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Cooperative mechanisms underlie differences in
myocardial contractile dynamics between large and

small mammals

Jitandrakumar R. Patel'!®, Kayla J.V. Park*®, Aidan S. Bradshaw®®, Tuan Phan?@®, and Daniel P. Fitzsimons*®

Ca?* binding to troponin C (TnC) and myosin cross-bridge binding to actin act in a synergistic cooperative manner to modulate
myocardial contraction and relaxation. The responsiveness of the myocardial thin filament to the activating effects of Ca?* and
myosin cross-bridge binding has been well-characterized in small mammals (e.g., mice). Given the nearly 10-fold difference in
resting heart rates and twitch kinetics between small and large mammals, it is unlikely that the cooperative mechanisms
underlying thin filament activation are identical in these two species. To test this idea, we measured the Ca?* dependencies of
steady-state force and the rate constant of force redevelopment (ktr) in murine and porcine permeabilized ventricular
myocardium. While murine myocardium exhibited a steep activation-dependence of ktr, the activation-dependent profile of
ktr was significantly reduced in porcine ventricular myocardium. Further insight was attained by examining force-pCa and
ktr-pCa relationships. In the murine myocardium, the pCas, for ktr was right-shifted compared with the pCas, for force,
meaning that increases in steady-state force occurred well before increases in the rate of force redevelopment were
observed. In the porcine myocardium, we observed a tighter coupling of the force-pCa and ktr-pCa relationships, as evidenced
by near-maximal rates of force redevelopment at low levels of Ca?* activation. These results demonstrate that the molecular
mechanisms underlying the cooperative activation of force are a dynamic property of the mammalian heart, involving, at least
in part, the species- and tissue-specific expression of cardiac myosin heavy chain isoforms.

Introduction

Across mammalian species, regulation of myocardial contraction
appears to be a highly cooperative process (Fitzsimons and Moss,
2007; Gillis et al., 2007; Solis and Solaro, 2021), initiated by the
binding of Ca?* to troponin C (TnC) and mediated by a series of
events that results in the strong binding of myosin cross-bridges
to actin and the development of force. Evidence for the cooper-
ative activation of force has been obtained in permeabilized
myocardial preparations where the kinetics of force develop-
ment have been shown to scale with Ca®* activation in small and
large mammals (ﬁdes et al., 2007; Stelzer et al., 2008; Giles et al.,
2019; McDonald et al., 2020). Several mechanisms have been
proposed to account for the activation dependence of force de-
velopment, including a role of Ca?* per se to increase the rate of
cross-bridge attachment to actin (Landesberg and Sideman, 1994;
Regnier et al., 2004) and a cooperativity-induced slowing of
force development at low levels of Ca®* activation (Campbell,
1997; Campbell et al., 2001). In Campbell’s model, Ca** binding
to TnC activates the associated troponin-tropomyosin functional

unit spanning seven actin monomers, thus increasing the prob-
ability of myosin binding. The binding of myosin cross-bridges
within the activated functional unit then cooperatively recruits
further cross-bridge binding in near-neighbor units. While Ca?*
binding initiates the activation of the thin filament, the subse-
quent cooperative binding of cross-bridges amplifies and extends
the activation profile along the thin filament (Razumova et al.,
2000; Campbell et al., 2001; Lehrer and Geeves, 2014; Desai et al.,
2015; Moore et al., 2016; Solis and Solaro, 2021). At low levels of
Ca?* activation, the kinetics of force development are slowed due
to the time taken for the cooperative spread of cross-bridge
binding and subsequent iterative activation of near-neighbor
functional units. At saturating Ca?*, the rate of force develop-
ment is maximal since virtually all the functional units are acti-
vated by Ca®* binding and the rate of force development manifests
the maximal rate of cross-bridge cycling.

The dynamic regulation of contractility on a beat-to-beat
basis is a hallmark feature of the mammalian heart which
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matches cardiac output to the circulatory demands of peripheral
tissues. The control systems that regulate myocardial contractility
include autonomic inputs to the heart and circulating catechola-
mines working through second-messenger signaling pathways.
Variations in sympathetic and parasympathetic activity elicit
changes in the rate (chronotropy) and strength (inotropy) of
contraction via protein kinase A-mediated phosphorylation of
contractile and Ca?* handling proteins. Given the nearly 10-fold
difference in heart rate and myocardial twitch kinetics between
small and large mammals, it is not surprising that the cardiac
contractile and regulatory proteins differ among mammalian
species. For example, all mammals express the a- and p-isoforms
of the cardiac myosin heavy chain (MyHC), but the ratios and
enzymatic activities of the ventricular MyHC isoforms vary in a
species-dependent fashion. In the murine ventricle, the pre-
dominant isoform is the a-MyHC (Sadayappan et al., 2009),
conferring both speed and power to the heart. In contrast, the
ventricles of larger mammals predominantly express the -MyHC
isoform (Reiser et al., 2001), which exhibits much slower ATP
turnover kinetics and lower contraction kinetics than a-MyHC
(Deacon et al., 2012; Walklate et al., 2016, 2021).

