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Effect of Diabetes on the Ion Pumps of the
Bladder
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OBJECTIVE To establish whether the activities of Naþ/Kþ-adenosine triphosphatase (ATPase) and Ca2þ-
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ATPases ion pumps in bladder smooth muscle are altered as a consequence of diabetes and, if so,
how this might contribute to bladder cystopathy. Urinary bladder dysfunction is a common
occurrence in patients with diabetes. Pressure generation requires calcium and cytosolic ATP.
Activities of these pumps are responsible for calcium homeostasis.
METHODS Rat urinary detrusor muscle strips were suspended in organ baths containing Krebs solution for

isometric tension recording. Tissue responses to the Naþ/Kþ-ATPase pump inhibitor, ouabain,
the plasma membrane Ca2þ ATPase inhibitor, vanadate, and the sarcoplasmic reticulum Ca2þ

ATPase inhibitor, cyclopiazonic acid (CPA), were examined from normal and streptozocin-
induced diabetic rats for 2, 4, and 12 weeks.
RESULTS Ouabain, vanadate, and CPA caused concentration-dependent contractions of bladder strips from

diabetic and normal rats. The degree of contraction of diabetic bladder muscle was lower than
that of controls. This reduction was a function of duration of diabetes. For ouabain, the reduction
peaked at 2 weeks, with partial restoration to normal after diabetes induction. For vanadate and
CPA, the reduction increased with the duration of diabetes.
CONCLUSION The ion pumps are important modulators of bladder smooth muscle tone, and in a rat model of

streptozotocin-induced diabetes, the activity of these pumps is impaired. Although this is only
a single model of diabetes, these findings suggest that a defect in these pumps may be an important
component of the development of diabetic bladder cystopathy. UROLOGY 81: 211.e17e211.e21,
2013. � 2013 Elsevier Inc.
he urinary bladder is a smooth muscle organ
whose function is to collect and store urine at low
Tintravesical pressure and then to expel the urine

periodically by means of a highly coordinated sustained
contraction.1 That diabetes mellitus results in urinary
bladder dysfunction is well established. A large atonic
bladder with urinary retention, urgency, urinary inconti-
nence, and overactive bladder are common occurrences
in patients with long-term diabetes.2-4 Although these are
not life-threatening conditions, they can affect a patient’s
life, impairing social, physical, and psychological activity,
productivity at work, and sexual health.5,6

Bladder contraction requires calcium, and the avail-
ability of metabolic energy breakdown of cytosolic
adenosine triphosphate (ATP). Activities of Naþ/Kþ-
ATPase and Ca2þ-ATPases in bladder smooth muscle are
responsible for calcium homeostasis. Bladder function also
depends on the state of neural innervation, the structure
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of the organ as a whole, and the sensitivity of receptors to
certain agonists or to an altered number of receptors and
postreceptor events.1,7 Calcium-related mechanisms,
phosphoinositides, adenylate cyclase, and ionic transport
mechanisms are the major postreceptor events. Most of
these parameters have not been investigated in smooth
muscles.

Smooth muscle contraction is regulated by an eleva-
tion of cytosolic Ca2þ, which is controlled by the balance
between Ca2þ entry into the cell/release from intracel-
lular stores, and Ca2þ sequestration/extrusion from the
cell.8 The most prominent mechanisms that transport
Ca2þ are plasma membrane and sarcoplasmic membrane
Ca2þATPase pumps and the Naþ/Ca2þ exchange
system.9 The electrogenic Naþ/KþATPase pump plays
a critical role in the maintenance of the cellular ionic
milieu and membrane potential and is thought to influ-
ence smooth muscle tone.10 Ca2þ-ATPases and Naþ/
KþATPase require direct coupling of metabolic energy
(ATP) because they work against the concentration
gradient; however, they have not been studied in diabetic
smooth muscles. The aim of the present study was to
evaluate ion pump activities in bladder smooth muscle of
the rat as a contributor item in the development of
bladder dysfunction in diabetes.
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Figure 1. (A) Effect of diabetes on concentration-response
curves of ouabain-induced contraction in bladder strips
from control and diabetic rats for 2, 4, and 12 weeks.
Results are means � SEM of 6 experiments. Significant
difference between normal and diabetic groups: *P <.05;
**P <.01; ***P <.001. (B) Effect of duration of diabetes
on ouabain (1 mM)-induced contraction in bladder strips
from control and diabetic rats for 2, 4, and 12 weeks.
Results are mean � SEM of 6 experiments. Significant
difference between normal and diabetic groups: *P <.05;
**P <.01; ***P <.001). (C) Concentration-response
curves of ouabain-induced contraction in bladder strips
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MATERIALS AND METHODS

Animals
Adult male Sprague-Dawley rats weighing approximately 200 g
were housed individually on a 12-hour light/dark cycle (lights
on from 0600 to 1800 hours). The ambient temperature was
kept at 21�C, and the rats had free access to standard laboratory
food and tap water.

