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Stretch Harmonizes Sarcomere Strain Across the Cardiomyocyte
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Background:

Increasing cardiomyocyte contraction during myocardial stretch serves as the basis for the Frank-Starling mechanism in the heart. However, it remains unclear how this phenomenon occurs regionally within cardiomyocytes, at the level of individual sarcomeres. We investigated sarcomere contractile synchrony and how intersarcomere dynamics contribute to increasing contractility during cell lengthening.

Methods:

Sarcomere strain and Ca 2+ were simultaneously recorded in isolated left ventricular cardiomyocytes during 1 Hz field stimulation at 37 °C, at resting length and following stepwise stretch.

Results:

We observed that in un-stretched rat cardiomyocytes, differential sarcomere deformation occurred during each beat. Specifically, while most sarcomeres shortened during the stimulus, ≈10% to 20% of sarcomeres were stretched or remained stationary. This nonuniform strain was not traced to regional Ca 2+ disparities but rather shorter resting lengths and lower force production in systolically stretched sarcomeres. Lengthening of the cell recruited additional shortening sarcomeres, which increased contractile efficiency as less negative, wasted work was performed by stretched sarcomeres. Given the known role of titin in setting sarcomere dimensions, we next hypothesized that modulating titin expression would alter intersarcomere dynamics. Indeed, in cardiomyocytes from mice with titin haploinsufficiency, we observed greater variability in resting sarcomere length, lower recruitment of shortening sarcomeres, and impaired work performance during cell lengthening.

Conclusions:

Graded sarcomere recruitment directs cardiomyocyte work performance, and harmonization of sarcomere strain increases contractility during cell stretch. By setting sarcomere dimensions, titin controls sarcomere recruitment, and its lowered expression in haploinsufficiency mutations impairs cardiomyocyte contractility.

Cardiac myocytes are composed of repeating contractile units called sarcomeres. Within each sarcomere, actin and myosin are organized into a hexagonal lattice pattern, with 6 actin thin filaments positioned around each myosin thick filament.1,2 Sarcomeric contraction is triggered by a rise in cytosolic Ca2+ levels, as influx via L-type Ca2+ channels triggers additional Ca2+ release from ryanodine receptors in the sarcoplasmic reticulum.3 Binding of released Ca2+ to troponin C on the actin filament allows crossbridge formation with myosin heads, initiating force development and contraction. [START_REF] Lehman | Tropomyosin and actin isoforms modulate the localization of tropomyosin strands on actin filaments[END_REF][START_REF] Herzberg | A model for the Ca2+-induced conformational transition of troponin-C -a trigger for muscle-contraction[END_REF][START_REF] Mckillop | Regulation of the interaction between actin and myosin subfragment-1 -evidence for 3 states of the thin filament[END_REF] The summation of force generated by parallel sarcomeres determines the force production of the whole cell.

In the healthy heart, sarcomere contraction is tightly regulated to meet cardiac demand. For example, during increased ventricular filling, greater cardiac output defined by the Frank-Starling law is provided by length-dependent activation (LDA) of sarcomeres. [START_REF] De Tombe | Myofilament length dependent activation[END_REF] While the precise mechanisms underlying LDA remain debated, experiments based on skinned cardiac trabeculae have shown that increasing sarcomere length (SL) augments both myofilament Ca2+ sensitivity and maximal developed force.7-12 Increased myofilament Ca2+ responsiveness has, in turn, been linked to a reduction of interfilament lattice spacing during stretch and an increased likelihood of crossbridge formation.13 However, LDA may involve additional mechanisms,14 since stretch causes critical structural changes in both the thin and thick filaments.15,16 Specifically, stretch induced conformational changes in troponin C have been linked to increased myofilament Ca2+ sensitivity,11 while force-dependent recruitment of myosin heads from the off to on state17-19 is reported to increase maximal developed force .11 The proposed LDA mechanisms described above are suggested to critically involve the elastic sarcomeric protein titin. Due to its oblique positioning between actin attachment sites in the Z disc and the thick filaments in the A band, stretch causes titin to pull the thick and thin filaments together, reducing lattice spacing. However, titin also binds to MyBP-C (myosinbinding protein C). [START_REF] Pfuhl | Structure, interactions and function of the N-terminus of cardiac myosin binding protein C (MyBP-C): who does what, with what, and to whom?[END_REF] Resulting strain transduction during SL is proposed to facilitate transition of myosin heads to the on state, while also enabling MyBP-C binding to the thin filaments, altered troponin configuration, and thin filament activation. [START_REF] Linke | Titin gene and protein functions in passive and active muscle[END_REF] Although the details of these mechanisms require further investigation, there is general agreement that long, compliant titin variants weaken LDA by reducing longitudinal strain transduction.15,22-24 Similarly, acute cleavage of 50% of the titin springs attenuates LDA, at least in skeletal muscle. [START_REF] Hessel | Titin force in muscle cells alters lattice order, thick and thin filament protein formation[END_REF] While the described studies have provided important insight into how LDA may occur at the level of the single sarcomere, it has remained unclear whether and how these effects are synchronized between adjoining sarcomeres to increase whole-cell force development and contractility. In the present study, we demonstrate that unstretched cardiomyocytes in fact exhibit nonhomogeneous sarcomeric function, as shorter sarcomeres are stretched during systole by their longer, shortening neighbors. We show that LDA includes harmonization of sarcomere strain across the cell, as progressively more sarcomeres are recruited to shorten, increasing work performance. Graded sarcomere recruitment is dependent on variable SL at baseline, which is regulated by titin. We observed that abnormally reduced titin expression, as occurs following haploinsufficiency mutation,26-28 increases variability in SL, diminishes collaboration between sarcomeres, and impairs cardiomyocyte work performance. S1.

