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Abstract

Titin’s C-zone is an inextensible segment in titin, comprised of 11 super-repeats and located 

in the cMyBP-C-containing region of the thick filament. Previously we showed that deletion of 

titin’s super-repeats C1 and C2 (TtnΔC1−2 model) results in shorter thick filaments and contractile 

dysfunction of the left ventricular (LV) chamber but that unexpectedly LV diastolic stiffness is 

normal. Here we studied the contraction-relaxation kinetics from the time-varying elastance of 

the LV and intact cardiomyocyte, cellular work loops of intact cardiomyocytes, Ca2+ transients, 

cross-bridge kinetics, and myofilament Ca2+ sensitivity. Intact cardiomyocytes of TtnΔC1−2 mice 

exhibit systolic dysfunction and impaired relaxation. The time-varying elastance at both LV 

and single-cell levels showed that activation kinetics are normal in TtnΔC1−2 mice, but that 

relaxation is slower. The slowed relaxation is, in part, attributable to an increased myofilament 

Ca2+ sensitivity and slower early Ca2+ reuptake. Cross-bridge dynamics showed that cross-bridge 

kinetics are normal but that the number of force-generating cross-bridges is reduced. In vivo 

sarcomere length (SL) measurements revealed that in TtnΔC1−2 mice the operating SL range of 

the LV is shifted towards shorter lengths. This normalizes the apparent cell and LV diastolic 

stiffness but further reduces systolic force as systole occurs further down on the ascending limb 

of the force-SL relation. We propose that the reduced working SLs reflect titin’s role in regulating 

diastolic stiffness by altering the number of sarcomeres in series. Overall, our study reveals that 

thick filament length regulation by titin’s C-zone is critical for normal cardiac function.
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Introduction

The contractile unit of muscle, the sarcomere, consists of the actin-based thin filaments 

anchored in the Z-disk and myosin-based thick filaments that are linked to each other in 

the middle of the sarcomere, the M-band[1]. These two filament types can interact to cause 

active force development and shortening[1]. The third myofilament of the sarcomere is 

titin, with single molecules spanning the half-sarcomere from Z-disk to M-band[2, 3]. The 

I-band region of titin is extensible and acts as a molecular spring that accounts for the 

passive stiffness of the sarcomere [4–6]. The A-band region of titin is nearly inextensible[7] 

and consists mainly of immunoglobulin (Ig)-like and fibronectin (Fn)-like domains. The 

majority of these domains form 11 super-repeats (each with 11 domains) that comprise the 

C-zone, so named because it coincides with the region of the thick filament that contains 

cardiac myosin-binding protein C (cMyBP-C)[8]. We recently generated a TtnΔC1−2 mouse 

model in which two of titin’s C-zone super-repeats were deleted[9] and found that this 

results in a reduction in thick filament length by approximately 173 nm, or ~43 nm per 

deleted super-repeat, revealing that titin regulates the thick filament length (Fig. 1). The 

shorter thick filaments have ~12% fewer myosin molecules per half thick filament, and thus 

force (or pressure in the heart) is expected to be reduced by a similar extent. However, 

systolic function in the TtnΔC1−2 mouse has been found to be depressed by several times 

more than the expected ~12%[9]. Homozygous TtnΔC1−2 mice were previously shown to 

manifest reduced contractility and prolonged LV relaxation with increased end-diastolic and 

end-systolic volumes and thinning of the LV wall, reflecting dilated cardiomyopathy (see 

[9] and Suppl Fig 1). However, passive stiffness was found to be unaltered [9]. The latter 

is surprising since shorter thick filaments will, at a given sarcomere length (SL), increase 

the length of the I-band of the sarcomere and increase the strain on the elastic region 

of the titin molecule. Diastolic stiffness is therefore expected to be increased in TtnΔC1−2 

mice. To better understand the changes that take place in the TtnΔC1−2 mouse, a detailed 

functional study of the TtnΔC1−2 model was carried out in the present work. Results firmly 

establish that systolic function is depressed by more than expected based on the shorter 
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thick filaments alone and that diastolic stiffness is unaltered in TtnΔC1−2 mice. We found 

that in the TtnΔC1−2 mouse, the operating length-range of sarcomeres in the heart is shifted 

to shorter SLs, and that this contributes to the significant reduction in systolic function and 

explains why diastolic stiffness is normal in TtnΔC1−2 mice.

Methods

We studied at 2–4 months old wild-type and homozygous TtnΔC1-C2 male mice (for details 

on this model, see[9]). All procedures were performed according to the NIH Guide for the 

Care and Use of Laboratory Animals and approved by the Institutional Animal Care and 

University Committee of the University of Arizona.

Time course of LV elastance.

An in-vivo pressure-volume analysis was performed in mice using a SciSense Advantage 

Admittance Derived Volume Measurement System and 1.2F catheters with 4.5 mm electrode 

spacing (SciSense). Mice were anesthetized and ventilated with 2% isoflurane, and body 

temperature was maintained at 37oC. A bilateral subcostal incision was made, and the 

diaphragm was opened to expose the heart. The catheter was inserted into the LV via 

the apical approach. Data acquisition and analysis were performed in LabScribe3 (iWorx, 

Dover NH)[10]. The time-varying elastance of the LV chamber was analyzed from pressure-

volume recording as described in [11, 12]. The elastance (E(t)) at a given time point within 

the cardiac cycle was calculated as E(t) = P(t)/(V(t)-V0), where P(t) and V(t) are the pressure 

and volume. V0 is the volume intercept of ESPVR [11, 13] and represents the LV volume 

that does not contribute to pumping function. The E(t) was divided by peak elastance (Ees) 

to obtain the normalized elastance (En(t)). The elastance during early diastole was fitted with 

a mono-exponential decay function E(t) = (Ees - plateau)*exp(−K*t) + plateau. The time 

to 50% relaxation is represented as RT50.The parameters characterizing LV activation and 

relaxation kinetics were derived.

Intact cardiomyocytes.

