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Abstract To evaluate the effects of hypercholesterolemia on
the relaxation function of the urinary bladder, we examined
the physiological mechanisms involved in the isoproterenol-
induced relaxation in isolated detrusor strips in vitro and
voiding behavior in vivo in rats. Adult male Sprague–
Dawley rats were fed standard (control, N=16) or 4 % cho-
lesterol diet (hypercholesterolemia, N=17) for 4 weeks.
Concentration–response curves for isoproterenol-induced re-
laxations in carbachol-precontracted detrusor muscle strips
were recorded. The contributions ofβ2- andβ3-adrenoceptors
and ATP-dependent and Ca2+-dependent potassium channels
to the relaxation response were investigated by using selective
adrenergic agonists salbutamol and BRL 37344 and specific
potassium channel inhibi tors gl ibenclamide and
charybdotoxin, respectively. Cystometrography was per-
formed to assess bladder function. Hypercholesterolemic rats
had higher serum cholesterol and low- and high-density lipo-
protein levels than the controls with no sign of atherosclerosis.
Isoproterenol-induced relaxation was significantly enhanced
in the hypercholesterolemia group. Preincubation with the M2

receptor antagonist attenuated the relaxation response in both
groups. The relaxation responses to isoproterenol and
salbutamol were similar in both groups, while BRL 37344
appeared to produce a greater relaxant effect in the hypercho-
lesterolemic rats. Also, the inhibitory effects of potassium
channel inhibitors on relaxation responses were comparable
among the groups. The cystometric findings revealed that
threshold and basal pressure values were higher in the hyper-
cholesterolemia group compared with controls. We showed
that hypercholesterolemia leads to greater relaxation

responses to isoproterenol, appears to impair the braking
function of M2 cholinergic receptors on adrenoceptor-
induced relaxations in the isolated detrusor muscle, and affects
the voiding function in rats.
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Introduction

The storage function of the urinary bladder requires relaxation
of the detrusor smooth muscle (DSM) which is a sympathetic
nervous system (SNS)-mediated function (Yamaguchi 2002;
Frazier et al. 2008) involving activation of β-adrenoceptors
(β-ARs) by neuronally released noradrenaline to accommo-
date increasing volumes of urine without major elevations in
the intravesical pressure (Andersson and Arner 2004;
Andersson 2009). Although all three β-AR subtypes are
expressed in both rat and human DSM cells (Takeda et al.
2000; Andersson and Arner 2004; Michel and Vrydag 2006;
Tyagi et al. 2009), DSM relaxation in humans is predominant-
ly mediated by β3-ARs (Takeda et al. 1999; Michel and
Vrydag 2006; Frazier et al. 2008) whereas rat DSM relaxation
is mediated via both β2- and β3-ARs (Oshita et al. 1997;
Yamazaki et al. 1998). Regardless of the subtypes expressed,
activation of β-ARs results in increased intracellular cAMP
levels, which in turn activate protein kinase A (PKA) to
mediate DSM relaxation (Tanaka et al. 2005; Uchida et al.
2005). In addition, the involvement of different K+ channels in
response to stimulation of β-ARs has also been shown to
mediate relaxation in various smooth muscle tissues (Tanaka
et al. 2005; Uchida et al. 2005; Ferro 2006). The K+ channels
expressed in the urinary bladder include voltage-gated (Kv),
small-conductance (SK), ATP-sensitive (KATP), and large-
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conductance Ca2+-activated K+ (BK) channels (Frazier et al.
2008). Although the last two provide the greatest contribution
to the DSM tone, β-AR-stimulated bladder relaxation is me-
diated predominantly by BK channels (Frazier et al. 2005;
Petkov and Nelson 2005; Frazier et al. 2008; Hristov et al.
2008). Thus, BK channels are considered to be the most
important physiologically relevant K+ channels regulating
DSM function (Hristov et al. 2008; Petkov 2012; Afeli and
Petkov 2013; Parajuli and Petkov 2013). In addition to β-AR
stimulation, nitric oxide (NO) has been claimed as a potential
neurotransmitter involved in controlling the lower urinary
tract (Monica et al. 2008; Cerruto et al. 2012).

Parasympathetic and sympathetic divisions of the auto-
nomic nervous system work in different directions in the
urinary bladder as elsewhere in the body. The contractile
function of the DSM accounts for voiding and is controlled
by the parasympathetic nervous system (PNS), whereas relax-
ation of the urinary bladder is regulated by the SNS activity
and is responsible for urine storage (Yamaguchi 2002;
Andersson and Arner 2004; Michel and Vrydag 2006;
Hristov et al. 2008). However, the interaction between PNS
and SNS should not be overlooked; for instance, muscarinic
agonists have been reported to attenuate the relaxing effects of
β-AR stimulation of the bladder in rats (Hegde et al. 1997;
Michel and Sand 2009). Overactive bladder (OAB), the symp-
tom complex including urgency with or without urge inconti-
nence, frequency, and nocturia, is a subset of storage lower
urinary tract symptoms (LUTS) often associated with detrusor
overactivity (DO) (Huang et al. 2010; Yoshida et al. 2010b;
Cerruto et al. 2012). Disturbances in the SNS and PNS dual
control mechanism of urinary bladder function may underlie
symptoms of OAB (Andersson 1988; Yoshida et al. 2010b;
Hristov et al. 2013).

