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Cardiac MyBP-C phosphorylation regulates the
Frank–Starling relationship in murine hearts
Laurin M. Hanft1, Daniel P. Fitzsimons2, Timothy A. Hacker3, Richard L. Moss2, and Kerry S. McDonald1

The Frank–Starling relationship establishes that elevated end-diastolic volume progressively increases ventricular pressure
and stroke volume in healthy hearts. The relationship is modulated by a number of physiological inputs and is often depressed
in human heart failure. Emerging evidence suggests that cardiac myosin-binding protein-C (cMyBP-C) contributes to the
Frank–Starling relationship. Wemeasured contractile properties at multiple levels of structural organization to determine the
role of cMyBP-C and its phosphorylation in regulating (1) the sarcomere length dependence of power in cardiac myofilaments
and (2) the Frank–Starling relationship in vivo. We compared transgenic mice expressing wild-type cMyBP-C on the null
background, which have ∼50% phosphorylated cMyBP-C (Controls), to transgenic mice lacking cMyBP-C (KO) and to mice
expressing cMyBP-C that have serine-273, -282, and -302 mutated to aspartate (cMyBP-C t3SD) or alanine (cMyBP-C t3SA) on
the null background to mimic either constitutive PKA phosphorylation or nonphosphorylated cMyBP-C, respectively. We
observed a continuum of length dependence of power output in myocyte preparations. Sarcomere length dependence of
power progressively increased with a rank ordering of cMyBP-C KO = cMyBP-C t3SA < Control < cMyBP-C t3SD. Length
dependence of myofilament power translated, at least in part, to hearts, whereby Frank–Starling relationships were steepest
in cMyBP-C t3SD mice. The results support the hypothesis that cMyBP-C and its phosphorylation state tune sarcomere length
dependence of myofibrillar power, and these regulatory processes translate across spatial levels of myocardial organization to
control beat-to-beat ventricular performance.

Introduction
Mammalian hearts exhibit a Frank–Starling relationship,
wherein increased end-diastolic volume increases ventricular
pressure and stroke volume. This intrinsic mechanism affords
beat-to-beat regulation of cardiac contraction, which equalizes
right and left heart volumes and matches ventricular supply and
circulatory demand. There has been considerable research ex-
ploring the mechanisms underlying the Frank–Starling rela-
tionship, yet the molecular mechanisms remain elusive. It is
evident that following a change in length of cardiac muscle,
there is a significant alteration in the calcium (Ca2+) sensitivity
of force (Allen and Kurihara, 1982), i.e., changes in the respon-
siveness of the myofilaments to Ca2+ (reviewed in Fuchs and
Martyn, 2005). Length-dependent changes in the activation of
cardiac myofilaments appear to occur within a few milliseconds
of the length change (Mateja and de Tombe, 2012), which im-
plies that the length change induces a strain-dependent rear-
rangement of the thick and thin filament lattice and/or
individual contractile and regulatory proteins. One hypothesis

proposed previously is that increased sarcomere length (SL)
reduces the lateral separation of the thick and thin filaments,
thereby increasing the effective concentration of cross-bridges
in the vicinity of thin filaments. Consistent with this idea,
compression of the lattice at short SL has been shown to increase
Ca2+ sensitivity of force to values similar to those observed at
long SLs (McDonald and Moss, 1995; Wang and Fuchs, 1995).
However, this hypothesis has been challenged by the finding
that small changes in SL that elicited negligible changes in in-
terfilament lattice spacing caused changes in force (Konhilas
et al., 2002). This result suggests an alternative or comple-
mentary possibility that changes in myofilament strain exclu-
sively produce a mechanical signal to increase force generation.
Studies using x-ray diffraction and electron density mapping
reported length-dependent changes in meridional reflections
produced by myosin, thin filament proteins, and an as yet un-
identifiedmolecule than spans the lateral separation of thick and
thin filaments (Ait-Mou et al., 2016). These length-dependent
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structural changes varied with the titin isoform, which im-
plicates titin as an important component of the length-sensing
mechanism (Ait-Mou et al., 2016). However, the question re-
mains as to how titin molecules communicate with proteins of
the thin and thick filaments for such rapid and integrated con-
tractile response.