Cells were isolated, as described previously[14]. Briefly, mice were heparinized (1,000 

U/kg, i.p.) and euthanized using isoflurane. The heart was removed and cannulated via 

the aorta with a blunted 21-gauge needle for antegrade coronary perfusion. The heart was 

perfused with perfusion buffer ([in mmol/L] 90 NaCl, 34.7 KCl, 0.6 KH2PO4,0.6 Na2HPO4, 

1.2 MgSO4, 12 NaHCO3, 10 KHCO3, 10 HEPES, 10 taurine, 5.5 glucose, 5 BDM,20 

Creatine, pH 7.4), followed by 0.05 mg/ml Liberase TM (Roche Applied Science). All 

intact cell experiments were performed at 37°C in Medium199 (M5017, Sigma-Aldrich) 

plus 10 μg/mL insulin (I9278, Sigma-Aldrich). An inverted microscope (IX-70; Olympus) 

was used with a chamber with platinum electrodes to electrically stimulate cells, and a 

perfusion line with heater control and suction out to maintain a ∼2 ml/min flow rate. Cells 

were field-stimulated at 2 Hz by MyoPacer stimulator (IonOptix Co, MA). All images were 

recorded with a 40X objective lens. Data were collected using an IonOptix FSI A/D board 

and IonWizard 6.3 software (IonOptix Co, MA). Loaded intact cardiomyocytes. A cellular 

work loop was conducted as described[15, 16]. The glass rods coated with myotak (IonOptix 

Co) were carefully lowered onto opposite ends of the cell. The myocyte was attached at one 
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end to a glass rod that connected to the force transducer (OFT200, OptiForce transducer, 

IonOptix LLC). The other end of the cell was attached to a glass rod connected to the piezo 

translator (Mad City Lab). The cell work loop algorithm was applied through the interface 

box of the IonOptix system, which contains a field-programmable gate array (FPGA), 

and the preload and afterload value programmed through the IonWizard software 6.3, as 

described [15]. The piezo translator adjusted cell length through a feedback control system 

based on developed force, implementing preload and afterload. The cross-sectional area 

of the intact cell was obtained from the measured cell width, assuming that the cell’s cross-

section was an ellipse [6]. All forces were normalized to stress. Data analysis was performed 

in LabScribe3 (iWorx, Dover, NH). The ED-SSLR (end-diastolic stress-sarcomere length 

relation) and ES-SSLR (the end-systolic stress-sarcomere length relation) were fit with 

linear relation. Time course of cardiomyocyte elastance. The time-varying elastance of 

the cardiomyocyte was analyzed from cellular work loop recordings. The preload and the 

afterload values of the work loop clamping algorithm were set at 10% and 50% of the 

developed force, respectively [15]. The elastance (E(t)) at a given time point within the 

cardiac cycle was calculated as E(t) = S(t)/(SL(t)-SL0), where S(t) and SL(t) are the stress 

and sarcomere length, and SL0 is the SL intercept of the ES-SSLR. The beginning of 

the work loop clamp state 3 was used as Toe, the time of peak elastance was used as 

Tes. The elastance during work loop clamp state 4 (isometric relaxation) was fit with a 

mono-exponential decay function to obtain the relaxation constant [15].

Unloaded intact cardiomyocytes.

SL shortening-relengthening in unloaded intact cells were recorded by the IonOptix 

photometry MultiCell High Throughput system (IonOptix Co, MA). Steady-state twitches 

(10–20) of isolated cardiomyocytes were averaged, and the transient parameters were 

obtained from the monotonic transient analysis. Measurement of Ca2+ in unloaded intact 
cardiomyocytes. Isolated LV cardiac myocytes were incubated with Fura‐2 AM 2 μM 

(F‐1225, Life Technologies) for 10 min at room temperature and resuspended in Medium199 

(M5017, Sigma-Aldrich). Fluorescence was measured ratiometrically. Fura‐2 was excited 

alternately at 340 and 380 nm, and emission was recorded at 510 nm. Background 

fluorescence was subtracted for each excitation wavelength. The ratio of fluorescence 

intensities excited at 340 nm and 380 nm was used as a relative measurement of cytoplasmic 

Ca2+. Measurement of sarcomeres in series. Cell lengths were recorded by the SoftEdge 

acquisition module, and the SLs were recorded by SarcLen module based on a fast Fourier 

transform calculation (IonWizard 6.3 software). The number of sarcomeres in series of the 

individual cell was calculated from cell length divided by baseline SL.

Echocardiography.

Mice were anesthetized under 2% isoflurane (USP, Phoenix) in an oxygen mixture. 

Transthoracic echo images were obtained with a Vevo 2100 High-Resolution Imaging 

System (Visual-Sonics, Toronto, Canada). The images of the LV in parasternal short-axis 

view in B-mode were used for LV strain analysis.
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Length dependence of activation (LDA) of force development.

LDA studies were conducted as described in[17, 18]. Briefly, mouse LV papillary muscles 

were dissected and permeabilized (skinned) in a relaxing solution with 1% Triton X-100. 

Skinned papillary muscles were clipped with aluminum t-clips and attached at one end to 

a force transducer (model 406, Aurora Scientific) and the other end to a length controller 

(model 322C, Aurora Scientific). The muscles were imaged with a CCD camera, and 

SL was measured using the first-order diffraction band from a He-Ne laser[19]. The 

experimental temperature was 15°C. The thickness and width of the preparation were 

measured, and CSA was calculated assuming an elliptical cross-section. Prior to determining 

the stress-pCa relationship, the passive stress and slack lengths for each fiber tested were 

determined. Fibers were stretched to SL 1.95 um then held for 5 min to allow for stress 

relaxation to occur. Then fibers were activated in a sequence of progressively increasing pCa 

activating solutions and then relaxed and a released back to the slack length. Note that SL 

was not controlled during activation. The measurements were then repeated at SL 2.1 um. 

Measured stresses at each submaximal activation were normalized by the maximal active 

stress, and the normalized stresses were plotted against the pCa to determine the stress–pCa 

curve. The stress–pCa curves were fit to the Hill equation: normalized stress = [Ca2+]nH /

(K+[Ca2+]nH), where nH is the Hill coefficient, and pCa50=(−logK)/nH. The pCa50 was used 

as an indicator of Ca2+ sensitivity. The differences between pCa50 measured at SL 1.95 and 

2.1 μm were used to index the length-dependent activation (i.e., Δ pCa50). Two preparations 

were studied per heart, and the average was obtained for each mouse.

Cross-bridge dynamics.

