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A B S T R A C T

Heart failure (HF) has a strong association with the development of lower urinary tract symptoms, especially
overactive bladder (OAB); although this condition remains poorly investigated. In this study, we assess the
aortocaval fistula (ACF) model as a novel experimental model of micturition dysfunction, associated with HF,
focused on the molecular and functional studies to evaluate the autonomic nervous system and urinary bladder
remodeling. Male rats were submitted to ACF for HF induction. Echocardiography, cystometric, histomorpho-
metry and molecular analysis, as well as concentration-response curves to carbachol and ATP and frequency-
response curves to electrical field stimulation (EFS) were evaluated in Sham and HF (4- and 12-weeksendpoint)
groups. Compared to SHAM, HF groups exhibited progressive increases in the left ventricle (LV) mass and
fractional shortening which indicates cardiac dysfunction, although HF was characterized only after 12 weeks by
the reduced ejection fraction. For micturition function, HF groups presented increased non-voiding contractions
(NVC) and decreased bladder capacity; however, when comparing HF groups, these urinary parameters were
significantly impaired over the weeks (12-weeks). The contractile responses induced by CCh, ATP and EFS were
greater in detrusor muscle (DSM) from HF rats. mRNA expression for muscarinic receptors (M2 and M3) was
higher in DSM only after 12weeks of ACF, in addition to MMP9 and TGF-beta. Histomorphometric revealed
increased urothelium thickness in both HF groups, whereas DSM thickness occurred only after 12 weeks. Thus,
the ACF model induced cardiac dyfunction with progressive micturition dysfunction over the weeks, char-
acterized by increased DSM contractile mechanisms as well as extracellular matrix remodeling in the urinary
bladder, representing a useful tool to evaluate the OAB associated with HF.

1. Introduction

Heart failure (HF) is no longer considered an isolated heart disease,
because it involves multiple systems and compensatory mechanisms,
accompanied by high rates of morbidity and mortality [1,2]. According
to updated data from the American Heart Association (AHA), HF af-
fected approximately 5.1 million individuals in the United States be-
tween the years of 2007–2012 and estimates show that these rates will
increase 46% by 2030 [3,4]. Several studies have demonstrated a
complex relationship between HF and the development of lower urinary
tract symptoms (LUTS) [5–7]. Epidemiological data have shown that
approximately 30–50% of men and women with HF suffer from LUTS

[6,8], among the symptoms we highlight the overactive bladder (OAB),
which presents in approximately 57% of patients with HF [8]. Although
LUTS is not one of the first issues for treating HF patients, urinary
worries may have a negative influence on their quality of life [5].

The LUTS, such as urgency, incontinence, nocturia and OAB, are
associated with failures of urine storage [9]. The neural circuits in the
bladder and urethra, composed of somatic, sympathetic and parasym-
pathic fibers, regulate the abilities of the lower urinary tract tostore and
to release urine [10]. During the urine storage phase the bladder and
urethra work as a functional unit [11], and a progressive increase in
sympathetic activity releases noradrenaline, which activates β-adreno-
ceptors in the detrusor smooth muscle (DSM), causing bladder
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relaxation and contributing to the filling phase during the micturition
cycle [12]. Moreover, sympathetic stimulation will also stimulate α1-
adrenoceptors in the urethra to provide bladder outlet resistance and
prevent involuntary leakage of urine [13]. When a storage limit is
reached, the sympathetic activity is ceased, and the acetylcholine re-
leased from parasympathetic fibers activates the muscarinic receptors,
promoting contraction in the DSM and emptying of the bladder [14]. In
addition, non-cholinergic excitatory transmission mediated by ATP via
purinergic receptors in DSM may also contribute to bladder contrac-
tions during the micturition cycle [15]. Moreover, several studies have
shown that the overactive DSM is present in conditions of urine storage
failure, either in experimental models [16,17] or in humans [18,19]
and the understanding of the mechanisms underlying the DMS dys-
function and the control of the micturition cycle may be the key for
treating failures of storage in the urinary bladder.

