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Conclusion  The results imply that smooth muscle blad-
der strips exhibit similar muscle properties and history-
dependent behaviour compared to striated muscles. The 
provided dataset of muscle properties is important for blad-
der modelling as well as for the analyses and interpretation 
of dynamic bladder filling and voiding.
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Force–length relation · Force–velocity relation · Muscle 
properties

List of symbols
Curv	� Curvature factor
Fim	� Maximum isometric muscle force
FD	� Force depression
FE	� Force enhancement
Lopt	� Optimum muscle length associated with Fim

Lramp	� Ramp length
Ls	� Slack length
Lstart	� Start length
Vmax	� Maximal shortening velocity

Introduction

Muscles are the motors of life, and the determination of 
their properties is relevant for understanding muscle func-
tion and for development of realistic models. It is well-
known that besides velocity of shortening, overlap between 
actin and myosin, and degree of activation [1–3], muscle 
force production depends also on its contraction history 
[4, 5]. Compared to the corresponding isometric muscle 
force at the same muscle, the force is enhanced in the iso-
metric phase following active stretching (force enhance-
ment, FE) and depressed following active shortening (force 

Abstract 
Introduction  The purpose of this study was to provide a 
comprehensive dataset of porcine urinary bladder smooth 
muscle properties. Particularly, the history dependence of 
force production, namely force depression (FD) following 
shortening and force enhancement (FE) following stretch, 
was analysed. During active micturition, the circumfer-
ence of the urinary bladder changes enormously. Thus, FD 
might be an important phenomenon during smooth muscle 
contraction.
Materials and methods  Electrically stimulated, intact uri-
nary bladder strips from pigs (n = 10) were suspended in 
an aerated-filled organ bath, and different isometric, iso-
tonic, and isokinetic contraction protocols were performed 
to determine the force–length and the force–velocity rela-
tion. FD and FE were assessed in concentric and eccen-
tric contractions with different ramp lengths and ramp 
velocities.
Results  Bladder smooth muscles exhibit considerable 
amounts of FD and FE. The amount of FD increased sig-
nificantly with ramp length, while FE did not change. How-
ever, FE and FD were independent of ramp velocity.
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depression, FD). The two phenomena have been observed 
in  situ for whole striated muscles [4, 6], isolated muscle 
fibres [7], and in vivo electrically stimulated human mus-
cles [8]. The majority of studies examining history depend-
ence of muscle force were performed using striated mus-
cles. It was reported that FD increases with increasing 
shortening amplitudes and decreases with higher shorten-
ing velocities [4]. Moreover, FD is not directly related to 
the shortening velocity but rather to the exerted work dur-
ing shortening, which changes as a function of speed [9]. 
FE is directly related to the amount of stretch and is almost 
independent of stretch velocity [10]. In striated muscles, 
the extent of FE and FD ranges up to 100% and 5–20% of 
the maximum isometric force (Fim) [11], respectively.

The underlying mechanisms for these phenomena are 
not clearly understood [12]. Reasons that might explain FE 
are a conglomerate of sarcomere length non-uniformities 
[5], titin–actin interactions [13, 14], and modified cross-
bridges kinetics [7]. Potential mechanisms for FD range 
from disorganisation of sarcomeres and filaments [15], 
high cytoplasmic calcium concentrations after shortening, 
(re)attachment of cross-bridges [16], and titin–actin inter-
actions [14].

The majority of studies who dealt with smooth muscles 
focused on muscle parameters like force–length [17–19] or 
force–velocity [17, 19, 20] relationships. Research regard-
ing history dependence is quite rare, although the ability of 
smooth muscles to shorten is the most important attribute 
for transport or execution functioning. In sum, we only 
found two studies that examined FD in smooth muscles 
[16, 21]. Ramp length-dependent FD was reported for 
canine tracheal smooth muscles [21]. A high physiological 
relevance of FD is expected, especially for smooth muscles 
in the wall of hollow organs, such as the bladder, stom-
ach, and intestine. For example, the circumference of the 
urinary bladder changes enormously during active micturi-
tion, which might induce large FD. In general, van Asselt 
et al. [16] found the effect of FD in smooth muscle bundles 
of urinary bladders from pigs. By varying their length and 
velocity simultaneously, no clear characterisation of length 
and velocity dependence of FD was detected. Thus, a quan-
titative comparison with skeletal muscles [4] or the deter-
mination of FD model parameters is not possible [22].

