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Abstract

Purpose—Diabetes mellitus (DM) causes diabetic bladder dysfunction (DBD). We aimed to

identify the pathogenic roles of polyuria and hyperglycemia on DBD in rats.

Materials and Methods—Seventy-two female Sprague-Dawley rats were divided: age-matched

controls (control), sham urinary diversion (sham), urinary diversion (UD), streptozotocin-induced

diabetes after sham UD (DM), streptozotocin-induced diabetes after UD (UD+DM), and 5%

sucrose-induced diuresis after sham UD (DIU). UD was performed by ureterovaginostomy 10d

before DM induction. Animals were evaluated 20 wks after DM or diuresis induction. We

measured 24-hr drinking and voiding volumes and cystometry (CMG). Bladders were harvested

for quantification of smooth muscle, urothelium, and collagen. We measured nitrotyrosine and

manganese superoxide dismutase (MnSOD) in bladder.

Results—Diabetes and diuresis caused increases in drinking volume, voiding volume and

bladder weight. Bladder weights decreased in the UD and UD+DM groups. Intercontractile

intervals, voided volume, and compliance increased in the DIU and DM groups, decreased in the

UD, and further decreased in the UD+DM group. The total cross-sectional tissue, smooth muscle

and urothelium areas increased in the DIU and DM groups, and decreased in the UD and UD+DM

groups. As percentages of total tissue area, collagen decreased in the DIU and DM groups, and

increased in the UD and UD+DM groups, and smooth muscle and urothelium decreased in the UD

and UD+DM groups. Nitrotyrosine and MnSOD increased in DM and UD+DM rats.

Conclusions—Polyuria induced bladder hypertrophy, while hyperglycemia induced substantial

oxidative stress in the bladder, which may play a pathogenic role in late stage DBD.
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INTRODUCTION

Diabetic bladder dysfunction (DBD), a collective description of clinical symptoms including

decreased sensation, increased capacity, poor emptying1, and detrusor overactivity2, is

among the most common and costly complications of diabetes mellitus (DM). It is estimated

that DBD occurs in approximately 87% of individuals diagnosed with DM, a higher rate

than that of widely recognized complications such as neuropathy (60%) and nephropathy

(50%)1,3. DBD substantially affects quality of life4. In murine models we have shown that

DM induces time-dependent alterations in bladder morphometry5, function6, contractility7,

innervation and vasculature8. Yet, the pathogenic mechanisms of DBD are poorly

understood.

The bladder, unlike most organs affected by DM, experiences both hyperglycemia and an

increased volume of urine, or polyuria. Hyperglycemia-induced pathophysiological changes

have been studied extensively, and oxidative stress (OS) has been shown to play an

important role in multiple diabetic complications9,10. We have previously shown that

polyuria plays an important role in the temporal changes of DBD and its manifestations5–8.

However, to date, the independent contributions of hyperglycemia and polyuria to the

development and progression of DBD are not known. Separating those two precursors of

DBD may help us clarify their roles and identify the appropriate targets for alleviating or

reversing DBD.

In the current study we used rat models of diuresis, urinary diversion (UD), type I DM to

determine the independent and relative roles of polyuria and hyperglycemia in DBD

pathogenesis.

MATERIALS AND METHODS

Experimental animals and design

Seventy-two female Sprague-Dawley rats (10 wks-old, Harlan Laboratories, Inc.,

Indianapolis, IN), were used in this study. Rats were randomly allocated to one of six

groups: age-matched controls (control), sham urinary diversion (sham), urinary diversion