In addition, HF and OAB have common risk factors such as hy-
pertension, obesity and diabetes mellitus [8,20]. Dysfunction in the au-
tonomic nervous system, pelvic ischemia and changes in signaling
pathways that regulate smooth muscle tone are pointed out as possible
mechanisms in the development of OAB associated with overactive
DSM in cardiovascular disease [21–23]. However, despite the high
prevalence of LUTS in HF patients, few studies have evaluated the pa-
thophysiological alterations of urinary bladder in HF.

HF experimental models in mammals have provided additional
support for understanding the pathophysiological alterations in HF. The
aortocaval fistula (ACF) model has been extensively used for studying
the pathophysiology of volume-overload HF in rats [24,25]. The ACF
model results in immediate hemodynamic changes and consequent
activation of compensatory neurohormonal mechanisms [24] that
contribute to changes in the cardiac and renal overload, inadequate
blood supply and oxidative stress, which may be responsible for the
development of LUTS [26,27].

Since HF is associated with increased oxidative stress, lower nitric
oxide bioavailability and activation of compensatory neurohormonal
mechanisms, we hypothesized that HF causes hemodynamic changes
promoting an imbalance and leading to molecular and functional
changes of the DSM, which contribute to the micturition dysfunction
and LUTS. Therefore, the purpose of this study was to characterize the
ACF rat model associated with HF as a novel experimental model of
OAB, as well as to evaluate the LUTS pathogenesis in HF, exploring the
molecular and morphofunctional changes as well as changes in the
contractile mechanism of the DSM.

2. Materials and methods

2.1. Ethics statement

All experimental procedures in this study were carried out in ac-
cordance with the general ethical guidelines for animal use established
by the Brazilian Society of Laboratory Animal Science (SBCAL) and EC
Directive 86/609/EEC for Animal. The experimental protocols were
reviewed and approved by the Ethics Committee in Animal Research of
the São Francisco University Medical School (protocol number
001.06.11).

2.2. Animals

All experimental procedures were carried out in accordance with
the Ethical Principles in Animal Research adopted by the Brazilian
College for Animal Experimentation (COBEA) and followed the Guide
for the Care and Use of Laboratory Animals. Male Sprague Dawley rats
(250–280 g) housed with free access to water and standard chow were
maintained on a 12 h light–dark cycle. For the experimental protocols
the animals were subdivided into three groups: Sham group and heart
failure groups (HF), at 4 and 12weeks after the surgical procedure (HF
4wks and HF 12wks, respectively). For the sham group, after no

changes were observed in the cardiac, cystometric and morphofunc-
tional parameters, we used a single sham group.

2.3. Induction of heart failure in a rat model of chronic volume overload

Animals were anesthetized with a mixture of ketamine (50 μg/g)
and xylazine (10 μg/g). HF was induced by surgical creation of an ACF
to induce chronic volume overload (VO). Briefly, a ventral laparotomy
was performed to expose the abdominal aorta and vena cava and both
vessels were then occluded temporarily. A short-bevel 18 g needle 7
was inserted into the abdominal aorta and advanced through the medial
wall into the vena cava, creating a shunt below the renal arteries. The
aortic puncture site was sealed with cyanoacrylate. The musculature
and skin incisions were closed by standard techniques with absorbable-
and no absorbable suture, respectively [28]. At the end of the surgery,
the animals received analgesic (flunixin meglumine, 2.5mg/kg, sc;
[29]).

2.4. Validation of the heart failure model

For the validation of the HF model and better evaluation of cardiac
function, the animals were submitted to transthoracic echocardio-
graphy after 4 and 12weeks of ACF induction. The animals were an-
esthetized with xylazine (10 μg/g) and ketamine (50 μg/g) adminis-
tered intraperitoneally, afterwards the tricotomy of the thoracic region
was performed and the animals were submitted to the echocardio-
graphy procedure. The equipment was used for the examination (Sono
Site - M Turbo, Washington, USA). The parameters measured were: left
ventricle (LV) mass, ejection fraction, LV fractional shortening, frac-
tional shortening of the posterior wall LV and end systolic and diastolic
volumes [30].

