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EFFECTS OF ISCHEMIC METABOLITES AND CHRONIC EXERCISE ON CARDIAC
MYOCYTE FUNCTION
ABSTRACT
The pumping action of the heart provides water, O2 and nutrients to all tissues and
helps remove metabolic breakdown products and other wastes. During times of low blood
flow (ischemia), concentrations of wastes increase in tissues, which can lead to decreased
striated muscle contractile function. Acute contractile dysfunction during ischemia is likely
mediated by build-up of inorganic phosphate (Pi) and protons (H+) (i.e., decreased pH). The
focus of this dissertation is examination of the myofibrillar mechanisms by which ischemic
metabolites alter the work capacity of cardiac myocytes, which ultimately comprise
ventricular pump function. In addition, contractile properties and changes thereto with
metabolite concentration were investigated in myocytes expressing either of the two isoforms
of myosin heavy chain (α-MyHC and β-MyHC), that show altered expression in response to
chronic ischemia. Studies reported here demonstrate differential response to metabolites
with Pi and H+ alone and together decreasing power generating capacity of α-MyHC while
only in combination did they diminished β-MyHC myocyte power. The greater tolerance
toward ischemic conditions in β-MyHC myocytes was attributed to a Pi and H+ induced
increase in the velocity of loaded shortening.

Pi-induced changes in contractile properties of α-MyHC myocytes were more
thoroughly assessed to probe the cross-bridge states that tend to limit power output at
intermediate loads where muscles perform work. Power near isometric loads is most likely
determined by the balance between attachment and detachment of force-generating crossiii

bridges that limit isometric force, while power near maximum velocity is most likely limited
by detachment of compressively strained cross-bridges that oppose shortening. Addition of
Pi had no effect on maximal shortening velocity but progressively increased velocity at all
loads greater than ~10% isometric. This increase in loaded shortening velocity resulted in
increased normalized power at the corresponding loads (i.e., 10-100% isometric). These
results indicate cross-bridge steps associated with force-generation are most important in
determining power output at intermediate loads where muscles operate in vivo.

In contrast to ischemia, changes following exercise training are thought to improve
cardiac function. A pig model of exercise training was examined to determine if changes
intrinsic to the myofilaments were partially responsible for changes in global cardiac
function. Increased peak power generating capacity was observed in myocytes from exercise
trained animals as compared to sedentary controls. The increased power output of myocytes
from exercise trained pigs coincided with an increase in PKA-induced phosphorylation of
myofibrillar proteins, which may partially explain increased power. Overall, these results
provide evidence for myofibrillar mechanisms that, in part, underlie changes in myocardial
performance associated with acute and chronic ventricular stress.
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Chapter 1.

INTRODUCTION

1.1 Cardiac Structure and Function

The heart is an organ whose primary function is to move blood; it does so by forming
a hollow opening surrounded by striated muscle. Gross morphology of the mammalian heart
(Figure 1.1) displays two atria and two ventricles primarily composed of myocardial tissue
and vascularized by the coronary vessels. The chambers pump blood by utilizing a sequence
of relaxation and contraction known as the cardiac cycle. The cardiac cycle consists of four
phases: ventricular filling, isovolumic contraction, ejection and isovolumic relaxation. The
cardiac cycle is well illustrated by a left ventricular volume-pressure relationship shown in
Figure 1.1. Left ventricular filling occurs when the pressure in the left atrium exceeds the
pressure in the ventricle, which opens the atrioventricular (A-V) valve allowing blood flow
from the atria into the ventricle. During this phase the volume of blood in the ventricle rises
with little change in ventricular pressure (Figure 1.1). Upon electrical stimulation the
ventricular myocardium contracts causing ventricular pressure to increase above that in the
atria, thereby closing the A-V valve. During this phase (i.e., isovolumic contraction) left
ventricular pressure rises rapidly with no change in volume as both the A-V and semilunar
valves are closed. When ventricular pressure rises above aortic impedance the aortic valve
opens and blood is expelled from the left ventricle into the aorta. During this ejection phase
the ventricle shortens against the load of blood in the aorta, which is determined in large part
by the arterial resistance. The ventricle then begin to relax and pressure declines. When
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pressure falls below that in the aorta the semilunar valve closes and left ventricular pressure
falls with no change in volume as both the semilunar and A-V valves are closed. The
differences in ventricular volume between the end of diastole and the end of systole is termed
stroke volume (SV). The total amount of blood pumped by the heart over a period of time is
known as cardiac output (CO), which is the product of SV and heart rate (HR). Because
cardiac output appears to be exquisitely matched to the systemic demand for blood,
concordant changes in CO and systemic demand are accomplished by either altering HR or
SV. Both HR and SV are tightly regulated by several mechanisms. HR is primarily
controlled by the autonomic nervous system (ANS) via dual innervation. Parasympathetic
input from the vagus nerve slows heart rate via the terminal neurotransmitter acetylcholine
(ACh), while sympathetic input increases heart rate with the use of norepinephrine (NE). In
addition, HR also may be increased by epinephrine (EPI) which is released by the adrenal
medulla and transported to the heart via the blood. Alternatively, as all myocytes are
activated during a heartbeat, SV is regulated by factors intrinsic to individual myocytes. For
example, changes in myocyte length, intracellular Ca2+ concentrations ([Ca2+]i),
phosphorylation status of myofibrillar proteins, and ionic milieu all appear to modulate the
force-generating capacity of individual myocytes and thus the workload and SV of the
ventricle. Regulation of contractile function at the level of the cardiac myocyte is the
primary focus of this dissertation. The studies of this dissertation examine how acute
changes in the ionic environment associated with ischemia as well as chronic stress levels
induced by exercise training modulate myocyte function, which ultimately modulate SV.
The overall hypothesis put forth is that force-generating transitions are most important in
determining power output generated by cardiac myofibrils.
3

1.2

Myocardial Structure and Function

The myocardium is made up of single cardiac myocytes interconnected mechanically
by intercalated discs and electrically by gap junctions (Figure 1.2). Cardiac myocytes like all
striated muscle cells consist of myofibrils, mitochondria, sarcoplasmic reticulum, nuclei and
other cytosolic constituents (Figure 1.2) with myofibrils and mitochondria comprising greater
than 80% of all cellular components (15). Myofibrils are arranged in a longitudinal fashion
with alternating light and dark regions creating a striated appearance. These light and dark
bands are the result of highly structured arrays of thick and thin filaments (63) (Figure 1.2).
The light regions, or I bands, contain thin filament proteins from neighboring sarcomeres
connected at the Z-line. The dark regions, or A bands, contain thick filaments that are
overlapped with thin filaments except in the H zone, which consists of thick filaments only.
The amount of overlap between thick and thin filaments is determined primarily by the
length of the sarcomere, which is defined as the region between two Z-lines. Sarcomere
length (SL), and its consequent changes in filament overlap, is one important modulator of
myocyte function. Thus, extreme care must be taken in controlling this variable (i.e., SL)
during experiments examining myocyte function. The studies in this dissertation used a
permeabilized or skinned myocyte preparation in which SL was closely monitored during all
mechanical measurements.
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Regarding the filaments, the thin filament consists of two actin filaments in a double
helical array, which are connected at the Z-lines of sarcomeres (Figure 1.3). Along with
actin, thin filaments contain tropomyosin (Tm) and troponin (Tn), the latter consists of three
subunits, TnC, TnI, and TnT. The Tm strand is a dimer in a coiled coil arrangement that
binds seven actins and its position along the actin filament plays an important role in
regulating contraction. For instance, in the absence of Ca2+ myofilaments are in a relaxed
state as Tm blocks the cross-bridge binding sites on actin (81, 166). Binding of Ca2+ changes
myofilaments to an activated state by initiating Tm movement away from the cross-bridge
binding site of the actin strand, thereby releasing the steric blocking (81, 166). The Tn
complex resides in close proximity to Tm with one Tn binding for one Tm strand, that covers
seven actin monomers; this makes up a thin filament functional unit. Tn is comprised of
three subunits termed TnC, TnT and TnI. The cardiac TnC subunit contains three Ca2+
binding sites, two bind Ca2+ or Mg2+ with high affinity and one binds Ca2+ with low affinity
(61). Binding of Ca2+ to the low affinity site produces conformational changes in TnI and
TnT that initiate the movement of Tm permitting actin and myosin interaction (61). The TnI
subunit forms a complex with both actin and TnC and inhibits actin-activated ATPase when
Ca2+ is not present. Ca2+ binding to TnC appears to increase TnC-TnI interaction strength
and remove inhibitory effects of TnI on ATPase activity and cross-bridge cycling (114). In
addition, cardiac TnI contains phosphorylation sites (serines 22 and 23) for cAMP-dependent
protein kinase (PKA) and Ca2+ -activated protein kinase (PKC) (serines 43 and 45, and
threonine 144). β-adrenergic stimulation yields PKA-induced phosphorylation of TnI (134)
that modulates cardiac function by reducing the Ca2+ affinity for TnC as well as reducing the
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cooperative binding of TnI to actin-Tm causing a reduction in relaxation time (71, 135). In
addition, several studies have suggested that PKA-induced phosphorylation also speeds
cross-bridge cycling kinetics. For instance, the β-agonist isoproterenol was shown to
increase Ca2+-activated actomyosin ATPase activity in vitro (162). In addition, β-adrenergic
stimulation was found to increase the frequency for minimum stiffness (fmin) in intact
papillary muscles during barium contractures (8, 60) and PKA was found to increase loaded
shortening velocity in rat skinned cardiac myocytes during both maximal and submaximal
Ca2+ activations (52), implying an increase in cross-bridge cycling rates during loaded
contractions. In agreement with loaded shortening and power being altered, a recent study
reported that left ventricular power output was enhanced in mouse hearts expressing a
mutated TnI that mimics constitutive bis-phosphorylation of TnI by PKA (145). Moreover,
β-adrenergic stimulation augmented contractility more in control than in transgenic mouse
hearts expressing slow skeletal TnI, (which is not phosphorylated by PKA), but only during
ejecting contractions and not during isovolumic contractions (80). These results imply that
PKA induced phosphorylation plays its most important role in modulating cross-bridge
interaction during loaded contractions.

The thick filaments are composed primarily of myosin. Myosin is a large molecule
with a long tail and two globular heads (Figure 1.3). It can be separated into two sets of
heavy chains (MyHC) and their two respective light chains, an essential (MLC1) and a
regulatory (MLC2) light chain. Application of a proteolytic enzyme, such as trypsin, divides
the myosin molecule into two sections termed light meromyosin (LMM) and heavy
meromyosin (HMM). LMM is the smaller fragment of the two and comprises the tail region
8

of the molecule whose main purpose is thought to be maintenance of thick filament rigidity.
Alternatively, HMM contains the S2 and S1 portions of the myosin molecule obtained with
papain digestion, with the S1 fragment containing the neck and globular head region. The
light chains are located toward the neck region of S1 (Figure 1.3) and help to stabilize the
neck and may confer some regulation of functional activity (149), such as increasing Ca2+sensitivity of force (138) and the rate of force development (143). However, it is the globular
head region of the HMM fragment that contains the exclusive ability to hydrolyze ATP and
bind actin. Myosin hydrolysis of the terminal phosphate on ATP is thought to provide the
energy for binding to actin and drive muscle contraction through conformational cycles of
myosin cross-bridges. In mammalian ventricles there are three myosin isoforms expressed,
composed of either a homo or heterodimer of the two MyHC isoforms, V1 (which has two αMyHCs), V2 (a heterodimer consisting of an α-MyHC and β-MyHC), and V3 (containing two
β-MyHCs). The two MyHC isoforms are individual gene products from the same
chromosome (14, in humans) exhibiting 93% amino acid sequence homology (88). Even
though highly homologous, examination of the amino acid sequence reveals several regions
of difference. These include limited regions of the myosin head near the ATP-binding site
(known as loop 1) and near the actin-binding site (loop 2), the α-helix in the neck region, the
hinge between S2 and LMM, and the rod potion of LMM (88). It is unknown how these
variations in MyHC structure produce robust functional differences including 2-3 fold
differences in myofibrillar ATPase activities (117, 129), rates of force development (40, 93,
118, 123), unloaded shortening velocities (105, 130) and power outputs (51, 72).

9

The thick filament also contains myosin binding protein C (MyBP-C). MyBP-C is
localized to the middle two-thirds of each half sarcomere. MyBP-C is a U-shaped molecule
that can form trimers that are thought to wrap around the thick filament. The trimers are
spaced at 14.2 nm repeats, which coincides with spacing patterns of myosin heads (160).
Also, MyBP-C contains three phosphorylation sites available for either PKA or PKC that are
thought to modulate molecular arrangement. Although the exact role of MyBP-C in muscle
is not fully understood, it has been postulated that MyBP-C plays both functional and
structural roles. Functionally, it has been shown that the presence of MyBP-C can alter Ca2+sensitivity of force in a PKA dependent manner, with increased PKA-induced
phosphorylation decreasing Ca2+-sensitivity of force (75). Additionally, gene targeted
deletion of cardiac MyBP-C yielded myocytes with faster rates of force development and
greater power output (73). These functional effects are thought to involve the interactions
between MyBP-C and the S2 portion of MyHC. MyBP-C has been shown to bind to the S2
segment of myosin near the lever arm domain of the myosin head and this interaction is
thought to be altered by PKA-induced phosphorylation (44, 47). Theoretically, MyBP-C
binding to S2 may keep the myosin heads closer to the thick filament backbone limiting the
range of movement thereby decreasing the probability of myosin binding actin. It follows
then that MyBP-C extraction, truncation, or phosphorylation may create cross-bridges less
constrained with a greater probability of binding to actin. In addition to functional duties, the
binding of MyBP-C to S2 and possibly titin is thought to play a structural role in sarcomeric
assembly as well. Mutations in the MyBP-C gene generating truncated proteins with lesser
binding to MyHC result in disarrangement of structure at the myofilaments (168).
10

Additionally, dephosphorylation of MyBP-C that can occur with ischemia can produce
similar sarcomere disarrangement (24).

