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Introduction

The clinical phenomena of overactive and underactive 
bladder dysfunction present a challenge for both patients 
and clinicians; however, the underlying pathophysiology 

is not well-understood. During normal filling or increased 
pressure, perfusion to the bladder decreases yet normal 
functionality is preserved. In the setting of chronic 
ischemia, the mechanisms that maintain this functionality 
may potentially be overcome, leading to aberrations which 
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progress over time from bladder overactivity to eventual 
underactivity (1,2). Current evidence suggests that pelvic 
ischemia plays a significant role in this pathway (3). 
Ischemic changes have been associated with worsening 
severity of lower urinary tract symptoms in the elderly 
patient population among whom these vasculopathies are 
common. Furthermore, population-based studies have also 
suggested that peripheral vascular disease may play a role in 
bladder dysfunction (4).

Experimental animal models of chronic ischemia have 
delineated a progression to detrusor overactivity, and 
eventually detrusor underactivity (5). The progression 
of these changes has been attributed to bladder non-
compliance consequent to fibrosis (6). However, the acute 
changes in detrusor function in response to transient 
ischemia have not been fully elucidated. Therefore, we 
sought to evaluate the effect of acute ischemia on both the 
filling/storage and voiding phases of the bladder using pig 
and human detrusor smooth muscle (DSM) and an ex vivo 
pig bladder preparation.

Methods

All experiments involving human tissue received approval 
from the Virginia Commonwealth University institutional 
review board (HM 20009688) and informed consent was 
obtained from patients prior to their use. Porcine tissue 
experiments performed in this study did not require 
approval by the institutional animal care and use committee 
because they were acquired from abattoirs and not from 
laboratory animals.

Pig bladder procurement

Whole pig bladders were harvested en bloc from freshly 
slaughtered pigs at local abattoirs. The vesical arteries 
were immediately perfused with a cold heparinized Krebs-
Henseleit buffer (KHB) until the effluent was noted to be 
clear as previously described (7). The KHB composition was 
(in mM): NaCl (114.0), KCl (4.7), CaCl2 (2.5), MgSO4 (1.2), 
CaCl2 dihydrate (2.5), MgSO4 monohydrate (1.2), KH2PO4 
(1.2), NaHCO3 (25.0), D-glucose (11.7) and ascorbic acid 
(1.1), and the pH was adjusted to 7.4. Bladders were then 
transported to the laboratory in cold buffer for use within 
24 h.

DSM tissue strip preparation

Following procurement, portions of detrusor muscle were 
dissected from the anterior bladder wall. Pig DSM strips 
were prepared according to an established, standardized 
protocol (8). The tissue was then washed with KHB 
solution, denuded, and stored in cold (0–4 ℃) buffered 
physiologic saline solution. Thin longitudinal strips 
(approximately 1 mm thickness, 3 mm width, 15 mm length) 
were then created for placement in organ baths. They were 
attached by small clips to a micrometer and force transducer 
(159901a, Radnoti Glass Technology, Inc, Monrovia, CA, 
USA), submerged in a 30 mL water-jacketed, tissue bath 
containing aerated (95%/5% O2/CO2 gas) KHB at a slack 
length of 5 mm, and allowed to equilibrate at 37 ℃ as 
previously described (8,9).

Determination of reference tension and length for DSM 
strips

DSM strips were suspended without any visible tension 
and a force of <0.05  g, and left to equilibrate for a 
minimum of 60 minutes. Isometric tension was measured 
at 10 Hz and voltage signals were then digitized (model 
DIO-DAS16, ComputerBoards, Mansfield, MA, USA) and 
analyzed using a multichannel data integration program 
(DASYLab 10.0, DasyTec, Amherst, NH, USA). After the 
tissues were equilibrated, an abbreviated length-tension 
protocol was used to determine a reference muscle length 
(Lref) (9). This validated stair-step length-tension protocol 
was applied to each DSM strip in 2 mm increments to 
determine the reference active tension and length.