2.5. Cystometry

After 4 and 12weeks, rats were anesthetized with a mixture of ke-
tamine (50 μg/g) and xylazine (10 μg/g) administered in-
traperitoneally. The bladder was exposed and a butterfly cannula (25 G)
was inserted into the bladder. The cannula was connected to a pressure
transducer and to an infusion pump through a catheter (PE50). Before
starting cystometry the bladder was emptied. Continuous cystometry
was performed by infusing saline into the bladder at a rate of 0.06mL/
min. The parameters measured were as follow: Basal pressure,
threshold pressure (intravesical pressure immediately before micturi-
tion), voiding pressure (the peak pressure reached during micturition),
capacity (volume of saline needed to induce the first micturition),
voiding contractions frequency (number of voids per minute) and non-
voiding contractions frequency (NVCs). NVCs were defined as sponta-
neous bladder contractions> 4mmHg from the baseline pressure that
did not result in micturition [31].

2.6. Functional studies in detrusor muscle

After 4 and 12weeks of ACF induction, animals were anesthetized
with isoflurane and exsanguinated. After median laparotomy the ur-
inary bladder was removed, sectioned into two longitudinal strips and
maintained in Krebs-Henseleit solution containing: NaCl, 118mM;
NaHCO3, 25mM; glucose, 5.6mM; KCl, 4.7 mM; KH2PO4, 1.2mM;
MgSO4 7H2O, 1.17mM and CaCl2 2H2O, 2.5mM. Each strip was
mounted under resting tension of 10mN in 10-ml organ chambers
containing Krebs solution at 37o C (pH 7.4) and continuously bubbled
with a mixture of 95% O2 and 5% CO2. The equilibration period was
60min before starting the experiments. Isometric force was recorded
using a PowerLab 400TM data acquisition system (Software Chart,
version 7.0, AD Instrument, MA, USA). Cumulative concentration re-
sponse curves to Carbachol (CCh; 1 nM–100 μM; Muscarinic agonist)
and Potassium Chloride (KCl; 1–300mM; Hyperpolarising agent) were
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obtained in the basal tonus. The contractile response mediated by
purinergic receptors was evaluated by the addition of 3 increasing
concentrations of alpha, beta-methylene ATP (1, 3 and 10 μM) in a non-
cumulative form, with an interval of 45 min between doses and tissues
were washed three times during this period to avoid desensitization
[10,31]. Data are shown as contraction mN/mg of tissue of n experi-
ments, expressed as the mean values ± SEM.

2.7. Electrical-field stimulation (EFS)

Electrical field stimulation was applied in detrusor strips placed
between two platinum ring electrodes connected to a grass S88 stimu-
lator (Astro-Med Industrial Park, RI, USA). EFS was conducted at 80 V,
1-ms pulse width and trains of stimuli lasting 10s at varying frequencies
(1–32 Hz) [32].

2.8. Polymerase chain reaction

Total ribonucleic acid (RNA) was extracted with Trizol Reagent
(Gibco-BRL, Gaithersburg, MD, USA) from corpus cavernosum rat
samples. RNA samples of 3 μg were incubated with 1 U deoxyr-
ibonuclease I (DNase-I) (Invitrogen, Rockville, MD) for 15min at room
temperature (RT) and EDTA was added to a final concentration of 2mM
to stop the reaction. The DNase-I enzyme was subsequently inactivated
by incubation at 65 °C for 5min. DNaseI-treated RNA samples were
then reverse transcribed with Superscript III and Ribonuclease
(RNaseOut) (Invitrogen Corporation, Carlsbad, CA) for 50min at 50 °C,
15 min 70 °C. cDNA samples were quantified using a Nanodrop spec-
trophotometer (ND-1000; Nanodrop Technologies, Inc., Wilmington,
DE). Synthetic oligonucleotide primers were designed to amplify cDNA
for the genes encoding the muscarinic receptors (M2 and M3), me-
talloproteinase type-9 (MMP-9) and transforming growth factor - beta
(TGF-β) and GAPDH (PrimerExpressTM; Applied Biosystems, Foster
City, CA, USA). The primer sequences are listed in Table 1. All samples
were assayed in a 12 μl volume containing 3 μl of 10 ng cDNA, 6 μl
SYBR Green Master Mix Polymerase Chain Reaction and 3 μl of specific
primers in a MicroAmp Optical 96-well reaction plate using the 7200
Sequence Detection System (Applied Biosystems, Foster City, CA). The
threshold cycle (Ct) was defined as the point at which the fluorescence
rises appreciably above the background fluorescence. The dissociation
protocol was performed at the end of each run to check for nonspecific
amplification. All samples were amplified in duplicate, and the mean of
the threshold cycle was used for further calculations. The probe signal
was normalized to an internal reference, and GAPDH was used as a
reference gene; the fold increase was calculated by the conventional
comparative CT (DDCt) method, as previously described in detail [33].