Results

Cardiomyocytes Exhibit Nonuniform Sarcomere Strain

We examined the dynamics of individual sarcomeres in isolated rat cardiomyocytes during 1 Hz pacing. In initial experiments, Z-line positions were estimated using t-tubule staining (CellMask) and rapid 2-dimensional confocal scanning of cells plated on coverslips (Figure 1A). Sarcomere strain was calculated using the relative change in position of the neighboring t tubules (Methods; Figure S1). Surprisingly, these analyses revealed nonuniform sarcomere deformation across the contracting cell, as indicated by representative traces in Figure 1A and enlargements presented in Figure 1B. Specifically, while most sarcomeres shortened during the stimulus (85%), a significant portion was observed to be stretched (10%) or remain stationary (5%; Figure 1C). The presented traces also highlight that complex strain patterns can occur at the level of single sarcomeres, including phases of shortening despite net single sarcomere stretch. Notably, the resting SL of sarcomeres that were stretched during systole was observed to be significantly shorter than those that shortened (Figure 1D). As t-tubule morphology deforms during cardiomyocyte contraction,29 we next sought to support our above observations using direct visualization of Z lines by transmitted light (method described in Figure S2). Representative recordings (Figure 2A, enlargements in Figure 2B) and overall data (Figure 2C) show that, as in t-tubule tracking experiments, sarcomeres can exhibit shortening, stretch, or maintained length during the electrical stimulus (87%, 12%, and 1% of sarcomeres, respectively). Z-line tracking also confirmed that, before the stimulus, stretched sarcomeres exhibit significantly shorter resting lengths than those that shortened (Figure 2D). Importantly, the observed nonuniform pattern of sarcomere strain was highly consistent over time, as 98.9% of sarcomeres were found to maintain either positive or negative strain during consecutive beats (Figure S2E andS2F). These analyses further showed that this method of Z-line tracking over consecutive beats allows small changes in SL to be detected (Figure S2G).

An advantage of the transmitted light approach to Z-line tracking is that it enables simultaneous assessment of local Ca2+ transients (fluo-4), with splitting of the 2 signals onto a high-speed camera (Methods). Paired traces presented in Figure 2B show that local Ca2+ transients measured within sarcomeres that stretched during systole were nearly identical to those recorded in their shortening neighbors. Mean data supported that the magnitude and kinetics of Ca2+ release were similar in these 2 groups of sarcomeres (Figure 2E and2F). These findings suggest that nonuniform sarcomere strain does not result from local differences in Ca2+ transients but rather may involve differences in resting length. Specifically, long sarcomeres that produce significant force may shorten at the expense of shorter sarcomeres, which produce little force and are stretched. S5 through S8.

LDA in Single Cardiomyocytes Is Associated With Recruitment of Additional Shortening Sarcomeres

We next examined how stretch affected the uniformity of sarcomere deformation and the contribution of such effects to LDA. Cardiomyocytes were attached to glass rods and subjected to stepwise stretch in intervals corresponding to a 5% command increase in length (Figure 3A). At 20% widening of the rods, an accompanying 14.9% increase in mean SL was observed (2.01±0.01 versus 1.75±0.02 μm at rest). As expected, cell lengthening produced an immediate and marked increase in cellular force development during 1 Hz stimulation (0.085±0.022 μN at resting length versus 0.642±0.195 μN at 20% stretch; Figure 3A, see raw data example in Figure S4 and individual data points in Figure S5). At resting length (0% stretch), attached cells exhibited heterogeneous sarcomere strain similar to observations made in cells plated on coverslips; 77±4% of sarcomeres shortened, 18±3% were stretched, and 5±2% maintained their length, despite uniform Ca2+ transients across the cell (Figure 3B and 3C). Notably, stretched sarcomeres were observed to occur at random locations between the glass rods and not exclusively near the glass rods where MyoTak attachment might cause local damage. As cells were progressively lengthened, more sarcomeres exhibited shortening during the stimulus, reaching 96±1% of sarcomeres at 20% stretch (Figure 3D). Thus, LDA includes progressive recruitment of more shortening sarcomeres.

Further analysis of sarcomere strain during LDA provided additional insight. Notably, although cell lengthening markedly increased the average SL, sarcomeres exhibiting stretch during the electrical stimulus continued to, on average, exhibit shorter resting lengths than those that shortened (Figure 3E; see Figure S6 for presentation as histograms). This observation is consistent with the view that longer sarcomeres shorten at the expense of shorter ones and that increasing SL and force production prevents sarcomeres from being abnormally stretched during electrical stimulation (see Figure S5E and S5F for correlation between proportion of shortening sarcomeres and force development). Importantly, LDA was also associated with greater magnitude contraction in shortening sarcomeres (0.12±0.01 μm in un-stretched versus 0.25±0.04 μm at full stretch), which likely reflected both increasing sarcomere force generation and reduced impedance from short sarcomeres that are stretched (Figure 3F).

