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Dystrophic cardiomyopathy arises from mutations in the dystrophin gene. Dystrophin forms part of the dystrophin glycoprotein complex and is postulated to act as a membrane stabilizer, protecting the sarcolemma from contraction-induced damage. Duchenne muscular dystrophy (DMD) is the most severe dystrophinopathy, caused by a total absence of dystrophin. Patients with DMD present with progressive skeletal muscle weakness and, because of treatment advances, a cardiac component of the disease (i.e., dystrophic cardiomyopathy) has been unmasked later in disease progression. The role that myofilaments play in dystrophic cardiomyopathy is largely unknown and, as such, this study aimed to address cardiac myofilament function in a mouse model of muscular dystrophy. To assess the effects of DMD on myofilament function, isolated permeabilized cardiomyocytes of wild-type (WT) littermates and Dmdmdx-4cv mice were attached between a force transducer and motor and subjected to contractile assays. Maximal tension and rates of force development (indexed by the rate constant, ktr) were similar between WT and Dmdmdx-4cv cardiac myocyte preparations. Interestingly, Dmdmdx-4cv cardiac myocytes exhibited greater sarcomere length dependence of peak power output compared to WT myocyte preparations. These results suggest dystrophin mitigates length dependence of activation and, in the absence of dystrophin, augmented sarcomere length dependence of myocyte contractility may accelerate ventricular myocyte contraction-induced damage and contribute to dystrophic cardiomyopathy. Next, we assessed if mavacamten, a small molecule modulator of thick filament activation, would mitigate contractile properties observed in Dmdmdx-4cv permeabilized cardiac myocyte preparations. Mavacamten decreased maximal tension and ktr in both WT and Dmdmdx-4cv cardiac myocytes, while also normalizing the length dependence of peak power between WT and Dmdmdx-4cv cardiac myocyte preparations. These results highlight potential benefits of mavacamten (i.e., reduced contractility while maintaining exquisite sarcomere length dependence of power output) as a treatment for dystrophic cardiomyopathy associated with DMD.
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INTRODUCTION
Dystrophinopathies are a class of diseases that arise from mutations in the dystrophin gene. Dystrophin is a protein that connects the cytoskeleton of striated muscle cells to the extracellular matrix and forms part of the dystrophin associated glycoprotein complex (DGC). An absence of dystrophin typically presents as skeletal muscle weakness and is associated with increased susceptibility to contraction-induced damage. The most severe form of dystrophinopathy is Duchenne muscular dystrophy (DMD). DMD is a X-linked recessive disease caused by a mutation in the dystrophin gene, that, in most cases, leads to its absence in the DGC of striated muscle cells.
DMD affects 1 in 5,000 boys born in the United States (Nigro et al., 1990). Symptoms typically appear between the ages of 2–5 years, with patients presenting with a waddling gait and difficulty climbing stairs. From this, symptoms progressively worsen eventually resulting in frequent falls and a loss of ambulation, usually at ages 7–13 years. Symptoms continue to deteriorate with weakness progressing to the upper limbs. Historically, patient mortality results from respiratory deficits, most notably impairments of the diaphragm, in the late teens to early twenties. Advances in treatment of skeletal muscle have extended life span in DMD patients (Eagle et al., 2002; Ameen and Robson, 2010; Cheeran et al., 2017; Shih et al., 2020) but has unmasked a cardiac component of the disease, known as dystrophic cardiomyopathy. From dystrophic cardiomyopathy heart failure can develop, which in now a primary cause of mortality (Kogelman et al., 2018). As such, it is pertinent to elucidate the mechanisms by which DMD causes heart failure.
Dystrophin has been postulated to act as a membrane stabilizer in striated muscle. This idea is supported by studies that examined the effect of contraction on sarcolemmal stability in models of DMD. In the absence of dystrophin sarcolemma instability manifested as greater membrane damage in response to stress (Houang et al., 2018). Muscle membrane damage has been observed in the form of micro-tears, which leads to extracellular calcium influx, and, in turn, activates sarcoplasmic reticulum calcium release resulting in intracellular calcium overload that exacerbates muscle cell death (Houang et al., 2018). Consistent with this idea, isolated hearts from Dmdmdx mice exhibited elevated lactate dehydrogenase (LDH) levels, a marker of cardiac injury, in response to afterload challenge, in addition, there was greater cardiac myocyte sarcolemma damage and necrosis in response to isoproterenol and aortic constriction in Dmdmdx hearts in vivo (Danialou et al., 2001). Together, these implicate a cardioprotective role for dystrophin and reducing cardiac work may improve DMD patient outcomes.
