusor overactivity [13,20]. Loss of CAV1 is associated with
the disruption of muscarinic cholinergic activities, which leads
to impaired detrusor smooth muscle contraction [21]. Mice
lacking CAV1 in the bladder exhibit several urologic problems
such as a decreased contractility after stimulation with carbachol [13,22]. Bladder strips of CAV1 knockout mice generated
via genetic ablation of caveolae were found to be associated with
a 70% decrease in acetylcholine release from bladder nerve terminals [13]. However, the functional significance of these organelles in relation to the micturition response is not fully understood. Cristofaro et al. [23] studied the functional effects of
cholesterol depletion on specific agonist-induced bladder contraction and reported that CAV plays a central role in the regulation of G-protein-coupled signaling pathways involved in bladder smooth muscle contraction. Decreased numbers of caveolae were detected in the hypertrophied bladder smooth muscle
induced by BOO, highlighting the dynamic physiologic nature
of caveolae in the urinary bladder and their possible contribution to alterations in signal transduction pathways that regulate
bladder contraction [24].
However, to date, no study has investigated the relationship
between AQPs and CAVs in the suburothelium of the urinary
bladder or the changes in the functional activity of these proteins in response to BOO. However, a close functional interaction between AQP1 and CAV1 has been shown to regulate microvascular and alveolar epithelial permeability in the rat lung.
Gao et al. [25] reported that CAV1 knockdown by small interfering RNA resulted in increased microvascular and epithelial
permeability and pulmonary edema, suggesting that CAV1 plays
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an important role in regulating pulmonary permeability by
modifying AQP1. Our results suggest that BOO may lead to a
significant up-regulation of AQP1 and CAV1 expression in the
rat urinary bladder, providing presumptive evidence that these
proteins play a role in BOO-induced lower urinary tract symptoms, probably via modification of specific cellular transmission and signaling pathways specifically in the suburothelial
microvasculature. It has been demonstrated that a decrease in
blood supply to the urinary bladder occurs after BOO or bladder ischemia [26]. One possible reason for the influence of
BOO on AQP1 and CAV1 expression is the localization of these
proteins. The microvasculature is highly dependent on BOO
and increasing intravesical pressure [26].
A limitation of this study is that the precise functional relationship between AQP1 and CAV1 could not be fully understood. Nonetheless, for the first time, we demonstrated the coexpression of AQP1 and CAV1 in the rat urinary bladder and
their possible relationship with each other in the BOO rat model. However, we could not demonstrate actual functional changes in bladder activities by showing water or solute movement or
signal changes. Further studies are needed to investigate the expression and localization of all subtypes of AQPs and CAVs in
the urinary bladder and their functional role in the underlying
mechanisms of urinary bladder function. Understanding the
relationship between AQP1 and CAV1 would provide insights
into the cellular mechanisms of detrusor overactivity and may
suggest a new target for the pharmacological treatment of this
complex urologic symptom.
In conclusion, this study showed that detrusor overactivity
induced by BOO leads to increased expression of AQP1 and
CAV1, which were coexpressed in the suburothelial microvasculature of the rat urinary bladder. This finding suggests that
AQP1 and CAV1 might be closely related to bladder signaling
activity and may have a functional role in BOO-associated detrusor overactivity.
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