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Abstract Like in the human detrusor, the pig urinary
detrusor muscle consists of two layers: compactly ar-
ranged smooth muscle bundles on the mucosal side
(inner layer) and loosely arranged smooth muscle bun-
dles on the serosal side (outer layer). The contractile
properties of muscle bundles of both layers were mea-
sured using the stop test followed by an isometric con-
traction. Total and passive forces were measured in ten
muscle bundles from the inner and outer muscle layers.
Active force was defined as the difference between total
and passive force. The curvature and the unloaded
shortening velocity of the force-velocity relation were
calculated from the shortening forces measured during
the stop test. The rate of force development was calcu-
lated from the isometric contraction. Differences in
contractile properties between both layers were pairwise
tested using the Wilcoxon Signed Ranks test. Percentage
wise, the outer layer muscle bundles produced the
highest active isometric force. The shortening forces
were also higher in the outer layer bundles. As a result,
both the curvature and the unloaded shortening velocity,
derived from the average force-velocity relations fitted to
the data sets, were higher in the muscle bundles from this
layer. Finally, the outer layer muscle bundles contracted
significantly faster than those of the inner layer. Muscle
bundles from the outer layer of pig detrusor were found
to be faster and stronger (more phasic) than the weaker
and slower (more tonic) bundles from the inner layer,
suggesting that during bladder contraction the outer
layer of the detrusor does more work than the inner
layer.
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Introduction

Smooth muscle consists of long, spindle shaped cells that
are interlaced. In most hollow organs, like the urinary
bladder and the urethra, these cells are arranged in
layers with different orientations [1]. In the last decade,
studies have been published in which the properties of
different smooth muscle organ layers were related to
their function. For example, in female rabbit urethra
tonic contractions were found in the circular muscle
layer during bladder filling, whereas the longitudinal
phasic muscle layer was active in opening the urethra
before voiding [2]. In pig [3] and human [4] urethra,
different smooth muscle layers (longitudinal and circular
orientation) have been described also and it is thought
that these layers play an active role in generating ure-
thral pressure [5]. In human [6] and foetal bovine blad-
der [7] it was shown that the lamina propria acts as a
capacitance layer, while the detrusor muscle prevents
over-stretching of the bladder wall.

On the basis of magnetic resonance (MR) images
compared with histological preparations, it was shown
that pig [8] and human [8, 9, 10] bladder wall are of
similar composition and that both consist of urothelium
(~0.1 mm), lamina propria (~0.3 mm) and, surpris-
ingly, an inner and an outer tunica muscularis (~3 mm
total thickness) [9]. It was argued that it is not the
arrangement of the muscle bundles but rather the more
prominent presence of loose collagen bundles, blood
vessels and water in the extracellular space of the outer
muscle layer that causes differences in MR signal
intensity [9]. In the present study, we measured the
contractile properties of muscle bundles from the two
different muscle layers in pig urinary bladder. The
muscle lengths were kept within the physiological
working range of the detrusor. We used the stop test to
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measure the unloaded shortening velocity and an iso-
metric contraction to measure the rate of force devel-
opment.

Material and methods
Tissue handling: preparation and stimulation

Eight urinary bladders of freshly killed pigs (age: ~half a
year; weight: 40-60 kg) were collected from the local
slaughterhouse and transported in cold modified Krebs
solution (118 mM NaCl; 4.7 mM KCI; 25 mM NaH-
CO3; 1.2 mM KH,POy; 1.8 mM CaCly; 1.2 mM MgSO,
and 11 mM glucose aerated with 95% O, and 5% CO,
(pH of 7.4)). Two strips of about 20x20 mm were cut
from the antero-lateral wall of each bladder. One strip
was kept overnight in 4°C Krebs solution for measure-
ments the next day. Two small smooth muscle bundles
were carefully cut from the other strip. Care was taken
to cut bundles not wider than 0.7 mm in diameter using
a binocular microscope and a fine ruler on the bottom of
the preparation dish. One bundle was dissected just
beneath the serosa and one was taken from the detrusor
after removing the urothelium and tunica propria on the
mucosal side. The bundles were studied in random order
by clamping them between two pairs of tweezers in an
organ bath. The first pair was connected to a length
controller [11] and the second pair to a KG3 force
transducer linked to a BAM3 amplifier (Scientific
Instruments, Heidelberg, Germany). The muscle bundles
were stimulated using an electrical field generated be-
tween two platinum electrodes. The signal applied to the
electrodes was biphasic, 8 V in amplitude with a 125-Hz
stimulation frequency and 5-ms pulse width. Previously,
these stimulation parameters had been optimised in
muscle bundles taken from the inner layer [11]. The
temperature of the Krebs was kept at 37°C by infrared
radiation.