It is postulated that DMD also could affect the contractile properties of cardiac myofilaments. Some studies have investigated cardiac muscle contractile properties using Dmd mouse models. Twitch force was decreased in isolated, intact trabeculae muscle of 2-month Dmdmdx mice (Janssen et al., 2005). This previous study also utilized a more severe double knockout (DKO) mouse, which was lacking both dystrophin and utrophin, a protein postulated to compensate for the loss of dystrophin in Dmdmdx mice (Blake et al., 1996; Janssen et al., 2005). In the DKO mice, a further reduction was observed in twitch force (Janssen et al., 2005). In another study, changes in contraction were seen before the presence of fibrosis or necrosis, promoting the idea that decreased function is directly due to a loss of dystrophin and not the consequence of cell death or fibrotic remodeling (Quinlan et al., 2004). Additionally, the cardiac relaxation times were significantly increased in Dmdmdx mice at 12–14 weeks (Sapp et al., 1996), further indicating the effect a loss of dystrophin may have upon contractile function in cardiac muscle. To our knowledge, there are no studies that have investigated cardiac myofilament dynamic contractile properties including rates of force, loaded shortening and power output and their sarcomere length dependence in Dmdmdx mice. Thus, we hypothesized that dynamic contractile properties and their length dependence would be depressed in cardiac myofilaments from Dmdmdx-4cv mice.
METHODS
Animal model
All procedures involving animals were performed in accordance with an approved protocol from the Animal Care and Use Committee of the University of Missouri. The Dmdmdx-4cv mouse model was used for this study, as a model that approximates human DMD (Yucel et al., 2018). For instance, Dmdmdx-4Cv mice have 10 times fewer revertant fibers in skeletal muscle cross-sections, which could impact cardiac muscle cells (Danko et al., 1992; Pigozzo et al., 2013) and led to a slightly more severe and less variable cardiac phenotype in Dmdmdx-4Cv compared to the classic Dmdmdx mice. Mice were between the ages of 4–12 months. Wild-type (WT) littermate mice were used as the control group.
Solutions
Relaxing solution for permeabilized cardiac myocytes contained: 1 mM DTT, 100 mM KCl, 10 mM Imidazole, 2.0 mM EGTA, 4.0 mM ATP, 1 mM (free, 5 total) MgCl2. Minimal Ca2+ activating solution (pCa 9.0) for experimental protocol contained: 7.00 mM EGTA, 20 mM Imidazole, 5.42 mM MgCl2, 72.37 mM KCl, 0.016 mM CaCl2, 14.50 mM PCr, 4.7 mM ATP. Maximal Ca2+ activating solution (pCa 4.5) for experimental protocol contained: 7.00 mM EGTA, 20 mM Imidazole, 5.26 mM MgCl2, 60.25 mM KCl, 7.01 mM CaCl2, 14.50 mM PCr, 4.81 mM ATP. A range of Ca2+ concentrations for experiments was prepared by varying combinations of minimal and maximal Ca2+ solutions. Pre-activating solution contained: 0.5 mM EGTA, 20 mM Imidazole, 5.42 mM MgCl2, 98.18 mM KCl, 0.016 mM CaCl2, 14.50 mM PCr, and 4.8 mM ATP. The submaximal calcium concentration was determined by selecting the pCa solution that elicited ∼50% of maximal force obtained in pCa 4.5. For mavacamten experiments, 0.5 µM mavacamten was added to all pCa solutions resulting in a reduction of maximal force by ∼50%, in agreement to previous studies (Awinda et al., 2020; Awinda et al., 2021; Sewanan et al., 2021). For experiments in the presence of 0.5 µM mavacamten, the submaximal calcium concentration was determined by selecting the pCa solution with mavacamten that elicited ∼50% maximal force obtained in pCa 4.5 containing mavacamten.
Permeabilized cardiac myocyte preparations
Mice were weighed and then anaesthetized using isoflurane and their hearts were excised. Following excision, the heart was placed into an ice-cold relaxing solution. The left ventricle was cut into 2–3 mm pieces and then placed into a Waring blender for 5–10 s. The resulting suspension of cells was then centrifuged for 105 s at 165 g. Myocytes were then permeabilized using Triton X-100.
For immunostaining, a drop of permeabilized cardiac myocyte preparations were added to a cover slip, fixed in 4% paraformaldehyde, washed in phosphate buffered saline (PBS), and blocked in 3% bovine serum albumin (BSA) for 1 h. Next the myocyte preparations were incubated with primary antibody to dystrophin (MANDYS1 3B7, Developmental Studies Hybridoma Bank, Iowa City, IA) overnight at 4°C. Coverslips were washed three times in PBS, then incubated in ALEXA 488 anti-mouse secondary antibodies for 1 hour at 37°C. Coverslips were sealed and imaged via confocal microscopy.
For mechanical measurements, permeabilized myocytes were attached between a force transducer and torque motor by placing a myocyte preparation into a stainless steel-troughs (25 gauge) and secured by overlaying the ends of the myocyte with 0.5 mm length of 4–0 monofilament nylon sutures (Ethicon, Inc.), then the sutures were secured into the troughs utilizing loops of 10–0 monofilament (Ethicon, Inc.). Attachment took place using a stereomicroscope (90x zoom). The myocyte preparation apparatus was transferred and mounted onto an inverted microscope (model IX-70, Olympus Instrument Co., Japan). A capacitance-gauge transducer and 10x amplifier (Aurora Scientific, Inc, Aurora ON, Canada) was used for mechanical measurements. Changes in length were introduced using a DC torque motor (model 