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Abstract Purpose: To correlate pharmacologic changes
that occur in the bladder after a partial outlet obstruc-
tion with the bladder’s ability to perform work and
empty.

Methods: After 2 weeks of partial outlet obstruction,
rabbit bladders were stimulated in vitro both isovolu-
metrically [field stimulation (FS)] and to empty (FS,
bethanechol, and KCl).

Results: The obstructed bladders were separated into
two groups according to their ability to empty when
stimulated with FS. Compensated bladders were those
that could empty as much as controls. Decompensated
bladders emptied significantly less than controls. With
FS and bethanechol, the compensated obstructed blad-
ders showed no difference from the control bladders in
their ability to empty. In contrast, with KCl, the com-
pensated bladders generated significantly less pressure,
performed less work, and emptied less than controls.
When the decompensated bladders were stimulated with
all three types of stimulation, all parameters, including
emptying ability, were significantly decreased.
Conclusions: The reduction in the response of compen-
sated bladders to KCI stimulation suggested that the
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mitial defects to the bladder after an outlet obstruction
involved the interaction of smooth muscle proteins with
calcium and ATP. In contrast, the response of decom-
pensated bladders to all three forms of stimulation was
equally reduced, suggesting that the degenerative pro-
cesses were directly related to significant cellular damage
to metabolic processes involved in energy synthesis,
storage, and utilization.
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Urinary bladder outlet obstruction is a common medical
problem. The majority of males aged 50-60 years and
older have various degrees of bladder outlet obstruction
secondary to benign prostatic hyperplasia (BPH) [10, 43].
In addition to clinical studies, several animal models of
partial outlet obstruction have been developed in order
to understand the effects of outlet obstruction on blad-
der morphology, physiology, and pharmacology [16, 36].
In the rabbit, bladder dysfunction after partial outlet
obstruction has been separated into two distinct cate-
gories: compensated and decompensated bladder func-
tion. Compensated bladders are characterized by a
relatively stable bladder mass, near normal pressure
generation, and nearly complete emptying in response to
stimulation. Decompensated bladders are characterized
by a progressive increase in bladder mass, progressive
decreases in the responses to all forms of stimulation,
and an inability to empty [24, 27].

The amount of mechanical work the bladder does
during emptying could indicate the extent of bladder
dysfunction [2, 6]. In addition, several alternative
methods for determining the strength of bladder con-
traction using bladder work factors have been proposed
[1, 11, 30, 43]. We have chosen to study the ability of the
bladder to empty by calculating external mechanical
power and work. These parameters provide an accurate
and straightforward method to analyze bladder strength
during emptying.



292

The isolated whole bladder model affords us the op-
portunity to study the characteristics of bladder pressure
generation and emptying in a well-defined system with-
out the influence of either neuronal reflexes or urethral
tension [19]. In addition, it enables us to use different
methods to stimulate the bladder, including field stim-
ulation (FS), which excites the parasympathetic nerves
of the bladder, bethanechol, which stimulates choliner-
gic receptors directly, and KCl, which depolarizes the
smooth muscle membrane. The current study was de-
signed to investigate the effect of these three stimulation
methods on the ability of obstructed bladders to gener-
ate mechanical work and empty.

Material and methods

Creation of obstruction

Partial bladder outlet obstructions were created in 17 male New
Zealand White rabbits (Hazelton Farms). The rabbits were anes-
thetized with 25 mg ketamine and 10 mg xylazine i.m. Surgical
anesthesia was maintained with pentobarbital (25 mg/kg i.v.).
Under sterile conditions, the urinary bladder was catheterized with
an 8-Fr. Foley catheter and the bladder exposed through a midline
incision. Partial outlet obstruction was initiated by placing a 3-0
silk ligature loosely around the catheterized urethra. The catheter
was removed and the incision closed with 3-0 silk. The obstructed
rabbits were evaluated at 14 days of obstruction.

Five male and six female non operated age-matched rabbits
were used as controls. There were no significant differences in any
parameter studied between the male and female controls, so these
are combined into one group of 11 control rabbits.

