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FOI"titer ill re, slIaviter illlltodo: strong in essence, smooth in manner 

Smooth muscle can economically maintain tonus for a long time and in 
many organs, its purpose is to maintain organ dimensions. It is however 
relatively slow and also inefficient as far as mechanical work is concerned. 

Smooth muscle is found in the majority of organs in the human body. It is 
characterized by an abundant functional diversity associated with many 
regulatory systems in combination with, most likely, a common intracellular 
contractile apparatus. The regulatory systems involve different 
neurotransmitters, hormones, ions, metabolites, and responses mediated by other 
associated cells and nerves. In the urinary bladder a special kind of smooth 
muscle has evolved in which the maintenance of tonus is less important than the 
generation of mechanical work necessary to evacuate mine. In the major palt of 
its cycle, the filling phase, the muscle is in the relaxed state, and it only develops 
force for a relatively short period during micturition. In this way the function of 
it closely resembles that of skeletal muscle. 

Smooth muscle and striated, i.e., skeletal, muscle are differentiated on the basis 
of their microscopic appearance. A similar force generating system, the sliding 
filament cross-bridge mechanism is recognized in both muscle types. However, 
the many different regulatory properties seen in smooth muscle are not found in 
skeletal muscle. In the smooth muscle cell, cross-bridge interaction is 
proportionally regulated by the level of intracellular calcium, whereas in 
skeletal muscle it is just switched on and off (21). Smooth muscle cells in 
hollow organs contract and maintain tonus in a coordinated fashion and are 
controlled groupwise, while skeletal muscle cells are recruited individually, 
each with a separate nerve ending. Smooth muscle is relatively efficient in 
maintaining force for a long time during which virtually no work is done, while 
skeletal muscle is basically designed to convelt energy to mechanical work with 
a high power output. The relatively fast force development compared to other 
types of smooth muscle makes the dynamics of the contractile apparatus of 
urinalY bladder smooth muscle an interesting field of research. In addition, the 
regulatory systems of smooth muscle have to be understood in order to explain 
pathology and to design new drugs to eliminate subversive behaviour. One way 
to investigate the regulatory system is to monitor the target system, i.e., the 
contractile apparatus, in different regulation modes. In this study a detailed 
monitoring of the dynamics of the target system was used in order to investigate 
both the regulatory system and its target. 
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Smooth muscle in the urinary system 

In tubular organs like the ureter, epididymis, and ductus deferens, smooth 
muscle is used to propel fluids by peristalsis. Smooth muscle is also found in 
urine collecting tissue such as the renal calyces and pyelum and probably 
maintains a tonus there. In organs with an excretOlY function, i.e., seminal 
vesicles and prostate, smooth muscle is used to expel the excretOlY products. 
Recently it has been shown that an enlargement of the prostate becomes 
significant only when a considerable smooth muscle tonus coexists. In the 
urinalY bladder, smooth muscle's major function is neither continuous 
propulsion nor maintenance of tonus but Sh0l1 acting active evacuation of urine. 

Tile allatomy of tile bladdel' 

The bladder can be divided into two components: The bladder body, the 
part situated above the ureteral orifices, and the base, consisting of the posterior 
ttigone, deep detrusor and the anterior bladder wall. 

In the wall of the urinalY bladder three layers can be identified'l The 
innemlost mucosal layer consists of three layers of transitional cells that form 
both an active and a passive protective barrier for the bladder wall against the 
hypertonic urine. Next a smooth muscle layer can be identified, which consists 
of relatively large diameter bundles of smooth muscle that fOlm a complex 
meshwork. On the outside an adventitial layer of connective tissue covers the 
bladder. This layer is in some regions covered with peritoneum. (8,25) 

The muscle bundles or myofibrils in the body of the detlllsor clisseross 
through the muscle wall without a clear hierarchic organization. Longitudinally 
oriented muscle bundles tend to predominate the ilmer and outer aspect of the 
detrusor muscle coat. These longitudinal fibers are closely interrelated with the 
capsule of the prostate or the anterior vaginal wall. On the dorsal side, the fibers 
have a close relation to the anterior aspect of the rectum. Within the bladder wall, 
an extensive exchange of fibers between adjacent muscle bundles can be 
identified. The detrusor thus consists of constantly branching and reuniting 
smooth muscle bundles. Single smooth muscle cells are surrounded by a dense 
basal lamina, except at some junctional regions. These junctional regions are 
responsible for the spread of a stimulus through the tissue. A junction type 
frequently seen in detrusor smooth muscle is the "tight junction'" which 
comprises a region with a length of 1 J.lm and a cell-cell distance of 10-20 urn. In 
addition some "intctmediate junctions" and "peg and socket jUllctions" can be 
distinguished. "Gap junctions", a form of tight junctions with a direct 
cytoplasmic connection (gap) are fi'equently seen in other kinds of smooth 
muscle but seem absent from detlllsor smooth muscle (8). 
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The illllervatioll of bladder muscle 

The detmsor muscle is innervated by parasympathetic and sympathetic 
nerve fibers. Parasympathetic innervation originates via the nervi eligentes from 
the second to the fourth sacral segment. The sympathetic fibers are derived from 
the 9th to the 12th thoracic and the 1st and second lumbar segment via the plexus 
hypogastricus. Parasympathetic fibers are mostly cholinergic while sympathetic 
fibers mainly comprise nor-adrenergic fibers. Throughout the whole bladder wall 
small autonomic ganglia, with mostly cholinergic fibers, can be found. The 
smooth muscle in the muscle coat of the bladder is abundantly interlaced by 
mainly cholinergic nerve fibers. Nerve temlinals lie within 20 mn from the 
surface of the muscle cells. In the dome of the bladder a very sparse 
noradrenergic nerve supply can be found. In some other species than humans a 
non-adrenergic non-cholinergic nerve supply has been shown. For example, in 
the pig bladder adenosine triphosphate (ATP) has been identified as a 
neurotransmitter (5). In humans vasoactive intestinal polypeptide (VIP) has been 
identified as an inhibitory neurotransmitter, which causes relaxation. The more 
caudal regions of the urinary bladder contain a relatively increasing number of 
nor-adrenergic fibers. Here a clear sex difference can be identified. A male 
bladder neck has an abundant nor-adrenergic innervation and is only sparsely 
cholinergic ally innervated (9). These sympathetic nerves extend into prostate 
gland and seminal vesicles. From a physiological point of view, a 
sympathetically evoked contraction in this region prevents retrograde semen 
flow during ejaculation. In contrast, nor-adrenergic nerves are not widely 
represented in the female bladder neck, so that nerve supply in this region is still 
predominantly cholinergic. (8,20) 

Passive alld active mechallical properties of the detrusor wall 

The urinary bladder has two distinct functions: a collection function and an 
evacuation function. In the collecting phase the bladder fills at a rate in the order 
of I ml/min towards a volume of several hundred milliliters without, in the 
nOlnlal situation, a significant increase in intravesical pressure. Unstimulated, 
non-contracting bladder muscle behaves like a passive visco-elastic material. 
One can see that stretch, when applied quickly, induces an initial rise in tension 
which decays when the rate of the lengthening is reduced. This process is called 
stress-relaxation (32). In addition, several inhibitory neuronal mechanisms have 
been identified, which might explain part of the described relaxation effect. 
(10,23) 

In the emptying phase, the muscle is stimulated to contract and an active 
force is generated which is superimposed on the passive force. This force 
depends on the speed of shortening and on the length of the muscle, like in other 
smooth and striated muscles. Active force decreases with increasing speed of 
shOliening as a result of energy constraints. As in skeletal muscle, the force 
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generated by smooth muscle increases with increasing muscle length to a 
maximum. This length dependence is in skeletal muscle as a consequence of the 
changes in overlap between the filaments explained by the number of cross­
bridges that can be made between the contractile proteins. The length range over 
which smooth muscle can operate is considerably larger than the range for 
skeletal muscle so that it is unlikely that the length dependence of force 
development in smooth muscle can be explained on a similar basis. 

The physiology alld pharmacology of detmsol' cOlltraction 

In any muscle type, shortening or force is generated by a cyclic interaction 
of two kinds of proteins, myosin, organized in thick filaments and actin, the thin 
filaments to which the thick filaments attach bonds c.q. cross-bridges with small 
heads. A complex series of events precedes force development in smooth 
muscle, the so called excitation-contraction coupling. In-vivo, the detmsor dome 
is stimulated mainly via cholinergic nerves, which release acetylcholine. This 
increases the intracellular calcium concentration by calcium influx from the 
extracellular space, or by release from intracellular calcium stores. 
Intracellularly, calcium binds to calmodulin. This calcium-calmodulin complex 
then binds to myosin-light-chain kinase (MLCK), which phosphorylates the 
myosin light chain. The phosporylation of myosin increases its affinity to the 
thin filaments and allows actin to activate a myosin magnesium-ATPase, that 
provides the energy for cross-bridge formation. The attachment of cross- bridges 
is followed by an energy (ATP) consuming process of detaclunent. In cross­
bridge cycling, attachment and detachment are repeated successively. When the 
myosin light chain remains phosphOlylated and only attachment and, ATP 
consuming, detachment occur, a relatively fast cycling results. However, if 
energy conditions are less optimal, a slower cycling can occur in which evelY 
cycle comprises phosphorylation and dephosphorylation. These slowly cycling 
cross-bridges are called "latch-bridges" (7). Latch-btidges maintain tonus at a 
very low energy level. Since bladder contraction is a relatively fast process for 
smooth muscle, latch-bridges are not thought to play an important role in the 
evacuation phase. However, these bridges might have a function in the muscle 
tonus after fast filling in the collecting phase, before stress relaxation occurs. 
(18) 

The time course of isometric force development 

In addition to just measurement of the maximum amplitude of isometric 
force, valuable information on the dynamics of smooth muscle contraction can 
be obtained by determination of the time constant of force development. 
Muscle contraction is a physiological activation process to a saturation level. 
Such a process can often be described by a mono-exponential function. The time 
constant of an exponential function quantifies the rate at which maximum 
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contraction is reached. A time constant represents the time elapsed until 63% of 
saturation level is reached. The time constant is thus indicative of the rate of 
force development aud can be used to identifY rate limiting processes in the 
excitation-contraction or pharmaco-mechanical coupling. Several methods can 
be used to determine time constants. One of these methods is phase plot analysis. 
(3,19,27,29) Using this method a plot is made of the time-derivative of force 
dFldt as a function of the force. Mono-exponential force development results in 
a straight line in this plot, the slope of which is the negative reciprocal of the 
time constant. Another method to determine the time constant is by fitting a 
mono-exponential function to the force time-plot, using a computerized 
procedure. 

COlltractioll velocity ill SlIIootlt lIIuscle 

When a muscle is allowed to shorten, its contraction velocity is an 
important denominator in the dynamics of smooth muscle contraction. The 
velocity of shortening decreases with increasing force. A hyperbolic force­
velocity relationship was first described by Hill in 1938 (16). The contraction 
velocity at zero force; called the maximum shortening velocity differs in 
different kinds of tissue. For example maximum shortening velocity in smooth 
muscle is approximately 0.3 strip lengthsls (this study), in skeletal muscle 1.45 
strip lengthsls and in cardiac muscle 0.61 strip lengthsls (6). Generally, the 
maximum shortening velocity is believed to be a mechanical index of cross­
bridge cycling rate. This maximum shortening velocity can be determined by 
either "quick release" techniques (15) or the "stop test". In order to obtain a 
complete force-velocity relation either the muscle contraction velocity has to be 
measured at different force values c.q. afterloads or the generated force can be 
measured at different shortening velocities. In the frequently used quick release 
technique the muscle strip is subjected to a series of preset afterloads during 
maximal stimulation at Lo (the muscle length at which maximum force is 
developed). After a preset time interval the velocity of shortening is measured. 
A disadvantage of this technique is that measurements at different afterloads, 
necessary to determine one maximum shortening velocity value, take place at 
different lengths of the muscle. A length dependence of the maximum shortening 
velocity can thus not be determined. Another disadvantage is that the quick 
release technique does not discriminate between active and passive contributions 
to force development. Especially in urinary bladder tissue passive forces can 
increase to very high levels, well beyond the actively generated force, at longer 
lengths. 

In the stop test the force at a preset length is measured after linear 
shortening to this length at different rates. Using this technique, measurements 
can be done easily with and without stimulation so that passive forces can be 
subtracted from active forces. In this way, maximum shortening velocity can be 
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detennined at higher passive forces associated with longer lengths and at higher 
velocities. The stop test can be applied clinically when urine flow is interrupted 
suddenly, while intra vesical pressure is measured (10). 
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Aim of the thesis 
The aim of this thesis is to study excitation-contraction coupling and 

pharmaco-mechanical coupling in the smooth muscle of the urinary bladder. As 
a tool, the time course of isometric force development is analyzed in terms of 
time constants and related to the maximum sh0l1ening velocity, a parameter 
indicating the rate of cross-bridge cycling. In addition, a new excitatory stimulus 
with a fast pathway to the contractile units, the ultra-violet light flash, is 
explored. Most measurements were done in pig urinary bladder, which is the best 
animal model from a urological point of view. As a verification for the 
applicability to the human situation and to develop a method to detect basic 
pathological detrusor changes, time constants and maximum sh0l1ening velocity 
were detelmined in small cold cup biopsies of human bladder. 
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Structure of the thesis 
Isometric force development in smooth muscle results from a complex 

series of regulatory processes. In chapter 2 different stimulatory pathways in pig 
urinary bladder smooth muscle strips were selected using electrical and 
pharmacological stimuli in combination with pathway blocking agents. A model 
describing excitatory pathways and interactions was developed. Time constants 
of force development could be associated with different pathways and provided 
additional infornlation on the time course. It was found that influx of 
extracellular calcium limited the rate of force development especially when 
triggered by receptor stimulation. 

In a subsequent study the influence of urethral obshuction, which is often 
caused by pathologic enlargement of the prostate, on the rate and amplihlde of 
force development by the detrusor was studied. Obstmction of the urinaty 
bladder is a clinical syndrome, which is commonly diagnosed in urological 
practice (2). Morphological changes such as muscle hypertrophy resulting in 
trabeculation can partly be distinguished by cystoscopy. Hypertrophied muscle 
shows distinct functional changes in vitro (I) In urodynamic tests a number ~f 
in-vivo functional changes can be identified. Bladders show an increased 
pressure at unaffected or reduced flow rates. In a number of cases, unstable 
contractions can be detected in the collecting phase (4). Some bladders show a 
decreased compliance i.e. a gradual increase in pressure at normal filling rates. 
In Chapter 3 an animal model is presented for bladder outlet obstmction in 
guinea-pigs which was developed at Johns Hopkins University in Baltimore. 
This model served to produce obst11lction induced bladder dysfunction, which 
was signified by pathological urodynamic patterns also seen in humans after 
urethral obst11lction. Chapter 4 describes a study performed on this model in 
which changes in force development by the detmsor muscle were investigated in 
vitro. 

In order to verify that the rate of isometric force development of the 
detrusor muscle is limited by the influx of extracellular calcium as found in 
chapter 2, a method was used to manipulate the intracellular calcium 
concentration. This was done by loading "caged calcium" into the muscle cells 
(Gurney et al. 1987; Tsien & Zucker, 1986), which can be released by a high 
intensity ultra-violet (UV) light flash. The high costs of the commonly used UV 
lasers (Lea et ai, 1990), to evoke such a flash are commonly beyond the budget 
of basic muscle research projects. Therefore, a new UV flash instrument was 
developed, based on a commercially available photo-flash unit. Chapter 5 
describes how this unit was tested by measuring the in-vitro free calcium 
concentration after exposure of "caged calcium" to UV light. A physiological 
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change in free calcium concentration could be evoked by photolysis of caged 
calcium using the described flash unit. 

Application of an ultraviolet, UV, light flash to smooth muscle loaded with 
"caged calcium" resulted in a contraction. However, control fibers, which were 
not loaded with "caged calcium", did also show a contraction upon exposure to 
UV light. Further investigation of this effect is described in Chapter 6. 
Amplitude and rate of force development were detetmined in response to 
electrical field and UV flash stimulation in the presence or absence of either 
ryanodine(24), which inhibits release of intracellular calcium, or tetrodotoxin, 
which eradicates nerve activity, Of atropine, which inhibits cholinergic nerve 
activity. It was concluded that the newly discovered UV stimulation method had 
a fast, at least partly nerve mediated, pathway to the contractile units mediated 
by calcium from intracellular stores. 

The cross-bridge cycling rate is the ultimate rate limiting factor in muscle 
contraction. If other rate limiting factors are eliminated, it determines the rate of 
force development under isometric conditions. Maximum shortening velocity, 
the mechanical index of the cross-bridge cycling rate can be determined /i'om a 
force-velocity relation. From a theoretical point of view, the pre-stretched length 
of the muscle should not have an effect on the maximum shortening velocity, as 
this is extrapolated to zero force and thus independent of the number of attached 
cross-bridges. In smooth muscle several modulators of cross-bridge cycling have 
been described (14,22) . Using the stop test method in chapter 7 it was possible 
to investigate the muscle length dependence of the force-velocity relation. The 
maximum shortening velocity was shown to increase with. increasing stretched 
muscle length. The effect could be due to an up-regulation of cross bridge 
cycling or a changed orientation or contents of intracellular contractile proteins. 

In the literature, there is no consensus on the origin of the mechanism that 
limits the time constant of isometric force development. The time constant is 
frequently related to the maximum sh0!1ening velocity and the series elasticity. 
Series elasticity is the elastic component in the muscle tissue which is located in 
series with the contractile element. Previous research, described in chapter 2, 
indicated that stretching of the series elasticity by the cycling cross-bridges 
would lead to force development at a very high rate, that is never measured 
under physiological circumstances. It was hypothesized that the normal rate of 
force development depends on a slower mechanism such as the influx of 
extracellular calcium. In chapter 8, the time constant of isometric force 
development and maximum shortening velocity were directly compared to 
determine the factors that influence the value of the time constant. Additionally, 
time constants before and shortly after an imposed muscle shortening were 
compared. This comparison gained more insight in functional changes of the 
muscle that occur after sh0l1ening, i.e., shortening induced deactivation, which 
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was earlier described by Groen (II) and Gunst et al. (12) . 

In order to be able to investigate a possible relation of maximum sh0l1ening 
velocity and pathological bladder conditions in the near future, small cold cup 
biopsies were used to detennine maximum shortening velocity in the human 
detrusor. In chapter 9 the temperature dependence of the force-velocity relation 
was studied in these biopsies, that were obtained during a trans-urethral 
operation. Muscle mechanics experiments in skeletal muscle are generally done 
at room temperature while smooth muscle experiments have to be done at 3JOC 
as the muscle tends to be very slow at room temperature. Therefore, temperature 
dependence of the force-velocity relation in smooth muscle is an interesting 
study object. It was shown to be possible to measure several force-velocity 
relations under different circumstances, in this case temperatures, in one biopsy. 
Additionally, maximnm shortening velocity and time constants in human urinary 
bladder tissue could be compared to the pig model, which was amply used in this 
thesis. 
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Summary 

Excitatory pathways in the smooth muscle of the pig urinary bladder were 
investigated using phase-plot analysis of isometric contractions. The phase plots, 
plots of the rate of change of the force as a function of the force itself, were 
dominated by a straight line described by the horizontal intercept (F;,,) and the 
vertical intercept (U). The quotient F;,jU is a time constant that characterizes the 
rate-limiting step in isometric force development in the muscie. Bladder strips of 
1 mm diameter were activated by electrical field stimuli, acetylcholine, 
potassium, and A TP in combination with selective pathway inhibitors such as 
verapamil, atropine, or a calcium-free solution containing ethylene glycol-bis(8-
aminoethyl ether)-N,N,N ,N-tetra-acetic acid. When pathways that depended 
significantly on depolarization or intracellular calcium release Ivere selected, the 
time constant was significantly smaller, indicating a faster process. The results 
indicated that the rate-limiting step in force development was determined by the 
influx of extracellular calcium. 

Intl'oduction 

Isometric force development in smooth muscle results from a complex 
series of events. With phase-plot analysis this process can be characterized by 
one time constant (4, 15, 18, 20, 22). This time constant has been shown to be 
independent of both the external calcium concentration and the size of the strip 
but dependent on the length of the interstimulus interval (22). Such dependence 
may result fi'om a change in calcium sensitivity of the regulatory-contractile 
apparatus (17), suggesting that this parameter characterizes intracellular 
processes. In the present study different stimulatory pathways in pig urinary 
bladder smooth muscie strips were selected using electrical and pharmacological 
stimuli in combination with pathway blocking agents. In similar studies on other 
smooth muscie preparations pathway interactions have been deduced on the 
basis of the maximum isometric force developed (2, 6, 9, 11, 14). In the present 
study the time constants that could be associated with the different pathways 
provided aditional infOlmation. Together with information derived from other 
studies (1-3, 5-8, 14, 17, 18), this led to the development ofa complete diagram 
describing excitatmy pathways and interactions for pig urinaty bladder smooth 
muscle. 
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Materials and Methods 

Experiments were performed on pig urinary bladders obtained from the 
local slaughterhouse -15 min after slaughter. Strips of 2 x 2 em were cut from 
the anterolateral wall of the bladder and transported to the laboratory in 
oxygenated Krebs solution. The mucosa and the submucosal fat layer were 
removed, and muscle strips of I mm diameter and 10 mm length were excised. 
To facilitate diffusion the thin fascia layer covering the muscle fiber was opened 
and for the greater part removed. Three such smooth muscle strips each from a 
different bladder were suspended in one organ bath, which contained 15 ml of 
Krebs solution (13) equilibrated with 95% 0,-5% CO,. Each strip was attached 
at one end to a glass rod, fixed to the bottom ofthe organ bath, and at the other 
end to a FT03 force transducer (compliance 0.002 mIN) with 0.7 metric silk 
thread. All strips were prestretched to a tension of 0.01 N. The contents of the 
organ bath could be drained within I s and filled within 5 s from a heated and 
aerated solution storage container. 

Strips were stimulated electrically by applying altemating pulses of7.5 V 
with a 100-Hz repetition frequency and 5-ms duration to two parallel platinum 
electrodes, one on each side of the set of three strips. Pha1macological 
stimulation was performed by replacing the contents of the organ bath with an 
isosmolar solution containing 123 mM potassium chloride, 0.01 mM 
acetylcholine, or 3 mM ATP. 

In two series of three bladder strips, all four stimuli were tested. Electrical 
and pharmacological stimuli were applied in random order, each tested stimulus 
being preceded by an extra electrical stimulus in normal Krebs solution to 
standardize prestimulus conditions. A rest interval of 5 min followed electrical 
stimulation and an interval of 10 min followed pharmacological stimulation 
before the next stimulus was applied. 

After all stimuli were tested, the contents of the organ bath were replaced 
by a calcium-free solution containing 2 ruM ethylene glycol-bis(8-aminoethyl 
ether)-N,N,N ,N-tetraacetic acid (EGTA) (refened to as EGTA treatment). After 
a diffusion period of I min, the last applied stimulus in nOimal Krebs solution 
was tested with EGTA treatment. Next the calcium-free EGTA solution was 
washed out, and after 10 min the next stimulus was applied. Because verapamil 
and atropine were difficult to wash out, in 16 series of 3 strips only one type of 
stimulus was investigated in each series in the presence of these agents. In 8 of 
these 16 a Krebs solution containing 0.05 mM verapamil (referred to as 
verapamil treatment) and in the other 8 a solution containing 0.0 I mM atropine 
(referred to as atropine treatment) replaced the contents of the organ bath after 
the testing of all stimuli in normal Krebs solution. After a diffusion period of I 
min, the last applied electrical or pharmacological stimulus was repeated in the 
presence of either atropine or verapamil treatment. 



PATHWAYS AND TIME CONSTANT IN SMOOTH MUSCLE CONTRACTION 27 

All isometric contractions were sampled at a rate of 10Hz with a PDP II 
type computer and stored for further analysis. Plots of the rate of change in force 
as a function of force, i.e., phase plots, were made (4, 20). For the greater part 
such phase plots of isometric smooth muscle contractions can be characterized 
by a straight line (15, 20, 22) where F is the measured force, Fl,o is the maximum 

dF 

(Fl,o - F) Eq.1 
dt c 

extrapolated force, I is time, and C is the time constant for isometric force 
development. The intercept of the straight line with the vertical axis, i.e., dFldl at 
F = 0, is called U, which equals Fl,JG. 

The solution to Eq. 1 describes the time course of isometric force development. 

Eq.2 

C represents the limiting rate constant in the excitation-contraction coupling 
process. 

Artifacts due to fluid movements could be recognized as irregular spikes, 
usually in the first part of the phase plot, and such parts were excluded from 
further processing. All values determined for Fl.o, U, and C in one strip were 
nOlmalized by dividing by the corresponding parameter value of the electrically 
stimulated contraction preceding the first pharmacological stimulus. The 
nomlalized values of Fl,", U, and C were averaged for each stimulus-treatment 
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Figure 1. Force-time plot of 8n electrically stimulated isometric contraction from a strip 
of pig urinary bladder smooth muscle. 



28 CHAPTER 2 

combination. The Mann-Whitney U test was used to determine the significance 
of the differences in the averaged normalized parameters. To compare different 
stimuli during a treatment, relative values for Fi'o were calculated by dividing the 
parameters values during a treatment by the corresponding values in nOlmal 
Krebs solution. Variance analysis was ca!Tied out to study the influence of the 
applied treatment, stimulus, serial number (18 series of 3 strips), and strip 
number (3 strips in 1 organ bath) on the parameters F im, U, and C. 

Results 

Figure 1 shows an example of the force development during an electlically 
stimulated isometric contraction, and Fig.2 shows the phase plot calculated from 
these data. 

Table 1 shows the means ± SE of the unnormalized parameter values for 
Fi'o, U, and C. Only the values of the standard electlically stimulated contraction 
measured in each of the 54 strips in normal Krebs solution were taken into 
account. This standard electrically stimulated contraction was the contraction 
preceding the first pharmacological stimulus and the contraction that served as 
the standard in the normalization procedure as described in METIIODS AND 
MATERIALS. 

In Figs. 3-5 the first four bars show respectively the average normalized 
values of F"o, U, and C (means ± SE) for electrically stimulated contractions in 
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Figure 2. Phase plotl a plot of rate of change of force (dF/dt) as a function of the force 
itself, derived from force-time plot shown in Fig. 1. The straight line dominating the phase 
plot is characterized by parameters Fis,o (maximum extrapolated force) and U. Time constant 
F.,jU is called C. 
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nOlmal Krebs solution, in calcium-free solution containing EGT A (labelled E), 
in nOlmal Krebs solution containing verapamil (labelled V), and in normal Krebs 
solution containing atropine (labelled A). The second group of four bars shows 
the average nonnalized values of F;,,, U, or e for contractions stimulated by 

Table 1. 
Unnormalized values for parameters F iso , U, and C. 

Parameter Mean±SE 

0.047 ± 0.003 

U, Nls 0.016 ± 0.001 

e,s 3.080 ± 0.144 

F;'Q' maximum extrapolated force; U, intercept of 
straight line with vertical axis; C, time constant for 
isometric force development. Only the values of the 
standard electrically stimulated contraction measu­
red in each of the 54 strips in nonnal Krebs solution 
were included. 

potassium chloride, the third 
group for contractions 
stimulated by acetylcholine, and 
the fourth group for 
contractions stimulated by ATP. 

A statistical comparison of 
the first bars in each group (/I = 

54) in Figs. 3-5, i.e., the 
significance of the differences 
between the average normalized 
values or F;,o, U, and e for the 
different stimuli in normal 
Krebs solution, yielded the 
following results. In normal 
Krebs solution all three 
parameters were significantly 

different for all stimuli (P :S 0.00 I), except for F;,o values for electrical and 
acetylcholine stimulation. 

The significances of the differences between the bars within the groups in 
Figs. 3-5, i.e., the differences between the average normalized values F;,o, U, and 
e of contractions evoked by the same stimulus in (nonnal) Krebs solution or 
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Figure 3. Average nommJized values for F;,o (horizontal intercept in Fig.2) for electri­
cally, potassium-, acetylcholine-, or ATP-stimulated contractions in nOIDlai Krebs solution 
(N), a calcium-free solution containing EGTA (E), verapamil (V), or atropine (A), Brackets, 
±SE. 
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Figure 4. Average normalized values for U (vertical intercept in Fig.2) for electrically, 
potassium-, acetylcholine., or ATP-stimulated contractions in normal Krebs solution (N), a 
calcium-free solution containing EGTA (E), verapamil (V), or atropine (A), Brackets, ±SE. 

during the application of the different treatments, are shown in Table 2. For all 
stimuli in the different treatments the F,,, values were smaller (P :S 0.002) than 
the corresponding values in normal Krebs solution except those for potassium 
and ATP stimuli in atropine. The U values for all stimuli in EGTA trea(ment 
were smaller (P < 0.03), but the values in verapamil or atropine treatment were 
not significantly different from the corresponding values in normal Krebs except 
for the electrical stimulus in atropine. The C values for all stimuli in verapamil 
treatment, for acetylcholine and ATP stimuli in EGTA treatment, and for the 
electrical and acetylcholine stimuli in atropine treatment were smaller (P < 0.03) 
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Figure 5. Average normalized values for C (time constant, negative reciprocal value of C 
describes slope of straight line in Fig.2) for electrically, potassium-. acetylcholine-, or A TP­
stimulated contractions in normal Krebs solution (N). a calcium-free solution containing 
EGTA (E), verapamil (V), or atropine (A), Brackets, ±SE. 
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than the corresponding values in normal Krebs. 
In Fig. 6 these differences for Fi" are expressed in relative values (means 

± SE). In Fig. 6 the first group of four bars shows the effect of a calcium-free 
EGTA solution, the second group the effect ofverapamil solution, and the third 
group the effect of atropine solution on the electrically stimulated contraction 
(bar 1, E\ec) and the contractions evoked by potassium chloride (bar 2, K+), 
acetylcholine (bar 3, ACh), and ATP (bar 4, ATP). 

A comparison of the significances of the differences between the values of 
Fi" for contractions evoked by the different stimuli for each treatment, i.e., the 
differences between the different bars (for which II ~ 6) in each group of four in 
Fig. 6, yielded the following results. The relative Fi" values in EGTA and 
verapamil treatments were not significantly different for any stimulus applied, 
except for electrical and A TP stimuli in verapamil treatment (P < 0.05) and for 
electrical and acetylcholine stimuli in EGTA treatment (P < 0.01). During 
atropine treatment a difference was seen in Fi,. values for all compared stimuli 
except potassium and A TP stimuli. 

Table 2. Significances of differences in normalized values of F'mJ, U, and C for different sti­
muli between different treatments 

Treatments Compared 

Paramc- Stimulus Normal- Normal- Nonnal- EGTA-
ter EGTA verapamil atropine verapamil 

F40 Elec 0.0001 0.0001 0.0006 0.0037 

K' 0.0001 0.0002 0.6397 0.1093 

ACh 0.0001 0.0029 0.0001 0.0104 

ATP 0.0001 0.0003 0.8245 0.0091 

U Elec 0.0001 0.1855 0.0470 0.0037 

K+ 0.0001 0.3491 0.6135 0.0039 

ACh 0.0301 0.1530 0.1602 0.0547 

ATP 0.0001 0.7301 0.8437 0.0033 

C Elec 0.1774 0.0001 O.oJI6 0.5218 

K+ 0.7487 0.0031 0.9019 0.2623 

ACh 0.0003 0.0002 0.0003 0.6310 

ATP 0.0459 0.0004 0.7864 0.3333 

Two-tailed probability, corrected for ties, resulting from a Mann-Whitney Utest; II = 6. Elec, electrical 
stimulus; K+, potassium stimulus; ACh. acetylcholine stimulus; ATP, ATP stimulus 
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Finally, the variance analysis of the parameters F"" U, and C with respect 
to the 3 treatments, the 4 stimuli, the 18 serial numbers, and the 3 strips per series 
showed that treatment, stimulus, and serial number all forms significant sources 
of valiance. The strip number did not contribute to a significant degree to the 
Valiance in these parameters. 