The present study was undertaken to assess whether the
species-specific expression of thick and thin filament proteins
alters the cooperative activation of the myocardial thin filament.
We propose that the responsiveness of the myocardial thin fila-
ment to the activating effects of Ca®* and myosin cross-bridges is
a dynamic property of the heart that differs in small (e.g., mouse)
and large (e.g., swine) mammals. To test this idea, we measured
the activation-dependence of the rate of force development and
the Ca**-sensitivities of steady-state force and ktr in per-
meabilized myocardial preparations isolated from murine ven-
tricles and porcine atria and ventricles. Compared with murine
ventricular and porcine atrial myocardium, we observed signif-
icantly slower contraction kinetics in porcine ventricular myo-
cardium. However, we found that the activating effects of Ca?*
and cross-bridge binding on contraction kinetics were signifi-
cantly greater in porcine ventricular myocardium, due at least in
part to a greater reliance on cooperative regulatory processes.

Materials and methods

Tissue

Murine ventricular tissue

Nine 129S1/Svlmj mice (Jackson Laboratory) of either sex (3-6-
mo-old) were injected with 5,000 U heparin/kg body weight and
euthanized with isoflurane. Each heart was rapidly excised, and
the left and right ventricles were separated at the septum in
Ca2*-free Ringer’s solution (in mM: 118 NaCl, 25 HEPES, 11 glu-
cose, 4.8 KCl, 1.2 Na,HPO,, and 1.2 MgSO,, pH 7.4 and 22°C). The
ventricles were snap-frozen in liquid N, and stored at -80°C
until used. All procedures for animal care, handling, and use
were reviewed and approved by the University of Idaho Animal
Care and Use Committee.

Porcine atrial and ventricular tissue
Myocardial samples (dimensions: 1 cm x 1 cm x 1 cm) of the
ventricular base, apical, and mid-wall myocardium (Lang et al.,
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2005) and atrial tissue were dissected from four adult pigs (two
of each sex, each weighing ~45 kg) following euthanasia. The
use of adult pigs was approved by the University of Wisconsin
Medical School Animal Care and Use Committee. All ventricular
and atrial tissue samples were snap-frozen in liquid N, indi-
vidually wrapped in aluminum foil, and stored at -80°C until
used. Myocardial tissue samples were generously provided by
Dr. Richard Moss (University of Wisconsin). Steady-state
mechanical measurements were conducted using three to
four atrial and three to four ventricular myocardial samples
per heart.

Steady-state mechanical measurements

Solutions

Solution compositions were calculated using the computer
program of Fabiato (1988) and stability constants (Godt and
Lindley, 1982) corrected to pH 7.0 and 22°C. The composition
of the relaxing solution was (in mM) 100 KCl, 20 imidazole, 4
MgATP, 2 ethylene glycol-bis(2-aminoethyl ether)-N,N,N’,N’-
tetraacetic acid (EGTA), and 1 free Mg?*. The composition of
the preactivating solution was (in mM) 100 N,N-bis(2-hy-
droxyethyl)-2-aminoethanesulfonic acid (BES), 15 creatine
phosphate (CP), 5 dithiothreitol (DTT), 4 MgATP, 1 free Mg>*,
and 0.07 EGTA. Ca?*-activating solutions contained (in mM)
100 BES, 15 CP, 7 EGTA, 5 DTT, 4 MgATP, and 1 free Mg?*, with
[Ca®*]free ranging from 1 nM (i.e., pCa 9.0) to 32 uM (i.e., pCa
4.5). A range of submaximal pCa solutions containing differing
[Ca2*]free Were prepared by mixing appropriate volumes of pCa
9.0 and pCa 4.5 solutions. The ionic strength of preactivating
and Ca®*-activating solutions was adjusted to 180 mM using
potassium propionate.

Isolation of myocardial tissue

On the day of use, small pieces of ventricular or atrial tissue
were thawed in ice-cold relaxing solution and subsequently
homogenized for 1-2 s using a Polytron homogenizer. The ho-
mogenates were centrifuged at 120 x g for 2 min. The pelleted
multicellular preparations were permeabilized following re-
suspension in ice-cold relaxing solution containing 1% Trition-
X100 (and 250 pg/ml saponin for murine samples) for 30 min.
The preparations were washed twice in fresh, ice-cold relaxing
solution and stored on ice prior to mechanical measurements.

