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Abstract

Cross-bridge cycling kinetics play an essential role in the heart’s ability to contract and relax. The 

rate of tension redevelopment (ktr) slows down as a muscle length is increased in intact human 

myocardium. We set out to determine the effect of rapid length step changes and protein kinase A 

(PKA) and protein kinase C-βII (PKC-βII) inhibitors on the ktr in ultra-thin non-failing and failing 

human right ventricular trabeculae. After stabilizing the muscle either at L90 (90% of optimal 

length) or at Lopt (optimal length), we rapidly changed the length to either Lopt or L90 and 

measured ktr. We report that length-dependent changes in ktr occur very rapidly (in the order of 

seconds or faster) in both non-failing and failing muscles and that the length at which a muscle 

had been stabilized prior to the length change does not significantly affect ktr. In addition, at L90 

and at Lopt, PKA and PKC-βII inhibitors did not significantly change ktr. Our results reveal that 

length-dependent regulation of cross-bridge cycling kinetics predominantly occurs rapidly and 

involves the intrinsic properties of the myofilament rather than post-translational modifications 

that are known to occur in the cardiac muscle as a result of a change in muscle/sarcomere length.
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Introduction

The beating heart utilizes the Frank-Starling mechanism to increase its cardiac output as its 

volume increases due to venous return of blood [1]. As the diastolic ventricular volume 

increases, not only does the contractile force increase, but the kinetics of contraction and 

relaxation are also modulated [2, 3]. Cross-bridge cycling kinetics is an important 

contributor in determining cardiac output [4–6] and consequently discovering how this 

kinetic parameter is regulated is essential to having a comprehensive understanding of how 

the heart regulates its pumping activity, is altered in heart failure, and discovering novel 

potential therapeutic targets. On a cellular level, it has been shown that increasing muscle 

length, an in vitro index of pre-load, decreases cross-bridge cycling kinetics in animal 

models [7–11]. We have recently shown that this length-dependent regulation of cross-

bridge cycling kinetics is also present in both non-failing and failing human myocardium 

under conditions close to those in vivo [12]. The exact mechanism(s) by which muscle 

length affects cross-bridge cycling kinetics remains however unknown.

It has been proposed that stretching cardiomyocytes results in stretching of titin which 

interacts with cardiac myosin binding protein-C (cMyBP-C). This in turn exerts movement 

restriction on myosin heavy chain (MHC) that ultimately results in decreased cross-bridge 

cycling rate [5, 10, 13]. Another possible mechanism is that increasing muscle length 

induces post-translational modifications of contractile proteins and these modifications are 

responsible for the length-dependent regulation of contractile kinetics. It is well known that 

modifications including phosphorylation of contractile proteins, such as myosin light chain 2 

(MLC-2), cMyBP-C and Troponin-I (TnI) Ser23/24, are important determinants of cross-

bridge cycling kinetics [14–22]. Recent studies have shown that increasing pre-load is 

associated with alterations in MLC-2 phosphorylation of rat myocardium [23]. Furthermore, 

increasing muscle length has been shown to alter phosphorylation of MLC-2 in human [24] 

and both MLC-2 and TnI Ser23/24 in rabbit cardiac muscles[3], while stretching 

permeabilized guinea pig ventricular cardiomyocytes is associated with increased 

phosphorylation of MLC-2 and cMyBP-C [25]. Furthermore, we have previously shown that 

Protein Kinase A (PKA) and Protein Kinase C-βII (PKC-βII) pathways are essential to this 

length-dependent phosphorylation and their inhibition results in faster twitch kinetics at 

increased muscle lengths [26]. Thus, length-dependent phosphorylation of contractile 

proteins is a plausible explanation for the effects of muscle length on cross-bridge cycling 

kinetics which warrants further evaluation.