Discussion 

The complex interaction of excitatory stimuli and blocking agents in the 
sequence of events leading from stimulation to contraction cannot be described 
completely by the observation of changes in maximum developed force alone. 
Analysis of phase plots of isometric contractions provides additional infonnation 
on the dynamics of the development of force in such a contraction in terms of the 
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Figure 6. Relative values for FlYJ (Fko values in presence ofa treatment divided by F ilo va­
lues in nonnal Krebs) for electrically (Elec), potassium (K+h acetylcholine (ACh)-, or ATP­
stimulated contractions in EGTA, verapamil or atropine treatment. 

parameters F"" U, and C, which define the straight line that dominates the phase 
plot (Fig.2). This straight line can be understood in terms of a simple model that 
ascribes the development of force to the recruitment of units that are changed 
from a noncontractile to a contractile state (22). In this model F,>o or the 
extrapolated maximum isometric force represents the maximum number of 
activated units after an infinitely long stimulation. The parameter U represents 
the chance that noncontractile units change to the contractile state. U therefore 
provides information on the prestimulus conditions. F,>o and U together define C 
(~F"jU), which fmms the rate constant that limits the rate offorce development 
during a contraction. The smaller the C value the faster is the isometric force 
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development. The mean value of the time constant C in this preparation of pig 
bladder smooth muscle equals -3s (see Table I). In some instances it has been 
suggested that the time course of isometric contraction development in smooth 
muscle is detennined by the contractile element lengthening the series elastic 
element of the muscle. 

In the APPENDIX it is demonstrated that this mechanism is associated 
with a time constant in the order of 0.16 s for this type of muscle. This indicates 
that the stretching of the series elastic element is a much faster process, taking 
place in the early (nonexponential) part ofthe phase plot, which has a duration of 
-Is. 

The strips were prestretched to 0.01 N of initial tension. At this passive 
tension, the strip was considerably shorter than L=" the length at which 
maximum force can be generated. For this kind of smooth muscle tissue the 
passive tension at Lm" is approximately half the tension that the tissue can 
actively generate (sec Fig.6 in Ref. 19). In this muscle it is not possible to 
perfonn reproducible measurements at Lma, because the high passive tension at 
L= causes a continuous passive lengthening that interferes with the active 
measurements (9). 

The variance analysis, carried out to establish the reproducibility of the 
parameters, shows that the applied treatment and stimulus, the two sources of 
variance of major interest, contribute significantly of the variance in all three 
parameters. The variance associated with the strip number was not significant 
compared with the residual variance in contrast to the variance associated with 
serial nuinber, indicating that the three strips in each series were more 
comparable than the strips in different series. Inasmuch as all strips were 
obtained fi'om different bladders, this effect can only be ascribed to minute 
differences in composition or pH of the metabolic fluids possibly due to toxic 
cell debris. 

The results obtained by analysis of the presented data in tenns of F"o> U 
and C and those of other studies in this field (1-3, 8, 14, 17, 18) were 
summarized in the block diagram shown in Fig. 7. This diagram shows the 
effective pathways and interactions in the excitation-contraction and 
phannacokinetic coupling in pig detrusor smooth muscle. The following 
considerations led to this diagram. From all stimuli applied in nonnal Krebs 
solution, potassium resulted in the highest F,;o values (Fig.3). Because the 
potassium-induced contraction remained unaffected by atropine (Figs. 3-5), 
potassium was assumed to mainly cause a direct cell depolarization, which plays 
a central role in reaching a strong isomehlc contraction. The U value associated 
with potassium stimulation was not the highest and was considerably smaller 
than that for electdcal stimulation (Fig.4), resulting in a higher C value (Fig. 5) 
or a slower force development. This effect was ascribed to the diffusion process 
necessary to transport the depolarizing agent to cellular level. 

Stimulation with acetylcholine in nonnal solution led to slightly smaller, 
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Figure 7. Sununarizing diagram of excitatory pathways describing sequence of events that 
lead from stimulation to mechanical force development in smooth muscle of urinary bladder 
of the pig. This smooth muscle tissue can be activated by electrical field stimulation, which 
depending on pulse duration causes either nerve or muscle depolarization. It can also be 
activated by phannacological stimuli such as high potassium, causing depolarization of I 
muscle cell membrane, acetylcholine, causing receptor-operated muscle depolarization and 
receptor-operated influx of extracellular and release of intracellular calcium. A TP perfomls 
similar operations via an ATP receptor. Time delay caused by diffusion of pharmacological 
agents is denoted by square labeled diffusion. As an example, sequence of events leading 
from electrical stimulation to development of force is as follows. Electrical stimulus activates 
nerves (Ist block), thus causing muscle depolarization either by releasing acetylcholine 
(which can be blocked by atropine) or by ATP. Muscle depolarization (2nd block) operates 
calcium chalUlels, which can be blocked by verapamil, causing an influx of extracellular 
calcium (3rd block). This process can be prevented by binding extracellular calcium using 
EGTA. Raised intracellular calcium concentration or muscle depolarization itself causes a 
release of intraceIIularly stored calcium (4th block), and calcium activates intracellular 
contractile apparatus. K+, potassium stimulus; spark sign (arrow), electrical field stimulus; 
ACh, acetylcholine stimulus; ATP, ATP stimulus; tap signs (z), sites of action of pathway 
inhibitors. 

but neveliheless comparable, values for F;<o (Fig. 3) but even lower values for U 
(Fig. 4), resulting in even higher C values (Fig.S). Inasmuch as acetylcholine 
exelis its effect for a substantial part via receptor-operated calcium influx (2,3), 
this seems to be a rate-limiting step. If the smaller C values for potassium- and 
ATP-stimulated contractions are considered, this process of receptor-operated 
calcium influx was even slower than the diffusion of the agent to the cell 
membrane, which must also playa role in this type of contraction. A TP gave lise 
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to a higher U and smaller C value than acetylcholine (Figs. 4 and 5). If 
receptor-operated calcium influx indeed forms the rate-limiting step for 
acetylcholine-stimulated contractions, this effect might be explained by 
assuming either that ATP gives rise to added depolarization or that the A TP 
receptor is provided with a faster pathway to the contractile units (5, S, IS). 
Fmther evidence that A TP gives rise to added depolarization is provided by the 
observation that the C value for potassium, which exerts its effect mainly via 
depolarization, is also smaller. Despite the diffusion factor, the C value of an 
ATP-stimulated contraction was quite similar to the C value of an electrically 
stimulated contraction, again providing evidence for such a fast pathway to the 
contractile units. Generally, both acetylcholine and ATP are thought to give rise 
to receptor-operated cell depolarization as well as receptor-operated calcium 
influx and receptor-operated intracellular calcium release (Fig.7). 

During EGTA treatment the value of F i" for electrical and A TP stimuli was 
reduced to <10% of its value in normal Krebs, indicating a substantial 
dependence on extemal calcium. The larger Fi" values for acetylcholine and 
potassium stimuli in EGT A treatment indicate that contractions evoked by these 
stimuli are less dependent on external calcium but alternatively release 
intracellularly stored calcium. For an acetylcholine stimulus this release is 
probably initiated by muscarinic receptor stimulation (3,16). During potassium 
stimulus a possible intracellular calcium release, resulting in a high Fi" value 
during EGTA treatment (Fig.3), could be due to cholinergic nerve stimulation, 
but the atropine resistance of the potassium-stimulated contraction (Fig. 3) 
militates against this hypothesis, favouring the alternative hypothesis of a 
depolarization-operated intracellular calcium release. This mechanism also has 
been suggested for arterial smooth muscle (17). 

Verapamil reduced the value for Fi" to approximately half its value in 
normal Krebs (Fig. 3). The Fi" value for ATP was reduced even further (Fig. 3). 
A statistically significant difference was found between the reductions of the 
relative Fi" values resulting from electrical stimulation compared with ATP 
stimulation during verapamil treatment, indicating that verapamil affects the 
ATP-stimulated contraction more than the electrically induced contraction. 

Atropine reduced Fi" for acetylcholine-stimulated contractions to SO% and 
for electrically stimulated contractions to -40% (Fig. 3) of pretreatment values, 
indicating that the electrically stimulated contraction is -40% cholinergic 
mediated. A similar effect has been shown by previous studies on human 
detrusor (12). 

After Verapamil treatment the U values for all stimuli were not 
significantly different (Table 2) /i'om the U values in nOlmal Krebs solution, 
whereas with EGT A treatment U values were significantly reduced, indicating a 
smaller chance for units to change to the contractile state due to a lack of external 
calcium. Verapamil does not alter the external calcium concentration and did not 
consistently reduce U values, indicating the calcium is not available in sufficient 
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amounts or is not fast enough to allow units to become contractile to the same 
degree as before treatment (see the lower F,>o and the lower C value in verapamil 
treatment compared with values in nOlmal Krebs, Figs. 3 and 5, Table 2). Also 
favouring this hypothesis is the fact that U after atropine treatment remained 
unaffected; i.e. atropine does not affect extracellular calcium concentration. In 
this maImer the dependence of U on the length of the interstimulus interval, 
which has been reported previously (22), can be explained by a change in 
calcium sensitivity resulting from a gradual increase in the amount of calcium 
bound to the intracellular stores during the interstimulus interval. 

For all stimuli during verapamil and EGTA treatment, except for elcctrical 
and potassium stimuli in EGTA, a significantly smaller C value was found 
(Fig.5, Table 2), indicating that a shorter time was needed to reach the maximum 
isometric force. It was therefore concluded that intracellular calcium release is a 
faster process than extracellular calcium influx. 

For contractions evoked by acetylcholine and electrical stimuli dming 
atropine treatment the C values were significantly reduced compared with the 
values in normal solution (Fig. 5, Table 2). This indicates that the rate-limiting 
step in the contraction development is blocked by atropine, which is a 
muscarinic receptor blocker. 

Although the present data could not provide evidence that verapamil 
blocked depolarization-operated calcium channels more potently than receptor­
operated channels (1-3), the remaining calcium dependence of contractions 
evoked in verapamil treatment could be explained either by assuming that certain 
depolarization-operated calcium channels were blocked completely and others 
were left unaffected or by assuming that channels were blocked partially. If the 
effects of calcium-free EGTA solution and verapamil on the differently 
stimulated contraction are compared, a clear difference in the values for F,>o and 
U could be observed for all stimuli. For all stimuli except potassium, the values 
for F,>o of contractions evoked during EGTA treatment were significantly 
smaller than those during verapamil treatment (see Table 2). This indicates that 
the calcium channels that can be blocked by verapamil are not the only sources 
of the extemal calcium necessary for contraction. 

It is concluded that the diagram shown in Fig. 7 summarizes the effective 
pathways for isometric force development in pig urinary bladder smooth muscle. 
Phase-plot analysis provided a way to identity the rate-limiting pathways in the 
excitation-contraction and pharmacomechanical coupling process for the various 
stimuli applied. A hierarchy in rate limitation was shown. Under normal 
circumstances the rate-limiting step in isometric force development in this kind 
of smooth muscle is the influx of extracellular calcium. Both muscle 
depolalization and intracellular calcium release are faster processes even when 
triggered by receptor stimulation 
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Appendix 

If the time course of isometric contraction development of a muscle strip 
were determined by the contractile element stretching the series elasticity, the 
associated time constant could be estimated as follows. 

Suppose the muscle can be modeled as a contractile element with a length 
I. and a linear force-velocity characteristic 

Eq.3 

(where Vmax is the maximum contraction velocity), in series with a linear series 
elasticity E with length I, 

EqA 

Adding the derivatives of the lengths I. and I, of both elements gives 

Eq.5 

The solution of Eq.5 is a monoexponential function 

F~F;" [\ - exp(-I/~)l Eq.6 

with a time constant 

~ ~ F",J(E.Lou') Eq.7 

This time constant can be normalized so that it consists of two dimensionless 
groups 

Eq.8 

By use of Eq. 4, the first group can be rewritten as 

F",JE.l ~ E.l, (F,,,)/E.l ~ I,(F,,,)/I Eq.9 

Here I, (F,w) means the length of the series elastic element at F,w This length 
divided by the total length of the muscle strip is known from quick release 
studies on the same preparations (19) 

I, (F,,,)/I ~ 0.04 Eq.IO 

The second dimensionless group Eq. 8 is also known for this preparation (21) 
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Eq.lI 

Combining of Eqs. 8-11 gives 

,=0.16s 
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Summary 

We developed a new model of partial urethral obshuction using the guinea 
pig. We placed jeweler's jump rings loosely around the proximal urethra of 
immature guinea pigs and allowed the obstruction to develop gradually as the 
animal grew. After 4 or 8 weeks of obstruction, we studied the filling and 
emptying characteristics of the bladder during continuous repetitive cycling 
under urethane anesthesia. Following this examination, bladders were removed 
and weighed. Wet weight was compared to urodynamic findings. We identified 
four abnormal urodynamic patten1S: high pressure voiding, instability, poor 
compliance and decompensation. All obstructed bladders showed weight gain 
associated with muscle hypertrophy, but the degree of weight gain was different 
for each of the various urodynamic categories. High pressure voiding was 
associated with the least weight gain, whereas instability and decompensation 
showed the most weight gain. The results are consistent with a thesis that partial 
urethral outlet obstruction in the guinea pig gives rise to several distinct fonns of 
abnormal voiding characterized by high pressure in the early stages, and 
progressing to more advanced forms of dysfunction characterized by instability 
and decompensation in the later stages. 

Introduction 

Following initial clinical observations that men with bladder obstruction 
due to benign prostatic hypelplasia show signs of unstable bladder conh'actions 
during the filling phase of cystometry (1,2), attempts were made to produce 
bladder instability in animal models by obstructing the urethra in order to 
produce sources of tissue for pharmacological and other investigations of the 
unstable bladder. Several animal models have been developed using the pig (3), 
rat (4), rabbit (5,6), and cat (7). The pig model which has given rise to the thesis 
that bladder instability is associated with a posijunctional type of denervation 
supersensitivity. (8) The guinea pig has not previously been considered as an 
animal model for the study of the effect of urethral obshuction on the bladder. 
We selected this animal for several reasons: it is small, inexpensive and easily 
housed. No special operating room facilities are required. Much is already 
known about the basic phannacologic propel1ies of the guinea pig bladder 
smooth muscle (9), and more is known about the electrical propCl1ies of the 
guina pig bladder smooth muscle than any other mammalian bladder, making 
this a theoretically attractive model for the eventual investigation of changes in 
electrical propel1ies arising after urethral obstruction. (10,11,12) In a prelimin8lY 
rep0l1 (13) we found that placement of jeweler's jump rings around the urethra of 
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the immature (250-300 gm) guinea pig resulted in bladder muscle hypertrophy 
and abnormal voiding as the animal grew, without otherwise interfering with 
animal growth. The operation was well tolerated, 33 of 34 animals survived and 
gained weight. Urodynamic investigation after 4 or 8 weeks of 16 obshucted 
animals showed four distinctly different voiding patterns when compared to 7 
normal and 6 sham operated controls: we described these as high pressure, 
instability, poor compliance and decompensation. We wished to repeat this study 
using only one ring size, describing more completely the storage and emptying 
characteristics of the hypertrophied bladder which develops following 
obstruction, and relating this, if possible, to the degree of hypertrophy. 

Methods and Materials 

In order to eliminate as much 
unnecessary variability in the method 
of obstruction as possible, we selected 
jeweler's jump rings, simple silver twist 
open rings of standard industrial 
diameter and gauge, as the method of 
occlusion. This technique has not been 
decribed before, except for our 
preliminary report (13). Rings were 
available from a local jewelry repair 
shop and could be obtained in many 
different sizes /i'om standard jewelry 
supply catalogues (Figure la). When 
twisted open and twisted closed again, 
these rings retained their precise shape 
without becoming defornled, thus 
minimizing potential variability due to 
size and deformity of the occluding 
material (Figure Ib,c). 

Our goal was to produce gradual 
rather than acute obstruction, to create 
a model which would most closely 
represent naturally occurring 
obstruction such as that which occurs in 
the presence of benign prostatic 

Figure 1. a) Jewelcr'sjump rings obtained 
from a local jewelry supply store, b) Ring 
held in flat-tipped forceps, c)ring twisted open 
by additional narrow-nosed pliers. 
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hypetplasia or posterior urethral valves. We therefore placed rings loosely about 
the urethrae of inmlature guinea pigs weighing 250-300 gms and allowed the 
obstmction to develop gradually as the animal grew to a more mature weight of 
600-800 gm. 

Opemtive procedure 

Twenty immature male albino guinea pigs (Hartley strain) weighing 250-300 
gm underwent partial urethral obstmction as follows: after anesthesia with 
intraperitoneal sodium pentobarbital (40mg/kg), the peritoneal cavity was 
entered through a low vertical midline abdominal incision and the bladder 
identified. The bladder was drained of urine by syringe and a monofilament 

Figure 2. Operative teclmique: a)connective tissue anterior to bladder neck indicated by 
closed scissor tips, b) open ring placed around the exposed proximal urethra, c)ring closed. 

nylon suture placed through the bladder for traction. The delicate connective 
tissue anterior to the bladder neck was identified and opened with scissors 
(Figure 2a). The loose areolar tissue beneath this layer was separated carefully 
without cutting to avoid injury to small blood vessels in this space. These 
vessels are friable, bleed easily, and may possibly contribute to excessive 
perivesical fibrosis during healing. In this manner the bladder neck and 
proximal urethra were exposed. Without further dissection, a silver jeweler's 
jump ring (2.2 mm internal diameter) was twisted open and passed around the 
proximal urethra without damaging the web of connective tissue forming the 
lateral vesical pedicle containng blood vessels and nerves to the bladder (Figure 
2b). The open end of the ring easily pierced this delicate tissue with minimal 
trauma. The ring was twisted closed (Figure 2c) and the abdominal incision 
closed in two layers with absorbable suture. The operation was performed under 
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Figure 3. Location of ring 
following bladder removal: 
a)posterior aspect, the ring is located 
midway between ureters and 
ejaculatory ducts. b)sagittal section, 
ureteral orifice (left) is identified by 
black pin, ejaculatory duct opening 
into urethra (right) is identified by 
closed forceps tips, the ring is 
located midway between them in the 
approximate position of the bladder 
neck. 

sterile conditions, usually in 10 
minutes or less. 

Ul'odynamic procedllre 

Four or eight weeks 
following initial obstruction, 
animals were anesthetized with 
intraperitoneal urethane (lgml 
kg) (14). After 30-45 min the 
distended bladder could be felt 
through the abdominal wall. If 
not, a 25 gauge needle could bc 
used to locate the bladder and 
fill it with 2-3 ml 0.9% saline by 
syringe until it was palpable. 

Two 24 gauge 1.6 cm pediatric angioeatheters were inserted percutaneously into 
the bladder. One was connected to a continuous infusion pump (Harvard 
Bioscience), the other to a pressure transducer amplified and displayed onto 
moving tracer paper (initially Life-Tech, and later Harvard Bioscience and 
Gould). The signal was also digitized and stored on magnetic disc for subsequent 
analysis (IBM XT, Data Acquisition AiD convertor 2801, CODAS Waveform 
scroller). The urethra was neither instrumented nor catheterized. The bladder 
was filled at a continuous rate of 0.82 mVmin with 0.9% NaCl at 20°C. The 
animal was observed for signs of voiding or leakage of solution per urethram. 
The volume voided was collected in a graduated pipette connected to pressure 
transducer for recording of voided volume. At least 10 voiding cycles were 
observed in each animal. We examined the following urodynamic parameters in 
the voiding cycles of all animals: resting bladder pressure (RBP), the intravesical 
pressure at the beginning of each new voiding cycle; end-filling pressure (EFP), 
the maximum pressure measured before active bladder contraction was seen; 
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Table 1: Urodynamic categories of9 normal and 17 
obstmcted guinea pigs. 

4 wks 8 wks Total 

Nannal NML 9 

2 High pressure HIP 5 6 

3 Unstable UNS 4 5 

4 Low compliance LWC 2 

5 Decompensated DEC 2 2 4 

peak voiding pressure 
(PVP); compliance 
(CMP), the ratio of the 
infused volume per 
cycle to EFP-RBP; 
residual urine (PVR); 
voided volume (VV); 
and bladder capacity 
(CAP). The entire 
procedure usually took 
about 90-120 minutes. 
At the end of this 
procedure, the animal 

was sacrificed with C02 inhalation, the bladder and urinary h'act examined 
grossly, and the bladder removed by dividing at the bladder neck. The bladders 
were separated from associated structures, excessive fat and connective tissue, 
blotted once on each side to absorb surface moisture, then weighed on an 
electronic scale. Bladder weight and urodynamic parameters were tabulated and 
compared to normals by Dunnet's method for multiple comparisons (one-tailed). 

Results 

Twenty animals were obstrncted with identical 2.2 mm i.d. silver 
jeweler's jump rings. There were 9 unoperated controls. All animals survived and 
gained weight at a rate similar to that of unoperated control animals. At either 4 
or 8 weeks, cystomehy was successfully performed on 17 of 20 obstructed 
animals and 9 normal control animals. The animals were then sacrificed and the 
bladders removed. 

Figure 4. 
Hematoxylin and 
eosin preparation of 
nonnal (left) and 
obstructed (right) 
bladder muscle. Both 
examined under 
identical magni­
fication (x 575). 
Normal to obstructed 
weight ratio 
approximately 2:1, 
nomlai to obstructed 
nuclear ratio, 
approximately 2: 1. 
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Table 2: Urodynamic parameters for 9 nomm! and 17 obstructed guinea pigs listed in 
Table I. (Mean values; S.E.M. below in parentheses) 

WT(g) RBP EFP PVP CMP PVR VV CAP 

NML 1.06 3.08 28.73 1.32 0.39 2.77 3.16 

(0.05) (0.39) (0.53) (2.66) (0.19) (0.15) (0.26) (0.30) 

LWC 0.76 2.38' 7.23 25.30 0.08' 2.11 0.90** 3.01 

(0.05) (0.03) (1.18) (1.37) (0.01) (1.34) (0.19) (1.15) 

HIP 0.85 4.27 8.15 66.32 0.26 2.59 1.52 4.11 

(0.07) (0.47) (0.52) (6.16) (0.06) (0.53) (0.18) (0.46) 

UNS 1.171 3.46 8.13 31.81 0.26 2.48 1.72 4.20 

(0.15) (1.05) (1.32) (1.96) (0.07) (0.71) (0.34) (0.53) 

DEC 1.471 17.601 22.6 28.53 0.35 6.06 0.22' 6.28 

(0.11) (1.81) (1.30) (1.92) (0.16) (2.46) (0.Q4) (2.45) 

WT Wet weight of bladder (gm) 
* ~ p<0.05 

RBP Resting bJadder pressure (ern H2O) 
**= p<O.Ol 

EFP End filling pressure (em H2O) 
PVP Peak voiding pressure (em H2O) 
CMP Compliance (infused volume per cycle/(EFPMRBP); NML Normal controls 

mVcmH20) HIP High pressure 
PVR Residual urine (ml) UNS Unstable 
VV Volume voided (ml) LWC Low compliance 
CAP Bladder capacity (ml) DEC Decompensated 

Table 3: Effect of obstruction on urodynamic parameters expressed as percentage ofuofma! 

WT(g) RBP EFP PVP CMP PVR VV CAP 

NML 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

HIP 157.4 402.6 264.7 230.8* 19.5 660.7 54.9 130.0 

UNS 216.7* 326.6 264.1 110.7 20.0 632.4 62.0 132.7 

LWC 141.3 224.5 234.9 88.0 6.2* 538.3 32.' 95.6 

DEC 272.2' 1660" 734*' 99.3 26.6 1545 8.0* 198.6 

* ~ p<0.05 **~p<O.OI 
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O. NORMAL 

b. HIGH 
PRESSURE 

c. UNSTABLE 

d.LOW 
COMPLIANCE 

e. DECOMPENSATED 
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, ! 

I mln-O.e2 ml 

Figure 5. Representative urodynamic tracings: 
a)normal, b)high pressure, c)unstabJe, d)poor com­
pliance, e)decompensation. All drawn to scale shown 
in lower right hand corner for ease of comparison. 

Postmortem examination 
indicated that the ring had 
remained closed and in place, 
without migration, erosion or 
abscess formation. Scarring 
was minimal. The ring was 
usually found in a position 
midway between the 
ejaculatory ducts and the 
ureteral orifices, corresponding 
closely to the location of a 
median bar contracture 
(Mercier's bar) which might be 
seen in a human patient with 
benign prostatic hyperplasia 
(Figure 3a,b). Bladders which 
were increased in weight 
showed histological features of 
hypertrophy, manifested by an 
increase in the ratio of 
cytoplasm to number of nuclei 
(Figure 4. Trabeculation of the 
sort seen in human bladders 
,,,ith advanced obstruction was 
not seen. No animal showed 
ureteral dilatation or 
hydronephrosis. 

Ul'ody"amic Pattems 

The urodynamic tracings 
were examined independently 
of weight changes or gross 
appearance of the bladder. We 
separated the animals into five 
groups based on the 
appearance of their filling and 
voiding patterns. The groups 
were; Normal, High pressure, 

Unstable, Low compliance, Decompensated. The number of animals in each 
group is shown in Table I. The mean absolute values of the urodynamic 
parameters along with standard errors of the mean for each group are listed in 
Table 2. The value of each variable has been compared to the corresponding 
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variable in the normal group by t-test and the statistical significance of the 
difference is indicated where present. In Table 3, the urodynamic parameters are 
expressed as percentages of normal, and statistically significant differences from 
the nOlIDal have been indicated. Figure 5(a-e) shows representative tracings fi'om 
each of the five urodynamic categories which are more fully described below: 

Normal (Figure Sa) 

Cystometrograms of normal animals showed stable and compliant filling, 
with an occasional small amplitude pre-contraction. As indicated in Table I, the 
average capacity was 3.16 ml (0.30), the voiding pressure 28.73 cm H,O (2.66), 
and the post-void residual 0.39 ml ( 0.15). The filling portion was flat and the 
compliance was calculated to be 1.32 ml/cmH,O (0.19). 

High pressure (Figure 5b) 

These cystometrograms showed markedly higher ( > twofold) voiding 
pressure than nonnal or any of the other other categories in which instability, 
compliance change or decompensation dominated. There was only one dominant 
contraction at capacity, as opposed to bladders showing multiple large-amplitude 
contractions which we classified separately and labelled as "unstable" (Figure 
5c). There was no significant difference in the capacity or the end-filling 
pressure of the high pressure voiders when compared to the low compliance and 
unstable groups, but the high pressure group showed less of an increase in 
weight compared to normal than did the unstable or any other group. 

blstability (Figure 5c) 

This pattern was termed "unstable" because it resembled the 
cystometrograms of human patients with clinically unstable bladdcrs which 
show multiple unstable contractions on filling cystometry. We adapted the ICS 
definition of instability (15) to our animal model: low amplitude contractions 
which achieved one-third of normal voiding pressure were considered unstable. 
Since normal PVP was 28.7 cmH,O, we considered contractions >10 cmH,O to 
represent an unstable contraction. Unstable bladders showed greater weight gain 
than high pressure bladders, but the peak voiding pressure and capacity were not 
much higher than nonnal. The end-filling pressure was similar to high pressure 
and low compliance bladders and the compliance was not different than the high 
pressure bladders. The characteristics of both unstable and high pressurc voiders 
are listed in Tables 2 and 3. Except for the difference in weight gain and the peak 
voiding pressure which was the distinguishing feature of this group, urodynamic 
features ofthe two groups, specifically, end filling pressure, compliance, voided 
volume, post-void residual and capacity, were quite similar. 
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Low colltplial/ce (Figure 5d) 

These bladders showed high end-filling pressures but also generated 
sufficient active contraction at capacity to at least partially empty the bladder and 
result in a voiding cycle. The peak voiding pressure was similar to the control 
value and only slightly less than the unstable group. The bladder weight was 
increased 1.41 times that of control, the least of any of the four abnOimal groups, 
but statistical significance was not achieved, owing to the small number of 
animals in the group (IF2). The capacity was only slightly reduced to 95% of the 
control value. 

Decolltpel/safiol/ (Figure 5e) 

This description was reserved for those bladders which showed no 
evidence of active contraction. They filled to a high end-filling pressure, then 
overflowed passively at capacity with a large post-void residual volume. This 
group showed the most weight gain, 2.72 times greater than control. 
Interestingly, the pressure at which passive leakage occurred was almost 
identical to the peak voiding pressure of normal bladders, similar to the peak 
voiding pressure of unstable animals, and much less than the elevated peak 
voiding pressures of the high pressure voiders. 

Discussion 

Our results indicate that similar degrees of urethral obstruction in the 
guinea pig produce varying degrees of bladder muscle hypertrophy and voiding 
abnOlmalities which may resemble pattenlS found in humans with lower urinary 
tract outflow obstruction. We found that both the operation and the subsequent 
urodynamic studies could be easily performed. Almost all animals survived 
following surgery and gained weight. No animal developed 
hydroureteronephrosis. No animal died of a surgical complication. No animal 
died of acute urinary retention. 

The use of the jeweler's jump ring, not previously described, may offer a 
universally applicable method for the experimental production of partial 
reproducible obstruction of tubular muscular structures such as blood vessels, 
vas deferens, ureter, intestinal segment or portion of the tracheobronchial tree. 
Previous investigations of animal models of urethral obstruction have focussed 
on instability alone. We identified four patterns of abnormal bladder cycling, 
only one of which appeared to resemble human instability and which we decided 
to classify as such. Each of the four pattellls was associated with a different 
degree of increase in bladder weight, suggesting a possible chronological order 
in the progression fi'om one kind of abnornlality to another. High pressure 
voiding was associated with the least bladder hypertrophy, instability and 
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decompensation were associated with the most hypertrophy. 
Our results are most consistent with a thesis that partial urethral outlet 

obstmction in the guinea pig gives rise to several distinct fornls of abnormal 
voiding characterized by high pressure and a lesser degree of bladder weight 
increase in the early stages, progressing to more advanced forms of dysfunction 
characterized by instability and decompensation with a greater degree of bladder 
weight increase in the later stages. Examination of the data in Table I could, 
however, suggest an alternative thesis. We found that more of the unstable 
bladders were present in the group of animals studied four weeks after 
obstmction, and more high pressure voiders were found in the group after eight 
weeks of obstruction. How does one reconcile this observation with the 
differences in weight gain? One would have to assume that bladder weight does 
not increase steadily in response to obstmction, but rather, that the bladder 
hypertrophies to a given "set point" in any given animal, determined by thef'xact 
degree of obstmction and the physical or genetic limitations of tissue plasticity. 
In such a likelihood, each of the four abnormalities would represents one of four 
possible types of resonse, each being independent of the other. Further studies 
using this model may provide clarification. 

Before applying the results of studies such as this to humans with 
infravesical obstruction, certain differences should be considered. We cannot, for 
example, on the basis of these studies, determine whether or not some of the high 
pressure voiding patterns which developed in guinea pigs represented "unstable" 
bladder contractions in the sense that the term is applied to humans. In humans, 
instability represents a bladder contraction elicited during the filling phase of 
cystometry which cannot be inhibited CI5). A human patient mayor may not be 
aware of such a developing unstable contraction, depending on the integrity of 
sensory mechanisms. Whereas such a single contraction occun'ing at the end of 
filling, whether high pressure or not, would be considered "unstable" in a human 
if it could not be inhibited, we might compare it to either the nOlmal or the high 
pressure patterns in our guinea pigs, depending on the degree of prcssure 
achieved during voiding. With respect to our experimental animals, we have 
used the term "instability" much more narrowly than it is used in the clinical 
sense when dealing with humans, limiting it to a series of low amplitUde 
contractions which precede but do not result in effective emptying of the 
bladder. It can be said, however, that the various patterns seen in this study, i.e., 
high pressure voiding, instability Cas we have defined it in our guinea pigs), poor 
compliance and decompensation are all seen in humans with bladder outflow 
obstmction. 

We have found the guinea pig to be a useful model for studying the effect 
of partial urethral obstruction on the mammalian bladder. The use of jeweler's 
jump rings offers a fairly precise and theoretically controllable and reproducible 
method for producing obstruction. Placing the ring loosely around the urethra of 
immature animals may offer the advantage of allowing the obstruction to 
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develop gradually as the animal grows and minimizes the risk of postoperative 
death due to acute obstruction and tissue changes due to acute overdistention. 
Since muscle from guinea pig bladder has been used previously for successful 
electrophysiological study, the model potentially offers a source of obstructed 
tissue for such investigations and should complement existing animal models. 
Acknowledgments: This work was partially supported by PHS R29 DK 38466-04, PHS AM 
19300, and the King Edward VIith Hospital Travel Fund Bursary. 
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Summary 

We created gradual partial urethral obstruction in 20 guinea pigs using 
silver jeweller's jump rings. After 4 or 8 weeks obstruction all animals 
undenvent cystomehy and were assigned to one of five urodynamic categories: 
Normal, high pressure voiding, unstable, low compliance or decompensated. 
Aftcr sacrifice, the contractile responses of bladder strips to electrical field 
stimulation of intramural nerves, direct electrical muscle stimulation, 0.1 mM 
carbachol and high K+ solution were sampled by computer for phase plot 
analysis. Following 8 weeks obstruction, the value of the phase plot parameter 
Fi", indicative of the number of contractile muscle units, was reduced to 60% of 
the control response to nerve stimulation (p<0.05 ) and to 77% of the control 
response to carbachol stimulation ( p<0.05 ). Parameter C, the slope of the phase 
plot (indicative of unit recruitment during force development) was unchanged 
for all forms of stimulation. Although in the latter case not statistically 
significant, obstruction affected responses to nerve and muscle stimulation 
similarly suggesting that muscle change may possibly be a common denominator 
of dysfunction. In view of the reduction in Fi" and the increase in bladder 
weight, instability may represent a more advanced fOlm of dysfunction due to 
obstruction than high pressure voiding. 