Experimental apparatus

Before each mechanical experiment, an individual permeabilized
myocardial preparation (dimensions: 700-1,200 x 150-250 pm)
was trimmed and mounted between a force transducer (model
403; Aurora Scientific) and a high-speed length controller (model
322B; Aurora Scientific). The experimental apparatus was placed
on the stage of an Olympus inverted microscope equipped with a
40x objective and CCTV camera. Light from a halogen lamp was
used to illuminate the preparation. Bitmap images of the skinned
myocardium were acquired using an AGP 4x/2x graphics card
and associated software (ATI Technologies), and were used to
measure sarcomere length and fiber dimensions during acti-
vation and relaxation. All experiments were performed at
22°C and at an initial sarcomere length of ~2.20 pm in pCa 9.0

Journal of General Physiology
https://doi.org/10.1085/jgp.202213315

920z Ateniged | uo 3senb Aq ypd-gLeeLzzoz dbl/60v8L61/GLEEL 22028/ ) L/SS L /4pd-ajone/dbl/Bio sseidny/:dny woly papeojumoq

20f10


https://doi.org/10.1085/jgp.202213315

solution. Changes in force and length-controller position were
sampled (16-bit resolution, DAP5216a; Microstar Laborato-
ries) at 2.0 kHz using SLControl software (https://www.
slcontrols.com). All data were saved to computer files for
data analysis.

Preparation and use of NEM-S1

Myosin subfragment 1 (S1) was purified from rabbit fast-twitch
skeletal muscle and modified with N-ethylmaleimide (NEM), as
described previously (Swartz and Moss, 1992). A stock solution
of NEM-S1 was prepared following overnight dialysis against a
solution of 20 mM imidazole, pH 7.0, and 1 mM DTT. The con-
centration of NEM-S1 (e.g., 15-25 uM) was estimated by absor-
bance at 280 nm using a mass absorptivity of 0.75 and a
molecular mass of 118,000 D for myosin S1. To avoid saturating
the cooperative mechanisms with strong-binding cross-bridges,
we used a suboptimal concentration of NEM-S1. Therefore, an
experimental solution of 1 uM NEM-S1 was prepared immedi-
ately before use by first mixing equal volumes of 2x pCa 9.0
solution and the stock solution of NEM-S1 and then adding
the appropriate volume of 1x pCa solution. Murine skinned-
ventricular preparations were incubated in a solution of pCa
9.0 for 15 min to allow for NEM-S1 binding to actin, transferred
to a preactivating solution for 2 min, and then into activating
solutions of varying pCa (i.e., pCa 6.6-4.5) without NEM-SI for
10-30 s to measure steady-state force and the kinetics of force
development (Stelzer et al., 2006). After each mechanical
measurement, the myocardial preparation was returned to the
pCa 9.0 solution containing NEM-SL.

Rate of force redevelopment

The rate constant of force redevelopment (ktr) in skinned
myocardium was assessed, as previously described (Giles
et al.,, 2019). The measurement of ktr utilizes a rapid slack-
restretch maneuver designed to dissociate bound myosin
cross-bridges from actin in a steadily Ca?*-activated prepara-
tion. Each permeabilized preparation was transferred from pCa
9.0 solution to preactivating solution and then into activating
solutions of varying pCa (i.e., pCa 6.8-4.5) and allowed to de-
velop a steady-state isometric force. The preparation was rap-
idly (<2 ms) slackened by 20% of its original length, followed by
a brief period of unloaded shortening, after which the prepa-
ration was restretched rapidly (<2 ms) to its initial length. To
ensure that the maximal numbers of cross-bridges were de-
tached prior to the redevelopment of force after the mechanical
restretch, we used different periods of unloaded shortening for
myocardial preparations from murine ventricle and porcine
atria (~14 ms) and porcine ventricle (~20 ms; Palmer and
Kentish, 1998). Fig. 1 shows the production of steady-state
force in a solution of pCa 4.5 in permeabilized myocardial
preparations isolated from porcine atrial and porcine ventric-
ular tissue. Force redevelopment following the slack-restretch
maneuver reflects the rate of cross-bridge cycling between
weakly bound and strongly bound force-generating states. A
ktr-pCa relationship was obtained by first maximally activating
a skinned myocardial preparation in a solution of pCa 4.5 and
then in a series of submaximally activating solutions between

Patel et al.

Cooperative activation of force in mammalian myocardium

JGP

pCa 6.8-5.4. To account for any run-down in maximal ktr, the
myocardial preparation was activated in a solution of pCa 4.5 at
the end of each experiment. The apparent rate constants of
force redevelopment were estimated by a linear transformation
of the half-time of force redevelopment, i.e., ktr = 0.693/t/»
(Fitzsimons et al, 2001a, 2001b; Giles et al, 2019).

Force-pCa relationship

During the measurements of the rate of force redevelopment,
each myocardial preparation was bathed in solutions of varying
pCa and allowed to develop steady-state isometric force. The
difference between steady-state force and the force baseline
after the 20% slack step was calculated as the total force at that
specific pCa. The active force at a given pCa was obtained by
subtracting Ca?*-independent force (resting force), mea-
sured in a solution of pCa 9.0, from the total force. A
force-pCa relationship was constructed by expressing sub-
maximal Ca?*-activated force (P) at each pCa as a fraction of
maximal Ca2*-activated force (P,) determined at pCa 4.5,
i.e., P/P,. The force-pCa data were fit using the equation:
P/Po = [Ca?*]"/(k + [Ca?*]"), where n is the Hill coefficient and
k is the [Ca?*] required for half-maximal activation (pCaso).