A step-response protocol was applied to maximally activated skinned LV papillary muscle 

at SL 1.95 µm, using the approach of Campbell and Chandra [20] [21]. Briefly, thin 

permeabilized fibers were clipped with aluminum t-clips and attached to a force transducer 

and motor arm, and stretched to an SL of 1.95 ± 0.02 µm, using the video SL system 

(802D from Aurora Scientific, ASI 25 Industry St., Aurora, ON, Canada, L4G 1X6). After 

equilibrating the fibers in a low EGTA solution, the fibers were rapidly moved to a bath 

containing pCa 4.0 solution, and force was allowed to develop. Once force reached a steady-

state (FSS), a step length change was imposed, followed by a 5-second hold and then a 

return to the base length. A series of steps were applied during a single activation (each with 

a 5-second hold in-between) with amplitude +0.5%, +1.5%, −0.5%, and −1.5% baseline 

muscle length. The developed force responses were corrected for passive stress measured 

in pCa 9.0 using the same series of steps. The obtained force response was fit to nonlinear 

distortion recruitment (NLDR) model[21] to provide the rate of cross-bridge detachment (c) 

and the rate of strong cross-bridge recruitment (b), as well as the instantaneous fiber force 

(F1) and new steady-state force (FNSS). Two preparations were studied per heart, and the 

average was obtained for each mouse.

In situ diastolic SL measurement of LV free wall’s mid-layer.

The hearts were fixed and dissected as described in [22, 23]. In brief, the hearts were 

removed and cannulated via the aorta with a blunted 21-gauge needle for anterograde 

coronary perfusion, then were arrested with a buffer containing KCL and 2,3-butanedione 
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monoxide (BDM) ([in mmol/L] 90 NaCl, 34.7 KCl, 0.6 KH2PO4,0.6 Na2HPO4, 1.2 MgSO4, 

12 NaHCO3, 10 KHCO3, 10 HEPES, 10 taurine, 30 BDM, pH 7.4), and the LV apex was 

vented to ensure zero cavity pressure. Then the hearts were perfusion-fixed with 3.5 % 

glutaraldehyde and stored in PBS solution. The hearts were cut into 2 mm thick equatorial 

rings. Lateral wall sections of the full wall thickness (approximately 2 mm wide along the 

circumference) were dissected; thin muscle strips were carefully dissected from the LV free 

wall’s mid-layer. The SL was measured via laser diffraction. To understand how the shift in 

the operating SLs is predicted to impact the active force level, the in situ diastolic SLs were 

plotted relative to the predicted force –SL relations, which was based on the thick filament 

lengths of 1.6 µm in WT and 1.43 µm in TtnΔC1−2 mice[9], the 0.14 µm width of the thick 

filament bare zone, the Z-disc width of 0.1 µm, and the thin filament length of 1.0 µm[24–

26]. The plateau of the force –SL relation in both WT and TtnΔC1−2 sarcomeres is predicted 

to be at SL 1.96 to 2.24 µm (the SL at the beginning of the plateau is equal to twice the thin 

filament length + Z disc width minus the bare zone, and the width of the plateau is similar 

to the twice the bare zone width (=2 × 0.14 µm)). The SL on the descending limb with zero 

force is predicted to be 3.7 and 3.53 µm.

Measurement of skinned cardiomyocyte dimension.

Mouse cells, isolated as explained above, were skinned for 7 mins in relaxing solution ([in 

mmol/L] 40 BES, 10 EGTA, 6.56 MgCl2, 5.88 Na-ATP, 1.0 DTT, 46.35 K-propionate, 15 

creatine phosphate, pH 7.0) with protease inhibitors ([in mmol/L] 0.4 leupeptin, 0.1 E64, 

and 0.5 PMSF) and 0.3% Triton X-100 (Ultrapure; Thermo Fisher Scientific). Cells were 

washed with relaxing solution (pCa ~9) and stored on ice. Myocytes were added to a room 

temperature chamber mounted on the stage of an inverted microscope (Diaphot 200; Nikon). 

The images of skinned cells were digitized and cellular dimensions were determined by 

ImageJ 1.41 software (National Institutes of Health).

Statistics.

Statistical analysis was performed in Graphpad Prism 8 (GraphPad Software, Inc). Data 

are shown as mean ± SEM. Statistical significance was set at p<0.05. * p≤0.05 ** p≤0.01 

***p≤0.001 ****p≤0.0001. Differences between groups were assessed by the unpaired t-test 

or Mann-Whitney U test (for 2 groups); and the two-way ANOVA with a Tukey test for 

multiple comparisons (for data with 2 controlled variables). A nested t-test was used for 

intact cardiomyocyte experiments[27].

Results

Contraction-relaxation characteristics of the LV chamber

In the earlier characterization of the TtnΔC1−2 model[9], the end systolic pressure-volume 

relation (ESPVR) was found to be reduced, indicating contractile dysfunction. However, 

systolic function at the LV chamber level relies not only on the peak pressure but also on 

the kinetics of ventricular contraction[11, 28]. For instance, the duration of ejection will 

also determine the stroke volume. Hence, to gain insights into LV contraction-relaxation 

kinetics, the time-varying elastance (E(t);the LV pressure change relative to the volume 

change determined throughout the cardiac cycle) was obtained from the PV recording. 
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The timevarying elastance reveals the precise timing of the various phases in the cardiac 

cycle and the kinetics of LV activation and relaxation[28], Fig. 2A. The peak elastance at 

end-systole (Ees) was reduced in the TtnΔC1−2 mice by ~56% (Fig. 2B). We determined the 

time to the onset of ejection (Toe, time to aortic valve opening), the time to end-systole (Tes, 

time to aortic valve closure), and the ratio of elastance at the onset of ejection relative to at 

the end-systole (Eoe/Ees). These parameters were unaltered in the TtnΔC1−2 mice (Fig. 2C). 

However, the elastance analysis revealed that relaxation was slowed in TtnΔC1−2 mice, as 

shown by the increased time required for elastance to decay by 50% (Fig. 2D). Consistent 

with these findings, when the elastance curves were normalized to their maximum, the 

contraction phase was largely the same in both genotypes, while the slowed relaxation in 

TtnΔC1−2 mice was apparent (Fig. 2A, right curve). Thus, in TtnΔC1−2 mice, the contraction 

kinetics are unaltered, but relaxation is slow.

Characterization of TtnΔC1−2 cardiac function at the cellular level.

To study the cellular basis of the chamber level findings, intact cardiomyocytes were isolated 

from the LV. Both loaded and unloaded cells were studied at 37°C and using 2 Hz field 

stimulation.

