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Contraction-relaxation coupling is unaltered by
exercise training and infarction in isolated
canine myocardium
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The two main phases of the mammalian cardiac cycle are contraction and relaxation; however, whether there is a connection
between them in humans is not well understood. Routine exercise has been shown to improve cardiac function, morphology,
and molecular signatures. Likewise, the acute and chronic changes that occur in the heart in response to injury, disease, and
stress are well characterized, albeit not fully understood. In this study, we investigated how exercise and myocardial injury
affect contraction-relaxation coupling. We retrospectively analyzed the correlation between the maximal speed of contraction
and the maximal speed of relaxation of canine myocardium after receiving surgically induced myocardial infarction, followed
by either sedentary recovery or exercise training for 10-12 wk. We used isolated right ventricular trabeculae, which were
electrically paced at different lengths, frequencies, and with increasing B-adrenoceptor stimulation. In all conditions,
contraction and relaxation were linearly correlated, irrespective of injury or training history. Based on these results and the
available literature, we posit that contraction-relaxation coupling is a fundamental myocardial property that resides in the
structural arrangement of proteins at the level of the sarcomere and that this may be regulated by the actions of cardiac myosin

binding protein C (cMyBP-C) on actin and myosin.

Introduction
A strong and forceful contraction of the heart is essential to
provide adequate cardiac output. The duration of this contrac-
tion phase needs to be sufficiently long to eject most of the blood
from the heart into the arterial system. In humans with systolic
dysfunction, myocardial force typically develops more slowly
and results in incomplete ejection of ventricular blood. When
this reduced ejection fraction becomes critically low, end-stage
heart failure ensues—a debilitating disease affecting >6.2 mil-
lion Americans and resulting in an estimated annual national
health care burden of $30.7 billion (Savarese and Lund, 2017).
A fast relaxation is needed to refill the ventricles with blood
rapidly for the subsequent heartbeat. With increasing heart rate,
the force and rate of myocardial contraction increases. However,
a proportionally compensatory increase in the rate and magni-
tude of myocardial relaxation must also occur simultaneously
(Janssen and Periasamy, 2007). When there is a mismatch in
these rates and forces, the heart is physically unable to fill ad-
equately and thereby is unable to eject enough blood to the
tissues to maintain oxygenation, regardless of the ability to
contract appropriately. This is termed diastolic dysfunction, or

heart failure with preserved ejection fraction, and is frequently a
precursor to systolic heart failure, wherein the heart cannot
contract adequately (Borlaug and Kass, 2008; Dorhout Mees,
2013; Janssen and Periasamy, 2007).

Ideally, the heart rapidly develops sufficient pressure to open
the aortic valve, sustains pressure to eject most of the ventric-
ular volume, and subsequently relaxes rapidly. Past analyses on
twitch contractions in murine and rat myocardium showed a
tight coupling between the maximal rate of force development
(dF/dt) and the maximal rate of force decline (-dF/dt;
Hiranandani et al., 2007; Janssen et al., 2005; Stull et al., 2006,
2002). With contraction and relaxation coupled to each other in
the myocardium, any changes in contractility would be auto-
matically met with a proportionate change in relaxation to
maintain cardiac output any time the oxygen demands of the
body change. If this is a fundamental property of myocardium,
then any intervention that prolongs and enhances contractile
force would also prolong relaxation, compromising adequate
refilling, particularly at higher heart rates. Likewise, hastening
relaxation would be beneficial for filling, but this would imply a
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hastening of pressure development or its maintenance, thereby
reducing ejection fraction.

Whether or not contraction and relaxation are intimately
coupled in larger mammals is critical to know but incompletely
understood. There are many key differences between the human
heart and the murine heart that make side-by-side physiological
comparisons and subsequent clinical translation difficult, if not
altogether inappropriate. In addition to the 10-fold higher rest-
ing heart rate in mice as compared with that of humans, mice
also have a 10-fold faster motoneuron action potential duration
(30 versus 300 ms in humans; Janssen et al., 2016). Mice pre-
dominantly express the a-myosin heavy chain, which is fivefold
faster than the B-myosin heavy chain predominantly expressed
in humans and other large mammals (Jones et al., 1996). The
murine heart also cycles only 3% of its non-SR calcium content
compared with 30% in the human heart. Finally, the murine
heart’s contractile kinetics is approximately fivefold faster than
that of humans and its contractile reserve is fivefold smaller.
Because most of these differences are based on the high heart
rate in mice, animal models with a heart rate more comparable
to humans, such as dogs, sheep, and pigs, should have a much
more human-like contraction-relaxation (CR) coupling profile.

