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I N T R O D U C T I O N

Cardiac myosin–binding protein-C (cMyBP-C) is an in-
tegral sarcomeric protein that is a major determinant of 
cardiac functional reserve (Davis et al., 2008). Muta-
tions in cMyBP-C are a prevalent cause of hypertrophic 
cardiomyopathy (HCM) and sudden cardiac death in 
humans (Harris et al., 2011). The majority of HCM-
causing mutations in cMyBP-C result in the truncation 
of the protein and are thought to cause HCM through 
haploinsufficiency (van Dijk et al., 2009; Carrier et al., 
2010). Mouse models in which cMyBP-C is homozy-
gously ablated (cMyBP-C/) have been used extensively 
to study the role of cMyBP-C in normal cardiac contrac-
tility and the development of HCM (McConnell et al., 
1999; Harris et al., 2002; Carrier et al., 2004). These 
models have provided invaluable insight into the role of 
cMyBP-C in the sarcomere and its involvement in the 
development of HCM. However, interpretation of re-
sults obtained from these models is confounded by the 
fact that hearts from cMyBP-C/ mice undergo severe 
hypertrophic and dilatory remodeling during perinatal 
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development (McConnell et al., 1999; Harris et al., 
2002; de Lange et al., 2011), making it difficult to assess 
which contractile defects are caused by cMyBP-C abla-
tion and which are the result of secondary remodeling.

cMyBP-C functions as a physiological “brake” on 
contractility that is relieved by phosphorylation upon  
-adrenergic stimulation through activation of PKA. Upon 
phosphorylation by PKA (and/or other kinases), inhibi-
tory interactions between cMyBP-C and other myofibril 
components are released (Gruen and Gautel, 1999; 
Gruen et al., 1999; Razumova et al., 2006; Shaffer et al., 
2009; Barefield and Sadayappan, 2010; Kensler et al., 
2011; Sadayappan et al., 2011), increasing the probabil-
ity in myosin-actin cross-bridge formation (Weisberg and 
Winegrad, 1996). The net effect is predicted to lead to 
an increase in force production and accelerated con-
tractile kinetics, which together contribute to the dynamic 
capacity of the heart to respond to increased demand 
for cardiac output. cMyBP-C/ mice were used by several 
investigators to indirectly study the effect of PKA-mediated 
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kinetics. Strikingly, the ability of cMyBP-C–null mECT to increase contractile kinetics in response to adrenergic 
stimulation and increased pacing frequency were severely impaired. We conclude that cMyBP-C ablation results in 
constitutively accelerated contractile kinetics with preserved peak force with minimal contractile kinetic reserve. 
These functional abnormalities precede the development of the hypertrophic phenotype and do not result from 
alterations in Ca2+ transient kinetics, suggesting that alterations in contractile velocity may serve as the primary 
functional trigger for the development of hypertrophy in this model of HCM. Our findings strongly support a 
mechanism in which cMyBP-C functions as a physiological brake on contraction by positioning myosin heads away 
from the thin filament, a constraint which is removed upon adrenergic stimulation or cMyBP-C ablation.
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and Public Health at the University of Wisconsin–Madison in accor-
dance with the Guide for the Care and Use of Laboratory Animals 
(National Institutes of Health publication no. 85-23, revised 1985).

Isolation of neonatal mouse ventricular cardiac cells
Ventricular cardiac cells were isolated using enzymatic dissocia-
tion methods used to isolate neonatal mouse CMs as previously 
described (de Lange et al., 2011). In brief, excised ventricular tis-
sue was minced and suspended in 3 mg/ml collagenase type II 
(Gibco) in KG buffer, pH 7.4, and incubated at 37°C for 20 min 
with gentle agitation. KG buffer consisted of 127 mmol/liter  
l-glutamic acid potassium salt monohydrate (Sigma-Aldrich), 
0.1335% (wt/vol) NaHCO3 (Gibco), 16.5 mmol/liter d-glucose 
(Sigma-Aldrich), 0.42 mmol/liter Na2HPO4 (Sigma-Aldrich), and 
25 mmol/liter HEPES (Sigma-Aldrich). Ventricular tissue was 
subsequently suspended and agitated in 0.025% trypsin (Gibco) 
in KG buffer for 10-min intervals until dispersed. Cells were pel-
leted at 200 g and resuspended in mouse culture media consisting 
of 60.3% high-glucose DMEM (Gibco), 20% F12 nutrient mix 
(Gibco) supplemented with 1 mg/ml gentamicin (Sigma-Aldrich), 
8.75% fetal bovine serum (HyClone), 6.25% horse serum  
(HyClone), 1% HEPES, 1× nonessential amino acid cocktail (Gibco),  
3 mmol/liter sodium pyruvate (Gibco), 0.00384% (wt/vol) 
NaHCO3, and 1 µg/ml insulin (Sigma-Aldrich). Cell suspensions 
were preplated onto P100 cell culture dishes and incubated at 
37°C for 45 min to allow preferential attachment of nonmyocyte 
cell populations. Cardiac cells remaining in suspension were col-
lected, checked for viability by dye exclusion, counted, and pre-
pared for subsequent mECT construction.

mECT construction
WT and cMyBP-C/ neonatal mouse ventricular cells suspended in 
mouse media were rotated at 50 rpm on a gyratory shaker (195-mm  
diameter) for 6–8 h at 37°C and 5% CO2 to allow aggregation 
of small, uniform clusters of viable cells. After rotational culture, 
8.0 × 105 CMs were suspended in 83.3 µl of mouse media and 
added to 116.7 µl of an mECT matrix mixture consisting of 
66.7 µl of 2 mg/ml acid-soluble rat tail collagen type I, pH 3.0 
(Sigma-Aldrich), 8.3 µl of 10× MEM (Gibco), 8.3 µl of reconstitu-
tion buffer (200 mmol/liter NaHCO3, 200 mmol/liter HEPES, 
and 100 mmol/liter NaOH [Sigma-Aldrich]), and 33.3 µl Matri-
gel (BD). 200 µl of the cell/matrix suspension was cast into  
20 mm × 3 mm cylinder constructs using a Flexcell Tissue Train 
silicone membrane culture plate (Flexcell International) and in-
cubated under preprogrammed vacuum conditions for 120 min 
(37°C, 5% CO2) to form cylindrical-shaped mECT constructs that 
were attached at each end to fibrin tabs. Upon matrix polymeriza-
tion, mouse media was added to the mECT within the 6-well cul-
ture dish. mECT constructs were maintained in culture for 7 d with 
media changes every other day.