Loaded intact cardiomyocytes.—Single-cell force measurements were performed 

using a work loop protocol, equivalent to PV analysis at the level of the LV chamber [15]. 

Cardiomyocytes were glued at their base length to a force transducer at one end and a piezo 

length controller at the other end. Measured forces were divided by the cross-sectional area 

of the cell to determine stress. An example of a baseline cellular work loop is shown in Fig. 

3A. The cell work loop algorithm, driven by a feedback control system, was applied through 

the piezo controller to adjust cell length and generate 4 phases that mimic the cardiac cycle, 

phase I: isovolumic contraction, phase II: systolic ejection, phase III: isovolumic relaxation, 

and phase IV: diastolic filling [15]. It was found that at baseline, the maximal rate of stress 

rise (dS/dtmax) during isometric contraction was not different (Fig. 3B, left). In contrast, the 

maximal rate of stress decline (dS/dtmin) during isometric relaxation was reduced (Fig. 3B, 

right).

A series of work loops were generated next by gradually increasing the preload and afterload 

thresholds to mimic an increased venous return at the LV chamber level (Fig. 3C). The ES-

SSLR (end-systolic stress-SL relation) and the ED-SSLR (end-diastolic stress-SL relation) 

were determined. The ES-SSLR, which reflects contractility, had a reduced slope (Fig. 

3D) and a much shorter SL intercept in TtnΔC1−2 cells (Fig. 3E). The ED-SSLR, which 

reflects the cellular diastolic stiffness, had a slope that was not different (Fig. 3F) with an 

SL intercept that was much reduced in TtnΔC1−2 cells (Fig. 3G). Thus similar to what was 

found at the level of the LV chamber, cardiac myocytes of TtnΔC1−2 mice have reduced 

contractility, slowed relaxation, but no change in contraction velocity and diastolic stiffness. 

Interestingly, while the PV relation of the TtnΔC1−2 revealed a slight right-shift along the 

volume axis[9], the cellular work loops of the TtnΔC1−2 mice showed a large left-shift along 

the SL axis.
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To determine the intact cardiomyocyte’s contraction-relaxation kinetics, the time course of 

elastance was analyzed at a diastolic SL of 1.98 um in WT and 1.75 um in TtnΔC1−2, which 

are in situ diastolic SLs of each genotype (described in Fig 8A). The Toe was determined 

from the beginning of isotonic contraction or the beginning of phase 2 of the cell work 

loop algorithm (Figs 3A and 4A)). The Tes was defined as the time of peak elastance (Fig 

4A). The peak elastance (Ees) was found to be reduced in TtnΔC1−2 myocyte by 30% (Fig 

4B). The Toe,Tes, and the ratio of Eoe/Ees were unaltered (Fig 4C). The time required for 

elastance to decay by 50% was prolonged (Fig 4D). Thus, consistent with the analysis at the 

LV level, in TtnΔC1−2 cardiomyocytes the contraction kinetics are unaltered, but relaxation 

has slowed.

Unloaded intact cardiomyocytes.—To gain additional insights into intact cellular 

behavior under baseline conditions, we studied unloaded myocytes (i.e., not attached to 

force and length probes) that were twitch-activated while SL was measured. Representative 

SL traces are shown in Fig. 5A and changes in SL amplitude during twitch activation in Fig. 

5B. Diastolic and systolic SLs were shorter in TtnΔC1−2 cells than WT (Figs. 5C and D), and 

the shortening amplitude was reduced (Fig. 5E). The time to 50% of peak shortening was 

unaltered (Fig. 5F). However, the time from peak shortening to 50% relaxation (Fig. 5G) 

was prolonged, and the maximal re-lengtening velocity was reduced (Fig. 5H).

Ca2+ release-reuptake kinetics.—To determine whether the contractile dysfunction and 

delayed relaxation were (in part) due to defective Ca2+ handling in the TtnΔC1−2 mice, Ca2+ 

transients were measured in intact cardiomyocytes, using the ratiometric fluorescent dye 

Fura-2. The result showed that the diastolic baseline signal (Fig. 5I), the transient amplitude 

(Fig. 5J), the maximal Ca2+ release velocity (Fig. 5K), and the maximal velocity of Ca2+ 

reuptake (Fig. 5L) were not different between WT and TtnΔC1−2 cells. These results suggest 

that altered Ca2+ handling is unlikely to contribute to systolic dysfunction in TtnΔC1−2 mice. 

The time from peak to 10%, 50%, and 90% signal decay (RT10, RT50, and RT90) showed 

that RT10 was prolonged in TtnΔC1−2, while RT50 and RT90 were not different from WT 

(Fig. 5M).

Myofilament function

We focused on the myofilaments’ intrinsic properties and studied whether they are altered 

in the TtnΔC1−2 model. We examined thin filament-based regulation of contraction and 

additionally focused on cross-bridge cycling kinetics.

Ca2+ sensitivity of force production in permeabilized papillary muscle.—For 

each muscle strip, we measured first their passive stress-SL relations, which revealed that 

passive stress was higher in TtnΔC1−2 mice and that the slack SL was shorter (Fig. 6A), 

consistent with the single-cell studies. Stress-pCa relations measured at an SL of either 1.95 

µm or 2.1 µm are shown in Fig. 6B, and the maximal active stress (pCa 4.0) in Fig. 6C. The 

maximal active stress was lower in TtnΔC1−2 at both SLs (31% and 23% lower than WT at 

SLs 1.95 and 2.1 µm, respectively). The stress-pCa relations were fit to the Hill equation to 

provide the Hill coefficient (nH) and the pCa50. The Hill coefficient was not different (Fig. 

6D), suggesting that the cooperative activation of TtnΔC1−2 was normal. The pCa50 revealed 
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that the Ca2+ sensitivity of TtnΔC1−2 muscle was increased at SL 1.95 µm but was similar to 

WT at SL 2.15 µm (Fig. 6E). Note that when Ca2+ sensitivity is compared not at the same 

SL but at a more or less comparable level of passive stress (SL 2.1 um in WT vs. SL 1.95 um 

in TtnΔC1−2 ), the Ca2+ sensitivity of TtnΔC1−2 muscle is lower than in WT muscle (Fig. 6E). 

The ΔpCa50 (pCa50 at SL 2.1µm - pCa50 at SL 1.95 µm) was reduced in the TtnΔC1−2 muscle 

(Fig. 6F).

