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ABSTRACT 

The present study was designed to investigate the relationship between innervation 
density and contractile responses to field stimulation and exogenous agonists at 
early time points after induction of bladder outlet obstruction (BOO) in rats.  When 
compared to sham-operated animals, 1, 3 and 7 days of BOO were associated with a 
75%, 80% and 90% increase of bladder weight. Field stimulation caused a frequency-
dependent increase in force of contraction. The force of contraction was reduced at 
each frequency in BOO rats with the greatest decrease after 1 day and a gradual but 
incomplete recovery thereafter. In contrast, contractile responses to ATP, carbachol and 
KCl were markedly reduced after 1 day of BOO and fully recovered after 7 days. The 
neurofilament staining was not altered by 1 day of BOO, but gradually decreased with 
increasing duration of BOO reaching the lowest levels after 7 days. We conclude that 
impaired cellular contractility seems to underlie the early reductions of field stimulation-
induced contraction, possibly reflecting surgical trauma of the tissue. However, at later 
time points a reduced nerve density, possibly reflecting a partial denervation, appears to 
be the main reason for impaired contractile response to field stimulation.
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INTRODUCTION

Bladder outlet obstruction (BOO) is a frequent consequence of benign prostatic 
enlargement or urethral strictures. The afflicted patients exhibit not only obstructive/
voiding but also irritative/storage symptoms such as frequency, nocturia, urgency and 
urinary incontinence indicating bladder dysfunction. A better understanding of the 
underlying pathophysiology appears important because many patients continue to have 
storage symptoms even after surgical relief of obstruction (Andersen 1976;Seaman et al. 
1994;Peters et al. 1997). Mechanistic studies into BOO-associated voiding dysfunction 
frequently use partial urethral ligation in rats (Uvelius et al. 1984;Levin et al. 1993;Lluel 
et al. 1998;Krichevsky et al. 1999;Chai et al. 1999;Gu et al. 2004), rabbits (Levin et 
al. 1985;Lin et al. 1992;Agartan et al. 2005), guinea pigs (Ji et al. 1995;Chertin et al. 
2003;Hu et al. 2004) or pigs (Goepel et al. 1998) as a model. The relevance of such 
animal models is highlighted by the finding that abnormal voiding persists in about 20% 
of rats after removal of the ligation (Chai et al. 1999).

BOO leads to an increased bladder mass in all animal models. This is generally 
accompanied by an impaired contraction in response to field stimulation, i.e. release of 
endogenous transmitters (Ekstrom et al. 1986;Levin et al. 1993;Saito et al. 1993a;Saito et 
al. 1993b;Kim et al. 2001;Das et al. 2002;Ozturk et al. 2002;Braverman and Ruggieri, Sr. 
2003;Longhurst et al. 2004). On the other hand, studies with exogenously administered 
receptor agonists have yielded inconclusive results, with decreased contraction in some 
(Levin et al. 2000a;Lluel et al. 2002) but unchanged (Saito et al. 1993b;Krichevsky et al. 
1999;Das et al. 2002) or even increased responses in others (Saito et al. 1993a;Braverman 
and Ruggieri, Sr. 2003;Usta et al. 2004). In studies where field stimulation and responses 
to exogenous agonist have been assessed concomitantly, the impairment of responses 
to field stimulation was consistently greater than that to exogenous agonist (Levin et al. 
1993;Saito et al. 1993a;Saito et al. 1993b;Gosling et al. 2000;Levin et al. 2000a;Das et 
al. 2002;Ozturk et al. 2002;Braverman and Ruggieri, Sr. 2003;Longhurst et al. 2004). 
A possible underlying cause of such differences is the finding that BOO is typically 
accompanied by a reduced innervation density of the hypertrophied bladder (Kitada et al. 
1989;Chapple et al. 1992;Lasanen et al. 1992;Sutherland et al. 1998;Gabella and Uvelius 
1999;Drake et al. 2000). However, it remains unknown whether bladder denervation 
occurs early or late during the development of bladder dysfunction and how it relates 
to functional bladder responsiveness. The present study was designed to investigate the 
relationship between innervation density and contractile responses to field stimulation 
and exogenous agonist using different early time points after induction of BOO in rats.
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METHODS