308, Aurora Scientific, Inc.) by voltage commands from a personal computer using a 16-bit D/A converter (AT-MIO-16E-1, National Instruments Corp., Austin, TX, United States). Length and force signals were digitized at 1 kHz and stored on a personal computer in LabView for Windows (National Instruments Corp.). The length of the sarcomere was measured using a IonOptix SarcLen system (IonOptix, Milton, MA), which uses a fast Fourier transform algorithm on the video image of the myocyte. Once attached, the relaxed cardiomyocyte preparation was adjusted to a SL of ∼2.25 µm and passive tension was assessed by slacking the preparation in pCa 9.0 solution. Force, rate of force, and loaded shortening velocities were made at 15°C ± 1°C at two sarcomere lengths (see Figure 2 for representation of experimental workflow) (Hanft et al., 2021). A final force measurement was made at long sarcomere length in pCa 4.5 solution, and if was found to be below 70% of initial maximal force, data from that myocyte were discarded.
Data and statistical analysis
Force redevelopment following a slack-restretch maneuver was fit by a single exponential equation:
[image: image]
where [image: image] is force at time t, Fmax is maximal force, and ktr is the rate constant of force development.
Myocyte length traces were fit to a single decaying exponential equation:
[image: image]
Where [image: image] is cell length at time t, A and C are constants with dimensions of length, and the rate constant of shortening is k. Velocity of shortening at time, t, was determined by the slope of the tangent to the fitted curve at t. Loaded shortening velocities were calculated from the onset of force clamp at t = 0 msec. The Hill equation (Hill, 1938) was used to fit hyperbolic force-velocity curves to relative force-velocity data.
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[image: image] is the force during shortening at velocity V; P0 is the maximal isometric force; a is a constant with dimensions of force, while b is a constant with dimensions of velocity. Force-velocity data is normalized to isometric force. Force was multiplied by velocity to obtain power-load curves, and peak normalized power output (PNPO) values were obtained by the multiplication of relative force at optimum power by velocity at optimum power. Curves were fit using commercial software (SigmaPlot) and a custom program written using Qbasic. To calculate cross-sectional area, the cell shape was assumed to be elliptical so the width was multiplied by a factor of 0.7 on mnor axis (Strang et al., 1994).
WT and Dmdmdx-4cv cardiac myocyte preparations were compared using Student’s t test. Within group sarcomere length dependence of ktr values, force-velocity and power-load curve parameters were compared using paired t tests. WT and Dmdmdx-4cv preparations were compared before and after mavacamten treatment using a paired t-test. Between group differences in response to mavacamten were compared using either a Mann-Whitney test (Figure 9B) or One-Way ANOVA (Figure 9C). A p-value below 0.05 was considered significant. Significance was denoted by *. N = number of mice/group and all data shown are biological replicates.
RESULTS
Immunofluorescent staining was performed to assess dystrophin content in permeabilized cardiac muscle suspensions after mechanical disruption of wildtype (WT) and Dmdmdx-4cv hearts. While dystrophin remained present in permeabilized cardiac muscle suspensions from WT hearts, dystrophin was absent in permeabilized muscle preparations from Dmdmdx-4cv hearts (Figure 1).
[image: Figure 1]FIGURE 1 | Immunofluorescent images show the presence and absence of dystrophin staining in permeabilized cardiac myocytes from wildtype (WT) and Dmdmdx-4cv mouse hearts, respectively.
Contractile properties
Contractile properties were measured in permeabilized cardiac myocyte-sized preparations from WT and Dmdmdx-4cv mice. The characteristics of permeabilized cardiac myocyte preparations from both groups are provided in Table 1. Figure 2 illustrates experimental workflow for assessment of contractile properties of permeabilized cardiac myocyte preparations. First, force and rate of force development were measured during maximal Ca2+ activation. This was followed by measurements of force, rate of force, and loaded shortening during sub-maximal (∼half-maximal) Ca2+ activation at both long (∼2.25 μm) and then short (∼1.95 μm) sarcomere length (SL), followed by a final force measurement during maximal Ca2+ activation (Figure 2).
TABLE 1 | Wildtype (WT) and Mdx-4cv mouse permeabilized cardiac myocyte preparations at long sarcomere length (SL).
[image: Table 1][image: Figure 2]FIGURE 2 | Permeabilized cardiac myocyte preparation and experimental workflow. Top, a photomicrograph of a representative mouse permeabilized cardiac myocyte preparation and a schematic showing the permeabilized myocyte attachment. The bottom panel shows length and force traces during maximal Ca2+ activation at the beginning of the experiment, followed by representative length traces during a series of force clamps at both long and short sarcomere lengths during sub-maximal Ca2+ activation, and a final length and force trace during maximal Ca2+ activation.