Cross-bridge dynamics.—To gain insights into cross-bridge kinetics in TtnΔC1−2 and 

WT mice, a step-response protocol was applied to a maximally activated skinned LV 

papillary muscle at SL 1.95 µm, using the approach of Campbell and Chandra [20] [21]. 

Muscles were bathed in pCa 4.0 activating solution, and when force reached a steady-state 

(FSS), a step length change was imposed, followed by a 5-second hold and then a return 

to the base length. A series of steps were applied during a single activation (each with a 

5-second hold in-between) with amplitude +0.5%, +1.5%,−0.5%, and-1.5% baseline muscle 

length. A schematic diagram of a step increase and its ensuing force response is shown 

in Fig. 7A. The force shows a characteristic increase that coincides with the step itself 

and reaches a maximum at the end of the step (F1 in 7A). This is immediately followed 

by a rapid partial recovery towards the base level of force, attaining a minimum force 

(Fmin), followed by a final force increase to a new steady-state (FNSS) that differs from 

the old steady-state (FSS), reflecting cross-bridge recruitment. The slope (ED) of the linear 

fit to the magnitude of change in force during the step (F1- FSS) and the imposed length 

change (fraction of muscle length change) reflects the number of the strongly bound cross-

bridges[20, 21]. Fig. 7B shows that ED is significantly reduced in the TtnΔC1−2 mice, as 

expected from the reduced number of cross-bridges per thick filament. The step-induced 

change in steady-state force (FNSS - FSS) varies linearly with the step size, and the slope of 

the linear fit (ER), which reflects the number of recruited strong cross-bridges, is reduced 

in the TtnΔC1−2 mice (Fig. 7C). This finding is also consistent with the reduced number of 

cross-bridges per thick filament.

The obtained force response to all steps was fit to nonlinear distortion recruitment (NLDR) 

model[21] to provide the rate of cross-bridge detachment (c) and the rate of strong cross-

bridge recruitment (b), see schematic in Fig. 7A. The rate constant, c, was found unaltered in 

the TtnΔC1−2 mice, and unchanged was also the rate constant b (Fig. 7D, top, and bottom). 

Thus the step-response analysis shows that the number of cross-bridges is reduced in the 

TtnΔC1−2 mice and that the cross-bridge dynamics are unchanged.

Operating sarcomere-length range.

Since isolated intact cardiomyocytes had a much shorter SL at baseline, we measured 

the diastolic SLs of cells in intact hearts that were chemically fixed in the passive state 

and at their equilibrium volume (Veq, volume at which transmural pressure is zero[29]). 

(See Methods for details.) Muscle strips were dissected from the LV free wall’s mid-layer, 

and SL was determined using laser diffraction. The obtained diastolic SLs were 1.98± 

0.06 µm in WT and 1.75 ± 0.05 µm in TtnΔC1−2 mice (Fig. 8A), suggesting that the 

sarcomeres of TtnΔC1−2 operate at lower SLs. The operating SL ranges were estimated 

based on the echocardiography-based change in the LV circumferential wall strain during 
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systole (Fig. 8B) and assuming that the diastolic SL at Veq reflects the SL in the middle 

of the operating range. The obtained operating SL ranges were 1.74–2.22 µm in WT and 

1.58–1.93 µm in TtnΔC1−2 mice. To gain insights into the mechanistic basis for the reduced 

operating SL range we measured cell dimensions and the number of sarcomeres in series in 

isolated cardiomyocytes (see Methods for details). There was no difference in cell dimension 

between the two genotypes (Supplemental Fig 3). However, the number of sarcomeres in 

series was increased in TtnΔC1−2(Fig. 8C).

Fig. 8D shows the predicted maximal force-SL relations for WT and TtnΔC1−2 myocytes 

based on their known thin and thick filaments lengths (for details, see Methods). The 

predicted force-SL relation of the TtnΔC1−2 mice has a lower plateau due to the ~12% 

reduction in the length of the cross-bridge bearing part of the thick filament[9]. The broken 

lines indicated the estimated operating ranges of the two genotypes, revealing that the 

TtnΔC1−2 operates further down on the ascending limb.

Discussion

The present study on the TtnΔC1−2 model establishes that reducing the thick filament 

length greatly lowers systolic function, without impacting contraction kinetics, that it slows 

relaxation kinetics, and does not affect diastolic stiffness. The mechanistic basis of these 

findings likely includes a shift in the working sarcomere length range to shorter lengths. 

Below we discuss these findings and focus on 1) systolic dysfunction, 2) slowed relaxation, 

3) unaltered diastolic stiffness, and 4) the increased number of sarcomeres in series.

1.1) Reduced number of crossbridges per thick filament.

The TtnΔC1−2 model expresses titin with only 9 titin C-zone repeats (11 in WT titin) and 

contains thick filaments that are well defined in length but that are shorter than in WT 

mice [9]. The reduction in thick filament length is ~86 nm per half thick filament, which 

corresponds to a ~12% reduction in the number of myosin molecules (WT: 49 layers of 

myosin heads; TtnΔC1−2 : 43 layers of myosin heads, see also [9]) and a similarly predicted 

reduction in maximal active force [9]. However, the negative impact on systolic performance 

in TtnΔC1−2 mice is much larger than predicted, e.g., the LV peak systolic elastance is 

reduced by ~56% (Fig. 2B). A possible explanation for the larger than expected effect is 

that the missing myosin molecules in the TtnΔC1−2 model contribute more than average to 

active force production. Indeed it has been proposed[30] that myosin motors in the C-zone 

of the thick filament are more likely to be activated than those in the D-zone (distal ~160 nm 

segment of the thick filament). However, making the extreme assumption that only myosin 

molecules in the C-zone contribute to force development and none in the D-zone, results in a 

predicted force reduction that is still only ~18% (loss of 2 of the 11 C-zone repeats per half 

thick filament). Thus although a reduction in myosin reduces force, additional factors must 

exist to explain the measured large reduction in systolic function.

1.2) Systolic Ca2+.

A reduction in systolic sarcoplasmic Ca2+ would also lower peak elastance of the TtnΔC1−2 

LV chamber. However, measured Ca2+ transients of unloaded cardiac myocytes had an 
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unaltered baseline level, peak amplitude, and Ca2+ release velocity (Figs. 5I–K). Although 

these findings do not definitely exclude changes in the intact ventricle, these available 

data do not support that a reduced Ca2+ level contributes to the observed large systolic 

dysfunction. Consistent with this are the unaltered contraction kinetics at the LV chamber 

and cardiac myocyte levels (Figs. 2 – 5). Hence it appears unlikely that reduced systolic 

Ca2+ levels are responsible for the much larger than expected reduction in systolic function.