Measurement protocol

Before attachment to the tweezers, the incubated bun-
dles were electrically stimulated to attain the smallest
physiological length. After a rest period of 10 min, the
bundles were gently stretched to slack length (Ig.c) de-
fined by a passive force of ~150 ulN in response to a
small length increase. Then, the muscle bundles were
stretched to a fixed stop length (ly,p), Which was set at
200% of slack length (Iy,op = 2 * lgaci). This stop length
is below the length at which the highest isometric force
would be measured, but is within the physiological
working range of detrusor smooth muscle [11]. After two
1sometric test stimulations with 10-min interval time, the
clamped bundle was slowly stretched to a start length
(Istar)- For example, to allow subsequent shortening for
4 s at a velocity of 50 um/s, lyare = lsop T 4%50 pm.
After 1 min, the muscle was shortened from Iy to lgiop

at a pre-set velocity (Vgnort), first without stimulation to
measure passive force (Fp,s). Next, after restretching the
muscle bundle to Iy, the stop test was repeated with
the stimulation switched on to measure the total force
(Fior). Figure 1 shows the two force responses superim-
posed. The total force at ly,, increased to a maximum
value (Fio(max). During shortening of the muscle bun-
dles, F, decreased to a minimum value (Fymin) and
recovered at lyop to a second maximum (Fioqrec). All
total force values were corrected for the corresponding
passive force values to derive the active force (F,).
After another 5-min waiting time, an isometric
contraction at ly,, was measured (see Fig. 2). The
maximum total isometric force (Fis tot.max) Was com-
pared to the force value at cessation of the stimulation
(Fiso.totend).- With 10-min rest intervals, the stop test was
repeated using five different shortening velocities in the
following order: vy, = 25, 100, 75, 175 and 50 pm/s
with a shortening duration of 4 s. This resulted in five
different length changes superimposed on lsp: 100, 400,
350, 700 and 200 pm.
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Fig. 1 An example of a stop test measurement. First, a measure-
ment was done without stimulation to measure the passive force
(Fpas). Then, with stimulation, the total force (F) was measured.
Both measurements are presented superimposed. Upon stimula-
tion, the total force in the upper panel increased to a maximum
value (Fio1.max)- Then, the muscle bundle was shortened from start
length (Is.r) to stop length (Ip) at a pre-set shortening velocity
(Vshort)- Fror decreased to a minimum (F o min) during shortening.
Afterwards, it recovered to an isometric value (Fyo o). The dotted
line is the difference between the total force and the passive force
and was denoted as active force (F,¢)
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Fig. 2 An example of an isometric force measurement. The
preceding stop test in this muscle bundle is shown in Fig. 1. The
muscle bundle was kept at stop length (lsop). Passive force (Figo pas)
was measured without stimulation. Upon stimulation, the total
isometric force (Fjso.1or) increased to a maximum (Fiso tor.max) and
the force at the end of the stimulation was denoted as (Fiso_tot.cnd)-
A mono-exponential equation was fitted to the total isometric force
curve to calculate the time constant (t;5,) and the delay time (to)
between activation of the stimulation field and force generation.
The dotted line represents the active force (F,.), which was
calculated as the difference between the isometric and passive force

Data processing

All measurements were analysed using self-written pro-
grams (Matlab). To normalise the forces, we divided the
forces measured during the stop test by those measured
during the subsequent isometric contraction. Thus, in
each bundle, the normalised total force (Fiormax) and
normalised passive force (@) were calculated as

F(ot.max as

F . . .
and 2, respectively. The normalised maxi-
lSO,p/IS

iso.tot.max X . F —F
mum active force (Facimax) Was derived as y—ome—pe

iso.tot.max — Fiso.pas

In addition, the percentage of passive force at lg,
(%Fpas) and the percentage of passive isometric force at

(%Fisopas) Wwere derived as the
Fpas

100% - (g2) 100% - (e )

The corresponding percentage active force at lg,
(O/OFact.max) and that at lstop (O/OFiso.act.max) were derived
as 100%-%Fp,s and 100%-%Fis pas, respectively. All
quotients were plotted against the corresponding nor-
malised muscle bundle length I“‘T& and a second or-
der polynomial was fitted to thesmcpzomplete data set of
inner and outer layer smooth muscle bundles. To derive
a force-velocity relation, we plotted the relative force