One plausible sensor of sarcomere strain is the 140–150-kD
cardiac isoform of myosin-binding protein-C (cMyBP-C), which
is localized to the proximal two thirds of each half thick filament
and has sufficient length to span the distance between the thick
and thin filaments (Lee et al., 2015). Furthermore, there is evi-
dence that cMyBP-C binds tomyosin and actin in a phosphorylation-
dependent manner (Mun et al., 2011; Belknap et al., 2014; Mun
et al., 2014; Harris et al., 2016; Mun et al., 2016; Ponnam et al.,
2019). Taken together, these findings implicate a significant
role for cMyBP-C and its phosphorylation state as a molecular
regulator of SL-dependent contractile properties. Our study
employed complementary approaches to test the hypothesis
that cMyBP-C serves as an interfilament length sensor that
integrates mechano-transduction systems to tune myofibril-
lar force and power, which translates to ventricular function
curves (i.e., Frank–Starling relationships).

Materials and methods
Experimental animals
Male and female transgenic mice (5–13 mo old; background
strain: 129S1/Svlm) were used for mechanical and physiological
measurements. Genetically engineered mouse lines were es-
tablished in the Laboratory of Animal Resource in the University
of Wisconsin School of Medicine and Public Health at the Uni-
versity of Wisconsin-Madison. The four groups were cMyBP-C
wild-type (Control; 6–12 mo old), phospho-mimetic (cMyBP-C
t3SD; 5–13 mo old), phospho-null (cMyBP-C t3SA; 7–11 mo old),
and cMyBP-C knockout (KO; 6–13 mo old). There were no sta-
tistically significant age differences between groups. The
transgenic mice lines have beenwell characterized as models for
cMyBP-C KO or the constitutively nonphosphorylated and
phosphorylated states of cMyBP-C (Harris et al., 2002; Korte
et al., 2003; Stelzer et al., 2006, 2007; Luther et al., 2008;
Tong et al., 2008, 2015; Chen et al., 2012; Colson et al., 2012;
Rosas et al., 2015). Since the cMyBP-C wild-type (cMyBP-C
Control), phospho-mimetic (cMyBP-C t3SD), or phospho-null
(cMyBP-C t3SA) proteins are expressed on a null background,
these transgenic mice provide a unique model system in which
cardiac myofilaments contain only the genetically engineered
cMyBP-Cmolecules. The modified proteins have been shown to
properly incorporate into the myofibril with expression levels
of 75–85% relative to cMyBP-C levels in a 129S1/Svlm mouse
(Tong et al., 2008, Rosas et al. 2015). In addition, the phos-
phorylation status of cMyBP-C in the Control group is ∼50%,
and the phosphorylation status of other sarcomeric proteins
was similar across mouse lines (Korte et al., 2003; Tong et al.,
2008; Rosas et al., 2015). All procedures involving animals
were performed in accordance with the Animal Care and Use
Committee of the University of Wisconsin and the University
of Missouri.

Solutions
Relaxing solution for permeabilized cardiac myocytes contained
1 mM dithiothreitol, 100 mM KCl, 10 mM imidazole, 2.0 mM
EGTA, 4.0 mM ATP, and 1 mM (free, 5 total) MgCl2. Minimal
Ca2+ activating solution (pCa (−log[Ca2+]) 9.0) for experimental
protocol contained 7.00 mM EGTA, 20 mM imidazole, 5.42 mM
MgCl2, 72.37 mM KCl, 0.016 mM CaCl2, 14.5 mM phosphocreatine
(PCr), and 4.7mMATP.Maximal Ca2+ activating solution (pCa 4.5)
for experimental protocol contained 7.00 mM EGTA, 20 mM
imidazole, 5.26 mM MgCl2, 60.25 mM KCl, 7.01 mM CaCl2,
14.5mMPCr, and 4.81mMATP. A range of Ca2+ concentrations for
experiments were prepared by varying combinations of maximal
and minimal Ca2+ solutions. Preactivating solution contained
0.5 mM EGTA, 20 mM imidazole, 5.42 mMMgCl2, 98.18 mM KCl,
0.016 mM CaCl2, 14.5 mM PCr, and 4.8 mM ATP.