It is also critical to understand if disease alters CR coupling.
Over the course of cardiac disease development, myriad changes
occur within the tissue. Metabolic perturbations, changes in
gene expression, posttranslational protein modifications, and
many other phenomena take place at the advent of disease and
continue through the course of disease, ultimately resulting in
tissue remodeling that is often permanent in terminally differ-
entiated tissues, such as the heart (Bertero and Maack, 2018). In
the case of a myocardial infarction (MI), a portion of the myo-
cardium is starved of blood supply long enough for that hyp-
oxemic tissue to die, after which the tissue undergoes necrosis
and scar formation (Ma et al., 2014). The resulting scar has lost
all metabolic and contractile capacity and merely serves as a
space-filling bridge for healthy myocardium (Anversa et al.,
1991; Weber et al., 1990). In the case of heart failure, the pro-
longed stresses placed on the heart through secondary mecha-
nisms such as hypertension, diabetes, obesity, drug abuse, and
infarctions lead to different forms of remodeling depending on
the causative factor. This remodeling can take the form of fi-
brotic stiffening, concentric hypertrophic thickening, over-
stretching and eccentric hypertrophy, fatty infiltration, and
many others, all of which alter the overall function of the heart
and could easily affect the relationship between contraction and
relaxation (Kessler et al., 2014).

Likewise, improved function is often seen with exercise
training, yet whether CR-coupling is changed in trained subjects
is also unknown. To cope with increased oxygen and nutrient
needs of the body during exercise, many acute changes occur in
the heart. HR increases, end-diastolic volume increases, systolic
volume increases, B-adrenoceptor response increases, contrac-
tility increases, and refractory period decreases. Routine exer-
cise over an extended period leads to these acute changes
causing compensatory remodeling within the myocardium, re-
sulting in resting bradycardia, electrocardiographic changes,
and metabolic changes in line with increased efficiency with
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oxygen, glucose, fat, and ATP utilization. Long-term consistent
exercise has been shown to elicit a concentric cardiac hyper-
trophy, making the tissue more densely muscular without the
harmful sequelae of concentric hypertrophy secondary to hy-
pertension (Billman et al., 2015; Gielen et al., 2015; Ritzer et al.,
1980; Vega et al., 2017). Again, these changes occur at both the
molecular and tissue level and could potentially alter CR inter-
play. We have previously shown that exercise training led to a
significant increase in developed force (F4.,), time to peak ten-
sion (TTP), and time to both 50% and 90% relaxation (RT50 and
RT90, respectively) across all conditions (length, frequency, and
isoproterenol), when compared with sedentary animals. MI,
conversely, led to either no change or a decrease in Fge, in
exercise-trained animals compared with MI sedentary (MIS)
animals. These differences in contractile function are also evi-
dent in the range of dF/dt, which is reduced in the MI groups (no
more than 400 mN/mm?2/s), whereas this is over 600 mN/
mm?/s in the non-MI groups.

In the present study, we investigate the effect of exercise-
and/or injury-mediated remodeling on CR coupling in a canine
model via retrospective analysis of myocardial twitch con-
tractions. These data allowed us to study CR coupling in large
mammals with heart rates comparable to humans in a controlled
environment and, importantly, to study changes in CR coupling
with common sources of cardiac remodeling: exercise and MI.