We previously developed a novel method for assessing cross-bridge cycling kinetics by 

measuring rate of tension redevelopment (ktr) in intact cardiac trabeculae [7]. This technique 

has the advantage of conducting experiments on intact cardiac preparations under near-

physiological conditions, where the post-translational modification machinery remains 

intact. It allows the possibility of assessing whether the length-dependent regulation of 

contractile kinetics is solely dependent on the inherit properties of the myofilaments or that 

post-translational modifications also have a main role. In this study, we show that length-

dependent regulation of cross-bridge cycling kinetics is a near instantaneous process 

suggesting that the underlying mechanism is within the myofilament proteins.
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Methods

Procurement of Human Hearts

All experiments on human tissue presented in this study were performed in accordance with 

the Institutional Review Board (IRB) at The Ohio State University and Declaration of 

Helsinki. Non-failing human hearts not suitable for cardiac transplantation (n = 9) were 

acquired from LifeLine of Ohio Organ Procurement and failing hearts (n = 8) from patients 

undergoing cardiac transplantation at The Ohio State University Wexner Medical Center. 

Informed consent was acquired from all patients undergoing cardiac transplantation. Human 

hearts reported here are a subset of samples that were used in our previous study [12]. The 

details of the human hearts and type of experiment performed are outlined in Table 1. The 

acquired hearts were immediately flushed with cold cardioplegic solution containing (in 

mM): 110 NaCl, 16 KCl, 10 NaHCO3, 16 MgCl2, and 0.5 CaCl2 and transported promptly 

to the laboratory.

Isolation of Cardiac Trabeculae

The right ventricles were transferred from the cardioplegic solution to a Krebs-Henseleit 

solution (K-H) previously bubbled with 95% O2-5% CO2 containing (in mM): 137 NaCl, 5 

KCl, 20 NaHCO3, 10 dextrose, 1.2 NaH2PO4, 1.2 MgSO4, 0.25 CaCl2,and 20 BDM (2,3-

butanedione monoxime) and pH of 7.4. Small linear trabeculae were isolated from the right 

ventricles. All trabeculae were submerged in this K-H solution and kept at 0–4 °C until the 

start of the experiments. Muscles were mounted on a custom-made setup as previously 

described [7, 12]. The perfusion solution was a modified K-H solution (37 °C) without BDM 

and containing an initial CaCl2 concentration of 0.25 mM. Muscles were stimulated at 1 Hz 

and the CaCl2 concentration was gradually raised to 2 mM. The muscles were then gradually 

stretched to optimal length (Lopt) as previously described [12] which is close to the 

sarcomere length of 2.2 μm at end-diastole in vivo [27].

ktr measurements with inhibitors

The data on control experiments without inhibitors presented in this study are a subset of 

data previously reported in another study [12]. In brief, muscles were stabilized at L90 or 

Lopt for 10–15 minutes without any inhibitors. The ktr was measured at sub-maximal and 

maximal tension levels of the K+ contracture as previously described [12]. After these 

control measurements, muscles were re-stabilized at Lopt, 1 Hz, 37 °C without any inhibitors 

for 15 minutes. Muscles were then stabilized in the presence of 20 μM H-89 and 7.5 nM 

PKCβII peptide inhibitor I for an additional15 minutes. These inhibitors were also added to 

the high K+/high Ca2+ solution (i.e. the K+ contracture solution). The K+ contracture was 

induced and ktr maneuvers at sub-maximal and maximal tension levels were performed. 

Muscles were next stabilized at L90, 1 Hz, and 37 °C with the inhibitors for 15 minutes. 

Afterward s, K+ contracture and ktr experiments were conducted during sub-maximal and 

maximal tension levels.
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ktr measurements after rapid muscle length changes

The control data at Lopt and L90 reported are from a subset of experiments previously 

reported in our recent study [12]. Muscles were stabilized at L90 and 1 Hz for ~10–15 

minutes. K+ contracture was induced and ktr was initially measured during maximal K+ 

contracture tension as described above. Immediately afterwards, while the muscles were still 

under contracture, they were quickly stretched to Lopt and ktr was measured at this length 

quickly (within several seconds). Similarly, muscles were allowed to stabilize at Lopt and 1 

Hz for ~10–15 minutes. After the ktr at Lopt was measured during the maximal K+ 

contracture tension, the muscle was quickly slacked to L90 while under contracture and a ktr 

experiment was performed without stabilization (i.e. within seconds after slacking to L90).