Mathematical Modeling of Sarcomere Recruitment During Rest and Stretch Conditions

A mathematical model of sarcomere interactions was used to further investigate the heterogeneity of sarcomere strain, its underlying mechanisms, and consequences. Initial tests were performed with the dynamic model described in Methods, consisting of 3 parallel myofibrils containing 5 sarcomeres each (Figure 4A). All sarcomeres were stimulated by the Ca2+ transient shown in Figure 4B and parameterized to slightly modify the steady-state force-length dependence from the original formulation of Rice et al30 (Figure 4C). The length of a central sarcomere in the array was varied, while all others were of the average length observed in experiments (1.75 μm). In agreement with experimental observations, when the test sarcomere was shorter than average, it was effectively stretched by its neighbors-an effect that was reversed as this sarcomere was progressively lengthened (Figure 4D and4E). Similar effects were apparent when a larger array of 30 by 50 sarcomeres was examined, with variability in SL included to mirror distributions observed in cells. These tests were performed using the steady-state version of the model and with SLs sampled randomly from a normal distribution with mean SL of 1.75 μm and 15% SD. This larger array produced similar proportions of shortening, stationary, and stretched sarcomeres as observed in experiments (Figure 4F, compare Figure 3D at resting length), with stretch again preferentially occurring when SL was short (Figure 4G). These results indicate that the modeled deformation of each sarcomere is driven by its force generation, determined by its resting length, which is counteracted by the external forces from the neighboring sarcomeres. To examine the effects of cell stretch, the larger modeled sarcomere array was lengthened in a stepwise manner, with simultaneous interrogation of sarcomere strain and force generation. The results broadly confirmed experimental findings that fiber lengthening enables progressive recruitment of increasing numbers of shortening sarcomeres (Figure 4H). Fiber lengthening increased SL (Figure 4I) and force production (Figure 4J) in all sarcomeres, regardless of whether they were initially shortening, stationary, or stretched at resting length. However, the stretched sarcomere group exhibited the largest increase in active force (223%), due to the fact that the force-length relationship is steeper at short SLs. Thus, there was a modest steepening of the overall force-length relationship beyond that generated by the pool of sarcomeres that initially shortened (127% force increase; Figure 4J). Critically, the augmenting force production in short sarcomeres allowed them to overcome the stretching effects of their longer neighbors and exhibit shortening. This effect increased overall contractile efficiency during cell lengthening, as estimated by work performance (Figure 4K). Indeed, the negative, wasted work lost to stretched sarcomeres was reversed as these sarcomeres were sufficiently lengthened to enable their shortening. Thus, less force was dissipated at longer lengths, and the overall work-length relationship was steepened, crossing that of the shortening sarcomere group (Figure 4K). A schematic illustrating the critical role of SL in controlling the recruitment of shortening sarcomeres during cell lengthening is presented in Figure 5. 

Titin Controls Variability in SL, Sarcomere Recruitment, and Work Performance

Since our observations indicate that SL is a key determinant of the recruitment of shortening sarcomeres, we investigated the underlying causes. First, we examined whether variable SL might reflect regional differences in resting Ca2+ levels across the cell. To this end, cardiomyocytes were permeabilized either by ionophores or saponin to normalize intracellular Ca2+. In the presence of 0 mM extracellular Ca2+, permeabilization caused an expected increase in SL but no change in its variability across the cell (Figure S7). S9. An alternative explanation is that titin, which critically sets sarcomere dimensions,31,32 centers the A band in the contracting sarcomere21 and preserves Z-line and A-band alignment,33 regulates the uniformity of sarcomere strain. To investigate this hypothesis, we examined titin mutant (Ttntv/+) mice that exhibit haploinsufficiency.26 Overall sarcomere alignment was observed to be unaltered in light microscopy images of Ttntv/+ and WT (wild type) control myocytes (Figure S8A andS8B). However, more detailed analysis of sarcomeric structure by electron microscopy revealed key differences (Figure 6A). Specifically, we observed that although overall SL was similar, myocytes isolated from mutant mice exhibited longer I-band length and shorter A band than WT (Figure 6B), a trend that was observed across the range of measured SLs (Figure S8C andS8D). These findings are in agreement with previous reports that titin is critical for normal myosin filament assembly31,32 and maintenance during contraction.33 Interestingly, I-band and A-band lengths were also observed to be more variable in Ttntv/+ compared with WT, leading to significantly greater variability in overall SL, as measured both in electron microscopy (EM) images (Figure 6C) and light microscopy images of living cells (Figure S9; F test, P=0.038). Greater SL variability in Ttntv/+ was, in turn, linked to a significant increase in the proportion of stretched sarcomeres (19%) compared with WT cells (11%; Figure 6D and6E; χ2 test, P=0.023). The resting length of stretched sarcomeres was similar in Ttntv/+ and WT cells (SL, 1.75±0.03 versus 1.71±0.03 μm, respectively; P=0.321). These findings are consistent with an important role of titin in regulating both sarcomere dimensions and intersarcomere strain patterns across the cell. We next affixed cardiomyocytes to glass rods to examine the consequences of titin haploinsufficiency for sarcomere strain and force development during cell lengthening. In comparison with WT controls, Ttntv/+ mouse cardiomyocytes exhibited reduced force generation, particularly at long SLs (Figure 7A and 7B; see Figure S10 for individual data points). In keeping with lowered titin expression, Ttntv/+ cells also exhibited lowered passive stiffness, as measured by the increase in resting force induced by each stepwise lengthening of the cell (Figure 7C). Importantly, the proportion of sarcomeres that was stretched during each electrical stimulation remained higher in Ttntv/+ cells compared with WT, even as the cells were lengthened (Figure 7D). Thus, at 20% stretch, although nearly all sarcomeres (94%) were recruited to shorten in WT, only 82% were observed to shorten in Ttntv/+. The magnitude of sarcomere deformation (shortening or stretch) was similar in WT and Ttntv/+ across the range of cell lengths (Figure 7E). These results indicate that titin haploinsufficiency is linked to reductions in both sarcomere recruitment and LDA. 6 and7) were incorporated in the modeled array of 1500 sarcomeres to examine effects of stretch on the uniformity of sarcomere strain, force production, and work performance. Changes included (A) increasing sarcomere length variability by 4%, (B) reducing passive stiffness by 50%, and (C) shortening the A band by 3%. Combining these alterations (D) resulted in a higher proportion of stretched sarcomeres and lowered force and work production following stretch. Similar results were obtained when changes in passive stiffness were excluded (Figure S11).