Materials and methods

All animal procedures were approved by the Ohio State Uni-
versity Institutional Animal Care and Use Committee and con-
formed to the Guide for the Care and Use of Laboratory Animals
published by the U.S. National Institutes of Health (NIH publi-
cation no. 85-23, revised 1996). Data were collected during
multiple previous studies (Billman et al., 2010; Billman and
Harris, 2011; Billman and Kukielka, 2008; Bonilla et al., 2012;
Hiranandani et al., 2010; Kukielka et al., 2011) but had not yet
been analyzed or used in those publications. Muscle contraction
profiles from n = 40 animals were used in the analysis. Details
on the experimental design, animal source, training scheme,
and cardiac trabeculae dissection were previously described
(Billman, 2006, 2005; Billman et al., 2010; Canan et al., 2016).
Overall, data from n = 13 control sedentary (CS), n = 13 control
trained (CT), n = 8 MIS, and n = 6 MI trained (MIT) dogs were
used, with MI and exercise protocols previously described in
more detail (Billman et al., 2006; Billman and Kukielka, 2007,
2006).

Briefly, small linear multicellular muscle preparations were
dissected from the right ventricular free wall. These muscle
preparations were mounted in an experimental chamber in
which length of the muscle could be changed and pacing fre-
quency controlled. Experiments were performed at 37°C with
superfusion of Krebs-Henseleit solution (137 mM NaCl, 5 mM
KCl, 0.25 mM CaCl,, 20 mM NaHCO3, 1.2 mM NaH,P0,, 1.2 mM
MgS0,, and 10 mM dextrose) bubbled with a gas mixture of 95%
0, and 5% CO,. Routinely, more than one muscle was assessed
for each dog (up to seven per dog), and no more than four
muscles per dog were included in the analysis.
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Figure 1. Schematic of how calculations of dF/dt, -dF/dt, TTP, and RT50 were made in the analysis of twitch data. Data shown were recorded from
canine right ventricular trabecula, plotting Fye, (normalized to cross-sectional area assuming ellipsoid shape of muscle, in millinewtons per square millimeter)
versus time (in milliseconds). Example tangent lines used to calculate dF/dt and —dF/dt are shown. The length of time from the initiation of the twitch
contraction to the maximal Fye, is the TTP. The length of time from the peak Fye, to 50% of the peak Fge, is the RT50.

Once equilibrated, optimal length/preload was determined
by stretching the mounted muscle while stimulating at 1 Hz until
additional stretching would not result in an increased active
F4ev- Data from each muscle were obtained first at baseline (1 Hz,
optimal preload), then at four different lengths near end-systolic
length: 85% of optimal length, then at 90%, 95%, and 100% of
optimal length, with time for equilibration at each length before
data acquisition. At each experimental condition, the muscle was
allowed to equilibrate for ~2-3 min before taking measurements
and moving on to the next condition. Thereafter, the muscles
were paced at 1, 2, 3, 4, and 5 Hz to encompass the entire in vivo
range of heart rates for the canine. Lastly, a concentration-
response curve for isoproterenol, a B-adrenoceptor agonist (CAS
number 51-31-0; Sigma-Aldrich) was performed from 10~° to
107 M, in semilog steps. From each twitch contraction, the
maximal rise of force (+dF/dt) and maximal decline of force
(-dF/dt) were assessed using custom-written software (Lab-
View; National Instruments), with the magnitude of force nor-
malized to cross-sectional area of the muscle (assuming ellipsoid
shape). -dF/dt was calculated as the maximum derivative of the
force decline by plotting the first derivative of force and finding
the lowest point of this curve. This maximal rate of force decline
consistently occurs around the time that force has declined to
~50%. Likewise, +dF/dt was calculated as the maximum deriv-
ative of the force incline by plotting the first derivative of force
and finding the highest point of this curve. This maximal rate of
force development consistently occurs around the time that force
is ~50% of the maximal Fy.,. TTP was calculated as the length of
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time from stimulation to maximal Fg4.,. RT50 was calculated as
the length of time from peak Fye, to 50% of its value. Derivation
of these values is described in a schematic in Fig. 1.

Data were tabulated and plotted, and then Pearson correlation
coefficients were calculated using KaleidaGraph software (v4.5;
Synergy Software). The statistical comparisons that directed the
present work were described previously (Canan et al., 2016) and
used a two-factor mixed-design ANOVA with or without inclu-
sion of a repeated-measures variable. Post hoc comparisons were
made using the Tukey-Kramer multiple-comparison test.