Mechanical testing of mECT
Isometric force generated by mECT was measured using proto-
cols similar to those previously described (Tobita et al., 2006; de 
Lange et al., 2011). In brief, each mECT construct was transferred 
from the culture dish to a model 801B small intact fiber test ap-
paratus (Aurora Scientific) in Krebs-Henseleit buffer (119 mmol/
liter NaCl, 12 mmol/liter glucose, 4.6 mmol/liter KCl, 25 mmol/
liter NaHCO3, 1.2 mmol/liter KH2PO4, 1.2 mmol/liter MgCl2, 
and 1.8 mmol/liter CaCl2, gassed with 95% O2/5% CO2, pH 7.4). 
mECT constructs were attached with sutures between a model 
403A force transducer (Aurora Scientific) and model 322C high-
speed length controller (Aurora Scientific). mECTs were per-
fused with 24°C Krebs-Henseleit buffer at a rate of 1 ml/min, and 
field stimulation was initiated at 2 Hz (2.5 ms, 8–12.5 V). The lon-
gitudinal length of each construct was increased stepwise until 
maximal twitch force was achieved. mECTs were then equilibrated 

phosphorylation of cMyBP-C, assuming that ablation should 
functionally mimic a fully phosphorylated cMyBP-C and 
abrogate its inhibitory effects upon contractility. Para-
doxically, these studies have generally shown a decrease, 
rather than the predicted increase, in cardiac contrac-
tility (Harris et al., 2002; Carrier et al., 2004; Brickson  
et al., 2007; Tong et al., 2008). Although some studies 
showed acceleration in contractile kinetics (Harris et al., 
2002; Korte et al., 2003; Stelzer et al., 2006a,b,c, 2007; 
Tong et al., 2008), others showed a deceleration (Carrier 
et al., 2004; Pohlmann et al., 2007). The divergence of 
findings from what might be predicted was most likely 
affected by the significant hypertrophic remodeling 
that occurs in cMyBP-C/ hearts.

To better understand the primary contractile effects 
of cMyBP-C ablation in the absence of secondary re-
modeling, we developed a multicellular murine engi-
neered cardiac tissue (mECT) system that uses neonatal 
cardiomyocytes (CMs) from cMyBP-C/ mice that have 
yet to undergo hypertrophic remodeling (de Lange  
et al., 2011). Although hearts from cMyBP-C/ mice un-
dergo hypertrophy in the early perinatal phase, molecu-
lar markers of cardiac hypertrophy were absent in 
cMyBP-C/ mECT (de Lange et al., 2011). Furthermore, 
in agreement with the hypothesized impact of cMyBP-C 
ablation detailed above, the initial characterization of 
the cMyBP-C/ mECT model produced increased twitch 
force amplitude with faster contraction kinetics com-
pared with WT control mECT (de Lange et al., 2011). 
These findings led us to hypothesize that the loss of 
cMyBP-C results in a constitutive increase in contractile 
velocity, rendering the myocardium unable to respond 
to lusitropic physiological stimuli such as -adrenergic 
stimulation or increased heart rate. To test this hypoth-
esis, we performed a detailed evaluation of the kinetic 
effects of cMyBP-C ablation in our prehypertrophic 
mECT model at physiological temperature with and 
without adrenergic stimulation and electrical pacing. 
Our data indicate that in the absence of cMyBP-C, car-
diac contractile kinetics are near maximally accelerated 
and cannot further accelerate upon adrenergic stimula-
tion or increased pacing frequency. This lack of kinetic 
reserve is independent of changes in Ca2+ transient kinet-
ics, suggesting that cMyBP-C affects contractile kinetics 
through modulating cross-bridge cycling.

M A T E R I A L S  A N D  M E T H O D S

Animals
Ventricular tissue was harvested from 1-d-old homozygous  
cMyBP-C/ mouse pups that were previously generated on the 
E129X1/SvJ background (Harris et al., 2002) and from 1-d-old 
WT E129X1/SvJ mice (Taconic). Pups were anesthetized using 
inhaled isoflurane before harvesting of ventricular tissue. Addi-
tionally, 1- and 10-d-old WT and cMyBP-C/ pups were used for 
echocardiographic measurements. This study was approved by 
the Animal Care and Use Committee of the School of Medicine 
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slide-mounting fluid (Surgipath). Sections were visualized and 
photographed on an Eclipse 90i photomicroscope (Nikon) using 
a Plan-Fluor 4× objective (Nikon), DS-Fi1 color camera (Nikon), 
and Elements imaging software (version 4.0; Nikon) and collated 
using Photoshop (version 12.0.4 x64; Adobe).