Permeabilized cardiac myocyte preparations
A total of 29 permeabilized cardiac myocyte preparations were
used from five Control and seven (t3SD), five (t3SA), and six
cMyBP-C KO hearts (i.e., one or two myocyte preparations per
heart). Permeabilized cardiac myocytes were obtained by me-
chanical disruption of mouse hearts as described previously
(McDonald, 2000a). Mice were anesthetized by inhalation of
isoflurane (20% vol/vol in olive oil), and hearts were excised and
rapidly placed in ice-cold relaxing solution. The left ventricle was
separated from the right ventricle and dissected from the atria, cut
into 2–3-mm pieces, and further disrupted for 5 s in a Waring
blender. The resulting suspension of cells was centrifuged for
105 s at 165 ×g, after which the supernatant fluid was discarded.
Themyocyteswere permeabilized by suspending the cell pellet for
2min in 0.3% ultrapure Triton X-100 (Pierce Chemical Co.) in cold
relaxing solution. The permeabilizedmyocyteswerewashed twice
with cold relaxing solution, suspended in 10 ml of relaxing solu-
tion, and kept on ice for the experimental day.

Experimental apparatus
The experimental apparatus for mechanical measurements of
permeabilized myocyte preparations was described previously
(McDonald, 2000a). A permeabilized cardiac myocyte prepara-
tion was mounted between a force transducer, and motor and
contractile properties were measured. Cardiac myocyte prepa-
rations were attached by placing the ends of a myocyte into
stainless steel troughs (25 gauge), and ends were secured by
overlaying a 0.5-mm length of 4–0 monofilament nylon suture
(Ethicon, Inc.) and tightening the suture into the troughs with
loops of 10–0 monofilament (Ethicon, Inc.; Fig. 1 A). The at-
tachment procedure was performed under a stereomicroscope
(90× zoom) using finely shaped forceps (McDonald, 2000a).

Prior to mechanical measurements, the experimental appa-
ratus was mounted on the stage of an inverted microscope
(model IX-70; Olympus Instrument Co.). Force measurements
were made using a capacitance-gauge transducer (Model 403–
sensitivity of 20 mV/mg [plus a 10× amplifier] and resonant
frequency of 600 Hz; Aurora Scientific, Inc.). Length changes
were introduced using a DC torque motor (model 308; Aurora
Scientific, Inc.) driven by voltage commands from a personal
computer via a 16-bit digital-to-analogue converter (AT-MIO-16E-1;
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Figure 1. SL dependence of tension, loaded shortening, and power output in permeabilized cardiac myocytes from Control, phospho-mimetic
cMyBP-C t3SD, phospho-null cMyBP-C t3SA, and cMYBP-C KO mice. (A) Top: A photomicrograph of representative mouse permeabilized cardiac myo-
cyte preparation and a schematic showing the permeabilized myocyte attachment. Bottom: Length and force traces during maximal Ca2+ activation at the
beginning of the experiment, followed by representative length traces during a series of force clamps at both long and short SLs during half-maximal Ca2+
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National Instruments Corp.). Force and length signals were digi-
tized at 1 kHz and stored on a personal computer using LabView
for Windows (National Instruments Corp.). SL was set using an
IonOptix SarcLen system, which was done with a fast-Fourier
transform algorithm of the video image of the myocyte.

Force-velocity and power-load measurements
The protocol to obtain force-velocity and power-load measure-
ments has been described in detail (McDonald, 2000b), and all
measurements were done at 15°C ± 1°C. To determine SL de-
pendence of loaded shortening and power output, the following
protocol was used. An attached myocyte was adjusted to an SL of
∼2.25 µm and then transferred into maximal Ca2+ activating
solution (pCa 4.5) and allowed to develop maximal steady-state
isometric force. The myocyte was transferred to a submaximal
Ca2+ activating solution that yielded approximately half-
maximal Ca2+ activated force at long SL, and then a series of
subisometric force clamps were applied to determine isotonic
shortening velocities. The isotonic force was maintained using a
servo system for 150–250 ms, and muscle length changes during
this time were monitored (Fig. 1 A shows examples of force
clamps and corresponding muscle length traces). Following the
force clamp, the myocyte was slackened to near zero force to es-
timate the relative load sustained during the isotonic shortening,
after which themyocyte was reextended to its starting length. The
myocytes were kept in submaximal Ca2+ activating solution 3–5
min, during which 10–20 force clamps were performed. Following
force-velocity measurements at long SL, the SL was then short-
ened to ∼1.95 µm, and a second force-velocity relationship was
obtained using the same submaximal Ca2+ activating solution. The
SL range is thought to span the working SL range in vivo (Pollack
and Huntsman, 1974; Grimm et al., 1980; Guccione et al., 1997;
Chung et al., 2018). A final force measurement was made at long
SL in pCa 4.5 solution, and if it was found to be below 70% of initial
maximum tension, data from that myocyte were discarded.