Isolated whole bladder preparation

Under anesthesia, as above, the bladder was exposed via a midline
incision and the ureters ligated close to the bladder and cut above
the ligature. The bladder and urethra were carefully freed from any
fat and connective tissue and excised as close to the pubic bone as
possible. The rabbit was then put to death by i.v. administration of
1 ml Beuthanasia-D solution (Schering-Plough).

The bladder was emptied and the urethra cannulated with a
saline-filled “J”-shaped platinum electrode-tipped catheter. The
same “J” tube, 8.4 cm in length, was used in all experiments. The
internal diameter of the “I” catheter and all tubing between the
bladder and exit port within the bottle was 3 mm. The intact
preparation was mounted in a 300-ml isolated bath chamber con-
taining Tyrode’s solution (NaCl 124.9 mM, KCI 2.5 mM, NaH-
CO; 23.8 mM, MgCl, 0.5 mM, NaH,PO, 0.4 mM, CaCl, 3.6 mM,
and dextrose 5.5 mM) equilibrated with 95% O,, 5% CO, and
maintained at 37°C [18, 19]. Surrounding the bladder in the bath
was a cylindrical platinum electrode used for FS. The catheter was
connected by a three-way valve to both a pressure transducer
(Statham P23XL) connected to a Harvard syringe pump and an
exit port connected to an empty lightweight plastic bottle hung
from a force displacement transducer (Grass, FT-10E), which could
be smoothly raised and lowered on a stable vertical pole.

Determination of capacity and isovolumetric field stimulation

To determine capacity, the bladder was filled with saline at a rate
of 1.5 ml/min. Capacity was defined as the volume at twice the
plateau pressure [7]. Subsequently, the bladder was emptied. The
bladder was then filled successively with 5, 10, and 15 ml saline. In
each case, after filling, the bladder was allowed to equilibrate for

15 min, at which time the intravesical pressure was recorded. With
the system closed to the exit port, the bladder was stimulated using
FS [Biosonics, Moorestown, NJ; 32 Hz (biphasic square wave
pulses), 1 ms, 80V, 10-s train] and isovolumetric pressure was
recorded. This level of stimulation produces maximal pressure
generation, and 90% of the isometric pressure response can be
inhibited by application of tetrodotoxin (I uM), demonstrating
that the response results from neurohumoral stimulation [16]. In-
travesical pressure was recorded on a Grass Model 7E polygraph
and simultaneously digitized at 5 samples/s on a DX-486 computer
via an analog-to-digital data conversion system (Keithley, Soft-
500). After each stimulation, the bladder was emptied, refilled to a
new volume, and re-equilibrated.

Stimulation to empty

The bladder was filled to 15 ml (chosen because most bladders
could empty this volume with FS) and allowed to equilibrate for
15 min. The height of the exit port was set to equal the intravesical
pressure so that when the stopcock was opened to allow flow be-
tween the bladder and the exit port, no fluid moved either into or
out of the bladder. The exit port was then opened and the bladder
stimulated. The bladder emptied through the tubing into the plastic
bottle suspended from the force transducer, calibrated to measure
volume emptied.

To test the emptying ability of the bladder with several forms of
stimulation, we repeated the above procedure 3 times using IS,
bethanechol (250 uM), and KCI (120 mM). Previous studies have
demonstrated that these concentrations produce maximum re-
sponses in the rabbit bladder [18, 20, 21]. Since the purinergic
component of FS does not contribute to rabbit bladder emptying
[22], purinergic stimulation was not included in this study. Intra-
vesical pressure and volume emptied were measured continually
and digitized at 5 samples/s (FS) or 3 samples/s (bethanechol and
KCl) until the bladder emptied, or the rate of emptying fell to zero.
At the end of emptying, the bladder was emptied by gravity to
determine the residual volume. The bladder was washed 3 times
with fresh oxygenated Tyrode’s solution at 15-min intervals after
each chemical stimulation.

Data analysis

Maximum rate of pressure increase (isovolumetric study) occurred
within the Ist s after electrical stimulation and was calculated by
the computer as the maximum slope between two isovolumetric
pressure data points (data collected every 200 ms). Mean rate of
pressure increase (emptying study) was calculated as maximum
pressure divided by the stimulation time to reach maximal pressure.