Introduction 

A model for urethral obshuction in male albino Guinea pigs was developed 
at Johns Hopkins University, Baltimore (10,11). The aim of this study was to 
investigate the changes in functional properties of the detrusor muscle tissue 
after a period of partial urethral obstruction. Changes in bladder contractility, 
whether or not combined with instability have been demonstrated by numerous 
clinical observations in man suffering from enlargement of the prostate (2,4). 
The Guinea pig model served to investigate both in vivo urodynamic propeliies 
and the in vitro detrusor muscle contractility. In organ bath studies detrusor 
muscle contractility had been investigated previously at the Erasmus University 
Rotterdam, The Netherlands by means of phase plot analysis (14,15). This 
method describes muscle force development by means of two parameter values, 
one of these representing a time constant (13). In order to relate in vitro to in 
vivo changes, we studied changes in phase plot parameter values after different 
time periods or in different categories of post-obstructive urodynamic 
dysfimction. Many previous studies on in vitro smooth muscle contractility 
concentrated on maximum developed force or pressure only (3,8,9). Besides the 
maximum generated force, this study also investigated the time dimension in the 
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force development. 

Materials and Methods 

Operatioll 

Partial urethral obstruction was created in 20 immature albino guinea pigs 
(Hartley strain) weighing 250 -350 gru using jeweler's jump rings (2.2 mm i.d.) 
according to the method we have previously described (11). After anesthesia 
with intraperitoneal sodium pentobarbital (40mgikg), the peritoneal cavity was 
entered through a low vertical midline abdominal incision and the bladder was 
identified. It was drained of urine by syringe and a monofilament nylon suture 
was placed through the bladder for traction. The delicate connective tissue 
anterior to the bladder neck was identified and opened with scissors. The loose 
areolar tissue beneath this layer was separated carefully without cutting to avoid 
injury to small blood vessels in this space. These vessels are fi-iable, bleed easily, 
and may possibly contribute to excessive perivesical fibrosis during healing. In 
this manner the bladder neck and proximal urethra were exposed. Without 
further dissection, a silver jeweler's jump ring (2.2 mm intemal diameter) was 
twisted open and passed around the proximal urethra without damaging the web 
of connective tissue fOlnling the lateral vesical pedicle containing blood vessels 
and nerves to the bladder. The open end of the ring easily pierced this delicate 
tissue with minimal trauma. The ring was twisted closed and consequetively the 
abdominal incision was closed in two layers with absorbable suture. The 
operation was performed under sterile conditions, usually in 10 minutes or less. 
In this manner 10 animals were obstructed for a period of 4 weeks, 10 for 8 
weeks and 10 served as controls. 

UrodyJlQJllic illvestigatioll 

All animals underwent cystometry under urethane anesthesia according to 
the method we have described previously (6,11). Four or eight weeks following 
initial obstruction, the animals were anaesthetized with intraperitoneal urethane 
(Igm/kg). After 30-45 min the distended bladder could be felt through the 
abdominal wall. If not, a 25 gauge needle was used to locate the bladder and fill 
it with 2-3 ml 0.9% saline by syringe until it was palpable. Two 24 gauge 1.6 em 
pediattic angiocatheters were inserted percutaneously into the bladder. One was 
connected to a continuous infusion pump (Harvard Bioscience), the other to a 
pressure transducer amplified and displayed onto moving tracer paper (initially 
LifeTech, and later Harvard Bioscience and Gould). The signal was also 
digitized and stored on magnetic disc for subsequent analysis (IBM XT, Data 
Translation 2801 AID convertor, CODAS Waveform scroller). The urethra was 
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neither instrumented nor catheterized. The bladder was filled at a continuous rate 
of 0.82 mVmin with 0.9% NaCI at 20°C. 

The animal was observed for signs of voiding or leakage of solution per 
urethram. The volume voided was collected in a graduated pipette connected to 
a pressure transducer for recording of voided volume. At least \0 voiding cycles 
were observed in each animal. We examined the following urodynamic 
parameters in the voiding cycles of all animals: resting bladder pressure (RBP), 
the intravesical pressure at the beginning of each new voiding cycle; end filling 
pressure (EFP), the maximum pressure measured before active bladder 
contraction was seen; peak voiding pressure (PVP); compliance (CMP), the ratio 
of the infused volume per cycle to EFP-RBP; residual urine (PVR); voided 
volume (VV); and bladder capacity (CAP). After examination ofthe cystometric 
tracings, animals were assigned to one of five urodynamic categories, based on 
the appearance of the tracing. The five categories: "nonnal", IIhigh pressure 
voiding", "unstable") "low compliance" and "decompensated" are further defined 
in the RESULTS section. 

At the end of this procedure, the animal was sacrificed with CO, inhalation, 
the bladder and urinary tract were examined grossly, and the bladder was 
removed by dividing at the bladder neck. The bladders were separated from 
associated stlllctnres, excessive fat and connective tissue, blotted once on each 
side to absorb surface moistnre, then weighed on an electronic scale. Bladder 
weight and urodynamic parameters were tabulated and compared to normals by 
nonpaired t-test. 

Examillatioll of ill vitro cOlltraetioll 

Smooth muscle bundles were identified in the muscularis of the urinary 
bladder of each animal. From these bundles six 0.5 mm x 8 (± I) mm strips (wet 
weight was detelmined following experiment) were cut longitndinally. Special 
care was taken so that strips had similar lengths. Each of the 6 snips was 
suspended at 0.5 gm tension in an organ bath (vol 0.2 ml) modified for isomen'ic 
tension recording and electrical stimulation by paired platinum dng electrodes. 
The strips were perfused continuously in one direction at a constant rate with a 
modified Krebs solution containing (ruM): NaCI 120; KCI 5.9; NaHCO, 15.4; 
MgCI, 1.2; NaH,P04 1.0; CaCI, 2.5; glucose II, equilibrated with 97% 0, / 3% 
CO" pH 7.4 at 36°C. Following equilibration for I hr, all six tissue snips were 
simultaneously exposed to the following stimuli, separated by additional 
equilibration periods of \0 minutes: 

1. field stimulation of intramural nerves (0.050 ms, 50 V, 128 Hz trains for 5 s) 
2. direct electrical muscle stimulation (5.0 msec, 5 V, 128 Hz for 5 s) 
3. carbachol 10 ruM (12 s) dissolved in Krebs solution 
4. Potassium rich solution, KCL replaced NaCI, so that the potassium 
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concentration totalled 142 ruM in Krebs solution (60 s) 
Following the in vitro contractility studies, each strip was removed, blotted once 
and weighed. 

Calculatioll afforce developmellt parameters 

The isometric tension transducers were connected to an analog/digital 
converter. Waveforms from each of the six strips were sampled per computer in 
Baltimore at 10Hz and stored as electronic files. These files were sent by 
electronic telecommunication (BITNET, the early Internet) to Rotterdam for 
phase plot analysis. The phase plot curves and parameters were sent back to 
Baltimore as electronic files. The average of the six strips from each animal was 
calculated and correlated with bladder weight and ,trodynamic category. 
Statistical significance was tested using Student's t- test (STATGRAPHICS). 

Pltase plot allalysis (Figure 1) 

Phase plot analysis was performed by calculating instantaneous dF/dt(t) 
(time derivative of force F: the rate of force development) and displaying 
dF/dt(F) (time derivative of force dF/dt plotted against the force F itself) (l3, 14). 

Force (F) Force-time plot 

time 

dF/dt 

Phase-plot 

Figure 1: Phase plot, a plot of the rate of change of force (dF/dt) as a function of the force 
(F) was derived from the force-time plot as indicated. The numbers 1.2 and 3 in the phase 
plot correspond to points 1,2 and 3 in the force-time plot, from which they were calculated, 
The straight line portion of the phase-plot curve can be extrapolated to the Faxis to yield the 
parameter Fiso; the negative reciprocal value orthe slope is parameter C, 
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The straight line portion of this curve was extrapolated to the dF/dt and F 
intercepts yielding two parameters offorce development: 
Fi;o: The value ofF at dF/dpO, the extrapolated theoretical maximum isometric 
force which the tissue can generate in response to a stimulus. Fi;o indicates the 
maximum number of contractile muscle units 
C: the limiting rate constant of excitation-contraction coupling. It indicates the 
recmitment rate of contracting units and is the negative reciprocal value of the 
slope of the fitted straight line. 

The values of the force development parameters Fi;o and C were calculated 
for every strip, 6 strips were obtained from each animal. To correct for 
differences in cross-sectional area, measured forces are generally expressed in 
terms of stress, i.e. force normalized by cross-sectional area. As in our case all 
ships in all seties were similar in length, Fi;o values could be normalized by 
dividing by strip weight. C was independent of specimen weight and was not 
adjusted. For each animal an average parameter value for the 6 strips was 
calculated per stimulus. Consequetively, a mean Fi;o and C was calculated for 
one stimulus either in a 4 or 8 weeks obstmcted group or in one of the five 
urodynamic categories or in the control group. 

Results 

All animals underwent successful partial surgical obstmction of the urethra 
and gained weight at rates similar to controls. Histological data on a limited 
number of strips showed that these cOl)sisted of purely muscle tissue with a few 
small connective tissue sheaths. 

Challges ill cOlltractility parameters after 4 alld 8 weeks obstructioll 

The average phase plot parameter values calculated for 4 and 8 weeks 
obstructed muscle ships are presented in tabular form in Table I. In Figure 2 and 
3, the values are displayed in histograms. It can be seen that following 8 weeks 
of obstruction, the value of phase plot parameter Fi;. (indicative of the maximum 
number of contractile muscle units) in response to field stimulation specific for 
nerves was reduced to 60 % (p<0.05) and in response to carbachol was reduced 
to 77 % (p~0.2) of the control response. Values for the parameter C, the slope of 
the phase plot (indicative of unit recmitment during force development) were 
unchanged for all forms of stimulation. The parameter Fi;. for direct muscle 
stimulation was reduced to 68% of the control response, but this result was not 
significant (p~0.1 0). 

Relatiollsflip of challges ill cOlltractility alld "rody"amic parameters 

The urodynamic study was successfully performed on 17120 animals and 
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Table 1: Force development parameters in normal and obstructed bladder muscle in 
response to electrical and pharmacological stimulationt , 

No obstruction 4 wks obstmction 8 wks obstruction 

(N~1O) (N~1O) N~lO) 

stimulus Fiso (mN/mg) Fiso (mN/mg) Fiso (mN/mg) 

nerve (field) 6.50±0.69 4.06 ± 0.69 * 3.87 ± 1.00 * 
muscle (direct) 5.85 ± 0.50 4.52 ± 0.59 3.93 ± 1.01 

carbachol 5.96 ± 0.75 7.00± 0.37 4.68 ± 0.75 

high-potassium 9.24 ± 0.85 7.67 ± 0.48 6.23 ± 1.43 

stimulus C (sec) C (sec) C (sec) 

nerve (field) 0.74± 0.04 0.85 ±0.09 0.86 ± 0.07 

muscle (direct) 0.74± 0.04 0.93 ± 0.15 1.07 ± 0.14 

carbachol 5.12 ± 0.70 10.26 ± 1.88 6.86 ± 0.83 

high-potassium 13.73 ± 1.13 16.91 ± 1.24 12.95 ± 1.62 

f Values reported are for Fiso (normalized by weight; see Materials and Methods) and for C 
(utllionnalized). Values are mean ± SEM for electrically (nerve and muscle specific), 
carbachol, and potassium stimulated contractions in normal control and in 4 and 8 weeks 
obstructed bladders. * p~O.05. 
9/10 controls. These results have been previously presented in detail (6) and 
form the basis ofa separate repOli (II). 

Normal animals showed stable and compliant cystometry curves, with an 
occasional small amplitude precontraction. Average weight of nomlal bladders 
was O.S4±O.OOS g (N~9). 

Four urodynamic abnomlalities were identified in the obstructed animals: 
1. High pressure: a markedly higher ( > twofold) voiding pressure 

than in the normal or any in of the other categories in which 
instability, compliance change or decompensation dominated. 
Average bladder weight in this group was O.85±O.07 g (N~6). 

2. Unstable: resembled the cystomeh'ograms of human patients with 
clinically unstable bladders which show multiple unstable 
contractions superimposed on the filling cystomelly. Bladder 
weight was 1.17±O.1 5 g (N~S). 

3. Low compliance: showed high endfilling pressures but also 
generated sufficient active contraction at capacity to at least 
partially empty the bladder so that a voiding cycle resulted. 
Bladder weight was O.76±O.OS g (N~2). 

4. Decompensated: showed no evidence of an active contraction, 
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Figure 2: Mean ± SEM for Firo, nomlalized by weight (all strips in all series had a similar 
length, see Methods), for electrically (elec.; nerve and muscle specific), carbachol and potas­
sium stimulated contractions in normal control and in 4 and 8 weeks obstructed bladders. * A 
significant reduction compared to the normal controls is shown I;"} response to nerve stimula­
tion after 4 (p<O.05) and 8 (p<O.05) weeks obstruction. 
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Figure 3: The recruitment rate of contractile units (parameter C) in Guinea pig bladder 
muscle. Mean, and the standard error of the mean, for electrically (nerve and muscle specific), 
carbachol and potassium stimulated contractions in normal control and in 4 and 8 weeks 
obstructed bladders. 
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Table 2: Average bladder weight and force development parameters of normal and obstruc-
tcd bladders in response to electrical and phannacological stimuli according to category of 
urodynamic dysfunction t. 

Naronli High pressure Unstable Low Decompensated 
Compliance 

N=9 N~5 N=6 N~2 N=l 

Average bladder 0.54 ± 0.01 0.85 ± 0.07 1.17 ± 0.15 0.76±0.05 1.47 ± D.ll 
,veight (g) 

Stimulus Fiso (ruN/rug) Fiso (mN/mg) Fiso (roN/mg) Fiso (ruN/mg) Fiso (mN/mg) 

nerve (field) 6.55 ± 0.77 5.8H 1.49 2.97±O.56 .. 3.28 ± 0048 2.31 ± 0.72 ** 

muscle (direct) 5.71 ± 0.53 6.IH 1.83 3.03 ± 0.41 *'" 3.08 ± 0.26 3.22 ± 0.87'-

carbachol 6.01 ± 0.83 5.82± 1.22 6.17 ± 0.80 5.50± lAO 5A3± 1.28 

high-potassium 8.92± 0.88 8.50 ± 2042 5.98 ± 0.85 * 5.64 ± 0.35 5.89± 1.21 

Stimulus C (s) C(s) C (s) C (s) C (s) 

nerve (field) 0.73 ± 0.05 0.81 ± 0.04 0.90±0.14 0.56 ± 0.06 1.01 ±O.II 

muscle (direct) 0.74 ± 0.03 0.86 ± 0.08 0.86±0.12 0.63± 0.16 1.76 ± 0.63 * 

carbachol 4.92 ± 0.74 6.81 ± 1.23 11.67 ± 1.96 11.52±2.71 7.26± 2.65 

high-potassium 13.01 ± 1.00 16.08 ± 1.38 14.95 ± 2.86 12.98 ± 0.70 13.33 ± 2.29 

f Values reported are for Filo (nomlalized by weight; see Materials and Methods) and for C 
(unnormalizcd). Values are mean ± SEM for electrically ( nerve and muscle specific ). carba~ 
chol, and potassium stimulated contractions in namml control, high pressure, unstable, low 
compliance and decompensated categories of obstruction . ., p<O.05; ** p<O.Ol. 

filled to a high endfilling pressure, then overflowed passively at 
capacity with a large postvoid residual volume. Bladder weight 
was l.47±O.1l g (N~4). 

The force development parameters in response to four stimuli (field 
stimulation of nerves, direct muscle stimulation, carbachol and high potassium) 
for all animals in each of the four urodynamic categories and in the control group 
are displayed in Table 2. The values are displayed in histograms in Figures 4 and 
5. A significant reduction in Fiso value was found in response to direct nerve 
stimulation in unstable and in decompensated bladders to 35% (p<O.OI) and to 
45% (p<O.O I) of the control response. In response to direct muscle stimulation 
the F;<o value was reduced to 56% (p<O.05) of the control response in the 
decompensated group and to 53% (p<O.05) of the control response in the 
unstable group. In response to carbachol no reduction of Fiso could be shown in 
either of these two groups. In response to high-potassium stimulus F;<o showed a 
reduction in the unstable group to 67% (p<O.05) of the control response. In C 
values also in the different categories of in vivo urodynamic dysfunction no 
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Figure 4: Mean ± SEM for Fiso, normalized by weight (all strips in all series had a similar 
length, see Materials and Methods), for electrically ( eIcc.; nerve and muscle specific ), 
carbachol and potassium stimulated contractions in normal control, the high pressure 
(pRES.), the unstable, the low compliance (CaMP.) and the decompensated (DECaMP.) 
categories of obstruction. In the unstable group a significant reduction compared to the 
normal controls is shown in response to nerve (**p<O.Ol), muscle (Up<O.OI) and potassium 
(*p<O.05) stimulation. In the decompensated group the reduction was significant in response 
to nerve (**p<O.Ol) and muscle (*p<O.05) stimulation. 

significant change was seen when compared with the normal controls, except for 
the C values of direct muscle stimuli in the decompensated group. 

Our results did not show a gradual increase of changes either urodynamic 
parameters or in muscle contractility parameters between 4 and 8 weeks of 
obstmction. 

Discussion 

In this study, in vivo and in vitro bladder function was studied after a 
prolonged time of urethral obstlUction in a Guinea pig model. More specifically, 
parameters of in vitro isometric force development were related to fouf, in vivo 
identified patterns (II) of abnormal bladder function secondary to the 
obstlUction. 

When bladder weight alone was observed, the weight increased when 
advancing from normal- via high pressure voiding- and unstable- to 
decompensated bladders. This observation suggests that a decreasing in vivo 
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bladder function and an increase in bladder weight were associated. Previous 
research on bladder smooth muscle has shown that it is not possible to perform 
reproducible measurements at L= (5). Active measurements were perfornled 
well below L= because, a continuous passive lengthening at L""" interferes with 
these measurements. Therefore, muscle strips were prestretched to a constant 
tension of 5 mN. In order to quantifY bladderfunction in vitro, the time course of 
force development in these muscle strips was analysed. 

Obstructed guinea pig bladder showed a significant reduction in the force 
development parameter associated with the number of contracting muscle units 
upon ideal stimulation (F;w, Fig 2). The parameter C, indicative of the 
recmitment rate of contractile units during a contraction, did not show a 
significant change (Fig 3). Figure 6 illustrates the resulting parallel downward 
shift in the straight line part of the phase plot as it occurred with obstmction. 
In the above definition ofF;w and C, "muscle unit" can refer to either a cell or a 
contractile structure within a cell (e.g. crossbridges). 

Previous research (7,9) has not shown a decrease in DNA concentration in 
obstmcted bladder muscle tissue so that a decrease in F;,. cannot be explained by 
a decay in the number of cells per gram of tissue. This favours the alternative 
hypothesis of" muscle unit" meaning an intracellular contractile structure. 

No gradual change in in vitro force development parameters in response to 
obstruction could be demonstrated in the sense that the changes observed afier 4 
and 8 weeks of obstruction were not significantly different. This suggests that 
bladders did not all follow a sequence of changes at the same pace. This 
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Figure 5: The recruitment rate of contractile units (parameter C) in Guinea pig bladder 
muscle. Mean ± SEM for electrically (elec.; nerve and muscle specific). carbachol and potas­
sium stimulated contractions in Hannal control, the high pressure (PRES.), the unstable, the 
low compliance (COMP.) and the decompensated (DECOMP.) categories of obstruction. 
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phenomenon can be explained by either a different responsiveness of the bladder 
in different animals or spontaneous differences in the degree of obstruction in the 
animals. 

In Figure 4 it seems that the force development parameter F,,, shows two 
distinctly different values. Normal bladders and bladders with high pressure 
voiding showed high F,,, values. Unstable and decompensated bladders showed 
F,,, values on a lower level. As bladders with high pressure voiding alone 
showed neither significant changes in the force development parameters nor in 
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Figure 6: Phase plots [dF/dt (F)] derived from bladder strip contractions ofa control animal 
and of an obstructed animal. These plots typically illustrate the parallel shift in the straight 
line part occurring with obstruction. 

bladder weight, high pressure voiding is likely to be the least severe grade of 
dysfunction. High pressure voiding may just be due to a lower flow rate and thus 
representing an initial physiological response to obstruction. The unstable 
bladders however showed a significant reduction in the values of the force 
development parameter F,,, in association with a significant bladder weight gain. 
TIns indicates that instability represents a more advanced form of response to 
obstruction. The decomper,sated bladders showed significant changes in 
parameter values ofF,,,, similar to changes seen in the unstable group, especially 
in response to field stimulation of nerves and to direct muscle stimulation. 

The force development parameters showed occasionally variable 
responses, such as Fiso in response to carbachol and C in response to direct 
muscle stimulation. No obvious explanation could be given for this effect. 

The decompensated bladders weighed significantly more than bladders in 
any other category, which suggests that decompensation is the final step in the 
decreasing bladder function. Due to a small sample size (N=2) no conclusions 
could be drawn for the low compliance category, however the reduction ofF,,, in 



68 CHAPTER 4 

this group suggests that this fmID of dysfunction has characteristics similar to 
those of instability or decompensation, although the relatively low bladder 
weight militates against this hypothesis. 

The decline in F;,. with increasing bladder weight suggests several possible 
explanations. An increase in the amount of connective tissue might result in a 
relative decrease of the number of contractile muscle units ( cross bridges ) per 
gram of bladder tissue. As a consequence the DNA concentration per gram of 
tissue would decrease, which is contradicted by previous studies on obstructed 
bladder tissue (7,9), thus impairing the likeliness of this explanation. A reduction 
in F;>o might also be explained by the hypothesis that fewer units can be 
stimulated to the treshold where contraction occurs i.e. obstmction affecting the 
conversion of chemical into mechanical energy. Another hypothesis would be 
that the average muscle cell size increases, without a consequent increase in the 
number of contractile units per cell, leaving a smaller number of contractile units 
(crossbridges) per gram of tissue. This effect can be assigned to a previously 
described lower actin and myosin content of obstmcted muscle tissue (12). 
Analogous to the findings of Arner et a!. (I): An increase in cell size might also 
cause a different orientation of crossbridges so that less force is generated in the 
direction in which force is measured. Considerably more data will be needed in 
order to fully explain the decrease in F;>o associated with bladder weight gain. 

In Figure 2 and in Figure 4, nerve stimulation did, besides a slightly better 
statistical significance, not seem to be more affected by obstmction than direct 
muscle stimulation. The latter is a more direct form of stimulation as opposed to 
nerve stimulation, so that this could indicate that the here described effects of 
obstruction are mostly determined by muscle change alone. 

In pig bladders the value of the parameter C has been shown to be related 
to an intracellular process (13) i.e. the influx of extracellular calcium. As C 
showed similar values when the bladder was obstmcted in this study, this 
process was apparently not affected by obstruction. Changes in presumably 
faster contractile processes such as crossbridge attachment and cycling could not 
be detected because the slower influx of extracellular calcium is the rate limiting 
step. 

It is concluded that the parameter that characterizes maximal in vitro force 
development is impaired in obstmcted guinea pigs with unstable and 
decompensated bladders and not in animals characterized by high pressure 
voiding alone. On the basis of increased bladderweight the former dysfunctions 
can be interpreted as more advanced stages. There was no change in the rate of 
isometric force development in vitro in the obstructed animals. Generally, 
bladder dysfunction and impaired in vitro force development are associated, and 
appear to be greater ( more advanced) as bladder weight increases. 
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Abstract 

Photolysis of caged calcium (Nitr5, Calbiochem®) can be used to study 
calcium dependent processes such as excitation-contraction coupling and 
muscular mechanics. Expensive high energy light sources are routinely used for 
UV light exposure; this study describes an alternative low cost Xenon flash unit 
constmcted in our laboratOlY. A 300 J short arc Xenon flash lamp (Heimarl1l®) 
was mounted in an elliptical reflector and driven by a modified Metz® 60 CT 4 
photo flash unit up to 240 J input energy and 4 ms flash duration. A 20 I cuvette 
containing a test solution was placed in a complementmy elliptical reflector. An 
ion selective calcium electrode was used to measure the free calcium 
concentration [CaH] before and after flash in test solutions containing 1.00 mM 
Nitr5 in combination with different added [CaH]'s. Using this technique we 
estimated that I flash on 1.00 mM Nitr5 increased the free [CaH] from 10.7 to 
1.1*10" M. When the added [CaH] was less than 2.3*10'" M, the used Nitr5 
behaved as a strong calcium chelator because 23% of it was unloaded with 
calcium. It is concluded that a physiologically relevant change in free [CaH] can 
be evoked by photolysis ofNitr5 using a low cost (approximately $1500) Xenon 
flash unit, and that ion selective Ca electrodes can be adequately used to monitor 
the resulting changes in [CaH]. 

Introduction 

Photolabile calcium chelators have been designed to study intracellular 
calcium dependent processes (l,2). These "caged" calcium compounds are 
useful tools to bypass rate limiting steps in muscular excitation-contraction 
coupling (3,4,5). When using the chelators intracellularly (6,7,8), it is possible to 
evoke a stepwise increase in the intracellular calcium concentration [CaH] by 
exposing the cells to high intensity ultra-violet (U.V.) light. The minimum 
energy density required for photolysis of the caged calcium compound Nitr5 is 
approximately 250 mJ/cm' in a wavelength band from 320 - 370 run (9,10). The 
commonly used frequency doubled mby laser (6,7) meets these specifications in 
a flash duration of 25 ns, but is very expensive. When a longer flash duration, ± 

4 ms, is acceptable, the commercially available xenon flashlamp developed by 
Rapp and Giith(ll} can be used. At one fourth ofthe price of the laser, this is still 
not a very economical alternative. We decided to develop a U.V. light source for 
the release of caged Ca based on a standard photo flash lamp, costing one tenth of 
the price of the commercially available Xenon flash unit. 

The efficacy of the developed UV light source was quantified by measuring 
the increase in free calcium after exposure of a 20 III sample of caged calcium 
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Materials and Methods 

Ultra-violet light sOl/rce 

A modified Metz® 60 CT 4 flash unit was used as an ultra-violet (U.V.) 
light source for the photolysis experiments. When this unit is used for 
photographic applications, the U.V. light from the f1ashtube is absorbed by a 
filter in the front window. 

This fi'ont window was removed and the 70 mm long f1ashtube was 
replaced by a 300 Jlflash, 120 W, type DG 8907 ST II Xenon f1ashtube 
manufactured by Heimann®, Wiesbaden, Germany. This short arc lamp (arc 
length 7 mm), was placed in the focus ofa Melles and Griot®, type 02 REM 001 
elliptical minor. 

In order to compensate for the lower impedance of this lamp (20 mohm) as 
opposed to the original 70 mm tube (1,5 ohm), an extra choking coil of 22 I'H 
was placed in the high power circuit of the Metz unit in series with the shOli arc 
tube. The trigger circuit of the driver unit was not altered. The focus size, 
detelTllined by video tape recording of flashes on a graduated grey plastic screen, 
was approximately 5 mm in diameter. 
Flash duration was 4 ms measured by 
means of a photo detector with 
amplifier connected to a storage 
oscilloscope and the input energy was 
calculated to be 240 J (12,13). 

Fll/id sample illl/millatioll setl/p 

A 20 1'1 fluid sample was exposed 
in a 7 mm long quartz tubular container 
of 1.8 mm inner diameter and 200 I'm 
wall thickness that was placed in the 
second focus of the elliptical reflector, 
as shown in Figure I. In order to gain a 
more intense and even exposure the 
container was surrounded by a custom 
made second elliptical reflector 
complementary to the 02 REM 001. A 
cedar wooden mould was made for this 
reflector using a computerized milling 
machine. The glass for the reflector was 
blown inside this mould to a wall 
thickness of 2 mm. The inside surface 
of the elliptically shaped glass was 

Xenon .horl 
arc fflllhiamp 

Figure 1: A schematic representation of 
the fluid sample illumination setup: A short 
arc Xenon flash lamp was mounted in an 
elliptical reflector and driven by a modified 
Metz® 60 CT 4 photo flash unit. A 20 ~I 
cuvette was placed in a complementary se~ 
cond elliptical reflector. 
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coated with aluminium. 

lolt-selective calciulII electrode setup 

A calcium-selective electrode, Orion® type 9320, was used in combination 
with a double barrel reference electrode, Orion® type 900200 (inner 

compatiment filled with saturated 
AgCl solution and outer 
compartment with 4 M KCl), for 
the measurement of free [Ca++] in 

reference electrode the 20 III sample. Initially, a setup 

"-
I~ ~4MKCI 
~ Ag/AgCI 

(Y ' .. :~ peripheral 
~ --: <E---- junction 

~ 1 conical teflon 
~ <- spacer ring 

1 <1 1 ~ 20 mlcrol. sample 

<C» 

Calcium selective 

was tested in which a continuous 
flow of fluid was pumped via the 
Ca selective electrode past the 
reference electrode with a syringe 
pump. A simpler assembly 
however, showed far more stable 
potentials: In this setup, shown in 
Figure 2, the Ca electrode was 
positioned upside down and a 
teflon spacer ring with a thickness 
of 0.3 mm (inner diameter 6 mm 
and outer diameter 12 mm) was 
placed around the 6 rum diameter 
Ca sensitive membrane. The 20 III 
fluid sample was applied centrally 
in the ring on the membrane. The 
reference electrode was gently 

electrode (ORION) lowered onto the membrane and 

Figure 2: A schematic representation of the ion 
selective calcium electrode setup: The calcium 
selective electrode was positioned upside dmvn, 
the 20 ~11 sample was applied centrally on the 
membrane and the reference electrode was 
lowered so that a fluid film over the ring made 
contact with the peripheral junction of the 
reference electrode. 

loaded with a mass of 1.5 kg, so 
that a fluid film over the teflon 
ring made contact with the 
peripheral junction of the 
reference electrode. The potential 
between both electrodes was 
measured using a Consort® pR­
m V meter and recorded on a 
W+W® chart recorder. Values 
were read after allowing 20 

seconds for stabilization. The calcium-sensitive membrane, the ring and the 
reference electrode were rinsed extensively with de-ionised water and dried with 
a clean tissue between measurements. 
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SollltiollS 

For calibration, standard buffer solutions were made containing saturated 
Ca-EGTA and EGTA in proportions calculated so that free [Ca++] of 10-8, 10-7, 

10-" and 10-' M were established at pH 6.8; total EGTA concentration was 3 mM. 
Standards with 10-4 and 10-3 M free [Ca++] were made by diluting a 2*10-3 

M CaCI, (Merck®) standard solution with de-ionised water ([Ca++] 2* I 0-6
). The 

solutions containing NitrS (Calbiochem®) were composed of 1.00 or 3.00 mM 
NitrS and 10 mM KCI, the KCI was added to adjust the ionic strength (according 
to Orion® Ca++ selective electrode manual). CaCI, was added in order to obtain 
solutions with 11 different added [Ca++]'s: 10.7,10-",10-', S*IO-', 10-4, I.S*IO-4, 
2*10-4, 2.S*IO-4, 3*10-4, S*IO-4, 10-3 M. 