Results

Length-dependent activation

Increasing muscle length consistently resulted in a significantly
increased Fie,, in agreement with previous work (Canan et al,
2016). The first derivative of the rate of change of Fy., with re-
spect to time was calculated for force increasing to peak tension
(contraction = dF/dt) and for force decreasing to 50% of peak ten-
sion (relaxation = —dF/dt) for each muscle. Data from a represen-
tative animal in the CS group were plotted with dF/dt on the
abscissa and -dF/dt on the ordinate to illustrate the linearity of
correlation between these variables (Fig. 2 A). The Pearson corre-
lation coefficient for this relationship was calculated as R? = 0.981.

Force-frequency relationship
For each muscle, at optimal length, the frequency of stimulation
was increased from 1 to 5 Hz in 1-Hz increments, and dF/dt and
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Figure 2. Data presented were from one dog in the CS group. (A) The results from the length-dependent activation experiment show strong linear
correlation between CR rates, with a Pearson coefficient of R? = 0.981. (B) The results from the frequency-dependent activation experiment show a strong
linear correlation for CR, R = 0.993. (C) These data show that the results of the isoproterenol dose-response experiment have a strong linearity, with R2 =
0.997. (D) Combination of all three experiments into one plot showing a tight linear correlation for all cardiac output regulatory mechanisms at R? = 0.965.

Linear regression and Pearson correlation coefficient are calculated as shown.

-dF/dt were calculated at each step. Increasing stimulation
frequency consistently resulted in an increased Fy.y, in agree-
ment with previous work (Canan et al., 2016). Data from a
representative animal were plotted with dF/dt versus -dF/dt
(Fig. 2 B). The Pearson correlation coefficient for this relation-
ship was calculated as R? = 0.993.

B-Adrenergic stimulation

At optimal length and 1-Hz stimulation, each muscle was ex-
posed to increasing concentrations of isoproterenol. The Fyey
increased, while TTP and RT50 decreased proportionally as the
isoproterenol dose increased. At each concentration of isopro-
terenol, dF/dt and -dF/dt were again calculated and plotted
against each other for a representative animal from the CS group
(Fig. 2 C). The Pearson correlation coefficient for this relation-
ship was calculated as R? = 0.997.

All data from the above three analyses were plotted on shared
axes (dF/dt versus -dF/dt; Fig. 2 D). In nearly all situations, Fge,
and dF/dt changes occur in parallel. This occurs because the
magnitude of the Fg., component change is nearly always
greater than that of the kinetic component, and thus the impact
of Fgey 0n the change in dF/dt is in the same direction. For nearly
all conditions, the percentage change of Fgey is greater than that
of the kinetic changes, and thus the AFg4., dominates the AdF/dt.
These data demonstrate that, despite the activation of different
biochemical and physiological regulatory mechanisms, the in-
terplay between contraction and relaxation persists, and the two
remain similarly correlated. The collective Pearson correlation
coefficient was calculated as R? = 0.965.
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Overall correlations

To demonstrate the linearity of correlation between contraction
and relaxation, dF/dt and -dF/dt values from the force-
frequency relationship, length-dependent activation, and
B-adrenergic response protocols from all muscles analyzed for
each dog in each group were averaged. Then for each group, all
dog averages were averaged to create a single coordinate
(weighted average dF/dt and weighted average -dF/dt) for each
experimental group. The data from the CS, CT, MIS, and MIT
animals were plotted (Fig. 3, A-D, respectively). The Pearson
correlation coefficient for the average CR relationship for each
group was calculated as follows: CS, R? = 0.997; CT, R? = 0.996;
MIS, R? = 0.997; and MIT, R? = 0.997. Analysis of each of the
three experimental conditions (length, frequency, and isopro-
terenol) showed that the ratio between -dF/dt and dF/dt was
constant. Overall, this ratio was 0.786 for all the length data,
0.758 for all the frequency data, and 0.752 for all the isopro-
terenol data across all groups, with no significant difference
between groups.