All data were normalized to tension recordings obtained 
at Lref based on prior studies showing reproducibility of this 
method in DSM (8,9), accounting for variability in strip 
weight between DSM samples. Strips were equilibrated in 
KHB at slack length for 15 minutes. After a steady state was 
achieved, the passive force (Fp) was recorded. The buffer 
was exchanged to high-potassium KHB (110.0 mM KCl 
and 8.7 mM NaCl) for 30 sec to induce muscle contraction 
and peak force was recorded. Active force (Fa) at this 
muscle length was calculated by subtracting steady state Fp 
recorded prior to contraction from peak force. Tissues were 
then washed in standard KHB for 5 min, and Fp at this new 
length was recorded. The process was repeated to identify 
a parabolic length-active tension curve and length-preload 
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curve that increased non-linearly with increasing muscle 
length. Using this method, reference active force (Fa,ref) and 
its corresponding muscle length (Lref) were calculated for 
use in subsequent protocols.

DSM experimental protocol

Following determination of Lref, tissues were re-equilibrated 
for 30 minutes at 90% Lref and the measured force referred 
to as “preload”. They were then contracted in high-
potassium KHB for 30 seconds and the generated force 
referred to as “afterload” (Figure 1A). The strips were 
subsequently washed into a zero-glucose KHB bubbled with 
100% N2 gas to produce starved and hypoxic conditions for 
120 minutes. After this exposure, tissues were contracted 
again in a high-potassium zero-glucose KHB for 30 s and 
then washed in standard KHB. The strips were placed in 
the aerated (95%/5% O2/CO2 gas) KHB tissue bath for a 
15 min recovery period and then contracted for a third time 
in high-potassium KHB. These durations were determined 
and optimized based on preliminary serial observational 
studies performed over 150-min periods in mouse, 
rabbit, and pig DSM tissue to characterize the effects of 
starvation/hypoxia on tissue functionality (unpublished 
data). The force at 15-min during the recovery (Tp3) 
divided by force at point Tp1 was referred to as “preload 
recovery”. Additional tissue strip experiments were 
conducted in parallel in KHB with exposure to atropine  
(1 μM) during the 120-min period of starvation/hypoxia. All 
DMS strip experiments were run with parallel control baths 
using tissue derived from the same porcine bladder.

Adjunct experiments were performed using denuded 
human DSM tissue. These strips were obtained from adult 
bladders removed from patients undergoing cystectomy for 
indicated clinical conditions at our affiliated medical centers. 
Whole bladders were transported on ice immediately after 
resection to a surgical pathologist who examined the gross 
surgical specimen and excised a full-thickness section of 
“normal” (non-pathologic) supra-trigonal bladder suitable 
for procurement of DSM strips. Human DSM strips were 
then prepared and studied in the aforementioned manner.

Isolated perfused working pig bladder setup and apparatus

Whole bladder experimental protocols were performed 
us ing a  prev ious ly  es tabl i shed  ex  v ivo  perfus ion  
system (7). Immediately following procurement, excess 
tissue was removed and each vesical artery was cannulated 

using catheters which were filled with ice-cold KHB and 
then secured. Branch arteries were suture-ligated, and 
the right ureter was cannulated with a catheter used to 
continuously measure intra-vesical pressure (Pves), and the 
left ureter was suture-ligated. A 16 F Foley catheter was 
secured in the urethral stump and inflated. After the bladder 
was placed in a dish located within an incubator (Symphony, 
VWR, Radnoti, PA, USA), each catheter was attached 
to connectors embedded in the incubator door, bladder 
vesical volume was adjusted to 50 mL, and the bladder 
was perfused with warm (37 ℃) KHS and equilibrated for 
45 minutes. As previously described, a gravity-feed was 
used to establish a constant-pressure perfusion system in 
which bladder blood vessel resistance determines organ 
perfusate flow (7). This was continuously measured using 
an in-line ultrasonic flowmeter (IUF-1000, Radnoti LLC, 
Monrovia, CA, USA). The perfusate was bubbled with 
95%/5% O2/CO2 and pumped from a water-jacketed 2 L 
reservoir (#120142-2, Radnoti LLC, Monrovia, CA, USA) 
to a bubble trap (#130149, Radnoti LLC, Monrovia, CA, 
USA) open to air, which induced a pressure gradient for 
flow of 105 mmHg. The bladder was also super-fused with 
KHS warmed to 37 ℃. Bladder filling was accomplished by 
a rate-controlled syringe pump (PHD 2000 Programmable, 
Harvard Apparatus, Holliston, MA, USA), and bladder 
Pves was continuously monitored by a pressure transducer 
(P75, Harvard Apparatus, Holliston, MA, USA) attached to 
a ureteric cannula. Tissue oxygenation was also measured 
using an O2 probe inserted into the detrusor muscle on the 
anterior bladder wall (Oxylite 4000E, Oxfort Optronix Ltd, 
Abingdon, UK).