MeaSllremellt protocol 

Ion-selective electrode (I.S.E.) potentials were measured five times in the 6 
different free Ca standard solutions in ascending order. Before and after a series 
of measurements using NitrS, the electrode response was checked with 3 
different standards: 10-6, 10-', and 10-4 M Ca. The free [Ca++]'s of the solutions 
containing 1.00 mM NitrS were measured S times in both flashed and unflashed 
condition for each of the solutions with different added [Ca++]'s. The 10-7, 10-6, 

10-' and 10-4 Madded [Ca++] solutions, the 10-4, I.S*IO-4, 2*10-4, 2.S*IO"', 
3*10-4 M [Ca++] solutions and the 3*10"' and 10.3 M [Ca++] solutions were 
measured in separate 
sessions with 
. I.S.E. potential mtermediate reloading 

(mY) 
of the Ca electrode in 0 

high [Ca++]. Solutions 
containing 3 mM NitrS 
were analyzed 3 times, 
in both flashed and 
un flashed condition in 3 
different solutions with 
added [Ca++] 10-4,S*10-4 
and 10-3 M. The 
unflashed NitrS 
solutions were incubated 
in the 20 III container in 
front of the flash lamp 
for the same period of 
time as the flashed 
solutions. Both flashed 
and unflashed solutions 
were h·ansferred to the 

·50 

·fOO 

·150 

.200 L~~~~~~~~=~~~~~~ 
10.8 10-3 

Ca concentration (M) 

Figure 3: Calcium electrode calibration curve showing the 
mean ion selective electrode (LS.E.) potential ± standard error 
of the mean (S.E.M.) for 6 different calcium standard 
solutions with free [Ca++] of 10'8 to 10'3 M. 
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Ca++ measurement site with a 20 III Hamilton® syringe approximately' minute 
after the flashes. Between measurements both syringe and container were 
cleaned thoroughly by flushing several times with de-ionized water. All 
solutions were flashed S times in order to obtain a better readability of the 
responses. In a separate series (N=3) responses to , and S flashes were compared 
using a NitrS solution with an added [Ca++] of 2.3*10-4 M . This solution was 
also used in a series (N=3) to test Ca release with and without the 
complementaty second elliptical mirror and with and without a 3 mm thick 
DO" (Schott®) glass filter (80% transmission peak between 320 and 370 nm 
wavelength). 

Results 

The LS.E. potential as a function of the free [Ca++], measured in 6 different 
calcium standard solutions is shown in Figure 3. Figure 4 shows on a double 
logatithmic scale the free [Ca++] in the NitrS buffer solution as a function of the 
total [Ca++], which is the sum of added [Ca++] and the calcium initially bound to 
the 1.00 mM NitrS. Mean ± standard error of the mean (S.E.M.) for 1.00 mM 
NitrS, unphotolysed (solid line) and photolysed (dashed line) are plotted. 

Figure 4 also shows a theoretical curve (0% dotted line) representing the 
relation between total [Ca++] and free [CaH

] in a 2 buffer system (see 
APPENDIX) This curve is characterized by a steeply increasing free [Ca++] 
around a total [Ca++] equal to the [NitrS] as a result of the':' Ca++ binding to 
NitrS at saturation. Such a steep part in the curve was also seen in the 
experimental data measured at different added [Ca++]'s. In these data, total [Ca++] 
in the solutions equaled the added [Ca++] plus the [Ca++] bound initially to the 
chelator. The amount of Ca++ bound initially to the chelator was estimated from 
the hotizontal shift between the steep part of the experimental data curve and the 
comparable part of the theoretical curve. A best fit of both curves was obtained 
at a value of 0.77 mM [Ca++] being bound to the 1.00 mM NitrS. Total [Ca++] 
values in the NitrS solution were therefore calculated by adding 0.77 mM [Ca++] 
to the added [Ca++]. The 77% Ca++ loading of NitrS was verified by measuring 
free [Ca++] in 3mM NitrS with 10-4, S*'O-4 and '*10') Madded [Ca++]'s. In this 3 
fold higher [NitrS] the steep rise in free [Ca++] was expected at a 3 fold higher 
total [Ca++]. Consequently a 3 fold higher amount of added [Ca++] was expected 
to be necessary to saturate the NitrS i.e. 0.69 mM. In a limited series of 
measurements (N=3) the steep free [Ca++] increase was indeed shifted to a value 
between O.SO mM and 1.00 mM added [Ca++]. 

Figure 4 shows that after exposing samples with a total [Ca++] between 0.92 
and 1.07 mM to S flashes from the flash unit, a significant increase in free [Ca++] 
was detected. The free [Ca++] was increased by a maximum of approximately 
2.6*'0" M in response to the flashes in a total [Ca++] of 1.02 mM. 
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Figure 4: Free [Ca++] as a function of total [CaH] Le. added [Ca++] plus the calcium bound 
initially to the to-3 M Nitr5. TIle solid line represents average values ± S.E.M. for a solution 
containing 1.00 mM Nitr5. The thick dashed line shows the values for 1.00 ruM Nitr5 after 
exposure to 5 U.V.light flashes. The 6 dotted lines show calculated data for six different de­
grees of photolysis (from 0% to 50% in steps of 10%) ofa theoretical two-buffer system. con­
taining unflashed and flashed Nitr5 with dissociation constants for calcium of 1.81 oM (Ku) 
and 75 nM (Kp). The dot-dashed line represents a calculated line for unflashed NitrS using a 
Ku of 145 nM (published dissociation constant at 100 mM ionic strength (1». 

The effects of 5 flashes, I flash, omission of the complementary elliptical 
reflector and addition of a UG II filter in a solution containing 1.00 mM Nitr5 in 
1.00 mM total [Ca++] are compared in Figure 5. One flash released 67% of the 
amount of Ca++ compared to the amount that was released by 5 flashes. Without 
a complementary second elliptical reflector 5 flashes released 55% of the amount 
released with this reflector. Five flashes with a UGII filter released 97% of the 
amount released without this filter. 

Discussion 

A low cost Xenon flash unit was constructed as an altemative for more 
expensive light sources such as an U.V. laser or a commercially available Xenon 
flashlamp to photolyse caged calcium. The driver and trigger circuit of a Metz® 
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flash unit, which is widely employed in professional photography, was used after 
slight modification. An additional advantage of this system is that it is battery 
powered, thus avoiding interference on the power lines. The external trigger 
system of the photoflash unit could easily be used for synchronisation. The 
original f1ashtube was replaced by a short-arc xenon flash lamp, which is a more 
concentrated light source. The UV light emitted by the f1ashlamp was 
concentrated using a dual elliptical mirror arrangement, which provided a high 
efficacy and an even illumination of the preparation. The light spot in the focus 
was larger in diameter than one would expect from a lamp with 7 mm arc length. 
This effect was due to the fact that the discharge was not only limited to the arc 
beteen the anode and cathode but more or less extended through the whole 15 
mm diameter bulb of the Xenon lamp. A frame by frame analysis of images 
recorded on videotape of the flash on a graduated grey screen in the focus 
revealed that an intense spot in the focus with a diameter of 5 mm was 
sun'ounded by a larger less intense spot with a total diameter of 30 mm. This 
halo was reflected back to the preparation with the complementary elliptical 
reflector. 

The efficacy of the light source was determined by measuring the free 
[Ca++] before and after flash in a 1.00 mM Nitr5 solution using a Ca selective 

electrode. This method 
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Figure 5: The relative increase in free [Ca++] evoked by I 
flash, omission of the second complementary elliptical mir­
ror and addition of a Schott® UO 11 filter expressed as a 
percentage ± S.E.M. of the effect of 5 flashes. 

had the advantage of 
multidirectional 
sensitivity as opposed to 
most electronic detectors, 
which are sensitive in one 
direction only. A 
disadvantage of the 
arrangement could be a 
gradient in Ca release 
from the surface towards 
the middle of the 
container, which was 
earlier described by 
Lando and Zucker (9). 
However this would 
imply that the measured 
calcium release is a 

conservative estimate as the diameter of a muscle preparation would be at least a 
factor 10 less. 

Using a calcium selective electrode in combination with a peripheral 
junction reference electrode and a spacer ring (Fig 2) enabled the analysis of a 
very small sample while preventing the efflux of the reference solution from 
directly influencing the contents of the sample. 
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It was found that the perfOlmance of the electrode depended on the order in 
which measurements were done if free [Ca++]'s were far apart. Therefore the low 
free [Ca++] range, the high free [CaH] range and the steep part in the curve (Fig 
4) where saturation of Nitr5 occurred were measured in separate sessions to 
allow for intermediate Ca" reloading and stabilization of the electrode. In 
solutions containing 1.00 mM Nitr5 and added [Ca++]'s below 10.4 M the free 
[Ca++] was reduced dramatically. The differences between the potentials 
measured in standard Ca solutions and those obtained in solutions with a low 
added [Ca++] can be explained by the strong Ca buffering capacity ofNitr5. This 
implies that in muscle experiments cells should be loaded slowly with Nitr5 in 
order to prevent the intracellular [Ca++] from dropping too low. The buffering 
effect also explains why in lower added [Ca++]'s the response to a flash was 
decreased: All released Ca++ is directly reabsorbed by empty "cages". The steep 
tise in free [Ca++] shown in the unphotolysed Nitr5 curve in Figure 4 between 
0.87 and 1.07 ruM total [Ca++] can be explained by Ca++ saturation of the empty 
cages ofNitr5 in this region. Therefore a flash evokes the lagest increase in free 
[Ca++] in this region. As each Nitr5 molecule can contain I Ca++ molecule, the 
horizontal position of this saturation region in the free [Ca++]-total [CaH

] plot 
indicates the point where total [Ca++] equals [Nitr5]. This was used as described 
in RESULTS to estimate that 1.00 ruM of Nitr5 initially contained 0.77 ruM 
Ca++. 

Figure 4 shows that 5 flashes increased the free [Ca++] markedly in the 
range between 0.92 and 1.07 mM total [CaH]. The amplitude of the calcium 
jump, which can be read from the y axis, was variable along this range. By 
interpolation we can estimate that at a free [Ca++] of 10.7 M, which corresponds 
approximately to the intracellular [Ca++] of a muscle cell in the relaxed state, 5 
UV flashes would evoke an increase in free [Ca++] to 1.7*10" M. Such an 
increase in free [Ca++] in the 20 "I sample is similar to or greater than the 
physiological calcium jump that has been measured intracellularly upon 
stimulation (14). At 0.97 ruM total [Ca++] which corresponds to 10.6 M free 
[Ca++] a maximum response to 5 flashes of 2.6*10" M free [Ca++] was found. 
The fact that the free [CaH] increase in response to UV flashes was variable 
along the range of added [CaH] values can partly be understood by describing 
the tested solution as a system of two competing buffers i.e. unflashed Nitr5 and 
flashed Nitr5. It was attempted to estimate the amount of Nitr5 that was 
photolysed to give the effect shown in Figure 4 by using the equations for this 
system described in the APPENDIX. The six dotted lines show simulated data 
based on a total [Nitr5] of 1.00 ruM and depict different ratios of unphotolysed 
Nitr5 to photolysed Nitr5. The degree of photolysis increases from 0 to 50% in 
steps of 10%. To realize a closer resemblance of the experimental and the 
calculated data it was necessary to decrease the dissociation constants Kd of both 
flashed and unflashed Nitr5 used in other studies (1). It can be seen in Figure 4 
that experimental data from un flashed controls resembled closely a line 
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calculated using a Kd of 1.81 nM, which is a factor 80 less than the dot-dashed 
line calculated using a Kd of 14S nM (I). Similarly, the dissociation constant for 
flashed NitrS was decreased to 7 nM. The lower Kd values can be explained by 
the factor 10 lower ionic strength that was used in the present experiments as 
compared to the ionic strength (100 mM) for which the Kd values were 
detemlined in other studies (I). The present experiments were perfonned at this 
low ionic strength (10 mM) in order to be able to measure lower [CaH]'s, 
according to the Orion® CaH selective electrode manual. For EGTA (IS) it has 
been shown that the Kd value decreases with decreasing ionic strength. By using 
the formula desclibed by Thomas (IS), we calculated that the Kd for NitrS would 
decrease twofold with a 10 fold decrease in ionic strength. It can thus be 
questioned whether the formula (2.11 in (IS)) properly describes the relationship 
between Kd and ionic strength, considering the very low Kd value in the present 
experimental data. When comparing the calculated dotted lines in Fig 4 with the 
lines representing the experimental data, a more or less similar shape is seen. In 
the lowest range of the theoretical curve expennental data could not be collected 
because free [CaH]'s lower than 10-8 M could not be measured with the used 
electrode and total [CaH]'s lower than 0.77 mM could not be attained as this 
amount was bound to the 1.00 mM NitrS. When comparing photolysed to 
unphotolysed curves, it seems, other than in the theoretical curves, that the shape 
of both curves is similar but that the experimental photolysed curve is more 
shifted to the left. This effect can be observed most clearly around 1.00 mM total 
[CaH] in Fig. 4 and is more likely due to a reduction of overall buffer capacity 
than to an altered Kd of the same buffer. This could be the case when the UV 
light destructs the cages rather than changes the buffering propeliies. In the light 
of these uncertainties it is not possible to calculate a precise ratio of photolysed 
to unphotolysed NitrS in this manner. 

It can be concluded that the effect of photolysis on free [CaH] is critically 
dependent upon the total [Ca++], as can be seen in both experimental and 
calculated data in Figure 4. The Figure also shows that there is a very small 
range of total [Ca++] values in which free [Ca++] values similar to intracellular 
[CaH] values can be attained. This indicates that the strong buffering capacity of 
NitrS intracellularly, i.e. when loaded as the NitrS-acetoxymethyl ester, makes 
high demands on the calcium homeostasis mechanism of the cell, and might 
even interfere to a large extent with this mechanism. 

In order to obtain a more distinct effect of the UV exposure initially S 
flashes were applied instead of 1 flash. In later experiments, it was shown that 
the effect of S flashes measured in 1.00 mM NitrS with a 2.3*10-4 Madded 
[CaH

] was not S times but only I.S times higher than the effect of I flash (see 
Fig S). So as opposed to a 1.7*10-5 M Ca++ jump in response to S flashes a 
1.1 * 1 0-5 M Ca++ jump would be attainable in response to 1 flash. Also the effect 
of the complementaty second elliptical mirror was investigated. With this second 
mirror the response was twofold enhanced, which can be exactly explained by 
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the illumination of the preparation from both sides. A 3 rum thick Schott® UG II 
filter decreased the increase in free [Ca++] by 3%, which indicates that the effect 
measured is mainly evoked by U.V. light with a wavelength between 320 and 
370nm. 

This stndy indicates that it is possible using one flash from a low-cost UV 
flash unit ($ 1500) to evoke a physiological [Ca++] jump, from 10.7 to 1.1*10" 
M, in a 20 III sample containing 1.00 ruM Nitr5. It is most likely that the effect 
in a smaller sized (smooth) muscle preparation will be more distinct. 
Measurement of the free [Ca++] increase using an ion selective electrode appears 
to be a useful tool to analyze both the behaviour ofNitr5 and the efficacy of the 
flash for photolysis. 

Appendix 

The relation of total [Ca++] to free [Ca++] in a solution containing two 
competing buffers, in this case photolysed and unphotolysed Nitr5, can be 
described according to Zucker and Steinhardt (16). 

In such a solution the total calcium concentration ( [CaT] ) consists of free 
calcium ( [Cap]) and calcium bound to both buffers: 

[CaT] = [Cap] + [Ca++] bound to unphotolysed Nitr5 + 
[Ca++] bound to photolysed Nitr5 Eq.l 

by introducing a dissociation constant Ku for calcium binding to 
unphotolysed Nitr5 with a concentration of [N,U]: 

[Cap] [N,U] 
[Ca++] bound to unphotolysed Nitr5 = ------- Eq.2 

Kd + [Cap] 

and a similar dissociation constant Kp for calcium binding to photolysed 
Nitr5 with concentration [N,P], equation I can be rewritten as follows: 

[CaT] = [Cap] ( 
[N,P] ) 

1+----+ 
Ku + [Cap] Kp + [Cap] 

Eq.3 
[N,U] 

Reduction to one denominator gives: 

[Cap]' + (Ku + Kp - [CaT] + [N,U] + [N,P])[Cap]' 
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+ (Kp [N,U] + KU [N,P] - [CaT](Ku + Kp) + KuKp)[CaF] 

EqA 

Using the computer program MATLAB® total [CaH]'s were calculated for 
100 equally spaced free [Ca++] values between 10.8 and 10.3 M and 6 different 
ratio's of [N,U] and [N,P]. Kd values (for 10mM ionic strength) of 1.81 nM and 
75 nM were used. For comparison an extra curve was calculated using the 
dissociation constant for unphotolysed NitrS at 100 mM ionic strength (1). The 
curves were plotted on logarithmic axes, as shown in Figure 4. The steeply 
increasing part of the experimental data curve was shifted to coincide with the 
calculated data curve by addition of 7.7*10" to the added [Ca++] values which 
represents the [Ca++] bound to 1.00 mM NitrS. 
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Summary 

In this study the accidental finding that in smooth muscle micro-strips of 
the pig udnaty bladder reproducible contractions can be evoked by an ultraviolet 
light flash is explored. The rate of force development in these contractions is 
faster than in contractions evoked by field stimulation but slower than in 
spontaneous contractions. Ultra-violet (UV) flash induced contractions are 
inhibited by ryanodine, an agent that reduces the availability of calcium fi'om 
intracellular stores, and also partially by tetrodotoxin (TTX) and atropine. It is 
suggested that UV light increases the intracellular calcium level by ttiggering the 
fast release of calcium from the intracellular stores rather than causing influx of 
extracellular calcium, which was in previous research shown to be a relatively 
slow process. UV light stimulation will provide a new way to study smooth 
muscle mechanics and the function of intracellular calcium stores. The latter 
probably playa role in spontaneous muscle contractions underlying the clincal 
syndrome of the "unstable bladder". 

Iutroduction 

Smooth muscle contraction is initiated by a tise in the intracellular calcium 
concentration. In vivo such a rise can occur spontaneously or result from activity 
of nerves. In vitro it may be triggered by electrical fields or pharmacological 
agents. Two different mechanisms contribute to the increase in calcium 
concentration in the muscle cell: Influx of extracellular calcium (12,21,22) and 
release of calcium fi'om intracellular stores. The intracellular stores can be 
stimulated to release calcium in several ways e.g. through the inositol 1,4,5-
trisphosphate (IP3) receptor channel (2,18) and via the intracellular lyanodine 
receptor channel located on the intracellular store ( calcium induced calcium 
release: CICR) (9,17). Recently, we suggested that the influx of extracellular 
calcium is a rate limiting process in the excitation-contraction and pharmaco­
mechanical coupling of urinary bladder smooth muscle (28). A similar rate 
limiting effect of extracellular calcium influx lVas shown in a study on guinea pig 
intestine by Himpens & Somlyo (13) In order to confirm the hypothesis that 
intracellular calcium release is a faster process than extracellular influx, we 
started a study in which "caged calcium" (Nitr5/AM) was introduced into the cell 
to bypass the extracellular calcium influx. An ultra-violet (UV) light flash was 
used to degrade the intracellularly loaded "caged calcium" (25,26). In the course 
of our experiments it appeared that the UV light flash also reproducibly evoked 
contractions in muscle preparations that were not loaded with caged calcium. 
This new contractile effect was the subject of the present study. In contrast a 
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smaller time constant than electrical field stimulation, the UV light was 
suspected to stimulate an intracellular process communicating rapidly to the 
contractile units. Therefore, the effect of ryanodine ( a natural plant alkaloid 
from Ryania Speeiosa ), which reduces the availability of calcium from the 
intracellular stores (14,16,20,24) was tested. [n order to detect if the UV 
sensitivity originated in nerve or in muscle cells, the contractile effect was 
studied in the presence of tetrodotoxin (TTX) and atropine. Additionally, the 
time constant of isometric force development in response to field stimulation or 
UV light stimulation was compared to the time constant of spontaneous 
contractions. 

Methods 

Tissue preparation. 

Fresh pig urinary bladders were obtained from the local slaughterhouse. 
From each bladder one strip was used from a standardized locus at the dorsal 
side of the bladder dome. Smooth muscle micro-strips with a maximum diameter 
of200!lm and a length of I to 2 mm were cut using a binocular microscope. Care 
was taken that the muscle fibres were running longitudinally in the preparation. 
The strips were prepared in modified aerated Krebs solution and transp011ed to 
the organ bath in a small container prevent desiccation. 

SOllltiolls. 

The strips were incubated in modified Krebs solution: NaCI, 118 mM; KCI, 
4.7 mM; NaHCO" 25 mM; KH,PO" 1.2 mM; CaCI" 1.8 mM; MgSO, 1.2 mM; 
glucose, II mM; pH 7.4; aerated with 95% 0, I 5% CO,. A solution called 
"ryanodine" was prepared from modified Krebs with 10!lM ryanodine 
(Calbiochem®). A "TTX" solution consisted of modified Krebs with 10!lM 
tetrodotoxin (Sigma®) and the "atropine" solution consisted of modified Krebs 
with 10!lM atropine. 

I/lcllbatio/l. 

The strips were incubated (Fig. I) in a 20 !II drop of modified Krebs fluid 
(with 95% 0, I 5% CO, being blown over the drop's surface) which was 
continuously refreshed using separate in- and outflow syringe pumps 
(HOSPAL® Dasco S.p.A. 41036, Medolla, Italy) at a rate of 40!ll min-i. Two 
platinum ring electrodes at either end of the strip were used for electrical 
stimulation and support ofthe drop by surface tension. Temperature was kept at 
37 C using infrared radiation from a halogen lamp (Philips®,12V,20W,6 ,type 
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InflllW f,rom syringe pump 

thermocouple elemelnt-----.... 

outflow to syringe pump~ ~ 

platinum wire ele<ctrode----...----.... ~ 

from aHernatlve syringe pump 
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Figure 1: Tissue incubation set~up: A drop of201l1 Krebs fluid was supported by two plati. 
num wire electrodes attached to a small Perspex block. The drop remained in position through 
surface tension and was stabilised by a glass rod COlll1ecting the two electrodes. The Krebs 
solution was continuously refreshed using an in- and an outflow syringe pump. The muscle 
preparation (length ± 1 rom; diameter 200 l-tm) ,vas positioned in the centre of the drop bet­
ween two micro tweezers. 

6483), controlled using a 200 flm diameter thennocouple (Omega®, Stamford, 
CT 06907, U.S.A.) in the drop. The strips were mounted between two tweezers, 
400 flm diameter, one of which was attached to a KG3 force transducer 
connected to a BAM3 amplifier (Scientific instruments®, Heidelberg, 
Gennany). In the drop the strips were exposed to electrical field stimuli: 100Hz, 
4V alternating polarity pulses of 5ms duration, or UV flashes from a device 
described below. The fluid in the drop could be replaced quickly by switching to 
an alterualive inflow pump unit and increasing in and outflow rate 10 times. The 
incubation in a suspended drop of fluid enabled the exposure of the preparation 
fi'om all directions and minimized the transients between air, glass, water and 
tissue to allow a much UV light as possible to reach the preparation. 

UV f1aslr [alllp. 

In order to produce a high intensity UV light flash at a minimal budget, a 
setup described by Van Koeveringe & Van Mastrigt (29) was used. A 300 
Jiflash, 120 W, type DG 8907 ST II short arc Xenon flash tube (EG&GI 
Heimallll®, Wies baden, Gennany) was mounted in a Melles and Griot® (Irvine, 
Ca 92714, U.S.A.) type 02 REM 001 elliptical min'Of and driven by a modified 
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Figure 2: UV flash lamp: A modified photoflash unit was used to drive a short arc xenon 
flash tube in an elliptical mirror. The fluid drop containing the preparation (see Fig. 1) was 
placed in a complementary elliptical mirror. One tweezer was attached to the force transdu~ 
ccr the other to a movable pole. The fluid drop was heated by an infrared halogen lamp. 

Metz® (Metz-werke GmbH, 8510, Furth/Bay.l, Germany) 60 CT 4 photo flash 
unit up to 240 J input energy and 4 ms flash duration. The fluid drop that 
contained the preparation was placed in the focus of a home made 
complementary elliptical mirror (Fig. 2) (29) made of aluminium coated glass 
blown in a wooden mould. By means of a 3mm thick Schott®, UG II glass 
filter, only UV light in a wave length band between 320 and 370 nm was 
transmitted to the preparation. 

Measurement protocol. 

All strips were of a similar size. Strips were not stimulated at 10, the length 
at which maximum isometric force is developed, because in this type of smooth 
muscle passive tension is velY high at that length (see Fig. 5 in (30)), which 
causes rapid degradation of the strips. As an alternative the stlips were pre­
stretched to an initial passive force of 20 ~N. Two test stimulus protocols were 
applied, one 2 minutes afier the pre-stretch and one afier another 10 minutes of 
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equilibration time. Each stimulus protocol consisted of two successive 
stimulations: an electrical field and one minute later a UV flash stimulation. If 
any of the four stimuli in the two protocols evoked a contraction amplitude 
smaller than 40flN, the strip was considered to be in a too bad condition and was 
discarded. Otherwise, after allowing 5 minutes waiting time, the stimulus 
protocol was repeated at 5 minute intervals. In 7 strips, each fi'om a different 
bladder, 5 sequential stimulus protocols were applied. After the first of these 5 
protocols the solution in the drop around the prepartion was replaced by the 
Krebs solution containing lOflM ryanodine. Another 7 strips, in which 5 
stimulus protocols were applied without adding ryanodine, served as controls. 
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Figure 3: Force as a function of time ofa typical electrically stimulated, a flash stimulated 
and a spontaneous contraction, all recorded in the same micro-strip. (A) Electrical stimulation 
(100 Hz, 4V alternating bipolar pulses of5ms) for 10 seconds evoked a contraction with an 
amplitude of 140 ~N. (B) A 180 IlN contraction in response to a 240 J flash (arrow) after a 
lag time of approximately I second. (C) A 20 llN spontaneous contraction. 
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UnfOltunately, the possible reversibility of the ryanodine effect could not be 
tested, because ryanodine remained in the preparation for a duration extending 
its viability. 

In 7 strips, after the first stimulus protocol, the solution was replaced by the 
TTX solution. After 10 minutes waiting time the next stimulus protocol was 
applied. The drop preparation was then thoroughly washed with normal Krebs 
fluid and after another 10 minutes the third and last stimulus protocol was 
applied. In 7 strips, the first stimulus protocol was followed by 10 minutes 
incubation in a 10;tM atropine solution, after the second protocol the preparation 
was thoroughly washed and 10 minutes later a last stimulus protocol was 
applied. In 11 of the 28 strips spontaneous contractions, large enough (>IO;tN) 
for processing, were observed before any phatmacological agent was added to 
the perfusion solution. By definition a contraction (> IO;tN) was called a 
spontaneous contraction if no stimulation, neither electrical nor flash, was 
applied in the previous minute. Spontaneous contractions were statistically 
compared to the subsequent electrical and flash stimulated contractions. 

Data processillg. 

The measured contraction force signal and the stimulus signal were 
sampled (at a rate of 10Hz) with a Commodore® 386sx computer equipped with 
a PCL818 (Advantech Corp .Ltd, Taipei, RC) AID converter card using 
multichannel data acquisition software (MKR: developed by the CDAI dept. 
Academic Hospital Rotterdam, Netherlands), see Fig. 3. From all contractions, 
the maximum extrapolated isometric force (F;,,) and the time constant for 
isometric force development (C) were detelmined using phase plot analysis. A 
phase plot of isometric force development is a plot of the rate of change of the 
force (dF/dt) as a function of the force (F) (28,31), see Chapter 4: Fig.!. For the 
greater part such a phase plot can be characterized by a straight line, representing 
a mono-exponential force development. The force axis intercept of this line is 
the isometric force that would have been attained after infinitely long stimulation 
and was called F;", The negative reciprocal value of the slope of the line is the 
time constant in isometric force development (C). Phase plots were calculated 
and processed in the Matlab® (Math Works inc., Natick, Mass. 01760, U.S.A.) 
computer programming environment. The lag time, which was defined as the 
time between the start of the stimulus and the subsequent onset of force 
development, was visually estimated from the recorded signals (see Fig. 3). In 
each strip the F;" values were normalized by dividing each value by the 
corresponding value in the first stimulus protocol, the time constants were not 
normalized. Mean values and standard errors of the mean were determined for 
the normalized F;" values and time constants in each set of seven strips subjected 
to the same treatment. 

An unbalanced repeated measures analysis of variance with a customized 
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analytical model (using BMDP® (5v module), BMDP statistical software, Cork, 
Ireland) was used to test the significance of the following sources of variance in 
F;" and the time constant: the type of stimulation (field or flash), the treatment 
(Krebs or lyanodine) and the elapse of time. A Wilcoxon matched-pairs signed 
ranks test (using SPSS®, SPSS inc., Chicago, Illinois, U.S.A.) was used to test 
the differences between the responses to field and flash stimuli in normal Krebs 
solution in 28 strips i.e. in the measurements made in all strips before 
pharmacological agents were applied. The same test was used to test for 
differences between field and flash stimuli and spontaneous contractions in II 
strips that showed spontaneous activity. In both tests the un-normalized F;" and 
time constant values were used. A Mann-Whitney U test was used to test for 
differences in the nOlmalized values ofF;" and un-nOlmalized values of the time 
constant between ryanodine, TTX, atropine and control treatments. 
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Figure 4: Maximum extrapolated 
isometric force (Flso) values. Mean ± S.E.M. 
for contractions in response to electrical 
field and UV flash stimulation in 28 strips 
and during a spontaneous contraction in 11 
strips, that showed spontaneous activity in 
nomlai Krebs solution. The mean values 
after electrical field and UV flash 
stimulation in all 28 strips were similar to 
those in 11 strips. Significances of 
diferences with the value after field 
stimulation are indicated by: n.s. = not 
significant and ** = p<O.Ol. 
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Figure 5: Time constant values. Mean ± 
S.E.M. for contractions in response to 
electrical field and UV flash stimulation in 
28 strips and during a spontaneous 
contraction in 11 strips, that showed 
spontaneous activity in normal Krebs 
solution. The mean values after electrical 
field and UV flash stimulation in all 28 
strips were similar to those in 11 strips. 
Significances of diferences with the value 
after field stimulation are indicated. 
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Results 

UV flash stimulation evoked 
contractions with an amplitude 
comparable to electrically stimulated 
contractions (Fig. 3). The use of a high 
pass ( > 400 nm ) UV blocking filter 
completely abolished the flash-induced 
contractions. The flash caused a small ( < 
I 0c) temperature increase at the location 
of the preparation in the drop. 

UV flaslt stimulated cOlltractiolls 
compared to field stimulated alld 
SpolltalleOlls conil'actions. 

Strips from II of the 28 bladders 
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Figure 6: Mean lag time (time from start 
of stimulation to the onset of force 
development) ± S.E.M. for electrically and 
flash stimulated contractions. 

studied showed spontaneous contractions Significances of diferences with the value 
during the first 15 minutes of the after field stimulation are indicated. 
experiments before any treatment agent 
was added. The mean Fim (maximum extrapolated isometric force) of the 11 
contractions was significantly smaller than that after electrical field (p<0.005) or 
flash (p<0.01) stimulation (Fig. 4). The Fi,o values of the field stimulated and UV 
flash stimulated contractions in all 28 bladders were not significantly different. 
The spontaneous contractions (N= 11) had a smaller time constant i.e. a faster 
force development than both the electrical field stimulated contractions (p < 
0.005) and the flash stimulated contractions (p < 0.005) (Fig. 5). In turn, the UV 
stimulated contractions (N=28) were significantly faster (p<0.000 1) than the 
field stimulated contractions. Figure 6 shows that the lag time after a flash was 
approximately 10 times longer than the lag time after the start of a field 
stimulation; lag times are illustrated in Figure 3. As the lag time could only be 
detennined with a resolution of 0.1 s (the sample rate), the accuracy of the short 
lag time after electrical stimulation is limited. Nevertheless a significant 
difference with the considerable lag time after a UV flash is obvious. 

Effect ofryallodille. 

In the course of 5 sequential stimulus protocols performed in 7 strips, each 
from a different bladder, in nonnal Krebs solution the tissue showed a slight 
decrease in force development, more prominent for flash stimulated contractions 
than for field stimulated contractions (Fig. 7 , solid lines). In the 7 more strips, 
which were incubated in 10JlM ryanodine after the first of the 5 stimulus 
sequences, a more rapid decrease in Fiso of the flash induced contractions was 
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Figure 7: Mean ± S.E.M. ofFts.:> in response to electrical (solid line) and UV flash (solid 
line with diamond signs) stimulation are shown in 5 sequential contractions in nannal Krebs 
solution (N=7). In another 7 strips ryanodine was added to the superfusion solution after the 
first contraction (dashed lines). 

observed (Fig. 7, lines with diamond signs). The significance of this observation 
was tested using an unbalanced repeated measures analysis of variance with a 
customised analy1ical model. A model describing F'm as a logarithmically 
decreasing variable in time multiplied by a variable determined by treatment 
(Krebs, ryanodine) and stimulus (field, flash) was used. This analysis showed 
that elapsed time (p<O.0005), stimulus (p<O.05) and the interaction treatment­
stimulus-time (p<O.OI) were significant sources of variance. The interactions 
treatment-time (p~O.3) and treatment-stimulus (p~O.I) were not significant as 
sources of variance. The stimulus-time interaction was also a significant source 
of variance (p<O.0005). 