The prevalence of OAB concomitantly increases with the
incidence of hypercholesterolemia (Devroey et al. 2011; Hall
et al. 2011), especially with the increasing age (Yoshida et al.
2010b). Although the association between hyperlipidemic
conditions and the risk of LUTS remains unclear, there is
increasing evidence for an association between LUTS or
detrusor dysfunction and hyperlipidemia. For example, hyper-
lipidemia associates with increased urinary frequency (Huang
et al. 2010) and bladder overactivity in rats (Rahman et al.
2007) and contributes to the bladder dysfunction in rabbits
(Yoshida et al. 2010a). Moreover, LUTS including storage,
voiding, and postmicturition symptoms are associated with
hypercholesterolemia in rats (Nomiya et al. 2012), rabbits
(Azadzoi et al. 1999), and humans (Hall et al. 2011). We
recently reported a relationship between hypercholesterolemia
and DSM contractility (Balkanci et al. 2012). In the present
study, we aimed to investigate the effect of diet-induced
hypercholesterolemia in rats on the adrenergic relaxation re-
sponse in the isolated detrusor strips in vitro and voiding
behavior in vivo. To this end, we investigated the in vitro

relaxation response of precontracted detrusor strips to (1)
isoproterenol, a nonselective β-adrenergic receptor agonist,
and (2) salbutamol and BRL 37344 and β2- and β3-AR
selective agonists, respectively, in an effort to determine the
contribution of the β-AR subtypes to the relaxation response.
In addition, the role of potassium channel subtypes in the
relaxation response to β-agonists was investigated using
glibenclamide and charybdotoxin, ATP- and Ca2+-dependent
K+ channel inhibitors, respectively. Finally, the effect of hy-
percholesterolemia on voiding function in vivo was assessed
using cystometrography.

Materials and methods

Animals

All animals received humane care: Guiding Principles in the
Care and Use of Laboratory Animals were strictly adhered to
at all times together with the recommendations from the
Declaration of Helsinki. The experimental protocol was ap-
proved by the Hacettepe University Institutional Ethics
Committee for the Care and Use of Experimental Animals.
Four- to 7-week-old, adult, male Sprague–Dawley rats,
weighing 250–300 g, were assigned randomly to two groups:
control (C) (N=16) and hypercholesterolemia (HC) (N=17).
All rats were kept under environmentally controlled condi-
tions at 21±2 °C and 30–70 % relative humidity with 12-h
dark–12-h light illumination sequence (the lights were on
between 07.00 and 19.00 hours) with ad libitum access to
tap water (drinking bottle) and food. The control group was
fed standard pellet chow, and the hypercholesterolemia group
was fed high-cholesterol diet (containing 4 % cholesterol and
0.2 % deoxycholate) for 4 weeks. Prior to the experiment day,
animals were housed individually in metabolic cages where
they had free access to water and food for 24 h to measure
food and water consumption and urine output.

In vitro experiments

The animals were anesthetized with ether inhalation. The
abdomen was opened through a midline incision, then the
urinary bladder was excised and dissected in ice-cold, oxy-
genated Krebs–Henseleit solution (118.4 mM NaCl, 4.7 mM
KCl, 1.2 mM KH2PO4, 1.2 mMMgSO4, 25.0 mM NaHCO3,
2.5 mMCaCl2, and 12.2 mM glucose; pH 7.35–7.40). Having
all the surrounding adipose and connective tissues cleared out,
the bladder body was divided into four longitudinal strips
(10×2 mm). The isolated strips were then transferred into
the organ baths containing 15 ml of Krebs–Henseleit solution
at 37 °C, gassed with a mixture of 95 % O2 and 5 % CO2.
Isometric tension changes were recorded and analyzed using a
force-displacement transducer (MAY FDT 05, Commat,
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Ankara, Turkey) and a computerized data acquisition/analysis
system (BIOPAC MP30, Biopac Systems Inc., CA). The
isolated detrusor strips were allowed to equilibrate for at least
60 min under a resting tension of 1 g until the spontaneous
contractions became stable. During the stabilization period,
the Krebs–Henseleit solution in the isolated organ baths was
refreshed every 15 min.