2.9. Histological analysis

For histopathological analysis, specimens were fixed in 10% formol
solution, embedded in paraffin blocks, and then subjected to sectioning
for obtaining 4 μm slices. All the specimens were stained using hema-
toxylin and eosin (HE) for histomorphometric analysis by optical mi-
croscopy using computer-assisted image analysis. Briefly, a camera at-
tached to the microscope captured the images selected on each slide.
After capture and scanning, the images were evaluated by specific
image analysis (NIS-Elements, Nikon®). The urothelial thickening and
smooth muscle thickness was evaluated and this measurement was al-
ways made at the same magnification in a three representative fields of
the sample. The average obtained after reading separate fields on the
same slide in distinct field was considered for statistical analyses.
Histopathological analysis was performed by two other researchers,
without access to any other aspects of the study [34].

2.10. Drugs

Carbachol, alpha-beta metylene ATP, potassium chloride (Sigma
Chem Co., St. Louis, MO, USA). Isoflurane, ketamine
(UniãoQuímicaFarmacêutica Nacional S/A, Embu Guaçu, SP, Brazil)
and xylazine (HertapeCalierSaúde Animal S/A, Juatuba, MG, Brazil).
All reagents used were of analytical grade.

2.11. Statistical analysis

Data are expressed as mean ± SEM of n experiments. In the cu-
mulative concentration-and frequency–response curves, data are ex-
pressed as means of the contraction in mN divided by the weight of the
detrusor tissue (mN·mg−1) ± SEM of n experiments. The program
Instat (GraphPad Software) was used for statistical analysis. For mul-
tiple comparisons of independent variables, the one-way ANOVA was
used, followed by the post hoc Tukey test. Values of p < 0.05 were
considered significant.

3. Results

3.1. The ACF model led to hypertrophy and cardiac dysfunction

The cardiac parameters are shown in Fig. 1 and the transthoracic
echocardiography revealed that, after 4 and 12weeks of ACF induction,
the animals of the HF group demonstrated a significant increase in LV
mass (Fig. 1A), fractional shortening of the LV posterior wall (Fig. 1E)
and in the end LV diastolic volume (Fig. 1C), when compared to the
Sham group. However, at 12 weeks the animals in the HF group pre-
sented a reduction of the ejection fraction (Fig. 1F) and an increase in
the end LV systolic volume (Fig. 1B), when compared to Sham. In ad-
dition, when comparing HF groups at 4 and 12weeks of fistula induc-
tion, there was a significant reduction in ejection fraction (Fig. 1F) and
an increase in the final LV systolic volume (Fig. 1B), suggesting a
progressive deterioration of the cardiac function of these animals.

3.2. HF rats displayed progressive urinary dysfunction

Fig. 2 shows a representative tracing of cystometry in Sham and HF
(4 and 12weeks) rats. The pattern of urination of Sham rats showed
rare involuntary contractions (panel A), whereas HF rats exhibited an
irregular pattern of micturition, with uninhibited contractions along the
trajectory, both at 4 and 12weeks (panel B and C, respect). The analysis
of the cystometric parameters showed that, after 4 weeks of ACF in-
duction, HF rats presented a significant increase in voiding pressure
(VP) (Fig. 3B), threshold pressure (TP) (Fig. 3C), associated with a
significant decrease in bladder capacity, compared to Sham group
(Fig. 3D). After 12 weeks, HF rats showed a significant increase in VP
(Fig. 3B) and in the frequency of non-voiding contractions (NVC)

Table 1
Sequence and prime concentration for each primer pairs for the encoding
muscarinic receptors (M2 and M3), metalloproteinase type-9 (MMP-9) and
transforming growth factor - beta (TGF-β1).