Protein Analysis

For a subset of single trabeculae, total protein phosphorylation was determined by ProQ 

Diamond phosphoprotein staining similar to that previously described[3]. Briefly, following 

contractile experiments trabeculae were immediately frozen with liquid nitrogen, quickly 

removed from the setup frozen and stored at −80°C. Single trabeculae were solubilized by 

heating at 80 °C for 6 minutes with vortexing for 10 seconds every 2 minutes in 20 μl lysis 

buffer (8 M Urea, 2 M thiourea, 75 mM DTT, 3% SDS, 0.05% bromophenol blue and 50 

mM Tris-HCl, pH 6.8). Immediately following heating, samples were clarified by 

centrifugation and 16 μl of the sample supernatant was fractionated by SDS-polyacrylamide 

gel electrophoresis (SDS-PAGE) on a 12% Laemmli gel with an acrylamide-to-

bisacrylamide ratio of 200:1. Total protein phosphorylation was determined in the resultant 

gel by staining with ProQ Diamond (Molecular Probes) according to the manufactures 

instructions and imaging on a Typhoon 9410 (GE Healthcare) with an excitation of 532 nm 

and a 580 nm BP 30 emission filter. Total protein quantification was then determined by 

subsequent Sypro Ruby staining (Molecular Probes) of the same gel according to the 

manufacturers instructions and imaging on the Typhoon with an excitation of 457-nm and a 

610-nm BP 30 emission filter. Quantification of the whole-lane total protein phosphorylation 

and whole lane total protein was quantified by ImageQuant TL (GE Healthcare) analysis of 

the respective images and sample protein phosphorylation determined as the phospo-protein/

total protein signal of each lane.

Data analysis

All data were collected and analyzed using custom-made programs in LabView (National 

Instruments). Tensions were normalized to the cross-sectional areas (mm2) of the muscles. 

All ktr tracings were fit to the equation F = Fmax · (1 − e−ktr(t)) + Finitial using Origin 7 

(OriginLab Corp). Statistical analysis was performed using paired Student’s t-tests with 

statistical significance set as P < 0.05. All data is shown as mean ± S.E.M.

Results

Effects of Inhibitors on Stimulated Twitch Contraction

The combined effects of H-89 and PKCβII peptide inhibitor I was evaluated on parameters 

of twitch contraction in both non-failing and failing myocardium (Table 2). Of note, 
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presence of inhibitors had no significant effect on either dF/dtmax/F (maximum rate of force 

increase normalized to developed force) or dF/dtmin/F (maximum rate of force decrease 

normalized to developed force). These twitch parameters have the advantage of providing 

information about purely kinetic processes in s−1 [28].

Effects of Inhibitors on Cross-Bridge Cycling Kinetics

The effects of these inhibitors on cardiac contractile kinetics was further evaluated by 

measuring ktr, an index of cross-bridge cycling [7], during the maximal K+ contracture 

tensions (Figure 1). Treatment with inhibitors did not affect ktr,max at Lopt in either non-

failing (Figure 1A) or failing muscles (Figure 1B) (P = 0.82 for non-failing, P = 0.65 for 

failing). Similarly, inhibitor treatment had no effect on ktr,max at L90 in either non-failing 

(Figure 1C) or failing muscles (Figure 1D) (P = 0.16 for non-failing, P = 0.96 for failing). 

There was no statistically significant difference between Fres:FK+ (ratio of residual tension 

following ktr maneuver to maximal tension obtained during contracture) within each group. 

The ratios of non-failing muscles at Lopt were 0.37 ± 0.07 without inhibitors and 0.23 ± 0.04 

with inhibitors (P = 0.1), and at L90 were 0.03 ± 0.24 without inhibitors and 0.14 ± 0.16 with 

inhibitors (P = 0.72). The ratios for failing muscles at Lopt were 0.29 ± 0.07 without 

inhibitors and 0.25 ± 0.04 with inhibitors (P = 0.52), and at L90 were 0.19 ± 0.07 without 

inhibitors and 0.24 ± 0.08 with inhibitors (P = 0.68).

The maximal K+ contracture tension at Lopt for the non-failing myocardium was 36.3 ± 4.8 

mN/mm2 without inhibitors and 28.0 ± 3.5 mN/mm2 in the presence of inhibitors (P = 0.06). 

The Lopt contracture tension of the failing myocardium was 41.5 ± 5.3 mN/mm2 without 

inhibitors and 36.8 ± 5.8 mN/mm2 with inhibitors (P< 0.05). The L90 tensions was 16.7 

± 1.5 mN/mm2 without any inhibitors and 7.8 ± 0.9 mN/mm2 with inhibitors in non-failing 

myocardium (P< 0.05) and 27.0 ± 2.8 mN/mm2 without inhibitors and 19.2 ± 2.5 mN/mm2 

with inhibitors in failing myocardium (P< 0.05).