Operative procedure

All studies were performed in line with the NIH guidelines for the care and use of 
experimental animals, and the study protocol was approved by the corresponding 
institutional committee. Male Sprague-Dawley rats (250-275 grams; Charles River 
Laboratories, Wilmington, MA) were housed with access to food and water ad libitum 
under a 12 hour light/dark cycle; they were acclimatized to the facilities for 4 days 
before experimentation. One group of rats (n=12) underwent surgery to induce partial 
BOO (Saito et al. 1993b). Briefly, the rats were anaesthetized with an intraperitoneal 
injection of sodium pentobarbital (50 mg/kg), and the bladder was exposed through 
a lower abdominal incision followed by a bilateral retraction of the prostate in order to 
expose the bladder neck and urethra without damaging the bladder. The ureter, urethra 
and vas deferens were dissected bilaterally. A 19-G (Ø 1.1 mm) blunted needle was 
placed adjacent to the bladder outlet, and a sterile 2.0 silk ligature was placed snugly 
around the bladder neck and needle most proximal to the bladder. The needle was then 
carefully removed, and the abdominal incision was closed with sterile silk sutures for 
both the muscular layer and skin. Another group of rats (n=6) received a sham operation 
that consisted of the abdominal incision and dissection of the prostate and the ureters 
from the bladder but without placing a ligature around the urethra. After 1, 3 and 7 
days 4 BOO and 2 sham rats each were killed by exsanguination under pentobarbital 
anesthesia; the pooled sham animals from all three time points were considered the 
control group based upon our previous experience that they do not undergo alterations 
over time. The bladders were removed and weighed. Parts of each tissue were used for 
the contractility studies and parts for the histological examination.

Contractility

The contraction of isolated bladder strips was measured as previously described (Saito 
et al. 1993b). Briefly, a full thickness section of each bladder was cut into 3 longitudinal 
strips of 2-3 mm x 12 mm. Each strip was mounted in a 15 ml organ bath containing 
Tyrode’s solution (124.9 mM NaCl, 2.5 mM KCl, 23.8 mM NaHCO3, 0.5 mM MgCl2, 
0.4 mM NaH2PO4, 1.8 mM CaCl2 and 5.5 mM glucose) at 37°C and equilibrated with 
95% O2 and 5% CO2. An end of each strip was connected by a 3-zero silk suture to an 
isometric force transducer, and tension changes were recorded. All strips were subjected 
to 1 g of initial resting tension and equilibrated for 30 min before initiating contractile 
studies. After equilibration bladder strips were stimulated at 3 min intervals with 1 ms 
square wave pulses applied through platinum electrodes using a frequency of 2, 8, and 
32 Hz at 80V, respectively. We have previously shown that field stimulation-induced 
contraction under these conditions was fully sensitive to tetrodotoxin, i.e. was mediated 
by transmitter release from nerves (Geloso and Levin 1998). Thereafter, bladder strip 
responses to the purinergic receptor agonist ATP (2 mM), then to the muscarinic receptor 
agonist carbachol (20 μM) and finally to the receptor-independent stimulus KCl (120 
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mM) were determined. Between the applications of agonists the strips were washed 
with fresh Tyrode’s solution 3 times at 15 min intervals.

Histology

Full thickness specimens were cut from the dorsal and ventral wall of the bladder, placed 
in OCT solution (TBS, Durham, NC), snap frozen in liquid nitrogen and stored at -70 °C. 
Transverse sections (5 μm thick) were cut on a Microm HM505E cryostat at -25 °C and 
mounted on Bond Rite treated slides (Richard Allan Scientific, Kallamazoo, MI). The frozen 
sections were air dried for 1 h, fixed in ice cold acetone for 10 min, and then air dried 
again. Prior to staining, the sections were soaked twice in phosphate-buffered solution 
for 15 min each to remove the OCT. The slides were incubated at 4 °C overnight with 
a neurofilament monoclonal antibody (clone 2f11; DAKO, Carpinteria, CA) at a dilution 
of 1:100 in DAKO antibody solution with background reducing components (DAKO). 
Thereafter, they were incubated at room temperature for 1 h with a polyclonal, Texas 
Red-conjugated secondary antibody (goat anti-mouse IgG; Novus Biologicals, Littleton, 
CO) at a dilution of 1:50 with DAKO antibody solution. The slides were then rinsed with 
phosphate-buffered saline and coverslips were placed on the slides with Immu-Mount 
(Shandon, Pittsburgh PA), an aqueous mounting medium. The sections were examined 
on an Olympus BX60 microscope equipped with an appropriate filter cube for Texas 
Red fluorescence. To determine the number of nerves per mm2, 6 random high power 
fields (400 x magnification) along each transverse section of bladder were measured 
and averaged for each group. For this purpose, each stained small individual track was 
counted as a single nerve filament. All scoring was done blinded with regard to the BOO 
status of the animal. 