Analysis of myosin isoform expression

Preparation of myofibrillar proteins

Myofibrillar proteins were extracted from murine ventricular,
porcine atrial, and porcine ventricular frozen myocardium
(Patel et al., 2017). In brief, the frozen ventricles were homog-
enized in fresh, ice-cold relaxing solution and centrifuged. The
resulting pellet was resuspended in fresh, ice-cold relaxing so-
lution containing 1% Triton X-100 for 30 min on ice and then
centrifuged. For the murine myocardium, 0.25 mg/ml saponin
was added along with Triton X-100 during the chemical skin-
ning process. Each myofibrillar pellet was washed and centri-
fuged three times in fresh, ice-cold relaxing solution. The final
myofibrillar pellet was solubilized in urea/thiourea sample
buffer containing 8 M urea, 2 M thiourea, 75 mM DTT, 50 mM
Tris-HCl, pH 6.8, and 0.03% bromophenol blue (Warren and
Greaser, 2003).

SDS-PAGE: MyHC isoform expression

The relative expression of cardiac MyHC isoforms (i.e., a- and
B-MyHC) in murine and porcine myocardium were resolved on
6% acrylamide gels (Fig. 2), as described previously (Warren and
Greaser, 2003). The resolving gel (6% T, 2.6% C) contained 10%
glycerol, 375 mM Tris, pH 8.8, and 0.1% sodium dodecyl sulfate
(SDS). The stacking gel (2.95% T, 15% C) contained 10% glycerol,
130 mM Tris, pH 6.8, and 0.1% SDS. Diallytartaramide (DATD)
was used as a cross-linker in these gels since it has been shown
to facilitate the electrophoretic separation of the high molecular
weight cardiac MyHC isoforms (Warren and Greaser, 2003). The
upper reservoir buffer contained 400 mM glycine, 50 mM Tris-
base (no pH adjustment), 0.2% SDS, and 5 mM DTT, while the
lower running buffer contained 200 mM glycine, 25 mM Tris-
base (no pH adjustment), 0.1% SDS, and 1 mM DTT. Electro-
phoresis was performed at 16 mA constant current for 4.0 h in
the cold room. After completion of electrophoresis, the gel was
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Figure 1. Experimental protocol for determining steady-state tension and the kinetics of force redevelopment in mammalian skinned myocardium.
(A and B) Representative steady-state isometric tension data were obtained from permeabilized myocardial preparations isolated from the porcine left atrium
(A) and porcine left ventricle (B) during maximal Ca?* activation in a solution of pCa 4.5 (upper trace). Maximal Ca?*-activated tension (P,) was determined by
subtracting Ca?*-independent tension (Pres;) measured in a solution of pCa 9.0 (lower trace) from the total tension measured in the solution of pCa 4.5.
Mechanical properties for porcine myocardium were as follows: atria (cross-sectional area = 2.2 x 1078 m? P, = 17.1 mN mm~2 P eg; = 0.5 MmN mm~2 ktr =
14.8 s7%) and ventricle (cross-sectional area = 3.5 x 1078 m% P, = 22.5 mN mm™2 P = 0.8 mN mm=2; ktr = 2.4 s71).

225 KD s

a-MyHC =——

Figure 2. Cardiac MyHC isoform expression in mammalian skinned myocardium. A representative 6% SDS-PAGE illustrating the separation of a- and
B-cardiac MyHC isoforms, which are identified by arrows in order of increasing electrophoretic mobility. Lane 1: murine ventricle, expressing predominantly
a-MyHG; lane 2: porcine atria, expressing predominantly a-MyHC; and lane 3: porcine ventricle, expressing predominantly B-MyHC. Source data are available

for this figure: SourceData F2.

silver stained (Patel et al., 2017) and the relative expression of
cardiac MyHC isoforms was determined by densitometric
analysis using Image Lab software (BioRad). The relative ex-
pression of a- and B-MyHC isoforms (expressed as a percentage
of the total MyHC) was similar in murine ventricular (a: 97 + 1%;
B: 3% + 1%) and porcine atrial (a: 98 + 1%; B: 2% + 1%) myocar-
dium but differed from porcine ventricular myocardium (a: 7 +
2%; B: 93% + 3%).

Statistical analysis

All data are presented as means + SEM. Statistical analyses were
performed using a one-way ANOVA followed by the Holm-Sidak
post hoc test for multiple comparisons with significance set at
P <0.05.

Results

Cooperative activation of force differs in murine and

porcine myocardium

Permeabilized myocardial preparations isolated from murine
ventricle, porcine atria, and porcine ventricle exhibited similar
steady-state isometric force responses to activating Ca>* (Fig. 3).
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The values of maximal Ca2*-activated force (P,), Ca2*-indepen-
dent force (Pes), the Ca®*-sensitivity of force (pCaso), and the
steepness of the force-pCa relationship (ny) are summarized in
Table 1.