The effects of these inhibitors on ktr were also assessed at sub-maximal K+ contracture 

tensions (Figure 2). No significant differences could be appreciated at sub-maximal 

activation levels as well. It should be noted that there was a lot of variability in the relative 

tensions (where the ktr maneuver was performed) from experiment to experiment.

Instantaneous Acceleration and Deceleration of Cross-Bridge Cycling Kinetics in 
Response to Muscle Length Change

We next determined whether stabilization at a particular muscle length is essential for the 

effects of muscle length on cardiac contractile kinetics (Figure 3). In both non-failing 

(Figure 3A) and failing myocardium (Figure 3B), ktr,max at Lopt was very similar regardless 

of whether the muscles were stabilized at Lopt or L90 and then rapidly stretched to Lopt (P = 

0.73 for non-failing, P = 0.97 for failing). Similarly, the ktr,max at L90 was similar whether 

the muscle was initially stabilized at L90 or Lopt and then rapidly slacked to L90 in both non-

failing (Figure 3C) and failing myocardium (Figure 3D) (P = 0.23 for non-failing, P = 0.09 

for failing). The Fres:FK+ were similar within each respective muscle length regardless of the 

length at which the muscles were stabilized. The Fres:FK+ of ktrs measured at Lopt were 0.29 

± 0.04 (stabilized at Lopt) and 0.32 ± 0.04 (stabilized at L90) for the non-failing muscles (P = 

Milani-Nejad et al. Page 5

Arch Biochem Biophys. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



0.72), and 0.21 ± 0.08 (stabilized at Lopt) and 0.30 ± 0.07 (stabilized at L90) for the failing 

muscles (P = 0.19). The ratios of ktrs measured at L90 were 0.34 ± 0.03 (stabilized at L90) 

and 0.22 ± 0.06 (stabilized at Lopt) for the non-failing muscles (P = 0.1), and 0.19 ± 0.06 

(stabilized at L90) and 0.07 ± 0.15 (stabilized at Lopt) for the failing muscles (P = 0.43).

The maximal developed tensions during the K+ contracture at Lopt of both non-failing and 

failing myocardium were not affected by the rapid length changes. The Lopt tensions for the 

non-failing myocardium were 37.3 ± 5.7 mN/mm2 (stabilized at Lopt) and 40.3 ± 6.5 

mN/mm2 (stabilized at L90) (P = 0.22). The Lopt tensions for the failing myocardium were 

41.0 ± 4.5 mN/mm2 (stabilized at Lopt) and 40.3 ± 3.9 mN/mm2 (stabilized at L90) (P = 

0.87). Stabilizing muscles at Lopt and quickly slacking them to L90 during the contracture 

did, however, cause a decrease in the tensions as compared to contracture tensions when 

stabilized at L90. The L90 tensions for the non-failing myocardium was 20.4 ± 3.9 mN/mm2 

when stabilized at L90 and 9.9 ± 2.3 mN/mm2 when stabilized at Lopt and rapidly slacked to 

L90 (P< 0.05). The L90 tensions for the failing myocardium was 24.8 ± 3.1 mN/mm2 when 

stabilized at L90 and 16.1 ± 14.2 mN/mm2 when stabilized at Lopt and rapidly slacked to L90 

(P< 0.05).

Discussion

In this study we show that the regulation of cardiac cross-bridge cycling kinetics by muscle 

length is 1) not affected by inhibitors that target the pathway involved in the length-

dependent phosphorylation of myofilament proteins, 2) stabilization at a particular muscle 

length is not essential for this length-dependent regulation. These results collectively suggest 

that the mechanism underlying length-dependent regulation of cross-bridge cycling kinetics 

is a rapid process and inherent to the myofilaments properties themselves.

