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The stomach serves as food reservoir, mixing organ and absorption area for certain substances, while continually varying its position and size. Large dimensional changes during ingestion and gastric emptying of the stomach are associated with large changes in smooth muscle length. These length changes might induce history-effects, namely force depression (FD) following active muscle shortening and force enhancement (FE) following active muscle stretch. Both effects have impact on the force generating capacity of the stomach, and thus functional relevance. However, less is known about history-effects and active smooth muscle properties of stomach smooth muscle. Thus, the aim of this study was to investigate biomechanical muscle properties as force-length and force-velocity relations (FVR) of porcine stomach smooth muscle strips, extended by the analysis of history-effects on smooth muscle force. Therefore, in total n = 54 tissue strips were dissected in longitudinal direction from the ventral fundus of porcine stomachs. Different isometric, isotonic, and isokinetic contraction protocols were performed during electrical muscle stimulation. Cross-sectional areas (CSA) of smooth muscles were determined from cryo-histological sections stained with Picrosirius Red. Results revealed that maximum smooth muscle tension was 10.4 ± 2.6 N/cm2. Maximum shortening velocity (Vmax) and curvature factor (curv) of the FVR were 0.04 ± 0.01 [optimum muscle length/s] and 0.36 ± 0.15, respectively. The findings of the present study demonstrated significant (P < 0.05) FD [up to 32% maximum muscle force (Fim)] and FE (up to 16% Fim) of gastric muscle tissue, respectively. The FE- and FD-values increased with increasing ramp amplitude. This outstanding muscle behavior is not accounted for in existing models so far and strongly supports the idea of a holistic reflection of distinct stomach structure and function. For the first time this study provides a comprehensive set of stomach smooth muscle parameters including classic biomechanical muscle properties and history-dependent effects, offering the possibility for the development and validation of computational stomach models. Furthermore, this data set facilitates novel insights in gastric motility and contraction behavior based on the re-evaluation of existing contractile mechanisms. That will likely help to understand physiological functions or dysfunctions in terms of gastric accommodation and emptying.

Keywords: force depression, force enhancement, force-length relation, force-velocity relation, gastric contraction-behavior, muscle properties, smooth muscle tissue, gastric motility

INTRODUCTION

Smooth musculature is located in the walls of various hollow organs, like the urinary bladder, the intestine, and the stomach; transporting several substances (e.g., fluids, bolus, and nutrients) by muscle contraction. The stomach is part of the gastrointestinal tract, connecting the gullet (esophagus) to the duodenum, while mainly serving as a mixing area and holding reservoir. Furthermore, to accommodate a large amount of food, the position, and size of the stomach varies continually—yielding the digestive organ to the most distensible portion of the gastrointestinal tract (Tortora and Nielsen, 2013). Hence, it's biomechanical properties are of great functional importance (Zhao et al., 2005).

To enable the variability of functions of smooth gastric muscle, an elegant adjustment of varying contraction-types [e.g., concentric (active shortening), isometric (under constant length), and eccentric contractions (active lengthening)]—ensuring tonic and peristaltic contraction-behavior—is necessary (Schulze-Delrieu et al., 1998; Pal et al., 2004, 2007). To better understand stomach motility and function, knowledge about the influence of muscle length, velocity, activation level, and history-dependent effects (Hill, 1938; Abbott and Aubert, 1952; Huxley and Hanson, 1954; Gordon et al., 1966; Ebashi and Endo, 1968; Rode et al., 2016) on smooth muscle force is required. Due to the structural and mechanical similarity of the porcine to the human stomach (Zhao et al., 2008; Jia et al., 2015), the examination of stomachs from pigs is of particular importance. However, appropriate studies examining active and passive muscle properties are rare. While only a handful of studies have been observed force-velocity relations (FVR) on guinea pigs (Moriya and Miyazaki, 1985) and toads (Warshaw, 1987), intensive research has been done on the relationship between muscle length and force production in a variety of vertebrate and invertebrate smooth muscles (Gordon and Siegman, 1971; Herlihy and Murphy, 1973). Nevertheless, there is a limited knowledge about the shape and the microstructural understanding of the entire force-length relation (FLR) of stomach smooth muscles (Siegman et al., 2013). Consequently, almost nothing is known about the classic biomechanical properties as force-length and FVRs in the porcine stomach (Gunst, 1986; Minekus and van Mastrigt, 2001).

The influence of history-dependent effects on stomach smooth muscle force is of special interest for developing a functional understanding of the peristaltic mode of operation. Since more than six decades it has been known that skeletal muscle force depends on history-effects (Abbott and Aubert, 1952). For example, force is enhanced in the isometric phase following active stretching (force enhancement, FE) by up to 100% (Edman et al., 1982; Leonard and Herzog, 2010) and depressed following active shortening force depression (FD) by up to 20% (Herzog and Leonard, 1997; Siebert et al., 2015) compared with the corresponding isometric muscle force. Force generation during gastric distension as well as during and after gastric emptying is accompanied by large muscle length changes and, consequently, might be associated with FE and FD, respectively. Although there are a couple of studies reporting FD and FE for urinary bladder smooth muscle (Minekus and van Mastrigt, 2001; van Asselt et al., 2007; Menzel et al., 2017), to the best of our knowledge, there are no studies of history-effects in the porcine stomach.

Hence, the aims of this study were the determination and analysis of biomechanical muscle properties (force-length and FVRs) of intact, activated smooth muscle tissue from porcine stomach. Furthermore, this study represents the first in-vitro approach to examine the influence of history-dependent effects on gastric smooth muscle force and the functional interpretation thereof.

MATERIALS AND METHODS

Preparation and Handling

Fresh porcine stomachs were chosen for this study due to their structural and mechanical similarity to the human stomach (Zhao et al., 2008; Jia et al., 2015). The stomachs were taken from 41 freshly killed female pigs (~6 months and 100 kg) of a local slaughterhouse. The experimental set-up, handling, and preparation of gastric smooth muscle tissue have been described earlier (Menzel et al., 2017).

Briefly, immediately after death a predefined piece of smooth gastric tissue (30 × 20 mm) was dissected from the ventral fundus of the proximal stomach (Figure 1) and separated from the tunica mucosa. Care was taken to prevent contact of the tissue strip with gastric acid to avoid smooth muscle degeneration. Afterwards, the preparation was preserved in an icebox in aerated (95% O2 and 5% CO2) Krebs solution (124 mM NaCl; 5 mM KCl; 2.5 mM CaCl2; 15 mM NaHCO3; 1.2 mM KH2PO4, 1.2 mM MgSO4, 10 mM C6H12O6; pH 7.3 at 32°C) (Moriya and Miyazaki, 1982) at a constant temperature of 4°C for transportation. Subsequently, within 60–90 min postmortem, small tissue strips (0.66 ± 0.2 g) of 16 × 8 mm in longitudinal orientation (i.e., parallel to the direction of the gastric serosal fold, parallel with the greater curvature, Figure 1) were prepared in the laboratory from the predefined tissue sample of the fundus.


[image: image]

FIGURE 1. Representative picture of porcine stomach. Ventral view of external anatomy of a porcine stomach. (1) cardia, (2) fundus, (3) corpus, (4) antrum, (5) pylorus, (6) greater curvature, (7) smaller curvature. Black rectangle indicates longitudinal muscle strip dissected from the fundus. Longitudinal direction is marked by the black arrow.