Relaxation response of bladder strips

Initially, all strips were challenged with 0.1 mM acetylcholine,
which was subsequently washed out with fresh physiological
solution. This was repeated at 15-min intervals for 50 min
until the resting tension was reached. The detrusor strips were
first precontracted with the muscarinic agonist carbachol
(CCh; 10 μM) and allowed to reach a stable tension for
15 min. Thereafter, cumulative isoproterenol concentration–
response curves (1 nM–0.1 mM) were recorded. Only a single
relaxation curve was obtained in each bladder strip to avoid
desensitization. Similarly, cumulative isoproterenol concen-
tration–response curves were obtained in the presence of
methoctramine (M2 cholinergic receptor antagonist; 10 μM)
and L-NG-nitroarginine methyl ester (L-NAME; NO synthase
inhibitor; 0.1 mM). The methoctramine concentration used
was within the effective range as previously reported (Stevens
et al. 2007). Thereafter, the following experiments were con-
ducted on the methoctramine preincubated strips to avoid
reduction of isoproterenol-induced relaxations by M2

receptor-mediated cholinergic activity.

Effects of β-adrenoceptor agonists and K+ channel inhibitors

To test the effect of β-ARs and subtype variations, the cumu-
lative concentration–response curves for the nonselective β-
AR agonist isoproterenol (1 nM–0.1 mM), β2-adrenoceptor
selective agonist salbutamol, and β3-adrenoceptor selective
agonist BRL 37344 (1 nM–10 μM) were obtained.

Two different inhibitors were employed to evaluate the role
of potassium channels in the isoproterenol-induced bladder
relaxation: the ATP-sensitive K+ channel (KATP) inhibitor
glibenclamide (10 μM) and the large conductance Ca2+-acti-
vated K+ channel (BK) inhibitor charybdotoxin (0.1 μM).
Detrusor strips were preincubated with either charybdotoxin
or glibenclamide for 15min in the presence of methoctramine.
Following equilibration, cumulative isoproterenol concentra-
tion–response curves (1 nM–0.1 mM) were obtained as de-
scribed above.

One strip in each series was allocated as the time control.
All experiments were conducted in the presence of 1 μM
phentolamine, an α-adrenoceptor antagonist. At the end of
the protocols, strips were weighed.

In vivo experiments

The C (N=5) and HC (N=7) rats anesthetized with urethane
(1.5 g/kg, ip) were placed on an operating table in the supine
position. Body temperatures of the animals were kept at 37.0±
0.1 °C using a rectal thermostatic probe-controlled incandes-
cent lamp (100 W). Following a low abdominal midline
incision, the urinary bladder was located and allowed to
stabilize for 15 min. Then, a polyethylene catheter (no. 24)
implanted and fixed into the dome of the urinary bladder was
connected to both a volumetric pressure transducer (BIOPAC,
BPT 300, Ankara, Turkey) and an infusion pump (Perfusor
compact S, B. Braun) via a three-way stopcock. During the
catheterization, the bladder was emptied if it was initially
filled with urine. The tissues were covered with wet gauze to
prevent desiccation. After instrumentation, all rats were
allowed to stabilize for 30 min. Thereafter, infusion of normal
saline was initiated at a rate of 6 ml/h at room temperature.
This infusion rate was selected in light of the related literature
(Rahman et al. 2007). All data were recorded and analyzed
using a pressure transducer and a computerized data
acquisition/analysis system (BIOPAC MP30, Biopac
Systems Inc., CA). Following the stabilization period, mea-
surements of micturition pressure (cmH2O), micturition inter-
vals (s), threshold pressure (cmH2O), basal pressure (end
micturition pressure, cmH2O), and micturition time (s) were
obtained for a period of 30 min after the start of infusion.
Moreover, bladder capacity (summation of the residual vol-
ume and mean urine (micturition) volume), micturition frac-
tion (micturition volume×100/bladder capacity, %), and com-
pliance (bladder capacity/threshold pressure) were calculated.
The urine was collected using a vial placed at the opening of
the urethra. After each micturition, the vial was emptied and
the collected urine volume was measured. At the end of the
30-min period, during the last voiding, infusion was stopped
to terminate the cystometrographic evaluation. Residual vol-
ume was aspirated and measured. Then, the urinary bladder
was excised and weighed.

Serum lipid profile

Following excision of the urinary bladder after both in in vivo
and in vitro experiments, blood samples were collected by
cardiac puncture to determine the serum lipid profile (total
cholesterol, triglyceride, HDL, LDL, and VLDL) by diagnos-
tic kits using a modular system autoanalyzer (Roche/Hitachi,
IN) at the Clinical Biochemistry Laboratory of Hacettepe
University Hospital.

Histopathological evaluation

After the experimental protocols were completed, the animals
were sacrificed with exsanguination and the arch of aorta was
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excised and fixed in 10 % formaldehyde and processed by
routine light microscopy tissue processing techniques.
Sections were stained with hematoxylin–eosin and evaluated
for atherosclerotic changes, as described previously (Cai et al.
2005).