Finally, we examined whether the experimental measurements in Ttntv/+ cardiomyocytes could be reproduced by the deterministic mathematical model. We specifically interrogated the effect of 3 observed changes in these cells: (1) increased SL variability, (2) decreased passive force, and (3) decreased length of the A band, which is expected to reduce the number of myosin heads available for force generation. Incorporating the observed increase in SL variability in the model successfully reproduced lower sarcomere recruitment (fewer shortening sarcomeres) across a range of cell lengths (Figure 8A, left). However, there was little effect of this change on active force generation (Figure 8A, right), since the proportion of shortening sarcomeres increased in parallel in the 2 conditions. In contrast, using experimental measurements to decrease the passive stiffness in the model had little discernible effect on sarcomere recruitment or force generation (Figure 8B). Decreasing the length of the A band, and thus the number of myosin heads, also did not alter the proportion of shortening sarcomeres (Figure 8C, left). However, as in cell experiments, force production was reduced when the sarcomere array was lengthened, as the shorter A band resulted in fewer crossbridges with the thin filaments (Figure 8C, right). When the 3 alterations were made in combination, the model reproduced the lowered sarcomere recruitment and LDA observed experimentally in Ttntv/+ cardiomyocytes (Figure 8D). Overall work performance was also reduced, owing to both lowered force production and a higher fraction of stretched sarcomeres performing negative work (Figure 8D, bottom). Similar observations were made when only increased SL variability and decreased A-band length were combined in the model (ie, without changes in passive stiffness; Figure S11). These findings provide an explanation for impaired cardiomyocyte function resulting from titin truncating mutations.

Discussion

Current dogma has generally assumed that sarcomeres contract uniformly across healthy cardiomyocytes. Our present results dispute this view, showing that in un-stretched cells, there is in fact marked heterogeneity of sarcomere strain during electrical stimulation. Specifically, using 2 different imaging techniques, we observed that while ≈85% of sarcomeres shortened during the electrical stimulus, ≈10% were stretched, and a small remainder of sarcomeres stayed stationary. These distinct patterns of sarcomere strain were linked to differences in resting SL, and mathematical modeling confirmed that lower force production in short sarcomeres can cause them to be stretched by their longer neighbors. Cell stretch was observed to harmonize sarcomere strain in healthy cells, as an increase in average SL from ≈1.75 to 2 μm was accompanied by nearly full sarcomere recruitment to shorten during the electrical stimulus. Thus, LDA includes a previously unrecognized increase in work performance, as recruited sarcomeres begin to produce positive instead of negative work. Based on these findings, we propose a mechanistic model as schematically illustrated in Figure 5.

Why does this harmonization of sarcomere strain occur as the cell is lengthened? Our mathematical modeling analyses show that variability in SL is critical, since it provides a pool of short sarcomeres that produce sufficiently low force to allow their stretch in the resting state. Indeed, the modeled relationship between effective myofilament overlap, a surrogate for force development, and SL (Figure 4C) predicts that longer, shortening sarcomeres produce 56% more force than their shorter, stretched counterparts (0.653 versus 0.420, using mean experimental SLs in Figure 2D). Due to the steep nature of the force-SL relationship at short SLs, short sarcomeres that previously were stretched become contractile when their sharply increasing active force production results in a more balanced tug of war with their longer neighbors. It is important to note that the steep portion of the force-length relationship used in the mathematical model occurred at SLs <1.7 μm (Figure 4C), while the mean SL recorded experimentally in resting cells was ≈1.75 μm. Thus, the steepest portion of the cell's overall force-length relationship is in fact absent in real cardiomyocytes during stretch (Figures 3A and7B). Nevertheless, we did observe many individual sarcomeres as short as those in the steepest range of the force-length relationship (≈1.6 μm) in resting cardiomyocytes, and this pool of short sarcomeres gradually disappeared as the cell was lengthened (Figure S5C). Recruitment of previously stretched sarcomeres to shorten was manifested as a steepening of the cell's work-length relationship (Figure 4K).