Statistics

Data are shown as means ± SEM of n experiments. The statistical significance of 
differences between groups was assessed by analysis of variance followed by Newman-
Keuls analysis with a p < 0.05 considered significant. Since sham animals were similar 
after 1, 3 and 7 days for all parameters, their data were pooled for all analyses.

RESULTS

When compared to sham animals, 1, 3 and 7 days of BOO were associated with a 75%, 
80% and 90% increase in bladder weight, respectively (95 ± 11 vs. 165 ± 7, 171 ± 12 
and 180 ± 27 mg, respectively; p < 0.05 for all vs. sham). The histological analysis after 7 
days of BOO showed signs of hypertrophy as compared to sham rats, whereas samples 
obtained after 1 and 3 days of BOO did not provide clear evidence of hypertrophy 
(figure 1). Moreover, after 7 days some evidence of urothelial hyperplasia was observed 
(figure 1), but at present we have no suggestions how this happens and what it may 
mean functionally. 
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Figure 1: Morphological characteristics of the urinary bladder in HE staining following 1 (upper right panel), 3 
(lower left panel) and 7 days (lower right panel) of partial urethral ligation or sham surgery (upper left panel). 
Representative slides are shown. The size bars correspond to 100 μm.

Figure 2: Representative depiction of neurofilament 
staining. 6 random high power fields (400 x 
magnification) along each transverse section of bladder 
were measured to quantify neurofilament staining for 
a given animal (see figure 3). Representative slide is 
shown. The size bar corresponds to 50 μm.
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The neurofilament staining (figure 2) was not altered by 1 day of BOO, but gradually 
decreased with increasing duration of BOO reaching the lowest levels after 7 days 
(figure 3)

Field stimulation caused a frequency-dependent increase in force of contraction (figure 
4). The force of contraction was reduced at each frequency in BOO rats with the greatest 
decrease after 1 day and a gradual but incomplete recovery thereafter (figure 4). In 

Figure 4: Effects of partial urethral ligation for 1, 
3 and 7 days on contractile responses of isolated 
bladder strips to field stimulation. Data are means 
± SEM of 4 animals except for sham (0), which are 
pooled data from 1, 3 and 7 days and means of 6 
animals. *: p < 0.05 vs. sham.

Figure 5: Effects of partial urethral ligation for 1, 
3 and 7 days on contractile responses of isolated 
bladder strips to the receptor agonists ATP 2 
(mM) and carbachol (20 μM) and the receptor-
independent stimulus KCl (120 mM). Data are 
means ± SEM of 4 animals except for sham (0), 
which are pooled data from 1, 3 and 7 days and 
means of 6 animals. *: p < 0.05 vs. sham.
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Figure 3: Effects of partial urethral ligation on 
neurofilament staining. Data are means ± SEM of 
4 animals except for sham, which are pooled data 
from 1, 3 and 7 days and means of 6 animals. *: 
p < 0.05 vs. sham.

proefschrift Barendrecht.indb   79 20-10-2008   13:11:34



80

Chapter 4

contrast, contractile responses to ATP, carbachol and KCl were markedly reduced after 1 
day of BOO and fully recovered after 7 days (figure 5). 

DISCUSSION

In agreement with numerous previous studies (Ekstrom et al. 1986;Levin et al. 
1993;Saito et al. 1993a;Saito et al. 1993b;Kim et al. 2001;Das et al. 2002;Ozturk et al. 
2002;Braverman and Ruggieri, Sr. 2003;Longhurst et al. 2004), our data demonstrate 
an impaired contractile response to field stimulation in BOO rats. Thus, under conditions 
of BOO, nerves elicit smaller contractile responses than in the absence of an increased 
bladder outlet resistance. Such phenomena may play a role not only in overall bladder 
dysfunction in BOO patients, but may also contribute to phenomena such as persistant 
storage symptoms after successful BOO  removal, e.g. after transurethral resection of 
the prostate (Andersen 1976;Seaman et al. 1994;Peters et al. 1997), or acute urinary 
retention. The present study extends previous findings by showing that the impairment 
was apparent as early as 1 day after the partial urethral ligation.