Chemicals

All chemicals were purchased from Sigma-Aldrich (Sigma-
Aldrich, St. Louis, MO). Distilled water was used to dissolve
all compounds except glibenclamide which was dissolved in
dimethyl sulfoxide.

Calculations and statistical analysis

Data were analyzed by using a statistics software package for
Windows (SPSS 15.0) (SPSS Inc., Chicago, IL). All values
were reported as mean±standard error of the mean (SEM).
Contraction responses to CCh (10μM)were normalized to the
wet tissue weight (g/100 mg wet tissue weight). Relaxation
responses were calculated as the percentages of the CCh-
induced maximal contraction. Emax (the highest relaxation
response induced by the agonist) and pD2 (negative logarithm
of the molar concentration of the agonist producing half of the
maximal effect) values were calculated by using the
SigmaPlot 10.0 for Windows (Systat Software, Inc., San
Jose, CA) software to evaluate the efficacy and potency of
the agonists, respectively. However, we have to mention that
some of the Emax values indicate the maximal response ob-
tained by the highest concentration of the test agent applied,
instead of the actual efficacy parameter. Therefore, some of
the pD2 values may not reflect the actual potency. The number
of animals and strips were indicated as N and n, respectively.

Normal distribution of the data was confirmed by the
Kolmogorov–Smirnov test. The general metabolic profile,
body and urinary bladder weights, serum cholesterol levels,
and cystometric parameters were compared by Student’s t test
for independent samples. Intra- and intergroup comparisons of
cumulative concentration–response curves were performed by
repeated measures analysis of variance followed by Tukey’s
post hoc test for multiple comparisons. Emax and pD2 values
were compared by Student’s t test for independent samples.
The differences were considered statistically significant when
P<0.05 (two-tailed).

Results

Animal characteristics and effects of high-cholesterol diet

High-cholesterol diet did not cause any significant difference
in body weights, bladder weights, food and water

consumption, and urine output of the rats (Table 1).
However, total serum cholesterol, LDL, and HDL levels were
higher in the HC group (P<0.05), while triglyceride and
VLDL levels were similar in both groups (Table 1).
Histological evaluation of the aortic arch elicited no sign of
atherosclerosis.

Relaxation response of bladder strips

The amplitudes and frequencies of basal spontaneous contrac-
tions were similar in the HC (n=17; 3.13±0.24 g/100 mg wet
tissue weight; 0.068±0.005 Hz) and the NC groups (n=16;
3.31±0.26 g/100 mg wet tissue weight; 0.072±0.004 Hz).The
cholinergic receptor agonist carbachol (10 μM) induced a
peak contraction of the DSM followed by a decline to a
relatively stable plateau values over a period of approximately
15 min. The maximal contractile responses to CCh were 3.39
±0.51 and 2.92±0.31 g/100 mg wet tissue weight for C and
HC groups, respectively, immediately prior to addition of
isoproterenol. Isoproterenol (1 nM–0.1 mM) administration
resulted in concentration-dependent relaxations in the C and
HC groups, being more prominent in the latter (P<0.05)
(Fig 1). Isoproterenol relaxed the bladder strips with a pD2

of 6.79±0.18 and an Emax of 35.64±2.04 % in the C group
and with a pD2 of 6.47±0.17 and an Emax of 46.55±3.57 % in
the HC group (Table 2).

The second series of experiments explored whether selec-
tive M2 receptor inhibition enhances the isoproterenol-
induced relaxation response. Methoctramine (10 μM)
preincubation significantly altered the isoproterenol concen-
tration–response curves in the C and HC groups (Fig 2). As
expected, methoctramine increased the maximum relaxation
responses induced by isoproterenol in both groups (P<0.05).
Although the relaxation-enhancing effect of methoctramine
appeared to be less pronounced in the HC group (Fig 2), the
difference between the groups was not significant, and pD2

values were found to be similar (Table 2).
In the third series of experiments, L-NAME (0.1 mM), a

NO synthase inhibitor, failed to affect the efficacy and potency
of isoproterenol in both groups (Table 2).

Relaxing effects of β-adrenoceptor agonists

Thereafter, all other experiments were conducted in the pres-
ence of methoctramine. Salbutamol (β2-adrenoceptor selec-
tive agonist) and BRL 37344 (β3-adrenoceptor selective ago-
nist) also relaxed CCh precontracted bladder strips in vitro in a
concentration-dependent manner (Fig 3). Concentration–re-
sponse curves obtained in response to cumulative BRL
37344 and salbutamol (1 nM-10 μM) administrations were
significantly different from the isoproterenol concentration–
response curve in the C group, whereas in the HC group, only
the salbutamol concentration–response curve was different
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from the isoproterenol concentration–response curve
(P<0.05).