Whole bladder ischemia protocol

Following cannulation and setup within the perfusion 
apparatus, the bladder was permitted to further equilibrate 
for 60 minutes. The bladder was then filled to a volume of 
510 mL at a rate of 40 cc/min as previously described for 
the first of three consecutive experimental fill/void cycles. 
The first fill/void, termed “pre-ischemia”, was conducted 
with normal perfusate flow. Following the filling phase, the 
bladder was allowed to undergo a 5-min period of “stress-
relaxation” (10). An intravascular bolus of 10 μM carbachol 
in KHB was administered for 45 s with the urethral closed 
in order to elicit a 10-min “isovolumetric contraction (IVC)” 
(Figure 1B). The closed urethral catheter was subsequently 
opened, and the bladder was drained for a 5-min “voiding” 
period. Voided volume and post-void residual volume were 
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recorded, and any residual intra-vesical fluid was drained. 

The bladder was re-equilibrated for a period of 45 minutes 

before the initiation of the second “ischemic” fill/void cycle. 
This subsequent filling cycle was conducted under ischemic 
conditions, with the perfusate inflow turned off during 
both the period of bladder filling and the 5-min “stress-
relaxation” period. The perfusate flow was resumed in order 
to facilitate the carbachol-induced IVC. Following a final 
45-min re-equilibration period, a third “recovery” fill/void 
cycle was performed with normal perfusate flow. Intra-
Pves were recorded continuously throughout the fill/void 
cycles. Afterload, defined as the peak force of carbachol-
induced contraction with the bladder outlet obstructed, was 
measured for each fill/void cycle. Experiments involving 
exposure to ischemic conditions were compared to a separate 
control group which only underwent 3 fill/void cycles under 
perfused conditions.

Data analysis

The data were analyzed using Graph Pad Prism 6.0 
software (GraphPad Software, Inc., La Jolla, CA, USA) 
and are presented as representative tracings and mean ± 
standard error of the mean (SEM). Data were evaluated 
with Student’s t-test or the analysis of variance (ANOVA) 
with Dunnett’s or Tukey’s post hoc tests, as appropriate. 
The null hypothesis was rejected at P<0.05.

Results

DSM strips

The pig DSM strips (n=7) were exposed to starved, hypoxic 
conditions in a muscle bath for a total of 2 hours (Figure 2).  
After an initial 15-min period of stress-relaxation, the 
ischemic muscle strips demonstrated a significant increase 
in preload tension as measured from Tp1 to Tp2 when 
compared to the control (2.07±0.37 vs. 0.98±0.04-fold 
change, P<0.05, Figure 3A,B).

When the starved, hypoxic DSM strips were contracted 
in the high-potassium buffer, the force of contraction, or 
afterload tension, decreased by 46% in the experimental 
group as compared to control (0.55±0.06 vs. 1.01±0.03-fold  
change, P<0.05, Figure 3C). Following a return to the 
standard oxygenated KHB, the previously starved/hypoxic 
strips demonstrated a significant recovery of afterload 
tension with a return to 84% of the pre-experimental 
contractile force (0.85±0.02 vs. 1.04±0.03-fold change, 
P<0.05, Figure 3C).

When the DSM strips were exposed to atropine during 
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the starved and hypoxic conditions (n=4), the increase in 
resting preload tension was not seen, with no significant 
elevation in force over control strips (0.89±0.04 vs. 
0.96±0.08-fold change, P=0.44, Figure 3D).

When the strips underwent stress-relaxation for  
15 minutes during the recovery period, the previously 
starved/hypoxic DSM strips maintained a degree of elevated 
preload tension; however, the difference failed to reach 
statistical significance compared to control (2.6±1.0 vs. 
0.94±0.2-fold change, P=0.16, n=7). This increased preload 
tension was dampened by exposure to atropine (1.62±0.65 
vs. 0.76±0.14-fold change, P=0.32, n=4).

Additional experiments utilizing the pig DSM protocol 
were conducted in human DSM strips (n=2). Similar findings 
were demonstrated, wherein starved and hypoxic conditions 
led to an increase in resting preload tension (Tp2/Tp1). 
Again, this increased tension was not seen when experiment 
conducted in presence of atropine (data not shown).