Experimental Set-Up

The gastric strips were mounted vertically in an Aurora 805A in-vitro muscle apparatus between an alligator clip and two flexible cannula hooks on the bottom. The clamp was attached to a dual mode lever arm system (Aurora Scientific 305C-LR, force range: 10 N, force resolution: 1 mN). An initial passive baseline force of 5–10 mN was set by the test apparatus and the tissue strip length at this force, measured between clamp and hooks with a digital sliding caliper, was defined as the slack length (Ls). The mean slack length was 13.42 ± 1.42 mm.

The tissue strips were electrically stimulated (Aurora Scientific 701C) with alternating pulses of 1 A, 100 Hz frequency, and 5 ms pulse width (van Mastrigt and Glerum, 1985; Menzel et al., 2017). All mechanical experiments were conducted at a constant temperature of 32 ± 0.1°C in aerated Krebs solution. At this temperature, the tissue samples proved very stable and able to withstand active protocols over an extended period of time (Essig et al., 1985; Tomalka et al., 2017). After an equilibration period of 30 min at Ls, the strips were stimulated isometrically for about 15 s every 5 min until a steady state force [deviation <5% of maximum isometric force (Fim)] was reached (Herrera et al., 2005).

Determination of Smooth Muscle Tissue Properties

To determine the specific biomechanical muscle properties FLR, FVR, and history-dependent effects, isometric, isotonic, and isokinetic contractions have been performed in accordance with previous studies for smooth muscle tissue (Menzel et al., 2017; Seydewitz et al., 2017) and skeletal muscles (Böl et al., 2013; Siebert et al., 2015). Fifty-four (n = 54) tissue strips were used in total for the in-vitro dynamic parameter determination (Table 1). To investigate the active and passive FLR, a series of 18–19 isometric contractions (with length increments of 0.1 Ls in ascending order), starting from an initial sample length of 0.8 Ls, have been conducted. Tissue strips were stretched up to passive forces of about 50% Fim to avoid muscle damage induced by excessive lengthening. At each length, the passive and maximum active muscle force were determined as the maximum force value and the passive force at the instant before muscle activation, respectively. Linear regression models following the equationf(x) = mx +b, withx = L/LS, were used to fit the ascending- and descending limb of the FLR. The muscle length at Fim was defined as the optimal muscle length (L0).


Table 1. Categorization of observed muscle properties from smooth porcine tissue strips. n is the number of samples.
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The FVR was identified by a series of about six isotonic contractions starting from L0 against forces in the range of 0.10–0.90 Fim (Till et al., 2008) in ascending order. The FVR followed the typical hyperbolic Hill equation (Hill, 1938) [image: image], v < 0 for concentric contractions, with νmax defined as maximum shortening velocity and [image: image] (where a is the asymptote of force; Hill, 1938). A recovery phase of 7 min between the experiments has been conducted over the entire experimental protocol for determination of force-length and FVRs.

In order to investigate the impact of ramp length and velocity on history-dependent effects, isokinetic contractions (Herzog and Leonard, 1997; Menzel et al., 2017) have been applied to n = 17 tissue strips in dependence of varying ramp amplitudes at a given velocity (40% νmax) and in dependence of different velocities at a constant length amplitude (7% L0), respectively. The isokinetic ramps started after a period of pre-stimulation (around 14 s) under full activation until steady-state maximum isometric force, characterized by the development of a plateau, was reached. The stimulation continued for at least 14 s after the end of the ramp. Shortening and lengthening ramps for the determination of FD and FE in dependence of ramp length started at L0 ± 5, ± 7, and ± 10% L0, respectively, and were finished at L0. To examine the dependency of history-effects on speed, concentric and eccentric ramps from L0 ± 7% to L0 with different ramp velocities (20, 40, 70% νmax) were applied to the tissue strips. All ramp experiments have been carried out in randomized order (Figure 2). To calculate FE and FD, the difference between the redeveloped and the corresponding purely isometric force at the same length has been identified 10 s after the end of each ramp. The relaxation period during the entire history-block was 12 min to ensure an optimal recovery phase of force-generating processes (Gunst, 1986). The “cycling-protocol” by Brenner (1983) was utilized to conserve the structural and mechanical properties in maximally activated smooth gastric strips over an extended period of time as well as to reduce length-inhomogeneities of overlapping myofilaments.
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FIGURE 2. Experimental protocol. Examination of varying ramp parameters followed a pseudorandomised block design (upper trace). The applied ramp-velocity and ramp-length are normalized to the maximum shortening velocity (νmax) and optimum muscle length (L0), respectively. The lower trace illustrates the fixed protocol of muscle contractions consisting of isokinetic ramp experiments (FE: force enhancement, FD: force depression), and isometric reference contractions (Isometric_Ref).



To calculate force degradation, isometric reference contractions at L0 were performed before and after each of the ramp experiments. Plastic length adaptations of smooth muscle strips by dissolution and reformation of myosin filaments (Seow, 2005), occurring at periods of hours (Wang et al., 2001; Martinez-Lemus et al., 2004) or days (Arner et al., 1984; Zeidan et al., 2000; Naghshin et al., 2003) were not considered within this study, as the time period between the reference contractions was much shorter and muscle strips were held at a constant length (L0) during the experiments. During isokinetic ramp experiments, the isometric force in successive activations decreased at an average rate of 1.1% per activation. Data from preparations that produced an isometric force <6 N/cm2 have been rejected.

Histological Observations

The histological examination was carried out in accordance with the procedure previously described by Menzel et al. (2017) and has been realized on samples of the same tissue-region that were used for the dynamic parameter-determination in the present study. Briefly, the cryo-histological sections of smooth gastric tissue strips were stained with Picrosirius Red staining protocol (Junqueira et al., 1979) at 200% LS, and photographed using a digital microscope (Zeiss Smartzoom 5). To examine the muscle cross-sectional areas (CSA) in the longitudinal direction (Figure 1), the average length and width of the individual sample strips (Figure 3) was determined with an image editing software (ImageJ 1.49 v, National Institutes of Health, USA). The CSA was calculated by assuming a rectangular cross-section. The muscle tension (Pim) of a smooth gastric tissue sample was determined with Pim = (Fim/CSA)/p (where p describes the percentage of the longitudinal muscle layer from the total CSA).
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FIGURE 3. Section of a characteristic smooth tissue sample from porcine stomach. Representative picture from histological staining of samples from the proximal stomach (fundus) at 200% slack length (LS) in longitudinal direction. Four distinct layers can be identified: (1) tunica serosa, (2) longitudinal muscle layer (tunica muscularis), (3) transversal (circumferential) muscle layer (tunica muscularis), and (4) tela submucosa.



Data Processing and Statistics

The length- and force-signals from the dual-mode muscle lever were recorded at 100 Hz with an A/D interface (604A, Aurora Scientific, Canada). A real-time software package (610A Dynamic Muscle Analysis, Aurora Scientific) was used for data acquisition. A program written in Matlab (The Mathworks, Inc., Nattick, MA, USA) was used for data analysis. Data were expressed as mean ± standard deviation (s.d.). For statistical analyses, normalized data were used. Force values were divided by individual Fim. Length data were divided by Ls and L0 and velocity data were expressed in absolute values [mm/s] and normalized to optimum muscle length [L0/s], respectively. A Kolmogorov-Smirnov Test with P > 0.05 indicated no deviation from normality. To test significant differences of history-effects in dependence of ramp amplitude and velocity, a one-way ANOVA with repeated measures was used. For homogeneous variances, post-hoc analyses were performed using the Tukey-HSD test. A significance level of P < 0.05 was used for all analyses. Statistical analyses were carried out using SPSS 23 (IBM Corp, Armonk, NY, USA).