Gene Encoded
protein

Primer sequence (5′-3′) Primer
concentration
(nM)

Chrm2 M2 F-TAGTTGGGTCGTCGGGTCAG 50
R-CTTCACGATTTTGCGGGC 50

Chrm3 M3 F-CCCACAGGCAGTTCTCGAA 150
R-GAACCAGAAGTGACAGCGACC 150

Mmp9 MMP-9 F-AGGGAAGGCTCTGCTGATCA 300
R-GACGTTGTGTGAGTTCCAGGG 300

Tgfb1 TGF-β1 F-CAGTGTTTCAGGCTAACCAAGAAA 150
R-CCCGAATGTCTGACGTATTGAA 150

Gapdh GAPDH F-CCTGCCAAGTATGATGACATCAA 50
F-AGCCCAGGATGCCCTTTAGT 50

F: Forward, R: Reverse.
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Fig. 1. Impact of the ACF model on animals cardiac function.
Echocardiographic exploration of cardiac function in sham and heart failure (HF; 4 and 12 weeks) animals. Measurements of left ventricular (LV) mass (panel A), LV
end systolic volume (panel B), LV end diastolic (panel C), fractional shortening of LV (panel D), fractional shortening of the posterior wall of LV (panel E) and ejection
fraction (panel F). Data are mean ± SEM of 5 experiments. *p < 0.05; **p < 0.01; **p < 0.001 compared to sham group. ##p < 0.01 compared to HF group.
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Fig. 2. Cystometric tracings.
Representative traces of cystometry from Sham and heart failure (HF; 4 and 12weeks) groups. Sham (panel A) and HF (panel B and C, respect.). The tracings
represent 30min of experimental procedure and the arrows indicate the presence of urination.
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(Fig. 3F), associated with a decrease in bladder capacity, when com-
pared to the Sham group (Fig. 3D). In addition, when comparing HF
groups at 4 and 12weeks of ACF induction, a significant increase in
NVC was observed over the weeks (Fig. 3F), showing a progression of
symptoms associated with the stage of the disorder.

3.3. HF rats exhibited contractile mechanism dysfunction

The cumulative addition of the non-selective muscarinic receptor
agonist carbachol (CCh) caused a concentration-dependent contraction
of the DSM in Sham and HF groups (4 and 12weeks). The potency
(pEC50) of CCh was not significantly altered in the HF groups compared
to the respective Sham groups (Table 2). However, the maximum
contractile response to CCh (Emax) in DSM was significantly elevated in
HF 4 and 12weeks groups when compared to Sham group (Fig. 4A).

Similarly, the non-cumulative addition of the P2X receptor agonist
(alpha, beta-methylene ATP; ATP) promoted at all concentrations (1, 3
and 10 μM) a significant increase in the contractile response of DSM in
HF groups compared to Sham group, when compared to Sham group
(Fig. 4C).

Receptor-independent contractile effects were assessed by

constructing concentration-response curves to the hyperpolarising
agent potassium chloride (KCl) in the DSM of rats under basal tonus.
The potency (pEC50) of KCl was not significantly altered in HF groups,
compared to Sham. However, the results showed a significant increase
in the maximum response (Emax) of the DSM in HF groups compared to
Sham group (Fig. 4B). The potency (pEC50) and maximal responses
(Emax) values are represented in Table 2.

3.4. The response to electrical field stimulation was increased in HF rats

Electrical field stimulation (EFS) induces depolarization of choli-
nergic and non-adrenergic non-cholinergic neurons to induce contrac-
tions of the DSM under basal tonus. Construction of frequency-response
curves in the DSM showed a frequency-dependent contraction in Sham
and HF groups. However, the magnitude of the contraction elicited by
EFS at all frequencies was significantly higher in the DSM of the HF
group at 12 weeks, when compared to the respective Sham group or HF
group at 4 weeks (Fig. 4D).

3.5. HF rats displayed increased expression of mRNA for the M2 and M3

receptors, MMP-9 and TGF-beta in the DSM

The evaluation of the urinary bladders of HF group at 12 weeks
showed a significant increase in the gene expression of muscarinic M2
and M3 receptors mRNA, when compared to Sham and HF at 4 weeks.
Expression of MMP-9 and TGF-beta mRNA were also significantly in-
creased in the urinary bladder of the 12-week HF animals, when com-
pared to the 4 week Sham and HF groups (Fig. 5).