Maximal tension was similar between WT and the Dmdmdx-4cv permeabilized cardiac myocyte preparations (WT: 46 ± 17 kN × m-2; Dmdmdx-4cv 45 ± 23 kN × m-2) (Figure 3A). Additionally, there was no difference in rates of force development (as indexed by the rate constant, ktr) following slack-restretch manoeuvre during maximal Ca2+ activations between WT and Dmdmdx-4cv myocyte preparations (WT: 10.5 ± 1.3 s-1; Dmdmdx-4cv: 10.9 ± 0.9 s-1) (Figure 3B). Sub-maximal force development rates (ktr) were also similar between WT and Dmdmdx-4cv preparations at long SL and short SL (WT: Long SL: 6.13 ± 3.53 s-1, Short SL: 5.94 ± 2.99 s-1, Dmdmdx-4cv: Long SL: 4.96 ± 2.27 s-1, Short SL: 5.02 ± 2.08 s-1) (Figure 3C).
[image: Figure 3]FIGURE 3 | (A). Maximal Tension and (B). rates of force redevelopment (ktr) were similar in permeabilized cardiac myocyte preparations from either wildtype (WT) or Dmdmdx-4cv mice. (C). The sarcomere length dependence of force redevelopment (ktr) during sub-maximal Ca2+ activation also showed no differences between WT and Dmdmdx-4cv permeabilized cardiac myocyte preparations. ktr measurements were compared pairwise at long and short sarcomere length during sub-maximal Ca2+ activations.
Figure 4 shows representative force-velocity and power-load relationships (normalized to isometric force) from a permeabilized cardiac myocyte preparation from a WT mouse heart (left panel) and a Dmdmdx-4cv mouse heart (right panel). Table 2 shows force-velocity and power-load characteristics at long and short sarcomere lengths from permeabilized cardiac myocyte preparations between groups. Interestingly, there was a greater sarcomere length dependence of peak normalized power output in permeabilized cardiac myocyte preparations from Dmdmdx-4cv mice (WT: ΔPNPO long SL-short SL: 0.0004 ± 0.0076, Dmdmdx-4cv: ΔPNPO long SL-short SL: 0.032 ± 0.022; p < 0.05) (Figure 4).
[image: Figure 4]FIGURE 4 | (A). Representative normalized force-velocity and power-load curves at long sarcomere length (∼2.25 µm) and short sarcomere length (∼1.95 µm) in a permeabilized cardiac myocyte preparation from a wildtype (WT) (left) and a Dmdmdx-4cv mouse (right). Units for peak normalized power output (PNPO) are (P/P0*ML*s-1) (B). Change in peak normalized power output (ΔPNPO) between long sarcomere length and short sarcomere length in permeabilized cardiac myocyte preparations from WT littermates and Dmdmdx-4cv mice. Length dependence of PNPO was significantly greater in permeabilized cardiac myocyte preparations from Dmdmdx-4cv mice.
TABLE 2 | Permeabilized cardiac myocyte preparation force-velocity and power-load characteristics at long and short sarcomere length (SL) during sub-maximal Ca2+ activation.
[image: Table 2]Length dependence of absolute power was also determined to look at the effects of dystrophin-deficiency on the product of force and loaded shortening. Figure 5 shows sarcomere length dependence of peak absolute power of cardiac myocyte preparations between groups. Length dependence of peak power (pW) was greater in the Dmdmdx-4cv preparations compared to the WT preparations. From short SL to long SL power output increased 85.67 ± 40.58 pW in the Dmdmdx-4cv preparations but only 31.00 ± 19.52 pW in the WT preparations. The sarcomere length dependence of tension was similar between groups (see Figure 8). These results suggest the loss of dystrophin increases sarcomere length dependence of loaded shortening and peak power in Dmdmdx-4cv cardiac myofilaments.
[image: Figure 5]FIGURE 5 | (A). Representative absolute force-velocity and peak power-load curves at long sarcomere length (∼2.25 µm) and short sarcomere length (∼1.95 µm) in a permeabilized cardiac myocyte preparation from a wild-type (WT) (left) and a Dmdmdx-4cv mouse (right). (B). Change in peak absolute power (ΔpW) from long sarcomere length to short sarcomere length in cardiac myocyte preparations from WT littermates and Dmdmdx-4cv mice. Length dependence of peak absolute power was significantly greater in permeabilized cardiac myocyte preparations from Dmdmdx-4cv mice.
Mavacamten treatment
Since we found greater sarcomere length dependence of loaded shortening and power in dystrophic cardiac myocytes, we next investigated the effects of mavacamten on contractile properties of cardiac myofilaments from DMD mice. Mavacamten has been shown to decrease contractility in myocardial preparations (Green et al., 2016; Awinda et al., 2021), making it a promising drug to treat hypercontractility disorders such as HCM and, it stands to reason, that it may be beneficial for dystrophic cardiomyopathy, which is thought to arise, at least in part, from contraction-induced damage. Mavacamten (0.5 µM) was added to pCa solutions and contractile properties were measured in permeabilized cardiac myocytes from WT and Dmdmdx-4cv mice. The characteristics of permeabilized cardiac myocyte preparations from both treatment groups are provided in Table 3.
TABLE 3 | Mavacamten- wildtype (WT) and Mdx-4cv mouse permeabilized cardiac myocyte preparations at long sarcomere length (SL).