(UD), streptozotocin (STZ)-induced diabetes after sham urinary diversion (DM), STZ-

induced diabetes after urinary diversion (UD+DM), and 5% sucrose-induced diuresis after

sham urinary diversion (DIU). DM was induced by a single intraperitoneal injection of STZ

dissolved in 0.1 M citrate buffer, 35mg/kg. Animals with blood glucose >300mg/dl 72hr

after STZ injection were classified as diabetic. Diuresis was induced by adding 5% sucrose

to the rats’ normal drinking water. UD or sham procedures were performed 10d prior to

administering STZ injection, 5% sucrose water, or STZ vehicle (citrate buffer). UD was

performed by surgical ureterovaginostomy as described recently by us11. The sham

procedure included laparotomies and the identification of ureters. No surgery was performed

in age-matched controls. To prevent excessive hyperglycemia, weight loss and ketonuria,

DM rats received one-sixth (or more when needed) of Linplant sustained-release insulin

implants (LinShin, Toronto, Canada) every 2 months. Our previous experience demonstrated

that this protocol allows us to maintain healthy DM rats. Blood glucose was measured
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weekly, and glycated hemoglobin (HbA1c) (in2it™ analyzer, Bio-Rad, Hercules, CA) every

4 wks.

Each group was evaluated for 24-hr drinking and voiding volumes or conscious cystometry

(CMG) 20 wks after DM or diuresis induction. The bladders from half of the animals (n=6

per group) were removed at the level of the bladder neck, weighed, and sectioned at the

equatorial midline. The top half of the bladder was allowed to equilibrate for 15 min at room

temperature in physiological buffer and then fixed in 10% formalin for morphological

examination and quantification of smooth muscle, urothelium, and collagen. The bladders

from the remaining animals (n=6 per group) were harvested for evaluation of OS indirectly

by measuring the levels of nitrotyrosine and manganese superoxide dismutase (MnSOD) in

bladder. All of the animals were sacrificed by injection of pentobarbital (200 mg/kg, ip). The

experimental protocol was approved by the Case Western Reserve University Institutional

Animal Care and Use Committee.

Urinary diversion

UD was performed by surgical disconnection of the ureters from the bladder and

implantation to the uterine cervix as described previously by us11. The ureters were

identified and ligated distally. Two small orifices were made using a drill (Dremel, Model

770, Racine, WI) in the uterus cervix and 1–2 mm of ureter was brought through the orifice

and secured to the cervix with one suture close to the medial side (3 or 9 o’clock point). The

abdomen was closed by simple suturing.

24-hour drinking and voiding volume measurement

Twenty-four hour drinking and voiding volumes were measured as described previously5.

Briefly, rats were placed in individual metabolic cages (Nalgene, Nalge Company,

Rochester, NY). After 24-hr acclimation, a known volume of water or 5% sucrose was

placed in the drinking bottles. Clean plastic beakers were used to collect urine. At the end of

24hr, the remaining volume in the drinking bottles and voiding volumes were measured. The

consumed volume was calculated.

Suprapubic bladder catheter implantation and conscious CMG measurement

Catheter implantation was performed as described previously11. The bladder was exposed

and a circular purse string suture of 7-0 silk was placed on the bladder wall. A small incision

was made in the bladder wall and the catheter (PE-50 tubing with a flared tip) was

implanted; a purse string suture was tightened around the catheter. The catheter was

tunneled subcutaneously and externalized at the back of the neck. The distal end of the

tubing was sealed, and the incisions were closed.

CMG was performed 2d later. The bladder was filled via catheter with 0.9% saline (10ml/hr

for DM and DIU groups, 5 ml/hr for other groups12) while bladder pressure was recorded.

The data on at least 5 representative micturition cycles were collected and means were

calculated for analyzing the CMG parameters including intercontraction interval, peak

pressure, and voided volume. In addition, functional capacity (multiply intercontraction
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interval by infusion rate) and bladder compliance (functional capacity divided by the

difference between basal and threshold pressures) were calculated.