1.3 Actomyosin interaction: Cross-bridge cycling

During muscle contraction myosin cross-bridges cyclically interact with actin in a
process that is driven enzymatically by ATP hydrolysis. The chemomechanical states in the
cross-bridge cycle have been studied extensively in skinned muscle fiber preparations and the
transition rates between these states are qualitatively similar to rates derived from muscle
protein studies in solution (46). A current model of the chemomechanical steps in crossbridge cycle is provided in figure 1.4 with rate constants for some defined steps.
Importantly, these rate constants reflect values obtained in psoas muscle fibers at 20° C under
isometric conditions. As the cross-bridge cycle represents a series of enzymatic steps that are
influenced by experimental conditions, changes in conditions certainly may alter rates. In
fact, the kinetics of the cross-bridge transitions have been shown to depend on such things as
velocity of muscle shortening (i.e., strain dependence) and temperature and furthermore these
strain and temperature dependences appear to vary among transition steps (33, 172). For
example, rate of ATP utilization is largely strain dependent, with utilization increasing with
velocity of shortening (33), while ATP hydrolysis is primarily strain independent (34). In
addition, force generating states are greatly affected by changes in temperature, while ATP
binding is only minimally altered (172).
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According to the cross-bridge model, actin and myosin are very tightly bound (i.e., in
the rigor state) in the absence of nucleotide (i.e., the AM state). The binding of ATP to the
nucleotide binding cleft of myosin (with has a second order rate constant of 106 M-1· s-1) (14)
decreases the affinity of myosin for actin, and causes rapid detachment of
the myosin head (step 1). The unattached or weakly attached myosin head then hydrolyzes
ATP into ADP and Pi at a rate of 100 s-1 (84). ATP hydrolysis is associated with a change in
myosin formation to a more compact structure (55). Hypothetically this change in structure
corresponds to a “repriming” of the cross-bridge from a post-powerstroke formation to one
ready and able to move through force-generating steps. Myosin heads with either ATP or
ATP hydrolysis products bound exist in equilbrium between weakly bound or unbound states
(13), as indicated in Figure 1.4. The weakly bound state with a full compliment of nucleotide
products is thought to occur only transiently in intact fibers while moving into a strongly
bound state having the same products (step 3) (13). Though a strongly bound, non-force
generating state is indicated in Figure 1.4, evidence for this state is limited as it again is
likely a very transient state. However, a weak to strong binding step has been postulated to
be the step regulated by Ca2+ (84). Following this, an isomerization of the strongly bound
state (having ADP and Pi bound) is thought to occur producing force (step 4) (4, 42, 156).
This isomerization utilizes a structural change characterized by attached heads becoming
more ordered in the catalytic domain (7) and rotation of the neck region of the myosin
molecule (65). In addition, evidence suggests a proton (H+) is lost in this transition from a
weakly to strongly bound force-generating state (1). This step containing the isomerization is
considered the fundamental force-generating step or powerstroke of the cross-bridge cycle.
The release of Pi is closely related to the force-generating isomerization, with Pi release
13

potentially stabilizes the structure (step 5) (20). The rate of movements through steps 4 and 5
(isomerization and Pi release) are difficult to separate experimentally; though step 5 is at least
40 s-1 (50). Finally, an irreversible isomerization occurs with ADP release following closely
behind (54). Further movement of the cross-bridge is thought to occur during this step
leaving cross-bridges in rigor-like formations (67). This later isomerization and product
release have been proposed to be the rate-limiting step in isometric contractions having a rate
constant of 5-25 s-1 (20, 56). Force generation beginning at step 4 is maintained following Pi
release (step 5) and the isomerization coupled to ADP release (step 6), with the AM*ADP+Pi
(which is reversible) and AM*ADP (which is irreversible) the largest populations of crossbridges during isometric contraction (42). Interestingly, addition of Pi to active muscle
inhibits force by 50-70% (69, 109) indicating that of force-generating cross-bridges only a
small proportion are in force-generating states beyond the irreversible isomerization
associated with ADP release. Furthermore, the observation that addition of physiological
concentrations of Pi can inhibit force indicate that this transition (step 5) is not associated
with a large drop in free energy, making it highly reversible (16, 20). Binding of ATP and
subsequent cross-bridge detachment follow and thus the cycle repeats itself.

As just described, force is generated by cross-bridge rearrangement performing a so
called powerstroke. The amount of force generated depends upon the number of crossbridges in these states (steps 4-6). In addition to generating force the powerstroke can move
the thin filament in the opposite direction of the thick filament (i.e. thin filaments are
propelled toward the middle of the sarcomere). Shortening occurs if the load that crossbridges are cycling against is less than the maximum force that can be generated by the given
14

number of cross-bridges bound. The load dependence of shortening manifests as an inverse
relationship between force and velocity of sarcomere shortening (Figure 2.4). The point at
which the load is so high that no shortening occurs indicates maximal isometric force (the
interception of the x (force)-axis). Isometric force is ultimately determined by the number of
force-generating cross-bridges, and is limited by the balance between the rates of forcegenerating transitions and detachment of positively strained cross-bridges (63). Conversely,
the y(velocity)-intercept of the force-velocity relationship represents cross-bridges cycling
against essentially no load. As velocity increases toward this point, shortening is likely
limited by cross-bridge detachment rates because cross-bridges that remain bound become an
internal load that opposes shortening as filaments slide past each other. Thus, the speed of
unloaded shortening reaches its limit when negative resistance forces equal positive forces
(63). However, it is unknown which chemomechanical transitions are most important in
determining force and shortening speeds at intermediate loads where myocytes produce
optimal power output. As elevations in [Pi] (from 0 to ~15 mM) increase the rate of force
development (4, 53, 147, 151) but have no effect on unloaded shortening velocity in skinned
fast-twitch skeletal muscle fibers (17, 158), experiments in the presence of increased [Pi]
should indicate at which loads shortening velocities are most influenced by Pi transitional
states, i.e., those which are associated with strong-binding to force producing states (steps 3
to 5). Thus, investigation of the effects of elevated [Pi] on loaded shortening and power
output in cardiac myocytes provides mechanistic insights into the transitions that are most
important in determining power output in cardiac myocytes, with particular interest in loads
where power output is optimal since these are the loads that in vivo myocytes are thought to
encounter during the ejection phase of the cardiac cycle.
15

1.4 Cardiac function during Ischemia

Low coronary blood flow can produce cardiac stress and lead to large changes in the
pump performance of the ventricle. For example, patients with coronary artery disease
demonstrate reduced left ventricular function as indexed by decreased ejection fraction and
cardiac output (98). Echocardiography (144) and three-dimensional MRI (100) determined
that global decreases in function are the likely result of regional dysfunction created by
abnormally contracting segments of the myocardial wall. Therefore chronic ischemia has the
ability to produce segmental abnormalities creating global dysfunction and acute coronary
ligation can produce similar results. For instance, acute reduction of regional blood flow by
coronary ligation decreased segmental shortening in open-chest pigs within the first 15 heart
beats, resulting in a significant fall of left ventricular systolic pressure and rates of pressure
development (3). In addition, Langendorff-perfused working heart preparations displayed
rapid declines in developed pressure and slowed rates of pressure decline (157). The
mechanisms for functional changes such as described above are proposed to include (but not
limited to): decreased intracellular [ATP], decreased Ca2+ availability, decreased pH, lowered
free energy of ATP hydrolysis, and increased [Pi]. The actual mechanisms producing
dysfunction are most likely dependent upon many factors such as duration or severity of
ischemia or the experimental model being studied. Further evaluation of the mechanisms
responsible for changes in myocardial function during early acute ischemia have been
provided by studies utilizing nuclear magnetic resonance (NMR) spectroscopy in
combination with functional measurements. One such study measured decreased segmental
shortening in an open-chest pig model of graded ischemia that correlates with decreased pH
16

and increased Pi (127). A subsequent study using working heart preparations showed little
change in [ATP], free energy of ATP hydrolysis, and Ca2+ transients with decreased pressure
generation during moderate ischemia (35). In this study [Pi] and pH were again found to
decrease in relation to diminishing function (35). Of interest is the fact that in this study,
pressure changes during ischemia occurred in the presence of similar [Ca2+] indicating a
potential desensitization of the contractile apparatus to Ca2+. Once again increased [Pi]and
[H+] provide potential mechanisms for this functional observation as it has been reported that
both Pi and H+ decrease Ca2+ sensitivity of force in skinned cardiac muscle preparations (43,
165). These studies and others have utilized skinned preparations to examine the effects of Pi
and H+ on contractile properties of muscle. For example, both Pi and H+ decrease ATPase
activity in skinned rat trabeculae however, they do so to a lesser extent than their effect on
maximal Ca2+-activated force (27). Also, H+ has been reported to slow Vo in cardiac muscle
strips (120), whereas Pi has no effect on skeletal fibers at low concentrations (<15mM) (17,
89, 158) and a small slowing effect at very high concentrations (>50mM) in skeletal muscle
fibers (17). Because measurements of maximum shortening velocity, Ca2+-sensitivity of
force and maximal force production provide some important information concerning the
effects of Pi and H+ on myocardial contractile properties during ischemia, they do not address
directly how these factors modulate rates of force development and rates of loaded
shortening, which more closely assess how myocytes perform during isovolumic contraction
and ejection phases of the cardiac cycle. The following work directly examined the effects of
Pi and H+ on rates of force redevelopment, loaded shortening, and power output in rat
skinned cardiac myocytes.
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When examining the effects of ischemia on the myocardium it is important to
recognize that many factors including contractile protein isoform expression may contribute
to the functional response. Studies using skinned skeletal fibers have reported lesser
depressant effect of Pi (103, 147) or H+ (91) on force in slow-twitch fibers than in fast-twitch
fibers. This may be especially significant in mammalian hearts as MyHC isoform changes
toward β-MyHC isoform (which is the same isoform as in slow-twitch fibers) following
prolonged ischemia, infarction, and during heart failure (119, 167, 169). The potential
differential effects of ischemic metabolites on power output of cardiac myocytes have not
been previously examined even though a switch towards a more resistant isoform would
appear to be advantageous teleologically in situations of ischemic heart disease. Thus, we
examined the effects of increased metabolite concentrations on force, loaded shortening
velocity and power output of single skinned cardiac myocytes primarily expressing either αor β-MyHC. For these studies permeabilized myocyte preparations were used. These
preparations offer several advantages including 1) control of intracellular ionic composition
and substrates, 2) control of sarcomere length, and 3) assessment of MyHC composition on
the same preparation that functional measurements were performed.

1.5 Cardiac function with chronic exercise

During exercise the heart matches increased tissue demand for blood by increasing
cardiac output. This is accomplished acutely by increasing HR and SV (124). Upon the start
of exercise there is increased sympathetic outflow, which activates β-adrenergic receptors
leading to an increase in heart rate, shortening of the refractory period, and enhancement of
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myocardial contractility. Following chronic exercise training, a myriad of changes occur that
increase cardiac contractility such that smaller increases in HR are needed to accommodate
elevations in systemic demand at a given workload (128). Many mechanisms could be
responsible for such results, though, they most likely vary dependent upon exercise type,
duration and intensity.

Increased stroke volume is thought to be due, in part, to training-induced alterations
of the intrinsic contractile function of the myocardium (36, 66, 68, 95). Alterations of
contractile function following exercise have primarily been limited to measurements of either
force production or unloaded shortening velocity. While only a few studies have focused on
the effects of exercise training on the entire force-velocity relationship as it is velocity of
shortening under a load that is most applicable to in vivo function (121). Two studies
utilizing a rat model of chronic exercise training reported increased velocity of shortening for
a given load in myocardial preparations from trained animals (25, 95). However, alterations
in loaded shortening have not been investigated in other animal models, specifically larger
animal models such as swine that may more closely mimic human physiology. The purpose
of the study presented here was to evaluate a pig model of exercise training for mechanical
changes intrinsic to the myofilaments. The use of a porcine model of exercise training to
investigate physiological changes that occur in large mammals may be applicable to humans
as pigs and humans have similar heart morphology and similar adaptive responses to chronic
exercise with respect to maximal oxygen consumption (VO2max), SV, HR and skeletal
muscle oxidation capacity (for review see (87)). This model has previously been shown to
produce increased exercise tolerance, moderate cardiac hypertrophy, increased coronary
19

blood flow capacity, increased oxidative capacity of skeletal muscle and lower heart rates
during exercise at submaximal intensities (77). These changes occurred without alterations
in myofibrillar ATPase, Ca2+ regulatory systems, or the metabolic system (77). However,
SV was increased at submaximal workloads (77).

Greater SV following exercise training could be the result of a number of things
including greater ventricular volume, less aortic resistance or greater myocardial
contractility. Multiple structural and functional adaptations within the heart could be
responsible for such changes, such as: myocardial hypertrophy, changes in Ca2+ handling,
altered myofibrillar protein expression and covalent modification of myofibrillar proteins (as
reviewed(96)). Alterations in myocyte morphology may contribute to enhanced contractility.
For example, myocyte hypertrophy occurring with endurance training can increase the
tension-generating capacity of cardiac muscle (101, 148). As opposed to changes in width,
changes in length have also been reported following exercise training (68, 97). Greater cell
length contributes to enlargement of the ventricular chamber allowing greater ventricular
filling. Additionally, changes to Ca2+ handling with exercise training have been reported.
Data from experiments measuring Ca2+ transients and sensitivity have been mixed, with a
few studies reporting an increase in myofilament Ca2+ sensitivity (26, 68, 163) while others
have seen no difference in sensitivities (101) or Ca2+ transients (79, 163) in ventricular
myocytes from exercise trained as compared to sedentary control rats. As opposed to
myocyte size or Ca2+ handling, changes in myofibrillar protein content also occur following
exercise training. Shifts toward greater α-MyHC content have been reported in multiple
endurance exercise training models (9, 49, 66). Greater α-MyHC content increases the rate
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of force redevelopment following a mechanical perturbation (ktr) in cardiac muscle
preparations (40). And, while maximal Ca2+-activated force is not different between α- and
β-MyHC myocytes, power generating capacity is about three times higher in α-MyHC
myocytes and working heart preparations (72). Increased ktr or loaded shortening would
enhance contractility thus providing a potential molecular mechanism for the exercise
induced enhancement of SV. In addition to MyHC, cardiac TnT (cTnT) protein isoform
expression was recently found to be altered in a pig model of diabetes and exercise (74).
Moreover, cTnT isoform expression correlated with fractional shortening, whereby higher
levels of the larger isoforms were found in heart that had greater function (74). Furthermore
changes in cTnT isoform content occur in humans during the progression to heart failure (6)
further indicating a potential causative role in functional changes. Finally, sympathetic
innervation increases during exercise, increasing β-adrenergic activity of the heart. In
cardiac myocytes the response pathway includes β-adrenergic receptor activation of
adenylate cyclase (AC) and increased intracellular concentrations of cAMP. Basal and peak
AC activities increase in young and aged rats following treadmill exercise training (11, 126).
Higher levels of cAMP allow increased PKA activity. As discussed previously, PKAinduced phosphorylation of cTnI and MyBP-C increase myofibrillar functional capacity by
increasing the rate of force development (110) and loaded shortening velocity causing the
production of greater power output (52). The main objective of this study was to determine
if myocardial contractility differs from sedentary (SED) and exercise trained (EX) pig
myocytes as indexed by isometric force, loaded shortening velocity, power output and rate of
force development during maximal Ca2+ activation. Another objective of the study presented
here was to determine if alterations in cardiac myofibrillar proteins may account for any
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functional differences observed. Specifically, we examined relative MyHC content, relative
cardiac cTnT isoform content, and PKA-induced baseline phosphorylation of the myofibrillar
proteins cardiac cTnI and MyBP-C.
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Chapter 2.