3.6. HF rats showed morphological changes in the urinary bladder

Morphological analysis of the urinary bladder showed significant
structural changes, which were observed as a significant thickening of
the urothelial layer in HF at 4 and 12weeks, compared to the age-
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Fig. 3. Effect of HF on urinary function in vivo.
Cystometric parameters of animals Sham (n= 12) and heart failure (HF) 4 (n= 5) and 12 (n= 5) weeks. Were measured at basal pressure (BP; panel A), voiding
pressure (VP; panel B), threshold pressure (TP; panel C), capacity (CP; panel D), voiding contractions frequency (VC; panel E) and non-voiding contractions frequency
(NVC; panel F). Data are mean ± SEM of n experiments. *p < 0.05; **p < 0.01; ***p < 0.001compared to sham group. #p < 0.05 compared to HF group.

Table 2
Potency (pEC50) and maximal responses (Emax) values obtained from con-
centration–response curves in detrusor muscle strips from Sham and HF rats.

Groups Carbachol (CCh) Potassium Chloride (KCl)

pEC50 Emax pEC50 Emax

Sham 5.60 ± 0.06 0.91 ± 0.05 0.97 ± 0.17 0.76 ± 0.06
HF 4weeks 5.73 ± 0.08 1.25 ± 0.10*,# 1.09 ± 0.09 1.03 ± 0.07*,#

HF 12weeks 5.69 ± 0.04 1.54 ± 0.07** 1.06 ± 0.04 1.30 ± 0.07***

Data represent the mean ± S.E.M. of 6–9 experiments. *p < 0.05,
**p < 0.01, ***p < 0.001 compared with Sham group; #p < 0.05 compared
with HF 12 weeks group.
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calculated as the absolute value in mN divided by the individual weight of each strip (mN·mg−1). Data are mean ± SEM of n experiments. *p < 0.05; **p < 0.01;
***p < 0.001compared to Sham group. #p < 0.05; ##p < 0.01 compared to HF group.
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Fig. 5. mRNA expression of muscarinic M2 and
M3 receptors (panel A and B respect.), matrix
metallopeptidase 9 (MMP9; panel C) and
transforming growth factor beta (TGF-beta;
panel D) in the homogenates of the bladder
from sham and heart failure (HF; 4 and
12 weeks) rats.
The mRNA expression level of each gene was
normalized by GAPDH expression. Data re-
present the means ± SEM of 4–6 experiments
in each group. **p < 0.01 compared to Sham
group. #p < 0.05; ##p < 0.01; ###p < 0.001
compared to HF group (12 wks).
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matched Sham group (Fig. 6A to D). In addition, HF at 12 weeks also
presented a significant increase in the thickness of DSM, when com-
pared to the age-matched Shamor HF at 4 weeks (Fig. 6E to H).

4. Discussion

In the present work, the surgical model of ACF caused changes in
the hemodynamic flow which were accompanied by the development of
OAB and alterations in the reactivity and structure of the DSM, revealed
by changes in the cystometry parameters, increased receptor - depen-
dent and - independent contractile responses and thickening of the
urothelium and DSM layers of the bladder.

Several experimental models of HF have been created over recent
years with the purpose of helping to understand the mechanisms related
to their development and their complications. These include aortic
banding, coronary artery ligation, ACF, and spontaneously hypertensive
animals [35–37]. The ACF model has been widely used today and
consists of the creation of a fistula below the renal arteries, resulting in
a decrease in mean arterial pressure and an overload of venous volume
to the right heart chambers. Such hemodynamic changes lead to the
activation of numerous compensatory neurohumoral mechanisms and
cardiac manifestations, such as decreased ejection fraction, hyper-
trophy and cardiac remodeling [24].

Our results demonstrate that, after 4 and 12weeks of ACF induction,
animals showed an increase in total cardiac mass, suggesting that the
vascular changes resulting from the model had a significant cardiac
overload and consequent hypertrophy as early as the first weeks after
fistula induction and were progressive until the 12th week. In addition
to the hypertrophy, our animals also presented cardiac function im-
pairment at 4 and 12 weeks, since there was a progressive decrease in
the ejection fraction and increase in left ventricular end systolic and
diastolic volumes, demonstrating that the ACF model led to structural
and functional alterations that characterize HF. Our findings corrobo-
rate previous studies reporting similar cardiac abnormalities following
the induction of ACF in rats [25,29,38].