RESULTS

Histological Characterization

The results of the structural observations of histologically stained tissue samples (ventral fundus of the stomach) at 200% slack length are illustrated in Figure 3. Based on the photographs of the histological sections different tissue types can be distinguished. Following Figure 3, the stomach wall can be divided into four distinct layers: (1) tunica serosa, (2) tunica muscularis in longitudinal- and (3) transversal (circumferential) orientation and (4) tunica submucosa. Note that the tunica mucosa is dissected from the tissue samples. All structures that stained yellow-orange correspond to muscle tissue, while the stained red structures correspond to collagen. In agreement with Zhao et al. (2010), the highest collagen content was found in the submucosal layer (in between the fat tissue). The collagen content likely determines the gastric wall stiffness since collagen is supposed to be the stress-bearing structure in most tissues (Fung, 1993; Zhao et al., 2010). Picrosirius staining also revealed a continuous intermeshing network of collagen throughout the entire stomach wall. The CSA of the longitudinal tissue strip is 30.01 ± 5.66 mm2 (n = 53), whereas the percentage of the longitudinal muscle layer from the total CSA is 36.6 ± 2.6%.

Smooth Muscle Tissue Properties

The smooth gastric tissue samples exhibited a characteristic FLR—similar to skeletal muscles. The active isometric FLR showed clearly visible pronounced slope changes, characterized by a linear ascending and descending limb, and a bell-shaped plateau region (see Figure 4). The plateau region (>95% Fim) ranged from 0.9 to 1.1 L0 or 2.0 to 2.4 LS. Extrapolation of the ascending and descending limb of the FLR, see section Determination of Smooth Muscle Tissue Properties, yielded zero force at 0.65 ± 0.14 LS or 0.29 ± 0.06 L0 and 4.37 ± 1.00 LS or 1.99 ± 0.45 L0, respectively (cf. Figure 4). The maximum isometric force (Fim) at L0 was 1141.2 ± 295.8 mN (n = 20). Longitudinal muscle strips of porcine stomach, stimulated by supramaximal AC field stimulation, attained their Fim after 13.6 ± 1.5 s (n = 20) at 32°C. Based on histological observations in section Histological Characterization, the mean maximum muscle tension (Pim) of gastric tissue samples was 10.4 ± 2.6 N/cm2 in longitudinal orientation. The passive FLR of the unstimulated muscle strip was characterized by an exponential increase of force with sample length, accompanied by passive forces of 25.8 ± 13% Fim at L0. The gastric muscle strips' ability to shorten under various loads was studied by means of a series of isotonic releases. The Vmax was 1.08 ± 0.32 mm/s (corresponding to 0.04 ± 0.01 L0/s) with a curv-factor of 0.36 ± 0.15 (n = 25). The investigated FVR of the tested stomach samples featured the typical hyperbolic shape (see Figure 5).
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FIGURE 4. Force-length relationship. The length is normalized to optimum muscle length (L0, upper abscissa) and slack length (LS, lower abscissa), respectively. The force is normalized to maximum isometric force (Fim). Filled triangles and open circles indicate mean values of active and passive isometric smooth muscle forces, respectively. Bars indicate corresponding standard deviations. The ascending limb (f1(x); indicated by the solid black line) and descending limb (f2(x); indicated by the solid gray line) of the force-length relation (FLR) were fitted by linear regression models following the equations:f1(x) = 0.74x−0.47 and f2(x) = −0.51x+2.2, withx = L/LS. Isometric force-length measurements comprise n = 20 tissue samples up to lengths of 2.5 LS (corresponding to around 50% Fim). For determining the descending limb of the FLR for lengths longer than 2.5 LS, varying sample sizes were investigated (labeled with gray numbers below standard deviation- (s.d.) bars on the descending limb of the FLR).
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FIGURE 5. Force-velocity relationship. Based on a series of isotonic contractions, the normalized force (means ± standard deviations are indicated by black bars) was determined as function of the velocity. The gray curve shows the typical hyperbolic shape observed by Hill (1938), with [image: image] (a describes the force asymptote) and νmax = 1.08 mm/s (the intersection of the fitted hyperbolic curve with the velocity-axis). Isotonic force-velocity measurements comprise n = 25 tissue samples. The force is normalized to maximum isometric force (Fim) and the velocity is expressed in absolute values [mm/s].



The investigation of history-dependent effects yielded significantly (P < 0.05) enhanced forces following stretching and depressed forces following shortening compared with the corresponding isometric forces. A summary of all history-dependent effects investigated in this study is shown in Table 2. Statistical analyses yielded significant influence of ramp length on isometric muscle force after length change. FD and FE increased almost linearly with ramp length (see Figures 6, 8A). FD is about twice as much (31.78% Fim) for the longest ramp length (10% L0) compared to the shortest ramp length (15.52% Fim for 5% L0; P < 0.001) (see Figure 8A). For varying ramp velocities at constant ramp length (7% L0; n = 13) statistics yielded a significant increase in FE between slow (20% νmax) and moderate (40% νmax) stretch velocities (P < 0.05; cf. left columns of Figure 8B). Further increases in eccentric velocity up to 70% νmax yielded no further change in FE. FD decreased by trend (from 25 to 23% Fim) but not significantly with increasing ramp velocities (see Figure 7; cf. right columns of Figure 8B).


Table 2. Mean and standard deviation of enhanced forces (FE) and depressed forces (FD) determined 10 s after the end of the ramp.

[image: image]




[image: image]

FIGURE 6. History-effects with varying ramp amplitudes. Representative force-time (upper graph) and length-time traces (lower graph) with isokinetic length changes comprising three different ramp amplitudes (5, 7, 10% L0) at constant velocity of 40% νmax (strip number S40). The force is normalized to maximum isometric force (Fim) and length to optimum muscle length (L0). Force enhancement (FE, difference between black arrows) and force depression (FD, difference between white arrows) are the force difference between ramp experiments (solid lines) and isometric reference contraction (dotted line) determined 10 s after the end of the ramp, shown exemplarily for the longest (10% L0) ramp.
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FIGURE 7. History-effects with varying ramp velocities. Representative force-time- (upper graph) and length-time traces (lower graph) with isokinetic length changes comprising three different ramp velocities (20, 40, 70% νmax) at constant ramp amplitude of 7% L0 (strip number S38); numbers without units indicate velocity in percent of maximum shortening velocity [% νmax]. The force is normalized to maximum isometric force (Fim) and length to optimum muscle length (L0). Force enhancement (FE, difference between black arrows) and force depression (FD, difference between white arrows) are the force difference between ramp experiments (solid lines) and isometric reference contraction (dotted line) determined 10 s after the end of the ramp, shown exemplarily for the fastest (70% νmax) ramp.
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FIGURE 8. Dependency of history-effects (FE and FD) on ramp length (A) and on ramp velocity (B). Mean forces ± standard deviations are given. Forces are normalized to the forces obtained during purely isometric reference contraction (in percent of maximum isometric force [% F/Fim]) at optimum muscle length [L0] (indicated by horizontal black solid lines). (A) Ramp length was varied (black: 5% L0, dark gray: 7% L0, light gray: 10% L0) at constant ramp velocity (40% νmax). (B) Ramp velocity was varied (black: 20% νmax, dark gray: 40% νmax, light gray: 70% νmax) at constant ramp length (7% L0). Brackets and asterisks (*) mark differences in forces after stretch (eccentric) and shortening (concentric) in the intergroup comparison. Significance levels are marked as follows:*P < 0.05, **P < 0.01, and ***P < 0.001.