INORGANIC PHOSPHATE SPEEDS LOADED SHORTENING
IN RAT SKINNED CARDIAC MYOCYTES.

ABSTRACT
Force generation in striated muscle is coupled with inorganic phosphate (Pi) release
from myosin, because force falls with increasing [Pi]. However, it is unclear which crossbridge transitional states limit loaded shortening and power output. We examined the role
that Pi plays in determining force, unloaded shortening, loaded shortening, power output, and
rate of force development in rat skinned cardiac myocytes. Myocytes (n =6) were attached
between a force transducer and position motor and contractile properties were measured over
a range of loads during maximal Ca2+ activation. Addition of 5mM Pi had no effect on
maximal unloaded shortening velocity Vo (Control Vo = 1.83 ± 0.75; 5mM added Pi Vo =
1.75 ± 0.58 ML/sec, n =6). Conversely, addition of 2.5, 5, and 10 mM Pi progressively
decreased force but resulted in faster loaded shortening and greater power output (when
normalized for the decrease in force) at all loads greater than ~15% isometric force. Peak
normalized power output increased 16% with 2.5 mM added Pi and further increased to a
plateau of ~35% with 5 and 10 mM added Pi. Interestingly, the rate constant (ktr) of force
redevelopment progressively increased from 0 to 10 mM added [Pi] with ktr being ~360%
greater at 10mM than 0 mM added [Pi]. Overall, these results suggest that the Pi release step
in the cross-bridge cycle is rate-limiting step for determining shortening velocity and power
output at intermediate and high relative loads in cardiac myocytes.
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INTRODUCTION
During muscle contraction myosin cross-bridges cyclically interact with actin in a
process that is driven energetically by hydrolysis of ATP. The chemomechanical states in
the cross-bridge cycle have been investigated extensively in skinned muscle fiber
preparations and the transition rates between these states are qualitatively similar to rates
derived from muscle protein studies in solution (46). A working model for the
chemomechanical steps in the cross-bridge cycle is shown in Figure 1.4 (153), that is based
on extensive work in the field (for reviews see (16) and (46)).

According to this model, the transition from weak-binding, non-force generating
cross-bridges to strong-binding, force generating states is associated with the release of Pi
(steps 3-5) (53). Force generation is maintained through the release of ADP (step 6) (21, 83),
which is followed by binding ATP and subsequent cross-bridge detachment. The binding of
ATP and its hydrolysis are thought to be relatively fast processes in skinned fibers (34, 45,
84). Thus, the rate limiting step in the cross-bridge cycle is thought to occur following ATP
hydrolysis, either during an isomerization of the AM ADP Pi state (step 3), which is
associated with the weak to strong binding transition, or an isomerization step of the AM
ADP state just prior to ADP release (i.e., step 6) and cross-bridge detachment (for reviews
see (16) and (46)). Another factor in this cross-bridge schematic is the fact that transition
rates vary as a function of load on the muscle, becoming faster as muscle load is reduced.
For instance, the rate constant of force decline (kPi) following rapid increase in solution Pi
varied linearly as a function of load (62). Thus, the rate limiting steps may be different as the
load on the myofilaments changes. For instance, unloaded muscle shortening is likely
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limited by cross-bridge detachment rates, because cross-bridges that remain bound ultimately
become an internal load as filaments slide past each other. Thus, the speed of shortening of
an unloaded muscle is thought to reach its limit when compressive resistance forces equal
positive forces (63). At the other intercept of the force-velocity curve, isometric force is
ultimately determined by the number of force-generating cross-bridges, which is limited by
the balance between the rates of force-generating transitions and detachment of positively
strained cross-bridges. It is unknown which chemomechanical transitions are most important
in determining force and shortening speeds and, thus, power output at intermediate loads
where muscles perform work. As elevations in [Pi] (from 0 to ~15 mM) increase the rate of
force development (4, 53, 147, 151); but have no effect on unloaded shortening velocity in
skinned fast-twitch skeletal muscle fibers (17, 89, 158), experiments in the presence of
increased [Pi] should indicate at which loads shortening velocities are most influenced by Pi
transitional states, i.e., those which are associated with weak to strong-binding to force
producing states (steps 3 to 5). Thus, we investigated the effects of elevated [Pi] on loaded
shortening and power output in permeabilized single cardiac myocytes in order to gain
mechanistic insights into the cross-bridge steps that are most important in determining power
output in cardiac myocytes, with particular interest in loads where power output is optimal as
these are the loads that in vivo myocytes are thought to encounter during the ejection phase of
the cardiac cycle.
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METHODS
Cardiac myocyte preparation
Normal Sprague-Dawley rats were obtained from Harlan (Madison, WI), maintained,
and humanely killed according to guidelines set by the Animal Care and Use Committee of
the University of Missouri. Single skinned cardiac myocytes were obtained by mechanical
disruption of hearts as described previously (85). Rats were anaesthetized by inhalation of
isoflurane (0.05 mg) for 2-4 minutes in an airtight one-liter container and their hearts were
excised and rapidly placed in ice cold relaxing solution. The ventricles were dissected away
from the atria, cut into 2-3 mm pieces and further disrupted for 5-10 seconds in a Waring
blender. The resulting suspension of cells was centrifuged for 65 sec at 165 x g, after which
the supernatant fluid was discarded. The myocytes were skinned by suspending the pellet of
cells for 3 min in 0.5 % ultrapure Triton X-100 (Pierce Chemical Co.) in relaxing solution.
The skinned cells were washed twice with cold relaxing solution, resuspended in 10-15 ml of
relaxing solution and kept on ice during the day of the experiment. Myocytes were used
within 12 hours of isolation.

Solutions
Relaxing solution in which the ventricles were disrupted, skinned, and suspended
contained (in mmol/L): EGTA 2, MgCl2 5, ATP 4, imidazole 10, and KCl 100 at pH 7.0.
Compositions of relaxing and activating solutions used in mechanical measurements were as
follows (mmol/L): EGTA 7, free Mg2+ 1, imidazole 20, MgATP 4, creatine phosphate 14.5,
pH 7.0, Ca2+ concentrations of 10-9 M (relaxing solution) and 10-4.5 M (maximal activating
solution), and sufficient KCl to adjust ionic strength to 180 mM. Activating solutions used in
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phosphate experiments were identical to those described above except for inclusion of 2.5, 5
and 10 mM concentrations of potassium phosphate (KH2PO4) before adjustment to ionic
strength of 180 mM. The final concentrations of each metal, ligand and metal-ligand
complex at 13°C were determined with a computer program (31). Immediately preceding
activations, muscle preparations were immersed for 60 s in a solution of reduced Ca2+-EGTA
buffering capacity, identical to normal relaxing solution except that EGTA is reduced to 0.5
mM. This protocol resulted in more rapid steady state force development and helped
preserve the striation pattern during activation.

Experimental Apparatus
The experimental apparatus for physiological measurements of myocyte preparations
was similar to one previously described in detail (99) and modified specifically for cardiac
myocyte preparations (85). Briefly, myocyte preparations were attached between a force
transducer and torque motor by gently placing the ends of the myocyte into stainless steel
troughs (25 gauge). The ends of the myocyte were secured by overlaying a 0.5 mm long
piece of 3-0 monofilament nylon suture (Ethicon, Inc.) onto each end of the myocyte, and
then tying the suture into the troughs with two loops of 10-0 monofilament suture (Ethicon,
Inc.). The attachment procedure was performed under a stereomicroscope (~100x
magnification) using finely shaped forceps.

Prior to mechanical measurements the experimental apparatus was mounted on the
stage of an inverted microscope (model IX-70, Olympus Instrument Co., Japan), which
rested on a pneumatic anti-vibration table with a cut-off frequency of ~1 Hz. Force
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measurements were made using a capacitance-gauge transducer (Model 403-sensitivity of 20
mV/mg plus a x10 amplifier and resonant frequency of 600 Hz; Aurora Scientific, Inc.,
Aurora, ON, Canada). Length changes during mechanical measurements were introduced at
one end of the preparation using a DC torque motor (model 308, Aurora Scientific, Inc.)
driven by voltage commands from a personal computer via a 12-bit D/A converter (AT-MIO16E-1, National Instruments Corp., Austin, TX, USA). Force and length signals were
digitized at 1 kHz using a 12-bit A/D converter and each was displayed and stored on a
personal computer using custom software based on LabView for Windows (National
Instruments Corp.).

Images of the myocyte preparations were recorded digitally on a personal computer
while relaxed and during activation using a Hamamatsu CCD camera (model 2400) and
video snapshot software (Figure 1). Videomicroscopy was completed using a 40x objective
(Olympus UWD 40) and 25x intermediate lenses. During and after each experiment, the
images were reviewed to obtain sarcomere length measurements from the myocyte while
relaxed and activated; myocyte length and width for cross-sectional area calculations also
were obtained from these images. Sarcomere lengths of these preparations was set to yield
passive forces near zero. The dimensions of the skinned cardiac myocyte preparations are
reported in Table 2.1.

Mechanical measurements
All mechanical measurements were made at 13 ± 1°C. Power output of single
skinned myocyte preparations was determined at varied loads as previously described (85).
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Briefly, myocytes were placed in activating solution and once steady-state force developed, a
series of force clamps (less than steady-state force) were performed to determine isotonic
shortening velocities. Using a servo-system, force was maintained constant for a designated
period of time (150-250 msec) while the length change was continuously monitored.
Following the force clamp, the myocyte preparation was slackened to reduce force to near
zero to allow estimation of the relative load sustained during isotonic shortening; the
myocyte was subsequently re-extended to its initial length.

Table 2.1. Summary of Skinned Cardiac Myocyte Dimensions
Sarcomere Length
Length (µm)

Width (µm)

pCa 9.0 (µm)

pCa 4.5 (µm)

131 ± 28

22.8 ± 2.6

2.36 ± 0.05

2.29 ± 0.10

Values are means ± SD; n = 6.

Isotonic shortening velocities were measured in activating solutions containing varied
amounts of additional Pi (0, 2.5, 5 and 10 mM). Each cell underwent a series of loaded
contractions in each of the Pi solutions, whose order was chosen at random. In this way each
cell served as its own control and pairwise statistical analysis could be performed. Isometric
force was measured in activating solution with no additional Pi prior to and following
measurements of isotonic shortening velocities to detect rundown of the preparation.
Myocytes were discarded if a 20% or greater decrease in isometric tension occurred.
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The kinetics of force redevelopment were obtained using a procedure previously
described for skinned cardiac myocyte preparations (73). While in Ca2+ activating solution,
the myocyte preparation was rapidly shortened by ~15% of the myocyte’s initial length (Lo)
to produce zero force. The myocyte preparation was then allowed to shorten for ~20 ms;
after 20 ms the preparation was rapidly re-stretched to ~105% of its initial length (Lo) for 2
ms and then returned to Lo. The slack-re-stretch maneuver caused dissociation of crossbridges and subsequent force redevelopment was due to reattachment of cross-bridges and
transition to force-generating states. Force redevelopment measurements were carried out
prior to the series of loaded contractions at each Pi concentration.

Unloaded shortening velocity (Vo) was measured during maximal Ca2+ activations
using the slack test method (28, 140). Once steady-state force was reached the myocyte
preparation was rapidly (< 2 msec) slackened to a predetermined value between 5% and 20%
of its initial length. The time between the imposition of the slack step and the onset of force
redevelopment was measured from the intersection of two lines fitted by eye through the zero
force baseline and the initial phase of force redevelopment (Figure 2.3). The length of
release was plotted against the duration of unloaded shortening and Vo was determined from
the slope of a line fitted to the data by linear regression analysis.

Data Analysis
Myocyte preparation length traces were fit to a single decaying exponential equation:
(1)

L = Ae-kt + C
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where L is cell length at time t, A and C are constants with dimensions of length, and k is the
rate constant of shortening (kshortening). 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,
velocities of shortening were calculated at the onset of the force clamp (i.e., t = 0).

Hyperbolic force-velocity curves were fit to the relative force-velocity data using the
Hill equation (57):
(P + a)(V + b) = (Po + a)b

(2)

where P is force during shortening at velocity V; Po is the peak isometric force; and a and b
are constants with dimensions of force and velocity, respectively. Power-load curves were
obtained by multiplying force x velocity at each load on the force-velocity curve. The
optimum force for mechanical power output (Fopt) was calculated using the equation (164):
Fopt = (a2 + a·Po)1/2 - a

(3)

Curve fitting was performed using a customized program written in Qbasic, as well as
commercial software (Sigmaplot).

Force redevelopment traces were fit by a single exponential function:
F = Fmax (1 – exp(-ktrt)) + Fres,
where F is tension at time t, Fmax is maximal tension, and ktr is the rate constant of tension
redevelopment. Fres represents any residual tension present immediately after the slackrestretch maneuver.
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Statistics
One–way repeated measures ANOVA were used to determine significant effects on
force, absolute and normalized power output, and ktr from varied Pi concentrations. The
Student-Newman-Keuls test was used post hoc to assess the differences among means. A
paired t-test was used to compare Vo values before and after addition of 5 mM Pi. p < 0.05
was chosen as indicating significance. Values are expressed as means ± SD unless otherwise
indicated.

RESULTS
The addition of Pi resulted in a progressive decrease in maximal Ca2+ activated force
in skinned cardiac myocyte preparations. Force declined from a control value of 21 ± 7
kN·m-2 to 14 ± 5 kN·m-2, 12 ± 5 kN·m-2, and 7 ± 3 kN·m-2 in the presence of 2.5, 5, and 10
mM added [Pi], respectively. These effects of added Pi on skinned myocyte preparations
were quantitatively similar to those from permeabilized multicellular cardiac muscle
preparations at pH 7.0 (103).

Previous studies have reported that maximal velocity of shortening (i.e., unloaded) is
minimally affected by addition of up to 15 mM added Pi in fast-twitch skeletal muscle fibers
(17, 89, 158). We addressed whether Pi alters unloaded shortening velocity (Vo) in cardiac
myocyte preparations using slack tests before and after the addition of 5 mM Pi. Figure 2.1
shows force traces following rapid slack steps in a cardiac myocyte preparation during
maximal Ca2+ activation in the presence and absence of 5 mM added Pi. Consistent with
skeletal muscle reports, Vo was unchanged in response to added Pi in cardiac myocyte
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preparations (Control Vo = 1.83 ± 0.75; 5 mM added Pi Vo = 1.75 ± 0.58 ML/sec). This
finding suggests that cross-bridge interaction transitions that limit maximal shortening
velocity (i.e., detachment of compressively strained cross-bridges) are minimally affected by
addition of Pi.