Induction of Diabetes
Diabetes was induced by intravenous injection of streptozotocin
(STZ; 55 mg/kg body weight) diluted in 0.05 M sodium citrate
(pH 4.5); control rats received buffer alone by the same route.
Induction of diabetes was ascertained by determination of blood
glucose concentrations.

Preparation of Bladder Strips
Rats were fasted for 6 h before being killed by decapitation. Blood
was collected into heparinized tubes, centrifuged at 3000 g for 15
minutes, and the plasma was used for the measurement of glucose
concentration at death. The urinary bladder was removed and
placed in Krebs solution of the following composition (mM):
NaCl, 118; KCl, 5.9; MgSO4 1.2; CaCl2 2; KH2PO4, 1.2;
NaHCO3, 26; and glucose, 11.1 (pH 7.4). The bladder was cut
longitudinally into 2 equal strips from control rats and into 4 equal
preparations from the diabetic rats, which were suspended in 10
mL organ baths containing Krebs solution and maintained at
37�C and gassed with 95% O2 and 5% CO2. Tension was
continuously recorded using a computerized, automated isometric
transducer system (Schuler organ bath type 809; Hugo Sachs
Electronik) connected to a Gould recorder. The strips were
initially loaded to a tension of 1 gram and allowed to equilibrate
for 60minutes, during which time they were washed twice. At the
end of each experiment the muscle was weighed and responses
were calculated as mg � mg�1 tissue weight.

Drugs
Carbachol hydrochloride, sodium orthovanadate, and ouabain
octahydrate were obtained from Sigma Chemicals, St. Louis,
MO. Nifedipine and cyclopiazonic acid (CPA) were obtained
from Research Biochemicals International, Natick, MA. All
drugs were dissolved in distilled water, except nifedipine and
cyclopiazonic acid, which were dissolved in ethanol.

Calculation
Data are presented as mean � SEM of (n) experiments. Where
necessary, differences between 2 mean values were compared
using the paired or unpaired Student t test, as appropriate.
Where multiple comparisons were necessary 1-way analysis of
variance was used, followed by the Student-Newman-Keuls test.
The difference was assumed to be significant at P <.05.

RESULTS
Bladder weight increased markedly in the diabetic rats
compared with the control group. The average weights
from diabetic rats for 4 weeks in the absence and presence
of nifedipine (1 mM). Results are mean � SEM of 4 experi-
ments. *P <.05; ***P <.001.
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Figure 2. (A) Effect of diabetes on concentration-response
curves of vanadate-induced contraction in bladder strips
from control and diabetic rats for 2, 4, 12 weeks. Results
are means � SEM of 4 experiments. Significant difference
between normal and diabetic groups: *P <.05; **P <.01;
***P <.001. (B) Effect of duration of diabetes on vanadate
(0.1 mM)-induced contraction in bladder strips from control
and diabetic rats for 2, 4, and 12 weeks. Results are mean
� SEM of 4 experiments. Significant difference between
normal and diabetic groups: **P <.01; ***P <.001. (C)
Concentration-response curves of vanadate-induced
contraction in bladder strips from diabetic rats for 4 weeks
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were 0.1000 g for control rats and 0.2384 g for 12-week
diabetic rats (n ¼ 6; P >.001). There was also lumen
enlargement in diabetic rat bladders; therefore, contrac-
tility data were normalized as milligrams of tension
generated per milligram of tissue weight.
Effect of Ouabain on the Bladder Smooth Muscle
Ouabain (1 mM-10 mM), an inhibitor of the Naþ/Kþ