DISCUSSION

A comprehensive data set consisting of histological as well as specific biomechanical muscle properties (such as force-length and FVRs has been investigated within this study. Furthermore, this study represents the first in-vitro approach that examined the influence of history-dependent effects induced by ramps with various lengths and velocities on stomach smooth muscle force.

Smooth Gastric Muscle Properties—Comparison with the Literature

Mean maximum tension of active smooth muscle from porcine stomach is 10.92 ± 2.85 N/cm2. This value is about 2–3 times higher compared to muscle tension values of porcine bladder tissue (2.5–6.0 N/cm2 van Mastrigt and Glerum, 1985; Menzel et al., 2017), but about half as much when compared to smooth muscle tissue of stomachs from small mammals such as guinea pigs (19.2 N/cm2 Moriya and Miyazaki, 1982). The mean passive forces of about 26% Fim at L0 are in accordance with previous findings on smooth muscle tissue (Gordon and Siegman, 1971; Siegman et al., 2013; Menzel et al., 2017).

In agreement with the FLR from porcine urinary bladder (Menzel et al., 2017), rabbit taenia coli (Gordon and Siegman, 1971), and rat arterial vessel (Mulvany and Warshaw, 1979), the force-length dependency determined in the present study exhibited an obvious linearity of the ascending and the descending limb (see Figure 4). Furthermore, the shape of the active FLR of smooth muscles is generally similar to that of striated skeletal muscles (Gordon et al., 1966; Herlihy and Murphy, 1973)—implicating a dependence of muscle force with regards to myofilament overlap and muscle length. Considering this, active force production in smooth muscles is roughly based on the mechanisms described by the sliding filament and cross-bridge theories (Huxley and Hanson, 1954; Huxley and Niedergerke, 1954; Gordon et al., 1966) for skeletal muscles, although this is much more thoroughly understood in smooth muscles (Gordon and Siegman, 1971; Arner and Malmqvist, 1998; Siegman et al., 2013). However, there are distinct differences in the underlying microstructure of smooth muscles. Actin filaments are connected to dense bodies (Somlyo et al., 1973) and thus there is no Z-disc as in striated muscles. In contrast to the perfect straight alignment of actin and myosin filaments in skeletal muscles, ultrastructural studies of smooth muscles demonstrate a quite randomly orientated arrangement of myofilaments under activation, accompanied by cellular twisting (corkscrew-like) during active shortening (Fay and Delise, 1973; Bond and Somlyo, 1982; Warshaw et al., 1987).

These structural characteristics might explain specific differences in the muscle properties between smooth and striated muscles. Smooth muscles exhibit no slope change at the ascending limb of the FLR (Herrera et al., 2005), which is typical for striated muscles (Rode and Siebert, 2009; Winters et al., 2011) and muscle fibers (Stephenson, 2003; Tomalka et al., 2017) at sarcomere lengths of about 1.7 μm. In striated muscles this slope change is attributed to the myosin filament sliding through the Z-disc (Rode et al., 2016). The absence of this slope change in smooth muscles (Figure 4) might be partially explained by the side-polar myosin filaments in smooth muscles (Herrera et al., 2005) compared to bipolar myosin filaments in striated muscles (Craig and Megerman, 1977). However, the structural understanding of the entire FLR in smooth muscles is incomplete so far (Siegman et al., 2013).

The maximal shortening length of smooth gastric muscle tissue from pigs investigated in this study is 0.65 ± 0.14 LS (corresponding to 0.29 ± 0.06 L0), which is in accordance with findings of other smooth muscle studies (Gordon and Siegman, 1971; Mulvany and Warshaw, 1979; Siegman et al., 2013). The descending limb is characterized by a linear force decrease in proportion to increasing length. This yielded zero forces at 4.37 ± 1.0 LS or 1.99 ± 0.45 L0, accompanied by non-myofilament overlap. These values are slightly higher than those for such smooth muscles as rat arterial vessel (1.82 L0) (Mulvany and Warshaw, 1979) or rabbit taenia coli muscles (~1.9 L0) (Siegman et al., 2013). For lengthening skeletal muscles, active force production is limited to about 1.6 L0 (Gordon et al., 1966; Stephenson, 2003). Differences might be due to the functional necessity of gastric tissue to withstand high distension (Korossis et al., 2009; Jia et al., 2015). The complex microstructure of smooth muscles comprises a loose, irregular myofilament arrangement held in a mesh, whereas intermediate filaments appear to link the dense bodies in a cytoskeletal network (Fay and Delise, 1973; Somlyo et al., 1973; Mulvany and Warshaw, 1979; Bond and Somlyo, 1982). These filaments, which have a more structural rather than a contractile function, are assumed to have a role in force transmission and mechanical stability (Arner and Malmqvist, 1998; Tortora and Nielsen, 2013). Additionally, smooth muscles are able to actively contract in response to stretching, followed by a reduction in tension within a short period of time (Hill, 1926; Gordon and Siegman, 1971; Tortora and Nielsen, 2013). This stress-relaxation response allows smooth muscles to undergo great length changes while still preserving the ability to contract efficiently (Siegman et al., 1976; Tortora and Nielsen, 2013). Furthermore, side-polar myosin filaments could help to explain the ability of smooth muscles to shorten by large amounts (Xu et al., 1996).

The curv-factor (0.36 ± 0.15) observed in this study is within the range (0.1–0.5) reported for smooth- (Moriya and Miyazaki, 1985; van Mastrigt, 2002; Menzel et al., 2017) and skeletal muscles (Siebert et al., 2015), respectively. Maximum shortening velocity (0.04 ± 0.01 L0/s) is in the lower range of values from 0.03– 0.6 L0/s reported for other mammalian smooth muscles (Gordon and Siegman, 1971; Kong and Stephens, 1983; Moriya and Miyazaki, 1985; van Mastrigt, 2002; Menzel et al., 2017). Compared to values reported for skeletal muscles (νmax: 3–7 L0/s, Ranatunga, 1984; Siebert et al., 2008; Gollapudi and Lin, 2013), maximum shortening velocities of smooth muscles were one to two orders of magnitude smaller (Barany, 1967).

The behavior of the smooth gastric tissue strips investigated in this study is generally in agreement with history-effects reported for other smooth- (Gunst, 1986; van Asselt et al., 2007; Menzel et al., 2017) and skeletal muscles (Rassier and Herzog, 2004; Siebert et al., 2015). Whereas, the evidence of FD and FE has been shown for other canine and porcine smooth muscles in previous studies (Gunst, 1986 trachea; van Asselt et al., 2007; Menzel et al., 2017 urinary bladder), this study represents the first approach investigating smooth gastric muscle tissue. Findings reveal a linear dependency of history-effects (FE and FD) with regards to their ramp amplitude (Table 2, Figure 6) similar to findings on skeletal muscles (Abbott and Aubert, 1952; Edman et al., 1982). Maximum values of FE (up to 16% Fim) and FD (up to 32% Fim) exceed previous findings on smooth muscles (12 and 18% Fim for FE and FD, respectively, Menzel et al., 2017).

