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Abstract
Objectives—We hypothesized that diabetes mellitus and associated changes in bladder function
triggered bladder wall tissue remodeling and concomitant alterations in the mechanical properties.
We thus investigated the time-course changes in function and mechanical properties of diabetic and
diuretic rat bladders using both in vivo and in vitro techniques.

Methods—Cystometry was performed at 2, 4 and 8 weeks on female SD rats that received either
single injection of streptozotocin (65mg/kg, i.p.) or 5% sucrose in drinking water for the duration of
experiments. At each time point, the biaxial mechanical properties of 10 mm × 10 mm tissue
specimens obtained from the posterior part of bladder wall were quantified. Changes in overall tissue
compliance and mechanical anisotropy as a function of time were examined.

Results—Both diabetic and diuretic conditions led to increases in bladder weight, bladder capacity
and in vivo compliance compared to controls at all time points tested. Under biaxial loading all bladder
wall tissues exhibited a non-linear stress-strain relationship and mechanical anisotropy, with greater
tissue compliance in the circumferential direction compared to the longitudinal direction. While the
compliance of bladder wall increased progressively and synchronously in both diabetic and diuretic
bladders up to 4 weeks, only diabetic bladders continued to increase the compliance up to 8 weeks
(diabetic: 0.64 ± 0.04 vs. diuretic: 0.48 ± 0.05, p=0.03).

Conclusions—Diuresis mainly contributes to the “early” changes of mechanical properties of the
bladder, with diabetes inducing further “late” changes of mechanical properties of the rat bladders
after 4 weeks.
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The prevalence of diabetes in the United States continues to increase. Over 50% of patients
with diabetes exhibiting bladder dysfunction characterized by large bladder capacity,
diminished bladder sensation, poor contractility and elevated post-void residual urine.1 These
conditions, such as incomplete bladder emptying can lead to chronic urine retention, recurrent
urinary tract infections and deterioration of the upper urinary tract.2 It has been suggested that
the diabetic bladder dysfunction may be induced by diabetic neuropathy and/or diuresis
associated with diabetes.3 Yet, to date, the impact of diabetes and diuresis at the tissue and
organ levels on specific functional and mechanical changes in the bladder remains
uncharacterized. Thus, to achieve a better understanding of the pathophysiology of diabetic
cystopathy, it is first necessary to elucidate the biomechanical changes that underlie the
progression of the diabetes cystopathy.

Since the bladder wall in vivo is stretched two-dimensionally during filling, planar biaxial
mechanical testing is necessary for realistic characterization of bladder tissue mechanical
properties.4 We previously conducted the first studies on the mechanical properties of
neurogenic bladders using this technique and demonstrated that following spinal cord injury,
bladder walls could undergo rapid structural and compositional remodeling, which resulted in
profound changes in bladder wall biomechanical behavior.5,6 Since bladder wall remodeling
and voiding dysfunction are also observed in diabetes,7,8 we hypothesize that the changes of
mechanical properties of the bladder wall are an important indicator of the bladder dysfunction
induced by diabetes. To gain insights into the relationship between bladder tissue mechanics
and diabetic cystopathy, we investigated the time-course changes in cystometric parameters
and passive biaxial mechanical properties of diabetic and diuretic rat bladder wall. This study
was designed to isolate the diuretic effects from the additional neuropathic and other metabolic
effects induced by diabetes on bladder tissue mechanics.

MATERIALS AND METHODS
Induction of diabetes and diuresis

Diabetes was induced in adult female Sprague-Dawley rats (weight 230 to 280gm; Hilltop
Laboratory, Pittsburgh, PA) by a single intraperitoneal injection (65mg/kg) of Streptozotocin
(STZ) (Sigma, St. Louis, MO) dissolved in an ice-cold 0.1 M citrate buffer. Blood glucose
level of these animals was checked one week after STZ injection and rechecked before sacrifice
to confirm diabetes (blood glucose >300 mg/dl). Chronic diuresis was induced by feeding 5%
sucrose in water. Normal rats were used for controls. All animals were cared and handled in
accordance with institutional guidelines and a protocol approved by Institutional Animal Care
and Use Committee of University of Pittsburgh (Pittsburgh, PA).