To the best of the authors knowledge, to date FE has 
not been examined for smooth muscles. Physiological rel-
evance of FE seems negligible in view of predominantly 
concentric contractions during active micturition of uri-
nary bladders. However, pathological obstructions after 
prostatic hyperplasia or bladder cancer could induce active 
muscle stretching [23] and consequently, FE. Furthermore, 
recent modelling studies suggested similar mechanisms for 
FE and FD in skeletal muscles [14, 24–26]. Thus, charac-
terisation of both phenomena in smooth muscles enables 

comparison with striated muscles, having similar principles 
of actin–myosin-based active force generation as smooth 
muscles but differ in the sarcomere structure [12, 27]. Also, 
this characterisation might contribute to a better under-
standing of the history dependence in smooth muscles.

Hence, the aim of this study is to characterise the length 
and velocity dependence of FE and FD in smooth muscle 
tissue. To achieve this goal, we performed in vitro stretch-
ing and shortening experiments with porcine bladder tis-
sue strips. To enhance the set of muscle properties, e.g. 
for modelling studies, essential muscle properties (force–
length and force–velocity relations) were also determined.

Materials and methods

Handling and preparation

Experiments were approved according to section  8 of the 
German animal protection law (Tierschutzgesetz, BGBl. I 
1972, 1277). The urinary bladders of 10 healthy and freshly 
killed female pigs (approximately 6  months and 100  kg) 
were collected from the local slaughterhouse and prepared 
within 60–90  min after the death of the pig. The blad-
der tissue was kept in a modified Krebs solution (25 mM 
NaHCO3; 1.2  mM NaH2PO4; 2.4  mM MgSO4; 5.9  mM 
KCL; 2.5 mM CaCl2; 117 mM NaCl and 11 mM C6H12O6 
[28]) aerated with 95% O2 and 5% CO2 (pH 7.4) at a con-
stant temperature of 4 °C. The bladder was opened through 
the Ligamentum vesicae medianum and a longitudinal 
strip (0.83 ± 0.2 g) of 18 × 10 mm was cut from the dor-
sal cranial surface of the bladder wall. The strip was fixed 
between a clamp with penetration pins and two flexible 
cannula hooks on the bottom. The clamp was connected 
with a surgical suture (Maprolen 2 × DRE 13, 5/0, Catgut 
GmbH) to a Dual Mode Lever Arm System (Aurora Scien-
tific 305C-LR, force range: 10 N, force resolution: 1 mN). 
The data acquisition and processing was obtained by a sig-
nal interface (Aurora Scientific 604A) and fed into a com-
puter via an A/D converter. The stimulation and mechanical 
setup were software-controlled (Aurora Scientific 610A). 
Length changes of the strip were realised due to vertical 
movement of the lever (range of motion =  16  mm). The 
slack length (Ls) of the strip between the clamp and the two 
hooks was 15 mm. The experiments were performed in an 
organ bath (100 ml) filled with an aerated Krebs solution. 
The temperature was kept constant at 37 °C by water circu-
lation. Strips were activated by applying bi-polar pulses via 
two platinum field electrodes (65 × 2 mm) placed at each 
side of the strip. Alternating pulses of 900  mA, 100  Hz, 
5 ms [28] were generated by a high-power biphasic pulse 
Stimulator (Aurora Scientific 701C) to achieve maximal 
forces.
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After an equilibration period of 30 min at LS, the strip 
was stimulated isometrically every 7  min until the active 
force was stable (deviation  <  5% Fim). Experiments were 
performed at intervals of 7  min to avoid muscle fatigue 
effects.

Protocol

Isometric, isotonic, and isokinetic experiments have been 
performed to determine muscle properties [29] (force–
length and force–velocity relations, FD, FE) using 10 uri-
nary bladder smooth muscle strips in total (Table 1).

