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Objectives: To review studies that investigated the role of 
polyuria on bladder function. Methods: We performed a 
search of the English literature through PubMed. We only 
included animal studies that assessed parameters of blad-
der function and had compared diabetic and non-diabetic 
polyuric animals. Results: Fluid intake and urine output were 
increased in diabetic and polyuric animals; failure to appro-
priately gain weight was seen in diabetics only. All but 1 
study reported increase in bladder weight in both groups. In 
cystometrograms, control mice showed reductions in basal 
bladder pressure over time, whereas diabetic and diuretic 
groups stabilized or increased. Both groups showed larger 
bladder capacity. Overall, many characteristic changes in 
cystometrographic studies in diabetic animals could be 
attributed to polyuria. In histological studies, bladder hy-
pertrophy, increase in smooth muscle and urothelium, and 
increase in protein and DNA content per bladder were ob-
served in diuretic and diabetic rats. Actual collagen cross-
sectional area did not change during the progression of di-
abetes or diuresis but decreased over time in both groups 
as a percentage of total tissue area. Both groups expressed 
less type I collagen mRNA and TGF-beta-1 mRNA. Conclu-
sions: Although lower urinary tract changes in anatomy and 
function in diabetic patients might arise from a number of 
causes, polyuria seems to play an important causative role.
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Introduction

Diabetes mellitus (DM) is a metabolic disorder that 
is characterized by defects in insulin secretion and/or in-
sulin action, resulting in hyperglycemia [1]. Centers for 
Disease Control and Prevention estimated in 2010 that 
diabetes affects 25.8 million people in the U.S., 8.3% of 
the population, including 7.0 million diabetic individuals 
who were undiagnosed [2]. Urologic complications, in-
cluding diabetic bladder dysfunction (DBD), sexual dys-
function, and urinary tract infections, are among the most 
common, totally accounting for over 50% of diabetic in-
dividuals [3]. Among those, the most common urologic 
complication of diabetes is DBD [4, 5] or diabetic cysto-
pathy [6–11].

Polyuria is one of the most prevalent and first present-
ing symptoms in diabetic patients. Although there have 
been many studies on effects of diabetes on bladder func-
tion and anatomy, the role of polyuria as an independent 
factor has been assessed only by a small number of stud-
ies.

In the current study, we reviewed the results of studies 
which were carried out to investigate the role of polyu-
ria on bladder function. We performed a search of the 
English literature through PubMed. The key words used 
were “polyuria” or “diuresis”, “diabetes” and “bladder 
dysfunction”. We only included those that had been done 
on animals, assessed parameters of bladder function, and 
compared diabetic and non-diabetic polyuric animals. 
We excluded human studies. Fourteen articles were re-
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viewed totally. Our review of the published data and 
perspective are provided for consideration of the future 
direction of research.

Materials and Methods

Animals
Male Sprague-Dawley rats were used in 11 studies, however, 

female rats were studied in 1 study; also, 1 study used mice and 
a rabbit was involved in another. Animals received free access to 
food and water, except when indicated.

Induction of Diabetes
In all studies diabetes was induced in the rats with a single 

injection of streptozotocin (60–65 mg/kg, intraperitoneally or via 
the lateral tail vein) in ice-cold 0.01–0.02 M sodium citrate buf-
fer. Successful induction of diabetes was assessed by decreases 
in rat weight and confirmed by measurement of serum glucose 
concentration. Rats were assessed 1 day to 20 weeks after the in-
duction of diabetes, according to study design. In 1 study focusing 
on long-term effects of diabetes, rats were studied for 6 months.

Polyuric Group
Rats were given 5 % sucrose in tap water to drink instead of 

water. This was continued until the day of experimentation. Rats 
were used 1 day to several weeks after beginning sucrose treat-
ment, based on study design. The remaining group of control rats 
received tap water to drink.

Catheter Implantation and Conscious Cystometrography 
(CMG)
In 8 studies, either an in vivo and/or in vitro CMG were done. 

A suprapubic bladder catheter was implanted. A small incision 
was made in the bladder wall and the catheter was implanted and 
fixed. The distal end of the tubing was sealed and the incisions 
were closed. CMG was performed a few days later according to 
study design. The bladder was filled via a catheter with 0.9% sa-
line, while bladder pressure was recorded. Number of micturition 
cycles differed, but the means were calculated to analyze CMG 
parameters, including intercontraction interval, peak pressure and 
voided volume. In addition, functional capacity and bladder com-
pliance were calculated.