Cystometry
Cystometry was performed on control, diuretic and diabetic rats at 2, 4 and 8 weeks post-
treatment as described previously.9 Briefly, under urethane (0.1g./kg, s.c.) anesthesia, a
polyethylene tube 50 with a cuff at the end was inserted into the bladder through the bladder
dome after vertical midline laparotomy. Normal saline at room temperature (20 –22 °C) was
infused at a rate of 0.08ml/min to elicit repetitive micturition cycles and software package
(Windaq; Dataq Instruments, Akron, OH) was used for data collection. Saline voided from the
urethral meatus was collected and measured to determine voided volume. After constant voided
volumes were collected, the infusion was stopped temporarily; residual volume was measured
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by withdrawing intravesical fluid through the catheter, first by gravity and then by manually
expressing the bladder.10 Bladder capacity (BC) was calculated as the sum of voided volume
(VV) and volume of residual urine (collected by manual expression). Voiding efficiency (VE)
was estimated: VE (%) = [(VV/BC) × 100]. The maximal voiding pressure was measured, and
bladder compliance was calculated (BC divided by difference in the pressure threshold and
baseline pressure).

Tissue preparation for biaxial mechanical testing
After cystometry, the bladders were harvested, placed immediately in modified Kreb’s solution
(containing 113mM. NaCl, 4.7mM. KCl, 1.2mM MgSO4, 25mM NaHCO3, 1.2mM
KH2PO4, 11.5mM glucose, and 1mM egtazic acid) and refrigerated at 4°C for 48 hours. The
specimen preparation solution and protocol were developed to ensure that no spontaneous
contractions would occur during testing but otherwise live, intact tissue was maintained.5
Before mechanical testing, each bladder was opened along the urachus, and the trigone and
apex were removed. The posterior part of bladder wall was trimmed to a 1.0 × 1.0 cm square
with the edges parallel to the orthogonal longitudinal (base-apex) and circumferential
directions, which were in reference to the original anatomical orientation.

Passive Biaxial mechanical behavior
Biaxial testing device and procedures for the bladder wall have been previously described in
detail.5 In brief, prepared test specimens were mounted on the biaxial device in a trampoline-
like fashion using two suture line pairs per side, which allowed the edges to expand freely in
the lateral direction. Loads were monitored along both orthogonal axes by two load cells during
the testing. Stresses along the longitudinal (TL) and circumferential (TC) axes were determined
in the Lagrange sense (measured force/unloaded cross-sectional area). The in-plane tissue
deformation was determined by tracking the position of four markers affixed to the specimen
surface, placed in the central region (about 2–3 mm square) of the specimen. From these
deformation data the in-plane stretches (=current length/initial length) along longitudinal
(λL) and circumferential (λC) axes were calculated.

The specimens were tested at room temperature in modified Kreb’s solution. An initial
equibiaxial stress protocol was performed to mechanically precondition the tissue specimen.
The preconditioning protocol consisted of 12 loading-unloading cycles from an initial 0.5g
load (1–2kPa stress, depending on the thickness of the specimen) to the maximal stress (100
kPa) with a loading period of approximately 15 seconds. This stress level showed a repeatable
mechanical response without evident tissue damage.5 All test protocols maintained a constant
ratio of the axial stress (TC:TL) throughout cycling. To quantify the overall tissue compliance,
the areal strain under 100 kPa equi-biaxial stress computed as λLλC −1, and expressed the
fractional change in area between the unloaded and loaded states. The degree of mechanical
anisotropy was measured by the ratio (λC−1)/(λL−1), which indicated the differences in
mechanical response along the circumferential and longitudinal axes.