Isolated perfused working pig bladder apparatus

Acute ischemic conditions were created in the isolated 
perfused working pig bladder (n=3). When filled to  
510 cc under ischemic conditions, the increase in intra-Pves at 

the completion of filling was significantly higher than control 
(15.69±1.11 vs. 6.96±0.61 mmHg, P<0.05, Figure 4A).

When the bladder was re-perfused for a period of  
20 minutes and then refilled to the predetermined capacity, 
complete recovery of normal bladder compliance was 
demonstrated in the next filling cycle, with a return to pre-
ischemia end-fill intra-Pves (Figure 4A). Notably, there was 
no statistically significant difference between recovery end-
fill pressure and control (7.34±1.22 vs. 5.83±1.21 mmHg, 
P=0.43, Figure 4A). The strength of the contractile force 
decreased under ischemic conditions; however, this was not 
statistically significant (Figure 4B).

When exposed to atropine immediately prior to ischemia, 
the increase in the end-fill intra-Pves, or preload (Figure 5A),  
that was seen in the previous ischemic filling protocols 
was no longer noted (Figure 5B). The end-fill intra-Pves 
during ischemic filling with atropine exposure was not 
significantly different from the pre-ischemic internal control 
fill cycle (7.64±2.08 vs. 8.28±1.67 mmHg, n=2, Figure 4B). 
Furthermore, the atropine exposure was associated with a 
near complete blockage of bladder contraction. Pressure 
during IVC decreased from 27.13±10.12 mmHg in pre-
ischemic control down to 1.85±0.78 mmHg with atropine 
exposure under ischemic conditions (n=2, Figure 5C).

In order to confirm that cessation of perfusate flow 
was leading to ischemic conditions in the IPWPB, tissue 
oxygenation levels were measured at varying perfusate flow 
rates. As seen in Figure 5D, decreasing tissue pO2 was found 
to correspond with decreasing perfusate flow rate (n=5, 
P<0.05).

Discussion

The present study utilized a DSM organ bath preparation 
and isolated perfused whole working bladder system to 
evaluate the effect of acute tissue starvation, ischemia and 
hypoxia on the filling/storage and voiding phases. The 
acute effect on the filling/storage phase was evaluated with a 
2-h period of tissue starvation and hypoxia in the pig DSM 
strips, leading to a significant rise in resting preload tension 
seen as an increase in DSM force (Figure 3B). This increase 
in resting preload tension was also observed in the whole 
bladder preparation, as demonstrated by the increased end-
fill intra-Pves during ischemic filling and storage (Figure 4A).

The effect of tissue ischemia was further evaluated in 
the voiding phase where the contractile force in the pig 
DSM strips was decreased following exposure to starved 
and hypoxic conditions (Figure 3C). Notably however, a 
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short (15-min) period of re-feeding and re-oxygenation 
allowed for a return of contractile force to nearly 90% of 
pre-experimental control force, suggesting that the acute 
ischemic effects may be reversible. Mirroring the tissue 
recovery seen in the DSM protocol, the end-fill pressure 
in the whole bladder preparation returned to normal with 
re-perfusion (Figure 4A), while the strength of the IVC 
recovered similarly to the strength of pre-ischemia controls 
(Figure 4B).

In an effort to further delineate potential mechanisms 
for the changes seen with ischemia, the DSM and working 

perfused whole bladder preparation experimental protocols 
were performed with exposure to atropine in order to 
explore the effect of an anticholinergic drug on the detrusor 
function. When exposed to atropine, the increase in resting 
force during DSM tissue starvation/hypoxia was blocked 
(Figure 3D), suggesting that local acetylcholine release plays 
a role in the tissue response to these conditions. Similarly, 
the elevated end-fill pressure seen in the ischemic whole 
bladder model was also blocked by the atropine, supporting 
this observation (Figure 5C).