In accordance with previous investigations (Menzel et al., 2017), ramp velocity was found to have no significant influence on FD and FE, except for differences between lengthening contractions with 20 and 40% νmax (P < 0.05; Table 2). The investigated influence of ramp velocity on FE (at low ramp velocities) might be influenced by the experimental protocol and the contractile properties of smooth gastric muscle tissue. Low ramp velocities require long stimulus durations resulting in a decrease in muscle force induced by fatigue—accompanied by an additional flattening of the force trace—yielding to significantly reduced FE for slow eccentric ramps (Table 2, Figure 8B). Thus, results of FE for low velocities should be considered with caution. In accordance with findings by Menzel et al. (2017) on smooth muscle tissue as well as on skeletal muscles (Abbott and Aubert, 1952), FD decreased by trend (but not significantly) with increasing ramp velocity.

Underlying Mechanisms of History-Dependence of Muscle Force

To date, there is an intensive debate about mechanisms and functions of history-dependent effects in skeletal muscles (Herzog et al., 2008; Campbell and Campbell, 2011; Siebert and Rode, 2014; Hessel et al., 2017). Titin, a non-cross-bridge, semi-active structure —is increasingly recognized as an important protein that contributes to active force production during and following eccentric contractions (Herzog et al., 2016). While titin does only exist in striated muscles, a molecule having similar functional and structural titin-like characteristics, named smitin, occurs in smooth muscles (Kim and Keller, 2002). Therefore, a transfer of currently discussed various mechanisms, that provide some possible explanations with regards to history-dependent effects in skeletal muscles, is likely (Rode et al., 2009; Nishikawa et al., 2012; Schappacher-Tilp et al., 2015; Heidlauf et al., 2016). However, further experimental and modeling evidence is required to demonstrate conclusive explanatory approaches of underlying mechanisms of history-dependent effects of force production in smooth muscle tissue (see Supplementary Material for further information).

Functional and Physiological Relevance

The investigated tissue samples were dissected out of a predefined section of the fundus (see Figure 1, black rectangle), which is mainly serving as food reservoir. Hence, when the proximal stomach is filled due to ingestion, accompanied by a large expansion of surrounding tissue, history-dependent effects, observed experimentally in this study, might have physiological relevance in order to suit gastric motility. The motility of the fundus (proximal stomach) is characterized by almost tonic contractions induced by permanent but irregular muscle activity (de Wever et al., 1978; Azpiroz and Malagelada, 1984; Notivol et al., 1995). More specifically, in between meals (interdigestive phase) the fundus maintains a high basal muscle tone (a state of continuous partial contraction). Upon food intake, the muscle tone of the proximal stomach suppresses, but will never be switched off completely (Notivol et al., 1995; Schwizer et al., 2002; Tack et al., 2002; Janssen et al., 2011). This enables gastric accommodation and enhances the storage capacity of the stomach by increasing the compliance of the fundic stomach muscle (Villanova et al., 1997; Kindt and Tack, 2006). These findings suggest an eccentric contraction behavior of the fundus during ingestion, even though at suppressed gastric tone (Azpiroz and Malagelada, 1984; Janssen et al., 2011). Accordingly, we expect enhanced forces following active muscle stretch which might subsequently support gastric emptying. This potentially explains the functional relevance of significantly enhanced forces during and after lengthening as observed in this study. Hence, a protective and supportive function of FE prior to gastric emptying to avoid excessive distension of the stomach might represent specific adaptations to gastric functionality. Furthermore, FE might counteract rapid extension of gastric tissue due to acceleration of gastric contents in impact situations e.g., at ground contact during jumping or tumbling. Additionally, the large working range of about 3.7 LS, high muscle tension of smooth gastric tissue, as well as the ability to withstand large eccentric forces, enables the fundus to operate suitably during filling.

FD might occur following food consumption (postprandial phase), when the fundus propels the gastric content distally by a tonic concentric contraction, going along with considerably dimensional changes accompanied by slow muscle shortening (Schulze-Delrieu et al., 1998; Farré and Tack, 2013). Anyway, high FD values seem to be functionally counterproductive for this region and could be seen as an unwanted by-product of FE (Rode et al., 2009). Consequently, the observed muscle properties of the fundus muscle tissue might represent functional adaptations to cover prevailing conditions. However, to verify the hypothesized relation between contractile properties and stomach function, structural reasons for history-dependent effects in smooth muscles as well as potential mechanisms of adaptation have to be analyzed in prospective studies.

Concluding, the findings provided by the current research support the idea of a holistic reflection of stomach structure and function, extending well-known mechanisms and processes (such as distinct signal pathways, various triggered mechanoreceptors) by history-dependent effects. A key role in explaining the enhanced and depressed total force-responses during active stretching and shortening, respectively, might represent the titin-like structure smitin. This semi-active element might behave like a spring during fundic distension and emptying, thus energy may be stored and recoiled as reported for skeletal muscles in stretch-shortening cycles (Roberts and Azizi, 2011), respectively. Consequently, an elegant, energy saving, elastic mechanism similar to the bouncing gait in vertebrate locomotion (Cavagna et al., 1977; Roberts and Azizi, 2011; Roberts, 2016) might enable, or at least enhance, efficient stomach function. The results presented here enable new insights into stomach function and might facilitate development and validation of realistic 3D muscle models of hollow organs like the stomach.

AUTHOR CONTRIBUTIONS

TS, MBö and AT conceived and designed the experiments. AT and MBo performed the experiments; AT, MBo, and TS analyzed the data. AT prepared the figures; TS, AT, and MBo interpreted results; TS, AT, and MBö edited, revised, and drafted the manuscript; all authors approved the final version of manuscript.

FUNDING

This work was funded by the Deutsche Forschungsgemeinschaft (DFG) under Grants SI 841/12-1 and BO 3091/18-1.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2017.00802/full#supplementary-material

ABBREVIATIONS

CSA, cross-sectional area; curv, curvature factor; Fim, maximum isometric muscle force; FD, force depression; FE, force enhancement; FLR, force-length relation; FVR, force-velocity relation; L0, optimum muscle length associated with Fim; LS, slack length; p, percentage of longitudinal muscle layer from total CSA; Pim, maximum smooth muscle tension; νmax, maximum shortening velocity.

REFERENCES

 Abbott, B. C., and Aubert, X. M. (1952). The force exerted by active striated muscle during and after change of length. J. Physiol. 117, 77–86.

 Arner, A., and Malmqvist, U. (1998). Cross-bridge cycling in smooth muscle: a short review. Acta Physiol. Scand. 164, 363–372. doi: 10.1111/j.1365-201X.1998.tb10694.x

 Arner, A., Malmqvist, U., and Uvelius, B. (1984). Structural and mechanical adaptations in rat aorta in response to sustained changes in arterial pressure. Acta Physiol. Scand. 122, 119–126. doi: 10.1111/j.1748-1716.1984.tb07489.x

 Azpiroz, F., and Malagelada, J. R. (1984). Pressure activity patterns in the canine proximal stomach: response to distension. Am. J. Physiol. - Gastrointest. Liver Physiol. 247, G265–G272.