Emax values obtained with BRL 37344 and salbutamol
were lower than that of isoproterenol in both the C and HC
groups (P<0.05) (Table 3). In addition, hypercholesterolemia
seemed to cause greater relaxations in response to BRL
37344; however, this effect was not statistically significant
(Fig 3).

pD2 values did not reveal any inter- nor intragroup differ-
ences statistically (Table 3).

Effects of K+ channel inhibitors

In the present study, we used two different inhibitors to investi-
gate the role of two types of potassium channels in the
isoproterenol-induced bladder relaxation: glibenclamide
and charybdotoxin. Pretreatment of the detrusor strips
with charybdotoxin, a large-conductance Ca2+-activated
K+ channel inhibitor (0.1 μM), suppressed the relaxation

induced by isoproterenol particularly in the C group
(Fig 4).

Glibenclamide, an ATP-sensitive K+ channel inhibitor
(10 μM), failed to attenuate the isoproterenol-induced relaxa-
tion responses.

None of the potassium channel blockers significantly
altered the Emax or pD2 of isoproterenol when the
groups were compared according to the effect of diet
(Table 4).

Cystometrography results

Table 5 displays the cystometric findings in the groups. Basal
and threshold pressures were significantly higher in the HC
group, whereas there was no significant difference in the
micturition pressure between both groups. The shorter mictu-
rition interval, the higher functional bladder capacity, the
increased residual volume, and the lower compliance values
obtained in the HC group failed to reach statistical
significance.

Discussion

The present study demonstrated that diet-induced hypercho-
lesterolemia augmented the nonselective β-AR agonist-in-
duced relaxation response of CCh-precontracted rat-isolated
detrusor strips. Further investigation of the contribution ofβ2-
and β3-AR and the role of the selected potassium channels on
the relaxation response revealed no significant difference be-
tween groups. In the cystometric evaluations, hypercholester-
olemic rats appeared to exhibit voiding patterns characteristic
of OAB.

The relatively low relaxation response to isoproterenol in
this study could be explained by the fact that it is more potent
at relaxing the KCl-precontracted strips or passive tension
than that of the CCh-precontracted strips (Longhurst and
Levendusky 1999; Frazier et al. 2005; Michel and Sand

Table 1 Physiological variables
and serum lipid profiles of control
and hypercholesterolemia groups

Data are presented as mean±SEM

*P<0.05 vs. control

Control (N=16) Hypercholesterolemia (N=17)

Body weight (g) 270.2±9.0 255.6±14.5

Bladder weight (mg) 84.2±2.2 78.5±3.4

Food consumption (mg/24 h) 18.9±0.8 19.7±1.6

Water consumption (ml/24 h) 36.1±3.0 31.7±2.3

Urine output (ml/24 h) 11.2±1.6 10.7±1.3

Total cholesterol (mg/dl) 78.3±6.5 174.9±12.1*

LDL (mg/dl) 20.5±3.6 120.6±10.1*

Triglyceride (mg/dl) 53.9±7.6 61.0±9.3

HDL (mg/dl) 63.0±4.5 94.0±10.7*

VLDL (mg/dl) 10.8±1.5 12.2±1.9

Fig. 1 Concentration–response curves of isoproterenol in the carbachol
(10 μM)-precontracted isolated detrusor strips in the control and hyper-
cholesterolemic rats. Responses are the mean (±SEM) relaxation
expressed as a percentage of the precontraction to CCh. Isoproterenol
caused marked relaxations in hypercholesterolemia group compared to
control group (*P<0.05). ISO isoproterenol
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2009; Witte et al. 2011). Interaction between the M2 cholin-
ergic receptors and β-adrenergic receptor-induced relaxation

may help in understanding this relative resistance (Michel and
Sand 2009; Witte et al. 2011).

Table 2 Emax and pD2 values of isoproterenol-applied detrusor smooth muscle strips (1 nM–0.1 mM) in the presence of methoctramine (10 μM) and L-
NAME (0.1 mM) in the control and hypercholesterolemic rats

Control Hypercholesterolemia

Emax pD2 N Emax pD2 n

Isoproterenol 35.64±2.04 6.79±0.18 8 46.55±3.57* 6.47±0.17 9

Methoctramine+isoproterenol 63.88±5.36# 7.11±0.25 9 62.45±6.09# 6.62±0.29 8

L-NAME+isoproterenol 34.50±2.12 6.92±0.28 10 43.84±3.51 6.31±0.16 10

Data are presented as mean±SEM and expressed as the relaxation response (% of maximal carbachol contraction)

L-NAME L-NG-nitroarginine methyl ester

*P<0.05 vs. control; #P<0.05 vs. corresponding isoproterenol alone

Fig. 2 Effects of methoctramine (10 μM) and L-NAME (0.1 mM)
incubation on isoproterenol-induced relaxations in rat-isolated detrusor
strips in the control (upper panel) and hypercholesterolemia (lower panel)
groups. Responses are the mean (±SEM) relaxation expressed as a
percentage of the precontraction to CCh. Methoctramine but not L-
NAME preincubation enhanced the isoproterenol-induced relaxations
both in C and HC groups (*P<0.05). ISO isoproterenol, Met
methoctramine, L-NAME L-NG-nitroarginine methyl ester