A main focus of this study was to examine the effects of added Pi on rates of loaded
shortening and power output of cardiac myofibrils. Since previous studies using skinned
fiber preparations imply that added Pi speeds force-generating transitions (4, 94) but has no
effect on detachment rates of compressively strained cross-bridges (see above), the addition
of Pi would be expected to increase normalized power only at loads where loaded shortening
is limited by force-generating transition rates. We measured skinned myocyte shortening
velocities over a range of loads and plotted averaged force-velocity and power-load curves in
response to added Pi (Figure 2.2). For these curves, force was normalized for the Pi-induced
decrease in isometric force, which allowed direct observation of how Pi alters shortening
velocity and power at given relative loads. Addition of Pi sped loaded shortening and
increased normalized power output over load ranges above ~10% isometric force. Peak
normalized power output increased 16% with 2.5 mM added Pi and was further elevated to a
plateau of ~35% greater than 0 mM Pi with the addition of 5 and 10 mM (Figure 2.2). These
results taken together with the Vo results imply that force-generating transition rates (which
are Pi dependent) as opposed to detachment rates (of compressively strained cross-bridges)
determine power output over most load ranges in cardiac myocytes. Interestingly, though,
the increase in loaded shortening with added Pi was not great enough to offset the Pi-induced
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Figure 2.1
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Figure 2.1. Effect of 5mM added Pi on unloaded shortening velocity (Vo) in a skinned
myocyte preparation.
A. Length traces and force traces are shown during a slack test before and after addition of 5
mM Pi. Unloaded shortening times following length changes were similar before and after
the addition of Pi. B. Slack plot before and after addition of Pi. Vo for this skinned myocyte
preparations was 1.29 ML/s before and 1.18 ML/s after the addition of 5 mM Pi.
Additionally, in this same myocyte preparation, loaded shortening was measured and peak
normalized power output was ~35% greater after addition of 5 mM Pi (data not shown),
which is consistent with the results from the six myocyte preparations reported in Table 2.2.
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14 ± 5*
12 ± 5*†
7 ± 3*†‡

4.8 ± 1.0*

4.1 ± 1.3*†

2.4 ± 0.9*†‡

2.5
mM

5 mM

10 mM
0.33 ± 0.03

0.33 ± 0.04

0.32 ± 0.03

0.28 ± 0.03

Fopt
(P/Po)

0.35 ± 0.11

0.36 ± 0.19

0.32 ± 0.11

0.18 ± 0.05

a/Po

0.41 ± 0.04*†

0.43 ± 0.07*†

0.36 ± 0.06

0.35 ± 0.07

Vopt
(ML·s-1)

Values are means ± SD. *p < 0.05 vs 0mM Pi, †p< 0.05 vs 2.5 mM Pi, ‡p < 0.05 vs 5 mM Pi.

21 ± 7

7.0 ± 1.4

0 mM

Maximum Force
(kN·m-2)

Maximum Force
(µN)

Added
[Pi]

41 ± 13*†‡

71 ± 12*

71 ± 14*

85 ± 12

Peak
absolute
power output
(pW)

0.118 ± 0.019*
0.140 ± 0.025*†
0.136 ± 0.022*†

1.65 ± 0.77*
0.99 ± 0.58*†‡

0.102 ± 0.009

1.95 ± 0.82
1.61 ± 0.61*

Peak normalized
power output
(P/Po·ML·s-1)

Peak absolute
power output
(mW·mg-1)

Table 2.2. Effects of Pi addition on mechanical properties of skinned cardiac myocyte preparations.
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Figure 2.2. Effect of added Pi on myocyte force-velocity and power-load relationships.
A. Force-velocity and normalized power-load curves shifted upward in response to increased
concentrations of added [Pi]. B. Absolute force-velocity and power-load curves in presence
of 0 and 2.5 mM added Pi. Data points are means ± SEM.
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fall in force to maintain absolute power output (Figure 2.2). Peak absolute power output (85
± 12 pW, with no additional Pi) decreased 16% (71 ± 14 pW) with 2.5mM Pi added, 16% (71
± 12 pW) with 5mM Pi and 52% (41 ± 13 pW) with 10 mM Pi. Thus, added Pi increases
power output at a given relative load but not at a specific absolute load due to its marked
effect of depressing force generation capacity.

We also addressed the effects of added Pi on the rate of myocyte force development
following a mechanical perturbation to assess the potential role of this process in determining
loaded shortening and power output. The rate constant of force redevelopment (ktr) increased
in the presence of rising Pi concentrations (Figure 2.3). ktr increased from 6.1 ± 1.4 s-1 in
controls to 8.5 ± 1.3 s-1 in the presence of 2.5 mM Pi, representing a 40% increase from
control. Addition of 5 mM and 10 mM Pi further increased ktr 94% (11.8 ± 3.1 s-1) and 379%
(28.1 ± 7.8 s-1) above control, respectively. Interestingly, the residual force (i.e., the force
just prior to force redevelopment) was consistently higher as added Pi increased. Residual
forces were 20 ± 3%, 30 ± 3%, 37 ± 4% and 47 ± 11% of isometric force at 0, 2.5, 5 and 10
mM added Pi, respectively. The exact reason for this is unclear but may involve faster
transition(s) to force generating cross-bridges as a function of [Pi]. Because of this
potentially confounding influence of residual force, we also examined the rate of force
redevelopment following a ~10% slack step. The rates of force development were 4.77 ±
1.81 with no added Pi and 8.57 ± 2.30 with 5 mM Pi (p = 0.003, n = 6); this result is
quantitatively similar to that observed with the slack re-stretch maneuver. Overall, these
results are quantitatively different from the Pi-induced increase in normalized power output,
37

A

Length
Shortened (µm)

Figure 2.3
0
10
0

200

400

600

800

1000

800

1000

10 m M P i

Relative Force

1.0
0.8
0.6

5 m M Pi

0.4

0 m M Pi

0.2
0.0
0

400

600

Tim e (m sec)

Rate constant of force redevelopment
(k ) (s-1)
tr

B

200

40
35
30
25
20
15
10
5
0
0

2

4

6

8

10

Inorganic phosphate added (mM)

Figure 2.3. Effect of added Pi on force development rates.
A. Length trace and force development traces during maximal Ca2+ activation in the
presence of 0, 5, and 10 mM added Pi in the same cardiac myocyte preparation. B. The rate
constant of force redevelopment (ktr) progressively increased as a function of added [Pi].
Data points are means ± SD.
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suggesting that cross-bridge steps that determine power output differ from the transitions that
limit force redevelopment in cardiac muscle.

DISCUSSION
This study examined the effects of added Pi on force, unloaded shortening, loaded
shortening, power output, and rates of force development in rat skinned cardiac myocyte
preparations. Addition of Pi lowered isometric force, had no effect on unloaded shortening
velocity but increased loaded shortening, power output, and rates of force development. The
decrease in force exceeded the decline in peak absolute power output because of the Piinduced increase in loaded shortening velocity. The increase in loaded shortening velocity
yielded greater peak myocyte power output after normalizing for changes in isometric force.
These results, taken together, suggest that peak power output is more determined by forcegenerating steps in the cross-bridge cycle than cross-bridge detachment rates since Pi is
known to speed force-generating transitions but appeared to have no effect on detachment of
compressively strained cross-bridges.

The effects of Pi on contractile properties have been extensively examined in both
skinned skeletal and cardiac muscle preparations. Interestingly, contractile properties of
cardiac muscle preparations appear to be more sensitive to added Pi than skeletal muscle
preparations. For instance, Nosek et al. (103) reported that 10 mM added Pi decreased
cardiac muscle force ~60% compared to a 40% force decline in skeletal muscle preparations
in the same study. We also observed that force declined ~65% in cardiac myocyte
preparation in response to 10 mM added Pi. While data from skeletal muscle fiber
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preparations report a wide range of force decline in response to added Pi (~30-55%), more
recent data using myofibrils from fast-twitch skeletal muscle have reported greater effects of
Pi (eg., 70% decline in force) with 10 mM Pi (146). The exact reasons are unclear for the
differences in Pi responsiveness between fibers and myofibrils preparations but may involve
procedures used to reduce contaminating Pi as described by Pate et al. (109) and used in the
myofibril experiments (147). Also there is likely an inverse relationship between preparation
diameter and force decline in response to added [Pi] because of greater accumulation of Pi
from myofibrillar ATPases (and, thus, higher baseline [Pi]) in thicker preparations (70, 139).
Regarding other contractile properties, added Pi has been reported to increase kPi (the rate
constant of force decline after rapid increases in solution Pi) to a greater extent in cardiac
myocyte preparations than in fast-twitch skeletal muscle fibers (4, 154). Additionally, the
increase in ktr with added [Pi] (from 0 mM to 10 mM) was upwards of three-fold in our
skinned cardiac myocyte preparations versus a 50% increase in fast-twitch skinned skeletal
muscle fibers (151). Taken together, these results suggest contractile properties appear to be
more sensitive to elevations in [Pi] in cardiac muscle than skeletal muscle at least over a
range of 0-10 mM added Pi. This may have implications in the response of these two striated
types of myofibrils to metabolite (i.e., Pi) build up associated with ischemia. For cardiac
muscle, [Pi] is thought to rise to as high as 30 mM during ischemia (2), such a rise in [Pi]
would likely result in a marked fall in force-generating cross-bridges but the faster rates of
force development and loaded shortening would tend to compensate to possibly help sustain
adequate stroke volume and cardiac output.
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A primary purpose of this study was to assess which step(s) in the cross-bridge cycle
may be most important in determining myocyte shortening and power output at various
loads. In looking at a force-velocity curve (Figure 2.4), shortening velocity at low loads is
thought to be limited by detachment of compressively strained cross-bridges, which appears
to be limited by ADP release from actomyosin (131, 170) and/or by mechanical detachment
of highly compressed cross-bridges (18). Conversely, loaded shortening and power at high
loads are thought to be determined by force-generating steps in the cross-bridge cycle, which
are thought to be coupled to Pi release (53) and/or an isomerization that is in rapid
equilibrium with Pi release from the actomyosin complex (94, 154). The question then arises
as to what load does the cross-bridge step(s) that limit power shift from force-generating
transitions to detachment rates?

Figure 2.4
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Our experiments were designed to alter one of these processes (i.e., force-generating
transitions) but not the other (i.e., detachment rates). In this regard, elevations in Pi (from 0
to ~15 mM) have been reported to speed the rates of force generation in skeletal (147, 151)
and cardiac muscle preparations (4) but had minimal effects on unloaded shortening velocity
in fast-twitch skeletal muscle fibers (17, 89, 158). We also found no effect of 5 mM Pi on
unloaded shortening velocity in skinned cardiac myocyte preparations (Figure 2.2). Thus, we
examined how added Pi affects power-load curves; if force-generating steps were the primary
determinants over a large range of loads, then added Pi would increase power over much of
the curve. If, on the other hand, force-generating steps only determine power at high loads,
accelerating these steps with added Pi should only increase power at high loads.
Interestingly, loaded shortening and power output increased with 2.5 mM added Pi over all
relative loads greater than ~10% isometric force (Figure 2.1). In fact, both loaded shortening
and power output continued to increase and reached a plateau at all loads greater than 10%
isometric force when added [Pi] was increased to 5 mM. These results suggest that forcegenerating steps associated with Pi release are most important in limiting power output over
most loads in cardiac myofibrils.

Our results are also consistent with similar studies on skeletal muscle fiber
preparations that sought insight into which chemomechanical transitions might determine
power output at various loads. For example, a study by Ford et al. (41) examined power
output over a range of loads in rabbit skinned fast-twitch skeletal muscle fibers and
discovered that osmotic compression of fibers resulted in reduced velocity and power at low
loads but had little effect at intermediate and high loads. Since osmotic compression slowed
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unloaded shortening velocity this implies that cross-bridge detachment limits power output at
low loads. Consistent with this idea, lowering ATP concentrations or substituting ATP with
CTP also slowed unloaded shortening velocity and decreased power output only at low loads
in rat skinned slow-twitch skeletal muscle fibers (152). A recent study also found that
increased [Pi] sped loaded shortening in fast-twitch skeletal muscle fibers at loads greater
than ~15% isometric force (38). Taken together, these studies suggest that power output in
striated myofibrils is rate-limited at low loads by the same chemomechanical transitions that
limit unloaded shortening speeds whereas at intermediate and high loads it is limited by
chemomechanical transitions that are associated with force-generation.

Interestingly, the addition of Pi also increased the rates of force development but to a
much greater extent than it did in peak normalized power. The exact reasons for the different
Pi dependencies of force development and power are unclear. One possibility is that force
development is limited by the cooperative activation of near-neighbor regulatory units on the
thin filament by strongly binding cross-bridges (37, 39, 141) and addition of Pi increases the
number of strongly binding non-force generating cross-bridges (A M ADP Pi). This is
consistent with the finding that Pi addition, like addition of strongly binding NEM modified
cross-bridges (142), eliminated the slow phase of unloaded shortening following slack steps
in skinned fast-twitch skeletal muscle fibers during submaximal Ca2+ activations (89).
Loaded shortening, on the other hand, is not likely limited by the number of strongly bound
non-force generating cross-bridges (A M ADP Pi) at least during maximal Ca2+ activations
(86). Rather, shortening velocity and power output (over most loads) appear to be
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determined by Pi release steps in the cross-bridge cycle, which are modulated to a different
extent than thin filament activation rates by addition of Pi.

In summary, this study implies that myocyte power output is determined by Pisensitive force-generating transitions in the cross-bridge cycle as opposed to detachment of
compressively strained cross-bridges. However, even though Pi speeds loaded shortening at
given relative loads, the increase in velocity does not appear to be great enough to
compensate for the Pi-induced decrease in force; this yields an overall decrease in absolute
power generating capacity, providing a myofibrillar mechanism for depressed myocardial
work capacity and function during ischemia.
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Chapter 3. Β-MYOSIN HEAVY CHAIN MYOCYTES ARE MORE RESISTANT
THAN Α-MYHC MYOCYTES TO CHANGES IN POWER OUTPUT
INDUCED BY ISCHEMIC CONDITIONS.