Lstop quotient
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(Fre1), defined as the quotient of Fu¢min and Figrec
against the normalised shortening velocity (Vsnort/lstop)-
A hyperbolic (Hill) force-velocity was rewritten in terms
of three independent parameters [12]: the maximum of
the relative force (F/F,), the curvature of the force-
velocity relation (a/Fy) and the normalised unloaded
shortening velocity (Vshort.max/lstop). While fixing the
maximum of the relative force at 1, a/Fy and Vgnort.max/
lsop Were optimised using a least square fitting proce-
dure. It was found that most of the variation in the force
and velocity data pairs was expressed in a/F,. Therefore,
we also optimised a one-parameter model, varying
Vshort.max/lstop ONly. In this case, not only the relative
force was fixed at 1 but also the curvature was fixed at
the value of the average curvature derived from both the
outer and inner layer muscle bundles.

A mono-exponential curve was fitted to all isometric
contractions to calculate the time constant (7;,,) (see
Fig. 2). A delay time (ty) between activation of the
stimulation field and onset of force generation was
accounted for. To quantify force maintenance during the
isometric contraction, we calculated the difference
between the maximum isometric force and the isometric

force at the end of stimulation Hisetetma—Fisototend

Fiso.tot.end

The differences in force values and time constants
between the inner and outer layer of each bladder were
pairwise tested for significance using a Wilcoxon Signed
Ranks test (SPSS). Analysis of variance was applied to
test the effect of bladder number and freshness (i.e.
fresh and one-day-old bladder) on the parameters tj,
% Fiso pas and % Figo act.max- The definitions of all calcu-
lated parameters are summarised in Table 1.

Results

Fresh and 1-day-old muscle bundles were cut from three
detrusors (six outer and six inner bundles). From two
more detrusors we only cut fresh bundles (two outer and
two inner bundles); from three others, we only processed
bundles the day after excision (three outer and three
inner bundles). One outer and one inner bundle of the
same bladder died because the circulation of fresh Krebs
to the organ bath failed. Thus in total, ten inner and ten
outer muscle bundles were pairwise studied. Figure 3
shows the normalised force-length relation, representing
Ftot.maxtop paneleas

(middle panel) and F i max(lowest panel) measured in
outer (closed triangles) and inner (open triangles) layer
muscle bundles. With increasing muscle length, Fio¢max
and Fp, increased most in the inner layer bundles.
Fa.ctmax, however, did not differ between both layers. The
second order polynomials fitted to F,¢ max showed a
rising tendency, indicating that all stop test measure-
ments were done at start lengths below the length at
which the active force is highest, thus below the opti-
mum length. In Fig. 4, the %F,s (upper panel) and the
%F ctmax (lowest panel) of F o max are plotted against
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Table 1 A summary of all

Definition:

definitions of the calculated Parameter:
parameters
OUMAX = e
.
Fras = 7000
m — Fiot.max—Fpas

Fiso.totmax —Fiso.pas

%6Fpas = 100% - (F_)

Fiot.max

%Fact.max = 1000/0'%Fpas
%Fiso.pas =100% - (71:‘5“"”5 )

Fiso.tot.max
0 — 0 o
A)Fiso,achmax = 100%- A)FisoApas

Lstart—Lstop

Lsiop
F — Factmin
rel —

act.rec
Vshort/lslop
F/F,
a/ FO
Vshort.max/lstop

FISG.[OL"\LIK — FISO.[O[ cal
Fisotot.cal

Normalised total force

Normalised passive force
Normalised active force

Percentage passive of total force
Percentage active of total force
Percentage passive of isometric force
Percentage active of isometric force
Normalised muscle bundle length

Relative (shortening) force

Normalised shortening velocity
Maximum shortening force

Curvature

Normalised unloaded shortening velocity

Force maintenance

the normalised length. Percentage wise, the outer layer
muscle bundles produced the highest active force and the
inner layer bundles the highest passive force.