It could be argued that impairments of field stimulation responses in the present study 
relative to sham animals may be an artifact rather than a consequence of BOO because 
our sham procedure did not fully mimic the BOO-inducing procedure, i.e. that surgical 
trauma rather than BOO had caused the impairment. However, the very consistent 
finding of BOO-induced bladder denervation across various animal models (Kitada et 
al. 1989;Chapple et al. 1992;Lasanen et al. 1992;Sutherland et al. 1998;Gabella and 
Uvelius 1999;Drake et al. 2000) and also in patients (Harrison et al. 1987;Chapple et al. 
1992;Cumming and Chisholm 1992;Levin et al. 2000b) and the absence of impairment 
in sham operated controls  make this a very unlikely possibility.

Contractile responses to field stimulation depend both on the amount of endogenous 
transmitter being released and the post-junctional responsiveness of the myocyte. We 
have assessed the responsiveness of the bladder smooth muscle cell by the purinergic 
receptor agonist ATP and the muscarinic receptor agonist carbachol. Both responses 
were markedly depressed after 1 day of BOO but fully recovered by day 7. Such reduced 
responses could be due to reduced receptor expression or function and/or due to 
impaired intrinsic contractile properties of the smooth muscle cell. Our data with the 
receptor-independent contractile stimulus KCl demonstrate that the intrinsic contractile 
properties of the bladder smooth muscle cell are impaired early after induction of BOO, 
and that the degree of impairment of the KCl responses is sufficient to quantitatively 
explain the reduced ATP and carbachol responses at early time points. Therefore, 
we propose that impaired cellular contractility underlies the early reductions of field 
stimulation-induced contraction. The relationship of this “stunning” of the bladder to 
acute urinary retention in patients remains to be determined. 
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The time course established in the present study allows dissecting the temporal 
relationship between bladder function and innervation. Thus, the full restoration of 
contractile responses to ATP, carbachol and KCl at day 7 demonstrates that the intrinsic 
contractile properties and purinergic and muscarinic receptor functions have recovered 
at this time point. This suggests that a reduced availability of transmitter rather than a 
reduced cellular responsiveness underlies the continued impairment of field stimulation-
induced contraction. While we have not measured transmitter release in the present 
study, our neurofilament staining, which reflects nerve density (Gabella 1995;Yoshimura 
et al. 2003;Kawakami et al. 2003), suggests that innervation was indeed decreased after 
7 days of BOO. This observation is in line with data in various animal models (Kitada et 
al. 1989;Chapple et al. 1992;Lasanen et al. 1992;Sutherland et al. 1998;Gabella and 
Uvelius 1999;Drake et al. 2000) and also in patients (Harrison et al. 1987;Chapple et 
al. 1992;Cumming and Chisholm 1992;Levin et al. 2000b). Whether this reduced nerve 
density reflects absolute denervation, i.e. a loss of nerves, or relative denervation, i.e. a 
nerve density which is insufficient to compensate for the increased bladder mass, cannot 
be determined definitively from the present data. However, an increase in bladder mass 
to about 180% of control accounts for an approximately 45% loss of nerves per unit of 
bladder mass, whereas a reduction of neurofilament staining of 73% was found in the 
present study. Therefore, we propose that a reduced nerve density, possibly reflecting a 
partial loss of innervation, is the main reason for impaired contractile response to field 
stimulation at later phases of BOO.

Studies in the muscarinic receptor field demonstrate that the expression and function 
of such receptors is regulated by the abundance of agonist (Stope et al. 2003). Specific 
studies in the rat urinary bladder have demonstrated that surgical denervation indeed 
causes up-regulation of M2 muscarinic receptors (Braverman and Ruggieri, Sr. 2003). 
These observations could explain, why some previous BOO studies have observed 
contractile hypersensitivity to exogenous agonist (Saito et al. 1993a;Braverman and 
Ruggieri, Sr. 2003;Usta et al. 2004) rather than reduced contractile responses. On the 
other hand, bladder denervation as seen in the context of the ageing bladder is not 
necessarily accompanied by an upregulation of muscarinic receptors or alterations of 
bladder responsiveness (Schneider et al. 2005). Thus, bladder denervation may cause 
reduced, unchanged or even increased contractile responses to exogenous agonists 
depending on the balance between tissue dysfunction, as induced for example by 
BOO, ageing, and denervation hypersensitivity in time. Since contractility in the in vivo 
situation also depends on the availability of endogenous agonists, we propose that the 
uniformly reduced responses to field stimulation in animal models of BOO (Ekstrom et 
al. 1986;Levin et al. 1993;Saito et al. 1993a;Saito et al. 1993b;Kim et al. 2001;Das et al. 
2002;Ozturk et al. 2002;Braverman and Ruggieri, Sr. 2003;Longhurst et al. 2004) are a 
more accurate reflection of the clinical situation in BOO patients.
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