[image: Table 3]Figure 6 shows that mavacamten significantly decreased maximal tension (by ∼45%) in cardiac myocyte preparations from both WT and Dmdmdx-4cv mice. This result is consistent with the tension decline by mavacamten previously reported in permeabilized multi-cellular myocardial preparations (Awinda et al., 2021). These results indicate that mavacamten mitigates tension generation in permeabilized cardiomyocytes regardless of dystrophin content.
[image: Figure 6]FIGURE 6 | Maximal tension in absence and presence of mavacamten (Mava) in permeabilized cardiac myocyte preparations from wildtype (WT) and Dmdmdx-4cv mice. Maximal tension was significantly decreased in both WT and Dmdmdx-4cv myocytes with mavacamten.
Maximal Ca2+ activated rates of force development (ktr values) were also significantly decreased by mavacamten in both WT and Dmdmdx-4cv preparations, highlighting the ability of mavacamten to decrease force kinetics in single permeabilized cardiac myocyte preparations (Figure 7). Intriguingly, mavacamten tended to steepen absolute and normalized sarcomere length-tension relationships in cardiac myocyte preparations from both WT and Dmdmdx-4cv preparations (Figure 8B), similar to a previous report (Sewanan et al., 2021).
[image: Figure 7]FIGURE 7 | Rates of force redevelopment (ktr) during maximal Ca2+ activation were significantly decreased in both wildtype (WT) and Dmdmdx-4cv myocytes in presence of mavacamten (Mava).
[image: Figure 8]FIGURE 8 | (A). Absolute and (B). relative sarcomere length-tension relationships for wildtype (WT) and Dmdmdx-4cv myocytes in the absence and presence of mavacamten (Mava) treatment.
Table 4 shows force-velocity and power-load characteristics at long and short sarcomere lengths from permeabilized cardiac myocyte preparations treated with mavacamten. Figure 9A shows representative absolute force-velocity and power-load relationships from a permeabilized cardiac myocyte preparation from a WT mouse heart (left panel) and a Dmdmdx-4cv mouse heart (right panel). Interestingly, mavacamten eliminated any difference in sarcomere length dependence of power in cardiac myocyte preparations between WT and Dmdmdx-4cv groups (Figure 9B). Sarcomere length dependence of absolute peak power (expressed in relative terms) shifted to a higher value in the WT myocyte preparations after mavacamten (Figures 9B,C). In fact, sarcomere length dependence of power with mavacamtem was similar to Dmdmdx-4cv myocyte preparations without mavacamten (Figure 9C). These results implicate that, while mavacamten decreases overall contractility, it maintains or even augments sarcomere length dependence of contraction in cardiac myofilaments.
TABLE 4 | Mavacamten- permeabilized cardiac myocyte preparation force-velocity and power-load characteristics at long and short sarcomere length (SL) during sub-maximal Ca2+ activation.
[image: Table 4][image: Figure 9]FIGURE 9 | Change in peak power (expressed as relative ΔpW) between WT, Dmdmdx-4cv, and mavacamten (Mava)-treated permeabilized cardiac myocyte preparations. (A). Representative absolute force-velocity and power-load relationships from permeabilized cardiac myocyte preparations from a WT mouse heart (left panel) and a Dmdmdx-4cv mouse heart (right panel). (B). Mavacamten resulted in a similar length dependence of peak power (relative pW) between WT and Dmdmdx-4cv permeabilized cardiac myocyte preparations. (C). Mavacamten normalized the difference in length dependence of peak power previously observed between WT and Dmdmdx-4cv permeabilized cardiac myocytes. For the Mava group, WT (cyan circles crossed) and Dmdmdx-4cv (pink circles hourglass) myocyte preparations were pooled since there was no difference between the two groups in panel (B).
DISCUSSION
Duchenne Muscular Dystrophy (DMD) is a devastating form of dystrophinopathy. DMD is an X-linked recessive disease resulting from a complete absence of the dystrophin protein. Advances in treatment of skeletal muscle, such as corticosteroid therapy, have revealed a previously unappreciated cardiac component of the disease (Matthews et al., 2016; Cheeran et al., 2017; Shih et al., 2020). As such the prevalence of DMD patients with heart failure is increasing, underscoring the importance of mechanistic studies for rationale treatment strategies. While some previous studies have examined the effect of DMD on contractile properties, there are no reports, to our knowledge, investigating the effect of DMD on power generating capacity of single, permeabilized cardiac myocyte preparations.
The focus of this study was to examine how the loss of dystrophin affects contractile properties of permeabilized cardiac myocyte preparations in a mouse model of DMD. Contractility measurements were performed on permeabilized cardiac myocyte preparations from WT and Dmdmdx-4cv mice. Maximal Ca2+ activated tension was similar between preparations from WT and Dmdmdx-4cv groups. This differs slightly from other studies; for instance, Janssen et al. (Janssen et al., 2005; Xu et al., 2011) reported decreased twitch force in isolated trabeculae from mdx mice. This difference may reflect alterations in excitation-contraction coupling in the absence of dystrophin. Also, Su et al. (Su et al., 2012) reported small reductions in maximal Ca2+ activated tension in permeabilized myocyte preparations from sub-endocardium of Golden Retriever Muscular Dystrophy (GRMD) left ventricles. Overall, the varied results may arise from differences in species, mouse strains, age, disease severity, and muscle preparations.