Fig. 3 Relaxing effects of isoproterenol, BRL 37344, and salbutamol in
the presence of methoctramine (10 μM) in rat-isolated detrusor strips in
the control (upper panel) and hypercholesterolemia (lower panel) groups.
Responses are the mean (±SEM) relaxation expressed as a percentage of
the precontraction to CCh. Isoproterenol elicited enhanced relaxation
responses both in C and HC groups (*P<0.05 vs BRL+Met, #P<0.05
vs SAL+Met,). ISO isoproterenol,Metmethoctramine, BRL BRL 37344,
SAL salbutamol
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Since M2 receptors and the NO/cAMP pathway have been
proposed as auxiliary mechanisms involved in the relaxation
of CCh-precontracted DSM (with urothelium intact), their
roles were also investigated in the present study. The concen-
tration–response curves for isoproterenol were re-obtained in

methoctramine-incubated strips, to determine the effect of
muscarinic M2 receptor in isoproterenol-induced relaxations.
M2 receptors are Gi protein-coupled seven-transmembrane
receptors, interacting with smooth muscle relaxation through
adenylyl cyclase inhibition (Ehlert et al. 2005). We found that
methoctramine enhanced the isoproterenol-induced relaxation
in both experimental groups. This finding is consistent with
reports demonstrating an enhancement in the relaxant effect of
isoproterenol against muscarinic agonist-induced contraction
in the ileum and urinary bladder in M2 receptor-knockout
mice (Matsui et al. 2003; Ehlert et al. 2005). Further, M2

receptors were shown to attenuate the relaxation responses
induced by isoproterenol in rat detrusor strips (Witte et al.
2011) . The d i f f e r ence be tween groups due to
hypercholesterolemia-associated enhancement in the
isoproterenol-induced relaxations disappeared with M2 recep-
tor blockade. Therefore, we propose a less prominent inhibi-
tory role for M2 muscarinic receptors on β-AR-mediated
relaxation in the hypercholesterolemic rats.

The NO/cGMP pathway may possibly modulate several
cellular systems found in the bladder wall. The accumulated
data suggest a supportive role for NO in bladder relaxation
during the filling phase along with other factors (Cerruto et al.
2012). However, we observed that nitric oxide synthase
(NOS) inhibition did not alter the responses to isoproterenol
in either groups in the present study, while chronic NO defi-
ciency has been reported to result in overactive DSM (Monica
et al. 2008). Similar with our findings, there are some
previous studies reporting the lack of effect of NOS
inhibitors on the CCh-induced contractions in mouse
bladder (Ekman et al. 2009) and on the inhibition of
maximal isoproterenol effects in rat bladder (Frazier
et al. 2005).

We investigated in vitro relaxation response of CCh-
precontracted detrusor strips to selective β2-AR agonist,
salbutamol, and β3-AR agonist, BRL 37344, to determine
the contribution of β2- and β3-adrenergic receptor subtypes
to the adrenoceptor-mediated relaxation response. To the
best of our knowledge, this is the first study investigating
the relationship between hypercholesterolemia and contribu-
tion of β-agonists to the DSM relaxation response in rats.

Table 3 Emax and pD2 values of isoproterenol-, BRL 37344-, and salbutamol-applied detrusor smooth muscle strips (1 nM–10 μM) in the presence of
methoctramine (10 μM) in control and hypercholesterolemic rats

Control Hypercholesterolemia

Emax pD2 n Emax pD2 n

Isoproterenol 59.90±5.38 7.20±0.24 9 56.87±5.93 6.73±0.28 8

BRL 37344 30.45±2.83* 7.05±0.19 7 38.31±5.13* 6.95±0.23 8

Salbutamol 22.75±1.94*,# 6.79±0.31 6 25.64±4.17* 7.03±0.26 9

Data are presented as mean±SEM and expressed as the relaxation response (% of maximal carbachol contraction)