The force–length relationship was investigated by a 
series of 13 isometric contractions with increasing muscle 
length. Muscle length at Fim was defined as the optimum 
muscle length (Lopt). A series of isotonic contractions start-
ing at Lopt against forces of 0.1–0.9 Fim was performed [30] 
to identify the force–velocity relation which was fitted by 
the typical hyperbolic Hill equation

for concentric contractions. Herein, vmax is the maximal 
shortening velocity and curv  =  a/Fim (the parameter a 
describes the force asymptote of the f (v) relation) denotes 
the curvature factor [1, 29].

The isokinetic ramp measurements were taken in the 
plateau range of the force–length relation. They started 
at the end of the ascending limb or the beginning of the 
descending limb for determination of FE and FD, respec-
tively. Isokinetic ramps were finished at Lopt (Figs. 1, 2).

Strips (n = 8) were stretched passively to an initial length 
Lstart = Lopt ± LRamp, where LRamp is the ramp length. Once 
the steady-state isometric force was reached (approximately 
10  s after stimulation), the dependency of contraction his-
tory on ramp length was examined in a first series of experi-
ments (Fig.  1). Therefore, strips were extended/shortened to 
Lopt at a given speed (20% vmax) by varying stretch amplitudes 

(1)f (v) =
vmax − v

vmax + v/curv
v < 0,

Table 1   Specification of 
muscle properties determined 
for each urinary bladder tissue 
strip

Strip number S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

Force–length relation x x x x x x x x x x

Force–velocity relation x x x x x x x

FD x x x x x x x x

FE x x x x x x x

Fig. 1   FE and FD experiments 
with varying ramp length. 
Force–time (upper figure) 
and length–time traces (lower 
figure) of isometric-shortening-
isometric and isometric-length-
ening-isometric experiments 
(strip number S6) performed 
at a given velocity (20% vmax). 
Ramps started from different 
lengths (13.3, 6.7, 4.7% Ls) 
and were finished at the same 
final length (Lopt, black dotted 
line). Stimulation started at 
t = 10 s and was maintained 
up to t = 34 s. FE and FD are 
the force difference between 
ramp experiment (grey solid 
lines) and isometric reference 
contraction (black dotted line) 
calculated 10 s after the ramp 
end (shown exemplarily for the 
longest ramp by thick arrows)
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(4.7, 6.7, and 13.3% Ls). In a second series of experiments, 
the dependency of contraction history on ramp velocity was 
examined (Fig. 2) by variation of ramp velocities (10, 20, and 
40% vmax) at a given ramp length (6.7% Ls). For calculating 
FE and FD, isometric reference contractions at Lopt were per-
formed continuously before and after each ramp protocol. FE 
and FD were determined 10 s after the end of each ramp as 
the difference between the redeveloped and the corresponding 
purely isometric force at the same length normalised to Fim.

Data processing and statistics

All data were sampled at 100  Hz by software (610A 
Dynamic Muscle Analysis, Aurora Scientific) and pro-
cessed using MATLAB (The Mathworks, Inc., Natick, MA, 
USA). The data were expressed as mean ± standard devia-
tion. No indication for deviation from normal distribution 
was found by the Kolmogorov–Smirnov test with P > 0.05 
for all parameters. The Levené test was utilised to check 
variance homogeneity. A one-way ANOVA was used to 
determine significant differences (P < 0.001) of FE and FD 
concerning length and velocity dependence. If they demon-
strated that the significant main effects and variances were 
homogenous, post hoc analyses were performed using the 
Tukey HSD test. For inhomogeneous variances, we used 
the Dunnett C test. Statistical analyses were realised using 
SPSS 22 (IBM Corp, Armonk, NY, USA).

Determination of smooth muscle cross‑sectional area

Smooth muscle cross-sectional areas (Fig. 3) were determined 
from digital pictures of cryo-histological sections of bladder 
smooth muscle strips. In doing so, dissected specimens were 
fixed on cork plates and flash frozen in isopentane at −160 °C, 
which in turn was cooled at −210 °C using nitrogen. Using a 
cryomicrotome, 10-mm-thick slices were sectioned and there-
after stained with Van Gieson stain for microscope analysis. 
Finally, sections were analysed using a digital microscope 
(Zeiss Smartzoom 5), allowing the recording of full-size 
images and thus the determination of wall thicknesses.