Flow rate during bladder emptying was obtained by differenti-
ation of the instantaneous volume emptied as described previously
[9]. Instantaneous power and external work were calculated from
pressure and flow rate. The instantaneous power of the bladder
contraction was obtained by multiplying pressure and flow rate at
every data point collected. This assumes flow is steady [39], a good
approximation for this apparatus with its narrow exit tubing, and
for the female human urethra [8, 47]. The mechanical work done by
the bladder during emptying was calculated by taking a digital in-
tegral of power over the entire emptying time (trapezoid method).
Power and work are presented in SI units [milliwatts (nW) and
millijoules (mJ), respectively]: lemH,O x ml/s = 0.0981 mW; 1 cm
H,0 x ml = 0.0981 mlJ.

Statistics and drugs

Each set of data represents the mean + SEM of 5-12 individual
preparations. Statistical analysis was done either by r-test or by
analysis of variance, using the Student-Neuman-Keuls test to
compare multiple groups. All drugs used in this study were
obtained from Sigma Chemical Co. (St. Louis, MO).



Results

Bladder mass increased and percentage volume emptied
decreased significantly among the obstructed animals
(Table 1), leading to an inverse relationship between the
two (Fig. 1a). Bladder capacity was highly variable
among the obstructed animals (Table 1) and there was
no relationship between either capacity and percentage
volume emptied (P > 0.05, Fig. 1b) or capacity and
bladder mass (P > 0.05, data not shown).

For this study we divided the obstructed bladders into
compensated and decompensated groups based on the
percentage volume emptied. We defined compensated
obstructed bladders as those that could empty 71% of
the initial contained volume when stimulated with FS.
Those that could not empty 71% were designated
decompensated (Table 1, Fig. 1). Seventy-one percent
emptied is three standard deviations below the mean
percentage volume emptied by the control bladders.

The choice of 71% was arbitrary. Previous separa-
tions of bladders between compensated and decompen-
sated were based on bladder mass [16, 26]. Since the
terms compensation and decompensation refer to the
functional status of the bladder, we chose to base the
separation on the functional parameter of bladder
emptying. However, both methods of distinguishing
between compensation and decompensation give virtu-
ally the same results and are equally arbitrary.

With the obstructed bladders divided in this manner,
only the decompensated bladders showed a consistent
significant difference from the controls in the isovolu-
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metric FS study (Fig. 2). At every volume tested, the
decompensated bladders produced significantly less
pressure and were significantly slower to contract than
either the controls or the compensated bladders. The
maximum isovolumetric pressure of the compensated
bladders was greater than that of the controls at all three
volumes.

In the emptying study, FS generated a greater maxi-
mum intravesical pressure and a faster pressure rise than
either bethanechol or KCl in control and obstructed
bladders (Fig. 3). The compensated bladders generated
the same maximum pressure as the control bladders
when stimulated with FS or bethanechol. However,
when stimulated with KCl, they generated less than half
the maximum pressure of control bladders. In contrast,
the decompensated bladders generated less than half the
maximum pressure of the control bladders with all three
methods of stimulation (Fig. 3a). In addition, the com-
pensated obstructed bladders were able to maintain the
same mean rate of pressure rise as the control bladders,
with all methods of stimulation, but the decompensated
bladders were not (Fig. 3b).

The high pressures generated by FS lead to rapid
emptying and higher maximum flow rates than with be-
thanechol or KCl. Similar to the effect on pressure gen-
eration, the compensated bladders were able to maintain
the same maximum flow rate as the controls with all
methods of stimulation. In contrast, the decompensated
bladders had significantly decreased flow rates with all
three methods of stimulation (data not shown).