 Barany, M. (1967). ATPase activity of myosin correlated with speed of muscle shortening. J. Gen. Physiol. 50, 197–218. doi: 10.1085/jgp.50.6.197

 Böl, M., Leichsenring, K., Weichert, C., Sturmat, M., Schenk, P., Blickhan, R., et al. (2013). Three-dimensional surface geometries of the rabbit soleus muscle during contraction: input for biomechanical modelling and its validation. Biomech. Model. Mechanobiol. 12, 1205–1220. doi: 10.1007/s10237-013-0476-1

 Bond, M., and Somlyo, A. V. (1982). Dense bodies and actin polarity in vertebrate smooth muscle. J. Cell Biol. 95, 403–413. doi: 10.1083/jcb.95.2.403

 Brenner, B. (1983). Technique for stabilizing the striation pattern in maximally calcium-activated skinned rabbit psoas fibers. Biophys. J. 41, 99–102. doi: 10.1016/S0006-3495(83)84411-7

 Campbell, S. G., and Campbell, K. S. (2011). Mechanisms of residual force enhancement in skeletal muscle: Insights from experiments and mathematical models. Biophys. Rev. 3, 199–207. doi: 10.1007/s12551-011-0059-2

 Cavagna, G. A., Heglund, N. C., and Taylor, C. R. (1977). Mechanical work basic mechanisms in terrestrial locomotion: two for minimizing energy expenditure. Am. J. Physiol. 233, 243–261.

 Craig, R., and Megerman, J. (1977). Assembly of smooth muscle myosin into side-polar filaments. J. Cell Biol. 75, 990–996. doi: 10.1083/jcb.75.3.990

 de Wever, I., Eeckhout, C., Vantrappen, G., and Hellemans, J. (1978). Disruptive effect of test meals on interdigestive motor complex in dogs. Am. J. Physiol. Endocrinol. Metab. 235, E661–E665.

 Ebashi, S., and Endo, M. (1968). Calcium ion and muscle contraction. Prog. Biophys. Mol. Biol. 18, 123–183. doi: 10.1016/0079-6107(68)90023-0

 Edman, K. A. P., Elzinga, G., and Noble, M. (1982). Residual force enhancement after stretch of contracting frog single muscle fibers. J. Gen. Physiol. 80, 769–784. doi: 10.1085/jgp.80.5.769

 Essig, D. A., Segal, S. S., and White, T. P. (1985). Skeletal muscle protein synthesis and degradation in vitro: effects of temperature. Am. J. Physiol. 249, C464–C470.

 Farré, R., and Tack, J. (2013). Food and symptom generation in functional gastrointestinal disorders: physiological aspects. Am. J. Gastroenterol. 108, 698–706. doi: 10.1038/ajg.2013.24

 Fay, F. S., and Delise, C. M. (1973). of Isolated Smooth-Muscle Cells-Structural Changes. Proc. Natl. Acad. Sci. U.S.A. 70, 641–645. doi: 10.1073/pnas.70.3.641

 Fung, Y. C. (1993). Biomechanics : Mechanical Properties of Living Tissues. Berlin: Springer-Verlag.

 Gollapudi, S. K., and Lin, D. C. (2013). Prediction of the in vivo force-velocity relationship of slow human skeletal muscle from measurements in myofibers. Ann. Biomed. Eng. 41, 1767–1777. doi: 10.1007/s10439-013-0820-8

 Gordon, A. M., Huxley, A. F., and Julian, F. J. (1966). The variation in isometric tension with sarcomere length in vertebrate muscle fibres. J. Physiol. 184, 170–192. doi: 10.1113/jphysiol.1966.sp007909

 Gordon, A., and Siegman, M. J. (1971). Mechanical Properties of Smooth muscle. Length-tension and force-velocity relations. Am. J. 221, 1243–1249.

 Gunst, J. (1986). Effect of length history on contractile of canine tracheal smooth muscle. Am. J. Physiol. 250, C146–C154.

 Heidlauf, T., Klotz, T., Rode, C., Altan, E., Bleiler, C., Siebert, T., et al. (2016). A multi-scale continuum model of skeletal muscle mechanics predicting force enhancement based on actin–titin interaction. Biomech. Model. Mechanobiol. 15, 1423–1437. doi: 10.1007/s10237-016-0772-7

 Herlihy, J. T., and Murphy, R. A. (1973). Length-tension relationship of smooth muscle of the hog carotid artery. Circ. Res. 33, 275–283. doi: 10.1161/01.RES.33.3.275

 Herrera, A. M., McParland, B. E., Bienkowska, A., Tait, R., Paré, P. D., and Seow, C. Y. (2005). Sarcomeres of smooth muscle: functional characteristics and ultrastructural evidence. J. Cell Sci. 118, 2381–2392. doi: 10.1242/jcs.02368

 Herzog, W., and Leonard, T. R. (1997). Depression of cat soleus forces following isokinetic shortening. J. Biom. 30, 865–872. doi: 10.1016/S0021-9290(97)00046-8

 Herzog, W., Leonard, T. R., Joumaa, V., and Mehta, A. (2008). Mysteries of muscle contraction. J. Appl. Biomech. 24, 1–13. doi: 10.1123/jab.24.1.1

 Herzog, W., Schappacher, G., DuVall, M., Leonard, T. R., and Herzog, J. A. (2016). Residual force enhancement following eccentric contractions: a new mechanism involving titin. Physiology 31, 300–312. doi: 10.1152/physiol.00049.2014

 Hessel, A. L., Lindstedt, S. L., and Nishikawa, K. C. (2017). Physiological mechanisms of eccentric contraction and its applications: a role for the giant titin protein. Front. Physiol. 8, 1–14. doi: 10.3389/fphys.2017.00070

 Hill, A. V. (1926). The viscous elastic properties of smooth muscle. Proc. R. Soc. B Biol. Sci. 100, 108–115. doi: 10.1098/rspb.1926.0036

 Hill, A. V. (1938). The heat of shortening and the dynamic constants of muscle. Proc. R. Soc. B Biol. Sci. 126, 136–195. doi: 10.1098/rspb.1938.0050

 Huxley, A. F., and Niedergerke, R. (1954). Structural changes in muscle during contraction; interference microscopy of living muscle fibres. Nature 173, 971–973. doi: 10.1038/173971a0

 Huxley, H. E., and Hanson, J. (1954). Changes in the cross-striations of muscle during contraction and stretch and their structural interpretation. Nature 173, 973–976. doi: 10.1038/173973a0

 Janssen, P., Vanden Berghe, P., Verschueren, S., Lehmann, A., Depoortere, I., and Tack, J. (2011). Review article: the role of gastric motility in the control of food intake. Aliment. Pharmacol. Ther. 33, 880–894. doi: 10.1111/j.1365-2036.2011.04609.x

 Jia, Z. G., Li, W., and Zhou, Z. R. (2015). Mechanical characterization of stomach tissue under uniaxial tensile action. J. Biomech. 48, 651–658. doi: 10.1016/j.jbiomech.2014.12.048

 Junqueira, L. C. U., Bignolas, G., and Brentani, R. R. (1979). Picrosirius staining plus polarization microscopy, a specific method for collagen detection in tissue sections. Histochem. J. 11, 447–455. doi: 10.1007/BF01002772

 Kim, K., and Keller, T. C. S. (2002). Smitin, a novel smooth muscle titin-like protein, interacts with myosin filaments in vivo and in vitro. J. Cell Biol. 156, 101–111. doi: 10.1083/jcb.200107037

 Kindt, S., and Tack, J. (2006). Impaired gastric accommodation and its role in dyspepsia. Gut 55, 1685–1691. doi: 10.1136/gut.2005.085365

 Kong, S.-K., and Stephens, L. (1983). Mechanical properties of pulmonary from sensitized dogs. J. Appl. Physiol. Respir. Env. Exerc. Physiol. 55, 1669–1673.