Immunohistochemistry
For immunohistochemistry, ECT constructs were rinsed once for 
1 min in 0.1 mol/liter KCl to relax the sarcomeres and then once 
for 1 min in 1× PBS, pH 7.0, before being fixed in Dent’s fixative 
(80% methanol/20% DMSO) for 2 h at 4°C. Constructs were 
then dehydrated in methanol series and stored at 20°C for 24 h. 
For sectioning, fixed constructs were transferred directly to xy-
lenes and allowed to equilibrate for 5 min before being placed in 
paraffin and maintained at 60°C for 90 min. They were subse-
quently embedded in fresh paraffin in disposable plastic molds 
and allowed to cool before being sectioned at 8 µm on an RM2165 
microtome (Leica), mounted on glass sides, and dried overnight 
on a flattening plate at 37°C. After drying, slides were heated to 
60°C, placed in xylenes for 5 min, rehydrated through ethanol 
series to water, and rinsed twice in 1× PBS. Blocking was per-
formed in two steps to minimize nonspecific binding of mouse- 
and goat-derived antibodies. First, slides were blocked for 1 h in 
1× PBS containing 5% (vol/vol) sheep serum, 2 mg/ml bovine 
serum albumin, and 0.1% (vol/vol) Tween 20 and then blocked 
secondarily with the VECTASTAIN mouse on mouse (M.O.M.) 
basic kit (Vector Laboratories) according to the manufacturer’s 
instructions. Sections were incubated with 1:100 anti-cMyBPC 
rabbit polyclonal antibody (Harris et al., 2002) for 1 h at room 
temperature in M.O.M. protein solution (Vector Laboratories) in 
a humidity chamber. After rinsing twice for 2 min in PBS, sections 
were incubated for 1 h at room temperature in the dark with 
1:200 Alexa Fluor 647 goat anti–rabbit IgG (H+L) secondary anti-
body (Molecular Probes) in M.O.M. protein solution as before. 
After rinsing twice for 2 min in PBS, sections were coverslipped 
using warmed ProLong Gold Antifade Reagent (Invitrogen) with 
4,6-diamidino-2-phenylindole (DAPI). Imaging was performed 
using the Eclipse 90i fluorescent confocal microscope using a 40× 
oil-immersion objective and 405 nm and 647 nm to excite DAPI and 
Alexa Fluor 647, respectively. Images were acquired using a built-in 
automated tile scan routine and NIS-Elements software suite.

Echocardiography
1- and 10-d-old WT and cMyBPC/ mouse pups were used for 
transthoracic echocardiography using standard protocols. In brief, 
10-d-old mice were anaesthetized using inhaled 1% isoflurane, 
delivered via nose cone, with the flow titrated to minimize brady-
cardia and maintain a target heart rate of 450 ± 50 beats per min-
ute. Conscious 1-d-old and anesthetized 10-d-old mice were taped 
in a left lateral decubitus position on a warmed platform, and 
chest hair was removed with a topical depilatory agent. Hearts 
were imaged using a Vevo 770 ultrasonograph (Visual Sonics) 
with a 40-MHz transducer (Agilent Technologies). Two-dimen-
sionally guided M-mode images were acquired at the tip of papil-
lary muscles, and transmitral and aortic velocities were measured 
using Doppler pulse wave imaging. End diastolic and systolic left 
ventricular (LV) diameter, as well as anterior and posterior wall 
(AW and PW, respectively) thickness, was measured on line from 
M-mode images using the leading edge to leading edge conven-
tion. All parameters were measured over at least three consecu-
tive cardiac cycles and averaged. LV mass was calculated by [1.05 × 
((PW diastole + AW diastole + LV diameter diastole)3  (LV diam-
eter diastole)3)]. LV volume during diastole was calculated by 
[(7/(2.4 + LV diameter in diastole)) × (LV diameter in diastole)3 × 
1,000]. LV volume during systole was calculated by [(7/(2.4 + 
LV diameter in systole)) × (LV diameter in systole)3 × 1,000]. 
Heart rate was determined from at least three consecutive intervals 

for 10–20 min or until a stable level of passive tension was achieved 
while being paced at 2 Hz. The pacing frequency was increased  
to 6 Hz, and the temperature of the perfusate in the chamber 
was adjusted to 37°C before force measurements were made at  
stimulation frequencies of 6 and 9 Hz. Subsequent to these mea-
surements, mECTs were perfused with 5 µmol/liter dobut-
amine-containing Krebs-Henseleit buffer before reassessment 
of contractile function at stimulation frequencies of 6 and 9 Hz. 
Data from force measurements were analyzed and averaged using 
IonWizard 6.0 software (IonOptix). For each stimulation fre-
quency, force of 80–160 successive contractions was collected and 
averaged. Contraction data were exported to Microsoft Excel, and 
the magnitude and kinetics of force generation were calculated.

Intracellular free Ca2+ ion transient measurement
Simultaneous force and Ca2+ transient measurements in mECT 
were performed similar to previously described methods for papil-
lary muscle (Tong et al., 2004). In brief, mECTs were mounted to 
a force transducer in a perfusion chamber and were loaded for  
60 min at room temperature with a Fura-2AM loading solution con-
sisting of Krebs-Henseleit buffer supplemented with 5 µM Fura-2AM 
(Invitrogen), 1% (vol/vol) Cremophor EL (Sigma-Aldrich), and 
10 µmol/l N,N,N,N-tetrakis(2-pyridylmethyl)ethylene-diamine 
(Sigma-Aldrich) with constant oxygenation. After loading, mECTs 
were allowed to recover for 10–20 min at 37°C while being perfused 
with Krebs-Henseleit buffer with pacing at 4 Hz. Subsequently, 
Fura-2 fluorescence (a measure of intracellular Ca2+) was measured 
by alternately illuminating the preparation with 340- and 380-nm 
light (at a frequency of 250 Hz) through a Plan-Fluor 10× objective 
on an Eclipse Ti microscope (Nikon). Similarly, emitted light 
passed through the same Plan-Fluor 10× objective, and 510-nm 
emission was measured using IonOptix hardware and software with 
field stimulation at frequencies of 6 and 9 Hz (2.5 ms, 6.5–12.5 V). 
The emitted fluorescence and force data were stored for offline 
analysis as the 340- and 380-nm counts. Force generation data were 
obtained concurrently. The intracellular Ca2+ concentration [Ca2+]i 
was estimated by the equation: [Ca2+]i = KApparent(R  RMin/RMax  R), 
where R is the ratio of Ca2+-bound Fura-2 fluorescence at 340-nm 
excitation versus Ca2+-free Fura-2 fluorescence at 380-nm excita-
tion. RMin is measured when Fura-2 is completely free of Ca2+, and 
RMax is measured when Fura-2 is saturated with Ca2+. KApparent is the 
association constant of Fura-2. RMin, RMax, and KApparent were estab-
lished empirically on equipment used as these values are influ-
enced by excitation and emission filters, dichroic mirrors, and the 
microscope objective lens.