By definition, the compensated bladders emptied the
same percentage volume as the controls when stimulated

Table 1 General characteristics
gf obstructed bladders
Significant difference with

respect to control bladders,
P < 0.05

* Significant difference with
respect to compensated

Control Obstructed Compensated Decompensated

(n=11) (n=17) (n=175) n=12)
Bladder mass (g) 2.12 + 0.11 7.68 £ 0.82° 488 + 0.72°  $.84 + 095"
Capacity (ml) 473 + 3.5 704 + 9.2 522 + 152 78.0 £ 11.0
Percentage volume emptied 94.6 + 2.3 559 = 74" 931 + 3.1 40.5 + 6.0"7

obstructed bladders, P < 0.05

Fig. 1a, b Effect of partial
outlet obstruction on bladder
mass, capacity, and volume
emptied in response to 32 Hz
field stimulation. a Percentage
volume vs bladder weight. A
regression line fits the data with
r? = 0.74 (solid line). b Per-
centage volume vs capacity. A
regression line fits the data with
r? = 0.25 (solid line). Fach
symbol represents one bladder.
Filled circles represent control
bladders. Compensated ob-
structed bladders (open squares)
emptied 71% or more of the
initial volume (dashed line).
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Fig. 2a,b Effect of partial outlet obstruction on isovolumetric
contractions in response to 32 Hz field stimulation with 5, 10, and
15 ml intravesical volume. a Maximum isovolumetric pressure. b
Maximum rate of isovolumetric pressure increase. Each bar represents
the mean + SEM of 11 control, 5 compensated, and 12 decompen-
sated bladders. *Significantly different from control, Xsignificantly
different from compensated, at P < 0.05

with FS (Fig. 4). In addition, they could empty the same
volume when stimulated with bethanechol. In contrast,
the percentage volume emptied by the compensated
bladders stimulated by KCl was 30% lower than that of
controls stimulated with KCl. The percentage volume
emptied by the decompensated bladders was signifi-
cantly reduced with all forms of stimulation (Fig. 4).
FS generated the greatest power of all forms of
stimulation (Fig. 5), as calculated from pressure and
flow rates. Maximum power generated by FS was over 4
times greater than for either bethanechol or KCl. The
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Fig. 3a,b Effect of partial outlet obstruction on the pressure response
to field stimulation, bethanechol, and KCl during emptying with
15 ml initial intravesical volume. a Maximum pressure during
emptying. b Mean rate of pressure increase during emptying. Each
bar represents the mean = SEM of 11 control, 5 compensated, and
12 decompensated bladders. * Significantly different from control,
X significantly different from compensated, at P < 0.05

compensated bladders were able to generate nearly the
same maximum power as controls in response to ES.
Although the power generated in response to bethan-
echol and KCI was slightly reduced in this group, it did
not reach statistical significance. However, the decom-
pensated bladders generated less than 40% of the power
of control bladders with all forms of stimulation, a
significant reduction (Fig. 5).

The total work performed was significantly reduced
in the decompensated bladders with all methods of
stimulation (Fig. 6). In addition, the compensated
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bladders performed less work than controls when
stimulated with bethanechol or KCl.
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Fig. 6 Effect of partial outlet obstruction on total work performed in
response to field stimulation, bethanechol, and KCl during emptying
with 15 ml initial intravesical volume. Each bar represents the
mean + SEM of 11 control, 5 compensated, and 12 decompensated
bladders. * Significantly different from control, X significantly

different from compensated, at P < 0.05

Discussion

The urinary bladder collects urine at low intravesical
pressures and expels it via a highly coordinated
contraction [3, 44, 48]. In rabbits, the micturition con-
traction consists of both muscarinic and purinergic
components [22]. However, even though both musca-
rinic and purinergic components participate in the
phasic response to stimulation, only the muscarinic
stimulation is involved in the tonic portion, which is
responsible for bladder emptying [22].

The dynamics of isometric field-stimulated contrac-
tion show that the initial response is characterized by a
rapid rise in pressure to a peak followed by a decay of
intravesical pressure to a relatively stable pressure.
During emptying, as long as the intravesical pressure
during the stable period is greater than the outlet resis-
tance, the bladder empties completely. Partial outlet
obstruction alters the response such that intravesical
pressure decays below the outlet resistance before
empyting is complete. Because of the dynamics of the
pressure decay following peak pressure, flow rate,
power, and work cannot be calculated based on peak
pressure, but must be integrated over the period of
stimulation.