Results

Fluid Intake
In all studies, there was an increase in fluid intake in 

diabetic and sucrose-drinking groups [12–17]. Moreover, 
when this trend was examined more accurately, gradual 
increases in water consumption and urine excretion in 
diabetic rats were observed during the first 2 weeks af-
ter onset of diabetes [12]. Following streptozotocin, 24-h 
diuresis increased rapidly to stabilize within 2 weeks at 
a level 15 times higher than the original. This was ac-

complished initially by an increase in the micturition 
frequency and then gradually by an increased micturi-
tion volume [18]. A different pattern was observed with 
sucrose-drinking rats, where maximal fluid consumption 
and excretion occurred during the first day after con-
sumption of sucrose solution. The amount of fluid con-
sumed and excreted declined slightly during the next 2 
weeks, but then gradually increased back to maximal val-
ues at 1 and 2 months [12].

Urine Output
The average 24-h urine output for sugar-fed and di-

abetic animals was several folds greater than control. 
While studies showed similar increasing trends in both 
groups, the data on urine output comparison between 
diabetic and sucrose-drinking group was not completely 
consistent.

A few studies showed that in long term, volumes in-
creased to a much lesser extent in the sucrose-drinking 
rats than in the diabetics [12, 15, 19], although still sig-
nificantly greater than control values after 14 days of 
treatment [12]. Levin et al. [14] therefore suggested that 
functional bladder capacity is under neuronal regulation 
and the change in capacity is not a sole function of the 
increased bladder mass which occurs at a later time.

The pace of this increase in urine volume occurs has 
been investigated. Tammela et al. [12] showed that vol-
umes are not significantly increased compared with con-
trol until 7 to 14 days after start of sucrose treatment. 
Daneshgari et al. [19] also showed that the 24-h urine 
output of the diuretic rats increased after week 3 and be-
came stable after week 9. Interestingly, Tammela et al. 
[12] found significant differences compared with con-
trols as soon as the first day after induction of diabetes, 
however, Levin et al.’s results were different in that the 
increase in micturition volume developed more gradually 
albeit in a parallel fashion with diuretic group [14].

In more details, Tammela et al. [12] described that af-
ter induction of diabetes there were gradual increases in 
mean and maximal micturition volumes in diabetic rats, 
with loss of the light-dark cycle differences. Similar in-
creases in mean volume were observed in sucrose-drink-
ing rats, but they were much slower to develop, and the 
light-dark cycle differential was retained after the first 
few days.

Levin et al. [14] showed that the magnitude of the in-
creases in micturition frequency and micturition volume 
paralleled the increase in the total urine volume excreted 
in the group of sucrose-induced diuresis.
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In conjunction with these observations, Kudlacz et 
al. [13] showed an enlarged urinary bladder containing 
a relatively large volume of residual urine on dissection 
of diabetic rats.

Body Weight
There was a significantly lower weight gain or even 

weight loss in diabetic rats as early as 8 weeks after in-
duction of diabetes which persisted after 20 weeks [19]. 
On initiating insulin treatment, the diabetic rats showed 
accelerated growth with the rate of weight gain being 
greater than age-matched controls [12, 13, 16, 17, 19–
23].

Although weight loss or failure to appropriately gain 
weight has been observed in diabetic group, consistent 
lack of difference between diuretic rats and control group 
in studies seems to exclude the role of polyuria as a con-
tributing factor in weight change.

Bladder Weight
Except for a study by Malmgren et al. [18] that showed 

no difference in bladder weight in diabetic rats, all studies 
reported increases in bladder weight in both the diabetic 
and polyuric animals [12–17, 19–22, 24, 25]. Tammela 
et al. [12] showed that the increase became significantly 
different within 7 days in the diabetic group, but by 30 
days polyuric rats could catch up with bladder weight 
observed in diabetic rats; the bladder weights were not 
different between polyuric and diabetic rats. Levin et al. 
[14] also showed the same increasing pattern in bladder 
mass in diabetic and polyuric rats, but according to their 
findings, the increase in bladder weight was more grad-
ual in diabetic rats. Malmgren et al. [18] described that 
after 6 weeks bladder weight increased more than two-
fold and did not increase further with time. Furthermore, 
Gray et al. [20] calculated bladder weights normalized 
to the body weights. They saw a continuously increasing 
ratio over the experimental time period with significant 
differences in diabetic (by week 4) and diuretic (by week 
8) rats. These findings suggest that although bladder 
weight might not increase after week 8, the bladder to 
body weight ratio continues to increase over a more pro-
longed period.