ATPase pump, caused concentration-dependent
contractions of bladder strips from normal and diabetic
rats (Fig. 1A). Its contractions peaked within 2 minutes.
Ouabain-induced bladder contraction was significantly
reduced after the induction of diabetes. The maximum
reduction occurred 2 weeks after inducing diabetes;
however, there was a tendency toward partial recovery to
normal with increasing duration of diabetes (4 and
12 weeks), as shown in Figures 1A and 1B. Ouabain-
induced contractions in 4-week diabetic strips were
abolished by the treatment with nifedipine (1 mM), the
L-type Ca2þ channel blocker, as shown in Figure 1C,
indicating the important role for extracellular calcium.
Effect of Vanadate on the Bladder Smooth Muscle
Vanadate (1 mM-10 mM), an inhibitor of the plasma
membrane Ca2þ ATPase pump, caused concentration-
dependent contractions of bladder strips from normal
and diabetic rats, which peaked within 3 minutes
(Fig. 2A). The degree of contraction of diabetic bladder
muscle was lower than that of controls. This reduction
was a function of duration of diabetes, as shown in
Figure 2B. Pretreatment with nifedipine (1 mM) inhibited
vanadate-induced contractions in 4-week diabetic strips,
indicating a role for extracellular calcium, as shown in
Figure 2C.
Effect of CPA on the Bladder Smooth Muscle
CPA (1 mM-1 mM), an inhibitor of the sarcoplasmic
membrane Ca2þ ATPase pump, caused concentration-
dependent contractions of bladder strips from normal
and diabetic rats, which peaked within 3 minutes. CPA-
induced bladder contraction was significantly reduced
after the induction of diabetes for 12 weeks, as shown in
Figures 3A and 3B.
DISCUSSION
This study showed that bladder weight increased signifi-
cantly in the diabetic rats compared with the control
group. Previous studies reported that there was increase in
bladder weight of diabetic rats that corresponds to a time-
dependent increase in smooth muscle mass. They also
in the absence and presence of nifedipine (1mM). Results
are mean � SEM of 4 experiments. Significant difference
between the groups: **P <.01.
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Figure 3. (A) Effect of diabetes on concentration-response
curves of cyclopiazonic acid (CPA)-induced contraction in
bladder strips from control and diabetic rats for 12 weeks.
Results are mean � SEM of 4 experiments. Significant
difference between normal and diabetic groups: *P <.05.
(B) Effect of duration of diabetes on CPA (100 mM)-induced
contraction in bladder strips from control and diabetic rats
for 12 weeks. Results are mean � SEM of 4 experiments.
Significant difference between normal and diabetic groups:
*P <.05.
showed that lumen enlargement and hypertrophy are
2 obvious responses to polyuria in diabetes.11,12

Diminished Naþ/Kþ ATPase activity has been re-
ported in a number of tissues, including aorta, heart
ventricular muscle, and peripheral nerves of STZ-induced
diabetic rats.13-15 Ca2þ-ATPases and Naþ/KþATPase
require direct coupling of metabolic energy (ATP)
because they work against the concentration gradient.
They have not been adequately studied in bladder models
of diabetic smooth muscle cystopathy. Ca2þ ATPases
activity have not been studied in an animal model of
diabetic cystopathy nor has the effect of the duration of
type I diabetes on these pumps.

The present study suggests that the diminution of Naþ/
Kþ ATPase and Ca2þ ATPases activity may play
a significant role in the development of bladder
211.e20
dysfunction in diabetes. This is supported by the use of
agents that inhibit the pumps. Ouabain, an inhibitor of
Naþ/Kþ ATPase, vanadate, an inhibitor of plasma
membrane Ca2þ ATPase, and CPA, an inhibitor of the
sarcoplasmic membrane Ca2þ ATPase pumps, reproduced
the depressor effects of diabetes on bladder contractility.
These inhibitors caused concentration-dependent
contractions, suggesting that Naþ/Kþ ATPase and Ca2þ

ATPases activity is an important modulator of smooth
muscle tone in the bladder.

Inhibition of Naþ/Kþ ATPase activity by ouabain
would cause depolarization and contraction of bladder
smooth muscle as a result of an increase in the intracel-
lular Ca2þ concentration via the opening of voltage-
sensitive Ca2þ channels, as suggested in cardiac and
vascular tissue and in the trachea.10,16-18 Alternatively,
Naþ pump inhibitors may increase Naþ/Ca2þ exchange
activity as a result of elevated intracellular Naþ concen-
tration.10,19 In the bladder smooth muscle, however,
Naþ/Ca2þ exchange activity does not seem to play
a major role in ouabain-induced contractions20 because
they were completely prevented by nifedipine, the L-type
Ca2þ channel blocker. Therefore, ouabain-induced
contraction is entirely dependent on extracellular Ca2þ.
The inhibitory effect of diabetes on rat bladder contrac-
tility is in agreement with another report on diabetic
rabbit bladder.20 This present study showed that bladder
strips from diabetic rats exhibited a lower degree of
contraction in response to ouabain compared with the
control animals. This reduction peaked in diabetic rats for
2 weeks, with partial restoration occurring after 10 weeks.
This restoration may be due to the increase in the activity
of the Naþ/Ca2þ exchange system to compensate the
inhibition of the pump. In addition, intracellular Ca2þ