The calculations of work and power do not reflect
that bladder smooth muscle expends considerable ener-
gy on the isometric generation of pressure in the absence
of fluid flow [23, 25, 40]. However, as mentioned above,
the ability of the bladder to generate isometric pressure
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is not an accurate measure of the ability of the bladder
to empty. In many clinical situations (e.g. obstructive
disorders, bladder-sphincter dyssynergia), as well as ex-
perimentally (e.g. partial outlet obstruction, unilateral
ischemia), the bladder is capable of generating normal
intravesical pressure although bladder emptying is
significantly impaired [16, 26, 31, A. J. Wein, 1996,
personal communication]. In these cases, the objective
measurement of mechanical power and work may
provide important information.

This study utilized three forms of smooth muscle
stimulation to localize the defects in contraction that
occur after an outlet obstruction. FS acts through the
release of neurotransmitters [16]. Bethanechol is a direct
muscarinic agonist, and KCI stimulates contraction by
directly depolarizing the smooth muscle. In both control
and obstructed bladders, FS contracted the bladder
fastest and most powerfully. It generated the highest
pressures, the fastest flow rate, the greatest power, and
the highest mechanical work (Fig. 3-6). In contrast, KCl
emptied the bladder at the slowest rate, generated the
lowest power and the least work, and emptied the
smallest volume.

This difference may be explained by consideration of
the source of calcium utilized by the different methods of
stimulation. KCl-stimulated contraction is mediated
primarily, if not solely, by extracellular influx through
voltage-operated, dihydropyridine-sensitive channels
[33]. On the other hand, receptor-stimulated contraction
(as by FS or bethanechol) is mediated by a combination
of extracellular calcium influx and calcium release from
intracellular sites [4, 13, 17, 28, 29, 32, 37]. Since calcium
release from intracellular sites occurs faster then diffu-
sion from extracellular sources, contractions generated
by FS and bethanechol occur faster than those generated
by KCL. In addition, since FS and bethanechol stimu-
lation take advantage of more sources of calcium
than KCl stimulation, these generate more powerful
contractions.

Partial outlet obstruction results in rapid enlargement
of the bladder. In rabbits this consists of smooth muscle
hypertrophy, connective tissue synthesis, and urothelial
and fibroblast hyperplasia [24, 27]. Functionally, the
response of the bladder can be divided into two cate-
gories. Compensated bladder function occurs when the
enlarged bladder functions relatively normally. Decom-
pensated function occurs when there is a decrease in the
ability of the bladder to generate and sustain pressure,
and to empty [24, 27].

In most previous studies, bladder weight has been
used to determine if obstructed bladder function is
compensated or decompensated [16, 26]. In this study we
used percentage volume emptied in response to FS, since
that is the most direct in vitro physiological correlate of
bladder function. Our choice of a statistical measure to
divide compensated and decompensated obstructed
bladders results in a similar distribution between com-
pensated and decompensated rabbits to that produced
using bladder weight [16, 34].

Similar to previous studies [16, 26], there was a close
inverse relationship between bladder weight and volume
emptied (Fig. 1a), so it would have sufficed to classify
the bladders by their weight had the volume emptied not
been available (such as in bladder strip studies). How-
ever, selecting an appropriate bladder weight is not ob-
vious. For example, a limit of 4 g classifies all obstructed
bladders as decompensated, while a limit of 5 g includes
one bladder that could only empty 30% of its initial
volume in the compensated group.

It is interesting to note that capacity cannot suffice as
a useful indicator of the ability of the bladder to empty
(Fig. 1b). There was a great variation in bladder
capacities, and no relationship between capacity and
bladder mass, or between capacity and percentage
volume emptied. .

One could argue that the compensated bladders were
incompletely obstructed. The surgical procedures for
producing obstruction were done by the same surgeon
using a consistent technique. However, as has been re-
ported previously, the increase in bladder weight after
experimental obstruction in rabbits is variable [16]. This
is also true in rats [35, 41, 42] and guinea pigs [38, 46],
and is probably due to an inherent variability in the
responsiveness of bladders from different animals to
obstruction, similar to the variable development of ob-
struction in humans.The compensated group were ob-
structed and had significantly increased bladder mass
when compared to the controls (Table 1). They therefore
could represent an experimental group comparable to
patients with mild unsymptomatic BPH.