Although we do show Ca2+ transient magnitude data in 
Tables S2–S4, these measurements are fraught with difficulty in 
relatively large multicellular preparations such as mECT in which 
Ca2+ transients are only measured in a small subpopulation of 
cells. We therefore emphasize the kinetics of the Ca2+ transient 
and the relative effect of interventions such as adrenergic stimula-
tion and increasing frequency within a preparation.

Routine histology and light microscopy
Neonatal and 10-d-old mouse hearts were fixed with Dent’s fixa-
tive (20% DMSO/80% MeOH) at 4°C overnight. The samples 
were subsequently transferred to 100% MeOH and stored at 
20°C for at least 24 h before being embedded with paraffin 
using standard protocols. Embedded hearts were then sectioned 
at a thickness of 8 µm using an RM2165 microtome (Leica), and 
sections were placed on charged glass microscope slides (Super-
frost Plus; Thermo Fisher Scientific) and allowed to dry overnight 
at 35°C on a flattening plate. Before staining with hematoxylin 
and eosin (H&E) using SelecTec reagents and protocols (Sur-
gipath), slides were incubated at 68°C for 1 h, submerged twice in 
xylenes for 2 min each, and rehydrated through EtOH series to  
water. After staining, sections were coverslipped using Micromount 

http://www.jgp.org/cgi/content/full/jgp.201210837/DC1
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although ejection fraction was similar in nonhypertro-
phied neonatal cMyBP-C/ and WT hearts (73.9 ± 
4.5% vs. 62.7 ± 4.9%; P = 0.108), it was dramatically re-
duced in cMyBP-C/ hearts by postnatal day 10 (74.4 ± 
5.4% vs. 32.1 ± 3.6%; P < 0.001; Fig. 1 F). Notwithstanding 
the decreased ejection fraction in 10-d-old cMyBP-C/ 
mice, the cardiac output (Fig. 1 G) was not affected by 
cMyBP-C ablation, suggesting that remodeling events 
between days 1 and 10 are effectively compensatory.

In light of these findings, mECTs used in this study 
were produced using cardiac cells derived from post-
natal day 1 WT and cMyBP-C/ hearts (Fig. S1). Unlike 
in the developing cMyBP-C/ heart that rapidly re-
models during the perinatal period, resulting in im-
paired contractility, cMyBP-C/ mECTs do not undergo 
similar hypertrophic remodeling in culture as assessed 
by CM cross-sectional area (Fig. S2) and equivalent ex-
pression levels of the hypertrophic marker genes Nppa, 
Nppb, and MyH7 (de Lange et al., 2011), making mECT 
a good model system to study the primary effects of 
cMyBP-C ablation on cardiac contraction.

Accelerated twitch kinetics in cMyBP-C/ mECT
mECTs generating twitch force between 0.25 and 1 mN 
were selected to assess the effect of cMyBP-C ablation 
on cardiac contractile kinetics to minimize possible 
genotype-dependent contribution of twitch force mag-
nitude to contractile kinetics (WT = 0.556 ± 0.079 mN; 
cMyBP-C/ = 0.587 ± 0.065 mN; n ≥ 6; P = 0.72 at 6 Hz). 
All twitch force and dF/dt (mN/s) traces were plotted 
as amplitude-normalized curves (normalized to maximum 
twitch force produced [FMax] for the particular prepara-
tion [mN/mNFMax for twitch force and mN/s/mNFMax 
for dF/dt]) in a similar fashion to other studies (Nagayama 
et al., 2007; Janssen, 2010).

Overall, contractile kinetics were significantly faster 
in cMyBP-C/ than in WT mECT at both frequencies 
tested (Fig. 2, A and B; and Table S1). In subsequent 
analysis, twitch timing was divided into four phases 
(CT50 = time to 50% FMax; CT50–100 = time 50% FMax to 
FMax; RT50 = FMax to 50% force decay; RT50–90 = 50 to 90% 
force decay). Ablation of cMyBP-C significantly short-
ened both contractile phases (Fig. 2, C and D) and dra-
matically shortened the initial phase of relaxation 
(RT50; Fig. 2 E) at both pacing frequencies. The second 
phase of relaxation (RT50–90) was unaffected by cMyBP-C 
ablation (Fig. 2 F).

Analysis of the first order derivative (dF/dt) traces in 
WT and cMyBP-C/ mECT provided further insight into 
the contractile effects of cMyBP-C. These data show that 
both the maximal velocities of contraction (+dF/dtMax) 
and relaxation (dF/dtMax) were higher in cMyBP-C/ 
than in WT mECT (Fig. 3, A–D; and Table S1), indicating 
both faster contractile and relaxation velocities. Inter-
estingly, the dF/dtMax/+dF/dtMax ratio remained unaf-
fected by cMyBP-C ablation (Fig. 3 E). We subsequently 

from pulse wave Doppler tracings of the LV outflow tract. Ejec-
tion fraction was calculated by [100 × ((LV volume diastole  LV 
volume systole)/LV volume diastole)]. Stroke volume was calcu-
lated by [LV volume diastole  LV volume systole]. Cardiac out-
put was calculated by [stroke volume × heart rate]. Isovolumic 
relaxation time was measured as the time between closing of the 
aortic value and the opening of the mitral value from pulse wave 
Doppler tracings of the LV outflow tract and mitral inflow region.