Eika et al. [16] and Malmgren et al. [24] studied he-
reditary polyuric and diabetes insipidus (DI) rats, respec-
tively. Their results showed that bladder mass increased 
in these animals as well.

Interestingly, when Fukomoto et al. [21] removed su-
crose from the drinking water of the sucrose-fed rats after 
8 weeks, it resulted in a decrease in bladder weight. Sim-

ilarly, insulin treatment of the diabetic rats diminished 
the bladder dome weight, although much less compared 
with polyuric group (from 200 to 123% versus from 176 
to 140%).

CMG Results
Kudlacz et al. [13] showed that in vitro plateau pres-

sure and fluid capacity of bladders in diabetic and di-
uretic rats were significantly different from control but 
not from one another. However, according to Daneshgari 
et al. [19] basal bladder pressure changed similarly for 
diuretic and diabetic groups, but the diuretic group had 
greater pressure than the diabetic group. In their study, 
control mice showed reductions in basal pressure over 
time, whereas diabetic and diuretic groups stabilized or 
increased.

During in vitro CMG derived from diuretic and di-
abetic animals, transient increases in pressure (> 1 
cmHg) were frequently noted in bladder. Treated animals 
showed a much slower rate of strain measurement, which 
progressively increased as a function of volume [13].

From the various parameters measured in in vivo 
CMG, 3 patterns of results were observed. Compared 
with controls, the polyuric group was characterized by a 
large volume of fluid required to elicit first contraction, 
low contraction frequency, a small reduction in contrac-
tion duration, and a small increase in intercontraction 
interval. The diabetic group was similar to controls for 
the volume to elicit first contraction; it was similar to di-
uretic group for reduction in contraction frequency, but 
had a much longer intercontraction interval and shorter 
contraction duration than other groups [13].

Daneshgari et al. [19] showed that bladder capacity 
in diabetic and diuretic rats were significantly larger 
than control and insulin-treated diabetic group at all 
time points. They confirmed Kudlacz et al.’s [13] find-
ings that diabetic and diuretic groups were not statisti-
cally different from one another at all other time points. 
The diabetic and diuretic groups had also significantly 
larger compliance levels than the treated diabetic and 
control groups, but were not different from each other. 
Wang et al. [22] described that although the compliance 
of the bladder wall increased progressively and synchro-
nously in both diabetic and diuretic bladders in the first 
4 weeks, only the diabetic bladders continued to increase 
in compliance after 8 weeks. While Eika et al. [16] found 
similar increase in bladder compliance in hereditary DI, 
surprisingly, Malmgren et al. [24] observed no signifi-
cant change in bladder compliance in DI rats, although 
they noticed lower than normal basal bladder pressure 
and threshold pressure readings.
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Santicioli et al. [25] studied the changes in threshold 
pressure and did not find any change in diabetic rats. 
They deduced that with regard to DBD, increased di-
uresis has a detrimental and persistent role in increased 
compliance with other pathophysiologic factors coming 
into play later on [24].

Level of threshold pressure for the diabetic and di-
uretic rats were not significantly different from controls 
in Daneshgari et al.’s study [19], although the pattern of 
change in threshold pressure differed between control 
and diabetic groups. The mean intercontraction interval 
for the control rats increased or remained stable. This 
pattern differed from that in diabetic and diuretic groups, 
which had similar trends.

In Daneshgari et al.’s [19] study, mean peak voiding 
pressure changed over time differently for diabetic rats 
compared with others. Initially, the peak pressure in-
creased in parallel in diabetic and diuretic rats and was 
higher than control, but after week 12 it sharply dimin-
ished only in diabetic animals. In addition, diabetic rats 
showed increased resting pressure over time; diuretic and 
control groups exhibited decreasing trends. As expected, 
residual urine was highly elevated in diabetic group rel-
ative to other groups. This decline in the emptying abil-
ity of the bladder was seen in diabetic rats after week 
12. Long-term insulin replacement effectively reversed 
most changes in bladder function. They suggested that 
the transition from a compensated to a decompensated 
bladder dysfunction occurs 9–12 weeks after induction 
of diabetes.