What then controls variability in SL? In the second part of our study, we proposed a central role of titin, since previous work has indicated that this protein regulates sarcomere geometry,31,32 and eliminating titin stiffness by acute cleavage of I-band titin causes disruption of the contracting sarcomere.33 Indeed, our electron microscopy analyses revealed considerable variability within the I band of healthy cells (Figure 6A and6B), where dimensions are critically set by titin. In an un-stretched cell, slackened titin allows a greater range of movement within this region. We expect accompanying irregularity in A-band radial force and variability in lattice spacing or strain-induced activation of the myofilaments (recruitment of myosin heads to the on state, MyBP-C binding to thin filaments, altered troponin configuration). [START_REF] Ait-Mou | Titin strain contributes to the Frank-Starling law of the heart by structural rearrangements of both thin-and thick-filament proteins[END_REF][START_REF] Campbell | Force-dependent recruitment from the myosin off state contributes to length-dependent activation[END_REF][START_REF] Linke | Titin gene and protein functions in passive and active muscle[END_REF][START_REF] Methawasin | Experimentally increasing titin compliance in a novel mouse model attenuates the Frank-Starling mechanism but has a beneficial effect on diastole[END_REF][START_REF] Fukuda | Titin isoform variance and length dependence of activation in skinned bovine cardiac muscle[END_REF] Such effects would in turn lead to variable efficiency of force production between sarcomeres in the un-stretched state (Figure 5). To further investigate the role of titin in controlling sarcomere dimensions and strain, we examined cardiomyocytes with lowered titin expression due to haploinsufficiency.26 In TTN tv/+ cells, we observed even greater variability in I-band length and overall SL (Figure 6A and6C) and an even larger proportion of stretched sarcomeres during electrical stimulation (Figure 6D and6E). Stretching TTN tv/+ cells resulted in recruitment of additional shortening sarcomeres, but the proportion of stretched sarcomeres still remained higher than values observed in WT (Figures 7D and8A). Thus, our data support that increased non-uniformity of sarcomere strain in TTN tv/+ cells is a novel mechanism underlying impaired cardiac performance in individuals with these mutations. Beyond titin's role in controlling variability of SL, our observations support an emerging view that titin levels critically regulate myofilament assembly.31,32 TTN tv/+ cells exhibited a shorter A band (Figure 6A and 6B) consistent with a decreased number of myosin heads available to form crossbridges. Mirroring experimental observations (Figure 7A and7B), mathematical modeling showed that the shorter A band resulted in less robust overlap of thick and thin filaments during stretch and impaired force development (Figure 8C). Thus, during LDA, impaired work performance in TTN tv/+ stems from 2 sources; a decreased length of the A band, which reduces force development, and more variable length of the I band, which promotes non-homogeneity of sarcomere strain (Figure 8D).

Although our results show that the cell's titin content coordinates strain patterns between sarcomeres, we had suspected that the protein's stiffness might also play a role. However, mathematical modeling showed that an observed reduction in passive stiffness in TTN tv/+ had no effect on either sarcomere strain or force production (Figure 8B). However, local differences in titin isoforms may be relevant. In healthy rats and mice, the stiff N2B isoform predominates, while the more compliant N2BA isoform accounts for 5% to 15% of expressed titin.35,36 It seems plausible that the longer, extensible I band of N2BA may allow more variability in SL where it is present and that the shortest sarcomeres that exhibit stretch in healthy cells at resting length could be those that express N2BA. As the subject of future work, investigation of this hypothesis is expected to be hampered by a current lack of isoform-specific antibodies and difficulties in quantifying regional differences in phosphorylation and oxidation.

A key question that arises from the current work is whether recruitment of additional shortening sarcomeres contributes to the Frank-Starling mechanism in an in vivo setting. Central to this understanding is insight into the range of SL in intact tissue, a point that has been somewhat controversial and difficult to investigate. To address this issue on a preliminary basis, we presently investigated SL variability in intact, living ventricular tissue by confocal microscopy (Figure S12). We observed that the SD of these SL measurements (0.182) was actually somewhat larger than measurements made in isolated cells (0.123 from t tubule-tracking experiments and 0.083 from Z-line-tracking experiments). Thus, despite the presence of the extracellular matrix and intercellular connections, these data support that sarcomere in-homogeneities are present in the intact, living ventricle. We found that mean SL was ≈1.89 μm in intact tissue. This value is in close agreement with previous reports of diastolic SL in the in vivo mouse heart37,38 and in explanted, Langendorff-perfused rat hearts.39 At this SL, we observed that a significant proportion of sarcomeres (11.4%) is stretched in isolated cells (calculated from regression line in Figure 3D and3E). Thus, at least in small rodents under low preload conditions, it appears that sarcomeres likely remain available for recruitment during activation of the Frank-Starling mechanism. Such effects may be particularly relevant in disease states such as the post-infarction heart, where cardiomyocytes positioned proximal to a scar may experience reduced preload. Future work should be aimed at examining homogeneity of sarcomere function in the in vivo heart, to quantify how harmonization of sarcomere strain contributes to the Frank-Starling mechanism in both health and disease.