To eliminate the possibility that the perceived coupling be-
tween contraction and relaxation is due to a scaling with peak
force, the kinetics of contraction and relaxation were deter-
mined considering only the TTP and RT50, respectively.
Weighted averages for TTP and RT50 for each experimental
group were calculated as described above by obtaining a col-
lective average of TTP and RT50 for all muscles analyzed for
each dog, then data combined from all dogs in each group were
collectively averaged to obtain a single 2-D array for each group.
All four arrays were plotted on shared axes, and a Pearson
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Figure 3. Weighted average of data across all animals within each experimental group for length-dependent activation, frequency-dependent
activation, and B-adrenergic stimulation measurements, testing all three cardiac output regulatory mechanisms. (A) Data from the CS group show
strong correlation across all three cardiac output regulatory mechanism tests at R2 = 0.997. (B) Data from the CT group show tight correlation at R? = 0.996.
(C) Data from the MIS group show tight correlation, with R2 = 0.997. (D) Data from the MIT group show tight linear correlation, with R? = 0.997. Linear

regression and Pearson correlation coefficient are calculated as shown.

correlation coefficient of 0.943 was calculated (Fig. 4), demon-
strating that CR coupling is not due to scaling.

Discussion
The present study investigated CR coupling in canine myocar-
dium with or without exercise training and MI. We have pre-
viously shown that exercise training leads to a significant
increase in TTP, RT50, and RT90 across all conditions (length,
frequency, and isoproterenol), when compared with sedentary
animals. MI, conversely, leads to either no change or a decrease
in Fyey in exercise trained animals compared with MIS animals.
These differences in contractile function are also evident in the
range of dF/dt, which is reduced in the MI groups (no more than
400 mN/mm?/s), but >600 mN/mm?/s in the non-MI groups
(Canan et al., 2016). After assessing contraction and relaxation
rates using the three main mechanisms of cardiac output regu-
lation (length-dependent activation, frequency-dependent acti-
vation, and B-adrenergic stimulation), we found that in all three
situations, contraction and relaxation show tight linear cor-
relation (Fig. 2). Of note and completely novel is that the
linearity persists regardless of experimental group (Fig. 3). As
such, our results demonstrate that whether at baseline con-
ditions, after exercise training, or after permanent ischemic
damage, contraction and relaxation are intimately coupled in
canine myocardium.

These findings demonstrate that persistent coupling of con-
traction and relaxation, despite damage and remodeling, is not
dependent on macro-architecture. In addition, since these
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observations were made ex vivo, disconnected from the ner-
vous system and systemic circulation, CR coupling must be a
quality present in the myocardial tissue itself. Furthermore,
while our study was conducted under isometric ex vivo con-
ditions, CR coupling is still seen with respect to exercise
in vivo in the canine model, as demonstrated by Mannozzi
et al. (2020). Therefore, the mechanism for CR coupling
must be at the level of the myocyte (Allen and Kurihara, 1979;
Backx et al., 1995; Janssen, 2019; Janssen et al., 2002; Milani-
Nejad et al., 2013; Monasky et al., 2008), the regulation of
which must occur in brief efficient steps to keep up with rapid
changes in cardiac demand.

Prior studies by our group and others have shown that when
the ratio of the rates of cardiac contractile force generation and
relaxation are calculated in various murine models, contraction
and relaxation are consistently linearly correlated. Model sys-
tems exhibiting either ~40% reduction of expression of SERCA
(resulting in impaired transfer of Ca®* to the SR and a slower
calcium transient; Periasamy et al., 1999) or expression of the
faster 1a isoform of SERCA (resulting in a faster calcium tran-
sient; Loukianov et al., 1998) both showed CR coupling similar to
that of control mice. These results were demonstrated again
after analysis of Duchenne’s muscular dystrophy model (mdx
mice; Janssen et al., 2005), LAMP-2 deficient model (Stypmann
et al., 2006), sarcolipin overexpression and knockout models
(Babu et al., 2006), and C57BL/6, C57BL10, and FVBN mouse
strains (Janssen, 2010). The only mutation to exhibit a change in
the slope of the correlation between dF/dt and -dF/dt has been
cardiac myosin binding protein C (cMyBP-C) truncation,
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Figure 4. Plot of TTP versus RT50. Values were calculated as the weighted
averages from all three experimental protocols (length, frequency, and
B-adrenergic stimulation). Regardless of the experimental group to which the
animals belong, TTP (as a surrogate for contraction) and RT50 (as a surrogate
for relaxation) remain tightly correlated, with an overall Pearson coefficient
of 0.943. These results demonstrate that CR coupling persists when con-
traction and relaxation kinetics are determined from contraction and relax-
ation times and not a scaling of relaxation with peak force.