Compensated bladders weigh significantly more than
control bladders, and previous work has shown that
most of this increase in weight is composed of smooth
muscle [5]. They therefore have a thicker bladder wall
and thicker smooth muscle layer at the same contained
volume. Although the compensated bladders generate
higher isovolumetric pressures (Fig. 2a), they perform
less work when stimulated with bethanechol and KCl
than control bladders (Fig. 6). Therefore, although the
contractile ability of the compensated bladders is not
reduced, as shown by isovolumetric contractions, their
ability to do work and empty is reduced.

When stimulated to empty with KCl, the compen-
sated bladders generated less than half the maximum
pressure, performed less than half the work, and emptied
30% less volume than the control bladders, although
this value did not reach statistical significance (Fig. 3, 4,
6). In contrast, the decompensated bladders showed
significant reductions in their ability to contract isovol-
umetrically (Fig. 2) and to empty with all three forms of
stimulation: they generated 40% of the power of control
bladders and performed 20% of the work (Figs. 5, 6).

The contrasting results between compensated and
decompensated obstructed bladders suggest that they
represent two different dysfunctions. The reduction in
the response of the compensated bladders to KCl indi-
cates that the defects in these bladders could be related
to the direct interaction of the smooth muscle proteins



with calcium and ATP, rather than changes in neuronal
innervation or muscarinic receptors and second mes-
senger systems. One possible scenario is that as the
bladder enlarges due to smooth muscle cell hypertrophy,
there is a greater distance between the voltage-sensitive
calcium channels and the smooth muscle proteins, re-
sulting in increased time for diffusion of calcium. Since
the response to KCl stimulation is highly dependent on
extracellular calcium [33], the increased diffusion time
would result primarily in a decreased response to KClL
There may be a compensatory increase in calcium-in-
duced calcium release from the sarcoplasmic reticulum,
resulting in an increased response to FS and bethan-
echol, and explaining the observed results for the
compensated obstructed bladders.

The decompensated bladders represent a more dys-
functional group and respond poorly to all forms of
stimulation. This suggests that the degenerative pro-
cesses within the bladder may be directly related to cel-
[ular damage to metabolic processes involved in energy
synthesis, storage, and utilization. Metabolic studies
have demonstrated that mitochondrial function (repre-
sented by oxygen utilization, ATP synthesis, and specific
mitochondrial enzyme activity) is significantly reduced
by partial outlet obstruction [12, 14, 15].

Acknowledgements This work was supported in part by NIH
grants DK26508 and T32-DK07708 and grants from the VAMC
and American Foundation for Urologic Diseases.

References

1. Abrams PH, Griffiths DJ (1979) The assessment of prostatic
obstruction from urodynamic measurements and from residual
urine. Br J Urol 51:129

2. Abrams PH, Skidmore R, Poole AC, Follett D (1977) The
concept and measurement of bladder work. Br J Urol
49:133

3. Andersson K-E (1993) Pharmacology of lower urinary tract
smooth muscles and penile erectile tissues. Pharmacol Rev
45:253

4. Batra S, Sjégren C, Andersson K-E, Fovaeus M (1987) Source
of calcium for contraction induced by depolarization and
muscarinic receptor stimulation in rabbit urinary bladder. Acta
Physiol Scand 130:545

5. Brent L, Stephens FD (1975) The response of smooth muscle
cells in the rabbit urinary bladder to outflow obstruction.
Invest Urol 12:494

6. Campbell WA (1965) Interpretation of paediatric urodynamics
through bladder work calculation. J Urol 94:122

7. Chun AL, Wallace LJ, Gerald MC, Wein AJ, Levin RM (1989)
Functional whole rat bladder model. Neurourol Urodynam
8:73

8. Damaser MS, Walter JS, Plishka M (1994) Urodynamic
evaluation of urethral opening area in females with stress
incontinence. Int Urogynecol J 5:191

9. Damaser MS, Kim KB, Longhurst PA, Wein AJ, Levin RM
(1997) Calcium regulation of urinary bladder function. J Urol
157:732

10. Grayhack JT, Kozlowski JM (1987) Benign prostatic hyper-
plasia. In: Gillenwater JY, Grayhack JT, Howards SS, Duckett
JW (eds) Adult and pediatric urology. Yearbook Medical
Publishers, Chicago, p 1062

11.