 Korossis, S., Bolland, F., Southgate, J., Ingham, E., and Fisher, J. (2009). Regional biomechanical and histological characterisation of the passive porcine urinary bladder: Implications for augmentation and tissue engineering strategies. Biomaterials 30, 266–275. doi: 10.1016/j.biomaterials.2008.09.034

 Leonard, T. R., and Herzog, W. (2010). Regulation of muscle force in the absence of actin-myosin-based cross-bridge interaction. Am. J. Physiol. Cell Physiol. 299, C14–C20. doi: 10.1152/ajpcell.00049.2010

 Martinez-Lemus, L. A., Hill, M. A., Bolz, S. S., Pohl, U., and Meininger, G. A. (2004). Acute mechanoadaptation of vascular smooth muscle cells in response to continuous arteriolar vasoconstriction: implications for functional remodeling. FASEB J. 18, 708–710. doi: 10.1096/fj.03-0634fje

 Menzel, R., Böl, M., and Siebert, T. (2017). Importance of contraction history on muscle force of porcine urinary bladder smooth muscle. Int. Urol. Nephrol. 49, 205–214. doi: 10.1007/s11255-016-1482-x

 Minekus, J., and van Mastrigt, R. (2001). Length dependence of the contractility of pig detrusor smooth muscle fibres. Urol. Res. 29, 126–133. doi: 10.1007/s002400000168

 Moriya, M., and Miyazaki, E. (1982). The differences in contractile response to AC field stimulation between longitudinal and circular muscles of guinea pig stomach. Jpn. J. Physiol. 32, 1–12. doi: 10.2170/jjphysiol.32.1

 Moriya, M., and Miyazaki, E. (1985). Force-velocity characteristics of stomach muscle : a comparison between longitudinal and circular muscle strips. Comp. Biochem. Physiol. A Comp. Physiol. 81, 531–537. doi: 10.1016/0300-9629(85)91021-7

 Mulvany, M. J., and Warshaw, D. M. (1979). The active tension-length curve of vascular smooth muscle related to its cellular components. J. Gen. Physiol. 74, 85–104. doi: 10.1085/jgp.74.1.85

 Naghshin, J., Wang, L., Pare, P. D., and Seow, C. Y. (2003). Adaptation to chronic length change in explanted airway smooth muscle. J. Appl. Physiol. 95, 448–53; 435. doi: 10.1152/japplphysiol.01180.2002

 Nishikawa, K. C., Monroy, J. A., Uyeno, T. E., Yeo, S. H., Pai, D. K., and Lindstedt, S. L. (2012). Is titin a winding filament? A new twist on muscle contraction. Proc. R. Soc. B Biol. Sci. 279, 981–990. doi: 10.1098/rspb.2011.1304

 Notivol, R., Coffin, B., Azpiroz, F., Mearin, F., Serra, J., and Malagelada, J. R. (1995). Gastric tone determines the sensitivity of the stomach to distention. Gastroenterology 108, 330–336. doi: 10.1016/0016-5085(95)90057-8

 Pal, A., Brasseur, J. G., and Abrahamsson, B. (2007). A stomach road or magenstrasse for gastric emptying. J. Biomech. 40, 1202–1210. doi: 10.1016/j.jbiomech.2006.06.006

 Pal, A., Indireshkumar, K., Schwizer, W., Abrahamsson, B., Fried, M., and Brasseur, J. G. (2004). Gastric flow and mixing studied using computer simulation. Proc. Biol. Sci. 271, 2587–2594. doi: 10.1098/rspb.2004.2886

 Ranatunga, K. W. (1984). The force-velocity relation of rat fast- and slow-twitch muscles examined at different temperatures. J. Physiol. 351, 517–529. doi: 10.1113/jphysiol.1984.sp015260

 Rassier, D., and Herzog, W. (2004). Active force inhibition and stretch-induced force enhancement in frog muscle treated with BDM. J. Appl. Physiol. 97, 1395–1400. doi: 10.1152/japplphysiol.00377.2004

 Roberts, T. J. (2016). Contribution of elastic tissues to the mechanics and energetics of muscle function during movement. J. Exp. Biol. 219, 266–275. doi: 10.1242/jeb.124446

 Roberts, T. J., and Azizi, E. (2011). Flexible mechanisms: the diverse roles of biological springs in vertebrate movement. J. Exp. Biol. 214, 353–361. doi: 10.1242/jeb.038588

 Rode, C., and Siebert, T. (2009). The effects of parallel and series elastic components on estimated active cat soleus muscle force. J. Mech. Med. Biol. 9, 105–122. doi: 10.1142/S0219519409002870

 Rode, C., Siebert, T., and Blickhan, R. (2009). Titin-induced force enhancement and force depression: a sticky-spring mechanism in muscle contractions? J. Theor. Biol. 259, 350–360. doi: 10.1016/j.jtbi.2009.03.015

 Rode, C., Siebert, T., Tomalka, A., and Blickhan, R. (2016). Myosin filament sliding through the Z-disc relates striated muscle fibre structure to function. Proc. R. Soc. B Biol. Sci. 283:20153030. doi: 10.1098/rspb.2015.3030

 Schappacher-Tilp, G., Leonard, T., Desch, G., and Herzog, W. (2015). A novel three-filament model of force generation in eccentric contraction of skeletal muscles. PLoS ONE 10:e0117634. doi: 10.1371/journal.pone.0117634

 Schulze-Delrieu, K., Herman, R. J., Shirazi, S. S., and Brown, B. P. (1998). Contractions move contents by changing the configuration of the isolated cat stomach. Am. J. Physiol. 274, G359–G369.

 Schwizer, W., Steingotter, A., Fox, M., Zur, T., Thumshirn, M., Bosiger, P., et al. (2002). Non-invasive measurement of gastric accommodation in humans. Gut 51, i59–i62. doi: 10.1136/gut.51.suppl_1.i59

 Seow, C. Y. (2005). Myosin filament assembly in an ever-changing myofilament lattice of smooth muscle. Am. J. Physiol. Cell Physiol. 289, C1363–C1368. doi: 10.1152/ajpcell.00329.2005

 Seydewitz, R., Menzel, R., Siebert, T., and Böl, M. (2017). Three-dimensional mechano-electrochemical model for smooth muscle contraction of the urinary bladder. J. Mech. Behav. Biomed. Mater. 75, 128–146. doi: 10.1016/j.jmbbm.2017.03.034

 Siebert, T., and Rode, C. (2014). “Computational modeling of muscle biomechanics,” in Computational Modelling of Biomechanics and Biotribology in the Musculoskeletal System. Biomaterials and Tissues, 1st Edn, ed. Z. Jin. Amsterdam: Woodhead Publishing / Elsevier), 173–243.

 Siebert, T., Leichsenring, K., Rode, C., Wick, C., Stutzig, N., Schubert, H., et al. (2015). Three-dimensional muscle architecture and comprehensive dynamic properties of rabbit gastrocnemius, plantaris and soleus: input for simulation studies. PLoS ONE 10:e0130985. doi: 10.1371/journal.pone.0130985

 Siebert, T., Rode, C., Herzog, W., Till, O., and Blickhan, R. (2008). Nonlinearities make a difference: comparison of two common Hill-type models with real muscle. Biol. Cybern. 98, 133–143. doi: 10.1007/s00422-007-0197-6

 Siegman, M. J., Butler, T. M., Mooers, S. U., and Davies, R. E. (1976). Calcium-dependent resistance to stretch and stress relaxation in resting smooth muscles. Am. J. Physiol. 231, 1501–1508.