In vivo measurements of ventricular function curves
(i.e., Frank–Starling relationships)
Mice were anesthetized with 1% isoflurane and 99% oxygen and
placed on a heated platform. In vivo Frank–Starling relation-
ships (i.e., stroke volume versus end-diastolic volume relations)
were obtained by performing sequential M-mode echocardiog-
raphy (Vevo 770; Visual Sonics) of the left ventricle of anes-
thetizedmice in conjunctionwith a 50-µl stepwise blood volume
withdrawal/expansion protocol. M-mode measurements were
used to obtain end-diastolic and end-systolic volumes along with
wall thickness and were then used to calculate stroke volumes.
For this protocol, a baseline M-mode echocardiogram was ob-
tained, and then blood was first withdrawn from the jugular
vein in 50-µl increments, and an M-mode recording was made
within 1 min of each 50-µl withdrawal. This sequence continued
until 200 µl of blood was extracted. Once a total of 200 µl of blood

was extracted, 300 µl saline was added to the extracted blood. As
soon as possible after mixing (within 2–3 min of the last with-
drawal), this 500 µl of total blood was then injected back into the
jugular vein in 50-µl increments with an M-mode recording oc-
curring after each 50-µl injection, with the same timing as the
withdrawals. A single operator performed and read all echo
measurements on a Visual Sonics Vevo 770 using a 25-mHz probe.

Data and statistical analysis
Myocyte length traces, force-velocity curves, and power-load
curves were analyzed as previously described (McDonald,
2000a). Myocyte length and SL traces during loaded shorten-
ing were fit to a single decaying exponential equation:

L � Ae-kt+ C,

where L is cell length at time t, A and C are constants with di-
mensions of length, and k is the rate constant of shortening (kshort-
ening). Velocity of shortening at any given time, t, was determined as
the slope of the tangent to the fitted curve at that time point. In this
study, loaded shortening velocities were calculated at the onset of the
force clamp (t = 0 ms) and were normalized to long SL (∼2.25 µm).

Hyperbolic force-velocity curves were fit to the relative
force-velocity data using the Hill equation (Hill, 1938)

(P +a)(V +b)� (Po+a)b,
where P is force during shortening at velocity V; Po is themaximal
isometric force; and a and b are constants with dimensions of force
and velocity, respectively. Force-velocity data were normalized to
isometric force to illustrate condition effects on loaded shortening
velocity. Power-load curves were obtained by multiplying force ×
velocity at each relative load on the force-velocity curve, and
statistical analysis compared peak normalized power output
(PNPO) values, which were obtained by multiplying relative force
at optimum power × velocity at optimum power. Curve fitting was
performed using a customized program written in Qbasic, as well
as commercial software (SigmaPlot).

The experimental data between groups were compared by
one-way ANOVA and post hoc analysis using a Student–
Newman–Keuls test. In vivo sex differences were tested by two-
way ANOVA. P < 0.05 was accepted as a statistically significant
difference. N is the number of mice for myocyte mechanics
(Fig. 1 and Table 1) and in vivo mice (Fig. 2 and Table 3). n is the
number of permeabilized cardiac myocyte preparations (Fig. 1
and Table 1). Values are expressed as means ± SEM.

Results
SL dependence of tension, loaded shortening, and power
output of transgenic mouse permeabilized cardiac
myocyte preparations
To ascertain the role of cMyBP-C and its phosphorylation state
on length-dependent contraction, four groups of cMyBP-C