When the second contraction (third stimulus protocol, at 15 min. in Fig.7) 
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Figure 8: Mean time constant values ± S.E.M, in response to electrical (solid line) and 
UV flash (solid line with diamond signs) stimulation are shown in 5 sequential contractions 
in normal Krebs solution (N=7). In another 7 strips ryanodine was added to the superfusion 
solution after the first contraction: The resulting mean ± S.E.M. are shown in the dashed li­
nes. 

in tyanodine was compared to the control flash stimulated conbaction at the 
same time in nmUlal solution a significantly (Mann-Whitney U test) smaller 
mean F;" was shown (see Fig. 9; p<O.005). At this time, the F;;o values in flash 
stimulated contractions were also significantly smaller (p<O.005) than values in 
elech'ically stimulated contractions. The field stimulated contractions did not 
show a significant difference in mean Fi;o values between in Krebs and 
ryanodine. 

In control Krebs solution the time constants for both flash and ficld 
stimulated contractions remained constant throughout the experiment from the 
I st to the 5th contraction (Fig. 8). In the ryanodine solution a gradual increase of 



INTRACELLULAR CALCIUM RELEASE TNDUCED BY UV LIGHT 97 

the time constant could be seen for field stimulated contractions (Fig. 8). The 
significance of the effect of ryanodine on the time constant of both field and 
flash stimulated contractions was tested using the unbalanced repeated measures 
analysis of variance. As the large variability in the time constants of flash 
stimulated contractions in ryanodine caused large artifacts in the stimulus­
treatment interactions, a group field stimulated and a group flash stimulated 
contractions were analysed separately. In both groups a linear time dependent 
model was used to determine the significance of the following sources of 
variance: time, treatment and time-treahnent interaction. For the field stimulated 
contractions, time alone and the time-treatment interaction were significant 
sources a variance: for both p<O.OOOI. Treatment alone was not a significant 
source of variance. For the flash stimulated contractions, time alone was a 
conhibuting but not a significant source of variance (p=O.08). Treatment alone 
and time-treatment interaction were not significant sources of variance. In 
contrast a Mann-Whitney U test, when applied to the third stimulus protocol (10 
minutes after adding ryanodine), did not show a significant difference in mean 
time constant dming field stimulation in ryanodine and normal Krebs solution. 

Comparisoll of effects ofryallodille, TTX alld atropille 

The effects of different treatments on the Fi" in response to field and flash 
stimuli is illustrated in Fig. 9. All values are averages of values normalized by 
dividing by the corresponding value before treatment ± S.E.M .. The control bars 
represent the normal decay of the response during 10 minutes incubation. For 
field stimulation the responses to any treatment ( ryanodine, atropine or TTX) 
were not significantly different from the nonnal decrease of the response. 

A significant reduction in Fi" was found in flash stimulated contractions 
when ryanodine (p=O.004), atropine (p=O.02) or TTX (p=O.OI) treatment was 
compared to conh'ol treatment. In ryanodine (p=O.004), atropine (p=O.009), and 
TTX (p=O.02), Fi" values in response to flash stimulation were significantly 
smaller than in response to field stimulation. There were, however, no significant 
mutual differences between ryanodine, atropine or TTX treatments for flash 
stimulation. After wash-out of atropine or TTX the Fi" values were not 
significantly different from controls for either stimulus. 

Spontaneous activity was clearly enhanced by atropine treatment in 4 of the 
7 strips. This effect was not present in any of the TTX or ryanodine treated strips. 

Figure 10 illush'ates the effect of the different h'eatments on the time 
constants of force development following field and flash stimulation. In normal 
Krebs solution (control, p=O.OO 1), and in atropine (p=O.05), the flash stimulated 
contraction had a significantly smaller time constant. In ryanodine there seemed 
to be a difference, but this was not significant. In TTX, no significant difference 
was found. The differences between treatments for each stimulus were not 
significant, except when TTX treatment was compared to control treatment, a 
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significantly larger (p<0.05) time constant was found after flash stimulation. 
After wash-out ofTTX, the time constant retumed to a value similar to the 

control. 

Discussion 

Small strips of the urinary bladder smooth muscle were exposed to 
ultraviolet light flashes in a study designed to investigate the rate of isometric 
force development using photolysis of caged calcium. The UV light evoked a 
contraction with a maximum extrapolated isometric force F;,o (Fig.4) similar to 
an electrical field stimulated contraction but with a smaller time constant, i.e. it 
developed faster (Fig.5). As control preparations, not loaded with caged calcium, 
also contracted upon UV light exposure it was not certain that caged calcium was 
effectively photo lysed in the caged calcium loaded preparations. 

The nature of the flash induced contractions was studied first by excluding 
possible artefacts. The contractions were completely abolished by a high pass ( > 
400 nm ) UV blocking filter, which did not block visible light, infrared light or 
electromagnetic artefacts. It was therefore concluded that the flash-induced 
contractions were neither mediated by heat from the lamp nor by an elechical 
aliefact. 

It seemed that the aim of the designed Shldy, i.e. development of a 
stimulation method bypassing the rate limiting process in excitation contraction, 
could be met without using caged calcium. The UV flash appeared to address a 
faster excitatory pathway, more directly related to the contractile units. This 
finding, combined with the earlier finding that the influx of extracellular calcium 
is the rate limiting step in the excitation-contraction coupling (13,28) in this 
tissue, supporied the hypothesis that the flash did induce intracellular calcium 
release. 

To test this hypothesis the effect of ryanodine, an inhibitor of calcium 
induced calcium release (CICR) from the intracellular stores, was studied in 
strips that were stimulated both electrically and with UV flashes. 

The gradual decrease of Fho values (Fig. 7) in control, normal Krebs, 
solution might be due to the UV light causing damage to the calcium binding 
molecules in the intracellular stores or to the depletion of a UV sensitive 
substrate molecule for an intracellular messenger. 

In order to analyse the difference in curvahrre of the clearly visible time 
dependent decrease of F;.o with and without ryanodine an unbalanced repeated 
measures analysis of variance with a customized analytical model was 
perfonned. Time was a significant source of variance in Fiso : a general decrease 
in Fi50 can be seen in Figure 7. The treatment-stimulus interaction alone was not 
a significant source because the changes in the contractions over time were too 
large, thus causing a major unexplained variation source. The treatment-
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mulation. Values are relative to those before 
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mulation arc indicated: * = p<O.05 
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Figure 10: Time constants (C) ofrespon­
ses field and flash stimulation during ryano­
dine, atropine and TTX treatment. The cantT 
rol values (first set of bars) are values 
measured after 10 minutes in nonnal Krebs 
solution. Significances of diferences with 
the corresponding value after field stimula~ 
tion are indicated. 

stimulus-time interaction was shown to be a significant source of variance 
(p<O.OJ). This indicates that ryanodine produces a significant variance in Fl." 
when the elapse of time and the different stimuli are taken into account. The 
finding that the ryanodine alkaloid inhibited flash stimulated contractions, 
indicates that the UV light stimulation method is likely to exert its effect by 
depleting intracellular calcium stores. Field stimulated contractions were not 
affected by ryanodine (Fig.7), so that it can be concluded that calcium release 
from intracellular stores via the ryanodine receptor (CICR) is not necessmy to 
generate the maximum isometric force in this type of smooth muscle. 

Using the same unbalanced repeated measures analysis of variance, the 
significant sources of variance in the time constant of isometric force 
development were tested. When analysing both stimulus modalities, flash and 
field, in one group, it was not possible to perfoml a representative analysis of 
variance i.e. the relatively most important source of variance was the stimulus 
mode, eliminating all other sources. The analysis was corrupted because in the 
flash stimulated group during ryanodine treatment responses were so small that 
the time constants could not reliably be determined. Therefore, the flash 
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stimulated and field stimulated contractions were analysed separately. In the 
flash stimulated contractions time-treatment interaction and treatment alone 
were not significant sources ofvmiance, which indicates that ryanodine did not 
significantly affect the time constant. When interpreting this result, it should be 
kept in mind again that flash stimulated contractions in ryanodine were so small 
in amplitud that the phase plot analysis might have been less reliable. This is 
signified by the large standard eow of the mean in Figure 8. The time constant 
during field stimulation increased (Fig.8) in ryanodine. This was indicated by the 
time-treatment interaction being a significant source of variance in the field 
stimulated group (p<O.OOOI). When ryanodine treated and control values of the 
time constants were compared at separate times using the Mann-Whitney U-test, 
no significant differences could be demonstrated. The increasing time constant 
value suggests that nOlmally during field stimulation a fast ryanodine sensitive 
excitation-contraction coupling process is involved. As the extrapolated 
maximum isometric force was not significantly reduced, it is probable, that these 
values are hue maxima limited by the capacity of the contractile proteins. This 
would imply that, in the measurements made, the intracellular calcium 
concentration reached a saturation level regardless of the activity of the 
intracellular stores. The activity of these stores then would only influence the 
rate at which this saturation level is reached. When the fast process of CICR 
from intracellular stores was inhibited during ryanodine treatment, slower 
processes, such as IP3 mediated intracellular calcium release or either 
depolarisation or receptor operated influx of extracellula calcium would then be 
more prominent. 

In contrast to a UV light induced contraction, a UV light induced 
relaxation due to release of nitric oxide has been demonstrated in mesenteric 
mieries (32). As nitric oxide has been shown to be involved in solely muscle 
relaxing mechanisms by increase of guanylate cyclase activity a similar 
contraction inducing mechanism is is not likely in bladder muscle. However a 
regulation of the ryanodine receptor by cyclic-ADP-ribose, via guanylate cyclase 
and via nitric oxide was suggested by Beo'idge (I). A possible mechanism for 
the excitation of the muscle cell UV light flashes might be the UV evoked 
synthesis of a stimulatory agent instead. NAD+ is one of the candidates for a UV 
sensitive intracellular substrate. Spectrophotometrical analysis in a small pilot 
study showed that during UV exposure NAD+ degraded (personal 
communication Dr. H.R. de Jonge, Dept. Biochemishy, Rotterdam). As possible 
degrading product might be cyclic-ADP-ribose, which has a proven effect on the 
lyanodine receptor (1,10,11). More research has to be done to clarify this matter. 

The role of nerve mediated processes in the excitation-contraction coupling 
upon UV light stimulation was investigated by stimulating the strips in the 
presence ofTTX or atropine. 

The maximum isometric force (F;,,) in response to field stimulation was 
similar in nOlmal Krebs and TTX solution. This confirms that stimulation with a 
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repetition fi·equency of 100 Hz, 4 V alternating polarity pulses of 5 ms duration 
evoked direct muscle stimulation to a saturation level in this kind of preparation. 
The F;,o in response to flash stimulation was reduced in both TTX and atropine 
solutions. This finding suggests that rather then muscle cells, nerve cells were 
primarily stimulated by the UV light. These nerve cells must stimulate 
muscarinic receptors in the muscle cells in view of the inhibition by atropine. If 
this pathway would have been addressed exclusively, TTX would have inhibited 
the complete flash effect, which it did not. Therefore, another smaller direct 
effect of the UV flash on the muscle cell itself must be assumed. This pathway 
must have a similar time constant as the direct field stimulation pathway, in view 
of the fact that the time constant in TTX treatment was similar to that in control 
treatment (Fig. 10). A possible alternative hypothesis is that the flash only 
stimulated intracellular stores in muscle cells, but that a propagation of the 
contraction through the preparation occulTed which is inhibited by TTX and 
atropine. An alternative could be that nerve action is a necessary condition to 
potentiate intracellular calcium release in the smooth muscle cell. More research 
will be necessary to clarify this matter. 

The lag time between stimulation and the onset of force development is 
approximately 10 times longer in flash evoked contractions than in contractions 
evoked by field stimulation (Fig. 6). Although the molecular basis of these 
phenomenons has not been clarified in this study, the lag time could be due to a 
chemical reaction in the cell initiated by the UV light in which the concentration 
of the product (e.g. cyclic-ADP-ribose), has to reach a certain threshold level. 

The flash stimulated contractions were also compared to spontaneous 
contractions. In 4 of the 7 strips undergoing atropine treatment, spontaneous 
activity was either induced or increased in amplitude. This probably indicates 
that cholinergic receptor stimulation inhibits spontaneous activity. TTX, 
eradicating all nerve activity, did not stimulate spontaneous contractions. Most 
probably therefore, other neurotransmitters in the bladder, as for example ATP 
(5,28) in pig bladder, stimulate while acetylcholine inhibits spontaneous activity. 
In the recorded spontaneous contractions force developed even faster than in the 
flash stimulated contractions, suggesting a mechanism even more closely related 
to the contractile units. Although the amplitude of the spontaneous contractions 
was small, a synchronisation of a group of cells is necessary to generate forces of 
this magnitude. An unknown fast mechanism of cell-to-cell propagation of the 
stimulus through th~ preparation is necessary for this synchronisation in order to 
cause a contraction with such a small time constant. This propagation 
mechanism will be the aim of a filture research project. 

Light induced calcium release from intracellular stores has been described 
previously for optic rod cells (6). A similar mechanism in the bladder is 
physiologically illogical. Other techniques like calcium imaging and testing of 
several inhibitors of cellular processes might be helpful to provide a better 
understanding of the Oligin of the flash induced intracellular calcium release but 
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lead beyond the scope of this article. It would also be interesting to investigate if 
this phenomenon is present in other non-skinned smooth muscle preparations or 
persists following skinning. 

It must be concluded that the UV light sensitivity of bladder smooth muscle 
still has a largely unexplained physiological basis. Nevertheless this study 
indicates that this newly discovered stimulation method, with a fast, at least 
partly, nerve mediated pathway to the contractile units, is a useful tool to provide 
a more direct stimulation of the nerve or muscle cells in muscle mechanics 
research. It is also a most helpful tool in studying the function of intracellular 
calcium stores. As these stores probably playa role in spontaneous activity of 
bladder muscle (8,15,27), which in celiain patients leads to functional problems, 
such studies are clinically relevant (3,4,19). 
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Summary 

The maximum shortening velocity v"'" and the maximum isometric force 
were determined at different muscle lengths in small smooth muscle s!tips of the 
urinmy bladder of the pig. Aim of the study was to determine ifvnu, depended on 
muscle length. Instead of the frequently used quick release technique, a "stop 
test" was applied: Linear shortening at different rates was imposed on the tissue 
during maximum activation until a preset muscle length was reached. A 
hyperbolic force-velocity relation (Hill curve) was fitted to the resulting force 
responses so that the maximum shortening velocity V O"' at different muscle 
lengths could be estimated. With increasing muscle length vm" increased' 
significantly fi-om 0.23 to 0.40 strip lengths per second, in parallel with the 
well-known length dependent increase in isometric force. This phenomenon 
could be explained by either an up-regulation of cross-bridge cycling or a 
changed geometric orientation or contents of intracellular contractile proteins. 

Introduction 

The maximum shortening velocity of smooth muscle is variable (10, 18, 
19,22). It is thought to be directly dependent on the cross-bridge cycling rate (2, 
13, 17). In smooth muscle this rate is regulated by the intracellular Ca++, which 
forms a complex with calmodulin and then binds to myosin light chain kinase 
causing myosin light chain phosphorylation(l, 2, 12, 20, 30). Thin filament 
proteins can also affect the cross-bridge cycling rate (11). Calponin, one of the 
thin filament proteins, has a marked effect on contraction velocity by reducing 
the cross-bridge detachment rate (II, 13). Other studies indicate that new thick 
filaments are fOlmed or activated when the length of the muscle is increased (4, 
5, 21). All these mechanisms could result in changes in maximum isometric 
force, cross-bridge cycling rate and maximum contraction velocity. 

Aim of our study was to detemline the resuiting length dependence of the 
maximum contraction velocity v""' of smooth muscle. Of all smooth muscle 
tissues, the detrusor muscle has the largest ability to adapt to length changes. The 
volume of the urinary bladder can be reduced 500-fold within one minute (23). 
This reflects a 7-fold change in bladder circumference. For this reason the 
smooth muscle of the urinmy bladder is the primmy choice for studying the 
length dependence of smooth muscle contractility. In previous studies (28) large 
whole thickness bladder strips were used. Consequently, connective tissue and 
orientation of the muscle bundles might have influenced the findings. The 
present study was done in velY small smps of pig urinary bladder muscle tissue. 
In this way the effect of the series elasticity of the surrounding connective tissue 



108 CllAPTER 7 

was avoided. 
Two methods can be used to detennine maximum shortening velocity: the 

quick release technique and the stop test. In the quick release technique a muscle 
strip is subjected to a series of preset after-loads during maximal stimulation at 
Lo (the length at which maximum force is generated). An arbitrarily selected 
time after quickly releasing the tissue tension to a preset after-load, the velocity 
of shortening is measured. A disadvantage of this quick release technique is that 
measurements at different after-loads are taken at different lengths of the muscle. 
A length dependence of shortening velocity can thus not accurately be 
detelmined. Another disadvantage is that the quick release technique does not 
discriminate active and passive force components. EspeciaIJy in urinary bladder 
tissue passive forces are very significant at longer lengths (6, 28). 

In the stop-test method the force at a preset length is measured during linear 
shortening of the muscle. Passive force at this length is measured separately and 
subsequently subtracted. Using this technique maximum shOltening velocity can 
be determined at high passive forces associated with longer lengths and at high 
velocities. A clinical equivalent of the stop-test has been used in urology: Urine 
flow during micturition was suddenly interrupted, while intra vesical pressure 
was measured (6). Apart from its physiological relevance, the present study is 
therefore also of interest for the interpretation of clinical urological data. 

Materials and Methods 

Tisslle preparatiofl. 

Fresh pig urinary bladders were obtained from the local slaughterhouse. 
Smooth muscle micro-strips with a maximum diameter of200llm and a length of 
1 to 2 mm were cut from a standardized locus at the dorsal side of the bladder 
dome using a binocular microscope. Care was taken that the muscle fibers were 
running longitudinally in the preparation. The strips were prepared in modified 
aerated Krebs fluid and transported to the organ bath in a small container in order 
to prevent desiccation. 

The modified Krebs solution contained: NaCl, 118 mM; KCl, 4.7 mM; 
NaRCO" 25 mM; KH,PO" 1.2 mM; CaCl" 1.8 mM; MgSO, 1.2 mM; glucose, 
11 mM; pR 7.4; aerated with 95% 0,15% CO,. 

b'Cllbatiofl 

The strips were incubated (Fig. 1, top sub-figure) in a 20 III drop of 
modified Krebs fluid (with 95% 0, 1 5% CO, being blown over the drop's 
surface) which was continuously refi'eshed using a separate in- and outflow 
syringe pump (ROSPAL®) at a rate of 40111 1 min (24). Two platinum ring 
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Figure 1: (Top subfigure) Tissue incubation setup: A drop of20~1 Krebs fluid is supported 
by two platinum wire ring electrodes extending from a small perspex block. The Krebs fluid 
is continuously refreshed using an in- and an outflow syringe pump. The muscle preparation 
is positioned in the centre of the drop between two micro tweezers. The tissue incubation 
setup is placed in an elliptical reflector to allow heating by an infrared halogen lamp. One 
tweezer is connected to a linear conductor which is driven by a servo-electro-motor. TIle other 
tweezer is connected to a force transducer. 
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electrodes on either end of the drop were used for electrical stimulation. The 
drop remained in position through surface tension and was at the outer end 
stabilized by a glass rod mounted between the two electrodes. Temperature was 
kept at 37"C using infrared radiation from a halogen lamp 
(Philips®,12V,20W,6°,type 6483), controlled via a 200 flm diameter 
thermocouple (Omega®) in the drop. The strips were mounted between two 
tweezers, 400 fUll diameter, olle of which was attached to a KG3 force transducer 
connected to a BAM3 amplifier (Scientific instruments®, Heidelberg, FRG). 
The other tweezer was attached to a pole connected to the linear displacement 
device described below. III the drop the strips were exposed to electrical field 
stimuli: 100Hz, 4V alternating polarity 5ms pulses during 16 seconds. 

Lillear displacemellt device. 

The movable tweezer was connected to a linear displacement conductor 
(Fig I). The linear conductor was composed of two identical quadruple hinged 
nylon parallelograms. The conductor was connected to an inductive 
displacement transducer (MERA®), which measured the exact length of the 
strip. Using a spring, the conductor was pressed against a threaded nylon block 
which was driven by a servo-electr'o-motor via a gear-belt. When shortening was 
applied the conductor, containing pole and tweezer, moves at constant velocity 
until it was stopped by a preset end-stop. The displacement device was 
contr'olled using a Commodore® 386sx computer equipped with a PCL818 ND 
and D/ A converter card using modified multichannel data acquisition and 
measurement control software (MKR computer program: developed by the 
CDAI dept. Academic Hospital Rotterdam). 

Measuremellt protocol. 

The incubated strips were stretched to a "measurement length" 1.3 times 
the initial strip length, which was the in-situ length of an empty bladder. After a 
waiting interval of 10 minutes two electrical test stimuli were applied with a rest 
interval of 5 minutes. When a contraction smaller than 100 fiN was recorded in 
response to either of the two test stimuli, the strip was considered to be in a poor 
condition and discarded. In 9 strips from 9 different bladders a subsequent 
measurement protocol was applied. In a preliminary study, it was found that 
transients in the linear displacement of the device did not extend beyond a 
start-up period of two seconds. Therefore each measurement protocol started 
with a pre-stretch at a rate of IOflmls to a velocity dependent pre-shortening 
length, allowing a subsequent shortening duration of 2 seconds. After a waiting 
interval of 5 minutes, the strip was linearly shortened for two seconds without 
stimulation to measure the passive force response. Next the strip was again 
slowly (at a rate of IOflmlS) stretched to the pre-shortening length. After a 
waiting interval of 1 minute, field stimulation was applied for a total duration of 
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6 seconds. After 7 seconds of stimulation, during which a maximum contraction 
force was reached, linear shortening was applied for 2 seconds, ending at the 
end-stop. Stimulation continued for another 7 seconds. The described 
measurement protocol was repeated at another shortening velocity after a 
waiting period of 5 minutes. After testing five different shortening velocities, 
i.e., 10,20,40, 100 and 250 Ilmis, the whole sequence was repeated at a higher 
measurement length (Fig. 2) following a waiting interval of 10 minutes. A total 
of four different measurement lengths, i.e., 1.3, 1.6, 1.9 and 2.2 times the initial 
strip length were tested. The measured force, binary stimulus signal, and the 
displacement signal (see Fig. 2) were sampled with a Commodore® 386sx 
computer equipped with a PCL818 AID converter card using multi-channel data 
acquisition sftware (MKR: developed by the CDAI dept. Academic Hospital 
Rotterdam). 

Data p/'ocessi/lg. 

Data were processed in MATLAB®. At all preset velocities the actual 
shOliening velocity just before reaching the end-stop was calculated from the 
displacement transducer output. The maximum isometlic force (Fl,.), before 
application of shortening, was detennined at each pre-shortening length. In each 
strip, Fl,. was normalized by dividing by the F;,. value at the first contraction in 
the measurement protocol i.e. excluding the two contractions after the test 
stimuli. The pre-shortening length was detelmined from the displacement signal 
and normalized by dividing by the initial strip length. 

As a consequence of the different pre-shortening lengths necessary to allow 
a constant shortening duration of two seconds at different velocities, Fl,. values 
were measured at a spectrum of different lengths. For this reason a mean Fl" 
value was calculated for 6 different length categories between 1 and 2.7 times 
initial ship length. To derive a force velocity relation from the measured force 
signals (see Fig. 4), the following procedure was applied. The force measured 
when shOliening during stimulation stopped at the end-stop (F,,"'l," , see Fig. 2) 
and the force after recovery (F",,"H" , see Fig. 2) were corrected for changes in 
the passive force. This was done by subtracting the forces measured at the same 
instants during the passive shortening sequence (Fes.passive and Frec.passive,see Fig. 
2). The quotient of these corrected force values was called the relative force f"l. 
These relative force values were plotted as a function of the applied shortening 
velocity. 

Artefacts in the measured force signals leading to outlier values were 
re-analysed manually and corrected if possible. For every strip, 4 different sets 
(at different strip lengths) with each 5 different force velocity data points were 
processed separately. 

The hyperbolic Hill force-velocity relation (14) was rewritten in the 
following form: 
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where 4elO = t:.el at zero shortening which is not a force, as in the original 
Hill equation, but a dimensionless relative force, alfo is a· measure for the 
concavity of the force-velocity curve, v is shortening velocity and vrn" is 
extrapolated maximum shortening velocity at zero relative force. This equation 
was fitted to the measured force-velocity data by adapting the three parameters 
f,e10, alfo and v~x using a least squares fitting method (27) 

In addition to the curve fitting with 3 variable parameters, curve fitting was 
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Figure 3: Normalized Flso as a function ofnonnalized pre-shortening strip length. Both va­
lues were normalized by dividing by the appropriate value at the start of the experiment. 

performed using a modified equation with only 2 variable parameters, where 
t;.e1 0 = 1, and an equation with only one variable parameter, where 4elO was 
locked at 1 and alfo at 0.25. The "sum of squares"(S,q) values resulting fi'om 
fitting equations with I, 2 and 3 variable parameters to each data set were 
normalized by dividing by the S,q value found by fitting the one parameter 
equation. The mean S,q values were plotted as a function of the number of 
parameters fitted. 

A 1 parameter fitting was performed 19 times using a fixed f;eI 0 = 1 and 19 
different alfo values between 0.05 and 0.45 with regular intervals. Mean S,q of aU 
data sets nonnalized to the S,q value at ~ 0.25 was plotted as a function of alfo 
and the minimum mean S,q was determined. Similar plots of the mean S,q value 
as a function of alfo were made for each of the four different measurement 
lengths used. Using this technique an optimum all;, was determined for each 
measurement length. The Hill equation was fitted again with only one variable 
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parameter (vrn,,) and a locked a/fo value optimized for the appropriate 
measurement length. The significance of muscle length as a source of variance in 
v=, and all;, was tested using a one-way analysis of variance (using SPSS 
statistical analysis software). The mutual differences between parameters 
measured at different strip lengths were tested using the Mann-Whitney U test. 

Results 

Figure 2 shows an example of the signals measured in one measurement. It 
can be seen that the maximum isometric force F;,o was reached before shortening 
was applied. The mean F;,o value in all strips was 574 fiN. As the maximum strip 
diameter was 200 flm, the strips generated a mean stress of at least 1.8 N/cm'. It 
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Figure 4: An example of two force-velocity data sets at different measurement 
lengths in one strip. 

can be seen in the bottom trace that shortening was linear. When the shOliening 
stopped a minimum force level F" was reached, subsequently force rerose to a 
new maximum level Free- Figure 3 shows the mean Fiso values in six different 
length categories. A maximum normalized F;,o was found at a normalized strip 
lenght between 1.8 and 2.1. The large standard elTors of the mean at longer 
stliplengths indicate the increasing variability of F;,o with length. 

An example of two measured force-velocity data sets and the fitted force­
velocity curves is shown in Figure 4. 

Figure 5 shows that, as was expected, the normalized sums of squares (S,q) 
values decreased with the number of parameters that was fitted. Figure 6 shows 
a Box plot of v""' values as a function of the number of parameters fitted. It is 
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Figure 5: Mean ± standard 
deviation of the normalized 
sum of squares Ssq as a func­
tion of the number of para­
meters in the force-velocity 
equation that was fitted. Ssq 

values were llOlmalized by 
dividing by the values resul­
ting from fitting a one para­
meter equation. 

obvious that when an equation with 2 (a1fo and v=,) or 3 parameters (f,,\ 0, a/fo 
and v=) was fitted, the vmiability in v""" increased ramatically. 

Figure 7 indicates that the best fit with the smallest S,q value occurred at 
decreasing a1fo values when strip length increased. In a subsequent one 
parameter (v"~,) fitting procedure a110 values were tuned to the strip length 
according to the minima found in Figure 7. a1fo was set to 0.2S , 0.2 ,0.2 and O.IS 
for the measurement lengths 1.3 , 1.6 , 1.9 and 2.2. This procedure resulted in 
v"~, values that were significantly more reproducible, compare error bars in Fig. 
8 and Fig. 6, note the different scales! The average v",,, values were now found 
to increase significantly with increasing ship length as shown in the figure. 
Analysis of variance showed that strip measurement length was a a significant 
source of variance in v=, (p<O.OOS). A significant difference was found between 
v= values at measurement lengths of 1.3 and 1.6 (p<O.OS), at lengths of 1.3 and 
1.9 (p<O.OS) and between vm" values at lengths 1.3 and 2.2 (p<O.OJ). 

Vmax (strlplengths/s) 
2 

1 

1 2 3 
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Figure 6: A BoxpJot 
which represents the values 
ofvma~ as a function of the 
number of parameters in the 
force velocity equation that 
was fitted. Values in the box 
are between the 25th and 
75th percentile. The error 
bars indicate cases that 
range within 1.5 box length 
from either edge of the box. 



116 

nonraIized 
5,;q 

CHAPTER 7 

1.9 nonraIized 

22 rreasurerrent 
length 

Figure 7: Mean normalized sum of squares (S&q) resulting from repeatedly fitting ofa force~ 
velocity equation with one (vnuJ variable parameter and different locked affo values. Ssq va­
lues in the y direction are plotted as a function of the affo values in the x direction at the 4 dif­
ferent measurement lengths represented in the z direction. 

Discussion 

In smooth muscle, maximum shortening velocity can be detennined by 
either the quick release teclmique or the stop test. Using the quick release 
technique it is not possible to correct for changes in passive force. With 
increasing length, passive force can reach values that equal or even exceed the 
active force in urinary bladder tissue (28). Furthermore, in the quick release 
technique tension is released to several different after loads during a sustained 
contraction. In order to apply different after-loads, the amplitude of the release 
has to be adapted, which results in measurements at different lengths to be used 
in one force-velocity relation. Both problems make it impossible to use the quick 
release teclmique to study the length dependence of maximum shortening 
velocity in smooth muscle. 

The stop test was used in our measurements to detemline the maximum 
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shortening velocity value from sets of measurements during shortening at 
different velocities to one pre-set measurement length. Additionally the stop test 
allowed to eliminate passive contributions to the measured force. The same 
shortening protocol was applied with and without stimulation, which allowed 
subtraction of passive from total force. A disadvantage of the stop test was that 
shortening had to be applied for at least 2 seconds. This implied that muscle 
strips had to be pre-stretched to long pre-shortening lengths, sometimes well 
above Lo , when higher shortening velocities were applied. Theoretically, 
damage of the tissue at such long lengths is possible. In order to estimate this 
possible damage, several strips were stretched to 3 times initial length, after 
completion of the measurements. This resulted in an increase of passive force 
well beyond the active force, but only in a slight decrease in active force, 
indicating that not much damage had been done to the tissue in the used length 
range. 

In order to perform the stop test measurements, a device, illustrated in 
Figure I, was designed. Using this device, linear shortening could be applied to 
one end of a small smooth muscle strip, while on the other end instantaneous 
force was measured. The shortening was applied during maximal electrical field 
stimulation (Fig. 2). Previous research from our group has shown that reliable 
estimates of the maximum shortening velocity vrn" of a smooth muscle 
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Figure 8: Mean ± standard error of the mean of maximum shortening velocity vuu-, as a 
function of the measurement length of the muscle strip. Results obtained by fitting a force­
velocity relation with only one variable parameter (vm.n) and affo values corrected for differen­
ces in measurement length. 



118 CHAPTER 7 

preparation can be derived from such a measurement (29). It was also shown 
previously, that electrical field stimulation with the described parameters 
stimulated the muscle maximally (24,26). Recently Gunst ef al. (10) showed a 
difference in vm" values measured during phasic and tonic contractions. 
Shortening velocity was reduced in sustained contractions. In our study phasic 
contractions were studied because these are most relevant for the physiological 
function of the urinary bladder. 

The estimated maximum active stress of 1.8 N/cm' in strips with a diameter 
of 200 11m is low compared to values of 12.5 N/cm' measured in rabbit urinaty 
bladder (23). Apatt from a difference in species, this can be explained by the 
preparation teclmique of the very small ships. It is likely that only part of the 
muscle bundles in a fibre are mechanically attached to the tweezers at both ends 
and generate measurable force. Other bundles may have been cross-sectioned or 
damaged at the perimeter of the bundle. To enable compalison of different strips, 
Fiso values were nonnalized to those measured in response to a standard test 
stimulus at the beginning of the measurement protocol. 