Statistical analysis
All data were expressed as mean ± standard error. Two-way analysis of variance with
Bonferroni post-hoc test was used to examine the differences in cystometric parameters,
bladder compliance and areal strain of control, diuretic and diabetic rats at 2, 4, and 8 weeks
in each group. For all statistical tests, p≤0.05 was considered significant.
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Results
General characteristics

Diabetic rats exhibited 12 ± 5% weight loss while diuretic rats exhibited 13 ± 7% weight gain
from the initial body weight during the 8-week period (table 1). Blood glucose levels of diabetic
rats were 4 to 5 times higher than those of control and diuretic rats. Bladder weights of diuretic
and diabetic rats were approximately twice greater than those of control rats.

Cystometry
Cystometry revealed that mean bladder capacity and compliance increased in all treated rats
compared with controls in table 1. Though diabetic rats had significantly decreased voiding
efficiency, mean maximal voiding pressure was similar in all groups. The bladder compliance
of diabetic and diuretic rats increased progressively and synchronously over the 4-week
treatment period. The compliance of the 8-week diabetic bladders was significantly greater
than that of the 8-week diuretic bladders (0.59±0.06 versus 0.40±0.05, p=0.03).

Biaxial mechanical behavior
The cystometry results were most easily compared to the biaxial data by examining the areal
strain (Fig. 1-a). Here, in diabetic and diuretic rats, areal strain increased progressively and
synchronously over the 4-week treatment periods. Moreover, the areal strain was similar in 4-
week and 8-week diuretic bladders (0.47±0.05 versus 0.48±0.05, p=0.87). However, the areal
strain of 8-week diabetic bladders was significantly greater than that of 4-week diabetic
bladders (0.64±0.04 versus 0.46±0.04, p=0.01) and 8-week diuretic bladders (0.64±0.04 versus
0.48±0.05, p=0.03). These results indicated continued remodeling of the bladder wall after 4
weeks in the diabetic state.

More detailed observations of the progressive changes in tissue mechanical behavior were
apparent in the stress-stretch curves (Fig. 2). Similar to many soft biological tissues, the
mechanical behaviors in both the circumferential and longitudinal directions were nonlinear
with increasing stiffness at higher stretches. This behavior was maintained over all time points
studied. The extensibility along the circumferential axis at both time points was greater than
that along the longitudinal axis, indicating the presence of substantial mechanical anisotropy
along the bladder walls. Interestingly, the degree of mechanical anisotropy increased
progressively and synchronously in both groups up to 4 weeks, but did not exhibit any further
changes afterwards (Fig. 1-b). No differences in the degree of mechanical anisotropy were
observed between test groups at any time point.

DISCUSSION
The present study provided evidence that compared to controls, diabetic and diuretic rats
exhibited striking increases in bladder weight, bladder capacity and in vivo compliance at 2,
4, and 8 weeks as seen in previous studies.3,8,11,12 Though there were no age-match controls,
we presumed that these increases were not due to aging of the animals based on a previous
report by Tammela et al that demonstrated only a small and non-significant age-related increase
in micturition volumes in Sprague-Dawley rats during the 60-day study period13. In addition,
only the diabetic rats had decreased voiding efficiency. Since the maximal voiding pressure
achieved by the diabetic groups was similar to that of the controls, decreased voiding efficiency
may be due to elevated resistance or inability to relax the urethra caused by diabetic
urethropathy,9 but not due to decreased bladder contractility. Further investigation, however,
is necessary to determine the smooth muscle contractility and/or active state biomechanical
properties of the normal and diabetic bladders.
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Previous studies have showed that diabetic and sucrose-fed rats similarly increase water
consumption and consequently increase urine output that lead to overloading of the bladder
wall.3,8 In addition, patients with polyuric syndromes (e.g. nephrogenic diabetes insipidus and
psychogenic polydipsia) develop enlarged and highly compliant bladders.14 Thus, these reports
and our study suggest that diuresis per se may induce profound changes in the physical
properties of the bladder wall.3,8 It should be noted, however, enlarged bladder and chronic
urine retention are not necessarily the only causes of increased compliance, as evidenced by
bladder outlet obstruction animals having large, but poorly compliant bladders.15

It has been reported previously that both STZ diabetic and sucrose-fed diuretic rat bladders are
more compliant compared to normal, but there exists some discrepancy between reports.3,12