1.3) Sarcomere length working range.

Another possible mechanism for depressing systolic function is the shift in the working 

sarcomere length (SL) range that was found, with an estimated end-systolic SL of 1.74 µm 

in WT and 1.58 µm in the TtnΔC1−2 model. Fig. 8D shows the predicted maximal force 

– SL curves based on filament overlap in WT sarcomeres and assuming a 12% reduction 

in maximal force of sarcomeres in the TtnΔC1–2. The curves show that at end systole, WT 

sarcomeres produce ~85% of maximal WT force (SL 1.74 µm) and TtnΔC1−2 sarcomeres 

~55% of maximal WT force (SL 1.58 µm). Of this ~35% lower force, ~12–18% can be 

explained by the shorter thick filaments (solid vertical arrow in Fig. 8D) and the remaining 

level by the shorter end-systolic SL (broken arrow in 8D). Thus, the altered sarcomere length 

range in TtnΔC1−2 mice is a likely major contributor to systolic dysfunction. This conclusion 

is supported by the muscle stiffness (ED) measurements on skinned papillary. Since these 

measurements were at maximal activation and at the same SL, the obtained 20% lower ED 

(Fig 7B) in TtnΔC1−2 muscle reflects the true myofilament based deficit due to shorter thick 

filaments. The 56% reduction in the LV peak elastance (Fig. 2B) reflects not only the deficit 

due to shorter thick filaments but also the multiple effects due to the shorter lengths at which 

sarcomeres operate. Thus, the altered SL working range in TtnΔC1−2 mice is a major source 

of systolic dysfunction.

1.4) Calcium sensitivity of force generation.

Another factor to consider is the SL dependence of Ca2+ sensitivity. The predicted force-SL 

relations based on filament overlap (Fig 8D) assume that force production is maximal at 

all SLs. However, it is well established that in reality the Ca2+ level in twitch-activated 

cardiac muscle is submaximal and that its effectiveness to generate force is progressively 

less as sarcomeres shorten farther on the ascending limb, due to the phenomenon of length-

dependence of activation (LDA) [19, 31]. Earlier mechanical studies on skinned cardiac 

muscle have shown that the higher titin-based passive forces at long SLs enhances Ca2+ 

sensitivity of force generation [17, 32] and structural analyses that passive stress mediates 

rearrangement of the myosin motors, although it is unclear whether this only happens in 

the presence of Ca2+ [33] or also in the absence of Ca2+ [34, 35]. Based on these previous 

studies we expected that at a given SL, TtnΔC1−2 sarcomeres have a higher Ca2+ sensitivity 

than WT sarcomeres. This expected increase was indeed present at the short SL (1.95 µm) 

that was studied but not at SL 2.1 µm (Fig. 6E). As a result, the LDA (pCa50 at SL 2.1µm 

- pCa50 at SL 1.95 µm) was reduced in the TtnΔC1−2 muscle (Fig. 6F). We speculate that 

due to the DCM pathology of the TtnΔC1−2 mouse, changes in post-transcriptional and 

posttranslational modification of myofilament proteins, which are common in DCM [36, 

37], might negate at long SL the expected increase in Ca2+ sensitivity in the TtnΔC1−2 

mouse. In addition, deletion of titin’s C1 and C2 super repeats not only causes a reduction 
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in thick filament length but also eliminates one axial stripe of cMyBP-C[9], the sarcomeric 

protein that regulates contraction-relaxation kinetics and activates thin filament in a strain-

dependent manner [28, 38]. Thus, a partial loss of cMyBP-C may contribute to attenuated 

LDA in TtnΔC1−2 [33, 39–42]. It is important to note that the increased Ca2+ sensitivity that 

was found at the short SL in TtnΔC1−2 mice is functionally most relevant as in TtnΔC1−2 

mice the heart operates at short SL (~1.6–1.9 µm). Assuming that the increased Ca2+ 

sensitivity at 1.95 µm that was found extrapolates to shorter SL, then this phenomenon is 

expected to offset at least partially the expected reduction in Ca2+ sensitivity due to the 

much shorter end-systolic SL in TtnΔC1−2 mice compared to WT mice (Fig 8D).

In summary, the compromised systolic function in TtnΔC1−2 mice is likely to have several 

sources that include the lower number of myosin molecules per thick filament, and the 

shorter systolic SL range of TtnΔC1−2 mice. Our work highlights the importance of knowing 

the operating SL range in animal disease models and in heart disease patients.

2) Mechanistic basis of slowed relaxation.

Pressure-volume studies on the LV revealed that relaxation is slowed (Fig 2D) and the 

intact twitching myocytes showed that re-lengthening of the myocytes is significantly slower 

than in WT mice (Figs 3B,4D,5G). The Ca2+ release-reuptake studied in unloaded intact 

myocytes showed that only the early reuptake (R10) was altered (Fig 5M). Although this 

might contribute to the slower relaxation it seems unlikely that slowed Ca2+ uptake is the 

sole explanation. A possible additional explanation is the increased Ca2+ sensitivity of force 

development that was found at short SL (see above). In addition, since cMyBP-C null mice 

have slowed relaxation kinetics [43], the reduction in cMyBP-C in TtnΔC1−2 might also 

contribute to the slow relaxation found at the LV and intact myocyte levels.

3) Why is diastolic stiffness unaffected in TtnΔC1−2 mice?

Diastolic LV chamber stiffness was found to be unaltered in TtnΔC1−2 mice, despite the 

increase in titin-based passive force at a given SL that is predicted to increased diastolic 

stiffness (the shorter thick filaments result in a longer I-band and thus a higher strain of 

titin’s spring region for a given degree of sarcomere stretch). The shorter lengths at which 

sarcomeres function in the TtnΔC1−2 mice provides a natural explanation. This point can be 

illustrated by plotting the passive tension of skinned trabeculae against SL using either the 

same SL scale for both genotypes (as we did in Fig. 6A and reproduced in supplemental 

Fig 4A) or a different scale that for each genotype reflects its working sarcomere-length 

range. The results shown in Supplemental Fig 4B reveal that within the physiological SL 

range of each genotype, passive tension differences are small with a slightly lower passive 

tension in the TtnΔC1−2 muscle. Thus operating at shorter SLs negatively impacts systolic 

function but preserves in vivo diastolic function. A similar conclusion was drawn in a recent 

study on skeletal muscle using the TtnΔ112−158 mouse [44] a model in which titin’s spring 

is shortened by deleting PEVK exons. Even though this increases passive force at a given 

sarcomere stretch, also in this model an increased number of sarcomeres in series shifts 

the sarcomere working range to shorter lengths, which normalizes passive stiffness [44]. 