 
Response to Field Stimulation
There has been a variety in findings with regard to 

response of bladder strips to electrical field stimulation. 
Carpenter [23] reported that nerve-induced bladder con-
tractions developed substantially less pressure in poly-
uric, diabetic or DI rats than in controls. Contractions 
elicited at 1 Hz by control and impaired bladders were 
potentiated equally by a potassium channel blocker, te-
traethyl ammonium chloride (TEA), or by carbachol, an 
acetylcholine receptor agonist. At 20 Hz, however, con-
tractions by normal bladder strips were not potentiated 
while those by impaired bladders were. TEA, by increas-
ing transmitter release, and carbachol, by a postjunc-
tional action, substantially reversed bladder dysfunction. 
Because control and impaired bladders were equally en-
hanced by TEA, prejunctional and contractile element 
activity at 1 Hz were probably unaffected by distension. 
However, postjunctional sensitivity was probably re-
duced. Impaired bladders, more compliant than controls, 

became less compliant after carbachol without elevat-
ing resting pressure. He concluded that whereas the ac-
tion of carbachol to enhance bladder responsiveness did 
not involve tension development, there may have been 
cholinoceptor facilitation and shortening of contractile 
elements.

Eika et al. [16] studied the contractile function using 
a whole bladder model. Responses of whole bladders 
from control and diabetic rats to electrical field stimula-
tion, carbachol and KCl were identical. Volume-pressure 
relations of the isolated whole bladder showed that the 
magnitude of the contractile response to KCl is constant 
at intravesical volumes ranging from about 10 to 95% of 
cytometrical bladder capacity. Bladders from DI rats and 
diabetic rats showed a rightward shift of volume-pres-
sure curves when compared with controls. Bladders from 
diuretic rats had volume-pressure curves similar to the 
bladders from controls. They concluded that while con-
tractile function remains intact with increased diuresis, 
the passive function changes, with the bladder becoming 
more distensible.

A more recent study by Tammela et al. [12] showed 
different results; by 7 days there were significant in-
creases in the maximal contractile responses to carbachol 
in bladder strips of diabetic rats. The increases in con-
tractility were much slower to develop in diuretic rats and 
were only significant after 60 days. Response of strips 
from diabetic rats to KCl was also significantly greater 
than those of age-matched controls, while response of 
strips from diuretic rats was very variable. Because the 
increased responsiveness occurred so rapidly in diabetic 
bladders, they believed that early changes were unlikely 
to result from diabetic neuropathy.

To make it even more confusing, Malmgren et al. 
[24] found a lower maximal response to K(+)-solution 
stimulation in bladder strips from DI rats compared with 
controls. At low frequencies, diabetic bladders exhibited 
a higher resistance to scopolamine (muscarinic recep-
tor antagonist), but at high frequencies the decrease in 
resistance observed with aging was similar to controls. 
Furthermore, the effects of muscarinic blockade were 
found to be more pronounced in the older control rats 
[18]. However, Malmgren et al. [24] showed that when 
activated by field stimulation, the DI and control blad-
der strips had similar sensitivity to muscarinic receptor 
blockade with scopolamine at all stimulation frequen-
cies. Malmgren et al. [18], in their previous study, had al-
ready shown that the response to field stimulation was re-
duced in diabetic and increased in diuretic animals. Also, 
in contrast to diabetic rats, the sensitivity to carbachol 
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was similar in DI and control groups [24]. Their results 
opposed Eika et al.’s [16] in which diabetic rats showed 
similar responses to carbachol as the control group. They 
suggested that the increased functional demands of DI 
on the detrusor did not result in major changes pre- or 
post-junctionally [24]. This was in support of their pre-
vious suggestion that increased resistance to muscarinic 
receptor blockade in diabetic rats at low stimulation fre-
quencies was induced by the disease (DM) and not by 
increased diuresis [18].