In accordance with Fig. 3, the tunica muscularis of the 
bladder wall features two sublayers (inner tunica muscula-
ris, outer tunica muscularis [31]). After analysing various 
sections, at this point, we would like to note that the afore-
mentioned arrangement is strongly dependent on the wall 
position and further on the individual bladder.

Results

The force–length relation of bladder muscle strips exhibits 
an ascending limb, a plateau region, and a descending limb 
(Fig. 4).

The maximum isometric force at Lopt is 
1391.9 ± 280.9 mN (n = 10) and corresponds to a maximal 

Fig. 2   FE and FD experiments 
with varying ramp velocities. 
Force–time (upper figure) 
and length–time traces (lower 
figure) of isometric-shortening-
isometric and isometric-length-
ening-isometric experiments 
(strip number S6) performed 
with varying velocities (10, 20, 
40% vmax). Ramps started at 
a given initial length (± 6.7% 
Lopt) and were finished at the 
same final length (Lopt, black 
dotted line). Stimulation started 
at t = 10 s and was maintained 
up to t = 34 s. FE and FD are 
the force difference between 
ramp experiment (grey solid 
lines) and isometric reference 
contraction (black dotted line) 
calculated 10 s after the ramp 
end (shown exemplarily for the 
slowest (34 s) ramp by thick 
arrows)
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tension of 3.40 ± 0.73 N/cm2. A sector of the muscle cross-
sectional area of a typical urinary bladder smooth muscle 
strip is shown in Fig. 3. Usually, pig tunica muscularis consist 
of two not clearly delimitable smooth muscle layers (inner 
and outer muscularis).

Lopt was found in the range between 2.6 and 2.8 L/Ls 
(length of the strip, L). Passive forces at Lopt range from 20 
to 50% Fim. Interestingly, the bladder strip generates only 
minor active force (10% Fim) at Ls. Maximal muscle short-
ening exemplarily shown in Fig.  4 was reached slightly 
below Ls (0.82 ± 0.17 L/Ls). To avoid muscle damage, the 
bladder strips were lengthened until passive forces  <0.8 
Fim (Fig.  4). The force decreased linearly with increasing 
muscle length on the descending limb of the force–length 
relation. Extrapolation of this linear decrease yielded zero 
force at approximately 4.94  ±  1.24 Ls. Bladder smooth 
muscle strips exhibit a typical hyperbolic force–veloc-
ity relation (Fig.  5). The maximal shortening velocity is 

2.49 ± 0.37 mm/s (n = 7), and the curv value of the force–
velocity relation is 0.27 ± 0.08 (Fig. 5).

A summary of FD and FE for all experiments is shown 
in Table 2. Forces were significantly (P < 0.05) depressed/
enhanced following 4.7, 6.7 and 13.3 (% Ls) ramp lengths 
and 10, 20, 40 (% vmax) ramp velocities compared to the 
corresponding isometric force (Fig.  6a). The amount of 
FD was directly related to the amount of shortening. For 

Fig. 3   Section of a typical porcine urinary bladder strip. Four differ-
ent regions can be identified: I tunica mucosa, II tunica propria, III 
tunica muscularis, and IV tunica adventitia. Typically, tunica muscu-
laris of humans are composed of three smooth muscle layers (inner 
longitudinal, middle circular, outer longitudinal) [23]

Fig. 4   Force–length relation from urinary bladder smooth mus-
cle strip (S6). Active isometric force (black circles) and passive 
force (grey circles) as function of muscle length. Fim is the maxi-
mum isometric muscle force, Ls is the slack length of the strip. 
The ascending (f1) and descending (f2) limb functions of the force–
length relation are fitted by straight lines with the equations: 
f1(x) = F/Fim = 0.58x − 0.51 and f2(x) = F/Fim = −0.71x + 2.98, 
where x = L/Ls

Fig. 5   Force–velocity relation from urinary bladder smooth mus-
cle strip (S6). The normalised force (black circles) as function of 
the velocity was calculated from a series of isotonic contractions. 
The hyperbolic black curve shows the typical Hill equation [1], with 
a/Fim = curv = 0.22, b = 0.48 mm/s (a describes the force asymp-
tote, b the velocity asymptote) and vmax =  2.19 (the intersection of 
the fitted hyperbolic curve with the velocity–axis)



210	 Int Urol Nephrol (2017) 49:205–214

1 3

the longest ramp (13.3% Ls), FD was approximately two-
fold (17.9% Fim) compared to the shorter ramp lengths (6.6 
and 8.4% Fim for 4.7 and 6.7% Ls, respectively; P < 0.01). 