Table 2 summarises the contractile properties derived
from the stop test for both layers. The F . values of the
muscle bundles in the outer layer muscle were signifi-
cantly higher than those in the inner layer. To determine
the force-velocity relation, we plotted the F., against
Vshort/lstop Of outer and inner layer muscle bundles and
fitted a hyperbolic force-velocity relation to both data
sets (see Fig. 5). First, a/Fy and Vgport. max/lstop Were both
optimised. We then found that a/F, was two times
higher for the outer layer compared to the inner layer
(0.32 versus 0.15). To optimise only the unloaded
shortening velocity, the curvature was fixed at the
average value for both layers of 0.24. We derived that
Vshort.max/lstop Of the outer layer was higher than that of
the inner layer (0.191 1/s versus 0.156 1/s). In Fig. 5, the
average force-velocity relations derived for the outer and
inner layer are shown. Note that for the presentation of
both force-velocity relations, we fixed the curvature to
the average value of both calculations; thus, for the
outer layer bundles a/F, = 0.28 ((0.32+0.24)/2) and for
the inner layer a/F, = 0.19 ((0.15+0.24)/2).

Table 3 summarises the properties derived for both
layers from the isometric contractions. Pairwise testing
of the time constant, 7;,,, showed that the isometric
contraction developed significantly faster in the
outer layer than in the inner layer. The delay time, t,
was equal in both layers. Comparing Fig, (or.max With
Fiso tot.ena Showed that the Fi, (ot max values in the inner
layer remained at a plateau level (implying tonic con-
traction) and decreased in the outer layer (implying
phasic contraction). Finally, the variation in bladders
and in freshness did significantly influence 7;5, in both
layers. We found that 1-day-old tissue contracted sig-
nificantly faster (smaller time constant) than fresh tissue.
In both layers, %Fis pas and %Fis act.max Were not

significantly different among the eight bladders and be-
tween fresh and 1-day-old tissue.

Discussion

The aim of this study was to measure the contractile
properties of the two smooth muscle layers found in pig
urinary bladder. The stop test was used to measure the
unloaded shortening velocity of the smooth muscle
bundles in the physiological working range of the
bladder. It involves measurement of force generation of
electrically stimulated muscle fibres during shortening
from a pre-set start length to a fixed stop length at a
pre-set shortening velocity. More often, the quick release
method is used to measure the unloaded shortening
velocity. One of the advantages of the quick release
method is that the muscle bundles do not need to be
‘over-stretched’ to measure the shortening velocity at a
pre-set muscle length. The stop test, on the other hand,
has the advantage that the force related to a pre-set
shortening velocity is measured at exactly the pre-set
stop length. Most important, however, passive force can
be measured and corrected for at this length, too. In
smooth [14] and also striated [15] muscle physiology,
such corrections for passive force contribute highly to
the understanding of the mechanism of contracting
muscle. Previously, the differences between electrically
and pharmacologically stimulated pig urinary bladder
strips were studied by means of isometric forces and time
constants [13]. Compared to the isometric forces found
in electrically stimulated muscle bundles, isometric force
values were higher in potassium-stimulated contractions,
lower in ATP-stimulated contractions and equal to
acetylcholine-stimulated contractions. The time con-
stants of the electrically stimulated contractions were
faster than those calculated from pharmacologically
stimulated contractions.
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Fig. 3 The forces measured at start length (lg.) during the stop
test were normalised by dividing by those measured during the
isometric measurement at stop length (lyp); see also Figs. 1 and 2.
This figure shows the normalised force-length relations of the total
force (Fior.max;top panel, passive force(Fp.s;middle panel) and
active force (Fact.max;lowest panel) against the normalised muscle
lengths (lsiari-lsiop/lsiop)- A second order polynomial was fitted to
the data set of outer (closed triangles; straight line) and inner (open
triangles; dotted line) muscle bundles to visualise the tendency of
the normalised force-length relation

In the present study, forces at different shortening
velocities were measured at 200% of the slack length.
We found that, percentage wise, the outer muscle layer
produced the highest active isometric force. Our findings
suggest that the differences in the ratio of muscle/con-
nective tissue between outer and inner layer bundles of
comparable size explain the differences in contractile
properties. Histologic preparations from two pig blad-
ders confirmed that the outer layer is well developed,
showing thick muscle bundles (longitudinally orientated)
that are loosely arranged and surrounded by relatively
small amount of connective tissue (elastin, collagen) (see
Fig. 6). In contrast, the inner layer consists mostly of
small muscle bundles (circularly orientated) situated in a
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Fig. 4 The percentage active (upper panel) and passive (lower panel)
force of the total force measured at start length in outer (closed
triangles) and inner (open triangles) layer muscle bundles (upper
panel) as a function of the normalised muscle length, derived from
Fig. 1