activation, and a final length and force trace during maximal Ca2+ activation. (B) Summary data of normalized SL–tension relationships during approximately
half-maximal Ca2+ activation from the four groups. Data points are mean ± SEM. (C) Representative normalized force-velocity and power-load curves at
approximately half-maximal Ca2+ activations at long and short SLs from one myocyte preparation from each group.
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constitutive transgenic mice were used. The four groups were
cMyBP-C wild-type (Control), phospho-mimetic (cMyBP-C
t3SD), phospho-null (cMyBP-C t3SA), and cMyBP-C KO, from
which permeabilized single cardiac myocyte preparations were
isolated. Table 1 and Table 2 show permeabilized cardiac my-
ocyte preparation characteristics and contractile properties,
respectively, from the four transgenic mouse groups. Cardiac
myocyte preparations exhibited similar sizes, passive tension,
and maximal Ca2+ activated tension among all groups. In ad-
dition, SL dependence of relative tension was similar between
groups (Fig. 1 B) over an SL of ∼2.25 µm to ∼1.95 µm. Next, the
SL dependence of force-velocity and power-load curves was
assessed. Fig. 1 C shows representative normalized force-
velocity and power-load curves at half-maximal Ca2+ activa-
tion at long (∼2.25 µm) and short (∼1.95 µm) SLs in

permeabilized cardiac myocytes from Control, phospho-
mimetic cMyBP-C t3SD, phospho-ablated cMyBP-C t3SA, and
cMYBP-C KO mice. SL dependence of power was quantified by
the difference between peak power at long SL versus short SL
(ΔPNPO; Fig. 2). There was a continuum of length dependence
of power output between the different myocyte preparation
groups; SL dependence of power progressively increased with a
rank ordering of cMyBP-C KO = cMyBP-C t3SA < Control <
cMyBP-C t3SD. A prominent finding was a marked increase of
SL dependence of PNPO in cMyBP-C t3SD myocyte prepara-
tions (P < 0.001 compared with the other three groups). These
results indicate that cMyBP-C residue-specific modifications
play a prominent role in regulating length-dependent myofil-
ament work capacity.

In vivo Frank–Starling relationships
The next series of experiments tested whether SL dependence of
myofilament power translated to in vivo hearts. For these ex-
periments, ventricular function relationships (i.e., Frank–Starling
relationships) were characterized by a volume expansion pro-
tocol in tandemwith echocardiography in transgenic mice from
the four groups. Baseline M-mode echocardiographic meas-
urements are shown in Table 3, and representative M-mode
echocardiograms are shown in Fig. 3 A. In accordance with
classic descriptions of the Frank–Starling relationships, step-
wise volume expansion via saline injection and its consequent
increase in end-diastolic volume generally elevated stroke
volume in all four groups (Fig. 3 B). Notably, cMyBP-C t3SD
mice were considerably more sensitive to end-diastolic vol-
umes, exhibiting significantly steeper Frank–Starling rela-
tionships (Fig. 3 B). The mean slope of the Frank–Starling
relationship was significantly greater in the cMyBP-C t3SD
mice than in the three other groups (Fig. 4), consistent with
results observed at the myofilament level. Mean slope values
were Control, 0.304 ± 0.046; cMyBP-C t3SD, 0.496 ± 0.052;
cMyBP-C t3SA, 0.224 ± 0.049; and cMyBP-C KO, 0.260 ± 0.078
(Fig. 4). There was no difference in Frank–Starling relation-
ships between female and male mice. Together, these results
suggest that regulation of myofilament mechanics by cMyBP-C
and its phosphorylation state translate, at least in part, across
levels of spatial organization from single myocytes to intact

Table 1. Transgenic mouse permeabilized cardiac myocyte preparations at long SL

Cardiac myocyte
preparations

Length
(µm)

Width
(µm)

SL
(µm)

Passive
tension
(kN·m−2)

Maximum
force (µN)

Maximum
tension
(kN·m−2)

pCa for half-
max. tension

Relative
tension half-
max. pCa

Control (n =
5)

n = 6 128 ± 14 22 ± 2 2.22 ±
0.02

2.29 ± 0.27 16.5 ± 1.9 66 ± 13 5.92 ± 0.04 0.47 ± 0.03

cMyBP-C
3tSD (n = 7)

n = 8 140 ± 10 22 ± 2 2.27 ±
0.02

1.79 ± 0.21 16.3 ± 2.0 63 ± 6 5.95 ± 0.03 0.47 ± 0.02

cMyBP-C
3tSA (n = 5)

n = 7 122 ± 9 21 ± 1 2.24 ±
0.02

1.97 ± 0.36 12.7 ± 0.9 53 ± 7 5.94 ± 0.05 0.52 ± 0.02

cMyBP-C
KO (n = 6)

n = 7 150 ± 17 25 ± 2 2.22 ±
0.02

1.66 ± 0.16 16.8 ± 1.8 51 ± 7 5.91 ± 0.03 0.48 ± 0.03

Values are means ± SEM.