Data and statistical analysis
SPSS software was used to perform statistical analysis. Student’s  
t tests were used for two-way comparisons between WT and 
cMyBP-C/ mECT or mouse pups. Paired Student’s t tests were 
used when comparing pre- and postdobutamine values at each fre-
quency for each mECT. All error bars are SEM. Statistical signifi-
cance was set at P < 0.05. Data from force and intracellular free Ca2+ 
ion transient measurements were analyzed using IonOptix soft-
ware. For each stimulation frequency, under each condition, force 
and/or intracellular free Ca2+ ion transients of 40–60 successive 
contractions were collected and averaged. These data were exported 
to Excel (Microsoft), and the magnitude of force generated and/
or Ca2+ transients as well as the kinetics of force generation and re-
laxing and/or Ca2+ release and sequestration were calculated.

Online supplemental material
Fig. S1 shows the gross morphological as well as histological struc-
ture of mECT used. Fig. S2 shows histological quantification of 
CM cross-sectional area in WT and cMyBP-C/ mECTs, showing 
the lack of CM hypertrophy as a result of cMyBP-C ablation. De-
tailed data regarding mECT twitch force production and Ca2+ 
transients, depicted in Figs. 2–4, are provided in Tables S1–S4. 
Online supplemental material is available at http://www.jgp.org/
cgi/content/full/jgp.201210837/DC1.

R E S U L T S

mECTs are derived from prehypertrophic  
cMyBP-C/ CMs
To study the primary effects of cMyBP-C ablation on car-
diac contraction, it is critical to determine that mECTs 
are derived from prehypertrophic mouse hearts. We as-
sessed the magnitude of hypertrophic remodeling by 
routine histology and by measuring heart/body weight 
ratios at postnatal day 1 and day 10 in WT and cMyBP-C/ 
pups. cMyBP-C ablation did not affect gross cardiac 
morphology at postnatal day 1 (Fig. 1, A and C). By 
day 10, cMyBP-C/ hearts were enlarged with pro-
nounced increases in the thickness of the interventricu-
lar septum and LV free wall and increased LV chamber 
diameter (Fig. 1, B and D). Additionally, heart/body 
weight ratios were similar between neonatal WT and 
cMyBP-C/ pups but significantly elevated in 10-d-old 
cMyBP-C/ pups (Fig. 1 E). Together, these data sug-
gest that hypertrophic remodeling occurs rapidly dur-
ing early postnatal development in cMyBP-C mice, but 
is largely absent at birth, and is supported by previous 
data that suggests the absence of hypertrophy in neo-
natal cMyBP-C/ pups (de Lange et al., 2011).

Hypertrophic remodeling had a profound adverse  
effect on cardiac function as indicated by the finding that 

http://www.jgp.org/cgi/content/full/jgp.201210837/DC1
http://www.jgp.org/cgi/content/full/jgp.201210837/DC1
http://www.jgp.org/cgi/content/full/jgp.201210837/DC1
http://www.jgp.org/cgi/content/full/jgp.201210837/DC1
http://www.jgp.org/cgi/content/full/jgp.201210837/DC1
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cMyBP-C/ mECTs are unable to accelerate 
contractile kinetics in response to physiological stimuli
To gain a better understanding of the role that cMyBP-C 
plays in modulating contractile kinetics in response to 
lusitropic physiological stimuli, we assessed the effect of 
increasing pacing frequency and -adrenergic stimula-
tion in WT and cMyBP-C/ mECT. Unlike WT mECT, 
which demonstrated shorter relaxation intervals as pac-
ing frequency increased from 6 to 9 Hz (RT50 = 15.0% 
[P = 0.019] and RT50–90 = 27.2% [P < 0.001]), the al-
ready accelerated cMyBP-C/ mECT did not demon-
strate significant frequency-dependent acceleration of 
relaxation (RT50 = 4.8% [P = 0.991] and RT50–90 = 
7.6% [P = 0.903]; Fig. 2, E and F).

Amplitude-normalized averaged twitches, prior and 
subsequent to dobutamine (1-aggonist) stimulation, 

analyzed the timing of the dF/dt traces and showed  
that the time to +dF/dtMax was not significantly af-
fected by cMyBP-C ablation (Fig. 3 F). The time from 
+dF/dtMax to FMax (dF/dt0) was significantly shorter in 
cMyBP-C/ mECT at both pacing frequencies (23.9–
26.8%; Fig. 3 G). The most dramatic difference between 
WT and cMyBP-C/ mECT was found in the time from 
FMax to dF/dtMax. The profound shortening of this 
interval (40.5–43.6%) in cMyBP-C/ mECT (Fig. 3 H) 
corresponds to the significant early drop-off in twitch 
force as shown in Fig. 2. These data have clear impli-
cations for the role of cMyBP-C in influencing actin-
myosin cross-bridge attachment–detachment rates and 
may be the primary contractile defect that triggers 
compensatory hypertrophic remodeling in the peri-
natal heart.