Understanding the mechanisms that are involved in the length-dependent regulation of cross-

bridge cycling kinetics is essential to further advance our understanding of cardiac 

physiology and pathology. One proposed mechanism is that at longer muscle lengths, titin 

exerts a straining effect on cMyBP-C which in turn through its interaction with MHC results 

in slowing of cross-bridge cycling kinetics [5, 10, 13]. We recently re-analyzed data from a 

previously published study on mice harboring truncated MyBP-C [29]. The data shows that 

dF/dtmax/F (maximal rate of force rise normalized to force) of mice with this truncated 

protein does not decelerate as muscles were stretched from 85% to 100% of optimal length 

(data not shown) [29]. A recent study also showed that ktr does not decrease as sarcomere 

length is increased from 1.9 um to 2.1 um in permeabilized cardiac preparations isolated 

from cMyBP-C deficient mice as opposed to their wild-type counterparts [11]. These studies 

have provided a plausible mechanism for the length-dependent regulation of cross-bridge 

cycling kinetics; however, the use of permeabilized muscle preparations is a limiting factor 

in these studies. The permeabilization process results in preparations that are physiologically 

“not living”, and typically necessitate the use of non-physiological low temperature, and loss 

of post-translational modification pathways in these preparations.

Another potential regulatory mechanism is that muscle length induces post-translational 

modifications of contractile proteins that result in alterations in cross-bridge cycling kinetics. 
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Indeed, it has been shown in several studies that modifications such as phosphorylation are 

essential to regulation of cross-bridge cycling kinetics [14–21]. Furthermore, increasing 

muscle length is associated with regulation of phosphorylation of TnI at Ser23/24, MLC-2, 

and cMyBP-C [3, 23–25]. The use of the intact cardiac trabeculae in this study permitted 

assessing whether length-dependent post-translational modifications are to any extent 

involved in length-dependent regulation of cross-bridge cycling.

Our previous study delineated that PKA and PKCβII pathways are essential in length-

induced phosphorylation of TnI and MLC-2 in rabbit myocardium [26]. Treatment of human 

cardiac trabeculae with these inhibitors in this study did not significantly affect ktr at either 

L90 or Lopt. In accordance with these results, the inhibitors did not significantly alter the 

twitch kinetics parameters, dF/dtmax/F and dF/dtmin/F which are pure kinetic measurements 

(force-independent, unlike dF/dt) of cardiac contraction and relaxation, respectively [28]. 

Several factors can contribute to the apparent discrepancy between the results here and the 

expectation that inhibition of PKA and PKCβII pathways, based on our previous study [26], 

should alter length-dependent regulation of contractile kinetics. The previous study was 

performed in rabbit myocardium [26] while the current study is in human myocardium. 

There are significant differences between human and rabbit myocardium which can affect 

expected outcomes as reviewed elsewhere [30]. We measured kinetics at Lopt and L90 

muscle lengths in the current study in order to simulate the end-diastolic and end-systolic 

conditions in vivo [27]. However, in the previous study, the phosphorylation of myofilament 

proteins was compared at Lopt versus slacked length [26] which is far below the 

physiological equivalent of L90 used in the present study. Additionally, the capacity to 

perform multiple types of experiments in human hearts is limited by the number of available 

human hearts, time constraint to perform experiments within several hours after 

explantation, and inherent variability between human myocardial tissues. In the previous 

study on rabbit myocardium [26], we had the ability to perform experiments with H-89 and 

PKCβII inhibitor peptide separately. However, due to the mentioned constraints, the 

combined effects of these inhibitors were assessed in human myocardium in this current 

study. It is possible that the two inhibitors can, to some extent, counteract the effects of each 

other which could be investigated in future studies.

The lack of effect of inhibition of PKA and PKCβII on either twitch kinetics or ktr in human 

myocardium argues against a primary role of their downstream targets in the length-

dependent regulation of cross-bridge cycling kinetics. Length-dependent changes in 

myofibril-relaxation properties occur within only a few milliseconds[31]. Conversely, it has 

been shown that the slow-phase response of Frank-Starling relationship takes minutes and is 

dependent on multiple mechanisms such as increase in calcium transient [32, 33]. 