concentration is known to be increased by time in the
diabetic rat.14 Diabetes has also been shown to increase
the number of voltage-operated Ca2þ channels in the
bladder.21 Therefore, elevation of the Ca2þ level due to
the previous data may be the reason for the partial
restoration to normal.

Vanadate, an inhibitor of the plasma membrane Ca2þ

ATPase pump, inhibits Ca2þ ATPase activity, leading to
accumulation of intracellular Ca2þ.9,22 Similar results
were obtained in the trachea.23 Bladder strips from dia-
betic rats exhibited lower degree of contraction in
response to vanadate than those from control animals.
The reduction increased with the duration of diabetes.
This reduction reflects the continuous decrease of the
Ca2þ-ATPase pumps activity by time. Nifedipine
inhibited vanadate-induced contraction in diabetic strips
but did not abolish it, suggesting that it is due to extra-
cellular as well as intracellular Ca2þ, the influx of Ca2þ is
through voltage-operated channels, and prevention of
Ca2þ efflux is through the Ca2þ ATPase pumps.

CPA is an inhibitor of the sarcoplasmic membrane
Ca2þ ATPase pump.24 Inhibition of Ca2þ sequestration
will increase the intracellular Ca2þ concentration. Inhi-
bition of sarcoplasmic-Ca2þ ATPase will lead to the
UROLOGY 81 (1), 2013



bladder contraction. CPA induced concentration-
dependent contractions of bladder strips from normal
and diabetic rats, which were lower in diabetic rats. The
reduction increased with the duration of diabetes. This
reduction reflects the continuous decrease of the Ca2þ-
ATPase pumps activity by time.

Clinically, diabetes mellitus is frequently associated
with a “failing” detrusor function, as characterized by
increased bladder capacity hyporeflexia and the presence
of residual urine.20 The findings of this study show that
diabetes diminishes ATPase activity and subsequently
attenuates the contraction mediated by the inhibitors of
the pumps. These effects are due to the induction of
diabetes after a single dose of STZ, which is known to
have no effect on other organs, including the bladder.

Because ATP is derived from glycogen, the production
of ATP could be decreased in the diabetic tissues,
and this would affect all ATPase enzymes, which are
responsible for the activity of the pumps in the body.
Calcium-transport ATPases are members of a class of
transmembrane proteins that are able to transduce the
energy liberated by ATP hydrolysis into the transport of
ions against a steep electrochemical gradient.23
CONCLUSIONS
The rat model of STZ-induced type I diabetes diminishes
Naþ/Kþ ATPase and Ca2þ ATPases activity in bladder
smooth muscle, disrupting the normal calcium homeo-
stasis. This finding suggests that diabetic cystopathy may
be a direct result of altered calcium regulation in the
bladder smooth muscle. Whether this finding exists in
other models of diabetes remains to be determined.

Acknowledgment. The Faculty of Medicine, Kuwait
University, is acknowledged for providing the laboratory testing
facilities to perform this research work.
References

1. Levin RM, Wein AJ, Buttyan R, et al. Update on bladder smooth
muscle physiology. World J Urol. 1994;12:226-232.

2. Longhurst PA, Levin RM. Changes in bladder function in the one
year spontaneously diabetic BB rat. J Urol. 1991;146:481-485.

3. Kaplan SA, Te AE, Blaivas JG. Urodynamic findings in patients
with diabetic cystopathy. J Urol. 1995;153:342-344.

4. Brown JS. Urinary incontinence: an important and underrecognized
complication of type 2 diabetes mellitus. J Am Geriatr Soc. 2005;53:
2028-2029.

5. Coyne KS, Sexton CC, Irwin DE, et al. The impact of overactive
bladder, incontinence and other lower urinary tract symptoms on
quality of life, work productivity, sexuality and emotional well-being
UROLOGY 81 (1), 2013
in men and women: results from the EPIC study. BJU Int. 2008;101:
1388-1395.