denser network of connective tissue. As mentioned, due
to the loosely arranged muscle bundles in the outer
layer, relatively more water and blood vessels are present
in this layer, which was detected using MR technology.
In the classic Hill model [15], connective tissue that
encircles the muscle cells is symbolised by a parallel
elastic element. This element may accumulate energy
when it is stretched (it then acts as a passive spring) or
compressed (it then resists an increasing cross sectional
area of the muscle bundle). Thus, when a muscle bundle
is actively shortened, part of the energy is accumulated
by the connective tissue, which decelerates the contrac-
tion velocity of the muscle cells. Furthermore, the nor-
malised unloaded shortening velocity was lowest in the
inner layer, which could also be explained by a relatively
high percentage of connective tissue between the muscle
cells. Analysis of variance showed that variation in
bladder and their freshness had no significant influence
on the percentage of passive and active isometric force
calculated from the isometric contraction. However,
variation in bladder and their freshness did significantly
influence the rate of force development, expressed by the
time constant. Previously, it was shown in rat that age-
ing of the bladder of about 20 weeks did not affect force-
generating capacity of longitudinal smooth muscle, but a
decrease was found in muscarinic responsiveness [16,
17]. In addition, an increase in contractions evoked by
electrical stimulation suggested a decrease in compliance
caused by an increase in collagen in the circular detrusor
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Table 2 Summarised results (mean=+1 SD) of the stop test mea-
surements in ten outer and ten inner layer pig detrusor smooth
muscle bundles. Each muscle bundle was shortened at five different

shortening velocities. The parameters were pairwise tested for sig-
nificance (outer and inner bundles from the same detrusor) using
the Wilcoxon Signed Ranks test

Outer layer Inner layer p value
Litop(pm) 2249 £ 147 (n = 50) 2202+ 147 (n=>50) p=0.196
Fra(—) at v=25 um/s 0.85+0.05 (n=10) 0.77+£0.05 (n=10) p<0.01
Fra(—) at v=>50 pm/s 0.62+0.07 (n=10) 0.54+0.07 (n=9) <0.05
Fra(—) at v=75 pm/s 0.48+0.07 (n=10) 0.41£0.04 (n=10) 2<0.05
Fra(—) at v=100 pm/s 0.39+0.05 (n=10) 0.33£0.03 (n=10) p<0.01
Fra(—) at v=175 pm/s 0.23+0.05 (n=10) 0.20+0.02 (n=9) p<0.05
Vshort.max/lstop(l /S) 0.191 0.156 -
T (C 37.0+0.1 36.9+0.1 -

The relative forces (F,.) were measured during shortening of the
muscle bundles to a fixed length, the stop length (ly,p); see also
Fig. 1. The normalised unloaded shortening velocity (Vghort.max/

I:rel (_)

1.0

0.8 ‘A . Vshort.max (OUter)
06 T Vgomax (INNET)
04}

02}

0.0 ‘ ; -

0.00 0.07 0.14 0.21

Normalised shortening velocity (1/s)

Fig. 5 The relative forces in outer (closed triangles) and inner (open
triangles) layer muscle bundles are plotted against the normalised
shortening velocity applied. The maximum unloaded shortening
velocity of the outer layer bundles was 20% higher than that of the
inner layer bundles

of aged rats [17]. The effect of ageing was found to be
specific for different regions and functional components
of the rat bladder, probably due to the changes in
muscarinic receptors and collagen. It could be that
storing pig bladder tissue for 24 h affected some of the
metabolic properties. We think that the observed con-
tractile changes may be ascribed to the reduced condi-
tion of passive elastic elements, e.g. collagen, as
described in rat bladder [17]. When muscle becomes
stiffer, it more resists the increase of the cross section

Table 3 Summarised results (mean values + 1 standard deviation)
of the isometric contractions that followed each stop test in ten
outer and ten inner layer pig detrusor smooth muscle bundles. The
parameters were all measured at a fixed reference length, the stop

ls.op) Was derived by fitting a hyperbolic shaped curve to the relative
forces measured at five different shortening velocities in outer and
inner layer muscle bundle. The temperature (T) was kept at 37°C

area when it is stimulated to contract. In this more rigid
state, maximum isometric force can be reached more
quickly, since the contracting elements only contribute
to force increase, hence a decrease of the time constant.