Thus, findings in both cardiac and skeletal muscles both show that when titin’s stiffness is 
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experimentally increased, a shift in the physiological SL range ensues that prevents the in 

vivo passive stiffness from increasing beyond that of WT mice.

4) Sarcomeres in series.

The shift in the SL working range in TtnΔC1−2 mice towards shorter lengths can be explained 

by an increase in the number of sarcomeres in series (Fig. 8C). As already mentioned 

above, this feature is also evident in skeletal muscle where increasing the stiffness of titin 

by genetically shortening the spring region of titin results in an increase in the number of 

sarcomeres in series [44, 45], while reducing the stiffness of titin has the opposite effect 

[46]. These responses are not only seen in genetic models but can also be experimentally 

invoked. For example, using a novel surgery model of unilateral diaphragm denervation, Van 

der Pijl [46] has recently shown that cyclic stretch of passive muscle is a strong stimulus for 

increasing the number of sarcomeres in series. In WT mice, a ~25% increase in sarcomeres 

in series was detected within days of initiating passive stretch and, furthermore, the effect 

was shown to scale with the level of titin-based passive stiffness. Although the mechanism 

by which titin-based passive force alters the number of sarcomeres in series is unknown, 

protein expression studies revealed that during passive stretch, titin-binding proteins such as 

muscle ankyrin repeat proteins (MARPs) are 10–100 fold upregulated and they might play 

a role [46]. Clearly, the mechanistic basis of altering the number of sarcomeres in series is 

an important area of future study as it strongly affects the SL working range and thereby 

muscle function.

In summary, our results reveal that maintaining thick filament length is critical for normal 

cardiac function. The reduction in thick filament length in TtnΔC1−2 mice causes a deficit 

in peak systolic elastance that far exceeds the expected level due to the reduced number 

of cross-bridges contained within the shortened thick filaments. This larger than expected 

deficit is likely due to the shift in the operating SL range that was found in the present 

study, a shift that in TtnΔC1−2 mice moves the sarcomeres further down the ascending limb 

of the force-SL relation. A delayed relaxation was also found in TtnΔC1−2 mice, possibly 

due to increased myofilament Ca2+ sensitivity at short SL. Although detrimental for systolic 

function, the shift in SL working range benefits diastole as it lowers the diastolic stress of 

TtnΔC1−2 sarcomeres and this offsets the increase in titin-based passive force that would 

have occurred otherwise. We propose that the shift in the SL working range reflects titin’s 

role as a mechanosensor that senses the elevated titin-based force and triggers signaling 

pathways that increase the number of serially-linked sarcomeres. This shortens the length 

of the sarcomeres and normalizes titin-based force. Whether this mechanism is relevant for 

disease states where the titin-based passive force is altered [47–49]remains to be established 

and is an important area for future research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation

LV left ventricle

SL sarcomere length

cMyBP-C cardiac myosin-binding protein C

ESPVR end-systolic pressure-volume relation

EDPVR end-diastolic pressure-volume relation

E(t) elastance

En(t) normalized elastance

Toe time to the onset of ejection

Tes time to the end-systole

Eoe elastance at the onset of ejection

Ees elastance at end-systole

dS/dtmax maximal rate of stress rise

dS/dtmin maximal rate of stress decline

ES-SSLR end-systolic stress-sarcomere length relation

ED-SSLR end-diastolic stress-sarcomere length relation

LDA length dependence of activation

IVRT Isovolumic relaxation time
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Highlights

• Deletion of titin’s super-repeats C1 and C2 (TtnΔC1−2 mice) results in shorter 

thick filaments and contractile dysfunction that is more pronounced than 

expected based on reduced thick filament lengths per se.

• The diastolic stress is expected to be increased in TtnΔC1−2 mice, but instead 

was found to be unaltered.

• These findings can be explained by the discovered shift in the operating 

sarcomere-length range of TtnΔC1−2 mice, which further depresses 

contractility but normalizes titin-based stress. We propose that titin regulates 

passive stiffness at the detriment of contractile function.
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Figure 1. 
Reduced A-band width in sarcomeres of TtnΔC1−2 mice. Representative electron 

micrographs showing that compared to WT the A-band is shorter in TtnΔC1−2 mice. By 

labeling the sarcomere with a cMyBP-C antibody, vertical stripes were obtained that were 

used to calibrate the image. Using this approach we determined that the A-band width is 

~1600 nm in WT mice and ~173 nm shorter in the TtnΔC1−2 mice [9].
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Figure 2. 
Contraction-relaxation kinetics of the LV chamber. A) Representative examples of an 

absolute time-varying elastance (left) and an amplitude normalized time-varying elastance 

(right) of WT (solid lines) and TtnΔC1−2 (broken lines) mice. The onset of ejection and 

the end-systole are indicated. B) The peak elastance at end systole (Ees) is reduced in 

the TtnΔC1−2 mice. C) The time to onset of ejection (Toe:left),the time to end systole 

(Tes:middle), and the ratio of elastance at the onset of ejection relative to at the end systole 

(Eoe/Ees:right) are not different between genotypes. D) The time to 50% elastance decay is 

prolonged in TtnΔC1–2. n= 7–8 mice per group. Each data point represents a single mouse. 

Mean ± S.E.M are shown. Mann Whitney test: ***P < 0.001.
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Figure 3. 
Loaded intact cardiomyocyte mechanics. A) The cellular work loop example shows 4 phases 

that mimic isovolumic contraction (phase I), systolic ejection (II), isovolumic relaxation 

(III), and diastolic filling (IV) of the cardiac cycle. B) At baseline, the maximal rate of 

stress rise (dS/dtmax: left) during isometric contraction is not different in TtnΔC1−2 cells 

compared to WT. However, the maximal rate of stress decline (dS/dtmin: right) is reduced. 