Ca?* and activation dependence of the rate of force redevelopment
Murine ventricular and porcine atrial myocardium exhibited
similar steep Ca?*-dependent increases in the rate constant of
force redevelopment (Fig. 4 A). Increasing Ca®* from threshold
to maximal for force development increased ktr from 3.9 + 0.7 57!
at pCa 6.0 to 29.8 + 2.1 s7! at pCa 4.5 in murine ventricular
myocardium and from 2.6 + 0.2 s7! at pCa 6.0 to 14.5 + 0.8 s™' at
pCa 4.5 in porcine atrial myocardium. Although murine ven-
tricular and porcine atrial myocardium each predominantly
express the fast a-cardiac myosin (Fig. 2), the twofold difference
in the maximal rates of force redevelopment in these tissues
reflects species-specific enzymatic properties of the fast
a-cardiac myosin (Yazaki et al., 1979; Malmqvist et al., 2004;
Walklate et al., 2021). In porcine ventricular myocardium, ktr
was found to vary with the level of Ca2* activation but did so
with a markedly shallow profile: mean ktr was 2.1 + 0.2 s™! at
pCa 6.1, decreased to 0.9 + 0.1 s7! at pCa 5.8, and progressively
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Figure 3. Force-pCa relationships in mammalian skinned myocardium.

Force-pCa relationships were determined in permeabilized myocardial
preparations. Smooth lines were generated by fitting the mean data with the
Hill equation: P/P, = [Ca?*]"/(k" + [Ca**]"), where n is the Hill coefficient
and k is the [Ca?*] required for half-maximal activation (i.e., pCaso). Ca®*-
activated force-pCa relationships were determined in murine ventricular
myocardium (filled circle: pCasp = 5.78 + 0.01, n, = 4.0 + 0.2), porcine atrial
myocardium (triangle: pCaso = 5.69 + 0.02, ny = 3.2 = 0.2), and porcine
ventricular myocardium (empty circle: pCaso = 5.70 + 0.01, ny = 4.6 + 0.1).

increased to 2.9 + 0.2 s™! at pCa 4.5. The significant reduction in
maximal ktr is due to the predominant expression of cardiac
B-MyHC in porcine ventricular myocardium (Fig. 2). The rate
constant of force redevelopment was also plotted as a function
of steady-state isometric force, which was used as a measure of
the level of thin filament activation due to the combination of
Ca?* binding to TnC and cooperative cross-bridge binding to
actin. In both murine ventricular and porcine atrial myocar-
dium, ktr increased as a function of increasing isometric force,
gradually at low forces and rising more steeply at high forces
(Fig. 4 B). However, to compare the activation-dependent
profiles of ktr more appropriately (1) across species (murine
ventricle versus porcine ventricle) and (2) within species
(porcine atria versus porcine ventricle), ktr values recorded at
each submaximal pCa were normalized to the maximal ktr value
determined at pCa 4.5, i.e., ktrsypmax/ktrmax, in each muscle type.
Despite the significant differences in maximal absolute rates of
force redevelopment, normalized ktr values for both the murine
ventricular and porcine atrial myocardium exhibited a nearly
identical steep activation-dependent profile (Fig. 5). In contrast,
normalized ktr values were significantly faster in porcine ven-
tricular myocardium, particularly at low and intermediate levels
of Ca2* activation (Fig. 5). At low levels of Ca* activation, ktr
increased to levels approaching those measured during maximal
activation in porcine ventricular myocardium. At intermediate
levels of activation, normalized ktr values progressively
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Table 1. Summary of steady-state mechanical measurements

Measurement Murine LV  Murine LV  Porcine LA  Porcine LV
(8) (7 (12) (15)
(Control) (1M NEM- (Control) (Control)

s1)

Po(mNmm™2) 215+24 19519 22627 179+ 09

Prest (MN'MmM=2) 0.8 + 0.1 13+02 11+03 05+0.1

Ny 4.0+0.2 3.6+0.2 32201 46 +0.1°

pCaso 578 +0.01 5.82+0.02 569+0.02* 570+0.012

ke (s79) 29.8+21 282 +21 145 + 0.82 2.9+ 0.02b

All values are expressed as mean + SEM, with the number of skinned
myocardial preparations listed in parentheses. P,, maximal Ca?*-activated
tension at pCa 4.5; P,.s;, Ca?*-independent tension at pCa 9.0; n, Hill
coefficient for Ca?*-activated force-pCa relationship; pCasy, pCa required
for half-maximal activation; k,,, maximal rate of force redevelopment at pCa
4.5.

aSignificantly different from control murine LV myocardium (P < 0.05).
bSignificantly different from porcine atrial myocardium (P < 0.05).

decreased but were still significantly faster than values ob-
served in murine ventricular and porcine atrial myocardium.
The divergent activation-dependent profiles of ktr in murine
and porcine myocardium support the hypothesis that unique
species-specific contributions of thick and thin filament
proteins underlie the cooperative regulatory processes in the
mammalian heart.