Reserpine administration, effects of which include de-
pletion of norepinephrine in sympathetic nerves, reduces 
the volume to first contraction, decreases contraction fre-
quency, reduces the duration of contractions, and length-
ens the intervals between contractions. Because the pat-
tern of in vivo CMG from diabetic animals resembles 
that from reserpine-treated animals more closely than 
those from other groups, additional experiments were 
performed by Kudlacz et al. [13] with this condition. Re-
serpine pretreatment had smaller effects in diabetic ani-
mals, whereas it produced quantitatively similar changes 
in diuretic and control animals for all parameters except 
volume to first contraction. They suggested that diabetic 
bladders were lacking sympathetic control before drug 
treatment. When diuretic rats were removed from their 
diet for 4 weeks, the bladders responded similar to con-
trols. This observation, coupled with the fact that their 
bladder did not produce the same response as diabetics 
in vivo, suggests that the diuretic model does not produce 
irreversible functional neuropathies.

Contents of urinary bladder and ureters in sensory 
neuropeptides (substance P, neurokinin-A and calciton-
in-gene related peptide-like immunoreactivity) were as-
sessed by Santicioli et al. [25]. They showed an increase 
in those values in diabetes even when values were cor-
rected for increased organ weight.

Capsaicin administration produces a specific sensory 
neuropathy by prolonged activation of neurons which, in 
turn, depletes presynaptic substance P, a pain neurotrans-
mitter. When compared with control, capsaicin treatment 
results in a very large volume to first contraction, de-
creased contraction frequency, no change in the duration 
of contractions, and lengthened intervals between con-
tractions. Santicioli et al. [25] showed that capsaicin-in-
duced contraction of rat isolated bladder strips, presum-
ably caused by neuropeptides released from intramural 
sensory nerves, was unaffected by diabetes. They indi-
cated that diabetes produces, at an early stage, changes 
similar to those reported to occur in the human disease, 
e.g. a greater bladder capacity with unimpaired voiding 

function. They suggested that increased bladder capacity 
of diabetic rats could mainly be attributed to changes in 
physical properties of the detrusor muscle, thereby al-
lowing accommodation of greater than normal volumes 
with similar increase of intraluminal pressure.

Bladder Histology
In the study by Kudlacz et al. [13], the increase in or-

gan weight was associated with an increase in protein 
and DNA content per bladder for polyuric and diabetic 
rats, but when protein and DNA were normalized to blad-
der weight, no difference was found.

Liu et al. [15] observed decreased bladder wall thick-
ness in diabetic and diuretic rats within 2 weeks which 
then gradually returned to control values at 3 and 9 weeks. 
The lumen areas were greater in diabetic and diuretic rats 
at 9 weeks. The total cross-sectional area of the bladder 
wall of diabetic and diuretic rats also increased rapidly 
after induction and continued to increase thereafter. This 
was confirmed by another study by Xiao et al. [17]. Total 
cross-sectional area of bladder lumen (at the equatorial 
midline) increased significantly as soon as 4 days after 
induction in diabetic and diuretic rats and then gradu-
ally increased until 3 weeks, with no further increase at 
9 weeks [15]. There was no significant difference in lu-
men area, wall area, or wall thickness between diabetic 
and diuretic rats at any time [15]. As described earlier in 
bladder weight, bladder hypertrophy was obviously seen 
in diabetic and diuretic groups [17, 24].

Liu et al. [15] also analyzed relative content of the 
tissue components of bladder wall. The absolute cross-
sectional area of urothelium increased gradually in di-
abetic and diuretic rats. However, when expressed as 
percentage of the total tissue area, urothelium area was 
not significantly greater during progression of diabetes 
and diuresis. Smooth muscle area of the bladder wall and 
smooth muscle area as a percentage of total tissue area 
increased significantly in diabetic and diuretic animals. 
There was no significant difference between diabetic and 
diuretic rats in areas of any of tissue components at any 
time [15]. Again, Xiao et al.’s [17] study confirmed an 
increase in smooth muscle and urothelium in diabetic 
and diuretic rats. They suggested that the significantly 
increased bladder wall areas in these rats are due primar-
ily to increased smooth muscle and urothelium [15].