C) Representative examples of work loop series of WT and TtnΔC1−2 cells. D) The slope 

of ES-SSLR, which reflects cellular contractility, is reduced in TtnΔC1−2 cells. E) The 

SL-intercept of the ES-SSLR is reduced. F) The slope of ED-SSLR, which reflects cellular 

diastolic stiffness, is not different. G) The SL-intercept of the ED-SSLR of TtnΔC1−2 is 

reduced. n= 6–7 mice per group, and 3–12 cells per mouse. Each data point represents the 

mean value of all cells of a single mouse. Mean ± S.E.M are shown in the bar graphs. Nested 

t-test: *P < 0.05 **P < 0.01****P < 0.0001.
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Figure 4. 
Intact cardiomyocyte time course of elastance. (A) Representative examples of an absolute 

time-varying elastance of WT (solid lines) and TtnΔC1−2 (broken lines) cardiomyocytes. The 

onset of ejection and the end-systole are indicated. B) The peak elastance at end systole 

(Ees) is reduced in the TtnΔC1−2 myocytes. C) The time to onset of ejection (Toe:left),the 

time to end systole (Tes:middle), and the ratio of elastance at the onset of ejection relative to 

at the end systole (Eoe/Ees:right) are not different between genotypes. D) The time to 50% 

elastance decay is prolonged in TtnΔC1–2. n= 6,7 mice, 3–12 cells per mouse. Each data 

point represents the mean value of all cells from a single mouse. Mean ± S.E.M are shown. 

Nested t-test: *P < 0.05 **P < 0.01.
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Figure 5. 
Shortening-relengthening analysis and Ca2+ transients of unloaded intact cardiomyocytes. 

(A) Representative examples of sarcomere length (SL) shortening-relengthening traces and 

B) change in SL during twitch activation of WT and TtnΔC1−2 cells, stimulated at 2 Hz, 

C) Diastolic SL, D) systolic SL, and E) shortening amplitude are all reduced in TtnΔC1−2 

cells. F) The time to 50% of peak shortening is not different. G) The time from peak 

to 50% relaxation is prolonged, and H) the relenghtening velocity is reduced in TtnΔC1−2 

myocytes. n= 5–6 mice per group, and 10–20 cells per mouse. I-M, Ca2+ transient of 

isolated intact cardiomyocytes, measured with Fura-2 340/380 signal. I) Diastolic baseline 

signal, J) transient amplitude, K) maximal velocity of rising phase of the transient, and L) 
maximal velocity of Ca2+ reuptake are not different between WT and TtnΔC1–2. M) The time 

from peak transient to 10%, 50% and 90% signal decay shows that RT10 is prolonged in 

TtnΔC1−2 cells, however, RT50 and RT90 are not different from WT. n= 5–6 mice per group, 
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and 50–75 cells per mouse. Each data point represents the mean value of all cells from a 

single mouse. Mean ± S.E.M are shown in the bar graphs. Nested t-test: *P < 0.05 **P < 

0.01 ****P < 0.0001.
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Figure 6. 
Myofilament Ca2+ sensitivity and length dependence of activation (LDA). (A) Passive 

stress-SL relation of skinned LV myocardium of WT and TtnΔC1−2 shows a higher passive 

stress and a shorter slack SL (inset) in TtnΔC1−2 mice. B) Average stress-pCa curves at 

SL 1.95 µm and 2.1 µm for both genotypes. C) The maximal active stress is lower in 

TtnΔC1−2 at both SLs. D) The Hill coefficient (nH), which reflects cooperative activation is 

not different. E) The pCa50, which reflects the myofilament Ca2+ sensitivity, is increased in 

TtnΔC1−2 at SL 1.95 µm but is not different at 2.1 µm. The pCa50 of TtnΔC1−2 at SL 1.95 um 

is lower than WT at SL 2.1 um. F) The LDA as reflected by the pCa50 2.1 µm – pCa50 1.95 

µm is reduced in TtnΔC1–2. n=7–8 mice per group, 2 preparations per mouse. Each data point 

represents the mean value of all muscle preparations from a single mouse. Mean ± S.E.M are 

shown in the bar graphs. Mann-Whitney test for A and F, Two-way ANOVA with Tukey’s 

multiple comparison test for C-E: *P < 0.05 ***P < 0.001 ****P < 0.0001.
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Figure 7. 
Step response analysis. (A) A schematic diagram describing the features of the force 

response to a small amplitude step length change imposed on a maximally activated 

papillary muscle. See text for technical details. B) Left: magnitude of the change in force 

during the step (F1-Fss) vs. the amplitude of the step (% muscle length change) can be fit 

with a linear regression line (R2 0.99). Right: the slope of the linear regression fit is reduced 

in TtnΔC1−2 mice. C) Left: magnitude of the change in steady-state force (FNSS-Fss) vs. 

the amplitude of the step (% muscle length change) can be fit with a linear regression line 

(R2 0.99). Right: the slope of the linear fit is reduced in the TtnΔC1−2 mice. D) The rate 

of cross-bridge detachment (c; top) and the rate of cross-bridge recruitment (b; bottom) are 

unchanged in the TtnΔC1−2 mice. n=7 mice per group, 2 preparations per mouse. Each data 

point represents the mean value of all muscle strips from a single mouse. Bar graphs show 

the mean ± S.E.M. Mann-Whitney test, *P < 0.05 ***P < 0.001 ****P < 0.0001.
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Figure 8. 
In situ diastolic SL and predicted operating SL ranges (A) The in situ diastolic SLs of the 

LV mid-wall at Veq is shorter in TtnΔC1−2 hearts. B) The LV circumferential wall strain 

measured by echocardiography. C) The number of sarcomeres in series per cell is increased 

in TtnΔC1–2. D) The predicted force–SL relations (solid lines), and the predicted operating 

SL ranges (broken lines). The vertical blue arrows indicate the predicted force reduction due 

to the shorter thick filaments (solid blue) and due to the shorter end-systolic SL (broken blue 

line). See text for details. n= 4–5 mice per group, 80–100 measurements per mouse for A. 

n=11 mice per group for B. n= 5–6 mice per group, and 50–75 cells per mouse for C. Each 

data point in A and C represents the mean values of all measurements from a single mouse. 

Mean ± S.E.M are shown in the bar graphs. Mann-Whitney test, *P < 0.05 ***P < 0.001.
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