Bladder fixation, staining and image analysis

The bladder cross-sections at the equatorial midline were sectioned and stained with

Masson’s trichrome. The sections were analyzed with Image-Pro Plus 5.1 image analysis

software (Media Cybernetics, Bethesda, MD)5. This software can distinguish regions stained

with different colors and can accurately measure such areas by counting the pixels and

converting pixels to square millimeters. This color segmentation method was employed to

determine the whole cross-sectional area and the tissue areas that were stained “pink”

(urothelium), “blue” (collagen), and “red” (smooth muscle). The percentages of each

component in the total tissue area were calculated.

Immunoblotting

Proteins were separated by SDS-PAGE, then transferred to nitrocellulose membranes,

probed with a primary antibody (anti-nitrotyrosine [sc-65385, 1:200], rabbit anti-MnSOD

[sc-30080, 1:500], Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and then incubated

with the secondary antibodies. The membrane was also incubated with mouse anti β-actin

antibody (A1978, 1:5000, Sigma-Aldrich, St Louis, MO). Band intensities were evaluated

using Scion Image Beta 4.02 software (Scion Corporation, Frederick, MD). The intensity of

each target band was divided by that of the β-actin band of the same sample, and then

expressed relative to the age-matched control group.

Statistical analysis

All data are expressed as the mean ± standard error of the mean. Comparisons of

intercontraction interval in CMG measurements were made using two-tailed t test because of

the different infusion rate. All other comparisons among 6 groups were performed using

one-way analysis of variance followed by multiple pair-wise post hoc comparisons using

Prism 4 (GraphPad, La Jolla, CA). P<0.05 was established as statistically significant.

RESULTS

General characteristics

The initial body weight was similar among the six groups (Table 1). Twenty wks after

induction, the DM and UD+DM groups weighed less than the control, sham, and DIU

groups. The mean blood glucose levels of the DM and UD+DM rats were approximately 4

times higher than control, sham, and DIU rats.

24-hour drinking and voiding volume

There were no significant differences in 24-hr drinking and voiding volumes among control,

sham, and UD rats (Table 2). Those animals drank between 34–55 ml and voided between

16–28 ml within a 24-hr period. However, DIU, DM, and UD+DM rats showed significantly

increased 24-hr drinking volumes (about 5 times more) and urine output (about 10 times

more) compared with control, sham, and UD rats. In addition, drinking and voiding volumes
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were higher in the UD+DM group compared to the DM group, possibly due to better

glucose control in the latter group (Table 1).

CMG measurement

All rats showed a regular and periodic emptying of the bladder assessed by concious CMG

(Figure 1). DM and DIU rats had significantly increased voided volumes and compliance

compared with the control, sham, UD, and UD+DM groups, whereas no significant

differences were found between the DM and DIU groups (Table 3). UD rats had a decreased

intercontraction interval, voided volume and compliance compared with the control and

sham groups, furthermore the UD+DM rats showed a significant decrease compared with

UD group. There were no significant differences in peak pressure among the six groups.

Morphometric analysis

Morphologically, the bladders in the control and sham groups were similar (Figure 2).

Bladder hypertrophy, lumen dilation, and lumenal folds were noted in the DM and DIU

groups. In contrast, the UD and UD+DM rat bladders had smaller lumens with

conspicuously inapparent folds, and showed obvious bladder atrophy. The total cross-

sectional bladder wall areas at the equatorial midline were significantly increased in the DM

and DIU groups and decreased in UD and UD+DM groups (Table 4). When expressed as

percentage of the total tissue area, the percentages of urothelium and detrusor muscle

decreased in the UD and UD+DM groups.

Immunoblotting

Immunoblotting revealed no significant differences in nitrotyrosine and MnSOD among

control, sham, DIU, and UD groups (Figure 3). However, nitrotyrosine and MnSOD levels

increased in the DM and UD+DM groups compared with other groups.