Figure 1. Morphological and functional analy-
ses of neonatal and 10-d-old WT and cMyBP-C/ 
hearts. (A–D) H&E-stained thin sections of 1-d-
old WT (A), 10-d-old WT (B), 1-d-old cMyBP-C/ 
(C), and 10-d-old (D) mouse hearts. Bar, 1 mm. 
(E–G) Heart/body weight ratios (E), ejection 
fraction (F), and cardiac output (G) of 1- and 
10-d-old WT and cMyBP-C/ mice are shown. 
Error bars indicate SEM. *, P < 0.05 versus age-
matched WT (Student’s t test; day 1 WT, n = 6; 
day 1 cMyBP-C/, n = 7; day 10 WT, n = 6; day 
10 cMyBP-C/, n = 7).
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+dF/dtMax to FMax (Fig. 3 G) at either frequency, indepen-
dent of genotype. Dobutamine stimulation significantly 
shortened the time from FMax to dF/dtMax in WT (6 Hz = 
21.3% [P = 0.031] and 9 Hz = 25.3% [P = 0.014]) 
but did not shorten the same interval in cMyBP-C/ 
mECT (6 Hz = 2.3% [P = 1.000] and 9 Hz = 3.7% [P = 
1.000]; Fig. 3 H). Collectively, the baseline accelerated 
relaxation kinetics of cMyBP-C/ mECT and the mar-
ginal further acceleration with either increased pacing 
frequency or adrenergic stimulation suggest that the 
cMyBP-C/ CMs exist in an accelerated state with mini-
mal additional kinetic reserve.

Accelerated twitch kinetics in cMyBP-C/ mECT are not 
caused by accelerated Ca2+ handling
Because the release and reuptake of Ca2+ impact con-
tractile kinetics under normal and pathological condi-
tions, we measured Ca2+ transient kinetics in mECT at 
6- and 9-Hz pacing frequencies and with the addition of 
dobutamine (Table S2). The normalized Ca2+ transient 
data demonstrate that there is a shorter interval be-
tween peak Ca2+ and peak twitch force in the cMyBP-C/ 
mECT compared with WT (Fig. 4 A). This difference is 
caused by the accelerated twitch force kinetics because 

are shown for WT and cMyBP-C/ (Fig. 2, A and B) 
mECT. Dobutamine pretreatment had no significant 
effect on either of our two defined phases of contrac-
tion in WT or cMyBP-C/ mECT (Fig. 2, C and D). As 
expected, dobutamine treatment significantly short-
ened RT50 in WT mECT (6 Hz = 26.1% [P < 0.001] 
and 9 Hz = 16.2% [P = 0.041]) but had minimal ef-
fect on the constitutively faster cMyBP-C/ mECT 
(6 Hz = 6.1% [P < 0.963] and 9 Hz = 7.9% [P = 0.901]; 
Fig. 2 E). Although dobutamine treatment signifi-
cantly shortened RT50–90 in both WT (36.8%; P < 
0.001) and cMyBP-C/ (20.7%; P = 0.023) mECT 
when paced at 6 Hz, the relative shortening was more 
striking in the WT group (Fig. 2 F).

Analyses of normalized dF/dt traces prior and subse-
quent to dobutamine stimulation (Fig. 3) indicate that 
1-adrenerdic stimulation does not affect +dF/dtMax in 
either WT or cMyBP-C/ mECT (Fig. 3 C). Although 
dobutamine stimulation increased dF/dtMax in WT 
mECT (6 Hz = 53.9% [P < 0.001] and 9 Hz = 23.8%  
[P = 0.055]), this effect was severely blunted in cMyBP-
C/ mECT (6 Hz = 13.0% [P = 0.310] and 9 Hz = 12.9% 
[P = 0.299]; Fig. 3 D). Dobutamine stimulation failed 
to affect the time to +dF/dtMax (Fig. 3 F) and from 

Figure 2. Effect of cMyBP-C ablation on 
mECT contractile intervals. (A and B) Aver-
aged amplitude-normalized twitch traces of 
WT and cMyBP-C/ mECT paced at 6 (A) and 
9 Hz (B). Solid blue lines show vehicle-treated 
WT mECT, solid red lines show vehicle-treated 
cMyBP-C/ mECT, dashed blue lines show 
dobutamine-treated WT mECT, and dashed 
red lines show dobutamine-treated cMyBP-C/ 
mECT. AU, arbitrary units. (C and D) Con-
traction times from electrical stimulus to 50% 
of FMax (CT50; C) and from 50% FMax to FMax 
(CT50–100; D) are shown. (E and F) Relaxation 
times from FMax to 50% twitch force decay 
(RT50; E) and 50 to 90% twitch force decay 
(RT50–90; F) are shown. (C–F) Blue closed bars 
show vehicle-treated WT mECT, red closed 
bars show vehicle-treated cMyBP-C/ mECT, 
blue striped bars show dobutamine-treated WT 
mECT, and red striped bars show dobutamine-
treated cMyBP-C/ mECT. *, P < 0.05 (one-
way ANOVA with Tukey’s post hoc test; WT,  
n = 6; cMyBP-C/, n = 7). (A–F) Error bars in-
dicate SEM.
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Increasing pacing frequency did not affect the time 
to peak Ca2+ transient but did accelerate the reuptake 
of Ca2+ as reflected in the more rapid decrease in the 
transient, independent of mECT genotype (Fig. 4 C). 
These data indicate that acceleration of twitch force 
caused by cMyBP-C ablation is likely to result in differ-
ences in actomyosin cross-bridge kinetics, rather than 
changes in Ca2+ transient kinetics.

D I S C U S S I O N

mECT as a model of prehypertrophic cMyBP-C HCM
Much of the published work pertaining to the impact  
of cMyBP-C on cardiac function has relied on mouse 

there are no differences in the Ca2+ transient kinetics 
between cMyBP-C/ and WT mECT (Fig. 4 A). Dobut-
amine stimulation increased the magnitude of the Ca2+ 
transient in a similar fashion in both cMyBP-C/ and 
WT mECT (Fig. 4 B), indicating intact adrenergic sig-
naling. The magnitude by which Ca2+ transient increased 
in response to adrenergic stimulation was smaller than 
those previously observed in adult CMs (Kuznetsov et al., 
1995; Peng et al., 2007) but similar to that observed in 
neonatal CMs (Kuznetsov et al., 1995). This apparent 
discrepancy is most likely the result of the relative matu-
rity of CMs used to construct mECT, as they are less reli-
ant on intracellular (SR) Ca2+ exchange than adult CMs 
(Escobar et al., 2004).