Figure 2. SL dependence of power progressively increased from
cMyBP-C KO = cMyBP-C t3SA < Control < cMyBP-C t3SD. Summary data
for the change in PNPO from long SL to short SL (ΔPNPO) for individual
cardiac myocyte preparations from the four groups. Bars indicate mean ±
SEM. N = number of mouse hearts. n = number of permeabilized cardiac
myocyte preparations. Open circles with the same middle symbol indicate
permeabilized cardiac myocyte preparations from the same heart. *, P < 0.05
versus Control. ¥, P < 0.05 versus cMyBP-C t3SA. #, P < 0.05 versus cMyBP-C
KO. ML, muscle length; P/Po, force relative to isometric force.

Hanft et al. Journal of General Physiology 5 of 10

Roles of cMyBP-C in length-dependent activation https://doi.org/10.1085/jgp.202012770

https://doi.org/10.1085/jgp.202012770


beating hearts and provide a mechanistic basis for how end-
diastolic volume controls ventricular stroke output (i.e., the
Frank–Starling relationship).

Discussion
The Frank–Starling relationship was described over a century
ago as an intrinsic mechanism for beat-to-beat regulation,
whereby increased end-diastolic volume increases stroke vol-
ume, and continues as an area of intensive study due to its
critical importance in heart function. For example, reduced
functional reserve due to a depressed Frank–Starling relation-
ship underlies human heart failure (Braunwald and Ross, 1964;
Jacob et al., 1992; Schwinger et al., 1994; Holubarsch et al., 1996).
Mechanistically, cardiac myofibrils exhibit length-dependent
activation (Fuchs and Martyn, 2005), comprising the Frank–

Starling Relationship; however, the molecular mechanisms that
evoke altered contraction in response to length changes remain
elusive. The mechanism(s) that determine the Frank–Starling
relationship likely involve physical factors at the level of the
sarcomere, including alterations in interfilament lattice spacing
(Fuchs and Martyn, 2005) and myosin cross-bridge orientation
(Ait-Mou et al., 2016), perhaps mediated by titin (Cazorla et al.,
2001; Fukuda et al., 2003). Length-dependent changes in the
activation of cardiac myofilaments occur within a few milli-
seconds (Mateja and de Tombe, 2012), which implies a nearly
instantaneous rearrangement of the myofilament lattice. Evi-
dence suggests that thin filament proteins are involved in
length-dependent activation. For example, the affinity of cardiac
troponin C for Ca2+ increases with length due to a greater
number of force-generating cross-bridges (Hofmann and Fuchs,
1987b, 1987a). Also, striated muscle troponin I (TnI) isoforms

Table 2. Permeabilized cardiac myocyte preparation force-velocity and power-load characteristics at long and short SL during submaximal
Ca2+ activation

SL (µm) a/Po Fopt (P/Po) Vopt (ML·s−1) Vmax (ML·s−1) Peak absolute power output (µWmg−1) PNPO (P/Po ML·s−1)
Control

Long SL 2.22 ± 0.02 0.16 ± 0.04 0.26 ± 0.03 0.44 ± 0.04 1.84 ± 0.16 3.52 ± 0.98 0.118 ± 0.017

Short SL 1.93 ± 0.01 0.23 ± 0.05 0.29 ± 0.02 0.35 ± 0.05 1.23 ± 0.18 1.36 ± 0.35 0.100 ± 0.017

cMyBP-C 3tSD

Long SL 2.27 ± 0.02 0.21 ± 0.04 0.28 ± 0.02 0.48 ± 0.04 1.71 ± 0.14 3.61 ± 0.58 0.135 ± 0.018

Short SL 1.94 ± 0.01 0.23 ± 0.04 0.29 ± 0.02 0.33 ± 0.04 1.14 ± 0.10 1.27 ± 0.27 0.099 ± 0.015

cMyBP-C 3tSA

Long SL 2.24 ± 0.02 0.27 ± 0.05 0.31 ± 0.02 0.38 ± 0.06 1.30 ± 0.19 2.94 ± 0.73 0.118 ± 0.019