6. Leiria LO, Mónica FZ, Carvalho FD, et al. Functional, morphological
and molecular characterization of bladder dysfunction in
streptozotocin-induced diabetic mice: evidence of a role for L-type
voltage-operatedCa2þ channels.Br J Pharmacol. 2011;163:1276-1288.

7. €Oztürk Y, Altan VM, Yildizoglu-Ari N. Effect of experimental
diabetes and insulin on smooth muscle functions. Pharmacol Rev.
1996;48:69-111.

8. Suzuki Y, Inoue T, Ra C. L-type Ca2þ channels: a new player
in the regulation of Ca2þ signaling, cell activation and cell survival
in immune cells. Mol Immunol. 2010;47:640-648.

9. O’Donnell ME, Owen NE. Regulation of ion pumps and carriers in
vascular smooth muscle. Physiol Rev. 1994;74:683-719.

10. Blaustein MP. Physiological effects of endogenous ouabain: control
of intracellular Ca stores and cell responsiveness. Am J Physiol.
1993;264:C1367-C1387.

11. Liu G, Daneshgari F. Alterations in neurogenically mediated
contractile responses of urinary bladder in rats with diabetes. Am J
Physiol Renal Physiol. 2005;288:F1220-F1226.

12. Liu G, Daneshgari F. Temporal diabetes- and diuresis-induced
remodeling of the urinary bladder in the rat. Am J Physiol Regul
Integr Comp Physiol. 2006;291:R837-R843.

13. Kjeldsen K, Braendgaard H, Sidenius P, et al. Diabetes decreases
Na/Kepump concentration in skeletal muscles, heart ventricular
muscle, and peripheral nerves of rat. Diabetes. 1987;36:842-848.

14. Ohara T, Sussman KE, Draznin B. Effect of diabetes on cytosolic
free Ca2þ and Naþ-Kþ-ATPase in rat aorta. Diabetes. 1991;40:
1560-1563.

15. Gupta S, Sussman I, McArthur CS, et al. Endothelium-dependent
inhibition of Naþ/Kþ ATPase activity in rabbit aorta by hypergly-
cemia. Pssible role of endothelium-derived nitric oxide. J Clin
Invest. 1992;90:727-732.

16. Chideckel E, Frost J, Mike P, Fedan J. The effect of ouabain on
tension in isolated respiratory tract smooth muscle of humans and
other species. Br J Pharmacol. 1987;92:609-714.

17. Bova S, Goldman WF, Yauan XJ, et al. Influence of Na gradient on
Caþ2 transients and contracton in vascular smooth muscle. Am J
Physiol. 1990;259:H409-H423.

18. Mustafa SM, Pilcher CW, Williams KI. Cooling-induced bron-
choconstriction: the role of ion-pumps and ion-carrier systems.
Pharmacol Res. 1999;39:125-136.

19. Van Breemen C, Aaronson P, Loutzenhiser R. Sodium-calcium
interactions in mammalian smooth muscle. Pharmacol Rev. 1978;30:
167-208.

20. Gupta S, Yang S, Cohen RA, et al. Altered contractility of urinary
bladder in diabetic rabbits: relationship to reduced Naþ pump
activity. Am J Physiol Cell Physiol. 1996;271:C2045-C2052.

21. Belis JA, Curley RM, Wagner CH, et al. Neurogenic function of the
diabetic rat bladder: alteration by calcium channel effectors. Phar-
macology. 1991;43:273-281.

22. Nayler RA, Sparrow MP. Mechanism of vanadate-induced
contraction of airways smooth muscle of the guinea-pig. Br J Phar-
macol. 1983;80:163-172.

23. Raeymaekers L, Wuytack F. Ca2þ pumps in smooth muscle cells.
J Mus Res Cell Motil. 1993;14:141-157.

24. Shima H, Blaustein M. Modulation of evoked contraction in rat
arteries by ryanodine, thapsigargin and cyclopiazonic acid. Circ Res.
1992;70:968-977.
211.e21


	Effect of Diabetes on the Ion Pumps of the Bladder
	Materials and Methods
	Animals
	Induction of Diabetes
	Preparation of Bladder Strips
	Drugs
	Calculation

	Results
	Effect of Ouabain on the Bladder Smooth Muscle
	Effect of Vanadate on the Bladder Smooth Muscle
	Effect of CPA on the Bladder Smooth Muscle

	Discussion
	Conclusions
	Acknowledgment
	References