We also found no difference in maximal rates of force development between preparations from WT and Dmdmdx-4cv groups, which is like a previous study using permeabilized myocyte preparations from GRMD hearts (Ait Mou et al., 2018). However, we did observe a greater sarcomere length dependence of power output in myocyte preparations from Dmdmdx-4cv mice. The increased sarcomere length dependence of power could potentially exacerbate hemodynamic load-dependent myocyte damage in DMD hearts (Danialou et al., 2001). Accordingly, this potentially elucidates a mechano-transduction mechanism by which myocytes lacking dystrophin have a greater propensity for ventricular damage and consequent cardiomyopathy leading to failure.
The greater sarcomere length dependence of power in Dmdmdx-4cv permeabilized cardiac myocytes led us to test whether the myosin cross-bridge stabilizing peptide, mavacamten, might mitigate this response. As expected, mavacamten decreased maximal tension, maximal ktr, and power in both wild-type and Dmdmdx-4cv cardiac myocyte preparations. Mavacamten also normalized sarcomere length dependence of power between groups. Interestingly though, mavacamten, instead of decreasing delta power in the Dmdmdx-4cv cardiac myocytes, increased delta power in WT myocytes (Figure 9B) values that matched DMDmdx-4cv levels.
These findings show promise for mavacamten as a potential treatment for DMD. Mavacamten decreased both maximal tension and force development kinetics. Since patients with DMD are more susceptible to contraction-induced damage, attenuation of force and rate of force by mavacamten may offer a new avenue to lessen damage induced by myocyte stress. While we predicted that mavacamten may minimize sarcomere length dependence of contractile properties, this was not the case; in fact, mavacamten appeared to augment sarcomere length dependence of contractile properties. Interestingly, while conventional negative iontropes (e.g., beta-blockers) also decrease contractility, they tend to diminish sarcomere length dependence of power (Hanft and McDonald, 2010) and attenuate Ca2+ cycling kinetics (Solaro, 2002). Thus, mavacamten may be better suited to treat contraction-induced damage disorders by its direct action to reduce force and kinetics and overall cardiac work (Danialou et al., 2001) yet still maintaining exquisite sarcomere length dependence of contractility, i.e., the ventricles retain their intrinsic capacity to rapidly respond to changes in metabolic demand by the Frank-Starling mechanism (i.e., greater end diastolic volumes elicit proportional increases in stroke volume). Testing this hypothesis will require systematic delineation of how mavacamten modulates function across different levels of myocardial organization in DMD-associated cardiomyopathy.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by Animal Care and Use Committee of the University of Missouri.
AUTHOR CONTRIBUTIONS
TG, LH, and KM performed mouse single cardiac myocyte preparation experiments and data analysis. MK managed the mouse colonies. TG, LH, and KM contributed to data analysis. All authors contributed to the article and approved the submitted version.
FUNDING
This work was supported by (i) National Institutes of Health (NIH) HL57852 and a University of Missouri Research and Creative Work Strategic Investment Program.
ACKNOWLEDGMENTS
The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ait Mou, Y., Lacampagne, A., Irving, T., Scheuermann, V., Blot, S., Ghaleh, B., et al. (2018). Altered myofilament structure and function in dogs with Duchenne muscular dystrophy cardiomyopathy. J. Mol. Cell Cardiol. 114, 345–353. doi:10.1016/j.yjmcc.2017.12.008
 Ameen, V., and Robson, L. G. (2010). Experimental models of duchenne muscular dystrophy: Relationship with cardiovascular disease. Open Cardiovasc Med. J. 4, 265–277. doi:10.2174/1874192401004010265
 Awinda, P. O., Bishaw, Y., Watanabe, M., Guglin, M. A., Campbell, K. S., and Tanner, B. C. W. (2020). Effects of mavacamten on Ca(2+) sensitivity of contraction as sarcomere length varied in human myocardium. Br. J. Pharmacol. 177, 5609–5621. doi:10.1111/bph.15271
 Awinda, P. O., Watanabe, M., Bishaw, Y., Huckabee, A. M., Agonias, K. B., Kazmierczak, K., et al. (2021). Mavacamten decreases maximal force and Ca(2+) sensitivity in the N47K-myosin regulatory light chain mouse model of hypertrophic cardiomyopathy. Am. J. Physiol. Heart Circ. Physiol. 320, H881–h890. doi:10.1152/ajpheart.00345.2020
 Blake, D. J., Tinsley, J. M., and Davies, K. E. (1996). Utrophin: A structural and functional comparison to dystrophin. Brain Pathol. 6, 37–47. doi:10.1111/j.1750-3639.1996.tb00781.x
 Cheeran, D., Khan, S., Khera, R., Bhatt, A., Garg, S., Grodin, J. L., et al. (2017). Predictors of death in adults with duchenne muscular dystrophy-associated cardiomyopathy. J. Am. Heart Assoc. 6, e006340. doi:10.1161/JAHA.117.006340
 Danialou, G., Comtois, A. S., Dudley, R., Karpati, G., Vincent, G., Des Rosiers, C., et al. (2001). Dystrophin-deficient cardiomyocytes are abnormally vulnerable to mechanical stress-induced contractile failure and injury. Faseb J. 15, 1655–1657. doi:10.1096/fj.01-0030fje