While one study showed that the pressure-volume data of diuretic rats were nearly identical to
those from diabetic rats,3 a study by another group reported that STZ rats had more compliant
bladders than diuretic rats.12 Our mechanical study demonstrated that both tissue and organ
compliance of diabetic and diuretic rat bladders were similar up to 4 weeks, but that diabetic
bladders were significantly more compliant at 8 weeks. Our previous study has also showed
the time-dependent alternations are different in gene expression, nerve growth factor, collagen
and elastin synthesis between diuretic and diabetic rat bladders.16,17 Based on the timing of
these events, it can be speculated that the progression of neuropathy and tissue remodeling may
be related to the diabetes-specific changes in the mechanical properties of bladder wall. Taken
together, these data suggest that diuresis mainly contributes to the “early” changes of the
mechanical properties of bladders during the 4-week treatment period, with further or “late”
changes in 8-week diabetic bladders induced by other diabetic effects.

In addition to the changes in compliance, the results of the present study provided detailed
information on the mechanical anisotropy of bladder tissues (a greater compliance in the
circumferential direction than in the longitudinal direction), which could not be assessed by
cystometry or conventional uniaxial tensile tests. Anisotropic mechanical behavior is
characteristic of soft biological tissues that have an aligned network of smooth muscle fibers
and the extracellular matrix.18 Using a mathematical model, Damaser et al have showed that
oblate spheroid bladders can achieve greater compliance than either spherical or prolate
spheroidal bladders.19 In contrast, low compliance bladders, often observed in patients with
high grade deformity of bladder shape, were described as pine tree shape resembling prolate
spheroid.20 It is, therefore, possible that the changes in the mechanical behavior may be a
manifestation of morphological adaptation of the bladder from prolate to oblate spheroid in
order to achieve greater compliance necessary for the increased urine storage volume.

The changes of mechanical properties induced by diabetes are not limited to simple increases
in extensibility, but include more complex alterations in the biaxial mechanical behaviors.
These phenomena may be due to the reorganization of constituents such as collagen, elastin
and smooth muscle cell fibers in amount, orientation or perhaps in the way that they interact
with each other. Using similar animal models, Liu and Daneshgari have showed that rapid,
marked remodeling of the bladder wall and reorganization of the relative structural relations
among the major tissue components in the morphology study.8 Moreover, Gray et al have
demonstrated molecular-level changes in the extracellular matrix proteins of the bladder in
diabetic animals.16 Together with the results of the present study, it can be concluded that the
changes in the mechanical behavior of the bladder wall due to the complex tissue remodeling
events are an important indicator of the diabetic bladder dysfunction.

CONCLUSIONS
The present study provided the first known data on the passive biaxial mechanical properties
of diuretic and diabetic bladders for up to eight weeks. Our time-course study suggests that
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diuresis mainly contributes to the “early” changes of the bladder wall, with diabetes inducing
further “late” changes of mechanical properties of the bladders. Thus controlling serum glucose
levels with adequate diet and fluid intake may be an important step to prevent progressive
bladder dysfunction caused by diuresis in the early stage of diabetes.
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Figure 1.
(a) Changes in areal strain for both diuretic and diabetic bladders up to 8 weeks. Unlike the
diuretic group, the diabetic group demonstrated continued increase in tissue compliance at 8
weeks compare to 4 weeks. (b) Both groups exhibited a progressive and synchronous increase
in mechanical anisotropy up to 4 weeks, with no further changes observed afterwards. Legend:
Black circle = control bladders; white circles = diuretic bladders; black triangles = diabetic
bladders. * - Significant differences (p<0.05) from controls; † - from diuretic rats of the same
week; || - from 2-week diabetic bladders; and # - from 4-week diabetic bladders.

Wang et al. Page 8

Urology. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Mean stress-stretch responses for the equi-biaxial protocol for all test periods, demonstrating
nearly identical response for both groups up to four weeks. Unlike the diuretic group, the
diabetic group demonstrated continued increase in tissue compliance at 8 weeks compared to
4 weeks.
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