Short SL 1.94 ± 0.01 0.28 ± 0.05 0.31 ± 0.02 0.37 ± 0.05 1.23 ± 0.14 1.48 ± 0.31 0.116 ± 0.020

cMyBP-C KO

Long SL 2.22 ± 0.02 0.66 ± 0.21a 0.36 ± 0.03 0.43 ± 0.04 1.28 ± 0.17 3.10 ± 0.39 0.154 ± 0.021

Short SL 1.92 ± 0.01 0.96 ± 0.35a 0.37 ± 0.03 0.41 ± 0.05 1.16 ± 0.10 1.56 ± 0.29 0.157 ± 0.026

Values are mean ± SEM. a, constant with dimension of force from the second equation relative to isometric force (Po); Fopt, relative force at peak power; ML,
muscle length; P/Po, force relative to isometric force; Vopt, velocity at Fopt.
aP < 0.05 versus Control, cMyBP-C 3tSD, and cMyBP-C 3tSA.

Table 3. Echocardiography parameters of transgenic mice

Number of animals
(n)

Body weight
(g)

LVID; LVID; LVPW; LVPW; LVAW; LVAW;

diastole
(mm)

systole
(mm)

diastole
(mm)

systole
(mm)

diastole
(mm)

systole
(mm)

Control n = 14 33 ± 2 4.91 ± 0.19 3.94 ± 0.21 0.67 ± 0.02 0.91 ± 0.04 0.67 ± 0.02 0.90 ± 0.04

cMyBP-C
3tSD

n = 12 29 ± 2 4.45 ± 0.23 3.42 ± 0.27a 0.67 ± 0.01 0.89 ± 0.05 0.68 ± 0.01 0.88 ± 0.03

cMyBP-C
3tSA

n = 11 30 ± 2 5.05 ± 0.10 4.41 ± 0.11 0.66 ± 0.01 0.77 ± 0.01 0.65 ± 0.01 0.76 ± 0.01

cMyBP-C KO n = 11 26 ± 1 4.83 ± 0.21 4.17 ± 0.21 0.70 ± 0.04 0.86 ± 0.06 0.69 ± 0.03 0.80 ± 0.03

Values are means ± SEM.
LVAW, left ventricular anterior wall; LVID, left ventricular inner diameter; LVPW, left ventricular posterior wall.
aP < 0.05 versus cMyBP-C 3tSA.
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Figure 3. In vivo assessment of Frank–Starling relationships using simultaneous volume expansion and echocardiography. (A) Representative
M-mode echocardiograms before and after end-diastolic volume change. Arrows indicate measures of left ventricular inner diameter at end-diastole and end-
systole (LVID;d and LVID;s). (B) Stepwise volume expansion via saline injection into the jugular vein during continuous echocardiographic imaging in anes-
thetized mice revealed cMyBP-C t3SD mice have steeper Frank–Starling relationships than the other three groups. The individual relationships are plotted for
each mouse, and data points obtained from each mouse are shown in a separate color.
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correlate with length dependence of Ca2+ sensitivity of force
(Konhilas et al., 2003). Furthermore, a threonine residue at
position 144 of cardiac TnI (cTnI) modulates length dependence
of Ca2+ sensitivity of force, suggesting a role for the cTnI in-
hibitory domain in length-dependent activation (Tachampa
et al., 2007; de Tombe et al., 2010). In addition, PKA phospho-
rylation of cTnI increases length-dependent activation (Konhilas
et al., 2003; Hanft andMcDonald, 2010). Hanft et al. (2013) went
on to show that PKA phosphorylation of cTnI N-terminal serines
or site-directedmutagenesis of serines 22/23 to aspartic acidwas
sufficient to steepen length–tension relationships of rat slow-
twitch skeletal muscle fibers.

Thick filament proteins also appear to regulate length de-
pendence of force. Consistent with this idea, PKA phosphoryl-
ation of cMyBP-C per se enhances length dependence of both
Ca2+ sensitivity of force and rates of force in permeabilized
cardiac myocyte preparations (Kumar et al., 2015; Mamidi et al.,
2016). Kumar et al. (2015) estimated the relative contribution of
the PKA-mediated increase in length-dependent activation was
33% from cTnI phosphorylation and 67% from cMyBP-C phos-
phorylation. Taken together, these results implicate both cTnI
and cMyBP-C in mediating the response of sarcomeric force to
changes in length.