Ca?* sensitivities of steady-state force and the rate of force
redevelopment in murine and porcine myocardium

Given the Ca2* and activation dependence of ktr in mammalian
myocardium, it was reasonable to assume that increases in
[Ca?*] would result in parallel changes in force and the kinetics
of force development. However, in both murine ventricular and
porcine atrial myocardium (each expressing >95% o-cardiac
myosin), the relationship between force development and pCa
differed significantly from the ktr-pCa relationship in that the
pCaso for force was greater than the pCas, for ktr, i.e., a higher
[Ca2*] was required to achieve half-maximal activation of ktr
(Fig. 6, A and B). In murine ventricular myocardium, the mean
pCaso for Ca?*-activated force was 5.78 + 0.01 compared to a
mean pCaso of 5.61 + 0.02 for ktr (i.e., ApCaso = 0.17 + 0.01, P <
0.05). Similarly, in porcine atrial myocardium, the mean pCaso
for Ca%*-activated force was 5.69 + 0.02 as compared to a mean
pCaso of 5.46 + 0.02 for ktr (i.e., ApCaso = 0.22 + 0.01, P < 0.05).
However, the relationship between the Ca%*-dependencies of
force and ktr in the porcine ventricular myocardium was more
tightly coupled. We observed that Ca?*-dependent changes in
steady-state force were accompanied by significant changes in
the kinetics of force redevelopment. For example, at low [Ca2*],
small increases in steady-state force were associated with near-
maximal rates of force redevelopment (Fig. 6 C). The molecular
basis of this observation most likely involves an enhanced de-
gree of thin filament activation at low [Ca®*] in the porcine
ventricular myocardium. With near maximal rates of force re-
development at low levels of Ca?*, the porcine ventricular thin
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Figure 4. The Ca?* and activation dependence of the rate of force redevelopment in mammalian skinned myocardium. The rate constant of force
redevelopment (k) following a rapid release/restretch maneuver was measured in permeabilized myocardial preparations isolated from murine ventricular
myocardium (filled circle), porcine atrial myocardium (triangle), and porcine ventricular myocardium (empty circle). Data points represent means and the error
bars are the SEM. (A) The Ca?* dependence of the rate constant of force redevelopment. (B) The rate constant of force redevelopment was recorded as a

function of relative steady-state force (P/P,) measured at each pCa.

filament exhibits an augmented responsiveness to the activating
effects of Ca?* and myosin cross-bridges, such that further in-
creases in [Ca2*] results in an increase in force but no further
acceleration of the kinetics of force development.

Strongly bound cross-bridges increase the Ca?* sensitivity of
the rate of force redevelopment in murine myocardium

The steep activation dependence of ktr and the dissimilarity
between the Ca®* sensitivities of force and ktr in murine ven-
tricular and porcine atrial myocardium could be explained by a
cooperation-mediated slowing of cross-bridge binding at low
levels of Ca?* activation (Campbell, 1997; Campbell et al., 2001).
If cross-bridge binding to the thin filament contributes to co-
operative activation, then exogenous application of strongly
bound cross-bridges should accelerate the rate of force rede-
velopment and reduce its dependence on the level of Ca?* acti-
vation, as shown previously in skeletal muscle fibers and cardiac
muscle preparations (Swartz and Moss, 1992; Fitzsimons et al.,
2001a, 2001b; Stelzer et al., 2006). Therefore, we measured the
rate of force redevelopment in murine permeabilized ventricu-
lar myocardial preparations in the presence of NEM-SI, a
strong-binding analog of myosin S1 (Swartz and Moss, 1992).
Treatment with NEM-S1 significantly reduced the Ca%* and ac-
tivation dependence of ktr in murine myocardium: mean ktr was
26.5 2.2 st at pCa 6.1, decreased to 14.7 + 1.6 s™' at pCa 5.8, and
increased to 29.8 + 2.1 s™! at pCa 4.5 (Fig. 7 A). Furthermore,
NEM-SI treatment produced a significant leftward shift in the
ktr-pCa relationship in murine myocardium (Fig. 7 B). Thus,
treatment of murine ventricular myocardium with NEM-S1
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accelerated the rate of force development at low and interme-
diate levels of Ca2* activation and significantly increased the
Ca?* sensitivity of ktr in a manner comparable with that ob-
served in untreated porcine ventricular myocardium.