FE increased by trend but not significantly with increas-
ing magnitudes of stretch (Fig.  6a; Table  2). FE induced 
by the longest and shortest ramp was 11.7 and 8.29% Fim, 
respectively. Our data indicate that FD (approximately 
8.54 ± 3.57% Fim) and FE (approximately 8.45 ± 5.59% 
Fim) were statistically independent on ramp velocity 
(Fig. 6b). 

Discussion

Bladder muscle properties: Comparison with literature

Mean muscle tension of urinary bladder smooth muscle 
(3.40 ±  0.73  N/cm2) is in the range (2.5–6.0  N/cm2) of 
other pig bladder studies [20, 28] but reduced by a factor 
of 2–3 compared to maximal muscle tension reported for 
small mammal urinary bladders [32]. A maximum short-
ening velocity of 0.1 Lopt/s is in accordance with values of 
0.1–0.5 Lopt/s reported for mammalian smooth muscle [19, 
33]. However, vmax is lower by about one order of magni-
tude compared to skeletal muscles [34–36]. The curv of 
0.22 is in agreement with values reported for smooth mus-
cle [19]. Further, similar values can be found for skeletal 
muscles, reaching from 0.1 to 0.5 [29].

Starting from slack length (Ls), the maximum isomet-
ric force was reached after large elongations of the muscle 
strip as reported in [37], i.e. Lopt = 290 ± 68% Ls. Normal-
ising the force–length relation of the bladder strip to Lopt, 
the classic length for zero force (at the start of the ascend-
ing limb) is located in the range of 0.5–0.6 Lopt similar to 
striated muscles [29, 38]. For prolonged stimulus durations, 
skeletal muscles are able to shorten much further [3, 39, 
40]. However, due to usage of constant stimulus durations 
(12  s) for the analysis of the smooth muscle force–length 
relation, this issue was not addressed in the present study.

Although the general shape of the smooth muscle force–
length relationship (Fig.  4) was similar to that of skeletal 
muscles [29, 38], indicating a similar force generating pro-
cess driven by cross-bridge interaction, there are several 
differences. In contrast to the typical skeletal muscle force–
length relation [38], no clear slope change at the ascending 
limb of bladder muscle force–length relationship was found 
(Fig. 4). In striated muscles, featuring a regular arrangement 
of myofilaments, the slope change appears at a sarcomere 
length where all myosin filaments reach the Z-disc (at 1.6 µm 
in mammals) and was explained by myosin filament slid-
ing through the meshed Z-disc [3]. Smooth muscles have 
no Z-disc, but the actin filaments of the contractile units are 
attached to dense bodies. Thick myosin filaments are side 
polar without any central bar zone. Furthermore, they show 
an extremely variable arrangement of muscle fibres in bun-
dles of variable length, cross-section, and orientation, forming 

Table 2   Mean ± standard deviations of depressed (FD) and enhanced 
forces (FE) after different ramp experiments

Significant differences (P < 0.01)

ns means no significant and n is the number of samples

 † Between 4.7 and 13.3% Ls, 
# between 6.7 and 13.3% Ls

(% Fim) n P

Force depression (FD)

Ramp length (% Ls)

 4.7 6.55 ± 4.62 7 0.00 †#

 6.7 8.40 ± 3.35 7

 13.3 17.93 ± 7.01 7

Ramp velocity (% vmax)

 10 7.48 ± 3.70 7 ns

 20 8.40 ± 3.35 7

 40 10.18 ± 3.13 8

 Mean 8.54 ± 3.57 22

Force enhancement (FE)

Ramp length (% Ls)

 4.7 8.29 ± 3.64 7 ns

 6.7 10.21 ± 5.48 7

 13.3 11.70 ± 5.76 7

Ramp velocity (% vmax)