The development of LUTS, such as urinary urgency, urinary incon-
tinence and OAB, may represent a burden to the quality of life of the

patient in many cardiovascular diseases. Studies have shown an in-
timate relationship between HF and LUTS [6,8] and it is believed that
several mechanisms involved in the pathophysiology of HF may con-
tribute to the progression of LUTS. Among these mechanisms, en-
dothelial dysfunction, arterial insufficiency, increased levels of vaso-
constricting agents, autonomic hyperactivity and pharmacological
treatment may cause autonomic dysfunction and important molecular
alterations in the signaling pathways that control the smooth muscle
tone. Furthermore, patients with HF exhibit worsened renal function
and tubular damage [39,40] which could increase the level of toxic
substances accumulated in the urine and stored in the bladder and
might also contribute to its functional impairment. In addition, clinical
and experimental studies indicate that chronic pelvic ischemia during
the voiding cycle may result in reduced NO bioavailability, leading to
endothelial dysfunction and increased formation of reactive oxygen
species in the bladder [41–43]. Furthermore, enhanced activity of
muscarinic receptors causes structural damage to the DSM and neuro-
degeneration and impairs urinary function in both animals and humans
[44–46].

Therefore, since LUTS may occur in HF patients, herein we eval-
uated the urinary function of rats submitted to ACF model of HF.
Initially, cystometric parameters (in vivo) were evaluated in anesthe-
tized animals. Continuous infusion of saline into the bladder demon-
strated reduced bladder capacity in the HF group at 4weeks, with
consequent elevation of urination contractions and threshold pressure
during the bladder filling phase. Similarly, the HF group exhibited the
same pattern of decreased capacity and increased threshold pressure at
12 weeks; however, a higher number of involuntary contractions was
also observed, characterizing OAB. Taken together, these data suggest
that the hemodynamic changes imposed by the ACF model resulted in
impaired urinary function during the weeks after HF induction. In ad-
dition, the deterioration of urinary function was progressive and may
be associated with the evolution of HF. Micturition dysfunction has
been observed in experimental models of chronic ischemia of the ur-
inary bladder [21,47,48], but never in the ACF model. To the best of
our knowledge, this is the first study showing that HF is associated with
the impairment of urinary function, independently of treatments

Fig. 6. Structural impairment of urothelium and detrusor musculature.
Measurements of urothelium thickness (panel D) and smooth detrusor thickness (panel H) in the Sham (n=6) and heart failure (HF) 4 (n=2) and 12 (n=3) weeks.
Data are mean ± SEM of n experiments. *p < 0.05; **p < 0.01 compared to Sham group. Images representative of the histomorphometric analysis of the ur-
othelium (panel A to C) and smooth detrusor muscle (panel E to G) after staining with hematoxylin and eosin in the Sham and heart failure (HF; 4 and 12 weeks)
groups. Note the urothelial thickening (4 and 12 weeks) and the detrusor muscle layer thickness (12 weeks) in the HF when compared to Sham group (scale bar:
100 μM).
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frequently prescribed for patients with HF. Although LUTS are not one
of the first issues for treatment in HF patients, theses urinary symptoms
are 2.9 times more prevalent in Class III- or Class IV-functional HF
patients, compared with Class I or Class II [6,7], providing evidence
that urinary function impairment may follow the progression of the
disease [6].