It is interesting to consider why the presently described changes in sarcomere strain during LDA have not been previously reported in cardiomyocytes. Indeed, even the concept of nonhomogeneous sarcomere function appears to have been overlooked by some investigators, who have examined sarcomere dynamics with Fourier transforms to assess average changes in Z-line positions40,41 or simply recorded overall cell length. Furthermore, previous efforts to track Z lines have generally not sought to reduce the noise of the individual sarcomere signals or have used too low frame rates to adequately detect changes in length during the contraction cycle. However, 2 previous studies by the Fukuda group have reported heterogeneous sarcomere strain in neonatal cardiomyocytes,42,43 where dyssynchronous Ca2+ release due to a lack of t tubules is expected to be a contributing factor.44 Heterogeneous sarcomere strain has also been noted on occasion in adult myocytes during systole,45-48 diastole,49 and during Ca2+ sparks and waves.50,51 Finally, it should be noted that our findings conceptually resemble observations of nonhomogeneous function in the whole heart, including reports of positive strain occurring proximal to an infarction52 and during dyssynchronous heart failure. [START_REF] Sachse | Subcellular structures and function of myocytes impaired during heart failure are restored by cardiac resynchronization therapy[END_REF] In such situations, it is believed that strongly contracting segments shorten at the expense of weaker regions that are stretched. Thus, our present results are broadly similar to observations made previously in the intact heart but at a smaller scale within cardiomyocytes.

Interestingly, sarcomeric non-uniformities have also been reported in skeletal muscle, where it has similarly been suggested that some sarcomeres may be stretched by their strongly contracting neighbors,54 despite similar local Ca2+ signals.55,56 However, here, an important distinction should be made from the mechanisms presently described, since even resting skeletal muscle operates at much longer SL than cardiac muscle (Figure S13A and S13B). Our experimental measurements (Figure 2D) suggest that there is a threshold SL ≈1.8 μm, beyond which force generation is sufficient to ensure sarcomere shortening. Although we observed considerable variability in SL in skeletal muscle, we did not observe any sarcomeres shorter than 1.8 μm (Figure S13B), and including SL measurements in the mathematical model showed uniform sarcomere strain, as all sarcomeres shortened (Figure S13C). Thus, our observations of nonuniform sarcomere strain at rest, and recruitment of contracting sarcomeres during stretch, appear to be most relevant to cardiomyocytes. Some limitations of our work should be noted. Our first approach to tracking sarcomere function relied on confocal t-tubule imaging as an estimate of Z-line positions. Although t are certainly localized nearby Z lines, recent work has indicated that they deform during each contraction/relaxation cycle.29 Nevertheless, deviations of the t-tubule fluorescent signal from the true Z-line position are expected to be small and likely within the calculated sensitivity for detecting sarcomere movement. Our second sarcomere tracking technique had the advantage that Z lines were directly visualized. However, since this technique used wide-field imaging, a thicker axial section of the cell was tracked. It is thus possible that tilting of Z lines within the axial plane may have affected demarcation of the sarcomere ends. Despite these shortcomings, the 2 techniques revealed remarkably similar non-uniformity of sarcomere dynamics, including the observed proportions of shortening, stretched, and stationary sarcomeres and their respective differences in resting SL. Thus, we believe that these complementary approaches have provided robust insight into the function of individual sarcomeres in isolated cardiomyocytes. However, our study has not included an examination of the many factors other than SL that are expected to contribute to local sarcomere strain, including posttranslational modifications and activation states of the thick and thin filaments or local differences in myofilament Ca2+ sensitivity. Indeed, although we observed that mean SL of stretched sarcomeres is on average shorter than in shortening sarcomeres, there is overlap of these distributions (Figures 1D and2D). Thus, our present work represents only a first step in understanding local differences in sarcomere force generation and strain. Finally, it should be noted that none of our study's experiments included cells or tissue from animals of each sex. This shortcoming reflects the demanding nature of the methods used, which precluded the possibility to record from sufficiently large sample sizes to allow analysis of sex as a biological variable.

In conclusion, our present findings indicate that in the un-stretched state, cardiomyocytes exhibit nonhomogeneous sarcomere strain during electrical stimulation. This non-uniformity results from differences in resting SL across the cell, as short, weakly contracting sarcomeres are stretched by their longer neighbors. Upon cell lengthening, augmenting force production in these shorter sarcomeres enables their gradual recruitment. The resulting harmonization of sarcomere shortening along the cell increases the efficiency of contraction, as less wasted work is performed by stretched sarcomeres. By tuning SL, titin regulates intersarcomere dynamics. In cardiomyocytes with titin haploinsufficiency mutation, lowered titin levels yield more variability in I-band length, and a greater proportion of stretched sarcomeres, while a shorter A band reduces force generation during LDA. In combination, we show that these changes impair work performance in TTN tv/+ myocytes, identifying a novel mechanism for impaired contractility in this condition.

Figure 1 .