 10 7.32 ± 2.82 7 ns

 20 10.21 ± 5.48 7

 40 7.80 ± 7.80 7

 Mean 8.45 ± 5.59 21

Fig. 6   Dependency of contraction history (FD and FE) on ramp 
length and ramp velocity. Forces were normalised to Fim. Mean 
forces ±  standard deviations were given. a Ramp length was varied 
(black: 4.7% Ls, light grey: 6.7% Ls, dark grey: 13.3% Ls) at constant 
ramp velocity (20% vmax). b Ramp velocity was varied (black: 10% 
vmax, light grey: 20% vmax, dark grey: 40% vmax) at constant ramp 
length (6.7% Ls). Forces after ramp perturbation differ significantly 
(P  <  0.05) from isometric force (black straight line). Significance: 
**P < 0.01
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a three-dimensional meshwork [41]. These structural differ-
ences might lead to differences in force generation, especially 
at the ascending limb of the force–length relation.

With reference to its slack length, bladder muscles 
exhibit a much larger working range (3.3 Ls correspond-
ing to shortening from 4.1 to 0.82 Ls, Fig. 4) compared to 
skeletal muscles (about 1.2 Ls, [42]). This might be due to 
much higher Lopt/Ls ratio in bladder muscles (≈3) com-
pared to that of striated muscles (1–1.2, [43]), which ena-
bles huge elongations beginning at rest length and more 
important large active muscle shortening during micturition 
after these large passive elongations. Large active muscle 
shortening might be facilitated by differences in the myo-
filament microstructure. Bladder muscles exhibit longer 
myosin filaments (2.2 µm, [23]) compared to skeletal mus-
cles (1.6 µm, [42]) which may contribute to a larger work-
ing range. However, this leads to less maximal shortening 
velocities. To better understand the functionality and con-
tractile properties of the urinary bladder, a more detailed 
knowledge about anatomical and physiological properties 
of smooth muscle tissue is necessary.

History dependence of bladder strips

The main findings of the present study indicate that the 
active force generated by bladder smooth muscles depends 
on contraction history. As reported for striated muscles, 
FE was independent of stretch velocity [44–46], and FD 
increased with ramp length [16, 21] but was independent of 
ramp velocity [9, 47, 48]. However, other studies reported 
that FD in skeletal muscles was inversely related to the 
speed of shortening [4, 29]. In contrast to Abbott and Aubert 
[4], no influence of ramp length on FE was observed, which 
might be ascribed to the insufficient variation in ramp 
length. Similar to other smooth muscle studies [16, 21], we 
used ramp lengths in the range of 4.7–13.3% Ls. However, 
due to the high Lopt/Ls ratio in bladder muscle (see “Blad-
der muscle properties: comparison with literature” section), 
this corresponds to much smaller ramp lengths (2–5%) with 
reference to Lopt. Although FE generally increases (Fig. 6a), 
this small variation in ramp length was not sufficient to 
induce a significant ramp length dependency (Table  2). 
Compared to experiments performed on striated muscles 
(FD: 10% Fim [49], FE: 5% Fim, [5]) using similar ramp 
lengths, we observed higher FD (17.9% Fim) and higher FE 
(11.7% Fim) (Table 2, longest ramp length).

The majority of studies examining history dependence 
of muscle force were performed on mammalian skeletal 
muscles. The reasons that might affect FE and FD are still 
a matter of debate [12]. FE in striated muscles has been 
suggested to relate to an increase in passive stiffness dur-
ing and after stretching [14, 50]. This increase in stiff-
ness might be caused by non-cross-bridge interactions, 

more specifically by titin–actin interactions as proposed 
by the sticky–spring mechanism [14]. While intracellular 
Ca2+ concentration during activation increases, the PEVK 
region of titin, which is rich in proline (P), glutamic acid 
(E), valine (V), and lysine (K) [51], attaches to actin, lead-
ing to a decrease in the persistence length of the titin spring 
and thus in enhanced titin forces during stretch resulting in 
FE [14, 52]. The same phenomenon might contribute to FD 
in skeletal muscles as the titin spring is pulled in the other 
direction during muscle shortening, producing passive 
forces that act opposite to the active forces [14, 24]. Also, 
current research on striated muscles suggested a mecha-
nism involving inhibition of cross-bridge binding to explain 
FD [53].