 Danko, I., Chapman, V., and Wolff, J. A. (1992). The frequency of revertants in mdx mouse genetic models for Duchenne muscular dystrophy. Pediatr. Res. 32, 128–131. doi:10.1203/00006450-199207000-00025
 Eagle, M., Baudouin, S. V., Chandler, C., Giddings, D. R., Bullock, R., and Bushby, K. (2002). Survival in duchenne muscular dystrophy: Improvements in life expectancy since 1967 and the impact of home nocturnal ventilation. Neuromuscul. Disord. 12, 926–929. doi:10.1016/s0960-8966(02)00140-2
 Green, E. M., Wakimoto, H., Anderson, R. L., Evanchik, M. J., Gorham, J. M., Harrison, B. C., et al. (2016). A small-molecule inhibitor of sarcomere contractility suppresses hypertrophic cardiomyopathy in mice. Science 351, 617–621. doi:10.1126/science.aad3456
 Hanft, L. M., Fitzsimons, D. P., Hacker, T. A., Moss, R. L., and Mcdonald, K. S. (2021). Cardiac MyBP-C phosphorylation regulates the Frank-Starling relationship in murine hearts. J. Gen. Physiol. 153, e202012770. doi:10.1085/jgp.202012770
 Hanft, L. M., and Mcdonald, K. S. (2010). Length dependence of force generation exhibit similarities between rat cardiac myocytes and skeletal muscle fibres. J. Physiology 588, 2891–2903. doi:10.1113/jphysiol.2010.190504
 Houang, E. M., Sham, Y. Y., Bates, F. S., and Metzger, J. M. (2018). Muscle membrane integrity in duchenne muscular dystrophy: Recent advances in copolymer-based muscle membrane stabilizers. Skelet. Muscle 8, 31. doi:10.1186/s13395-018-0177-7
 Janssen, P. M., Hiranandani, N., Mays, T. A., and Rafael-Fortney, J. A. (2005). Utrophin deficiency worsens cardiac contractile dysfunction present in dystrophin-deficient mdx mice. Am. J. Physiol. Heart Circ. Physiol. 289, H2373–H2378. doi:10.1152/ajpheart.00448.2005
 Kogelman, B., Putker, K., Hulsker, M., Tanganyika-De Winter, C., Van Der Weerd, L., Aartsma-Rus, A., et al. (2018). Voluntary exercise improves muscle function and does not exacerbate muscle and heart pathology in aged Duchenne muscular dystrophy mice. J. Mol. Cell Cardiol. 125, 29–38. doi:10.1016/j.yjmcc.2018.10.008
 Matthews, E., Brassington, R., Kuntzer, T., Jichi, F., and Manzur, A. Y. (2016). Corticosteroids for the treatment of Duchenne muscular dystrophy. Cochrane Database Syst. Rev. 2016, Cd003725. doi:10.1002/14651858.CD003725.pub4
 Nigro, G., Comi, L. I., Politano, L., and Bain, R. J. (1990). The incidence and evolution of cardiomyopathy in Duchenne muscular dystrophy. Int. J. Cardiol. 26, 271–277. doi:10.1016/0167-5273(90)90082-g
 Pigozzo, S. R., Da Re, L., Romualdi, C., Mazzara, P. G., Galletta, E., Fletcher, S., et al. (2013). Revertant fibers in the mdx murine model of duchenne muscular dystrophy: An age- and muscle-related reappraisal. PLoS One 8, e72147. doi:10.1371/journal.pone.0072147
 Quinlan, J. G., Hahn, H. S., Wong, B. L., Lorenz, J. N., Wenisch, A. S., and Levin, L. S. (2004). Evolution of the mdx mouse cardiomyopathy: Physiological and morphological findings. Neuromuscul. Disord. 14, 491–496. doi:10.1016/j.nmd.2004.04.007
 Sapp, J. L., Bobet, J., and Howlett, S. E. (1996). Contractile properties of myocardium are altered in dystrophin-deficient mdx mice. J. Neurol. Sci. 142, 17–24. doi:10.1016/0022-510x(96)00167-0
 Sewanan, L. R., Shen, S., and Campbell, S. G. (2021). Mavacamten preserves length-dependent contractility and improves diastolic function in human engineered heart tissue. Am. J. Physiol. Heart Circ. Physiol. 320, H1112–H1123. doi:10.1152/ajpheart.00325.2020
 Shih, J. A., Folch, A., and Wong, B. L. (2020). Duchenne muscular dystrophy: The heart of the matter. Curr. Heart Fail Rep. 17, 57–66. doi:10.1007/s11897-020-00456-0
 Solaro, R. J. E. (2002). Modulation of cardiac myofilament activity by protein phosphorylation. New York: Oxford University Press. 
 Strang, K. T., Sweitzer, N. K., Greaser, M. L., and Moss, R. L. (1994). Beta-adrenergic receptor stimulation increases unloaded shortening velocity of skinned single ventricular myocytes from rats. Circulation Res. 74, 542–549. doi:10.1161/01.res.74.3.542
 Su, J. B., Cazorla, O., Blot, S., Blanchard-Gutton, N., Ait Mou, Y., Barthélémy, I., et al. (2012). Bradykinin restores left ventricular function, sarcomeric protein phosphorylation, and e/nNOS levels in dogs with Duchenne muscular dystrophy cardiomyopathy. Cardiovasc Res. 95, 86–96. doi:10.1093/cvr/cvs161
 Xu, Y., Delfín, D. A., Rafael-Fortney, J. A., and Janssen, P. M. (2011). Lengthening-contractions in isolated myocardium impact force development and worsen cardiac contractile function in the mdx mouse model of muscular dystrophy. J. Appl. Physiol. 110, 512–519. doi:10.1152/japplphysiol.00253.2010
 Yucel, N., Chang, A. C., Day, J. W., Rosenthal, N., and Blau, H. M. (2018). Humanizing the mdx mouse model of DMD: The long and the short of it. NPJ Regen. Med. 3, 4. doi:10.1038/s41536-018-0045-4
Conflict of interest: 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 © 2023 George, Hanft, Krenz, Domeier and McDonald. 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) and the copyright owner(s) 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/fphys-14-1207658-t004.jpg
SL Fopt Vopt Vinax Peak absolute power output  Peak normalized power output (P/