 1 Figure 1. Healthy cardiomyocytes exhibit nonuniform sarcomere strain. A, Sarcomeres in isolated cardiomyocytes were tracked by CellMask labeling of t tubules. High-speed confocal imaging of 2-dimensional regions was performed during 1 Hz field stimulation at 37 °C (scale bar, 5 μm). Parabolic fitting was used to identify peak transverse signals, with each peak defining a Z-line position (original data, gray; fitted curve, red; fitted peak, dark blue; see also Figure S1). By subtracting neighboring Z-line positions, sarcomere length (SL) change traces were plotted. During cell contraction, most sarcomeres shortened normally (dark blue traces in bottom), but some sarcomeres were lengthened (orange traces). B, Sarcomere deformations from neighboring sarcomeres are plotted in the same graphs, from 2 regions indicated in A (dashed gray frames). C, Proportions of sarcomeres exhibiting shortening, stretch, or no change in length. D, Resting SLs were observed to be nonhomogeneous, and stretched sarcomeres were significantly shorter than those that shortened. Data are presented as mean ± SEM together with raw data. n sarcomeres : shortening, 130; stretch, 15; stationary, 7 from 13 cells, 5 hearts. Statistical analysis was performed by linear mixed model. P<0.05 was considered significant (*P<0.05). Detailed statistical results are shown in TableS1.

Figure 2 .

 2 Figure 2. Differential sarcomere deformation occurs despite uniform Ca2+ transients. A, Epifluorescent microscopy was used to simultaneously monitor cytosolic Ca2+ and sarcomere striations, using fluo-4 fluorescence and bright-field signals, respectively (see also Figure S2). Bright-field images (left) were filtered with a fast Fourier transform and inverted to assign Z-line signals the highest values (orange). Parabolic fitting was performed to identify peak transverse signals, defining Z-line positions (original data, gray; fitted curve, red; fitted peak, dark blue). By averaging Z-line movement from 5 consecutive contractions, sarcomere deformation traces were plotted. Z-line positions were also used to define local Ca2+ transients for each sarcomere (right; fluorescence at peak of the Ca2+ transient is illustrated at the top). Despite uniform Ca2+ transients observed at individual sarcomeres, differential sarcomere strain was observed (bottom). Scale bars, 5 μm. B, Local Ca2+ transients and deformations from the neighboring sarcomeres indicated in A (dashed gray frames) are plotted in the same graph. C, Proportions of sarcomeres exhibiting shortening, stretch, or no change in length, as determined by bright-field measurements of Z-line positions. D, The resting sarcomere length of stretched sarcomeres was significantly shorter than those that shortened. Ca2+ transient magnitude (E) and time to peak (F) for individual sarcomeres. Data are presented as mean ± SEM together with raw data. n sarcomeres : shortening, 233; stretch, 31; stationary, 4, from 17 cells, 6 hearts. Statistical analysis was performed by linear mixed model (D) or Kruskal-Wallis test with Dunn corrections (E and F). P<0.05 was considered significant (*P<0.01, **P<0.01). Detailed statistical results are shown in Tables S2 through S4.

Figure 3 .

 3 Figure 3. Length-dependent activation in single cardiomyocytes is associated with harmonization of sarcomere strain. A, Cardiomyocytes were attached to glass fibers and stretched in intervals corresponding to a 5% command increase in length. Developed force recordings are presented for the illustrated cardiomyocyte, with data (mean ± SEM) presented at right (sigmoidal curve fitting; see Figure S4 for raw recording). B, Sarcomere deformations in a representative cardiomyocyte at 0% and 20% stretch. C, Local Ca2+ transients and sarcomere deformations from the neighboring sarcomeres indicated in B. D, Progressive stretch increased the proportion of sarcomeres exhibiting shortening. E, During cell stretch, resting sarcomere length remained longer in shortening than stretched sarcomeres. F, Increasing magnitude sarcomere shortening during cell lengthening. Data in D through F are presented as mean ± SEM with regression line. The same sarcomeres were examined in all panels. n sarcomeres : 0% stretch, 86; 5% stretch, 100; 10% stretch, 100; 15% stretch, 109; 20% stretch, 121, from = 6 cells, 6 hearts. Statistical methods: (A) 1-way repeated measures ANOVA to test the hypothesis that cell stretch increased force development in comparison with the un-stretched (0%) state; (D) linear mixed models; (E) and (F) Kruskal-Wallis method for comparisons within each group and Mann-Whitney method for comparisons between groups. P<0.05 was considered significant. **P<0.01, ***P<0.001 vs 0% stretch; † † †P<0.001 for positive or negative slope; #P<0.05, ##P<0.01 shortening vs stretched sarcomeres. Detailed statistical results are presented in Tables S5 through S8.

Figure 4 .