ABSTRACT
During ischemia intracellular concentrations of inorganic phosphate (Pi) and
hydrogen ions (H+) increase. Also, changes in myosin heavy chain isoform (MyHC) from
towards the β-MyHC isoform have been reported following ischemia and infarction
associated with coronary artery disease. The purpose of this study was to investigate the
effects of myoplasmic changes of Pi and H+ on the loaded shortening velocity and power
output of cardiac myocytes expressing either α- or β-MyHC. Skinned myocytes were
obtained from adult, male Sprague-Dawley rats (control or PTU treated to induce β-MyHC)
and mounted between a force transducer and servo-motor system. Myocytes were subjected
to a series of isotonic force clamps to determine shortening velocity and power output during
Ca2+ activations in each of the solutions: (i) pCa 4.5, pH 7.0, (ii) pCa 4.5, pH 7.0, 5 mM Pi,
(iii) pCa 4.5, pH 6.6, and (iv) pCa 4.5, pH 6.6, 5 mM Pi. Added Pi and lowered pH each
caused isometric force to decline to the same degree in α-MyHC and β-MyHC myocytes,
however, β-MyHC myocytes were more resistant to changes in absolute power output. For
example, peak absolute power output fell 53% in α-MyHC myocytes while power fell only
38% in β-MyHC myocytes in response to elevated Pi and lowered pH (i.e., solution (iv)).
The reduced effect on power output was the result of a greater speeding of loaded shortening
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velocity induced by Pi in β-MyHC myocytes and an increase in loaded shortening velocity at
pH 6.6 that occurred only in β-MyHC myocytes. We conclude that the functional response
to elevated Pi and lowered pH during ischemia is MyHC isoform dependent with β-MyHC
myocytes being more resistant to declines in power output.

INTRODUCTION
The capability of the heart to pump blood is dependent upon its ability to contract against a
load and thus generate power. During times of reduced blood flow to the myocardium this
pumping capability is compromised. Multiple factors are involved in reducing contractile
function of the myocardium during ischemia many of which are dependent upon the duration
and severity of ischemia. However, a principle cause for the fall in force production during
early ischemia is thought to be the accumulation of metabolic byproducts specifically
inorganic phosphate (Pi) and hydrogen ions (H+) (27, 30, 76, 104, 132). Some of the effects
of alterations in myoplasmic electrolyte composition occurring during myocardial ischemia
on contractile function have been examined using skinned cardiac muscle. Experiments
utilizing skinned strips of cardiac trabeculae in the presence of 0-30mM Pi demonstrated a
progressive decrease in force production with increasing [Pi] (27, 69, 70, 103). However not
all effects appeared to be detrimental as [Pi] up to 10mM increased loading shortening at
loads greater than 10% maximal isometric tension in single skinned cardiac myocytes (58).
The increase in loaded shortening velocity at elevated Pi attenuated the fall in peak absolute
power (the product of force and velocity), however the compensation was not enough to
completely prevent a decline in absolute power production. Increases in H+ (i.e. acidosis)
that occur during ischemia also decrease cardiac myocyte function. In contrast to Pi, H+ has
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been reported to decrease unloaded and loaded shortening velocity in cardiac trabeculae
preparations (120) in addition to decreasing isometric force production (32, 69, 90, 104).
Studies examining increases of both Pi and H+ working in concert have primarily been
limited to assessments of alterations in force production (69, 103, 150). In cardiac muscle
these two additively decrease isometric force (69, 103) while the effects upon loaded
shortening and power output are unknown. Thus, we tested the hypothesis that added Pi and
H+ will act additively to decrease peak absolute power output in single skinned cardiac
myocytes.

When examining the effects of ischemia on the myocardium it is important to
recognize that many factors including contractile protein isoform expression may contribute
to the functional response. Studies using skinned skeletal fibers have reported lesser
depressant effect of Pi (103) or H+ (91) on force in slow-twitch fibers than fast-twitch fibers.
This may be especially significant in mammalian hearts as myosin heavy chain (MyHC)
isoform changes toward β-MyHC isoform (which is the same isoform as in slow-twitch
fibers) following prolonged ischemia, infarction, and during heart failure (119, 167, 169).
The potential differential effects of ischemic metabolites on power output of cardiac
myocytes have not been previously examined even though a switch towards a more resistant
isoform would appear to be advantageous teleologically in situations of ischemic heart
disease. Thus, we examined the effects of increased metabolite concentration on force,
loaded shortening velocity and power output of single skinned cardiac myocytes primarily
expressing either α- or β-MyHC. Utilizing Triton-skinned cardiac myocytes from control
and PTU-treated rats (to induce β-MyHC expression) force-velocity relationships were
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determined in the presence of Pi (5mM) or H+ (pH 6.6) alone and together to determine the
effect of simulated ischemic conditions on myocyte function. The results show that Pi and
H+ act additively to depress force in both α- and β-MyHC myocytes. Additionally, 5mM Pi
increased loaded shortening velocity in both α- and β-MyHC myocytes. Lowered pH had no
effect on loaded shortening in α-MyHC myocytes but increased loaded shortening in βMyHC myocytes. From these results it was concluded that α-MyHC and β-MyHC myocytes
are equally sensitive to depression of force by Pi and H+ but β-MyHC myocytes are more
tolerant to changes in metabolite concentrations as indexed by power generating capacity.

METHODS
Cardiac myocyte preparation
Sprague-Dawley rats were obtained from Harlan (Madison, WI) and maintained
according to guidelines set by the Animal Care and Use Committee of the University of
Missouri. Single skinned cardiac myocytes were obtained from rats treated for ~3 weeks
with 5-n-propyl-2-thiouracil (PTU; 0.6g/L in drinking water) or age-matched controls by
mechanical disruption of hearts as described previously (85). PTU treatment has been
successfully employed to shift MyHC expression from primarily α-MyHC to the β-MyHC
isoform (51). Rats were anaesthetized by inhalation of isoflurane (0.05 mg) for 2-4 minutes
in an airtight one-liter container and their hearts were excised and rapidly placed in ice cold
relaxing solution. The ventricles were dissected away from the atria, cut into 2-3 mm pieces
and further disrupted for 5-10 seconds in a Waring blender all in the presence of ice-cold
relaxing solution. The resulting suspension of cells was centrifuged for 65 sec at 165 x g,
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after which the supernatant was discarded. The myocytes were skinned by suspending the
pellet of cells for 3 min in 0.5 % ultrapure Triton X-100 (Pierce Chemical Co.) in relaxing
solution. The skinned cells were washed twice with cold relaxing solution, suspended in 1015 ml of relaxing solution and kept on ice during the day of the experiment. Myocytes were
used within 12 hours of isolation.

Solutions
Relaxing solution in which the ventricles were disrupted, skinned, and resuspended
contained (in mmol/L): EGTA 2, MgCl2 5, ATP 4, imidazole 10, and KCl 100 at pH 7.0.
Compositions of relaxing and activating solutions used in mechanical measurements were as
follows (mmol/L): EGTA 7, free Mg2+ 1, imidazole 20, MgATP 4, creatine phosphate 14.5,
Ca2+ concentrations of 10-9 M (relaxing solution) and 10-4.5 M (maximal activating solution),
and sufficient KCl to adjust ionic strength to 180 mM. Starting from a very acidic pH (~4)
final solution pH was given by KOH addition to either 6.6 or 7.0. Activating solutions
containing Pi were identical to those described above except for inclusion of 5 mM of
potassium phosphate (KH2PO4) before adjustment to ionic strength of 180 mM. The final
concentrations of each metal, ligand and metal-ligand complex at 13°C were determined with
a computer program (31). Immediately preceding activations, muscle preparations were
immersed for 60 s in a solution of reduced Ca2+-EGTA buffering capacity, identical to
normal relaxing solution except that EGTA is reduced to 0.5 mM. This protocol resulted in
more rapid steady state force development and helped preserve the striation pattern during
activation.
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Experimental Apparatus, mechanical measurements and data analysis
See experimental apparatus, mechanical measurements, and data analysis section in
Chapter 2.

SDS-PAGE and MyHC quantification.
After mechanical measurements, MHC isoform expression was determined for each
myocyte preparation as previously described (51). Briefly, myocytes were removed from the
experimental apparatus, suspended in 8 µl of SDS sample buffer, and stored at -80°C for
subsequent SDS-PAGE analysis. The gels for SDS-PAGE were prepared with 3.5%
acrylamide in the stacking gel and 12% acrylamide in the resolving gel. Samples were
separated by SDS-PAGE at constant voltage (250 V) for 8.0 h. Gels were initially fixed in an
acid-alcohol solution, followed by glutaraldehyde fixing. MyHC isoforms were visualized by
ultrasensitive silver staining, and gels were subsequently dried between mylar sheets. The
relative expression of each MyHC isoform was determined using QuantiScan (Biosoft)
software and an Epson scanner to measure the relative intensity and area of each MyHC
band.

Statistics
One–way repeated measures ANOVA were used to determine significant effects on
force, absolute and normalized power output, and ktr from varied Pi and H+ solutions. The
Student-Newman-Keuls test was used post hoc to assess the differences among means.
Student t-tests were used to assess differences in metabolite effect between myocytes
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expressing α-MyHC or β-MyHC. P < 0.05 was chosen as indicating significance. Values
are expressed as means ± SD unless otherwise indicated.

RESULTS
Myocyte characteristics and PTU induced changes in MyHC expression
PTU treatment of rats has been employed frequently to induce MyHC isoform
switching with minimal changes in other myofilament protein expression or overall myocyte
morphology (51, 59, 123). Addition of PTU to the drinking water decreased the expression
of α-MyHC protein while increasing β-MyHC isoform expression. MyHC content of
myocytes used in mechanical experiments was determined by SDS-PAGE separation; an
example of MyHC separation gels is shown in figure 1B. Myocytes from non-PTU treated
animals expressed 91 ± 4% α-MyHC protein, while those from age matched animals
following ~3 weeks of PTU treatment yielded myocytes with 11 ± 5% α-MyHC. Similar to a
previous study (51), non-treated and PTU-treated myocytes were the same in length (αMyHC 148 ± 39 µm; β-MyHC 161 ± 43 µm) and width (α-MyHC 24 ± 9 µm; β-MyHC 22 ±
4 µm). Resting sarcomere length (SL) of the preparations when set to yield passive forces
near zero was 2.33 ± 0.07 µm and 2.25 ± 0.04 µm in α-MyHC and β-MyHC myocytes,
respectively, and was not altered by maximal Ca2+ activation (i.e., pCa 4.5) (α-MyHC 2.32 ±
0.08 µm; β-MyHC 2.26 ± 0.05 µm), which is indicative of low compliance at the points of
myocyte attachment.
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Effects of ischemic conditions on mechanical properties of cardiac myocytes
Previous experiments on skinned cardiac trabeculae (69, 70, 103) and myocytes (58,
150) have shown increased [Pi] and/or [H+] decreased maximal Ca2+ activated force.
Comparable force and declines in force were observed in this study during addition of Pi and
H+ alone and together, with α-MyHC and β-MyHC myocytes having equal decreases. Force
and force per cross-sectional area in rat skinned cardiac myocytes are summarized in Tables
3.1 (α-MyHC myocytes) and 3.2 (β-MyHC myocytes). In α-MyHC myocytes maximal Ca2+
activated force per cross-sectional area was 62%, 62% and 40% of control force in solutions
containing 5mM Pi (solution ii), at pH 6.6 (solution iii), and 5mM Pi at pH 6.6 (solution iv),
respectively. β-MyHC myocytes produced 58%, 59% and 35% of maximal Ca2+ activated
tension at pH 7.0, 0mM Pi with (solution ii) 5mM Pi, (solution iii) pH 6.6, and (solution iv)
5mM Pi at pH 6.6, respectively. These results indicate that Pi- and H+-induced decreases in
force are independent of mammalian MyHC isoform.

Force-velocity and power-load relationship characteristics are given in Tables 3.1 and
3.2, for α-MyHC and β-MyHC myocytes, respectively. Figure 3.1 displays a representative
absolute force-velocity and power-load relationship from a non-PTU treated myocyte (i.e., αMyHC myocyte) under all four of the experimental conditions. Addition of Pi or lowering
the pH of the activator solution resulted in a leftward shift of the absolute force-velocity
relationship (Figure 3.1) because of lower isometric force. Also, even though addition of
5mM Pi and the lowering of the pH to 6.6 reduced force to the same extent, there was
significantly greater peak absolute power output with Pi than with lowered pH (bottom of
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2.68 ± 1.3
2.14 ± 1.0*
1.65 ± 0.7*†

25.3 ± 12.5
15.6 ± 6.6*
15.7 ± 8.1*
10.0 ± 4.6*†‡

pH 7.0, 0mM

pH 7.0, 5mM

pH 6.6, 0mM

pH 6.6, 5mM
0.28 ± 0.09†

0.36 ± 0.13

0.46 ± 0.16*

0.31 ± 0.12

a/Po

0.32 ± 0.03†

0.33 ± 0.03

0.35 ± 0.02

0.32 ± 0.03

Fopt
(P/Po)

0.42 ± 0.07*‡

0.35 ± 0.06†

0.41 ± 0.08*

0.35 ± 0.06

Vopt
(ML·s-1)

13.4 ± 7.3*‡

7.2 ± 1.9†

0.115 ± 0.02†
0.132 ± 0.02*‡

10.5 ± 4.8*

6.1 ± 1.5

0.114 ± 0.02
0.145 ± 0.02*

ktr
(s-1)

Peak normalized
power output
(P/Po·ML·s-1)

Values are mean ± SD (n = 9). Differences were considered significant at P < 0.05. Po, isometric force. Fopt, force at which peak power occurs.
Vopt, velocity at peak power. ML, muscle length. * significantly different than pH 7.0, 0mM Pi. † significantly different than pH 7.0, 5mM Pi.
‡ significantly different than pH 6.6, 0mM Pi.

1.26 ± 0.6*†‡

Peak absolute
power output
(µW•mg-1)

Maximum Force
(kN•m-2)

Conditions

Table 3.1. Effects of Pi addition and lowered pH on force-velocity and power-load properties of α-MyHC cardiac myocytes.
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30.1 ± 9.2
17.3 ± 5.0*
17.8 ± 5.1*
10.6 ± 3.8*†‡

pH 7.0, 0mM

pH 7.0, 5mM

pH 6.6, 0mM

pH 6.6, 5mM
0.92 ± 0.3*†‡

1.28 ± 0.4

1.46 ± 0.5

1.48 ± 0.7

Peak absolute
power output
(µW•mg-1)

0.13 ± 0.03†

0.11 ± 0.04†

0.18 ± 0.07*

0.10 ± 0.06

a/Po

0.25 ± 0.02

0.24 ± 0.02

0.28 ± 0.03*

0.22 ± 0.05

Fopt
(P/Po)

0.35 ± 0.06*†‡

0.30 ± 0.05*

0.30 ± 0.04*

0.21 ± 0.04

Vopt
(ML•s-1)

3.8 ± 1.4
3.1 ± 1.0
3.4 ± 1.3

0.070 ± 0.01*†
0.092 ± 0.02*‡

2.5 ± 1.3

0.049 ± 0.01
0.085 ± 0.02*

ktr
(s-1)

Peak normalized
power output
(P/Po•ML•s-1)

Values are mean ± SD (n = 8). Differences were considered significant at P < 0.05. Po, isometric force. Fopt, force at which peak
power occurs. Vopt, velocity at peak power. ML, muscle length. * significantly different than pH 7.0, 0mM Pi. † significantly
different than pH 7.0, 5mM Pi. ‡ significantly different than pH 6.6, 0mM Pi.