Additionally, during this slow phase response, contractile proteins are also phosphorylated 

[24, 34]. Therefore, in our second approach, we measured ktr at L90 after it was rapidly 

slacked from Lopt and vice versa. The ktr was dependent on the length at which the ktr 

experiment was actually executed, and not on the length the muscle was stabilized. This 

provides insight that the regulation of cross-bridge cycling kinetics by muscle length is not a 

gradual process rather it is a near-instantaneous property that is inherent to the 

myofilaments. It would be expected that the cMyBP-C’s role in length-dependent regulation 

of cross-bridge kinetics as put forth by others [5, 10, 11, 13] is also a near instantaneous 
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process. While previous studies have utilized myocardium of animal models, to our 

knowledge this is the first study that has shown this process in human myocardium.

One of the limitations of this current study is that we were not able to comprehensively 

evaluate the phosphorylation of myofilament proteins in response to length changes and 

inhibitors in the current study. Unlike in inbred animals, there is very substantial variability 

between human hearts due to multiple factors such as co-morbid disorders, life-style 

behaviors, medications, and genetics [35]. Therefore, the phosphorylation status in response 

to inhibitors needs to be compared within the same hearts. Both the quantity of available 

human hearts and the number of free running thin cardiac trabeculae that can be excised 

from each heart is limited. Since from each heart at least 4 muscles would have to undergo 

the protocol (2 different lengths, each with and without inhibitor), this was logistically not 

possible for the majority of hearts studied. In a subset of 2 non-failing hearts, we had (for 

each heart) a muscle frozen, stretched to optimal length in presence of inhibitors, and a 

second muscle stretched to optimal length without inhibitors (Figure 4). Although n=2 is 

insufficient for a per-protein statistical analysis, it clearly illustrates that for future studies it 

is possible to study specific myofilament protein phosphorylation in these small samples, 

and that the kinase inhibitors depress or block the increase of protein phosphorylation upon 

lengthening of the muscle, since the overall muscle protein phosphorylation is ~20% lower 

when stretch takes place in presence of the inhibitors. Although we can not provide a 

detailed biochemical analysis at different muscle lengths with sufficient power, the outcome 

of the rapid length change experiments however showed that the impact of the length change 

on the ktr was quantitatively nearly identical to the long-time length impact, suggesting that 

even if post-translational impact of length would be present, it would represent merely a 

negligible quantitative impact.

It should be noted that in some experiments, rapid muscle length changes and/or inhibitors 

resulted in changes in tensions in respect to their control counterparts. It has been previously 

shown that this phenomenon is mainly, or even exclusively, due to muscle run-down of the 

preparation due to alterations in sarcoplasmic-reticulum calcium content [35] while the 

measured ktr remains stable throughout the course of the several experiments [7, 12, 35]. 

These previous studies suggest that the run-down that was observed in some of our 

experiments is not primarily due to the myofilament proteins and has minimal or no effect 

on our ktr measurements.

Conclusions

Overall, our results show that the length-dependent mechanism of cardiac cross-bridge 

cycling kinetics is likely due to the properties within the myofilaments rather than cellular 

signaling cascades that are induced by a change in muscle length.
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Figure 1. 
H-89 and PKCβII Inhibitor Peptide I had no effect on ktr,max. The length at which muscles 

were stabilized and ktr experiments were performed is shown on the bottom. The presence of 

inhibitors is shown with – (no inhibitor) and + (20 μM H-89 and 7.5 nM PKCβII peptide 

inhibitor I). n = 5 non-failing and n = 5 failing.
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Figure 2. 
Effect of H-89 and PKCβII Inhibitor Peptide I on ktr during sub-maximal K+ contracture 

tensions. n = 4 non-failing and n = 5 failing hearts (each point represents average of 1–4 

hearts. Average of 1–3 ktrs was used for each heart).
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Figure 3. 
ktr after rapid length changes. The length at which muscles were stabilized and ktrs 

performed is shown on the bottom of each figure. All experiments were performed at 1 Hz 

and 37 °C. n = 6 non-failing for ktrs at both Lopt and L90. n = 7 failing for ktrs at Lopt and n = 

8 failing for ktrs at L90.
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Figure 4. 
Protein phosphorylation of representative single trabeculae collected from individual 

experiments without (−) or with (+) of kinase inhibitor treatment was determined by ProQ 

Diamond staining of Laemmli gels (A) followed by Sypro Ruby staining for total protein 

determination (B). Quantification of the trabeculae total phosphate signal in the lane/the 

total protein signal in the lane demonstrates that trabeculae stretched in presence of kinase 

inhibitors had overall decreased protein phosphorylation.
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