Discussion

The mammalian heart exhibits significant beat-to-beat varia-
tions in the strength of myocardial contraction so that the cir-
culatory demands of peripheral tissues are met (Moss et al.,
2004). The beat-to-beat coordination of myocardial contractil-
ity and hemodynamic load is observed across the spectrum of
mammalian species. The control systems that regulate ventric-
ular contractility are multifaceted including neural and hor-
monal mechanisms (Moss et al., 2004). Nevertheless, these
control systems ultimately regulate myocardial force develop-
ment through highly interactive cooperative processes that vary
depending upon the isoform expression of myosin and of reg-
ulatory proteins in the thin (troponin and tropomyosin) and
thick (myosin binding protein-C) filaments. In all mammalian
myocardium, Ca?* binding to TnC triggers a series of interac-
tions between the thick and thin myofilaments that result in the
strong binding of myosin to actin and the subsequent develop-
ment of force. Here, we tested the idea that cooperative acti-
vation of force in the hearts of small and large mammals is
defined, in part, by the relative responsiveness of the thin fila-
ment to the activating effects of Ca?* binding to troponin and
strong binding of myosin cross-bridges to actin. Our results
show that (1) the activation dependence of the rate of force
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development, and (2) the degree of coupling between the Ca®*
sensitivities of force and the rate of force redevelopment (ktr)
are species-specific properties of mammalian myocardium.
These data suggest that thin filament responsiveness to the ac-
tivating effects of Ca?* and myosin cross-bridges modulates
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Figure 5. The activation dependence of the rate of force redevelopment
is significantly reduced in porcine-permeabilized ventricular myocar-
dium. The steady-state isometric forces and ktr values measured during
submaximal Ca®* activation were normalized to their respective maximal
values measured in pCa 4.5 in permeabilized myocardial preparations isolated
from murine ventricular myocardium (filled circle), porcine atrial myocardium
(triangle), and porcine ventricular myocardium (empty circle). Data points
represent means and the error bars are the SEM.
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contractile kinetics and is an important determinant underlying
the beat-to-beat regulation of ventricular contractility.

Activation dependencies of the rate of force redevelopment in
murine and porcine myocardium—the role of strongly bound
cross-bridges
In both murine ventricular and porcine atrial myocardium, the
rate constant of force redevelopment increased nearly 10-fold
when [Ca2*] was increased from threshold to maximal values
(Fig. 4). The steep activation dependence of ktr in these in-
stances can be explained by a conceptual model that predicts a
cooperation-mediated slowing of the rate of force development
at low levels of Ca2* activation (Campbell, 1997; Campbell et al,
2001; Moss et al, 2004; Fitzsimons and Moss, 2007). Upon Ca®*
binding to TnC, the associated troponin-tropomyosin functional
unit is activated, which in turn increases the probability of
myosin cross-bridge binding. According to the model proposed
by Campbell (1997), myosin cross-bridges that bind to actin
within this activated functional unit, cooperatively recruit my-
osin cross-bridge binding to actin in near-neighbor functional
units (Gordon et al., 2000; Razumova et al., 2000; Campbell
et al., 2001; Moore et al.,, 2016; Solis and Solaro, 202I;
Mijailovich et al., 2021), which increases force but also prolongs
the time-course of force development. As shown in Fig. 5, the
activation dependence of ktr was much different in the porcine
ventricular myocardium, which is evident in the near-maximal
rates of ktr at low levels of Ca2* activation. Regardless of species
(murine versus porcine) or myocardial tissue source (porcine
atria versus ventricle), Ca®* binding to TnC is predicted to occur
at discrete sites that are randomly distributed along the myo-
cardial thin filament. However, the differential profiles of ktr
across species and myocardial tissue strongly suggest that the
responsiveness of the thin filament to the activating effects of
Ca?* and myosin cross-bridge binding is a dynamic modulator of
contractile kinetics in mammalian myocardium.

A key question is what is the nature of the molecular
mechanism underlying the enhanced level of thin filament
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Figure 6. The Ca?* sensitivities of force and the rate of force redevelopment in mammalian skinned myocardium. (A-C) Relative force-pCa (filled
circle) and relative ktr-pCa (empty circle) relationships were determined in permeabilized myocardial preparations isolated from murine ventricular myo-
cardium (A), porcine atrial myocardium (B), and porcine ventricular myocardium (C). Data points are means and the error bars are the SEM.
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SEM.