In bladder, collagen is mainly localized in the lamina 
propria and within and between the muscle bundles. Liu 
et al.’s [15] results revealed that actual collagen cross-
sectional area did not change significantly during the 
progression of diabetes or diuresis but decreased over 
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time in diabetic and diuretic groups as a percentage of the 
total tissue area. Gray et al. [20] measured changes in the 
expression of collagen subtypes, reporting that diabetic 
and diuretic rat bladders exhibited significantly lower 
expression of type I collagen mRNA at all time points 
tested. In contrast, type III collagen mRNA expression 
in these animals was time-dependent; for both groups, 
compared with normal rats, type III collagen mRNA ex-
pression was similar in short term but significantly lower 
after 4 weeks. Eika et al. [16] demonstrated that although 
diabetic and diuretic rats had decreased collagen con-
tent, the collagen concentration of diabetic bladders was 
significantly lower than that of diuretic and congenital 
DI rat models, suggesting that the decrease in bladder 
collagen concentration associated with diabetes was only 
partly related to increased diuresis. Furthermore, the tro-
poelastin mRNA expression in diabetic rat bladders was, 
compared to controls, significantly higher early after di-
abetes induction but similar later; diuretic rat bladders, 
conversely, exhibited expression of tropoelastin mRNA 
similar to that of controls at all time points. In addition, 
both diabetic and diuretic rat bladders exhibited signifi-
cantly lower expression of TGF-beta-1 mRNA at all time 
points. Focusing on the elastin content (normalized by 
wet tissue weight), diabetic and diuretic bladders con-
tained significantly higher amounts. The results of their 
study suggest that the increase in bladder compliance in 
diabetic cystopathy results not only from diuresis-driven 
reduction of collagen synthesis but also from increased 
elastin synthesis [20].

Fukomoto et al. [21] identified the presence of a sin-
gle class of specific, saturable, high-affinity, noninter-
acting binding sites (muscarinic receptors) in rat bladder 
domes using saturation experiments with 3H-quinuclid-
inyl benzilate, as a binding assay for rat bladder dome 
muscarinic receptor. In bladder domes of diabetic and 
polyuric groups, the density of muscarinic receptors in-
creased significantly. Moreover, the increase was much 
higher in the diabetic rat bladder than in diuretic animals. 
Although treatment with insulin in diabetic rats resulted 
in a significant decrease in the maximum number of 
binding sites (Bmax) values of bladder dome muscarinic 
receptors, the Bmax values still remained higher than 
control rats when expressed as density of receptors. They 
concluded that, although insulin treatment can, to some 
extent, reverse diabetes-induced upregulation of muscar-
inic cholinergic receptors in rat bladder dome, it does not 
completely correct the receptor abnormality to a normal 
level. On the other hand, the Bmax for muscarinic cho-

linergic receptors in the bladder dome of diuretic rats, 
which were withdrawn from sucrose drinking water, was 
similar to control rats.

When binding properties of a muscarinic choliner-
gic agonist to muscarinic receptors in rat bladder dome 
was investigated with inhibition experiments in which 
3H-QNB binding was inhibited by increasing concentra-
tions of carbachol, the binding curves for carbachol in 
all groups were shallow, indicating the presence of more 
than one affinity constant.

To examine the effect of muscarinic receptor upreg-
ulation on possible changes in muscarinic subtypes in 
rat bladder dome, Fukomoto et al. [21] then performed 
parallel inhibition experiments with 3H-QNB with se-
lective muscarinic cholinergic antagonists: pirenzepine, 
methoctramine, and 4-DAMP. Upregulations of muscar-
inic receptors associated with diabetes and polyuria did 
not involve a significant alteration in muscarinic receptor 
subtype specificity.

The extent of damage due to oxygen radicals is largely 
determined by the activity of free radical scavengers such 
as superoxide dismutase (SOD). Manganese SOD (Mn-
SOD), a member of SOD family, is the most important 
isozyme in DM because mitochondrial respiration is the 
major source of hyperglycemia induced intracellular re-
active oxygen species production. Xiao et al. [17] mea-
sured MnSOD and showed its increase in the diabetic 
group compared with control and polyuric groups.

Conclusion

Diabetic patients often demonstrate a variety of symp-
toms affecting the urinary bladder, including bladder hy-
perreflexia and areflexia and indeterminate or normal 
bladder function [26, 27]. Although it is yet to be fully 
understood, this spectrum in manifestations might arise 
from a number of causes, among which polyuria seems 
to play a part.
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