resulting in nonfunctional cMyBP-C expression (Palmer et al.,
2004). In a quantitative comparison of the slopes of the CR
relationship, both rodents and canines, with exception of the
cMyBP-C mouse, were virtually identical (near 0.8).

The cMyBP-C mutants showed a significant 32% decrease in
the slope of the correlation between dF/dt and -dF/dt when
compared with normal littermates, where the correlation itself
was as strong (by R?) as in other strains. Put another way, the
intimate relationship between contraction and relaxation per-
sists in cMyBP-C mice, but a given change in contractile rate
results in a 32% proportionately smaller change in relaxation
rate (and vice versa) compared with normal littermates, which
physiologically corresponds to a less robust change in relaxation
rate in response to a given increase in contractile rate. This
shows that cMyBP-C plays a role in the efficiency of CR coupling.

MyBP-C has been shown to exist in the C-zones of the A band
within the sarcomeric complex and has been shown to interact
directly with actin filaments by electron tomography in intact
frog sartorius (Craig and Offer, 1976; Heling et al., 2020; Luther
et al., 2011). Specifically, the cardiac isoform has been shown to
contain an extra N-terminal domain (CO, region absent in
skeletal isoforms), multiple phosphorylation sites, and a 28-
amino acid loop in the C5 domain (Gautel et al., 1995; Yasuda
et al., 1995). The N-terminal domain cooperatively activates/
inhibits the thin and thick filament, thereby directly modulating
contraction and relaxation (Risi et al., 2018). The complete
mechanism and details of cMyBP-C’s role in CR coupling is
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incompletely understood, but based on our work and the current
available literature, we speculate CR coupling is controlled at the
level of the cross-bridge, the kinetics of which are governed by
properties inherent to myofilaments themselves (Milani-Nejad
et al., 2016). This is further supported by experiments in which
the cross-bridge is perturbed after the contraction period. A
small-amplitude vibration (Janssen et al., 1996) or a small fast
stretch (Chung et al., 2017) at or after twitch peak force devel-
opment changes the cross-bridge cycling and accelerates
the relaxation of the twitch, uncoupling relaxation from
contraction.

cMyBP-C has previously been shown to interact with the thin
filament in a phosphorylation-dependent manner (Pfuhl and
Gautel, 2012; Shaffer et al., 2009), the S2 region of the myosin
heavy chain also in a phosphorylation-dependent manner
(Gruen et al., 1999), the S1-S2 hinge region of myosin (Ababou
etal., 2008), the regulatory light chain of the S1 region of myosin
heavy chain (Ratti et al., 2011), titin (Freiburg and Gautel, 1996),
the LMM region of myosin (Flashman et al., 2007; Miyamoto
et al,, 1999), and to other cMyBP-C molecules (C5-C7 region of
one to the C8-C10 of another; Moolman-Smook et al., 2002). The
interactions of the ClmC2 region in particular have been shown
to play important roles in cross-bridge formation and cycling
(Weisberg and Winegrad, 1996), making cross-bridges more
likely to form (modulated by Ca®*) and cycle in response to the
same activators that modulate contraction. We therefore believe
that it may be cMyBP-C that impacts contraction and
relaxation rates.

In conclusion, the results of the present study demonstrate
that CR coupling is unaffected by cardiac remodeling resulting
from prolonged exercise training and/or permanent cardiac
injury in the canine model. Although we cannot yet make the
distinction that CR coupling is a fundamental property of the
myocardium, based on the available literature, we believe
cMyBP-C may play a key role. Additional studies that investigate
CR-coupling mechanisms at the cross-bridge level will shed
more light on this relationship and how it goes awry in disease,
and ultimately lead to improved patient care.
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