DISCUSSION

The current data supports earlier work indicating that polyuria can induce bladder

hypertrophy independently. The bladder weight increased in the DIU and DM groups

compared with control and sham groups, but not in the UD+DM group compared with UD

group, suggesting that hyperglycemia-induced polyuria is the only reason for bladder

hypertrophy in DM. The details of the pathways leading to the increase in bladder mass in

response to polyuria need further investigation, but it is clear that the bladder remodels in

response to alterations of urine volume and rate of filling of the bladder, and perhaps to the

osmolality of the urine. Regardless of the initiating step, changes induced by polyuria can

stimulate DNA synthesis, which in turn results in increased cell mass and hyperplasia13.

CMG results showed that the functional bladder capacity, voided volume, and compliance

increased in both the DIU and DM groups. These similarities between the DM and DIU

group suggest that the altered bladder function in diabetic animals resulted mostly from

polyuria. However, the similarities in the above CMG parameters between the DM and DIU

groups do not preclude additional effects of hyperglycemia. Unfortunately, we did not

collect residual volume data on these animals and do not know their true bladder capacities.
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Therefore, we cannot comment on decreased voiding efficiency in DM rats compared with

DIU rats. The data from UD versus UD+DM provided some clues about the effects of

hyperglycemia on bladder function. We found significant decreases in intercontraction

intervals, functional bladder capacity, voided volume, and compliance in UD+DM group

compared with UD group, suggesting that these differences resulted only from

hyperglycemia in the UD+DM rats.

The altered bladder function can be explained partially by the morphological findings and

changes in the tissue components. In control animals, collagen accounted for approximately

one third of the bladder wall mass, and the detrusor muscle was more than 40%. An

appropriate ratio of smooth muscle and connective tissues maintains appropriate bladder

compliance14. The observed reduced detrusor muscle mass and resulting increased collagen

percentage likely contributed to the reduced compliance in UD and UD+DM rats, whereas

the disproportionately increased muscle mass contributed to increased compliance in the

DIU and DM groups. In the functional study, we found that UD+DM rats had significantly

decreased voided volume and compliance compared to UD group, illustrating the effects of

hyperglycemia. However, we did not find evidence of morphological differences in UD

versus UD+DM animals, except the trend of reduced urothelium folds and urothelium tissue

area in UD+DM compared with UD rats. The molecular constituents of the extracellular

matrix (ECM) were likely altered in the bladders of UD+DM rats, which led to the observed

functional differences between the UD+DM and UD rats. The impact of DM on the ECM of

vascular walls has been well studied with changes including shifted collagen subtype,

increased collagen, and decreased elastin15–17. The ECM in the bladder is made up primarily

of types I and III collagen18. A shift from type I to type III collagens was found in patients

with neurogenic bladders and obstructed human bladders19. In addition, cellular- and

molecular-level changes in neurogenic (nerve innervation), myogenic (contraction related

proteins), and urogenic (sensory function related molecules) components may result

specifically from hyperglycemia. Further molecular level investigations of the changes in

ECM and other molecular constituents in the above animal models are needed to clarify the

effects of polyuria and hyperglycemia on the remodeling and function of the bladder in

diabetes.

The effects of long-term DM-associated OS have been recognized as important pathogenic

components of diabetic complications9,10. Diabetes has been associated with altered

mitochondrial morphology20, followed by uncoupled mitochondria, with increased electron

leakage and generation of reactive oxygen species (ROS)21. Several previous studies have

reported a plausible role of OS in the pathogenesis of DBD4,22,23. However, it is not clear if

the OS is induced by hyperglycemia alone or if polyuria also plays a role in this process.

Nitration of tyrosine residues on proteins is mediated by reactive nitrogen species such as

peroxynitrite anion and nitrogen dioxide. Nitrotyrosine has been detected in a large number

of pathological conditions and is considered a marker of NO-dependent, reactive nitrogen

species-induced nitrative stress24. On the other hand, the extent of damage due to oxygen

radicals is largely determined by the activity of free radical scavengers, such as superoxide

dismutases (SOD). MnSOD is the most important isozyme in DM because mitochondrial

respiration is the major source of hyperglycemia-induced intracellular ROS production25,26.