In a study of anesthetized dogs, Azadzoi et al. first 
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demonstrated a decrease in bladder wall blood flow 
and tissue oxygenation during the bladder filling and 
contraction. The ischemia and hypoxia they found have 
been suggested to play a role in bladder pathology (11). 
Subsequent studies have shown that during a normal  
fill/void cycle, the bladder experiences temporary reversible 
ischemia (12). Additionally, acute urinary retention leads 
to a temporary ischemia, but flow returns to basal levels 

following drainage (13). However, despite these regular 
ischemic episodes, bladders are able to return to and 
maintain normal functionality. This has been attributed to 
protective mechanisms that prevent long-term pathologic 
damage from the transient ischemia seen in normal fill/
void cycles (14,15). Despite these protective mechanisms, 
when the ischemia occurs over longer periods of time 
deleterious effects are noted. Chronic ischemia has been 
closely associated with pathologic progression to detrusor 
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carbachol-stimulated isovolumetric bladder contraction (C) was 
completely blocked; (D) detrusor tissue pO2 measured at decreasing 
arterial perfusate flow rates (n=5). Values shown are mean ± SEM 
(error bars), *, P<0.05. SEM, standard error of the mean; IVC, 
isovolumetric contraction; Pves, vesical pressure.
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overactivity, and eventually detrusor underactivity (1,16). 
While clear pathophysiologic mechanisms have yet to be 
elucidated, preclinical studies have demonstrated changes 
such upregulation in oxidative stress genes and increased 
muscarinic receptor activity, which have been associated 
with bladder hyperactivity when exposed to moderate 
ischemia (17-19). In the setting of severe or chronic 
ischemia, decreased functionality in the form of bladder 
underactivity and decreased urodynamic micturition 
frequency, have been identified (6). However, it should be 
noted that several of these studies have yielded conflicting 
findings (1). Prior to the present study, little was known 
about the effects of a transient ischemic “attack” on the 
bladder.

Previous studies using this whole bladder perfusion 
system have elucidated a potential mechanism for vascular 
autoregulation in the low-flow state (7). Anele et al. showed 
that while flows above 5 mL/min correlated with perfusion 
pressures of >100 mmHg, there was a deviation from 
linearity in the pressure-flow relationship below 5 mL/min.  
This suggests that the autoregulatory mechanisms are 
activated at “very low flow” or complete ischemia as 
demonstrated by a drop in vascular resistance at this low flow 
rate (2). These mechanisms are likely involved in the increased 
intravesical storage pressure response to ischemia and 
hypoxia/starved conditions. The contraction of the detrusor 
muscle seen with ischemic filling and storage is atropine-
sensitive, suggesting that this increased tone is secondary to a 
local release of acetylcholine. The source of the acetylcholine 
release is likely from neurons or DSM cells given that the 
DSM strips were denuded. Furthermore, the ex vivo whole 
bladder studies were conducted without an intact autonomic 
nervous system to contribute to cholinergic input.

We hypothesize that prolonged ischemic episodes cause 
a local release of acetylcholine from bladder postganglionic 
parasympathetic nerves and consequently results in 
bladder overactivity. This release is insufficient to cause a 
“voiding-like” contraction but is enough to reduce bladder 
compliance. This may explain the efficacy of antimuscarinic 
drugs in the treatment certain patients with symptoms 
of overactive bladder. Previous studies have shown a 
potentially protective effect of anticholinergic (and more 
specifically antimuscarinic) drugs on prevention of ischemic 
bladder changes (20). The similar findings in the human 
DSM strips also suggest potential application in the clinical 
setting.

While the present study does demonstrate remarkable 
properties of the porcine bladder, there are a number 

of notable limitations. While one may speculate on the 
mechanism behind the increased detrusor tone with 
ischemia based on the observed blocking effect of atropine, 
molecular studies are needed to further evaluate and 
confirm the findings. Measurements of acetylcholine and 
adenosine triphosphate (ATP) levels in future studies may be 
warranted given the established relationship demonstrated 
in other similar animal models (21,22). The scope of the 
data is also limited by the relatively low number of bladder 
and detrusor specimens, but the consistency of the results 
provides reassurance that findings are valid. Furthermore, 
preliminary studies utilizing human DSM strips support 
the conclusions; however, further studies are needed. As an 
isolated organ, the perfused working whole bladder model 
lacks autonomic innervation which limits the ability to 
evaluate effects of extrinsic neural input to the bladder, but 
this also allows assessment of intrinsic local neuronal effects. 
Finally, there are notable contributions by the urothelium 
which were not evaluated in this present study but likely 
play a fundamental mediating role (23).

Conclusions

Transient ischemia/hypoxia leads to an acute increase in 
tone in both DSM strips and a perfused working whole 
bladder model. Importantly, the effect is reversible with 
re-perfusion and may be blocked with anticholinergics, 
suggesting a relationship between acute ischemia and 
increased local acetylcholine release.
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