The understanding of pathophysiological alterations leading to the
development of OAB associated with HF is necessary and may be useful
for the development of effective OAB therapies. Thus, in this study we
also evaluated the contractile response mechanisms in the DSM. The
urinary cycle depends on a well-coordinated action between the sym-
pathetic and parasympathetic systems, which act releasing neuro-
transmitters and favor the mechanisms of relaxation and contraction,
respectively, in the DSM [49]. The main parasympathetic neuro-
transmitter is acetylcholine (ACh), which stimulates muscarinic re-
ceptors to cause contraction of the DSM. ATP is stored and released
together with Ach and promotes contractility through the activation of
purinergic receptors [50,51]. Studies indicate the presence of ACh
synthesizing enzymes in the urothelium, confirming a basal release of
this neurotransmitter during homeostatic situations [52]. However,
some pathological conditions may result in chemical changes or
stretching of the DSM, increasing the release of Ach and resulting in
muscarinic receptor sensitization and consequent release of ATP,
leading to afferent hyperactivity and triggering the symptoms of OAB
[53]. In the in vitro evaluation of the contractile response mediated by
muscarinic and purinergic agonists our data showed an increase in
contractility mediated by both mediators in HF groups. Similarly, an
increase in the contractile response was observed to be mediated by
EFS, which may be the consequence of increased release of ACh and
ATP from neuronal sources, although activation of other NANC neurons
by EFS was not addressed in this study, and their involvement cannot be
discarded. Corroborating the hyperactivity observed in the in vitro
analysis, our data showed a significant increase in the gene expression
of M2 muscarinic receptors, responsible for one of the main contractile
routes in DSM and mediating the contraction of DSM triggered by
acetylcholine derived from the stimulation of the parasympathetic
nervous system [50].

The increase in the contractile response, mediated by purinergic
receptors, may be associated with TGF-beta gene expression, which was
elevated in the HF group at 12 weeks. Recent studies have shown that,
in pathological conditions, TGF-beta-mediated signaling in DSM may
contribute significantly to the picture of voiding dysfunction, because it
stimulates the release of ATP by the urothelium through mechanisms of
vesicular exocytosis and contributes to the hyperexcitability of afferent
neurons, mediated by the purinergic system [54,55]. TGF-beta has also
been implicated as playing an important role in pathological re-
modeling of the urinary bladder wall, increasing the production of type
I and II collagen, inducing hypertrophy and inhibiting cellular pro-
liferation in the bladder [54,56].

In addition, another mechanism that may be involved in detrusor
over activity is the activation of Cav1.2 calcium channels. It is known
that M3 muscarinic receptors are capable of promoting calcium release
through the activation of the inositol-1,4,5-trisphosphate (IP 3) re-
ceptor, inducing contractions that depend on the entry of calcium into
the Cav1.2 channels [31]. The elevation of extracellular potassium le-
vels is able to activate these channels and induce conformable re-
sponses in the DSM. Some studies have reported the importance of
Cav1.2 channels in the development of DSM hyperactivity in experi-
mental models of cardiovascular diseases [57]. Our results demonstrate
that KCl-mediated contractility was exacerbated in the HF group at 4
and 12weeks, which might be a consequence of the chronic pelvic
ischemia imposed by HF, leading to hyperactivity of the muscarinic
receptors and consequently of the Cav1.2 channels.

The hyperactivation of contractile mechanisms mediated by EFS
and KCl corroborates our initial hypothesis that HF leads to DSM hy-
peractivity and provides a basis for the major changes observed in vivo,

such as decreased bladder capacity, increased threshold pressure and
involuntary contractions. In association with functional impairment,
histomorphometric analysis showed thickening of the urothelial layer
and DSM as early on as during the first 4 weeks after HF induction, with
progressive worsening in the HF group at 12 weeks. Studies in experi-
mental models of transitional cell carcinoma have demonstrated a
strong association between increased MMP9 expression and progression
of invasive muscle disease, since the secretion of MMP9 by tumor cells
stimulates the invasion of adjacent tissues and tumor proliferation
through degradation of extracellular matrix components [58,59]. In HF,
induced by the ACF model, there are no studies correlating the ex-
pression of MMP9 and the possible urinary complications developed by
the animals. In our study, an increased expression of MMP9 was ob-
served, accompanied by a progressive structural impairment of the
urothelium and DSM in the HF groups, suggesting a participation of
MMP9 in the evolution of structural changes in non-oncological urinary
disorders.

In summary, our study demonstrated that the hemodynamic
changes promoted by the ACF model led to the development of cardiac
dysfunction and progressive micturition dysfunction over time. Our
findings also indicated that OAB was accompanied by increased con-
tractile responses to CCh, KCl, ATP and EFS in DSM as well as extra-
cellular matrix remodeling in the urinary bladder. Moreover, the model
of ACF in rats may be a useful tool to evaluate the structural and mo-
lecular alterations of OAB associated with HF.
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