(um) (P/P) (ML-s") (MLs) (W mg™) Py -ML-s)
WT | long = 231 | 0292002 | 037%007 127%018 280 +132 0111 £ 0.025
SL 001
Short | 199 | 0283002 | 039+006  142%020 116 + 0.41 0.109 +0.022
SL 0.04
Mdx | Long | 228+ | 026002 052£007 @ 203028 201 +059 0.132 +0.019
B SL 003
Short | 200+ | 0274002 040+008 = 160029 076 % 0.29 0.103 +0.019
SL 003

T O A





OPS/xhtml/nav.xhtml
Contents

		Cover

		Dystrophic cardiomyopathy: role of the cardiac myofilaments		Introduction

		Methods		Animal model

		Solutions

		Permeabilized cardiac myocyte preparations

		Data and statistical analysis





		Results		Contractile properties

		Mavacamten treatment





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/fphys-14-1207658-t003.jpg
Passive Maximum Maximum Maximum pCa for Relative

Cardiac Length  Width SIt

myocyte (um) (um) tension force (uN) tension tension with sub- tension
preparations (kN-m?) (kN-m?) mava max sub-
(kN-m?) tension  max pCa

wT n=3 U515 | 20%2 | 231% | 142£052 119 %12 53+8 29t5 57£01 | 066+ 005
(N= 001
3)
Mdx- 147£21 | 29%3 | 228+ | 124%056 28+53 4856 26+4 57£01 | 054%004
= 003
N=
4)

number of mice (Biological replicates).

Values are means + SEM.





OPS/images/inline_2.gif





OPS/images/inline_1.gif





OPS/images/fphys-14-1207658-t002.jpg
SL Fopt Vopt Vi Peak absolute power output  Peak normalized power output (P/

(um) (P/Po) (ML) (MLs") (W mg™) Py -ML:s")

WT | long = 2294 | 029%002  053%006 168017 385 +0.71 0.155 £ 0.022
SL 0.01

Short 195+ | 030002 052%005  175%0.19 239 +0.44 0.156 £ 0.020
SL 0.00

Long | 228+ | 029%002  058+004 207021 3324054 0170 £ 0.014
SL 0.02

Short 195+ | 030£002 | 048%003  1590.11 151 £0.29 0138 +0.012
SL 0.00

T OO . L





OPS/images/fphys-14-1207658-t001.jpg
Length Width S|E Passive Maximum Maximum pCa for Relative

Cardiac

myocyte (um) (um) (L) tension force (uN) tension sub-max  tension sub-
preparations (kN-m) (kN-m™?) tension max pCa
WT n=7 159 2081 | 229% | 207033 102512 46£7 6.06 +0.02 056 £ 0.03
N=7) 0.01
Mdx-+ n=10 1234 251 | 228+ | 131£022 136 £ 16 4557 609 +0.02 050 £ 0.03
(N=8) 0.02

iihes ok inios Dot sasbartedl:

Values are means + SEM. N









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





OPS/images/fphys-14-1207658-g005.gif





OPS/images/fphys-14-1207658-g006.gif





OPS/images/fphys-14-1207658-g003.gif
FIEILTE





OPS/images/fphys-14-1207658-g004.gif





OPS/images/fphys-14-1207658-g009.gif





OPS/images/fphys-14-1207658-g007.gif





OPS/images/fphys-14-1207658-g008.gif
Sarcomere Length (um)

‘Sarcomere Length (um)





OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-14-1207658-g001.gif





OPS/images/fphys-14-1207658-g002.gif





OPS/images/math_qu1.gif





OPS/images/inline_3.gif





OPS/images/math_qu3.gif





OPS/images/math_qu2.gif