Maximum Force
(kN•m-2)

Conditions

Table 3.2. Effects of Pi addition and lowered pH on force-velocity and power-load properties of β-MyHC cardiac myocytes.
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Figure 3.1 Effect of experimental conditions on absolute force-velocity and power-load
relationships in an α-MyHC myocyte.
A. Photomicrographs of a single cardiac myocyte during relaxation (pCa 9.0) and at
maximal Ca2+ activation (pCa 4.5). B. Representative silver stained MyHC gel following
SDS-PAGE separation. Lanes contain MyHC bands from single myocytes from rats
following PTU treatment for 10 days (lane 1), 0 days (lane 2) and 21 days (lane 3). The
MyHC pattern in lane 3 is from the myocyte shown in the photomicrographs and whose
experimental data is shown in (C) and (D). C. Representative length traces during force
clamps of a rat skinned cardiac myocyte preparation during maximal Ca2+ activations in the
presence of 0 and 5 mM added Pi at pH 7.0 and 6.6. D. Absolute force-velocity and powerload relationships of the myocyte in lane 2 above (B) expressing ~95% α-MyHC with each
experimental condition. Isometric force decreased equally with addition of 5 mM Pi or
decreasing the pH to 6.6 and fell further with 5 mM Pi at pH 6.6 all of which shifted their
respective force-velocity relationships to the left. Leftward shifting of the force-velocity
relationship resulted in less absolute power output at a given force. However, the decline in
power was less than the fall in force in the presence of 5 mM Pi at either pH 7.0 or 6.6.
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Figure 3.1). The absolute power output of α-MyHC myocyte preparations fell ~20% with
5mM Pi, ~40% at pH 6.6, and ~50% with 5mM Pi at pH 6.6, all significantly less than power
output without additional Pi at pH 7.0. However, the fall in power with additional Pi at either
pH 7.0 or 6.6 was less than was expected from the fall in force whereas the fall in power at
pH 6.6 without added Pi was equivalent to the fall in force. The reason for less decline in
power output than force with Pi (at pH 7.0 or 6.6) in α-MyHC myocytes is more easily seen
with force-velocity relationships normalized to isometric force. Normalized α-MyHC
myocyte force-velocity relationships (Figure 3.2) reveal an increase in the velocity of
shortening occurring with addition of Pi while increased H+ alone had no effect on loaded
shortening velocity. The increase in loaded shortening velocity increased power at all loads
greater than ~10% isometric force in all α-MyHC myocytes, with normalized peak power
output being ~30% greater with 5mM Pi, unchanged at pH 6.6, and 16% greater with 5mM Pi
at pH 6.6. Interestingly, the Pi-induced increase in loaded shortening velocity was attenuated
in combination with elevated H+.

In contrast to α-MyHC, β-MyHC myocyte absolute power generating capacity was
not diminished by either 5mM Pi or pH 6.6, however, power did fall when applied in
combination (Table 3.2). The normalized force-velocity relationships of β-MyHC myocytes
(Figure 3.3) reveal increases in the velocity of shortening occurring with addition of Pi and
H+ alone and in combination. Moreover, these increases were much greater than those
observed in α-MyHC myocytes with 5mM Pi producing a 73% increase, pH 6.6 a 43%
increase, and 5mM Pi at pH 6.6 a 88% increase in peak normalized power output. These
increases in loaded shortening velocity provided the basis for the preserved absolute power
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Figure 3.2
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Figure 3.2. Normalized force-velocity and power-load relationships from α-MyHC
myocytes.
Force-velocity and normalized power-load curves shifted upward in response to added Pi
while there was no effect with lower pH in α-MyHC myocytes (n = 9). Upward shifts
indicating increases in loaded shortening velocity occurred with Pi and helped to maintain
power generating capacity. Points are mean ± S.E. of the combination of all data points at
similar forces.
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generating capacity of β-MyHC myocytes. Also of interest, the Pi-induced increase in loaded
shortening velocity was augmented by added H+ in β-MyHC myocytes, which was opposite
that seen in α-MyHC myocytes. Larger increases in loaded shortening velocity with
metabolites in β-MyHC myocytes than α-MyHC myocytes resulted in similar power
generating capacity. Normally, as with control conditions, α-MyHC myocytes generate more
power than β-MyHC myocytes, however addition of Pi or H+ removed this difference
resulting in similar power production.

Finally, the rate constant of force redevelopment (ktr) was assessed in α- and β-MyHC
myocytes with each experimental condition. Pi addition increased ktr in α-MyHC myocytes
at both pH 7.0 and 6.6, while lowered pH alone did not affect force redevelopment rates
(Table 3.1). Similar alterations in ktr with Pi and H+ have previously been reported for αMyHC myocytes (4, 58). On the other hand, β-MyHC myocyte force redevelopment rates
were not statistically significantly different with Pi or H+ addition (Table 3.2) however there
was a trend for Pi addition at pH 7.0 to increase ktr (p = 0.07).

DISCUSSION

This study directly examined the effect of increases in Pi and H+ on cardiac myocyte
force production, loaded shortening velocity, power output and rates of force development.
Moreover, experiments utilized myocytes expressing predominantly either α-MyHC or βMyHC to ascertain if there is a cardiac MyHC dependent response to ischemic metabolite
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Figure 3.3. Normalized force-velocity and power-load relationships from β-MyHC
myocytes.
Force-velocity and normalized power-load curves shifted upward in response to added Pi
while there was no effect with lower pH in β-MyHC myocytes (n = 8). Upward shifts
indicating increases in loaded shortening velocity occurred with Pi and H+ helped to maintain
power generating capacity. Points are mean ± S.E. of the combination of all data points at
similar forces.
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concentration. The main findings of this study were as follows: 1) maximal Ca2+ activated
tension decreased comparably in α-MyHC and β-MyHC myocytes with Pi and lowered pH
both alone and together; 2) Pi addition increased loaded shortening velocity in both α-MyHC
and β-MyHC myocytes; 3) lowered pH had no effect on velocity of shortening in α-MyHC
myocytes but increased loaded shortening velocity in β-MyHC myocytes; and 4) power
generating capacity of α-MyHC myocytes fell to a greater extent with Pi and H+ than βMyHC myocytes resulting in similar power output between α-MyHC and β-MyHC myocytes
during Ca2+ activations in the presence of Pi and lowered pH separately and together. From
this it can be concluded that MyHC does not affect the force response to metabolite
accumulation in cardiac myocytes, however MyHC is a determinant of the effect on loaded
shortening and power output. The differential effects of these conditions on shortening
velocity between α- and β-MyHC myocytes may represent a mechanism whereby the heart
compensates to maintain function during pathological conditions (repeated ischemia or
congestive heart failure) by expressing the more tolerant MyHC isoform (β-MyHC).

MyHC as a determinant of force-velocity and power-load properties of cardiac
myocytes during simulated ischemic conditions.
The inhibitory effects of ischemic metabolites on force production in muscle have
been investigated extensively in skinned skeletal and cardiac preparations. Some of these
studies have provided the possibility of an inverse relationship between preparation diameter
and force decline (70, 139) which is thought to exist because of lower Pi accumulation from
myofibrillar ATPases in thinner preparations during Ca2+ activation. Importantly though,
this would indicate that the scale of ATPase activity may also be a determinant of force
61

Normalized Force (P/ PpH7.0, 0mM Pi)

Figure 3.4
α-MyHC myocytes

0.8
0.6
0.4
b Force/csa
Col 56
Col 58
Col 60

0.2
0.0

160

Absolute Power Output (pW)

β-MyHC myocytes

1.0

140

pH 7.0,
0 mM Pi

pH 7.0,
5 mM Pi

pH 6.6,
0 mM Pi

pH 7.0,
5 mM Pi

pH 6.6,
0 mM Pi

pH 6.6,
5 mM Pi

*

120
100
80
60
40
20
0

pH 7.0,
0 mM Pi

pH 6.6,
5 mM Pi

Figure 3.4. Comparative plots of force and power production between α- and β-MyHC
myocytes.
A. Effect of Pi and decreased pH on myocyte force production in α-MyHC and β-MyHC
myocytes. Values are scaled to the value at pH 7.0 with no added Pi. Force declined
similarly between myocyte populations expressing either α-MyHC or β-MyHC. B. Absolute
power production between α-MyHC and β-MyHC myocytes. α-MyHC myocyte power
production while greater than β-MyHC myocyte power with no added Pi at pH 7.0, fell to
comparable levels as β-MyHC myocytes with Pi or H+ alone or in combination.
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sensitivity to metabolites, meaning a more active ATPase will result in greater accumulation
(at a given diameter). This is in agreement with some recent data showing more
responsiveness in fast-twitch compared to slow-twitch skeletal muscle fibers (94, 103, 146).
However, this idea remains controversial as studies have also reported greater metabolite
sensitivity in slow-twitch fibers (23) or no difference (113) between fiber type force
response. The disparity of these results may lie in experimental solutions or conditions, such
as temperature as force sensitivity to metabolites is temperature dependent (23).
Nevertheless the potential difference between skeletal fiber-type sensitivity to metabolites
suggests the potential for a MyHC-dependence of force response to Pi and H+ in cardiac
muscle. In vertebrates, two MyHC isoforms are expressed in the myocardium, α-MyHC and
β-MyHC, with considerable homology containing 93% identical amino acids (88), but are
functionally distinct. For example, α-MyHC exhibits two to three times the actin-activated
ATPase activity (82) and generates ~3 times more power than β-MyHC (51). However,
analysis of differential force response to Pi and H+ with cardiac MyHC content has not been
addressed to our knowledge. Comparison of results from some studies may offer potential
support for a MyHC dependence of force response in cardiac muscle. For example, van der
Velden et al. (150) reported a ~35% decline in force per decade of Pi in human donor and
heart failure ventricular myocytes, both of which likely express β-MyHC primarily, while
others have reported larger (45-65%) declines per decade in rat cardiac preparations
expressing primarily α-MyHC (27, 58, 69) . Yet direct comparison of these results may be
errant as they were collected under different experimental conditions with preparations of
varying size, which as discussed above, may be an important variable in the response to
metabolite accumulation. Though, in regards to differential Pi effect due to size, our previous
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work (58) and the van der Velden study (150) both utilized single ventricular cardiac
myocytes and yet produced very different force response to 10 mM Pi, 35% and 65%
declines in α-MyHC and β-MyHC myocytes, respectively. The reason for this difference is
unclear at this time but may be the result of differential myofibrillar protein phosphorylation
status as proposed (150), solutions used, myocyte preparation or myofilament protein
expression. As for the response of cardiac myocytes to acidosis, Solaro et al. showed that
neonatal myocardium is less sensitive to acidosis than adult myocardium (133). However,
the authors concluded the change in sensitivity of force production observed was the result of
a shift in troponin I isoform from the slow skeletal isoform in neonates to the cardiac isoform
in adults, although heavy chain expression was not completely characterized. In this study an
equivalent drop in force was observed between α-MyHC and β-MyHC myocytes with Ca2+activating solutions at lower pH or containing Pi implying cardiac MyHC independence to
these conditions (Figure 3.4). This supports that ATPase rate, and consequent metabolite
production, is not a major determinant of metabolite sensitivity of force at least in single
myocyte preparations where the diameter is small and equivalent. Finally, the combined
effect of Pi and H+ on force production was comparable in α-MyHC and β-MyHC myocytes
and while additive there was no synergistic effect (whole greater than the sum of the parts) in
combination, in agreement with previous studies in cardiac muscle (69, 103, 150).

In this study Pi and H+ affected loaded shortening differentially in myocytes
expressing α-MyHC and β-MyHC. α-MyHC myocytes displayed (1) faster loaded
shortening velocity with Pi, (2) no effect with H+ itself, and (3) an attenuated Pi effect on
velocity when applied in combination with H+. Alternatively, β-MyHC myocytes (1)
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exhibited greater increases in loaded shortening than α-MyHC myocytes with Pi, (2) were
also faster with H+ and (3) displayed faster loaded shortening when applied in combination
than either alone (but not to a statistically significant level). It was this greater effect of Pi
and H+ on β-MyHC myocyte loaded shortening velocity that maintained the power
generating capacity of the myocyte even with the fall in force. Maintenance of power
generating capacity may be important functionally during the ejection phase of the cardiac
cycle when the ventricle is shortening against a load and generating power. If the velocity of
shortening is sustained at a given load, then the extent to which the myocytes shorten and
consequently the ventricles contract during a heartbeat will remain similar, thereby
alleviating any fall in ejection volume during ischemia. Under similar Ca2+ activated
conditions α-MyHC myocytes can generate more power and thus shorten faster at a given
load than β-MyHC myocytes. However, the difference in power capacity between α-MyHC
and β-MyHC myocytes is diminished with increased Pi and/or H+ to the point where
essentially there is no difference in power generation between α-MyHC and β-MyHC
myocytes with either Pi or H+ alone or in combination (Figure 3.4). Furthermore, increases
in metabolites to concentrations greater than employed in this study may actually result in βMyHC myocytes maintaining their functional capacity while α-MyHC myocytes continue to
decline. We were unable to test this idea as force production falls to levels that become
experimentally limiting in our myocyte preparation.

Our earlier work (58) demonstrated an increase in loaded shortening velocity of
cardiac myocytes with increased [Pi]; here we extend that work by reporting the effects of Pi
addition and lowered pH individually and in combination, which commonly occurs during
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ischemia in vivo, in α- and β-MyHC myocytes. The Pi-induced increase in loaded shortening
velocity occurred in both α- and β-MyHC myocytes resulting in greater peak power output
when normalized for the fall in isometric force. Pi addition is thought to decrease force
production by shifting populations of cross-bridges from a force-generating state in which the
actomyosin complex has ADP alone bound (AM-ADP) to a weakly or strongly bound lowerforce generating state in which both ADP and Pi are bound (AM-ADP-Pi) (53). Pi addition
also speeds the kinetics of transition through the force-generating steps leading to Pi release
(4). We previously concluded that loaded shortening and power output at intermediate and
high loads are determined by force-generating transitions coupled to Pi release and/or an
isomerization that is in rapid equilibrium with Pi release from the actomyosin complex (58).
On the other hand, H+ alone had no effect in α-MyHC myocytes, but it attenuated the Piinduced speeding of loaded shortening velocity when used in combination with Pi. Our result
of lowered pH having no effect on loaded shortening velocity contrasts a previous report
where velocity decreased (120). The reason for the discrepancy between results is not clear
but it may be due to preparation size as the trabeculae preparation used in that study had
greater than 20 times cross-sectional area of our myocyte preparation, or differences in
solution composition. Attenuation of the Pi effect by lower pH that occurred may be the
result of H+ reducing the pool of strongly-bound cross-bridges by driving them to a weakly
bound state, which has been postulated previously (69). Alternatively, it may be that H+
directly slows Pi release from the ATP binding cleft, which may also slow loaded velocity.
In contrast to α-MyHC myocytes, lowered pH did not attenuate the Pi-induced increase in
loaded shortening velocity in β-MyHC myocytes; in fact loaded shortening was augmented
toward faster velocities at the same load but this difference did not reach significance.
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Augmentation of loaded shortening may be the consequence of H+ speeding Pi release in βMyHC myocytes. Nevertheless there is a MyHC dependent difference in response to Pi at a
lower pH in cardiac myocytes and the sub-molecular mechanisms are unknown.