*P<0.05 vs. isoproterenol; # P=0.05 vs. BRL 37344

Fig. 4 Relaxing effects of isoproterenol in the presence of charybdotoxin
(0.1 μM) or glibenclamide (10 μM) in rat-isolated detrusor strips in the
control (upper panel) and hypercholesterolemia (lower panel) groups.
Responses are the mean (±SEM) relaxation expressed as a percentage of
the precontraction to CCh. Charybdotoxin inhibited the isoproterenol-
induced relaxation responses in the C but not the HC group (*P=0.05 vs
ISO). ISO isoproterenol
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Alterations in bladder β-ARs in various pathological condi-
tions such as hypertension and bladder outlet obstruction in
rats (Michel and Barendrecht 2008) and decreased contribu-
tion of a β3-agonist to the relaxation response of the bladder
with aging in human (Li et al. 2003) have been reported.
Nevertheless, relaxation response was unchanged in diabetic
rats compared to control animals (Longhurst et al. 2004).
Moreover, it was reported that gender had small if any
effects on relaxation response (Michel and Barendrecht
2008). Our findings indicate that diet-induced hypercholes-
terolemia does not change relative contributions of β-AR
agonists to the relaxation response of detrusor strips.
Although information regarding the effects of hypercholes-
terolemia and relaxation response of smooth muscle is lim-
ited, it was shown that hyperlipidemia significantly de-
creases endothelium-dependent and/or endothelium-
independent relaxation in the vascular (Shishido et al.
2004), clitoral (Kim et al. 2002), and cavernous smooth
muscles (Kim 2000). Further, the BRL 37344-induced re-
laxation was 30 and 38 % whereas salbutamol caused 23
and 26 % maximal relaxations in the C and HC groups,

respectively. Compared to the C group, stimulation with
BRL 37344 accounted for approximately two thirds of the
maximal relaxation response in the HC group, implying a
greater contribution of β3-ARs to the relaxation response in
this group (60 vs. 30 % in C and 57 vs. 38 % in HC group).
BRL 37344 was previously shown to inhibit CCh-induced
tone in human DSM strips (Takeda et al. 1999). In addition,
these β-AR agonists modulate other mechanisms involved
in detrusor function, e.g., BRL 37344 was demonstrated to
reduce both spontaneous phasic contractions and muscle
tone (Hristov et al. 2008) and to inhibit EFS-induced con-
tractions in human (Afeli et al. 2013) and rat (Afeli and
Petkov 2013) DSM. Although the concentrations of BRL
37344 used in the present work were in accordance with the
literature (Afeli and Petkov 2013; Afeli et al. 2013) propos-
ing its β3-AR agonistic role, one should note that BRL
37344 has also been reported to be a partial agonist at rat
β3-ARs and to have antagonistic properties at muscarinic
receptors (Kubota et al. 2002; Vrydag and Michel 2007). In
addition, another limitation of the current study is the lack of
confirmation with selective antagonists to confirm the sug-
gested increase in the β3/β2 ratio.

The precise cellular mechanism ofβ-AR-mediated bladder
relaxation has not been elucidated fully. The effects of β3-
adrenoceptors are mainly mediated through cAMP/PKA path-
way, but PKA-dependent and PKA-independent mechanisms
may also take part in the DSM function, among which acti-
vation of K+, particularly BK channels, functionally interacts
with β3-ARs-promoted DSM relaxation (Frazier et al. 2005;
Petkov and Nelson 2005; Tanaka et al. 2005; Uchida et al.
2005; Ferro 2006; Hristov et al. 2008). Alterations in the
expression of BK channels may cause urinary dysfunctions,
such as overactive bladder and urinary incontinence (Meredith
et al. 2004; Herrera et al. 2005). In our study, the relaxant
effect of isoproterenol in precontracted detrusor strips was
reduced by the BK channel inhibitor, charybdotoxin, in the
C group, while it did not exert such an effect in the HC group.
Although iberiotoxin could have been used for the same
purpose, charybdotoxin was selected in the present study
due to its similar, if not superior, reducing effect of

Table 4 Emax and pD2 values of isoproterenol-applied detrusor smooth muscle strips (1 nM–0.1 mM) in the presence of methoctramine (10 μM) with
glibenclamide (10 μM) or charybdotoxin (0.1 μM) in the control and hypercholesterolemic rats

Control Hypercholesterolemia

Emax pD2 n Emax pD2 n

Isoproterenol 63.88±5.36 7.11±0.25 9 62.45±6.09 6.62±0.29 8

Glibenclamide 65.07±0.92 7.01±0.11 4 59.07±5.61 6.91±0.14 4

Charybdotoxin 47.52±2.73*,# 6.88±0.14 5 52.28±1.40 6.66±0.14 5

Data are presented as mean±SEM and expressed as the relaxation response (% of maximal carbachol contraction)