13.

14.

15.

16.

18.

19.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

297

Griffiths DJ, Constantinou CE, van Mastrigt R (1986) Urinary
bladder function and its control in healthy females. Am J
Physiol 251:R225

. Haugaard N, Potter L, Wein AJ, Levin RM (1992) Effect

of partial obstruction of the rabbit urinary bladder on
malate dehydrogenase and citrate synthase activity. J Urol
147:1391

Huddart H, Butler DJ (1986) Field stimulation responses of rat
urinary bladder detrusor smooth-muscle. Dependence upon
slow calcium channel activity determined by K* depolariza-
tion and calcium antagonists. Gen Pharmacol 17:695
Hypolite J, Longhurst PA, Haugaard N Levin RM (1997)
Effect of part1al outlet obstruction on “C-adenine i incorpora-~
tion in the rabbit urinary bladder. Neurourol Urodynam (in
press)

Kato K, Lin AT-L, Haugaard N, Longhurst PA, Wein AJ,
Levin RM (1990) Effects of outlet obstruction on glucose
metabolism of the rabbit urinary bladder. J Urol 143:844
Kato K, Monson FC, Longhurst PA, Wein AJ, Haugaard N,
Levin RM (1990) The functional effects of long-term outlet
obstruction on the rabbit urinary bladder. J Urol 143:600

. Kishii KI, Hisayama T, Takayanagi I (1992) Comparison of

contractile mechanisms by carbachol and ATP in detrusor
strips of rabbit urinary bladder. Jpn J Pharmacol 58:219
Levin RM, Wein AJ (1982) Response of the in vitro whole
bladder (rabbit) preparation to autonomic agonists. J Urol
128:1087

Levin RM, Brendler K, Wein AJ (1983) Comparative phar-
macological response of an in vitro whole bladder preparation
(rabbit) with response of isolated smooth muscle strips. J Urol
130:377

Levin RM, Goldman M, Wein AJ (1984) Effect of isoprote-
renol and EGTA on the volume-pressure relationship of the in
vitro whole bladder preparation. Neurourol Urodynam 3:133

. Levin RM, High J, Wein AJ (1984) The effect of short-term

obstruction on urinary bladder function in the rabbit. J Urol
132:789

Levin RM, Ruggieri MR, Wein AJ (1986) Functional effects of
the purinergic innervation of the rabbit urinary bladder. J
Pharmacol Exp Ther 236:452

Levin RM, Ruggieri MR, Gill HS, Haugaard N, Wein AJ
(1988) Effect of bethanechol on glycolysis and high energy
phosphate metabolism of the rabbit urinary bladder. J Urol
139:646

Levin RM, Longhurst PA, Monson FC, Kato K, Wein AJ
(1990) Effect of bladder outlet obstruction on the morphology,
physiology, and pharmacology of the bladder. Prostate S3:9
Levin RM, Hypolite J, Longhurst PA, Wein AJ (1991) Com-
parison of the contractile and metabolic effects of muscarinic
stimulation with those of KCI. Pharmacology 42:142

Levin RM, Longhurst PA, Barasha B, McGuire EJ, Elbadawi
A, Wein AJ (1992) Studies on experimental bladder outlet
obstruction in the cat: long-term functional effects. J Urol
148:939

Levin RM, Longhurst PA, Monson FC, Haugaard N, Wein
AJ (1993) Experimental studies on bladder outlet obstruction.
In: Lepor H, Lawson RK (eds) Prostate diseases. WB Saunders
Co., Philadelphia, p 119

Levin RM, Zderic SA, Yoon JY, Sillen U, Wein AJ (1993)
Effect of ryanodine on the contractile response of the normal
and hypertrophied rabbit urinary bladder to field stimulation.
Pharmacology 47:244

Levin RM, Levin SS, Zderic SA, Saito M, Yoon JY, Wein AJ
(1994) Effect of partial outlet obstruction of the rabbit urinary
bladder on ryanodine binding to microsomal membranes. Gen
Pharmacol 25:421

Lim CS, Abrams P (1995) The Abrams-Griffiths nomogram.
World J Urol 13:34

Lin AT, Wein AJ, Gill HS, Levin RM (1988) Functional effect
of chronic ischemia on rabbit urinary bladder. Neurourol
Urodynam 7:1



298
32.