We found increases in nitrotyrosine and MnSOD in DM and UD+DM rats but no significant
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changes among control, sham, DIU, and UD groups. These data suggest that hyperglycemia

alone leads to OS-induction in bladder. The increase in MnSOD levels is probably due to the

compensatory response of tissues to excessive OS products. Antioxidant enzymes are

frequently upregulated with increased OS. A previous study using microarray analysis also

showed upregulation of mitochondrial enzymes involved in antioxidation (MnSOD,

chloramphenicol acetyl transferase and glutathione reductase) in the bladder of DM

animals27. Hyperglycemia-induced OS may play an important role in the later stage of

DBD. OS causes alterations of proteins, lipids and DNA, leading to organ dysfunction.

Using a rabbit model of alloxan-induced diabetes, the decrease in the contractility of the

detrusor smooth muscle has been shown to be associated with increased lipid peroxidation

products22.

A limitation of using the UD model to observe the effects of hyperglycemia on the bladder

is that the atrophied state of the bladder in UD could mask or enhance the specific effects of

hyperglycemia. Masking could occur as a result of the significant decreases in detrusor

muscle and urothelium masses, which may weaken the effects of hyperglycemia.

Enhancement could result from the probable inability of the atrophied bladder to defend

against the insults of hyperglycemia as efficiently as a normal or hypertrophied bladder.

CONCLUSIONS

Our findings suggest that polyuria and hyperglycemia independently contribute to the

pathogenesis of DBD. Polyuria causes significant bladder hypertrophy, which is also seen in

induced diuresis, whereas chronic hyperglycemia induces OS in the bladder, which may

play an important role in the failure of bladder function seen in late stage of DBD.
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Figure 1.
Representive tracings of conscious cystometrogram (CMG) from control, sham, DIU, DM,

UD, and UD + DM rats 20 wk after DM or diuresis induction (from top to bottom). The

infusion rate is 5 ml/hr for control, sham, UD, and UD + DM rats; 10 ml/hr for DIU and DM

rats. Abbreviations: DIU, 5% sucrose-induced diuretics after sham urinary diversion; DM,

diabetes mellitus; UD, urinary diversion.
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Figure 2.
Representative images of Masson’s trichrome staining of equatorial sections of urinary

bladders from control, sham, DIU, DM, UD, and UD + DM rats 20 wk after DM or diuresis

induction, showing smooth muscle (outer magenta), collagen (blue), and urothelium (inner

light magenta). Scale bar, 500 µm. Abbreviations: DIU, 5% sucrose-induced diuretics after

sham urinary diversion; DM, diabetes mellitus; UD, urinary diversion.
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Figure 3.
Representative immunoblotting results and quantitative analysis of nitrotyrosine (A, B) and

MnSOD (C, D) levels in the bladder in control, sham, DIU, DM, UD and UD + DM rats 20

wk after DM or diuresis induction (n=4 per group). Each lane was from a single rat.

Quantitative data are presented as mean plus standard error of the mean. Asterisks indicate

significant differences compared with the value of control, sham, DIU and UD groups

(P<0.05). Abbreviations: DIU, 5% sucrose-induced diuretics after sham urinary diversion;

DM, diabetes mellitus; UD, urinary diversion.
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Table 2

24-hour drinking and voiding volumes.

Drinking volume
(ml)

Voiding volume
(ml)

Control 34.6±3.5 16.3±2.1

Sham 35.2±2.1 19.2±2.2

DIU 130.4±15.5a 110.1±12.5a

DM 181.0±25.0a 171.3±28.1a

UD 55.8±7.9 28.0±5.0

UD+DM 257.5±30.4a 224.0±28.1a

Values are expressed as means plus or minus standard error of the mean of 6 individual rats.

a
significantly different from corresponding value in control, sham, and UD groups (P <0.01).

Abbreviations: DIU, 5% sucrose-induced diuretics after sham urinary diversion; DM, diabetes mellitus; UD, urinary diversion.
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