*P=0.05 vs. isoproterenol; #P<0.05 vs. glibenclamide

Table 5 Cystometric parameters of control and hypercholesterolemia
groups

Control
N=5

Hypercholesterolemia
N=7

Threshold pressure (cmH2O) 2.6±0.7 5.9±0.9*

Micturition pressure (cmH2O) 34.1±2.1 38.9±3.0

Basal pressure (cmH2O) 1.2±0.6 4.2±1.1*

Micturition interval (s) 201.4±33.6 179.4±41.2

Micturition time (s) 38.4±7.2 65.6±21.1

Micturition volume (ml) 0.42±0.05 0.36±0.09

Residual volume (ml) 0.29±0.08 0.44±0.08

Bladder capacity (ml) 0.71±0.1 0.80±0.08

Micturition fraction (%) 61.4±6.3 44.0±9.5

Compliance 0.35±0.1 0.16±0.03

Data are presented as mean±SEM

*P<0.05 vs. control
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isoproterenol relaxations than that of iberiotoxin in the pre-
contracted bladder as previously reported (Frazier et al. 2005).
In support of our findings, charybdotoxin was reported to
potentiate the contraction of the urinary bladder in mice
(Ekman et al. 2009) and to inhibit the relaxation induced by
β-AR agonists in rat (Uchida et al. 2005) at concentrations of
0.3 and 0.1 μM, respectively. Recent studies reported de-
creased BK channel expression with aging (unpublished data
by Petkov et al. as stated in (Petkov 2012)), BK channel
dysfunction (Oger et al. 2011), and reduced BK channel
activity in neurogenic DO (Hristov et al. 2013). Basal and
nerve-mediated DSM contraction was enhanced, resulting in
bladder overactivity and urinary incontinence in mice lacking
functional BK channel subunits (Meredith et al. 2004). Our
results derived from detrusor strips are in line with the reports
stating that hypercholesterolemia may reduce BK channel
activity (Dopico et al. 2012). Although the modulation of
KATP channels by hypercholesterolemia was shown in other
smoothmuscles (Ren et al. 2001), we failed to show any effect
of KATP channel blockade by glibenclamide on the relaxation
response of bladder in both the C and HC groups.

In this study, experiments in rat-isolated DSM strips re-
vealed a less significant braking effect for M2 receptors on
isoproterenol-induced relaxation response in the hypercholes-
terolemic rats. Since we ended up with some clues for mod-
ulation of DSM relaxation function in in vitro experiments in
the present study and contraction function in another recent
study in diet-induced hypercholesterolemia, to observe the
functional consequences of these in vitro results, in vivo
cystometric experiments were performed. Previously, hyper-
lipidemia and/or hypercholesterolemia were associated with
detrusor/bladder overactivity in cystometric studies (Azadzoi
et al. 1999; Rahman et al. 2007; Son et al. 2007; Huang et al.
2010; Yoshida et al. 2010a). Our results indicating relatively
more frequent voiding and decreased voided volume supports
these findings of overactivity in the HC group in line with the
increased residual volume, resulting in higher basal and
threshold pressures. As stated by Nitti et al. (2013), adminis-
tration of β3-AR agonist increases bladder capacity without
changing the micturition pressure, residual volume, or voiding
contraction during the storage phase of the voiding cycle (Nitti
et al. 2013). In conflict with this, hypercholesterolemic rats
exhibited increased capacity with higher basal and threshold
pressures and residual volume, suggesting modification in
in vivo response. Decreased micturition fraction in the HC
group also indicates impairment in voiding. Since the detrusor
contractility is intact, it is likely that the relaxation response of
the bladder neck (which is completely different in innervation
and receptor density) is involved. The response of the neck
muscles was not included in our study, but it deserves to be
investigated since reciprocal contraction and relaxations of
DSM and bladder neck is crucial both for voiding and storage
functions of the urinary bladder. The compliance was lower in

the HC group in our study, similar with the results from a rat
model of atherosclerosis-induced chronic bladder ischemia
(Nomiya et al. 2012). As stated by Kohan, decreased bladder
compliance reflects an increase in threshold pressure without a
change in bladder capacity (Kohan et al. 2000) which is in
accordance with our results. Nevertheless, regarding our
in vivo findings, it should be noted that the only significant
difference due to hypercholesterolemia obtained in the present
study was in threshold pressure and basal pressure.

The dec r e a s ed comp l i ance i n HC group in
cystometrography may seem contradictory to our in vitro
results. But keeping the volume–pressure curve in mind, one
can easily figure it out that the higher basal pressure due to
decreased micturition fraction makes the bladder work at the
upper end of the curve, where compliance is naturally low. In
our study, diet-induced hypercholesterolemia augmented re-
laxation responses in detrusor strips. However, it is not
reflected to in vivo function possibly due to the higher residual
volume and basal pressure.

In conclusion, the data of the current study confirm previ-
ous studies suggesting that M2 receptors modulate the action
of β-agonists in the bladder and that this braking function of
M2 receptors in the β-adrenergic relaxation of DSM is atten-
uated in hypercholesterolemic rats. The current results may
also indicate that the ratio of β3/β2 receptors may change in
hypercholesterolemic rats; however, this needs to be con-
firmed in additional studies. Additional studies are also re-
quired to determine the clinical implications of these results;
however, they seem to suggest that a combination of
antimuscarinics and β-agonists may be beneficial in the treat-
ment of bladder disorders in patients with and without
hypercholesterolemia.
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