So far, it is unclear whether or not these explanatory 
approaches are applicable to smooth muscles since there 
are relevant differences in smooth muscles structure com-
pared to striated muscles (see also “Bladder muscle prop-
erties: comparison with literature” section). Smooth mus-
cles contract in a similar manner as other muscle types due 
to the interaction of actin and myosin filaments, although 
some rate constants are slower [54]. The contractile units 
are bounded on each end by dense plaques attached to 
the cell membrane or dense bodies distributed in the cell. 
Thereby, dense bodies act as equivalents to the Z-discs in 
striated muscles, but there are no titin filaments in smooth 
muscles. However, a protein with an amino acid compo-
sition similar to titin was isolated from a chicken gizzard 
smooth muscle [55]. The protein named smitin [56] exhib-
its a similar molecular morphology as well as the ability 
to interact with actin as reported for skeletal muscle titin 
[57–59]. In contrast to titin (molecular mass  ~  3.000  kD 
and length  >1  µm), the molecular mass (~2.000  kD) and 
the length (750–900 nm) of smitin [56] are different [60]. 
Assuming a smitin–actin interaction in smooth muscles 
similar to the titin–actin interaction in striated muscles, the 
sticky–spring mechanism [14] might explain FD and FE 
in smooth muscles as well. We suggest that the differences 
in length and structure of titin and smitin or even differ-
ent isoforms might contribute to the observed differences in 
contraction history between smooth and striated muscles. 
This is supported by Joumaa et al. [61], suggesting effects 
of different titin isoforms on the amount of FD in striated 
muscles. However, further studies investigating the inter-
action and structure of myofilaments during contraction 
are required to better understand history effects in smooth 
muscles.

Physiological relevance

From a physiological point of view, history-dependent 
effects will influence the “behaviour” of hollow organs 
considerably. The two main bladder functions are storage 
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and voiding of urine. It has been shown that the duration 
of voiding did not vary among animals heavier than 3 kg. 
Based on the “Law of Urination”, animals completely 
empty their bladder content over a nearly constant dura-
tion of 21 ± 13 s [62]. Additionally, mammals start to void 
when the bladder is nearly full [63]. Our results suggest 
that bladder voiding induced by concentric contraction will 
result in decreased muscle forces due to force depression 
and the influence of the force–length relation. Short inter-
ruption of urine flow by voluntary activation of the striated 
pelvic floor muscles results in an isovolumetric detrusor 
contraction and an increase in intravesical pressure [64]. 
The stopped voiding process leads to a decrease in blad-
der pressure as well as bladder smooth muscle deactiva-
tion, which may allow the muscle to recover [64]. Muscle 
deactivation has been shown to abolish FD [49]. Therefore, 
voluntary interruption of urine flow may be used to facili-
tate complete bladder emptying [64]. However, the pos-
sible influence of FD on limited bladder micturition and 
the physiological relevance of history effects in smooth 
muscles have to be addressed in future studies on whole 
bladders.

Relevance of history effects regarding to model 
development

Besides the general enhancement of the physiological 
understanding of history effects in smooth muscle tissues, 
the presented data can also be helpful for the develop-
ment of more comprehensive, numerical models. Tradi-
tional models that are able to simulate the active excitation 
behaviour of smooth muscle tissue [65–67] do not con-
sider history effects. The consideration of such effects 
could improve the prediction accuracy. However, in addi-
tion information such as location-dependent smooth mus-
cle fascicle and collagen fascicle orientations, the layer-
specific active/passive characteristics, information about 
the innervation characteristics, and the link to whole organ 
mechanics to successfully describe the contraction behav-
iour of bladder wall tissue using a numerical model are still 
missing.

Conclusion

This is the first study that provides a more comprehensive 
set of bladder smooth muscle properties, including the 
characterisation of contraction history after muscle shorten-
ing and lengthening. Despite obvious differences in bladder 
structure compared to striated muscles, similar contractile 
characteristics (e.g., force–length relation, force–velocity 
relation) and similar amounts of FE and FD as reported 
for striated muscles were found. Transfer of existing 

explanatory approaches for history dependence of stri-
ated muscle forces requires further investigation of bladder 
microstructure, especially with regard to the influence of 
smitin on contraction dynamics. The results contribute to a 
better understanding of bladder function and are a precon-
dition for modelling hollow organs like the urinary bladder.
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