Rate of force development increases with Pi in both cardiac myocytes (4, 58) and
skeletal muscle fibers (92) while no change occurs with pH in skeletal muscle fibers during
maximal Ca2+ activation (91). Importantly, it is the rate of force development that likely
determines how quickly the ventricles complete isovolumic contraction (phase 2 of the
cardiac cycle) allowing the remaining time of systole for ejection (phase 3). α-MyHC
myocytes develop force 2-3 times more quickly than do β-MyHC at maximal Ca2+ activation
(here and (40)), which likely allows for the ejection phase to commence earlier and last
longer in working ventricles. In addition, α-MyHC myocytes appear to benefit from this Piinduced increase in force development to a greater extent than β-MyHC myocytes. This may
ultimately mean that even though α-MyHC myocyte loaded shortening is more greatly
attenuated by ischemic metabolites global ventricular function may be maintained as faster
isovolumic allows for more ejection time.

Possible implications for impaired function in heart disease
Myocardial tissue exposed to ischemic conditions has been shown to have greater
relative expression of β-MyHC in adult rat cardiac myocytes than control tissues (167, 169).
Expression of β-MyHC in myocytes reduces their power generating capacity (51) but in
doing so these myocytes appear to become both more economical (123) and more resistant to
the effects of ischemic metabolites (this study). Thus, β-MyHC appears to provide more
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resistance to falls in energy charge as it produces force at a much smaller energy cost (123)
and faster loaded shortening velocity with increased metabolites. In agreement with this,
post-ischemic function was greater in hearts expressing some (~25%) β-MyHC as compared
to control rat hearts (10). Theoretically, myocardium exposed to repeated bouts of ischemia
may attempt to offset reductions in myocyte function occurring as a result of lowered [ATP]
or free energy of ATP hydrolysis by expressing the more economical isoform of MyHC thus
conserving ATP as less is consumed at the myofilaments. Decreased actomyosin activity and
ATP conservation may also be important as a decrease in [ATP] leading to a decrease in
ATPase activity, specifically ones associated with Ca2+-extrusion (SR and sarcolemmal Ca2+
ATPases), is thought to be causal for apoptosis and more chronic dysfunction (as reviewed
by (5, 12)). In addition to β-MyHC expression conceivably being protective to myocardium
that is frequently made ischemic, increased β-MyHC expression also commonly occurs
during the progression to heart failure experimentally and clinically (119, 167, 169). Thus,
β-MyHC expression also appears to be important in the transition to a compensated heart in
response to pathophysiological stimuli perhaps by preserving myocardial function during
energetic challenge.

68

Chapter 4. PORCINE CARDIAC MYOCYTE POWER OUTPUT IS INCREASED
FOLLOWING CHRONIC EXERCISE TRAINING

ABSTRACT
Chronic exercise training increases the functional capacity of the heart perhaps by
increased myocyte contractile function, as has been observed in rodent exercise models. We
examined whether cardiac myocyte function is enhanced following chronic exercise training
in Yucatan miniature swine, whose heart characteristics are similar to humans. Animals
were designated as either sedentary (SED), cage confined, or exercise trained (EX),
underwent 16 to 20 weeks of progressive treadmill training. Exercise training efficacy was
shown with significantly increased heart weight to body weight ratios, skeletal muscle citrate
synthase activity, and exercise tolerance. Force-velocity properties were measured by
attaching skinned cardiac myocytes between a force transducer and position motor and
shortening velocities were measured over a range of loads during maximal Ca2+ activation.
Myocytes from EX pigs (n = 9) had comparable force production but a ~30% increase in
peak power output compared to SED myocytes (n = 8). Interestingly, EX myofibrillar
samples also had higher baseline PKA-induced phosphorylation levels of myosin binding
protein-C (MyBP-C) and cardiac troponin I (cTnI), which may contribute to the increase in
power. Overall, these results suggest that enhanced power generating capacity of porcine
cardiac myofibrils contributes to improved cardiac function following chronic exercise
training.
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INTRODUCTION
Chronic exercise is known to improve cardiac function as indexed by increases in
maximal levels of cardiac output (CO) and stroke volume (SV) (125). While increased CO is
an ultimate goal of exercise training, enhanced SV is a primary adaptation given the fact
lower heart rates (HR) occur at a given workload following chronic exercise training (29).
The increase in stroke volume is thought to be due, in part, to training-induced alterations of
the intrinsic contractile function of the myocardium (36, 66, 95). Alterations of contractile
function following exercise are accompanied by increases in force production due to myocyte
hypertrophy (101), increased Ca2+ sensitivity of force (26), and possibly increased shortening
velocities (163). There also have been a few studies that focused on the effects of exercise
training on the entire force-velocity relationship as it is velocity of shortening under a load
that is most applicable to in vivo ventricular function. Two studies utilizing a rat model of
chronic exercise training reported increased loaded shortening velocities in myocardial
preparations from trained animals (25, 95). However, alterations in loaded shortening have
not been investigated in other animal models, specifically larger animal models such as swine
that may more closely mimic human physiology.

The purpose of this study was to evaluate cardiomyocytes from a pig model of
exercise training for mechanical changes intrinsic to the myofilaments. The use of a porcine
model of exercise training to investigate physiological changes that occur in large mammals
may be applicable to humans as pigs and humans have similar heart morphology and
adaptive responses to chronic exercise with respect to maximal oxygen consumption
(VO2max), SV, HR and skeletal muscle oxidation capacity (for review see (87)). This model
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previously has been shown to produce increased exercise tolerance, moderate cardiac
hypertrophy, increased coronary blood flow capacity, increased oxidative capacity of skeletal
muscle and lower heart rates during exercise at submaximal intensities (77). These changes
occurred without any apparent alterations in myofibrillar ATPase, Ca2+ regulatory systems,
or the metabolic system (77). Since CO was sustained with lower HR at submaximal
workloads, this implies increased SV. Increased SV could be the result of a number of things
including less aortic resistance, greater ventricular volume, and/or increased myocardial
contractility. The main objective of this study was to determine if cardiac myofibrillar
contractility differs between sedentary (SED) and exercise trained (EX) pig myocytes to
account, at least in part, for the increased SV. Contractile function was assessed in
permeabolized cardiac myocyte preparations by measuring isometric force, loaded shortening
velocity, power output and rate of force development during maximal Ca2+ activation.
Another objective was to determine if alterations in cardiac myofibrillar proteins may
account for any observed functional differences. Specifically, we examined relative myosin
heavy chain (MyHC) isoform contents, relative cardiac troponin T (cTnT) isoform contents,
and PKA-induced baseline phosphorylation of the myofibrillar proteins myosin binding
protein-C (MyBP-C) and cardiac troponin I (TnI).

METHODS
Animal Model
Adult male miniature swine weighing 25-40 kg were obtained from the breeder
(Charles River) and familiarized with treadmill exercise over a 1- to 2-wk period of time.
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Treadmill performance tests were administered to each animal to evaluate exercise tolerance
as previously described (77). Pigs were randomly assigned to SED or EX groups, with the
EX group completing the 16- to 20-wk endurance training program described previously (77,
78). Pigs assigned to the SED group were restricted to their enclosures (2 x 4 m) and did not
exercise. Treadmill performance tests were again completed at the end of 18-20 weeks to
determine the effectiveness of the training protocol on exercise duration. The overall
efficacy of the training program was determined by comparing the exercise tolerance (as
reflected in the treadmill performance test), heart weight-to-body weight ratios, and skeletal
muscle oxidative capacity of trained and control groups. At the time of sacrifice, samples
were taken from the middle of deltoid muscles, frozen and stored at -70°C for citrate synthase
analysis. Citrate synthase activity was measured from whole muscle homogenate using the
spectrophotometric method of Srere (137). Animal care and use procedures complied with
the Guide for the Care and Use of Laboratory Animals issued by the National Institutes of
Health and were approved by the University of Missouri Animal Care and Use Committee.
Isolation of cardiac myocytes
The heart was excised from the experimental animal following administration of a
pre-anesthetic mixture of ketamine (35 mg/kg) and xylazine (2.25mg/kg) and the general
anesthesia thiopental (25 mg/kg). A piece (3 x 3 cm) of left ventricular free wall near the left
anterior descending coronary artery was removed with one half quick frozen in liquid
nitrogen for biochemical analyses and the other half placed in ice cold relaxing solution for
myocyte experiments. The piece in relaxing solution was cut into smaller pieces (2-3mm)
and homogenized with a hand blender. The resultant slurry was transferred via pipette into
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15 mL tubes that were centrifuged 75 sec at 165 x g after which the supernatant was
discarded. The cells were suspended for 3 min in 0.5% ultra pure Triton X-100 (Pierce
Chemical Co.) in relaxing solution. The skinned cells were washed twice with cold relaxing
solution, centrifuged, and suspended in 10-15 ml of relaxing solution and kept on ice during
the day of the experiment. Myocytes were used within 12 hours of isolation.
Solutions
Relaxing solution in which the ventricles were disrupted, skinned, and resuspended
contained (in mmol/L): EGTA 2, MgCl2 5, ATP 4, imidazole 10, and KCl 100 at pH 7.0.
Compositions of relaxing and activating solutions used in mechanical measurements were as
follows (mmol/L): EGTA 7, free Mg2+ 1, imidazole 20, MgATP 4, creatine phosphate 14.5,
pH 7.0, Ca2+ concentrations of 10-9 M (relaxing solution) and 10-4.5 M (maximal activating
solution), and sufficient KCl to adjust ionic strength to 180 mM. The final concentrations of
each metal, ligand and metal-ligand complex at 12°C were determined with the computer
program of Fabiato (31). Immediately preceding activations, muscle preparations were
immersed for 60 s in a solution of reduced Ca2+-EGTA buffering capacity, identical to
normal relaxing solution except that EGTA is reduced to 0.5 mM. This protocol resulted in
more rapid steady state force development and helped preserve the striation pattern during
activation.

Experimental Apparatus, Mechanical measurements, and Data analysis.
See Chapter 2.
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SDS-PAGE, Western blot and Autoradiography.
After mechanical measurements, MHC isoform expression was determined for each
myocyte preparation. The single myocyte was removed from the experimental apparatus,
suspended in 8 µl of SDS sample buffer, and stored at -80°C for subsequent SDS-PAGE
analysis. The gel electrophoresis procedure was similar to one previously described (93).
The gels for SDS-PAGE were prepared with 3.5% acrylamide in the stacking gel and 12%
acrylamide in the resolving gel. Samples were separated by SDS-PAGE at constant voltage
(250 V) for 6.5 h. Gels were initially fixed in an acid-alcohol solution, followed by
glutaraldehyde fixing. MHC isoforms were visualized by ultrasensitive silver staining, and
gels were subsequently dried between mylar sheets.

Western blot analyses were completed as previously described (74). Briefly, serial
dilutions (2, 1, 0.5 µg) of left ventricular homogenates were prepared in SDS sample buffer
and separated by SDS-PAGE as described above except the runtime was reduced to 3 hours.
Gels were placed on nitrocellulose membrane and transferred from the gels to nitrocellulose
using a semidry blot apparatus for 45-60 min at constant current (100 mA). The
nitrocellulose membranes then were placed in a blocking buffer (3% BSA in Tris-buffered
saline plus Tween 20 (TTBS)) and rocked overnight at 4°C. The blocking buffer was
removed, and membranes washed in TTBS. The primary cTnT antibody (Advanced
Immunochemical) (cTnT 1:2,000 in 0.6% BSA in TTBS) was allowed to react with
membranes for 1 h followed by washing in TTBS. Secondary antibody (S-adenosyl-Lmethionine-IgG 1:2,500 in 0.3% BSA in TTBS) reacted for 1 h followed by three washes
using TTBS. On completion of the final wash, membranes were coated 1 min with enhanced
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chemiluminescent substrate (Amersham) that reacts with the secondary antibody.
Membranes were placed between two pieces of clear acetate and exposed to photography
film for ~1 min, followed by film development to detect relative amounts of cTnT protein
isoforms. Relative amounts of each isoform were determined by measuring the areas under
the peaks using QuantiScan (Biosoft) software and an Epson scanner.

To determine the PKA-induced phosphorylation status of the myofibrillar substrates,
myofibrillar samples were incubated with the catalytic subunit of PKA in the presence of
radiolabeled ATP, separated by SDS-PAGE, and visualized by autoradiography as described
previously (73). Briefly, skinned cardiac myocytes (10 µg) were incubated with the catalytic
subunit of PKA (3 to 5 µg/mL) and 50 µCi [γ-32P]ATP for 30 minutes. The reaction was
stopped by the addition of electrophoresis sample buffer and heating at 95°C for 3 minutes.
The samples were then separated by SDS-PAGE, silver stained, dried, and subsequently
exposed to x-ray film for visualization. Individual radiolabeled protein bands were then
excised from the gel and quantified using a scintillation counter (Packard 1900 TR).
Stoichiometric cTnI phosphate incorporation was calculated using the following equation:
cpm cTnI/[cTnI] · [Pi]/cpm total = [Pi]/[cTnI], where all concentrations are in moles and cpm
is counts per minute. MyBP-C phosphate incorporation was assessed in the same manner.

Statistics
Comparisons between sedentary and exercised samples for force, normalized and
absolute power outputs, ktr, and all biochemical analysis were made using a Student t-test. p
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< 0.05 was chosen as indicating significance. All values are expressed as means ± SD unless
otherwise noted.