The F
"
• values that were measured before shortening was applied confirm 

the length dependence of force development in this smooth muscle preparation 
(28). Although the measurement protocol was far from optimal for studying this 
length dependence, which is reflected in the large standard errors in Figure 3, a 
similar curve is seen as in a previous study performed on full thickness bladder 
wall strips (28). The maximum isometric force is found at approximately twice 
the measurement length. At this optimum length Lo large passive forces conupt 
the measurements of active isometlic forces by causing a continuous lengthening 
of the contractile element. These large passive forces are the main cause of the 
large standard errors in Figure 3. 

In the measurement protocol the measurements were sequenced in such a 
way that the length of the ships generally increased, except for some relatively 
small shortening velocities. Had measurements at longer muscle lengths been 
done first, much longer incubation times would have been necessary to allow the 
preparation to adapt to the shorter muscle lengths by a relatively slow passive 
muscle shortening. These long incubation times would probably have affected 
the condition and viability of the preparations, resulting in less reliable 
measurements. 

In previous studies it was shown that the duration of shortening greatly 
influenced the rate and amplitude of force re-development, which was ascribed 
to shortening deactivation (7,8,10,19). Therefore a small pilot study was 
conducted in which different shortening velocities were applied to the 
preparation for different durations of time. The normalized force /;,' decreased 
with time during the first second of shortening. For all shortening velocities, /;,' 
reached a plateau after 2 seconds of imposed shOltening, indicating a state of 
mechanical equilibrium. Therefore a fixed shortening time of 2 seconds was 
chosen for the main study and strips were pre-stretched to a length that allowed 
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exactly 2 seconds of shortening before the end-stop was reached. The observed 
shortening time dependence is apparently, in contrast to the theory suggested by 
Gunst et al. (10), not dependent on the magnitude of the length change but 
merely on the duration of shortening. This could be due to the presence of latch 
bridges at maximal activation which need a long detachment time (3,19) 

The force velocity data were described with a hyperbolic (Hill) equation 
with 2 variable parameters one representing the horizontal intercept v""' , and 
one representing the curvature of the equation alt;,; the vertical intercept of the 
equation equaled one, as force readings were normalized. When both parameters 
were optimized simultaneously, v""' was often grossly overestimated, as can be 
seen in Figurc 6. Therefore a stepwise approximation method was used. For 17 
different alfo values the mean sum of squares S,q for each striplength was 
determined and presented graphically. A clear minimum in the S,q value was 
found as shown in Figure 7. This minimum decreased with increasing muscle 
length. Minimum S,q at 1.6 times measurement length was 0.175, at 1.9 times 
measurement length was 0.2, at 1.3 times measurement length was 0.25 and at 
2.2 times measurement length 0.15, which suggests a linear dependence of ali;, 
on muscle length. The confidence interval of alfo was at least ± 0.05. 
Subsequently, maximum contraction velocity values were determined by fitting 
an equation with only one variable parameter, v""" while the alfo value in the 
equation was fixed at 0.25 , 0.2 , 0.2 and 0.15 for measurement lengths of 1.3 , 
1.6 , 1.9 and 2.2 respectively. This procedure resulted in reproducible v""' 
values, that significantly increased with increasing muscle length. 

An increase in shortening velocity with increasing muscle length can either 
result from an up-regulation of the cross-bridge cycling or from a changed cell or 
tissue geometry. An up-regulation of cross-bridge cycling could be caused by an 
increase in intracellular calcium and a concomittant higher phosphorylation rate 
of myosin light chain kinase (9,16). This increased intracellular calcium 
concentration in tum could result from (additional) opening of calcium channels 
(IS) or stretching of the sarcoplasmic reticulum inducing more release of 
intracellular calcium. An up-regulation of the cross-bridge cycling rate could 
also result from changing of contents or orientation of a thin filament regulatory 
protein as for example calponin (11). 

Alternatively, the length induced increase in maximum shortening velocity 
could be caused by changes in cell or tissue geometry. Lengthening results in a 
change in cell shape from round to more oblong. In a more oblong cell 
contractile elements, the cross-bridges are more oriented in the direction in 
which force is generated. This results in a faster rate of shortening velocity and a 
higher amplitude of the force generated. A possible decrease of v""' at lengths 
beyond La, analogous to F,,, could not be detected yet in the used length range. 

Ford et al. (4) introduced the concept of a series to parallel transition of 
cross-bridges during sustained contraction. Analogously a parallel to selies 
conversion of cross-bridges during muscle lengthening could explain the 
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demonstrated increase in v=. One would expect that less isometric force would 
be generated if more cross-bridges act in series. Therefore the fact that in the 
same length range F;" also increases conflicts with this hypothesis. Rather this 
finding supports the earlier proposed hypothesis (4,5) that additional myosin is 
incorporated in the thick filaments during activation at increasing muscle 
lengths. In addition to cell plasticity changes altered tissue plasticity could 
contribute to a parallel to series transition of the contractile elements with muscle 
lengthening. If this were the case new extracellular links would have to be 
broken and made during lengthening of the tissue in order to allow movement of 
cells from a parallel to a selies organization. Uvelius (23) however has shown 
that tissue length and cell length are proportional in the urinary bladder, so that 
the latter hypothesis must be rejected for this kind of tissue. 

It is concluded that for measuring the maximum contraction velocity of 
smooth muscle, the used stop test has several advantages over the more 
frequently used quick-release technique. Using the stop test, passive force 
changes during shOliening can be eliminated. Moreover the stop test allows force 
measurements at a range of velocities at the same muscle length, which enables 
investigation of the length dependency of the maximum shortening velocity. The 
presented data show that maximum shOliening velocity increases with increasing 
stretched muscle length. The mechanism involved is not clear yet but either an 
up-regulation of cross-bridge cycling or a changed orientation or contents of 
intracellular contractile proteins are the most feasible causes of this effect. 

References 

1. ArDer, A. and Hellstrand, P. (1983) Activation of contraction and ATPase Activity in 
Intact and Chemically SkiIUled Smooth Muscle afRat Portal Vein. Cire. Res. 53: 695-
702. 

2. Barany, M. (1967) ATPase Activity of Myosin Correlated with Speed of Muscle 
Shortening. J. oJGell. Physio!. 50(part 2): 197-218. 

3. Dillon, P.F., Aklioy, M.D., Drlska, S.P. and Murphy, R.A. (1981) Myosin 
Phosphorylation and the Cross-Bridge Cycle in Arterial Smooth Muscle. Science. 211: 
495-497. 

4. Ford, L.E" Scow, C.Y. and Pratusevich, V.R. (1994) Plasticity in smooth muscle, a 
hypothesis. Can. J, ofPhysiol. and Pharmacol. 72: 1320-1324. 

5. Gillis, J.M., Cao, M.L. and Godfrald-de Decker, A, (1988) Density of myosin 
filaments in the rat anococcygeus muscle, at rest and in contraction. II J. Muscle Res. 
Cell Moti!. 9: 18-28. 

6. Griffiths, D.J., van Mastrlgt, R., van Duyl, 'V.A. and Coolsaet, D.L.R.A. (1979) 
Active mechanical properties of the smooth muscle of the urinary bladder. Med. Bio!. 
Eng. COil/put. 17: 281-290. 

7. Groen, J. Functional modelling of voiding. (1996) 111esis: Erasmus UJlh iersify 
Rotterdam, 111e Netherlands. April 17 . 

8. GUllst, S.J. Effect oflength history on contractile behaviour of canine tracheal smooth 
muscle. (1986) Am. J. Physio!. 250: CI46-CI54. 



LENGTH DEPENDENCY OF THE FORCE-VELOCITY RELATION 121 

9. Gunst, S.J. (1989) Effects of muscle lengths and load on intracellular Ca2+ in tracheal 
smooth muscle. Am. J. Physiol. 256: C807~C812. 

10. Gunst, S.J., 'Vu, M.F. and Smith, D.D. (1993) Contraction history modulates isotonic 
shortening velocity in smooth muscle. Am. J. Physiol. 265: C467-C476. 

11. Haeberle, J.R. and Hemric, I\1.E. (1994) A model for the corcgulation of smooth 
muscle actomyosin by caldesmon, caiponin, tropomyosin, and the myosin regulatory 
light chain. Call. J. ofPhysiol. and Pharmacal. 72: 1400-1409. 

12. Hai, C.M. and 1\lurphy, R.A. (1989) Ca2
\ crossbridge phosphorylation, and 

contraction. AmlU. Rev. Physiol. 51: 285-298. 
13. Hcllstrand, P. (1994) Cross-bridge kinetics and shortening in smooth muscle. Can. J. of 

Physial. and Pharmacal. 72: 1334-1337. 
14. Hill, A.V. (1938) The heat of shortening and the dynamic constants of muscle. Proc. 

Roy. Soc. LOlldoll B. 126: 136-195. 
15. Himpens, B. and SomIyo, A.P. (1988) Free-Calcium and force transients during 

depolarization and phannacomechanical coupling in Guinea-pig smooth muscle. J. 
Physiol. (London) 395, 507-530. 

16. Kasai, Y., Tsutsumi, 0., Taketaui, Y., Rudo, N. and lino, 1\1. (1985) Stretch-induced 
enhancement of contractions in uterine smooth muscle of rats. J. Physial. (London) 
486.2: 373-384. 

17. Klemt, P. and Peipel', U. (1978) The dynamics of Cross-Bridge Movement in Vascular 
Smooth Muscle Estimated from a Single Isometric Contraction of the Portal Vein: The 
Influence of Temperature and Calcium. Pfluegers Arch. 378: 31-36. 

18. Krisanda, J.M. and Paul, R.J. (1988) Dependence afforce, velocity, and O2 

consumption on [Ca2+]o in porcine carotid artery. Am. J. Pllysiol. 255: C391-C400. 
19. Meiss, R.A. (1993) Persistent mechanical effects of decreasing length during isometric 

contraction of ovarian ligament smooth muscle. J. Muscle Res. Cell Mati!. 14: 205-218. 
20. Peiper, U. and Dee, J. (1994) Smooth muscle contraction kinetics at different calcium 

concentrations. Call. J. afPhysiol. and Pharmacal. 72: 1338-1344. 
21. Schoenberg, C.F. and Needham, n.M. (1976) A study of the mechanism of 

contraction in vertebrate smooth muscle. BioI. Rev. 51: 53-104. 
22. Stephens, N.L. (1994) Smooth muscle contraction: Recent Advances. Call. J. ofPhysiol. 

alldPharmacol. 72: 1317~1319. 
23. Uvelius, B. (1976) Isometric and isotonic length-tension relations and variations in cell 

length in longitudinal smooth muscle from rabbit urinary bladder. Acta Physiol. Scalld. 
97: 1-12. 

24. Van Koeveringe, G.A. and Van 1\fastrigt, R. (1991) Excitatory pathways in smooth 
muscle investigated by phase plot analysis ofisometric force development. Am. J. 
Ph}'siol. 261: R138-RI44. 

25. Van Koeveringe, G.A. aud Van Mastrigt, R. (1994) Photolysis of caged calcium 
using a low cost flash unit: efficacy analysis with a calcium selective electrode. Cell 
Calcium 15,423-430. 

26. Van Koeveringe, G.A. and Van Mastrigt, R. (1996) Ultra-violet light induces calcium 
release from intracellular stores in urinary bladder smooth muscle. Submitted. 

27. Van I\Iastrlgt, R. (1980) Fitting the Hill equation to experimental data. IEEE tralls. 

biomed. ellg. Vol. BME-27, NO 7: 413-416. 
28. Van Mastrigt, R. (1988) The length dependence of the series elasticity of pig bladder 

smooth muscle. J. Aluscle Res. Cell Mati!. 9: 525-532. 
29. Van IVIastrigt, R. and Glerum, J.J. (1985) Electrical stimulation of smooth muscle 

strips from the urinary bladder of the pig. J. of Biamed. Eng. 7: 2-8. 



122 CHAPTER 7 

30. Warshaw, D.M., Work, S.S. and McBride, W.J. (1987) Effect oflow extracellular 
Calcium on shortening velocity in isolated single smooth muscle cells. Pjluegers Arch. 
410: 185-191. 



CHAPTER 8 

Time constants of isometric force 
development in smooth muscle fibers 

of the urinary bladder. 

Gommert A. van Koeveringe and Ron van Mastrigt 
Submitted (1997) 





TIME CONSTANTS OF ISOMETRIC FORCE DEVELOPMENT 125 

Summary 

Time constants of isometric force development before and after shOltening 
and maximum shortening velocity Vnux, indicative of cross-bridge cycling rate, 
were determined in small strips of pig urinary bladder. v""" was measured using 
the stop test in which linear shOltening at different rates was applied until an end 
stop was reached where force was measured during maximal electrical field 
stimulation. The time constant of isometric force development before shortening 
is independent of the cross-bridge cycling rate and of muscle length, indicating a 
rate limitation by e.g. influx of extracellular calcium. After linear shortening, 
isometric force (re-)develops faster than before, at a rate that can be defined by a 
fast and a slow time constant. It is proposed that the fast time constant represents 
the cross-bridge cycling rate, as directly after shortening the intracellular [Ca++] 
is still high. The slow component of the recovery contraction is either detelmi­
ned by influx of extracellular calcium, analogous to the time constant before 
shortening, or by re-attachment of slow-cycling "latch" bridges. A high post­
shortening [Ca++], leading to a negative feedback of calcium influx channels and 
a reduced calcium contribution from intracellular stores could result in a force 
recovery to submaximallevels and so explain shortening induced deactivation. 

Introduction 

A smooth muscle preparation that is supra maximally stimulated develops 
isometric force at a well defined rate, that can be expressed in tenlls of a single 
time constant. There is no consensus on the origin of the underlying mechanism 
in the literature. Frequently the time constant of isometric force development is 
related to the series elasticity and the maximum contraction velocity vm" 

(11,12,19) of the preparation. Previous research in our group however indicated 
that lengthening of the series elasticity at the maximum velocity would lead to 
force development at a very high rate, that is never measured under physiologi­
cal circumstances (15, Chapter 2). On the basis of measurements in the presence 
of various stimulatory and inhibitory substances, it was hypothesized that the 
normal rate of isometric force development in smooth muscle depends on thc 
influx of extracellular calcium. 

In another previous study (Chapter?) the length dependence of the maxi­
mum shortening velocity v=, of small bladder muscle strips was studied at 
different muscle lengths. To this end, analogous to earlier studies by van 
Mastrigt and Glelllm (18), linear shortenings were applied at different rates 
during maximal stimulation of the preparation while force was measured. In the 
present study the time constant of isometric force development and Vm" were 
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directly compared to investigate underlying mechanisms. Additionally time 
constants before and ShOlily after shortening were compared. This compmison 
gained more insight in shortening induced deactivation, which was earlier 
described by Meiss (13), Gunst (6) Gunst et.al.(7) and Groen (5). 

Methods 

Tisslle preparation 

Fresh pig urinary bladders were obtained from the local slaughterhouse. 
Smooth muscle micro-strips with a maximum diameter of200flm and a length of 
1 to 2 mm were cut from a standardized locus at the dorsal side of the bladder 
dome using a binocular microscope. Care was taken that the muscle fibres were 
running longitudinally in the preparation. The strips were prepared in modified 
aerated Krebs fluid and transported to the organ bath in a small container in order 
to prevent desiccation. 

The modified Krebs solution contained: NaCI, 118 mM; KCI, 4.7 mM; 
NaRCO" 25 mM; KH,PO" 1.2 mM; CaCI" 1.8 mM; MgSO, 1.2 mM; glucose, 
11 mM; pH 7.4; aerated with 95% 0,/ 5% CO,. 

II/cllbatiol/. 

The strips were incubated at 37°C in a 20 fll set-up shown in Chapter7: 
Figure 1 and described in more detail in a previous publication (Chapter 7). The 
strips were mounted between two tweezers, one of which was attached to a KG3 
force transducer connected to a BAM3 amplifier (Scientific instruments®, 
Heidelberg, FRG). The other tweezer was attached to a pole connected to the 
linear displacement device described below. In the organ bath the strips were 
exposed to electrical field stimuli: 100Hz, 4V alternating polarity 5ms pulses 
during 16 seconds. 

Lil/ellr displacemel/t device. 

A displacement device previously described by Van Koeveringe and Van 
Mastrigt (Chapter 7) was used. The movable tweezer was connected to a linear 
displacement conductor (Chapter7:Fig 1) with an inductive displacement trans­
ducer (MERA®). The conductor was pressed against a threaded nylon block 
which was driven by a servo electro-motor. When shortening was applied the 
conductor, containing pole and tweezer, moved at constant velocity until it 
stopped at a pre-set end-stop. The displacement device was controlled using a 
computer with multichannel data acquisition and measurement control software 
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(MKR computer program: developed by the CDAI dept. Academic Hospital 
Rotterdam). 

Measllrement protocol. 

The incubated strips were stretched to a "measurement length" 1.3 times 
the initial strip length which was the in-situ length of an empty bladder. After a 
waiting interval of 10 minutes two electrical test stimuli were applied with a rest 
interval of 5 minutes. When a contraction smaller than 100 IlN was recorded in 
response to either of the two test stimuli, the strip was considered to be in a too 
bad condition and discarded. In 9 strips from 9 different bladders a subsequent 
measurement protocol was applied. Each measurement protocol started with a 
pre-stretch at a rate of IOIlm/s to a velocity dependent pre-shortening length, 
allowing a subsequent shOliening during 2 seconds, which ended at exactly the 
measurement length (Chapter 7). After a waiting interval of 5 minutes, the strip 
was linearly shortened for two seconds without stimulation to measure the 
passive force response. Next the strip was again slowly (at a rate of IOllnlfs) 
stretched to the pre-shortening length. Afer a waiting interval of I minute, field 
stimulation was applied for a total duration of 16 seconds. After 7 seconds of 
stimulation, during which interval force reached a maximum, linear shortening 
was applied for 2 seconds, ending at the measurement length. Stimulation 
continued for another 7 seconds. The described measurement protocol was 
repeated at another shortening velocity after a waiting period of 5 minutes. After 
testing five different shOliening velocities i.e. 10, 20, 40, 100 and 250 Ilm/s, the 
whole sequence was repeated at a higher measurement length following a 
waiting interval of 10 minutes. A total of four different measurement lengths i.e. 
1.3, 1.6, 1.9 and 2.2 times the initial strip length were tested, resulting in 
9x5x4~ 180 measurements. The measured force signal, a binary stimulus signal, 
and the displacement signal (see Chapter7:Fig. 2) were recorded digitally. 

Datil processillg 

Data were processed using MATLAB®. To the isometric contractions that 
were measured before shOliening was applied a mono exponential curve of the 
following fOlm was fitted: 

F ~ F,,, [ I - exp(-tlC,,,)] 

where: F ~ measured force 
t = time 
Fiso = maximum extrapolated isometric force 
Ciso = time constant 

Eq.1 

At all pre-set velocities the actual shortening velocity just before reaching 
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the end-stop was calculated from the displacement transducer output. Pre­
shOliening length was detennined from the displacement signal and normalized 
by dividing by the initial strip length. At each pre-shortening length the maxi­
mum extrapolated isometric force (F;,,, see Chapter7:Fig.2), before application 
of shOliening was detennined and nOlTIralized by dividing by the F;,. value at the 
first contraction in the measurement protocol i.e. excluding the two test contrac­
tions. As a consequence of the different pre-shortening lengths necessary to 
allow a constant shortening duration of two seconds at different velocities, F;,. 
values were thus measured at a spectrum of different lengths. 

To derive a force velocity relation from the measured force signals, the 
following procedure was applied. The force measured when shortening during 
stimulation stopped at the end-stop (F",ct;" , see Chapter7:Fig. 2) and the force 
after recovery (F", "'h" , see Chapter7:Fig. 2) were corrected for changes in the 
passive force. This was done by subtracting the forces measured at the same 
instants during the passive shortening sequence (Fes.passive and Frec.passive,see Chap­
ter7:Fig. 2). The quotient of these corrected force values was called the relative 
force f",. The relative force values were plotted as a function of the applied 
shortening velocity. Artefacts in the measured force signals leading to outlier 
values were re-analysed manually and cOlTected if possible. For each of the 9 
strips, 4 different sets (at different strip lengths) with each 5 different force 
velocity data points were processed separately. One set of 5 measurements and 5 
single measurements had to be excluded fi'om further processing because due to 
problems with either stimulation or displacer, resulting in 170 valid measure­
ments out of 180. 

Equation I was also fitted to the isometric force recovery immediately 
following the linear shortening (90<t<96 s in Chapter7:Fig. 2). The resulting 
parameters were called F"" the maximum extrapolated isometric force after 
recovery and C,," the time constant for isometric force development during 
recovery. Measurements with values for F", smaller than lO~lN or larger than 1.5 
* F;,. were excluded from further processing. F,,, and Coo could thus be 
detelmined for subgroup of 161 out of the 180 measurements. Note: F;,. and the 
F,,, values were not read from the traces as shown in Chapter7:figure 2 but 
detelmined by curve fitting of eq. I. 

As it appeared that the force development during the recovery period 
consisted of an early fast force development and a later slower force de­
velopment to a saturation level a dual exponential curve: 

F ~ F"" [ I - exp(-t1C",l)] + F"" [ I - exp(-t1C",,)] Eq.2 

was also fitted to the data. Again, outliers where F",l or F,,,, were smaller than 
10J.lN or larger than 1.5 * F;,. or where either C",l or C,." were < 0 or larger 
than 21 s (3 times the measurement duration) were excluded from firrther pro­
cessing. Frech Fred) Creel and Creel could thus be determined for a subgroup of 
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126 out of the 180 measurements. 
In order to determine VAX for the 9 different strips at the 4 different 

measurement lengths, the hyperbolic Hill force-velocity relation (9) was rewrit­
ten in the following form (16): 

Eq.3 

where f,<i is not a force, as in the original Hill equation, but a dimensionless re­
lative force, alfo is a measure for the concavity of the force-velocity relation, v is 
shortening velocity and v= is the maximum contraction velocity. This equation 
was fitted to the data by varying only one parameter (v"",), using a least square 
criterion. A preset alfo value optimized for the appropliate 4 measurement 
lengths, as desclibed by Van Koeveringe and Van Mastrigt (Chapter 7), was 
used. 

In three measurement sets the generated force declined sharply before all 
five shortening velocities were applied. Therefore v""' could only be determined 
in 33 out of the 36 (9 smps, 4 measurement lengths) data sets. 

Multi variate analysis of variance was applied separately in the different 
subgroups to determine the significance of measurement length and the applicld 
linear shortening velocity as a source of variance in the measured parameters. 
Mean values of the evidently velocity independent parameters, Fiso) Frech Ciso) 

Crw Creel and Creel were detennined for each measurement set (of 5 measure­
ments which were used to determine one vo"" value) at each measurement length 
in each smp. In each strip, the mean values of these parameters were con'elated 
with Vmax) using Speannan's rank correlation coefficient. 

Spearman's correlation coefficient was also determined for the correlation 
between C;,. and C,,,. A Wilcoxon signed ranks test was used to determine the 
significance of the pairwise difference between C;;o and C,,,. Also the signifi­
cance of the difference between Ciso and either Creel or C(t('"2 was detennined 
using the Wilcoxon signed ranks test. 

At different measurement lengths mean values of parameters, which were 
proven length dependent by analysis of variance, were compared using a 
Mann-Whitney U test. 

Results 

In Chapter7, Figure 2 shows an example of the signals measured in one 
measurement protocol. It can be seen that the maximum isometric force F;;o was 
reached before shortening was applied. The mean F;;o value in all stlips was 574 
fiN. At a maximum strip diameter of 200 flm, the maximum active tension was 
at least 1.8 N/cm'. It can also be seen that shortening was linear as shown in the 
bottom trace. When the shortening stopped a minimum force level Fe; was 
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Tabel1: Mean parameter values for Vmu and the 
isometric force development parameters before and 
after shortening. Mean ± SEM. 

CHAPTER 8 

reached, subsequently force re­
rose to a new maximum level 

Free· 
----------,--,--,----,-Nc:-- Table I shows descriptive 

mean S.E.M . d ___ -:-c _______________ statishcs for unnormalize va-

v=, (I/s)* 0.328 0.02 33 lues of all parameters. Mean 

Fl;o (!IN) 573 45.8 170 Cl;o, the pre-shortening time con-
stant of isometric force develop­
ment and mean CrecJ the time 
constant of isometric force reco­
very, equaled 2.77 and LSI sec. 
Ciso and Cree were weakly corre­
lated (Spearman's correlation 
coefficient: 0.185 (2-tailed 
p<0.05)). A pairwise comparison 
of measurements using a Wil­

210 

63.5 

211 

Cl;o (s) 2.74 

1.51 

0.49 

19.6 

11.1 

19.2 

0.06 

0.06 

0.04 

161 

126 

126 

170 

161 

126 

C"" (s) 3.13 0.20 126 coxon signed ranks test showed a 
-"--'-'---------------significant difference of Cl;o and 
*: lIs = striplengthsls C", values (N=161; p<O.OOI). 

Figure I iIIustrates that the 
pre-sholiening time constant of isometric force development Cl,. was not length 
dependent (Spearman's corr.coeff. 0.076). Fl,., however correlated significantly 
with measurement length (corr. 0.297; p<O.OO I), which was illustrated in a 
previous report (Chapter7:Fig. 3). Multi variate analysis of variance showed that 
the imposed linear shortening velocity was a significant source of variance in F,,, 
(p<0.00 I) but not in Cre, 
and that measurement 
length (see Chapter7:Fig 2) C, •• (5) 

was a significant source of 6 
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• • • . .. +.. . I-. . :+., 
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variance (p 0.001) in both 
F rcc and Cree- Figure 2 shows 
values for Cre, together with 
values for Creel and Cree2 at 
different measurement 
lengths. The Cre, value at a 
normalized measurement 
length of 1.9 or 2.2 was 
significantly higher than 
that at lengths 1.3 and 1.6 
(p<O.OI). When a dual­
exponential curve was fit-

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 

normalized pre-shortening length 

ted and mean values ofCrec2 Figure 1: Scatterpiot of pre-shortening time constant CBO 

at measurement lengths 1.3 as a function of pre-shortening length. 
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1.3 1.6 1.9 2.2 

mGrecl 
[]Grec2 

normalized measurement length 

Figure 2: Mean ± standard error of the mean of the mono·exponential time constant of 
force recovery ere<; and the dual-exponential time constants Creel and Cr«:2 as a function or the 
normalized measurement length. 

or 1.6 were compared with those at measurement lengths 1.9 or 2.2, a significant 
difference (p 0.0 I) was found. No significant differences were found when mean 
Cm , values at different measurement lengths were compared. Multi variate 
analysis of variance showed that 
for neither Creel nor Cree2' imposed 
linear shortening velocity or 
measurement length was a signifi­
cant source of variance. Figure 3 
however shows. a decrease in the 
value of C,,,,, with the lowest 3 
shortening speeds. Mean values of 
Cre,' after shortening with a velo­
city of 10 !\mls were significantly 
different from those after shor­
tening with 40 !\mls (p~0.0 I), 100 
!,mls (p<0.05) and 250 !\mls 
(p<O.OI). No significant differen­
ces were found between mean va­
lues of C,'" and C,,,' after different 
shortening velocities. 

As was expected from the 
Hill equation (9, Chapter7) the 
amplitudes of isometric force rede-

Table 2: Correlations between Vm.u and the 
isometric force development parameters before 
and after shortening. 

sign. (2 tailed)* 

FiSO 0.549 <0.01 

Freel 0.654 <0.01 

Ciso 0.133 n.s.t 

Cree -0.357 <0.05 

Creel -0.489 <0.01 

Cree2 -0.444 <0.05 

*: two-tailed significance or the correlation 

t: n.s. = not significant. 
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CCrec2 

Figure 3: Mean ± standard error of the mean of the mono-exponential time constant of 
force recovery ere.: and the dual-exponential time constants Crc.::1 and enc! as a function of the 
previously imposed shortening velocity. 

velopment after shortening F,,,,F,,,, and F"" depended significantly on the 
imposed linear shortening velocity. For neither of the amplitudes of isometric 
force recovery, measurement length was a significant source of variance. 

Table 2 shows Spearman's correlation coefficients and 2-tailed significan­
ces for the cOlTelation between v""" and the isometric force (re)development 
parameters. F"., F"" and C"" correlated significantly with v""' (p<O.OI). Mean 
C", and C,,,, correlated significantly with v""' (p<O.05) but mean C". did not, 
which is visualized in Figure 4. Figure 5 shows in a scatter plot the negative 
correlation of both C,," and C,," values with maximum shortening velocity Vnux' 

Discussion 

In the literature, the rate of isometric force development of smooth muscle 
is frequently related to the cross-bridge cycling rate, of which the maximum 
shOltening velocity (v"",) is a mechanical index (1,19). The former rate also 
depends on the pre-stimulus interval and contraction history (17). In the current 
study we measured the time constant of isometric force development before 
shortening was applied, Cis., and the time constant of isometric force recovery 
after shortening, C,," in pig urinary bladder smooth muscle. The relation 
between the cross-bridge cycling rate, represented by the maximum shortening 
velocity measured in the same preparations using a stop-test method (Chapter 7), 
and the time constants both before and after shortening was explored. Additio-
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Figure 4: Scatterpiot of the time constant of pre-shortening 
isometric force development Ci5Q (open squares) and the time 
constant of isometric force recovery em: (solid squares) as a 
function of maximum shortening velocity Vnn". 

influx of extracellular 
calcium (IS, Chapter 2). 
Both in vitro and in in­
tact urinary bladders 
(2,5) C;,o was smalltir 
when calcium was re-
leased from intracellular 

stores. Himpens and Somlyo (10) monitored intracellular [Ca++] with Fura2 in 
smooth muscle of the small intestine of the Guinea pig. They showed that a fast 
high intracellular [Ca++] peak was followed by a "shoulder" of a sustained high 
intracellular [Ca++], that lasted as long as the stimulation. In normal extracellular 
[Ca++] an initial fast force rise was followed by an afier-contraction dUling the 
sustained high intracellular [Ca++], this afier-contraction was not seen in low 
extracellular [Ca++] (10). It is therefore likely that the sustained afier-contraction 
depends on the "shoulder" in the intracellular [Ca++], which is caused by the 
influx of extracellular calcium. In urinary bladder tissue, the fast initial conh'ac­
tion that was observed in Guinea pig intestine probably merges with the large 
afier-contraction. It is therefore likely that the time constant C;,o is detennined by 
the influx of extracellular calcium. 

This view is supported by the fact that the mechanical index of cross blidge 
cycling, v=" was not conelated with the time constant of isometric force 
development C;,o (Fig. 4). Moreover, isometric force development limited by the 
cross-bridge cycling rate would take place at a considerably higher rate. In 
contrast to Ciso) the time constant of isometric force recovety after shortening Cree 
was significantly conelated with V=x' C,,' was at all stretched muscle lengths 
significantly faster than C; .. , which confirms that C," and C;,o represent different 
mechanisms. C," was faster at higher v""" values (see Fig. 4), indicating that 
cross-bridge cycling is a major denominator of the rate of force recovery afier 
sh011ening. Additional support for the view that the rate of force development 
before and afier shortening is limited by different mechanisms is provided by the 
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fact that the time constant of isometric force development, C;,,, did not depend 
on the stretched muscle length (see Fig. I). In contrast, Cre,. the time constant of 
isometric force recovery after shortening increased significantly with increasing 
muscle length (Fig. 2) i.e force re-development after shortening was slower 
when the muscle was stretched. The difference in rate limitation before and after 
shortening is most likely caused by the fact that intracellular [CaH

] is already 
high after shortening and force development is limited by other factors, as for 
instance cross-bridge cycling. Such a high intracellular calcium concentration 
directly after an imposed shortening has been described by Gunst (6). 