The current study tested whether cMyBP-C and its phos-
phorylation directly regulate PKA-mediated increases in power
and the length dependence of power. Pseudo-phosphorylation at
cMyBP-C PKA sites did not increase power per se above Control
(Table 2) but did have a marked effect on length dependence
of power (Fig. 2 and Fig. 3). In fact, length dependence of po-
wer was highly responsive to modified cMyBP-C; i.e., length
dependence of power titrated with cMyBP-C pseudo-
phosphorylation status. SL dependence of power progres-
sively increased with the order of cMyBP-C KO = cMyBP-C
t3SA < Control < cMyBP-C t3SD. We next tested whether this

continuum of length dependence of power translated to in vivo
hearts by quantifying Frank–Starling relationships using a
novel volume-loading technique in anaesthetized mice. The
progressive scale did not completely translate to in vivo hearts.
However, consistent with length dependence of myofilament
power, Frank–Starling relationships were significantly steeper
in cMyBP-C t3SD mice. Overall, the results support the hy-
pothesis that cMyBP-C and its phosphorylation tune SL de-
pendence of myofibrillar power, and these regulatory processes
translate across levels of myocardial organization to directly
influence beat-to-beat ventricular performance.

Another interesting finding was that cMyBP-C pseudo-
phosphorylation elicited greater changes in both myofibrillar
length dependence of power and Frank–Starling relationships
compared with Control than did cMyBP-C ablation compared
with Control. This seems to be a paradoxical finding; however,
myofilament mechanics clearly show that length dependence of
power is diminished in the cMyBP-C KO myocytes. This likely
arises from faster loaded shortening at short SLs especially at
high loads (i.e., manifested as low curvature [higher a/Po values]
of the force-velocity relationships), which translates to shal-
lower Frank–Starling relationships. However, the in vivo slopes
from cMyBP-C KO hearts were not statistically different than in
Control. The reason(s) for this discrepancy between in vitro and
in vivo results are uncertain but may involve (1) between-heart
variability, (2) compensatory mechanisms such as alterations in
end-diastolic volume dependence of myocyte length changes or
intercell communication, and/or (3) group differences in end-
diastolic volume (i.e., myocyte length) dependence of [Ca2+]i
handling. An important point from this study is that strain signal
amplification (i.e., length dependence of myofilament power
and steeper Frank–Starling relationships) involves cMyBP-C and
its phosphorylation; i.e., cMyBP-C phosphorylation likely serves
as a molecular amplifier of the length signal at multiple levels of
myocardial organization.

Physiological and pathophysiological significance
Mammalian hearts exhibit a family of ventricular function
curves, i.e., Frank–Starling relationships. For example, the
Frank–Starling relationship shifts upward and becomes steeper
in response to β-adrenergic stimulation (Sarnoff, 1955; Guyton
et al., 1957). Conversely, the Frank–Starling relationship be-
comes depressed with heart failure (Jacob et al., 1992; Schwinger
et al., 1994; Holubarsch et al., 1996), and interestingly, this co-
incides with down-regulation of the β-adrenergic signaling
system (Bristow et al., 1982; Perrino and Rockman, 2007; Pleger
et al., 2007). A plausible molecular regulator is cMyBP-C, since
its phosphorylation state correlates with steepness of Frank–
Starling relationships (Hanft et al., 2016). Consistent with this,
several studies reported that the phosphorylation of cMyBP-C is
reduced in failing rodent (Hanft et al., 2017) or human myo-
cardium (Hamdani et al., 2008; Copeland et al., 2010; Kooij et al.,
2010; Haynes et al., 2014; Stathopoulou et al., 2016). The present
study showed that SL dependence of myofilament power is
tightly regulated by cMyBP-C PKA phosphorylation sites, and
these subcellular results translated to in vivo working hearts.
These findings promise to motivate research that targets

Figure 4. The mean slope of the Frank–Starling relationship was sig-
nificantly greater in the cMyBP-C t3SD mice than in the three other
groups. Summary data of the stroke volume (SV) versus end-diastolic volume
(EDV) slopes are shown for each of the four groups. Bars indicate means ±
SEM. *, P < 0.05 versus Control. ¥, P < 0.05 versus cMyBP-C t3SA. #, P < 0.05
versus cMyBP-C KO.
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cMyBP-C and its phosphorylation state as a potential therapeutic
strategy in failing hearts, perhaps by developing small molecules
that mimic cMyBP-C PKA phosphorylation (Bunch et al., 2019).
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