Figure 3. Kinetic effects of cMyBP-C abla-
tion in mECT. (A and B) Averaged ampli-
tude-normalized first order derivative (dF/dt) 
traces. Solid blue lines show vehicle-treated 
WT mECT, solid red lines show vehicle-treated 
cMyBP-C/ mECT, dashed blue lines show 
dobutamine-treated WT mECT, and dashed 
red lines show dobutamine-treated cMyBP-C/ 
mECT. (C–E) Normalized maximum contrac-
tile velocity (+dF/dtMax/FMax; C), normalized 
maximum relaxation velocity (dF/dtMax/
FMax; D), and the dF/dt ratio (+dF/dtMax/dF/
dtMax; E). (F–H) The times to +dF/dtMax (F), 
from dF/dtMax to FMax (G), and from FMax 
to dF/dtMax (H). (C–H) Blue closed bars show 
vehicle-treated WT mECT, red closed bars show 
vehicle-treated cMyBP-C/ mECT, blue striped 
bars show dobutamine-treated WT mECT, and 
red striped bars show dobutamine-treated 
cMyBP-C/ mECT. *, P < 0.05 (one-way ANOVA 
with Tukey’s post hoc test; WT, n = 6; cMyBP-
C/, n = 7). (A–H) Error bars indicate SEM.
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force development after Ca2+ release (Stelzer et al., 
2006b; Moss and Fitzsimons, 2010). This model is sup-
ported by several studies that show accelerated contrac-
tile kinetics after cMyBP-C ablation (Harris et al., 2002; 
Korte et al., 2003; Stelzer et al., 2006a,b,c, 2007; Tong  
et al., 2008) but is refuted by others that showed a decel-
eration (Carrier et al., 2004; Pohlmann et al., 2007). 
However, it should be noted that these studies were all 
performed on adult cMyBP-C/ mouse hearts that had 
undergone secondary hypertrophic remodeling and 
that several were performed on skinned fibers where 
excitation-contraction coupling was disrupted.

In coupled, nonhypertrophied cMyBP-C/ mECT, 
contractile kinetics were significantly accelerated as in-
dicated by increases in +dF/dtMax and dF/dtMax as well 
as abbreviation of the CT50, CT50–100, RT50, +dF/dtMax to 
FMax, and FMax to dF/dtMax intervals. Changes in these 
contractile kinetic parameters were independent from 
changes in Ca2+ transient kinetics, suggesting that cMyBP-C 
modulates contractile kinetics at the level of cross-
bridge cycling. Thus, removal of the cMyBP-C–imposed 
constraint on cross-bridge formation, by either ablation 
or PKA-mediated phosphorylation (Razumova et al., 
2006; Tong et al., 2008; Shaffer et al., 2009), positions 
myosin heads in close proximity to the thin filament 
(Colson et al., 2007, 2008), resulting in faster cooperative 
cross-bridge recruitment which in turn leads to faster 
cross-bridge attachment rates and an acceleration in 
the rate of contraction.

However, how positioning of the myosin heads close 
to the thin filament accelerates kinetics during the re-
laxation phase of the twitch (increased dF/dtMax and 
abbreviation of the RT50 and FMax to dF/dtMax inter-
vals) is less intuitive. It was previously shown that physi-
ological manipulations that alter the kinetics of the 
contraction phase of the twitch were equally reflected 
during the relaxation phase (Janssen, 2010). In agree-
ment with this concept, we show that although +dF/dtMax 

models in which significant cardiac remodeling has al-
ready occurred. Our objective was to understand the 
impact of cMyBP-C ablation on contractility without the 
confounder of hypertrophic remodeling events. In this 
study, we therefore examined the effects of germline 
ablation of cMyBP-C on contractile performance in a 
neonatal engineered multicellular cardiac tissue under 
near-physiological conditions. Importantly, mECTs were 
generated from newborn mouse myocardial cells that 
had yet to undergo the hypertrophic remodeling char-
acteristic of older cMyBP-C/ mice and in which con-
tractile function was maintained (Harris et al., 2002; de 
Lange et al., 2011), thereby mitigating the influences of 
altered cytoarchitecture, Ca2+ handling, and energy bal-
ance associated with cardiac hypertrophy. Furthermore, 
establishment of cells in a 3-D integrated environment 
with cell to cell connections and in the presence of non-
myocytes established a more physiological biomechani-
cal environment than is possible in 2-D cultured cells or 
traditional skinned fiber preparations.

cMyBP-C as a regulator of cardiac contractility
The current understanding of the regulatory role of 
cMyBP-C indicates that during low-demand conditions 
and baseline phosphorylation of cMyBP-C, the inhibi-
tory interaction between cMyBP-C and the S2 domain 
of myosin results in a smaller proportion of myosin heads 
being in close proximity to the thin filament, thereby re-
ducing the probability of actomyosin cross-bridge for-
mation (Hofmann et al., 1991; Colson et al., 2008, 2010). 
When cMyBP-C is either maximally phosphorylated or 
completely removed, the unrestrained myosin heads move  
into closer proximity to the thin filament and are more 
likely to form cross-bridges (Fig. 5; Hofmann et al., 1991; 
Colson et al., 2008, 2010, 2012). The closer proximity 
of myosin heads to potential actin-binding sites de-
creases the time required to propagate cooperative re-
cruitment of cross-bridges and accelerates the rate of 

Figure 4. Ca2+ transient kinetics in WT and cMyBP-C/ mECT. (A) Amplitude-normalized twitch force (TF; dashed lines) and Ca2+ 
transient (solid lines) in WT and cMyBP-C/ mECT paced at 6 Hz. (B) Amplitude-normalized Ca2+ transients in vehicle (solid lines)- 
and dobutamine-treated (dashed lines) WT and cMyBP-C/ mECT paced at 6 Hz. (C) Amplitude-normalized Ca2+ transients in WT and 
cMyBP-C/ mECT paced at 6 (solid lines) and 9 Hz (dashed lines). Blue lines (solid and dashed) show WT mECT, and red lines (solid 
and dashed) show cMyBP-C/ mECT. (A–C) Error bars indicate SEM. AU, arbitrary units.
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that the observed contractile kinetic changes are a direct 
result of cMyBP-C ablation.