activation in porcine ventricular myocardium? All mammals
express the a and § isoforms of the cardiac MyHC in the healthy
heart, but the ratios of the isoforms vary in a species- and tissue-
dependent fashion. In murine myocardium, the principal (>95%)
isoform is a-MyHC (Sadayappan et al., 2009), which has rapid
ATP turnover kinetics, conferring both speed and power to the
heart. In contrast, the ventricles of larger mammals predomi-
nantly (~90%) express the B-MyHC isoform (Reiser et al., 2001;
Stelzer et al., 2008), which exhibits much slower ATP turnover
kinetics and greater efficiency (lower rates of energy utilization)
than a-MyHC (Locher et al., 2011). Compared with murine
a-MyHC, human and porcine B-MyHCs exhibit a nearly 10-fold
slower rate of ADP release (Deacon et al., 2012; Walklate et al.,
2016, 2021), which could prolong the occupancy of B-MyHC
bound to actin and thereby contribute to the cooperative re-
cruitment of cross-bridges and activation of steady-state force.
In the healthy porcine and human ventricular myocardium, we
propose that the expression of a small amount of fast a-MyHC on
a predominantly slow f-MyHC background in combination
with strong near-neighbor regulatory unit (RU) interactions
(Razumova et al., 2000; Kalda and Vendelin, 2020) provides the
predominant molecular mechanisms underlying thin filament acti-
vation. Following Ca?* binding to TnC, we propose that a-MyHC is
the first to bind to the thin filament and because of its activating
effects, a-MyHC opens the thin filament for initial B-MyHC binding
and the subsequent cooperative spread of f-MyHC binding. At very
low levels of Ca?* activation, only a few thin filament RUs would be
activated and have a strong cross-bridge bound. The presence of
strong RU near-neighbor interactions would limit the cooperative
spread of cross-bridge binding into neighboring RUs resulting in
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faster rates of force redevelopment at very low [Ca>]. As the [Ca?']
increases from low to intermediate levels, the likelihood of adjacent
near-neighbor RUs having Ca?* bound increases, making it more
likely that another cross-bridge could bind within either RU or in a
near-neighbor RU without Ca?* bound. The time required for coop-
erative cross-bridge recruitment and subsequent binding will begin
to slow ktr, reaching the minimum value that we observe at inter-
mediate levels of Ca®* (Fig. 5). As the [Ca?*] increases from inter-
mediate to maximal levels, more RUs will have a Ca** bound leaving
fewer RUs available for cooperative recruitment and ktr will pro-
gressively increase to maximal levels. Support for the actions of fast
a-MyHC and slow B-MyHC is strengthened by the nearly identical
activation-dependent profiles of contractile kinetics in murine
ventricular and porcine atrial myocardium, which differ in their
expression of thin filament proteins but are similar in their near-
exclusive expression of fast a-MyHC. Furthermore, the exogenous
application of strongly bound cross-bridges (i.e., NEM-S1) enhanced
the level of thin filament activation in murine myocardium by ac-
celerating the rate of force redevelopment and reducing its depen-
dence on the level of Ca?* activation (Fig. 7). It should be emphasized
that the use of NEM-S1 substantially increased the number of
strongly bound cross-bridges above that normally found in murine
ventricular myocardium under normal physiological conditions.
Thus, compared with porcine ventricular myocardium, it is likely
that endogenous strongly bound cross-bridges are not as dominant in
activating contractions in murine ventricular and porcine atrial
myocardium, and that comparably weaker near-neighbor regulatory
unit interactions mediated via thin filament regulatory proteins (e.g.,
troponin T and tropomyosin) play a proportionately greater role in
the cooperative activation of force in these tissues.
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The impact of the cooperative phenotype on ventricular
functional capacity in the murine and porcine heart

The mechanical function of the mammalian ventricle can be
adequately described by progressive changes in pressure and
volume that occur within a single beat. While systole, ejection,
diastole, and ventricular filling occur in both murine and porcine
hearts, the timing of these events differs between them. At rest,
the murine cardiac cycle is complete within ~100 ms but is nearly
10 times longer in the porcine heart (Tarkia et al., 2015). Given the
short duration of the intracellular Ca?* transient during a given
myocardial twitch (Bers, 2002; Mijailovich et al., 2021), it is highly
likely that thin filament activation and inactivation are significant
determinants of ventricular systolic and diastolic function (Hanft
et al., 2008; Solis and Solaro, 2021). At the level of the myocar-
dium, this is clearly demonstrated by examining the relationship
between the Ca?*-dependencies of steady-state force and ktr.
Under control conditions, we observed that the steady-state
force-pCa relationship was left-shifted (i.e., required a lower
[Ca*'] to achieve half-maximal activation) compared with the
ktr-pCa relationship, indicating that increases in [Ca®*] resulted in
the development of steady-state force well before significant in-
creases in the kinetics of force development were observed (Fig. 6,
A and B). In contrast, the porcine ventricle was characterized by a
tighter coupling between force and ktr, such that Ca**-dependent
increases in steady-state force were accompanied by marked in-
creases in the rate of force development (Fig. 6 C).

In summary, force development and force relaxation in the
mammalian heart result, at least in part, from the collective
cooperative mechanisms underlying thin filament activation
and inactivation. In murine ventricular myocardium, the steep
activation dependence of ktr suggests a lesser reliance on co-
operative mechanisms, which represents a physiological adap-
tation to a higher beat frequency and faster twitch kinetics. A
lesser reliance on cooperative mechanisms provides the murine
left ventricle the ability to respond to end-diastolic volume
changes on the Frank-Starling curve but does so with a limited
capacity to increase stroke volume for a given ventricular filling
volume (Georgakopoulus and Kass, 2001), resulting in less-
graded contractions. In contrast, the porcine ventricular myo-
cardium exhibits a greater reliance on cooperative mechanisms
in activating the kinetics of cross-bridge cycling. Such a mech-
anism in the ventricles of large mammals would generate a
greater range in the strength and rate of force development
during the cardiac cycle and provide means for optimizing the
efficiency of contraction by fine-tuning the myocardial response
to changes in circulatory load and inotropic stimulation.

Data availability
All data underlying this study are available in the published
article.
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