 4 Figure 4. Mathematical modeling of sarcomere recruitment during length-dependent activation. A, Mathematical modeling of an array of 15 sarcomeres arranged in 3 myofibrils, with parallel connections via elastic springs at Z lines. Sarcomere length (SL) was varied for a central test sarcomere, while the length of other sarcomeres was maintained at 1.75 μm (the averaged resting SL in experimental data). B, Sarcomeres were stimulated by a representative experimental Ca2+ transient. C, The steady-state force-length dependence derived from Rice et al,30 quantifying the region where a single thin filament overlaps with the crossbridge containing region of the thick filament. D and E, Modeled strain of test sarcomere in A as a function of resting SL. F, An expanded array of 150 sarcomeres arranged in 30 myofibrils was used to include the SL variability observed experimentally. The SLs were randomly generated by using a normal distribution with mean of 1.75 μm and 15% SD (Figure 3D; 0% stretch). Proportions of shortening, stretched, and stationary sarcomeres. G, Distribution of resting SL values for each type of strain. H, Stepwise lengthening of the sarcomere array progressively increased the number of shortening sarcomeres. I, Corresponding changes in SL. J, Active sarcomere force production. K, Stepwise recruitment of shortening sarcomeres increased overall work performance as less negative work was performed by stretched sarcomeres.

Figure 5 .

 5 Figure 5. Cell lengthening harmonizes sarcomere strain patterns, augmenting work performance. Schematic overview of findings, showing the presence of both shortening and stretched sarcomeres within myofibrils. Stretched sarcomeres are illustrated with shorter sarcomere length. Lower likelihood of crossbridge formation at these sarcomeres may reflect larger interfilament lattice spacing (illustrated) or lower stretchdependent activation of the thin and thick filaments. Progressive stretch of the myofibril increases the fraction of shortening sarcomeres, as lengthening the shortest sarcomeres recruits their active force generation (to overcome the stretching effects of their longer neighbors). Increasing sarcomere recruitment during cell lengthening augments overall contractile efficiency, as less wasted (negative) work is performed.

Figure 6 .

 6 Figure 6. Titin regulates sarcomere dimensions and intersarcomere dynamics. A, Representative micrographs from fixed WT (wild type) and Ttntv/+ mouse myocardium. Enlargements of 2 neighboring sarcomeres indicate the length of the I band (red bar), A band (green), and overall sarcomere length (blue) and highlight the variability of these dimensions. Scale bars, 0.2 μm. B, Mean I band, A band, and total sarcomere lengths (±SEM). C, Variability in sarcomere dimensions, calculated as SD within each image, presented as mean± SEM. nsarcomeres: WT, 71 from 3 hearts; Ttntv/+, 72 from 3 hearts. D, Sarcomere tracking experiments in Ttntv/+ cells revealed fewer shortening and more stretched sarcomeres than in WT (dark blue traces, shortening; orange traces, stretched). E, Proportions of shortening, stretched, and stationary sarcomeres. nsarcomeres: WT, 260 from 23 cells, 3 hearts; Ttntv/+, 248 from 19 cells, 3 hearts. Statistical methods: (B and C) Mann-Whitney U test; (E) χ2 test (proportion stretched sarcomeres in WT vs TTNtv/+, P=0.00396). P<0.05 was considered significant (*P<0.05, ***P<0.001). Detailed statistical results are shown in TableS9.

Figure 7 .

 7 Figure 7. During lengthening, Ttntv/+ cardiomyocytes exhibit diminished length-dependent activation and passive stiffness and greater non-uniformity of sarcomere strain. A, Representative developed force recordings for WT (wild type) and Ttntv/+ cardiomyocytes during stepwise stretch experiments, with mean measurements presented in B (values normalized to cell width). ncells, hearts: WT: 5, 3; Ttntv/+: 6, 3. C, Mean passive force measurements for the same cells, assessed as basal force at each step of stretch. D, Proportions of shortening and stretched sarcomeres. E, Magnitude of deformation for shortening and stretched sarcomeres. n sarcomeres : WT: 0% stretch, 103; 5% stretch, 105; 10% stretch, 99; 15% stretch, 106; 20% stretch, 94, from 5 cells, 3 hearts; Ttntv/+: 0% stretch, 99; 5% stretch, 107; 10% stretch, 120; 15% stretch, 117; 20% stretch, 115, from 6 cells, 3 hearts. Data are presented as mean ± SEM with sigmoidal curve fitting (B), exponential curve fitting (C), or linear regression (D and E). Statistic methods: (B and C) 2-way repeated measures ANOVA; (D) linear mixed model; (E) Kruskal-Wallis test for within-group comparisons, Mann-Whitney U test for betweengroup comparisons. P<0.05 was considered significant. For WT vs Ttntv/+, ¤P<0.05, ¤¤P<0.01, ¤¤¤P<0.001, †P<0.05, † †P<0.01 for positive or negative slope. For presented within group comparisons, *P<0.05, ***P<0.001. Detailed statistical results for B through E are presented in Tables S10 through S14.

Figure 8 .

 8 Figure 8. Increased non-uniformity of sarcomere strain and lowered force production culminate in impaired work performance in TTNtv/+. Changes in TTNtv/+ cardiomyocytes observed experimentally (Figures6 and 7) were incorporated in the modeled array of 1500 sarcomeres to examine effects of stretch on the uniformity of sarcomere strain, force production, and work performance. Changes included (A) increasing sarcomere length variability by 4%, (B) reducing passive stiffness by 50%, and (C) shortening the A band by 3%. Combining these alterations (D) resulted in a higher proportion of stretched sarcomeres and lowered force and work production following stretch. Similar results were obtained when changes in passive stiffness were excluded (FigureS11).
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