Similar to dobutamine stimulation, an increase in the 
pacing frequency from 6 to 9 Hz accelerated the rate of 
relaxation of WT but not cMyBP-C/ mECT. This sug-
gests a role for cMyBP-C in the frequency-dependent 
increased rate of cardiac relaxation that is necessary  
for the heart to function efficiently at higher rates 

and dF/dtMax were both increased by cMyBP-C abla-
tion, the dF/dt ratio remains unaltered. Furthermore, the 
notion of accelerated cross-bridge detachment is sup-
ported by previous studies that showed cMyBP-C slowing 
overall actomyosin ATPase rates is likely as the result of 
slower ATP-induced cross-bridge dissociation (Razumova 
et al., 2006; Coulton and Stelzer, 2012). The increase in 
the rate of cross-bridge attachment and force develop-
ment in cMyBP-C/ mECT, with a concurrent increase 
in the rate of cross-bridge detachment, might explain 
our observed shorter time to FMax with a shortened inter-
val between the unaltered Ca2+ transient peak and FMax.

cMyBP-C is essential to the lusitropic response  
to physiological stimuli
Stimulation of WT mECT with dobutamine signifi-
cantly and predominantly accelerated the kinetics of 
the relaxation phase of the twitch, as indicated by a 
shortening of RT50, RT50–90, and FMax to –dF/dtMax inter-
vals and an increase in dF/dTMax. These data cor-
respond to the known positive lusitropic effects of 
-adrenergic stimulation (Taffet et al., 1996; Janssen, 
2010). When compared with WT mECT, dobutamine 
stimulation of cMyBP-C/ mECT uncovered two dis-
tinct phases of the relaxation interval: an early phase 
(as measured by RT50 and FMax to dF/dtMax intervals 
and increased dF/dTMax) that is cMyBP-C influenced 
and a late phase (RT50–90) that is less influenced by 
cMyBP-C phosphorylation. Early relaxation velocity is 
determined by multiple factors including Ca2+ reup-
take kinetics (Bers and Bridge, 1989) and actin-myosin 
cross-bridge detachment rates (Razumova et al., 2006; 
Coulton and Stelzer, 2012). Because we found no dif-
ferences in the Ca2+ transient kinetics between WT and 
cMyBP-C/ mECT, we conclude that the observed ac-
celerated early relaxation phase in cMyBP-C/ mECT 
is caused by increased cross-bridge detachment rates. The 
late phase of relaxation accelerated in the cMyBP-C/ 
mECT upon dobutamine exposure, albeit not to the 
magnitude of the WT mECT. This suggests that al-
though faster cross-bridge dissociation caused by 
cMyBP-C phosphorylation contributes to the abbrevia-
tion of this phase, PKA-mediated phosphorylation of 
other myofibrilar and Ca2+ handling/sensing proteins 
are also involved. Possible candidates, including phos-
phorylation of cardiac titin (Yamasaki et al., 2002; 
Krüger and Linke, 2006), cardiac troponin I, or phos-
pholamban (Robertson et al., 1982; Winegrad, 1984; 
Kranias et al., 1985; Chandra et al., 1997; Frank et al., 
2003; Chen et al., 2010), would be expected to influ-
ence this phase of relaxation. Previously, we demon-
strated that the expression levels of myofibril components 
and Ca2+ handling genes were similar between the 
WT and cMyBP-C/ mECT (de Lange et al., 2011), 
which when combined with the absence of hypertro-
phic remodeling in our system supports our conclusion 

Figure 5. Cartoon showing the proposed effect of cMyBP-C phos-
phorylation and ablation on myosin head position. (A) Unphos-
phorylated cMyBP-C interacting with myosin in the S2 coiled-coil, 
positioning myosin heads further away from the thin filament, 
thereby decreasing the probability of cross-bridge formation.  
(B) Maximally phosphorylated cMyBP-C in which interaction with 
S2 is abolished and myosin heads are positioned closer to the thin 
filament, thereby increasing the probability of cross-bridge for-
mation. (C) In the absence of cMyBP-C (cMyBP-C/), myosin 
heads are positioned closer to the thin filament, thereby increas-
ing the probability of cross-bridge formation. Myosin is shown in 
blue, actin in tan, and cMyBP-C in green.
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Conclusion
The principle finding of this study is that contractile ki-
netics are constitutively accelerated in cMyBP-C/ 
mECT. Importantly, the magnitude of further accelera-
tion in response to either dobutamine or increased 
electrical pacing frequency is significantly decreased in 
the cMyBP-C/ mECT, implying that cMyBP-C/ CMs 
have minimal additional contractile reserve. Notably, 
the observed accelerated kinetics are not caused by 
changes in Ca2+ transient kinetics. These observations 
indicate that modulation of contraction velocity is a pri-
mary function of cMyBP-C and not caused by secondary 
remodeling and further suggest that the alterations in 
contractile kinetics serve as the primary pathophysio-
logic trigger for the development of hypertrophy in this 
model of HCM. Remaining to be determined are the 
molecular sensors that link the baseline-accelerated sar-
comere contractile kinetics to the overall cellular hyper-
trophic response. Understanding this relationship and 
the pathways mediating the response should lead to 
novel approaches to prevent and treat HCM.
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