After careful visual examination of the force recovery data, most of the 
curves seemed to consist of a fast initial force recovery followed by a slower 
recovery to a saturation level. Therefore, in a second analysis, two separate time 
constants, Cre" and C,,,', were determined by dual-exponential fitting. In 126 of 
the 180 measurements the dual-exponential curve could successfully be fitted to 
the data. Since this dual-exponential fitting was not possible for all valid data 
and a mono-exponential fitting resulted in an adequate average time constant we 
decided to present both a mono- and a dual-exponential fitting analysis. Two 
hypotheses are proposed to explain the dual-exponential time course of force 
recovelY after shortening. 

time constant 
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Figure 5: Scatterplot of the time constants C'oXi (open squares) and Cud (solid dots) as a 
function of maximum shortening velocity Vlll~' 
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The calcilllll inflllx hypothesis 

The fast time constant of force recovery c.", was significantly different 
from C;,. whereas the slow C,," was not. Therefore, two processes underlie the 
isometric recovery of force after shortening, the slowest of which is probably 
identical to the mechanism that limits the rate of isometric force development 
before shortening, i.e., the influx of extracellular calcium. Vnu, was however 
significantly correlated with both time constants of isometric force recove,y 
(Fig. 5). Analogously to C,'" both C,,,' and Cre,' were faster at higher v=, values. 
The correlation coefficient of vma, and Cre<l of -0.489 was only slightly larger 
than the coefficient of vma, and Cre,' of -0.444. This conflicts with our hypothesis 
that both C,,,' and C;", are determined by the same process. A possible explana­
tion is that as a consequence of the dual exponential fitting process C,,,' and C,,,' 
are strongly correlated (carr. 0.61, p<O.OOI), which makes it difficult to differen­
tiate the two on the basis of a correlation. It appeared that C,,", the slowest time 
constant, increased significantly with muscle length i.e., became slower (Fig. 2) 
while the fastest time constant Cm , did not change. Taking this finding together 
with the finding that v= increases with increasing muscle length (Chapter 7), 
suggests that the slow time constant Cm , is independent of cross-bridge cycling. 
The fact that vma, did and Cm , did not change with muscle length does not 
necessarily refute the hypothesis that the fast rate of force development represen­
ted by this time constant depends on cross-bridge cycling. With increasing 
muscle length the contribution of the fast process to the recovery force increased 
accordingly. In view of the time constant being a quotient of isometric force and 
v""" (Chapter 2) it is possible that an increase of v= with muscle length is 
compensated by a comparable increase of the isometric force, so that the time 
constant remains unaffected. It is thus warranted to hypothesize that time 
constant C,,,' represents cross-bridge cycling and that c.", and C;", represent the 
influx of extracellular calcium. 

The 'latch' bridge hypothesis 

In the literature (3) two types of cross bridges are identified, the fast 
cycling bridges, directly dependent on myosin light chain phosphorylation, and 
the slow cycling, so called 'latch' bridges, which can maintain force at less 
energy consumption. According to Meiss (13) and Hellstrand (8) these bridges 
react differently to preceding shortening. Therefore it could be hypothesized that 
the time constant C..d is detellnined by the cross-bridge cycling rate of fast 
cycling cross-bridges and C"" by the reattachment rate of slow cycling "latch" 
bridges. 

In this view, the increase of Cre, and C,,,' with increasing muscle length 
results from an increased shOliening induced detachment of slowly cycling 
cross-bridges. This could result from the higher passive forces i.e. higher load on 
the muscle. In the literature (7,13) it is described that shOliening initiated at a 
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large length caused a relatively greater distortion of the cell stmcture than 
shortening at a short length. Consequently, more cross-bridges have to be 
re-attached, which takes a longer time, if it happens at all (13). Meiss (13) also 
described the possibility that at larger lengths a relatively higher number of 
slowly cycling latch bridges reattach, which can explain the finding that C"" did 
change with muscle length but C"" did not. Also, due to a more efficient 
contraction and a faster cross-blidge cycling before shortening at larger lengths, 
less energy (ATP) is left in the muscle cell, resulting in a relatively larger 
contIibution of slowly cycling latch bridges to the recovelY contraction. 

More experiments, for instance in different calcium concentrations or using 
instantaneous intracellular calcium measurements, are indicated to determine 
whether the calcium influx or the latch bridge hypothesis provide the final 
explanation for the observed two time constants of force recovery' after shor­
tening. 

Shol'tellillg deactivatioll. 

Shortening induced deactivation, during persistent stimulation, has been, 
descIibed extensively for striated and cardiac muscle and in the last decade also 
for smooth muscle (5,7,13,14). 

In order to explain shortening induced deactivation, Meiss (13) introduced 
a shortening induced detachment of slowly cycling latch bridges, which sparsely 
or not reattached after shortening. As previously described, this phenomenon 
could also explain the increase of the time constant (C", and Coo,) with 
increasing muscle length. 

Moreover, when the current results are combined with the results from a 
previous study by Ganitkevich and Isenberg (4), another hypothesis can be 
proposed. After shortening the intracellular calcium concentration is still high, 
which could explain the fast initial rate of force development (C,,,,) after 
shortening. The calcium channels (presumably L-type) may be affected by a 
negative feed-back mechanism, which reduces the influx capacity of extracellu­
lar calcium. In addition, it is not likely that after shortening an initial fast 
intracellular calcium release exists, resulting in another relative calcium deficit. 
These two mechanisms consequently lead to recovery of force to sub-maximal 
levels. 

It can be concluded that in smooth muscle isometric force develops at a 
well defined rate, that can be characterized by one time constant. This time 
constant is independent of the maximum shortening velocity, which represents 
the rate of cross-bridge cycling. It represents a significantly slower rate limiting 
mechanism, most likely this mechanism is the influx of extracellular calcium. 
After linear shortening applied during activation of smooth muscle, isometric 
force (re-)develops faster than before, at a rate that can be defined by two time 
constants, representing a fast and a slow component. It is proposed that fast 
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component is more dependent upon cross-bridge cycling rate, as directly after 
shortening the intracellular calcium concentration is still high. The slow compo­
nent of the recovery contraction could be determined by influx of extracellular 
calcium analogously to the time constant of isometric force development before 
shortening. Alternatively, the slow component in force development could be 
deermined by re-attachment of slow-cycling "latch" bridges, which would better 
explain for the muscle length dependence of the force recovery. The high 
post-shortening calcium concentration could induce a fast re-development of 
force but it could additionally lead to negative feedback of calcium influx 
channels. In combination with a reduced post-shortening calcium contribution 
from intracellular stores, this effect might result in a force recovety to submaxi­
mal levels and so explain shortening induced deactivation. 
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Summary 

Apart fi'om its possible diagnostic impact, a study on maximum shortening 
velocity in the human detrusor might be used to verify earlier data derived from 
pig detmsor muscle. Linear shortening at different rates was imposed on smooth 
muscle strips fi'om small cold cup biopsies during maximum electrical field 
stimulation until a preset endstop was reached. At different temperatures, 
maximum shOliening velocity vm" (mean at 37"C: 0.28 sttiplengths/s) was 
detelmined by fitting the Hill equation to the force, measured at the ends top, as 
a function of shortening rate. It was found that v.,., did not show a species 
difference and increases in the human bladder when temperature increases. As 
the time co~stant of isometric force development C;,o is independent ofv=x and 
increases with decreasing temperature, it is not limited by cross-bridge cycling 
but by a slower process in the excitation-contraction coupling, the influx of 
extracellular calcium. The time constant of force recovery directly after 
shortening Cree is determined by Vmax and also shows a decrease with 
temperature. Mean C;,o. 3.79 s, was significantly larger than in pig detmsor (2.87 
s). A potential diagnostic use needs to be investigated in the near future. 

Introduction 

The maximum shortening velocity of detrusor smooth muscle has been 
detennined in several species (12,15,17). This velocity is directly dependent on 
the cross bridge cycling rate (2, 9, 20) and differs among the species. Most ofien 
the maximum shortening velocity has been measured in rather large strips of 
animal detmsor muscle. In our research group the pig bladder model was amply 
used for smooth muscle studies (4, 16, 17, 18). It has recently been shown that it 
is possible to measure a maximum shortening velocity in human bladder biopsies 
(1). Measurements on human bladder smooth muscle are valuable for a conect 
intelpretation of clinical data. They enable the study of the role of maximum 
shOliening velocity in human bladder pathology, and its possible diagnostic 
impact. Therefore we developed a dedicated device (17) to measure the 
maximum shortening velocity in very small muscle strips from biopsy material 
of the human bladder. Such biopsies are regularly taken in our department for 
other pUlposes. 

It is known that in smooth muscle fi'om other species the maximum 
shortening velocity is much more temperature dependent than force 
development(13). Also, muscle mechanics experiments in skeletal muscle are 
generally done at room temperature while smooth muscle experiments have to be 
done at 37°C as the muscle tends to be very slow at room temperature. Therefore 
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a smooth muscle specific temperature effect seems to exist. It was the purpose of 
the present study to quantify the impact of this effect on the maximum 
shortening velocity in human bladder tissue. 

In addition, the time constants of isometric force development were 
studied. Frequently these time constants are related to series elasticity and the 
maximum shortening velocity. (10, II, 21) Previous research in our group 
however indicated that the normal rate of isometric force development in thc pig 
urinary bladder depends on the influx of extracellular calcium. (16). This was 
recently confhmed by data from another group for the rabbit(3). Therefore in 
the present study the time constant of isomettic force development describing the 
rate of isomettic force development was measured before and after shOliening at 
different temperatures. The time constants were compared to the maximum 
shortening velocity. 

Materials and Methods 

Patiellts alld Biopsy tisslle preparatio/l. 

Human bladder tissue was obtained by taking one extra cold cup biopsy (2 
mm diameter) during an operative procedure in which 6 to 10 random bladder 
biopsies were taken. Patients were suspected of either recurrent or new 
transitional cell carcinoma of the bladder and biopsies were necessary to 
diagnose the pathology. Smooth muscle micro-strips with a maximum diameter 
of 150flm and a length of approximately 1 mm were cut from the biopsy tissue 
using a binocular microscope. Care was taken that the muscle fibres werc 
nmning longitudinally in the preparation. The strips were prepared in modified 
aerated Krebs fluid and transported to the organ bath in a small container in order 
to prevent desiccation. 

The modified Krebs solution contained: NaCI, 118 mM; KCI, 4.7 nu\1; 
NaHCO" 25 mM; KH,PO" 1.2 mM; CaCI" 1.8 mM; MgSO, 1.2 mM; glucose, 
II mM; pH 7.4; aerated with 95% 0, / 5% CO,. 

I/lCllbatioll. 

The strips were incubated at 37 C in a 20 fll fluid drop as shown in 
Chapter7:Figure I and described in more detail in a previous publication 
(Chapter 7). The strips were mounted between two tweezers, one of which was 
attached to a KG3 force transducer connected to a BAM3 amplifier (Scientific 
instruments®, Heidelberg, FRG). The other tweezer was attached to a pole 
connected to the linear displacement device described below. In the drop the 
strips were exposed to electrical field stimuli: 100Hz, 4V alternating polatity 
5ms pulses during 16 to 24 seconds. 
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Lillear displacemellt device. 

A displacement device previously described by Van Koeveringe and Van 
Mastrigt (Chapter 7, 17) was used. The movable tweezer was connected to a 
linear displacement conductor (Chapter 7:Fig I) with an inductive displacement 
transducer (MERA®). The conductor was pressed against a threaded nylon 
block which was driven by a servo-electro motor. When shOliening was applied 
the conductor, containing pole and tweezer, moved at constant velocity until it 
stopped at a pre-set end-stop. The displacement device was controlled using a 
computer with multichannel data acquisition and measurement control software 
(MKR computer program: developed by the CDAI dept. Academic Hospital 
Rotterdam). 

Measllremellt protocol. 

The incubated strips were stretched to a "measurement length" 1.6 times 
the initial strip length. After a waiting interval of 10 minutes two electrical test 
stimuli were applied with a rest interval of 5 minutes. When a conh'action 
smaller than 100 flN was recorded in response to either of the two test stimuli, 
the strip was considered to be in a too bad condition and discarded. In 5 sh'ips 
from 5 different bladders out of 8 tested, a subsequent measurement protocol 
was applied, first at 37°C. 

Each measurement protocol statied with a pre-stretch at a rate of I Oflmls to 
a velocity dependent pre-shortening length, allowing a subsequent shortening 
during 2 seconds, which ended at exactly the measurement length (17). After a 
waiting interval of 5 minutes, the strip was linearly shortened for two seconds 
without stimulation to measure the passive force response. Next the strip was 
again slowly (at a rate of IOflmlS) stretched to the pre-shOliening length. After a 
waiting interval of I minute, field stimulation was applied for a total duration of 
16 seconds. After 7 seconds of stimulation, during which interval isometric force 
reached a maximum, linear shortening was applied for 2 seconds, ending at the 
measurement length. Stimulation continued for another 7 seconds. 

The described measurement protocol was repeated at another shortening 
velocity after a waiting period of 5 minutes. After testing five different 
shortening velocities i.e. 10,20,40, 100 and 250 ~m!ls, the whole sequence was 
repeated at another temperature following a waiting interval of 10 minutes. Four 
different temperatures i.e. 37, 33, 29 and 25°C were tested. 

All protocols started with 37°C, the next three temperatures were tested in 
a random order. The stimulus duration and the interval after onset of stimulation 
were adapted to the incubation temperature, i.e., 16,20,24 and 24 s at 37, 33, 29 
and 25°C respectively. The measured force signal, a binaty stimulus signal, and 
the displacement signal (see Fig. I) were recorded digitally. 
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Figure 1: An example 
of signals measured in a 
smooth muscle 
preparation derived from 
a human bladder biopsy. 
The top trace shows the 
measured force, the bar in 
the middle trace 
represents the electrical 
field stimulus and the 
lower trace shows the 
length of the tissue 
preparation. 
Fr.~o;tivc and Fr.passivc as 
indicated in the figure are 
approximate values of the 
fitted variables F r<:o;.activc 

and F rec.~vc 
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Data processillg. 

Data were processed using MA TLAB®. To the isometric force rise before 
shOliening, a monoexponential curve of the following fonn was fitted: 

F ~ F;" [ 1 - exp(-tlC;,,)] 

where: F ~ measured force 
t ~ time 
Fiso = maximum extrapolated isometric force 
Ciso = time constant 

Eq.l 

At all pre-set velocities the actual shortening velocity just before reaching 
the end-stop was calculated from the displacement transducer output. Pre­
shortening length was detennined from the displacement signal and normalized 
by dividing by the initial strip length. At each pre-shortening length the 
maximum extrapolated isometric force (F;;o, see Fig.!), before application of 
shortening was detennined and nonnalized by dividing by the F;;o value at the 
first contraction in the measurement protocol i.e. excluding the two test 
contractions. As a consequence of the different pre-shortening lengths necessary 
to allow a constant shortening duration oftwo seconds at different velocities, F;;o 
values were thus measured at a spectrum of different lengths. 

Equation 1 was also fitted to the isometric force recovery immediately 
following the linear shortening (90<t<97 s in Fig. 1). The resuIting parameters 
were called F,,,, the maximum extrapolated isometric force during recovery and 
C"" the time constant for isometric force development during recovelY. 

To derive a force velocity relation from the measured force signals, the 
following procedure was applied. The force measured when shortening during 
stimulation stopped at the end-stop (F",,,;,, , see Fig. 1) and the force after 
recovelY (Free ",;,-, , see Fig. 1) were corrected for changes in the passive force. 
This was done by subtracting the forces measured at the same instants during the 
passive sh0l1ening sequence (Fes.passhoc and Frec.passi\'e,see Fig. 1). The quotient of 
these conected force values was called the relative force f,e!' The relative force 
values were plotted as a function of the applied shortening velocity. Artefacts in 
the measured force signals leading to outlier values were re-analysed manually 
and conected if possible. 

For each of the 5 strips, 4 different sets (at different temperatures) with 
each 5 different force velocity data points were processed separately. In 21 
contractions the applied linear shortening was higher than the maximum 
shortening velocity of the strip, resulting in a relative force zero at the end stop. 
These contractions were excluded thus leaving 79 valid measurements out of 
100. 

To calculate the maximum shOliening velocity Vn~" the hyperbolic force-
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velocity relation of Hill (8) was rewritten (19) as follows: 

1;" ~ a/Fo * (v""" - v) I (v + alFo * v"",) Eq.2 

where f"l is not a force, as in the original Hill equation, but a dimensionless 
relative force, a/Fo is a measure for the concavity of the force-velocity curve, v is 
shortening velocity and v""" is the maximum shortening velocity at zero relative 
force. This equation was fitted with only one variable parameter (vma,) and a 
preset a/Fo value of 0.20 (17). 

Analysis of variance was applied to determine the significance of 
temperature as a source of variance of the measured parameters. Mean values of 
Fiso, Cjso and Cree were detennined for each set of 5 measurements at each 
temperature and were correlated with the corresponding v"", values for the same 
sets. 

Speatman's rank correlation coefficient was calculated between C;;o and 
C,,,, A Wilcoxon signed ranks test was used to determine the significance of the 
pairwise difference between Cjso and ere<:' 

Mean values of parameters, which were proven temperature dependent by 
analysis of variance were compared using a Mann-Whitney U test. This test was 
also used to determine the significances of the differences of parameter values 
measured in a previous study on pig detrusor (17) and cOlTesponding values 
measured in the human detrusor. 

Results 

Figure I shows an example of the signals measured in one measurement 
protocol. It can be seen that the maximum isometric force F;;o was reached 
before shortening was applied, and that shortening was linear as shown in the 
bottom trace. When the shortening stopped a minimum force level F" was 
reached, subsequently force rerose to a new maximum level Free-

Eight biopsies fi'om 8 different patients were obtained. Three ships from 3 
different human bladder biopsies showed contractions smaller than 100 fiN 
during the 2 test stimuli and were discarded. The mean F;,o value in the 5 
remaining strips at 37°C was 577 fiN. In view of the maximum strip diameter of 
150 flm, this value is comparable with at least a maximum active tension of3.3 
N/cm'. Overall, mean values ofvma, and the time constants C;,o and C", at 37°C 
(Table I) were in the same order of magnitude as the corresponding values for 
pig detrusor strips (17). Maximum shortening velocity v"'" seems smaller in 
human bladders (Table I), however this was not significant. The time constant of 
isometric force development C;,o was significantly larger (p<0.05) in the human 
bladders indicating a slower isometric force development. Force development at 
recovery after shortening seemed, although not significantly, faster in human 
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Table 1: Maximum shortening velocity Vma.u maximum extrapolated isometric force Fiso, the 
pre- Ciso and post- Cr<c shortening time constants of isometric force development. Mean ± 
standard error of the mean for human and pig bladder and the significances of differences bet­
ween the species. 

human bladder S.E. mean pig bladder S.B. mean sign. diff. 
human vs. pig 

Vm« (I/s)' 0.278 ±O.O35 0.334 ±O.O31 n.s. t 

Fl'o (~N) 577 ±55 693 ±lOS n.s.t 

C lw (s) 3.79 ±O.34 2.S7 ±O.12 <0.05 

Co< (s) 1.08 ±O.O63 1.23 ±O.O7 n.s.t 

*: Us = striplengths/s 
t: n.s. = not significant 

than in pig bladders despite the lower v"'" in human bladders. 
Table 2 shows the correlation coefficients of v"'" with Fi'o, Ci,o and C,,,. A 

significant cOlTe1ation could only be demonstrated for v"'" and C,,,. Figure 2 
clearly illustrates that v=, correlated more with C,,, than with Ciw 

Temperature was a significant source of variance for all four parameters 
Vrn« (p~O.OI), Fiw (p<O.OOI) Ci,o (p<O.OI) and C", (p<O.OOI). Figure 3 depicts 
the significant increase of v""' with increasing temperature. At 29°C (p<O.05), 
33°C (p<O.OI) and 37°C (p<O.OI), v=, was significantly increased compared to 
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Figure 2: Scatterplot of the pre-shortening time constant of isometric force development 
Ci;o and the post-shortening time constant of isometric force recovery Cree as a function of the 
maximum shortening velocity VIlU-'" 
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Table 2: Speannan's rank correlation coefficients for Fisc, 

Cise, Cr~ and VIIl1~' Two tailed significances of the 
correlations. 

sign. (2tailed) N 

0.286 n.s.! 20 

C;,o (s) -0.236 n.s.! 20 

-0.789 <0.001 20 

t: n.S. = not significant 

CHAPTER 9 

25°C. At decreasing 
temperature, a decrease of 
the standard error of the 
mean can be seen in Fig. 3. 

Maximum isometric 
force was also significantly 
reduced at lower 
temperatures, which is 
illustrated in Fig.4. At 
37°C, F;" was significantly 
increased comparei:! to 
25°C (p<O.OOI), 29°C 

(p<O.OOI) and 33°C (p<O.OOI).Behveen 25°C and 33°C, F;,o did not change 
significantly. 

The time constants of isometric force development before (C;,o) and after 
shortening (C,,,) differed significantly (p<O.OOI). Also, their response to 
decreased temperature seems different. Figure 5 shows a hyperbolic decrease in 
Ciso) while Cree in Figure 6 seems to decrease linearly with increasing 
temperature. C;,o was significantly increased at 25°C (p<O.OI) compared to 
37°C. The increase in C,,, was significant when temperature was decreased to 
33°C (p<0.05), 29°C (p<0.00I) and 25°C (p<O.OOI). 
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Figure 3: Mean ± standard error of the mean of the maximum sh0l1ening velocity Ym.H as a 
function of the temperature. 
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Figure 4: Mean ± standard error of the mean of the maximum isometric force Fiso as a func­
tion of the temperature. 
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Figure 5: Mean ± standard eITor of the mean of the pre-shortening time constant ofisome­
tric force development Ciso as a function of the temperature. 
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Discussion 

Functional studies of human detrusor smooth muscle are usually done on 
material collected during an open surgical procedure. In the present study a very 
small cold biopsy provided enough material to conduct a complete study in 
which several force-velocity relations at different temperatures could be 
measured in each preparation. Random cold cup biopsies are taken regularly in 
our departruent in patients with suspected transitional cell carcinoma of the 
bladder and are a constant source of normal smooth muscle tissue without 
additional risk to the patient. The present smooth muscle studies did not relate to 
the patients disease. 

Analogous to data published earlier for rat vascular smooth muscle (13) a 
decrease of the maximum shortening velocity Vou, of human detmsor smooth 
muscle with decreasing temperature (Fig. 3) was found. This indicates that 
cross-bridge cycling was reduced at lower temperatures, most likely due to a 
lower rate of de-phosphorylation leading to a slower cross bridge detachment. At 
lower temperature an inter-individual difference of , most likely, tissue 
metabolism was eliminated as evidenced by a reduced standard error of the 
mean. 

Maximum isometric force also showed a temperature dependence: A steep 
decrease occurred between 37°C and 33°C. This decrease was markedly 
different from the slight decrease in v""' and the changed rate of isometric force 
development C;w Probably a reduced number of contractile units took part in the 
contraction at temperatures below 37°C or less force was generated by the 
contractile units. The latter might be caused by a changed activity or orientation 
of smooth muscle specific light chain proteins (7), as a similar temperature 
dependence in this temperature range is not seen in striated muscle (14). 

The two time constants of isometric force development C;;o before and C," 
after shortening show a significant difference. 

In the literature, the rate of isometric force development of smooth muscle 
is frequently related to its maximum shortening velocity (vmaJ. In previous 
studies from our group in pig detrusor muscle, the time constant C;;o, which 
characterizes this rate, showed a dependence on the influx of extracellular 
calcium (16). The time constant was smaller when calcium was released from 
intracellular stores. It also depended on the inter-stimulus intelval and the 
contraction history (18). The present study shows that also in the human 
detrusor, C;;o is not significantly correlated with v"""' which indicates that it is 
determined by other factors. C," however was significantly correlated with You" 

indicating cross-bridge cycling to be an important factor that determines the time 
constant of isometric force recovery. Another factor which confirms this 
dependence is the linear change of both v""' (Fig.3) and C,,' (Fig.6) with 
decreasing temperature. C;;o has a significantly higher value than C,,' at all 
temperatures and is hyperbolically related to the temperature which again 
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Figure 6: Mean ± standard error of the mean of the post~shortening time constant ofisome­
tric force recovery CI~ as a function of the temperature. 

continns that cross-bridge cycling is not a rate limiting factor in the rate of force 
development before shortening. 

The parameter values detemlined in the human bladder in this study were 
compared to values detennined in the pig bladder in other studies (16, 17). The 
human bladder muscle however is slower than that of the pig. v""' seemed to be 
slower too i.e., 0.278 striplengths/s in human detrusor, which is markedly 
smaller than the estimated Vow< value of 0.38 striplengths/s in a previous study on 
guinea pigs by Groen et al. (5), and 0.334 striplengths/s in pig bladder (17). C;,o 
was higher in the human bladder but the evidence above indicates that 
mechanisms other than a slower vrna, have caused this effect. These mechanisms 
are a changed operation of calcium channels or intracellular calcium stores. 

It is concluded that maximum shortening velocity v rna, in the human 
bladder increases when temperature increases. As the rate of isometric 
contraction development is independent of Vow< and increases hyperbolically 
with decreasing temperature, another process, slower than cross-bridge cycling 
is proven to be rate limiting. Earlier, this process has been identified as influx of 
extracellular calcium ( 3, 6, 16). In contrast, the time constant of isometric force 
recovery directly after shortening is detennined by Vow< and shows a linear 
dependence on temperature. Mean time constant of isometric force development 
in the human detrusor, 3.79 s, is slower than that in pig bladder (2.87 s). Vow< did 
not show a significant species difference, i.e., 0.278 striplengths/s in human and 
0.334 striplengths/s in pig bladder. Additionally this study illustrates the power 
of functional smooth muscle studies in tissue derived from cold cup bladder 
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biopsies. A potential use of these studies to diagnose intrinsic bladder muscle 
disorders needs to be investigated in the near future. 
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Summarizing Discussion 

Smooth muscle of the urinary bladder is a specialized kind of tissue, that 
enables the complete evacuation of stored urine. The urine is continuously 
produced by the kidneys and stored in the bladder until evacuation at a voluntary 
moment takes place, which is called mictnrition. Several forms of defective 
regulation of this process are responsible for a broad area of urological patho­
logy. The keyword in this area of urological disease is "voluntary". Pathological 
processes usually result in either involuntary urine loss or involuntary urine 
retention. The smooth muscle of the urinary bladder is controlled by the central 
nervous system. Distnrbed nerve activity, either afferent or efferent, can result in 
pathological behaviour of the urinary bladder. However, unaffected nerve acti­
vity can also coexist with both categories of bladder disorders, involuntary urine 
loss or involuntary urine retention. In these cases, the disorders can subse­
quently be either due to an over- or under active bladder muscle, or dueto a too 
wide or an obstructed bladder outlet or a combination of these conditions. 
Clinical urodynamic studies are essential to distinguish between these patholo­
gical processes. 

Basic muscle research ill order to 1I1uierstalld micturition disorders 

Mictmition disorders due to either plimmy nervous system pathology or 
bladder outlet pathology, of which the cause cannot be eliminated, can be 
alleviated by modulation of the smooth muscle properties of the bladder. New 
approaches for modulation of smooth muscle or treatment of primary smooth 
muscle pathology require a better understanding of excitation-contraction cou­
pling, phmmaco-mechanical coupling and the contractile machinery of smooth 
muscle. 

Excitatioll-colltractioll couplillg alld CalciulII 

In the first part of this thesis, a model for excitation-contraction coupling of 
urinmy bladder smooth muscle is described. The modeled excitatory pathways 
were addressed using combinations of stimulatory agents and pathway blocking 
agents. In addition to the maximum isometric force, the time constant of 
isometric force development was used to differentiate the pathways. The time 
constant of isometric force development represents the time elapsed until 63 % 
of the force saturation level is reached and is determined using phase plot 
analysis. A phase plot is a plot of the first derivative c.q. rate of change of force 
as a function of the force. In such a plot a straight line represents a mono­
exponential force development and the negative reciprocal value of the slope of 
this line is the time constant. In combination with data from previous stndies, it 
was shown that the rate of isometric force development is not limited by 
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shortening of the series elasticity of the muscle, an inherently fast process. 
Ratherthe rate of change of force, represented by the time constant, was limited 
by a slower process. When a contraction was evoked in a calcium free solution 
or during blocking of calcium channels, a smaller time constant ,i.e., a faster 
force development was seen. Such a contraction, independent of extracellular 
calcium, was demonstrated to be most pronounced after stimulation of muscari­
nic receptors, for example by acetylcholine. It was found that influx of extracel­
lular calcium was under normal circumstances the rate limiting factor in isome­
tric force development. 

Caged Calcium 

The validity of this hypothesis was further explored by an attempt to bypass 
the rate limiting influx of extracellular calcium using intracellularly loaded 
"caged calcium".This had to be photolyzed cq. freed by a high intensity ultravio­
let light flash. As an alternative to the commonly used expensive ultraviolet 
laser, a photo-flash unit was modified to serve the purpose. The performance of 
this flash unit was tested by exposure of a 20!,1 solution containing caged 
calcium (Nitr 5) in a setup with a calcium selective electrode. It was found that 
the effect of photolysis on the free calcium concentration depended critically on 
the total calcium concentration. After loading the acetoxy-methyl ester of Nih'S 
(caged calcium) into intact cells by incubation, the total calcium concenh'ation is 
expected to be variable and the very strong calcium buffering capacity ofNitr5 
make high demands if not interfered with the calcium homeostasis mechanism of 
the cell. This means that using this technique in intact cells, theeffect of 
photolysis on the intracellular free calcium concentration is unpredictable. In a 
test solution, however, a physiological calcium jump from 10.7 to 1.1 * I 0-5 M 
could be evoked using the low cost ultraviolet photo flash unit. 

In a pilot study an attempt was made to load and photolyze "caged 
calcium" in the smooth muscle cells of a urinary bladder micro-strip. Marked 
force development resulted from ultraviolet light illumination, but this effect was 
also found in control preparations not loaded with caged calcium. The rate of 
force development upon ultraviolet light stimulation was faster than upon 
electrical field stimulation, indicating a different excitatory pathway. Therefore 
this new stimulation method was further investigated. 

Ultraviolet light alld illtracellular calciuJII stores 

In small strips of pig urinary bladder smooth muscle, contractions elicited 
by electrical field stimulation and an ultra-violet light flash (wave length: 
320-370 nm) were compared with spontaneous contractions in terms of maxi­
mum isometric force development and time constant. The flash induced contrac­
tion was not caused by an electrical or heat artefact as the response could be 
abolished by a filter that blocked light with wavelengths below 400 nm. The 
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amplitude of a contraction evoked by an ultraviolet flash was comparable to that 
during field stimulation. The time constant of isometric force development was 
smaller after ultraviolet stimulation than during field stimulation, but larger than 
that during a spontaneous contraction. The time constant after ultraviolet flash 
stimulation was similar to that of a contraction independent of extracellular 
calcium, which was measured previously. It was therefore concluded that 
ultra-violet light evoked release of calcium from intracellular stores rather than 
influxfrom extracellular space, which earlier had been shown to be a slower 
process. 

It was shown that ultraviolet light induced contractions were inhibited by 
ryanodine, an agent which inhibits (calcium induced) calcium release from 
intracellular stores. Electrical field stimulated contractions were not significantly 
inhibited by ryanodine. The involvement of calcium induced calcium release 
indicates that some calcium influx will probably take place during flash stimula­
tion. A long lag time between the flash and the resulting force increase was 
found, which could be explained by slow influx of calcium to a threshold level. 
An alternative explanation of the lag time is that another intracellular messenger 
is fornled by ultra-violet light. A possible candidate for such a messenger is 
cyclic-ADP-ribose which could be formed by disintegration of NAD+. Disinte­
gration of [NAD+j by ultraviolet light was shown in a small pilot study. The 
ultraviolet flash induced contractions were partly inhibited by tetrodotoxin 
(eradicating all nerve activity) and atropine (blocking muscarinic receptors). Part 
of the ultraviolet light effect is therefore probably mediated by cholinergic nerve 
stimulation. Possibly, the ryanodine inhibitable stimulation of intracellular 
calcium stores occurs at least partly in the nerve cells rather than in the muscle 
cells. The ultra-violet light stimulation provided a new way to study smooth 
muscle mechanics and the function of intracellular calcium stores. The latter 
probably playa role in the syndrome of the unstable bladder as spontaneous 
contractions have relatively small time constants. Influx of extracellular calcium 
is probably less important than release of calcium from intracellular stores in the 
genesis of these spontaneous contractions. This indicates that research for new 
treatment modalities for the unstable bladder should concentrate more on dve­
lopment of less toxic, bladder specific, ryanodine like agents and less on calcium 
entry blockers. 