The passive and active properties of bladder smooth
muscle have been studied extensively in small and large
muscle strips to investigate the function of the organ
involved. Mostly, the muscle strips were of full wall
thickness and cut longitudinally from the base to the top
of the organ or circularly, perpendicular to that direc-
tion. In rat bladder [17, 18] and guinea pig stomach [19,
20] contractile differences have been reported between
muscle strips of both directions. Based on the presented
findings we conclude that, in addition to orientation, the
two different detrusor layers also vary in mechanical
properties. The (human) bladder function can be (partly)
described on the basis of the mechanical, pharmaco-
logical and contractile properties of the organ layers
separately. It was shown that during filling of the blad-
der, the lamina propria acts as a capacitance layer [7].
The relative thickness of this layer decreases faster than
the thickness of the detrusor. When the bladder is filled
near capacity, the tension in the bladder wall is mainly
generated by the detrusor muscle to prevent over-
stretching of the bladder wall. Our study shows that this
passive tension exists predominantly in the inner layer of
the detrusor muscle. Before voiding starts, the urethra
relaxes and the detrusor is stimulated to reach the

length (lsop), and pairwise tested for significance (outer and inner
bundles from the same detrusor) using the Wilcoxon Signed Ranks
test

Outer layer Inner layer p value
Tiso(S) 3.14£0.7 (n=48) 3.6+0.7 (n=50) p<0.001
to(s) 0.5+0.1 (n=49) 0.5+0.1 (n=50) p=0.055
Fsosoms Fuooraiad () 0.06+0.07 (n=49) 0.02+0.03 (n=50) p<0.001
T (C) 37.0+0.1 36.9+0.1 -

To the isometric contraction, a mono-exponential curve was fitted
to calculate the time constant of the contraction (t;s,) and the delay
time between activation of the stimulation field and the force

generation in the muscle bundle (tg). The maximum total isometric
force (Fiso.tor.max) and the force at cessation of the stimulation
(Fiso.tot.end) Were compared. The temperature (T) was kept at 37°C



Mucosal side

Serosal side

Fig. 6 Cross-section of the pig urinary detrusor (elastic von Gieson
staining) showing muscle tissue surrounded by elastin/collagen
fibres. Five different layers can be distinguished: (I) tunica mucosa,
(II) tunica propria, (III) inner (or ventral) tunica muscularis, (IV)
outer (or dorsal) tunica muscularis and tunica serosa (V). Note the
differences in arrangement of the smooth muscle bundles of the
loose, spacious outer tunica muscularis more or less perpendicular
to those in the compact inner tunica muscularis. The inner layer
appears to consist of relatively more connective tissue than the
outer layer

opening pressure of the urethra. Our finding suggests
that at the onset of voiding, the outer layer muscle fibres
contribute most to the rise in bladder pressure. When the
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bladder pressure has reached the opening pressure, urine
is pushed through the urethra to unfold it and voiding
commences. The detrusor wall contracts at a certain
shortening velocity to push the urine through the ure-
thra and, based on the present results, the muscle fibres
in the outer layer still produce the highest force. In
addition, we found, by comparing the isometric force
with the force at the end of the stimulation, that the
relatively low isometric force remained longer at a pla-
teau level in inner layer bundles than compared to outer
layer bundles. Previously, it was shown that during
voiding the tonal circular layers in the rabbit urethra
relax, whereas phasic longitudinal layers contract to
open up the urethra [2]. This finding may indicate that,
analogous to urethra, the pig detrusor consists of a
weaker contracting tonic (inner) and a stronger con-
tracting phasic (outer) layer. However, the contractile
differences we found between tonic inner and phasic
outer detrusor muscle layers are not as pronounced as
that found in rabbit urethra [2]. Additional histochem-
ical tests need to be done to characterise further the
muscle tissue in both layers. Since it was shown in female
pig that the inner longitudinal smooth muscle layer of
the urethra is continuous with the inner longitudinal
layer of the detrusor [5], our findings suggest that similar
differences of contractile properties found in the detru-
sor might also exist in layers of the female pig bladder
neck and urethral smooth muscle.

Conclusions

It was previously shown that pig and human urinary
bladder wall are similar in composition and contain an
inner and an outer muscle layer. Presently, we found
that the outer muscle layer contributes most to an iso-
metric contraction. The weaker contracting inner layer
maintains the contraction longer than the stronger outer
layer, which suggests a tonic inner and a phasic outer
layer. When the bladder wall contracts, the muscle fibres
in the outer layer produce the highest force. We con-
clude that the outer layer of the detrusor does more
work than the inner layer.
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