 Siegman, M. J., Davidheiser, S., Mooers, S. U., and Butler, T. M. (2013). Structural limits on force production and shortening of smooth muscle. J. Muscle Res. Cell Motil. 34, 43–60. doi: 10.1007/s10974-012-9333-6

 Somlyo, A. P., Devine, C. E., Somlyo, A. V., and Rice, R. V. (1973). Filament organization in vertebrate smooth muscle. Philos. Trans. R. Soc. London Ser. B Biol. Sci. 265, 223–229. doi: 10.1098/rstb.1973.0027

 Stephenson, D. G. (2003). Relationship between isometric force and myofibrillar MgATPase at short sarcomere length in skeletal and cardiac muscle and its relevance to the concept of activation heat. Clin. Exp. Pharmacol. Physiol. 30, 570–575. doi: 10.1046/j.1440-1681.2003.03881.x

 Tack, J., Demedts, I., Meulemans, a., Schuurkes, J., and Janssens, J. (2002). Role of nitric oxide in the gastric accommodation reflex and in meal induced satiety in humans. Gut 51, 219–224. doi: 10.1136/gut.51.2.219

 Till, O., Siebert, T., Rode, C., and Blickhan, R. (2008). Characterization of isovelocity extension of activated muscle: a Hill-type model for eccentric contractions and a method for parameter determination. J. Theor. Biol. 255, 176–187. doi: 10.1016/j.jtbi.2008.08.009

 Tomalka, A., Rode, C., Schumacher, J., and Siebert, T. (2017). The active force – length relationship is invisible during extensive eccentric contractions in skinned skeletal muscle fibres. Proc. R. Soc. B Biol. Sci. 284:20162497. doi: 10.1098/rspb.2016.2497

 Tortora, G. J., and Nielsen, M. T. (2013). Principles of Human Anatomy, 13th Edn. Hoboken, NJ: Wiley.

 van Asselt, E., Pel, J. J. M., and van Mastrigt, R. (2007). Shortening induced effects on force (re)development in pig urinary smooth muscle. J. Biomech. 40, 1534–1540. doi: 10.1016/j.jbiomech.2006.07.012

 van Mastrigt, R. (2002). Mechanical properties of (urinary bladder) smooth muscle. J. Muscle Res. Cell Motil. 23, 53–57. doi: 10.1023/A:1019936831366

 van Mastrigt, R., and Glerum, J. J. (1985). In Vitro comparison of isometric and stop-test contractility parameters for the urinary bladder. J. Urol. Res. 13, 11–17. doi: 10.1007/BF00571750

 Villanova, N., Azpiroz, F., and Malagelada, J. R. (1997). Gastrogastric reflexes regulating gastric tone and their relationship to perception. Am. J. Physiol. 273, G464–G469.

 Wang, L., Paré, P. D., and Seow, C. Y. (2001). Plasticity in skeletal, cardiac, and smooth muscle selected contribution: effect of chronic passive length change on airway smooth muscle length-tension relationship. J. Appl. Physiol. 90, 734–740.

 Warshaw, D. M. (1987). Force: velocity relationship in single isolated toad stomach smooth muscle cells. J. Gen. Physiol. 89, 771–789. doi: 10.1085/jgp.89.5.771

 Warshaw, D. M., McBride, W. J., and Work, S. S. (1987). Corkscrew-like shortening in single smooth muscle cells. Science 236, 1457–1459. doi: 10.1126/science.3109034

 Winters, T. M., Takahashi, M., Lieber, R. L., and Ward, S. R. (2011). Whole muscle length-tension relationships are accurately modeled as scaled sarcomeres in rabbit hindlimb muscles. J. Biomech. 44, 109–115. doi: 10.1016/j.jbiomech.2010.08.033

 Xu, J. Q., Harder, B. A., Uman, P., and Craig, R. (1996). Myosin filament structure in vertebrate smooth muscle. J. Cell Biol. 134, 53–66. doi: 10.1083/jcb.134.1.53

 Zeidan, A., Nordström, I., Dreja, K., Malmqvist, U., and Hellstrand, P. (2000). Stretch-dependent modulation of contractility and growth in smooth muscle of rat portal vein. Circ. Res. 87, 228–234. doi: 10.1161/01.RES.87.3.228

 Zhao, J., Liao, D., and Gregersen, H. (2005). Tension and stress in the rat and rabbit stomach are location- and direction-dependent. Neurogastroenterol. Motil. 17, 388–398. doi: 10.1111/j.1365-2982.2004.00635.x

 Zhao, J., Liao, D., Chen, P., Kunwald, P., and Gregersen, H. (2008). Stomach stress and strain depend on location, direction and the layered structure. J. Biomech. 41, 3441–3447. doi: 10.1016/j.jbiomech.2008.09.008

 Zhao, J., Liao, D., Yang, J., and Gregersen, H. (2010). Biomechanical remodeling of obstructed guinea pig jejunum. J. Biomech. 43, 1322–1329. doi: 10.1016/j.jbiomech.2010.01.018

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Tomalka, Borsdorf, Böl and Siebert. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/inline_3.gif





OPS/images/inline_2.gif
curv






OPS/images/inline_4.gif





OPS/images/inline_1.gif
F0)= Orar =) O+ —)
P’





OPS/images/fphys-08-00802-t002.jpg
(% Fim)

005 (#)

001(8)

Ramp length (% Lo)

5 12.45 + 4.39
7 1568 + 543
10 16.38 + 5.21
Ramp velocity (% vmax)

20 10.28 + 5.81
40 1583 +5.2
70 1437 £5.12
Ramp length (% Lo)

5 16.52 + 3.01
7 2123+ 4.65
10 31.78 £ 6.81

Rarmp velosiy (% max)

20 2516678
40 2335+ 5.33
70 23,00+ 4.53

13

0.001(#)
0.00()

History-effects were determined for three different ramp ampltudes (5, 7, 10% Lo) and
three varying velocities (20, 40, 70% vmay). Significant diferences (P < 0.05) are marked
as follows: # between 5 and 7% Lo, ' between 5 and 10% Lo, " between 7 and 10% Lo, 4
between 20 and 40% v N8 means “not significant” and n is the number of samples.





OPS/images/cover.jpg
, frontiers
in Physiology

Porcine Stomach Smooth Muscle
Force Depends on History-Effects









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-08-00802-g005.gif
o 03 s o7 en ur
velexity [mm/s]





OPS/images/fphys-08-00802-g006.gif
-]
/0] 30y

i
e

iz






OPS/images/fphys-08-00802-g003.gif
Tmm





OPS/images/fphys-08-00802-g004.gif
force |F/F,

10

06

length |L/L,
{3

A

20
length [L/2)

1

0

15

o





OPS/images/fphys-08-00802-t001.jpg
Strip number $1-S14 $15-S37 $38-S42 S43 $44-S53 S54 n

Force-length refation x x x 20
Force-velocity relation x x x 25
History-dependent X ox o ox o ox 17

effects.





OPS/images/fphys-08-00802-g007.gif
#

B

[*4/4] oos0y. P/ wisoy





OPS/images/fphys-08-00802-g008.gif





OPS/images/fphys-08-00802-g001.gif





OPS/images/fphys-08-00802-g002.gif
randomised order

% 01

% 0L :d

1 %01

% or

1%L

%0

%S

% ov