Fllllctiollal bladder mllscle disorders callsed by IIrethral obstructioll 

Maximum isometric force and the time constant of isometric force develop­
ment in the pathological bladder secondary to obstruction was studied in a 
guinea pig model. In this model jeweler's jump rings were placed around the 
urethra of young animals. With growth a gradual urethral obstruction developed 
that mimicked the gradual urethral obstruction due to prostatic hypertrophy in 
men. Like in humans, in the guinea pig different post-obstructive urodynamic 
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patterns of bladder dysfunction could be identified. Bladders characterized by 
high voiding pressures, by instable contractions, by low compliance during 
filling and by decompensation were discriminated. The maximum isometric 
force and the time constant values were compared between animals with a 
different duration of the obstruction and those showing the different urodynamic 
patterns. The animals were sacrificed after 4 or 8 weeks of obstruction and in 
vitro bladder contractility was assessed. No difference in bladder weight or force 
development parameters culd be shown between animals that were obstnlCted 
for 4 or 8 weeks. There was no change in the rate of isometric force develop­
ment, cq. time constant. The maximum isometric force, normalized by muscle 
strip weight, was impaired in obstructed guinea pigs with unstable and decom­
pensated bladders but not those with high voiding pressures. On the basis of 
increased bladder weight, bladder instability and decompensation were intelpre­
ted as more advanced stages of bladder dysfunction as opposed to high pressure 
voiding. Generally, bladder dysfunction and impaired in vitro force development 
were associated, and appeared to be more pronounced as bladder weight in­
creased. 

Lellgltl depelldellce of lite cross-bridge cyclillg rale ill sllloollt lIIuscle 

The upper limit to the rate of force development in any smooth muscle type 
is the cross-bridge cycling rate. The maximum shortening velocity ofthe muscle 
is directly associated with this cross-bridge cycling rate and is by definition 
measured at zero force. The cross-bridge cycling rate has been shown to be 
independent of the stretched length of the muscle in striated muscle. In smooth 
muscle the length dependency of maximum shortening velocity has hardly been 
studied. In many previous studies the quick release technique was used to 
measure maximum shortening velocity. In this technique, the load on the 
maximally stimulated muscle is several times quickly reduced to different after 
loads. In order to compose one force-velocity relation, for detelmination of one 
maximum sholiening velocity value, the length of the muscle has to be reduced 
to different values to apply different corresponding after loads. This implies that 
the maximum shortening velocity measured with the quick release technique 
cannot be assciated with a certain stretched muscle length. Another disadvantage 
of the quick release teclmique is that the high passive forces at longer stretched 
muscle lengths interfere with the measurements. 

An alternative technique was used in order to overcome these disadvanta­
ges: the "stop test" technique. In this teclmique the tissue is linearly shortened at 
different rates until a preset muscle length is reached. By comparing responses 
with and without stimulation passive force can' easily be subtracted from the 
active data; A hyperbolic force velocity relation (Hill curve) was fitted to the 
resulting force responses so that the maximum shortening velocity at different 
muscle lengths could be estimated. It increased from 0.23 to 0.40 strip. lengths 
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per second at increasing muscle lengths from 1.3 to 2.2 times the initial length. 
This increase can be explained by an up-regulation of cross-bridge cycling 
causcd by either increased calcium release from increasingly stretched intracel­
lulur calcium stores or by increaed calcium influx from the extracellular space. 
Stretch induced changes of the regulatory light chain proteins have also been 
described to cause this effect in smooth muscle. Alternatively a changed geome­
tric orientation or contents of intracellular contractile proteins could explain the 
increase in maximum shortening velocity with increasing stretched muscle 
length. 

Cross-bridge cyclillg rate alldthe rate ojisometricjorce developmellt 

The thus measured maximum shortening velocity of the smooth muscle 
preparations was compared to the time constants of isometric force development 
before and after the applied linear shortening. The time constant of force 
recovery after shortening was faster than the time constant of pre-sh0!1ening 
isometric force development. The pre-sh0l1ening time constant was independent 
of maximum shortening velocity and of muscle length, indicating that other 
effects than cross-bridge cycling, as for example influx of extracellular calcium 
are rate limiting in force development of this type of smooth muscle. The force 
recovClY after sh0!1ening was divided in a fast and a slow component. Time 
constants of force recovelY after shortening showed a significant correlation with 
the maximum sh0!1ening velocity. The fast component is most likely detelmined 
by cross-bridge cycling. The slow component of force recovery increased with 
muscle length and decreased with higher linear shortening velocity. This compo­
nent could be determined either by influx of extracellular calcium analogous to 
the pre-shortening time constant or altematively by rate limiting reattacllllent of 
slowly cycling so called "latch" cross-bridges. 

Cross-bridge cyclillg rate determilled ill IlIImall bladder biopsies 

In order to create the possibility to determine cross-bridge cycling rate cq. 
maximum shortening velocity in human bladder tissue in various stages of 
bladder pathology, a study was performed on human detrusor biopsies. It was 
found that a very small cold cup biopsy provided enough material to conduct a 
complete study in which several force velocity relations could be measured. The 
human bladder was shown to be slower than the pig bladder, as witnessed by the 
smaller maximum sh0!1ening velocity values. A temperature reduction below 
37°e reduced the maximum shortening velocity and increased the time constants 
of isometric force development both before and after shol1ening. In addition, it 
was shown that maximum shortening velocity correlated significantly with the 
time constant after but not with the time constant before shortening. Also in 
human tissue at all temperatures the time constant after shortening was smaller 
than before shortening. This again indicates that after shortening cross-blidge 
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cycling is ate limiting in the force recovery, but that before shOliening another 
process as for example influx of extracellular calcium is rate limiting. From the 
above findings it follows that the time constant of isometric force development 
during a clinically perfonned procedure, in which urine flow is deliberately 
intem'pted during micturition, is related to the maximum shortening velocity. It 
represents another process than the time constant of isometric force measured 
without preceding shortening. The latter time constant of isometric force deve­
lopment can be measured during a voluntary contraction before urine loss occurs 
and its rate is limited by the influx of extracellular calcium. 
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Conclusions 
In the development of new approaches to the modulation of urinary bladder 
smooth muscle, a good understanding of excitation-contraction coupling, 
phalmaco-mechanical coupling and fundamental muscle mechanics is essential. 
The time constant is a useful tool to quantity the time course of isometric force 
development. In the present study this tool was used to identity rate limiting pa­
thways in the excitation-contraction coupling. The rate of isometric force deve­
lopment in the urinaty bladder is limited by the influx of extracellular calcium. 
A contraction in calcium fi'ee medium shows a faster rate of force development. 
Isometric force recovery after shortening of the muscle shows a similarly fast 
rate offorce development which is significantly correlated to the cross-bridge 
cycling rate. The cross-bridge cycling rate in urinary bladder smooth muscle 
was shown to be affected by stretched length and temperature. The length de­
pendence could be due to a changed content or orientation of the intracellular 
contracile proteins or to an up-regulation of cross-bridge cycling. In the course 
of this study, a new stimulation method for smooth muscle was discovered with 
a fast pathway to the contractile units. A new ultraviolet flash device was deve­
loped on the basis of a photo flash unit which produced a sufficiently intense ul­
traviolet light flash to perform photolysis of caged calcium. Surprisingly, 
smooth muscle preparations not loaded with caged calcium also contracted in 
response to ultraviolet light illumination. The inhibition of the ultraviolet light 
stimulation by ryanodine and the fast rate of force development similar to that 
in spontaneous contractions suggests a stimulation of the intracellular calcium 
stores. Nerve stimulation might serve as an intermediate in view of the pat1ial 
inhibition of the effect by tetrodotoxine and atropine. The ultraviolet light flash 
can serve as a new tool for the investigation of intracellular calcium stores or 
fillldamental smooth muscle mechanics. As major bladder pathology can deve­
lop secondary to bladder outlet obstruction, the effect of this condition on iso­
metric force and the time course in force development was investigated in a gui­
nea pig model. In vitro isometric force amplitude was reduced but the rate of 
force development was unaffected by obstruction mainly in animals showing in 
vivo unstable or decompensated bladders. In an attempt to measure fimdamental 
smooth muscle contractility parameters of the human bladder, maximum shor­
tening velocity, isometric force and the time constant of isometric force deve­
lopment have successfully been detemlined in very small cold biopsies. In the 
human bladder these parameters were in the same order of magnitude as in the 
pig bladder confirming that the pig is a good animal model for detntsor muscle 
studies. The presented measurements on human bladder biopsies provide a new 
tool for the investigation of muscular substrates of urological disorders and for 
the development of specific treatment modalities for these disorders. 
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Samenvatting en bespiegeling 

Urine wordt voortdurend door de nieren geproduceerd, vervolgens 
opgeslagen in de urineblaas totdat nOlmaal gesproken op een bewust gekozen 
moment wordt overgegaan tot een complete ontlediging, het urineren. Riertoe 
bevat de urineblaas een speciaal soort spierweefsel, het gladde spierweefse!. Ret 
gladde spienveefsel wordt aangezet tot samentrekken via een uitgebreid 
regulatie mechanisme. Een slecht functioneren van dit regula tie mechanisme 
kan verantwoordelijk zijn voor een groot aantal urologische ziekten. De bewuste 
keuze van het moment van urineren speelt een sleutelrol in deze ziekten. Over 
het algemeen kunnen de ziekten worden onderverdeeld in processen die 
resulteren in ongewild urineverlies, de incontinentie, ofhet niet kunnen plassen, 
de urine-retentie. 

Ret gladde spienveefsel van de urineblaas wordt bestuurd door het centrale 
zenuwstelsel. Verstoorde zenuwactiviteit kan leiden tot afwijkend gedrag van de 
blaasspier. Een normale zenuwactiviteit kan echter ook gepaard gaan met zowel 
ongewild urineverlies als retentie. In deze gevalIen kan de oorzaak van de 
afwijking enerzijds liggen in een te sterke of een te geringe activiteit van het 
blaasspierweefsel zelf of anderzijds in een uitstroombelemmering of een 
combinatie van deze situaties. Klinische urodynamische metingen, waarbij met 
een catheter de druk in de blaas tijdens vulling en ontlediging en de 
uitstroomsnelheid (flow) bij ontlediging wordt gemeten, zijn essentieel om de 
verschillende bovengenoemde afwijkingen te kunnen onderscheiden. 

Hel be/a/lg vall [tllldamelllee/ spier o/lderzoek 

Blaasontledigingsstoornissen, bijvoorbeeld die het gevolg zijn van een 
uitstroombelemmering (bijvoorbeeld ten gevolge van een prostaatvergroting), 
worden in eerste instantie behandeld door het wegnemen van de onderliggende 
oorzaak (bijvoorbeeld een deel van de prostaat). Als dit om een of andere reden 
niet mogelijk is kunnen de symptomen worden verlicht door directe 
belnvloeding van de eigenschappen van de blaasspier. Voor de ontwikkeling 
van nieuwe methoden ter be'invloeding van gezond glad spierweefsel of 
behandeling van ziek glad spienveefsel is een beter begrip no dig van de 
fundamentele werking van dit weefse!' BlaasspiercelIen worden in het menselijk 
lichaam tot samentrekken aangezet door zenuwen. De electrische pulsen in 
zenuwen veroorzaken vlak bij de spiercelIen een afscheiding van een chemische 
stof die op zijn beurt weer zorgt voor een electrische en/of chemische prikkeling 
(excitatie) van de structuren in de eel die voor samentrekking (contractie) 
zorgen. Dit laatste mechanisme wordt excitatie-contractie koppeling genoemd, 
en het is belangrijk dit mechanisme te onderzoeken omdat kennis hiervan het 
mogelijk maak! nieuwe medicijnen te on!wikkelen. 
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Excitafie-colltractie koppelillg 

In hoofdstuk 2 van dit proefschrift wordt een model besproken dat 
verschillende excitatie-contractie koppeling mechanismen in glad spielweefsel 
van de blaas beschrijft. De diverse excitatie mogelijkheden werden uitgetest door 
combinaties van verschillende electrische en chemische prikkels te combineren 
met stoffen die bepaalde mechanismen blokkeren. De maximale isolllefrische 
krachtsontwikkeling in varkensblaas spierweefsel en de tijdcollsfallte van de 
krachtsontwikkeling werd gemeten bij excitatie via verschillende paden. 
Isometrische kracht is de kracht die door de spier wordt ontwikkeld zonder dat er 
samentrekking van de spier optreedt. De fijdcollstallfe, een maat voor het tempo 
van krachtsopbouw is de tijd die nodig is om tot 63 % van de maximale kracht te 
komen. Deze werd bepaald door fase-plot analyse. Een fase-plot is een grafiek 
waarin de verandering van de kracht, wordt uitgezet tegen de kracht zelf. In zo'n 
grafiek van de krachtsopbouw van glad spierweefsel van de urineblaas is een 
rechte lijn te zien, de hellingshoek van deze lijn is een maat voor de 
tijdconstante. 

Calcil/III 

Het caleium gehaIte in een spiercel is een belangrijke factor in het excitatie­
contractie mechanisme. Als een eel eemuaal is geprikkeld door bijvoorbeeld een 
zenuw begint het excitatie proces binnen in de spiercel met een verhoging van 
het calcium gehalte, dit kan plaatsvinden door het openen van caleiumkanalen in 
de celwand of door een afgifte van calcium uit voorraden binnen de eel. Deze 
verhoging van de calcium concentratie in de eel zorgt voor het stimuleren van de 
samentrekkingseiwitten in de spier. Deze eiwitten maken kruisverbindingen met 
elkaar, de kruisbruggen. Doordat deze kruisbruggen bij stimulatie continu 
gemaakt, verkort, en verbroken worden treed! een verkorting van de spier op en 
wordt een kracht ontwikkeld. In een normale situatie is de calcium concentratie 
buiten de eel vele malen groter dan binnen de eel. Wanneer een contractie werd 
opgewekt in een omgeving met een lage calcium concentratie of gedurende 
blokkade van de calciumkanalen werd een snell ere krachtsontwikkeling gezien 
dan in de normale situatie. Dit fenomeen was het meest uitgesproken bij excitatie 
met de chemische stof acetylcholine, een stof die van nature door zenuwen bij 
blaasspierweefse! wordt afgescheiden en die haar werking uitoefent via stimuatie 
van bepaalde gevoelige plaatsen (receptoren) op de eel. De belangrijkste 
conclusie uit dit deelonderzoek was dat het tempo van krachtsontwikkeling 
wordt beperkt wanneer deze receptoren een instroom van calcium van buiten de 
eel veroorzaken. Als het calcium nodig VOOl' excitatie van de samentrekkings 
eiwitten uit voorraden binen de eel kwam werd een vee! hoger tempo van de 
krachtsopbouw gezien. 



SAMENVATTING EN BESPillGELING; CONCLUSIES 167 

"Caged calcillm" ell IIltraviolet licltt 

In een vervolg onderzoek werd een poging gedaan de snelheidsbeperkende 
instroom van calcium van buiten de eel te omzeilen om te bewijzen dat de 
voorafgaande bewering waar is. Met dit doer werd calcium in de eel ingebracht 
terwijl het niet-actiefwas door een binding aan een groter molecuul een "cage" 
of kooi; dit complex van calcium en dat grote molekuul heet "caged calcium". 
Het calcium kan worden vrijgemaakt van het grotere molecuul (uit de kooi) door 
een sterke ultraviolette lichtflits, kortweg wordt dit fotolyse genoemd. In het 
algemeen wordt hiervoor een zeer dure ultraviolet laser gebruikt, maar voor dit 
proefschrift werd een goedkoop foto-flits-apparaat aangepast. In hoofdstuk 5 
werd aangetoond dat het aangepaste foto-flits-apparaat in staat was calcium vrij 
te maken uit dit "caged calcium". Er werd aangetoond dat voldoende calcium 
vrij gemaakt kan worden om in de eel de samentrekkingseiwitten te stimuleren. 
Wel werd berekend dat de concentratie caged calcium in de eel erg laitisch is 
voor het succes. 

In een voorstudie werd caged calcium ingebracht in gladde spiercellen van 
de varkensblaas. Belichting met een ultraviolette lichtflits veroorzaakte een 
sterke contractie. Echter, spierweefsel waarbij v66r de flits geen caged calcium 
was ingebracht liet een contractie van dezelfde orde-grootte zien. De snelheid 
van krachtsontwikkeling van deze contractie, zoals die werd bepaald door de 
tijdconstante, was groter dan wanneer een contractie werd opgewekt door 
stimulatie met een electrisch veld. 

Ultraviolet licltt ell illtracelllllaire calcillm voormdell 

VerdeI' werd onderzocht hoe het komt dat ultraviolet licht het gladde 
spierweefsel van de urineblaas stimuleert. Dit werd gedaan met behulp van 
kleine strips van de varkens urineblaas met een diameter van 0,2 millimeter en is 
beschreven in hoofdstuk 6. Contracties opgewekt met een electrisch veld en met 
een ultraviolette licht flits (golflengte 320-370 nm) werden vergeleken met soms 
onwillekeurig optredende (spontane) contracties. De flits contractie werd niet 
veroorzaakt door warmte of een electrische storing uit de flitser omdat het gehele 
effect verdwenen was na het plaatsen van een filter, dat niet de ultraviolette 
straling maar weI zichtbaar licht, warmte straling en electrische storing doorlaat. 
Zowel electrische stimulatie als flits-stimulatie veroorzaakten een vergelijkbare 
kracht. Er werd een kleinere tijdconstante gevonden bij een krachtsopbouw 
veroorzaakt door een ultra violette lichtflits dan door electrische stimulatie, wat 
betekent dat de krachtsontwikkeling door een flits-stimulatie sneller plaatsvond. 

Een spontane contractie veroorzaakte een nog iets snell ere 
krachtsontwikkeling. De krachtsopbouw door flits-stimulatie had een tempo 
vergelijkbaar met dat van een contractie in een vloeistof met eell laag calcium 
gehalte zoals die werd gebruikt in hoofdstuk 2. Er werd dus geconcludeerd dat 
bij een flits-stimulatie het calcium eerder van intracellulaire voorraden afkomstig 
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moest zijn dan van buiten de cel. Oak werd aangetoond dat de door een flits 
opgewekte contracties konden worden voorkomen door het toedienen van de stof 
ryanodine, die de afgifte van calcium uit intracellulaire voolTaden blokkeert. De 
contracties veroorzaakt door electrische stimulatie werden niet voorkomen door 
ryanodine. Het exacte mechanisme waardoor ultraviolet Iicht tot een contractie 
leidt is nag niet geheel duidelijk. Een mogelijkheid is dat er in de cel een 
stimulerende stof wordt gevol1ud door het ultraviolette licht, bijvoorbeeld een 
pas ontdekte stof in de excitatie-contractie koppeling, het cyclisch-ADP-ribose. 
Deze stimulerende stof zou dan de calcium voolTaden in de cel weer stimuleren. 
Verder werd echter gevonden dat de door een flits opgewekte contracties oak 
gedeeltelijk door tetrodotoxine (dat aile zenuw activiteit wegneemt) en atropine 
(dat selectief de acetylcholine gevoelige receptoren blokkeert) werden geremd. 
Dit betekent dat een deel van het flits-effect aileen kan plaatsvinden in 
aanwezigheid van cholinerge zenuwen (dit zijn zenuwen die acetylcholine 
afscheiden). Mogelijk vindt de intracellulaire calcium afscheiding eerder in 
zenuwcellen plaats dan in spiercellen. 

De nieuwe ultraviolet-licht stimulatiemethode veroorzaakt een snelle 
krachtsontwikkeling en kan daarom in de toekomst goed gebruikt worden in 
spier experimenten of om de intracellulaire calcium voolTaden te bestuderen. 
Deze voonaden spelen mogelijk een rol bij onwillekeurige (spontane) 
contracties van de blaas, die bij de mens vaak een oorzaak zijn van ongewenst 
urineverlies. Nieuwe behandelwijzen voor deze onwillekeurige contracties of 
kortweg blaas instabiliteit zouden dan meer gericht moeten worden op het 
voork6men van calcium afscheiding uit intracellulaire voonaden dan op het 
voork6men van instroom van calcium van buiten de cel. Er zou bijvoorbeeld een 
minder toxische stof kunnen worden ontwikkeld die op ryanodine Iijkt. 

F'lllctiollele blaasspier verallderillgell tell gevolge vall obstmctie 

In hoofdstuk 4 wordt beschreven hoe de maximale isometrische kracht en 
het tempo van krachtsontwikkeling werden bestudeerd in blazen die door een 
uitstroombelemmering (obstructie) afwijkend gedrag waren gaan vertonen. Dit 
onderzoek werd gedaan aan cavia's op de urologie afdeling van Johns Hopkins 
University in Baltimore, U.S.A. In deze dieren, zoals beschreven in hoofdstuk 3 
, werden op jonge leeftijd operatiefkleine zilverenjuweliersringeljes rondom de 
plasbuis (urethra) geplaatst. Doordat de cavia's vervolgens groeiden 
ontwikkelde zich geleidelijk een relatieve plasbuis vemauwing (obstructie), 
zoals dat oak gebeurd bij mannen met obstructie door prostaatvergroting. In de 
cavia werden bij urodynamisch onderzoek blaasafwijkingen gezien die oak bij 
de mens na obstructie worden aangetroffen: hoge blaasdrukken bij de mictie (het 
plassen), instabiliteit (onwillekeurige contracties), velminderde e1asticiteit (Iage 
compliantie) en een overloop blaas (decompensatie). Bij decompensatie wordt 
de blaas erg vol, kan deze zelf geen druk meer ontwikkelen en staat op een 
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gegeven moment zo strak gespannen dat lekkage (incontinentie) optreedt. De 
blaas werd onderzocht 4 en 8 weken nadat de obstructie (de ring) was 
aangebracht bij de dieren. De maximale isometrische kracht en de tijdconstante 
van de krachtsontwikkeling werden gerelateerd aan de duur van de obshuctie en 
de urodynamische blaasafwijkingen, zoals boven beschreven. De duur van de 
obstructie was niet van invloed op het blaasgewicht, de urodynamische 
blaasafwijkingen, de isometrische kracht of de tijdconstante. De maximalc 
isometrische kracht, per milligram spierweefsel, was verminderd in de blazen die 
bij urodynamisch onderzoek instabiliteit of decompensatie vertoonden en 
onveranderd in de blazen die hoge mictie-drukken lieten zien. De tijdconstante 
veranderde niet door obstructie. Rierdoor kon worden geconcludeerd dat 
instabiliteit en decompensatie, veroorzaakt door obstructie, verder gevorderde 
afwijkingen waren dan hoge druk bij de mictie. Algemeen kan gesteld worden 
dat blaasafWijkingen door obstructie het best gekarakteriseerd worden door 
verminderde krachtsontwikkeling en een hoger blaasgewicht. 

Heljillldamellleie cOlllractie mechallisme 

Van aile besproken excitatie processen die voorafgaan aan 
krachtsontwikkeling bepaalt de langzaamste het tempo van krachtsopbouw. Zo 
was in hoofshlk 2 de langzaamste factor bijvoorbeeld de instroom van calcium 
van buiten de eel. Als aile excitatie processen snel verlopen dan zal uiteindelijk 
het samentrekkingsmechanisme van de spiercel het tempo van de 
krachtsontwikkeling beperken. Dit tempo is afhankelijk van de cyclusduur 
waarin de knlisverbindingen tussen langs elkaar schuivende spiereiwitten 
gemaakt en verbroken worden, en wordt aangeduid als de cyclusduur van de 
kruisbruggen (cross-bridge cycling rate). Krachtsontwikkeling en 
samentrekkings-, oftewel verko11ingssnelheid zijn van elkaar afhankelijk. Dcze 
afhankelijkheid kan zichtbaar worden gemaakt in een kracht-snelheidsrelatie 
grafiek. In deze grafiek (zie hoofdstuk 7, figuur 4) is te zien dat bij een lage 
verkortingssnelheid veel kracht en bij een hoge verkortingssnelheid weinig 
kracht wordt ontwikkeld. De grootst mogelijke verkortingssnelheid wordt 
bereikt op het punt waar geen kracht meer wordt ontwikkeld. Dit punt in de 
grafiek wordt de maximale verkortingssnelheid genoemd. Deze maxima Ie 
verkortingssnelheid is een maat voor de cyclusduur van de kruisbl1lggen. 

De iellgle a!1Iallkeiijkheid vall de cye/I/sdllllr VUl' de kmisbmggel' 

In skeletspierweefsel is aangetoond dat de cyclusduur van de kruisbruggen 
onafhankelijk is van de lengte waarover de spier wordt uitgerekt (reklengte). In 
glad spierweefsel is deze lengte-afhankelijkheid nauwelijks bestlldcerd. Om deze 
lengte-afhankelijkheid van de cyclusduur van de kruisbruggen te bepalen werd 
in hoofdstuk 7 de stop-test gebl1likt. Bij deze techniek laat men een stripje 
varkensblaas spierweefsel na voor-rekken steeds met een andere snelheid 
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verkorten tot een zelfde lengte. Op deze lengte wordt de kracht tijdens verkorten 
gemeten, die dan samen met de verkortings snelheid een punt van de kracht­
snelheids relatie grafiek representeert. Nadat bij een aantal snelheden de kracht 
is gemeten kan de kracht-snelheids relatie grafiek en daarmee de maximale 
verkortingssnelheid, behorend bij de lengte waartoe de spierstrip werd verkort 
worden vastgesteld. Bij reklengtes van de spier tussen 1,3 en 2,2 keer de 
oorsprongkelijke lengte werd een oplopende maximale verkortingssnelheid van 
0.23 tot 0.40 spierlengten per seconde gevonden; de maximale 
verkortingssnelheid steeg dus met oplopende lengte. Dit zou het gevolg kunnen 
zijn van een versnelde cyclusduur van de kruisbruggen door enerzijds meer 
calcium uitstroom uit gerekte intracellulaire opslag structuren of anderzijds meer 
instroom uit de extracellulaire ruimte door rek van de in de celmembraan 
aanwezige porien en kanalen. Een andere mogelijke verklaring is dat de vorm of 
structuur van de samentrekkings eiwitten door rek zo verandert dat er een 
snellere verschuiving ten opzichte van elkaar kan plaatsvinden. De rek oflengte 
afhankelijkheid van de cyclusduur van de kruisbruggen betekent voor de blaas 
dat bij meer vulling dus bij een meer uitgerekte blaasspier de maximale 
verkortingssnelheid groter is en dus de cyclusduur van de kruisbruggen korter is. 

De eyclllsd/l11/" vall de kmisbruggell ell /tet tempo vall isometrise/te 
krac//tsopbolllv 

In hoofdstuk 8 werd de relatie onderzocht tussen de maximale 
verkortingssnelheid, gemeten met de bovenbeschreven "stop-test" methode, en 
het tempo van een isometrische krachtsopbouw voor en na een verkorting. Het 
tempo van krachtsherstel na een verkorting was sneller dan dat ervoor. De 
tijdconstante die het tempo van krachtsopbouw voor een verkorting representeert 
was onafhankelijk van de maximale verkortingssnelheid of van de rek (Iengte) 
van de spier. Dit bevestigt dat andere processen dan het tempo van kruisbruggen 
beweging, zoals bijvoorbeeld de instroom van calcium van buiten de eel het 
tempo van deze krachtontwikkeling beperken. Het snellere krachtherstel na 
verkorting bleek wei te worden bepaald door de cyclusduur van de kruisbruggen. 
De tijdconstante v~~r dit krachtherstel zou dus ook als maat voor de cyclusduur 
van de kmisbruggen kunnen worden gebruikt 

Het bepale// vall maximale verkortillgssllelfteid ill spieYlveeftelllit mellselijke 
blaas blopsieell. 

Om in de toekomst ziekten en af\vijkingen van de menselijke blaasspier in 
verband te kunnen brengen met mogelijke af\vijkingen in het 
samentrekkingsmechanisme van de spier en de cyclusduur van de kruisbruggen 
werd in hoofdstuk 9 onderzocht of het mogelijk is de maximale 
verkortingssnelheid in menselijk weefsel te meten. Een biopsie is een klein 
stukje blaasweefsel van 2 mm in diameter, dat via een kijk operatie binnen uit de 
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blaas wordt weggenomen. Er werd aangetoond dat aan een stukje 
blaasspierweefsel uit een dergelijke kleine biopsie een volledige studie kon 
worden gedaan waarin verschillende kracht-snelheidsrelatie grafieken konden 
worden bepaald. De menselijke blaas had een iets tragere maxima Ie 
verkortingssnelheid dan de varkensblaas. Als de temperatuur van het preparaat 
werd verlaagd, verminderde ook de maximale verkortingssnelheid en werd het 
tempo van krachtontwikkeling voor en na een verkorting lager. Ook in deze 
studie werd aangetoond dat de tijdconstante na een verkorting van de spier werd 
bepaald door de cyclusduur van de kmisbmggen. Dit betekent dat een herstel 
van de blaasdmk bij het onderbreken van de straal tijdens het plassen een maat is 
voor de cyclusduur van de kmisbmggen. De tijdsconstante van dmkopbouw 
v66r de mictie wordt bepaald door de instroom van extracellulair calcium in de 
spierce!. 

Conclusies 

Een goed begrip van excitatie-contractie koppeling en fundamentele spier 
mechanica is onontbeerlijk voor het ontwikkelen van specifieke nieuwe 
methoden voor het belnvloeden van de werking van het gladde spierweefsel in 
de urineblaas. De tijdconstante van de krachtsontwikkeling kan worden gebuikt 
om het tempo van krachtsontwikkeling te meten en daarmee 
snelheidsbeperkende processen in de excitatie-contractie koppeling te 
identificeren. Als de spier niet eerst verkort, wordt het tempo van isometrische 
krachtsontwikkeling bepaald door de instroom van extracellulair calcium. 
Wanneer er aileen calcium uit intracellulaire vool1'aden komt, bij een contractie 
in een calciumvrije vloeistof, ontwikkelt de kracht zich sneller, wat zichtbaar 
wordt door een kleinere tijdconstante. Isometrisch krachtsherstel na verkorting 
resulteert in een tijdconstante in een ongeveer even grote tijdconstante en deze 
vertoont een direkte samenhang met de fundamentele samenh'ekkingssnelheid 
van de contractiele spier eiwitten, bepaald door de cyclusduUl' van de 
kmisbrnggen. Deze cyclusduur is in glad spierweefsel van de urineblaas 
afhankelijk van de voorrek-lengte en van de temperatuur. De rek-lengtc 
afhankelijkheid zou veroorzaakt kunnen worden door een veranderde 
hoeveelheid of een veranderde geometrische orientatie van de contractiele 
spiereiwitten. 

Tijdens deze studie werd een nieuwe stimulatiemethode ontdekt voor het 
gladde spierweefsel van de urineblaas. Op basis van een foto-flitser werd een 
ultraviolet lichtflits apparaat ontwikkeld dat genoeg lichtintensiteit kon 
produceren om calcium vrij te maken uit "caged calcium". Verrassendenvijs 
contraheerden ook spierstrips die niet waren gel aden met "caged calcium" op de 
ultraviolette lichtflits. Het feit dat deze ultraviolet licht stimulatie geblokkeerd 
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kon worden door ryanodine, een remmer van de intracellulaire calcium 
afscheiding, en dat de krachtsontwikkeling snel verliep, betekent dat afscheiding 
van calcium uit intracellulaire voorraden werd veroorzaakt. Doordat 
tetrodotoxine en atropine ook remmend werkten op de ultraviolet licht 
stimulatie, is het waarschijnlijk dat deze stimulatie plaatsvindt door zenuwen. De 
ultra violette lichtflits kan goed worden toegepast voor onderzoek van 
intracellulaire calcium voorraden en fundamenteel glad spierweefsel mechanic a 
onderzoek. 

Door obstlUctie van de blaasuitgang kunnen diverse blaasafwijkingen 
ontstaan. Het effect van deze obstrnctie werd bestudeerd aan cavia's. De 
capaciteit van de blaas om isometrische kracht te ontwikkelen was na obstlUctie 
verminderd en het tempo van krachtsopbouw was gelijk gebleven. Dit effect 
werd vooral gezien samen met verdeI' gevorderde urodynamische afwijkingen 
ten gevolge van de obstrnctie zoals instabiliteit of decompensatie. Er werd 
aangetoond dat zowel de maximale verkortingssnelheid, een indicator voor de 
cyclusduur van de klUisblUggen, als de maximale isometrische kracht en de 
tijdconstante van krachtsontwikkeling gemeten konden worden in kleine stukjes 
biopsie materiaal uit de menselijke blaas. Deze parameters waren in de 
menselijke blaas van een zelfde grootte-orde als in de varkensblaas, wat de 
goede bntikbaarheid van varkensblazen voor dit soort onderzoek bevestigt. De 
mogelijkheid om op deze manier metingen te doen aan menselijk weefsel opent 
perspectieven voor verdeI' onderzoek naar fundamentele spienveefsel­
af\vijkingen bij urologische ziekten, en voor de ontwikkeling van nieuwe 
behandelingsmethoden voor deze ziekten. 
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