33.

34.

35.

36.

37.

38.

39.

40.

Maggi CA, Manzini S, Parlani M, Conte B, Giuliani S, Meli A
(1988) The effect of nifedipine on spontaneous, drug induced
and reflexly-activated contractions of the rat urinary bladder:
evidence for the participation of an intracellular calcium store
to micturition contraction. Gen Pharmacol 19:73

Maggi CA, Giuliani S, Patacchini R, Turini D, Barbanti G,
Giachetti A, Meli A (1989) Multiple sources of calcium for
contraction of the human urinary bladder muscle. Br J Phar-
macol 98:1021

Malkowicz SB, Wein AJ, Elbadawi A, Van Arsdalen K,
Ruggieri MR, Levin RM (1986) Acute biochemical and func-
tional alterations in the partially obstructed rabbit urinary
bladder. J Urol 136:1324

Malmgren A (1988) Bladder instability and abnormal mictu-
rition pattern in rats with infravesical outflow obstruction.
Neurourol Urodynam 6:371

Mayo ME, Hinman F (1976) Structure and function of the
rabbit bladder altered by chronic obstruction or cystitis. Invest
Urol 14:6

Mostwin JL (1985) Receptor operated intracellular calcium
stores in the smooth muscle of the guinea pig bladder. J Urol
133:900

Mostwin JL, Karim OMA, Van Koeveringe GA, Brooks EL
(1991) The guinea pig as a model of gradual urethral
obstruction. J Urol 145:854

Murdock JW (1993) Fundamental fluid mechanics for the
practicing engineer. Marcell Dekker, New York, p 138
Ruggieri MR, Wein AJ, Hypolite JA, Levin RM (1988)
Dissociation of the metabolic response from the contractile

41.

42.

43.

44.

45.

46.

47.

48.

response to muscarinic receptor stimulation in the rabbit uri-
nary bladder. Mol Cell Biochem 81:137

Saito M, Wein AJ, Levin RM (1993) Effect of partial outlet
obstruction on contractility: comparison between severe and
mild obstruction. Neurouro!l Urodynam 12:573

Saito M, Ohmura M, Kondo A (1996) Effects of long-term
partial outflow obstruction on bladder function in the rat.
Neurourol Urodynam 15:157

Schifer W (1983) Detrusor as the energy source in micturition.
In: Hinman F (ed) Benign prostatic hypertrophy. Springer-
Verlag, New York, p 450

Steers WD (1992) Physiology of the urinary bladder. In: Walsh
PC, Retik AB, Stamey TA, Vaughan ED, Jr (eds) Campbell’s
urology, 6th edn. WB Saunders, Philadelphia, p 142

Sterling AM, Ritter RC, Zinner NR (1983) The physical basis
of obstructive uropathy. In: Hinman F (ed) Benign prostatic
hypertrophy. Springer-Verlag, New York, p 433

van Koeveringe GA, Mostwin JL, van Mastrigt R, van Ko-
everinge BJ (1993) Effect of partial urethral obstruction on
force development of the guinea pig bladder. Neurourol
Urodynam 12:555

Walter JS, Wheeler JS, Morgan C, Plishka M (1993) Urody-
namic evaluation of urethral opening area in females with
stress incontinence. Int Urogynecol J 4:335

Wein AJ, Levin RM, Barrett DM (1991) Voiding function and
dysfunction: relevant anatomy, physiology, and pharmacolo-
gy. In: Gillenwater JY, Grayhack JT, Howards SS, Duckett
JW (eds) Adult and pediatric urology, 2nd edn. Mosby Year
Book, St. Louis, p 933