RESULTS
Animal Model
Exercise trained miniature Yucatan swine had lower body weight (BW) than
sedentary counterparts (~20%; p = 0.003) with no difference in heart weight (HW) (Table
4.1). However, because of the reduction in body weight there was a ~25% increase in HW to
BW ratio (HW:BW) (p = 0.005). In addition to increased HW:BW the efficacy of the
training protocol was characterized by an increase in exercise tolerance, as indexed by an
increase in time to exhaustion during treadmill performance tests, and increased deltoid
muscle citrate synthase activity (Table 4.1). Taken together these central and peripheral
markers of training provide confirmation that the treadmill training protocol was effective in
producing a trained state.
Myocyte Studies
Ventricular hypertrophy often occurs in animals undergoing stringent training
paradigms and is commonly due to the enlargement and elongation of individual myocytes
(for review see (96)). Our myocyte preparations were not different in length, width or
overall volume (Table 4.1). However, the possibility of enlargement or elongation is
possible as a quantitative assessment of a large number of enzymatically isolated single
myocytes was not performed in our study. Nevertheless, mechanical measurements are
expressed relative to myocyte size when applicable to correct for any size-induced
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variability. Myocyte preparation mechanical measurements are summarized in table 4.2.
Previous studies in cardiac myocytes have reported either no change (25) or increased
Table 4.1. Animal morphologies with indices of training and myocyte measurements.
Sedentary

Exercise Trained

Body Wt (kg)

48.0 ± 5.8

38.5 ± 2.5*

Heart Wt (g)

213.0 ± 24

214.0 ± 34

Heart Wt / Body Wt

4.44 ± 0.25

5.53 ± 0.62*

Duration of performance test,
initial (min)

25.2 ± 3.9

23.7 ± 2.8

Duration of performance test,
final (min)

23.1 ± 3.3

37.3 ± 6.1*

Citrate synthase activity
(µmol·min-1·mg protein-1)

15.4 ± 3.8

23.0 ± 2.6*

Myocyte length (µm)

142.1 ± 36.7

158.1 ± 25.8

Myocyte width (µm)

20.8 ± 5.7

24.6 ± 6.3

Myocyte volume (µg)

0.077 ± 0.03

0.073 ± 0.03

Myocyte SL, pCa 9.0 (µm)

2.46 ± 0.05

2.39 ± 0.08

Myocyte SL, pCa 4.5 (µm)

2.41 ± 0.08

2.33 ± 0.02

Values are means ± SD. * indicates p < 0.05 vs. Sedentary. SL, sarcomere length.
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maximal force (163) following exercise training. In this study, we found no difference in
absolute force production between myocytes from SED (28.6 ± 10 kN·m2) and EX (28.4 ± 13
kN·m2) animals at pCa 4.5.

The primary aim of the study was to assess differences in power output between
myocytes from sedentary and exercise trained Yucatan miniature swine. We found peak
absolute power output in myocytes from exercise trained animals to be ~57% higher than
myocytes from sedentary animals (SED = 0.42 ± 0.2 µW/mg vs. EX = 0.66 ± 0.2 µW/mg, p
= 0.02). Figure 4.1 shows a representative force-velocity and power-load relationship of
skinned cardiac myocytes taken from both exercise trained and sedentary myocardium. The
force-velocity relationship (shown in the top panel) displays similar maximal force
production between myocytes, but the myocyte from exercise trained myocardium has less
curvature of the force-velocity relationship resulting in faster rates of shortening at
intermediate loads. The bottom panel shows the power-load relationship for these two
preparations. The EX myocyte had higher power output at most loads with the greatest
difference occurring at peak power output. The inset graph shows peak power output points
from each SED and EX myocyte, with EX preparations exhibiting enhanced power
generating capacity.

Another way to observe changes in velocity of shortening and power output is to
normalize the data to the maximal isometric force of each preparation; this allows assessment
of shortening velocity at a given load. Interestingly, the force-velocity relationship has
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28.4 ± 13

Exercise
Trained
0.16 ± 0.03

0.14 ± 0.04

Fopt
(P/Po)

0.15 ± 0.04

0.12 ± 0.04

Vopt
(ML·s-1)

0.041 ± 0.02*

0.022 ± 0.01

a/Po

43.9 ± 17.1*

25.3 ± 16.0

Peak absolute
power output
(pW)

0.67 ± 0.20*

0.42 ± 0.18

Peak absolute
power output
(mW·mg-1)

0.022 ± 0.004*

0.016 ± 0.004

Peak normalized
power output
(P/Po·ML·s-1)

1.3 ± 0.5

1.6 ± 0.3

ktr
(s-1)

Values are mean ± SD. Differences were considered significant at p < 0.05. Po, isometric force. Fopt, force at which peak power
occurs. Vopt, velocity at peak power. ML, muscle length. * indicates p < 0.05 vs. sedentary value.

28.6 ± 10

Sedentary

Maximum
Force (kN·m-2)

Table 4.2. Myocyte mechanical properties from sedentary and exercise trained miniature Yucatan swine.
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Figure 4.1. Representative absolute force-velocity and power-load relationships in
myocyte preparations from sedentary and exercise trained pigs.
A. Absolute force-velocity and power-load relationships of myocytes from (○) sedentary and
(●) exercise trained pigs. Isometric force was similar between preparations but loaded
shortening velocity was faster in the EX myocyte, resulting in greater peak power output. B.
Plot of peak power data points for individual cells from each pig. SED myocytes displayed
lower power values than EX myocytes. Bar indicates the mean ± S.D. for data points.
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similar loaded shortening velocities at most high and low loads. However, shortening
velocity between 10% and 25% relative force was significantly higher in myocytes from
exercise trained pigs. These loads correspond to peak power output and are most
physiologically relevant as they are thought to be the loads encountered by the heart in vivo.
Normalized peak power output also was significantly higher in myocytes from EX pigs (SED
0.016 ± 0.003 P/Po ML· s-1, EX 0.022 ± 0.005 P/Po ML· s-1). A similar increase in
normalized peak power output, as well as a similar decrease in curvature (a/Po) of the forcevelocity relationship, has been reported in rat cardiac myocytes following exercise training
(25).

We also addressed the effects of exercise training on the rate of myocyte force
development following a mechanical perturbation. The rate of force redevelopment was
determined in the presence of maximal Ca2+ and is thought to be limited by the rate that
cross-bridges activate the thin filament (141). An increase in the rate of force redevelopment
would allow more rapid ventricular pressure development and thus more time to be spent in
the ejection phase of the cardiac cycle. We found no difference in the rate constant of force
redevelopment (ktr) between myocytes from sedentary and exercise trained animals (SED 1.6
± 0.3 ML· s-1; EX 1.3 ± 0.5 ML· s-1), suggesting that the rate of force development
independent of Ca2+ handling plays a minimal role in augmenting ventricular performance
following exercise training.
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Biochemical Analysis
MyHC expression was similar between SED and EX left ventricle homogenate
samples with the β-MyHC isoform accounting for all MyHC content. However, some
individual myocytes did contain detectable amounts of α-MyHC protein indicating that a
fraction of cells from the left ventricle expressed α-MyHC. All myocytes used in mechanical
measurements appeared to contain only β-MyHC based on SDS-PAGE analysis. In addition,
because changes in cTnT isoform content have been implicated in functional changes that
occur in a diabetic/dyslipidemic exercise pig model (74), we examined whether relative cTnT
isoform contents were different between pig populations. Three distinct isoforms of cTnT
were expressed (so named cTnT1, cTnT2, and cTnT3 in accordance with each isoform's SDSPAGE migration pattern). Relative cTnT isoform content was similar between SED (58 ±
7% cTnT1, 29 ± 5% cTnT2, and 13 ± 4% cTnT3) and EX myocardium (57 ± 7% cTnT1, 30 ±
5% cTnT2, and 13 ± 5% cTnT3).

Basal PKA-induced phosphorylation of myofibrillar proteins was assessed using a
back-phosphorylation assay (73). Autoradiograms following SDS-PAGE separation
displayed phosphorylation of MyBP-C and cTnI. Stoichiometric analysis of phosphate
incorporation in cTnI yielded measurements of 1.2 ± 0.2 and 0.7 ± 0.2 µmol of Pi / µmol
protein (p < 0.05) in SED and EX samples, respectively. Decreased Pi incorporation
indicates a higher baseline phosphorylation of this protein. Pi incorporation into MyBP-C
followed the same trend as cTnI with EX animals having less incorporation than the SED
control (SED 2.2 ± 0.8 µmol of Pi / µmol protein, EX 1.5 ± 0.5 µmol of Pi / µmol protein),
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however this difference in phosphorylation was not statistically significant (p = 0.10). The
disparity between cTnI and MyBP-C may be that PKC is also known to phosphorylate
MyBP-C at the same residues as PKA, but at different residues on cTnI. Analysis of PKCinduced phosphorylation could not be performed because of inadequate myocardial sample.
The finding of higher baseline cTnI phosphorylation may contribute to increased loaded
shortening and power output in EX myocytes since PKA phosphorylation has previously
been shown to increase power output in rat myocytes (52).

DISCUSSION
Effects of exercise on force-velocity properties and power output.
The purpose of this study was to evaluate myocytes from a pig model of exercise
training for mechanical changes intrinsic to the myofilaments. We found that myocytes
obtained from exercise trained myocardium generated greater peak power output than
sedentary counterparts despite producing similar isometric force when normalized to
preparation size. This is important as it defines the difference in power output was a
consequence of altered cross-bridge interaction kinetics of the myofilaments as opposed to
hypertrophy of the cell to increase the quantity of myofilaments.

Absolute power generating capacity of a cardiac myocyte is determined by the
number and rate of cycling cross-bridges. The number of cross-bridges strongly bound and
in the force-generating state determines maximum force development. Conversely, at very
low forces the muscle shortens at very high speeds, with the maximal velocity thought to be
limited bythe rate of detachment of cycling cross-bridges. It is this relationship between
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Figure 4.2
A
EX

SED

MyBP-C

TnI

B
µM Pi / µM Protein
Myosin Binding
Troponin I
Protein-C
Exercise
Trained
Sedentary

1.54 ± 0.5

0.71 ± 0.2

2.26 ± 0.8

1.22 ± 0.2*

Figure 4.2. Effect of PKA-induced phosphorylation on SED and EX myocytes.
A. Bands for an autoradiogram showing representative phosphate incorporation into MyBPC and cardiac cTnI after PKA treatment in skinned cardiac myocytes. Lane 1 contains
skinned cardiac myocytes obtained from two EX pigs, whereas lane 2 contains myocytes
from two SED pigs. B. Densitometric analysis of MyBP-C and cTnI bands yielded values
indicating greater PKA-induced phosphorylation of cTnI from SED samples. Higher levels of
phosphate incorporation indicates reduced levels of baseline phosphorylation in SED
compared to EX.
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force and velocity that determine power output. In this study, force was unchanged yet
velocity at intermediate loads (10 and 25% isometric) increased in cardiac myocytes from
EX pigs, as compared to SED controls. This increase in loaded shortening velocity
corresponded to an increase in peak power output. The increase in loaded shortening and
power output can be the result of, as stated above, either an increase in the number of forcegenerating cross-bridges bound at loads around Fopt or an increase in the rate of cycling
cross-bridges. As there was no observed change in isometric tension between SED and EX
myocytes, then it becomes likely that exercise training induced an increase in the rate of
cycling of the cross-bridges at intermediate loads.

Previously it has been shown that phosphorylation of the myofibrillar proteins cTnI
and MyBP-C by PKA produced a similar increase in absolute power in rat skinned cardiac
myocytes (52). However, in that study there were increases in isometric tension and loaded
shortening velocities over a greater range of loads following PKA-induced phosphorylation.
Although the exact reasons for these differences are not known, they certainly may arise
from differences in types of animals, phosphorylation by other kinases or variations in
contractile protein isoform expression. Regarding the latter possibility, it may be that MyHC
composition imparts dissimilar regulation of cross-bridge kinetics following PKA-induced
phosphorylation, resulting in a reduction of loads where cross-bridge cycling is increased. In
agreement with this, α-MyHC ATPase activity and the rate cycling cross-bridges have been
reported to be more responsive to β-adrenergic stimulation than preparations containing βMyHC (60, 161). Regarding possible changes in contractile protein isoforms, it has been
shown previously that a small increase in α-MyHC protein expression in rat skinned cardiac
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myocytes produced a significant increase in power output capacity (51). Additionally, some
studies have reported increased α-MyHC content in rat cardiac myocytes following various
exercise regimes such as progressive treadmill training (66), sprint training (171) and
swimming (64, 106). While others have reported no change in MyHC isoform content after
training (25, 96) including previous work on Yucatan miniature swine following the same
training protocol (77). Our work is in agreement with the previous work in pigs in that we
did not observe any change in MyHC expression in samples from ventricular homogenates.
We did however detect α-MyHC in a small proportion of myocyte preparations but it was not
detected in any myocyte preparations from which mechanical measurements were made.
The fact that power output was greater in myocytes from exercise trained pigs with no
change in MyHC content is in agreement with a recent study finding an increase in rat
myocyte power output following treadmill training with no change in MyHC expression (25).

Recently, a correlation between myocardial cTnT isoform expression and ventricular
fractional shortening was reported in a pig model of exercise in combination with
diabetes/dyslipidemia (74). With diabetes cTnT content shifted toward greater expression of
lower molecular weight cTnT isoforms (cTnT2 and cTnT3) when compared to control pigs,
and moderate endurance exercise prevented the cTnT isoform shift and improved fractional
shortening of the ventricle. In the present study, however, SED and EX myocardium had
similar cTnT isoform contents, indicating cTnT isofrom expression was not a contributor to
the greater power output reported in EX myocytes.
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β-adrenergic signaling pathway following exercise training.
Multiple studies have found increased left ventricular responsiveness to β-adrenergic
stimulation following exercise training (48, 136). The means of increased responsiveness
could be an increase in any part of the signaling pathway: catecholamines, β-adrenergic
receptors, receptor G-proteins, or adenylate kinase expression/activity. Some of these have
been reported not to be increased following exercise training (circulating catecholamines
(111) and β-adrenergic receptor density(48)), while others do increase (β-adrenergic receptor
Gs subunits or ratio to Gi (11, 48, 122) and basal and peak adenylate cyclase activities (11,
126)). Ultimately the end result of enhanced β-adrenergic stimulation is increased
phosphorylation of intracellular target proteins at the plasma membrane (L-type Ca2+
channel) and myofibrillar apparatus (cTnI and MyBP-C). Phosphorylation of L-type Ca2+
channels leads to a greater magnitude of Ca2+ in the cell, however no increase in intracellular
Ca2+ transients following exercise training has been observed in myocytes (79, 107, 163).
Here we do report an increase in phosphorylation of the myofibrillar apparatus at cTnI with a
trend for higher phosphorylation in MyBP-C as well. A difference in phosphorylation of the
two proteins may signify PKC involvement as cTnI is phosphorylated by PKC, on a different
site than PKA, while MyBP-C phosphorylation by PKC occurs on the same sites as those
phosphorylated by PKA. This could not be distinguished experimentally.
In conclusion, we found peak power generating capacity to be greater in myocytes
from chronically exercise trained pigs as compared to sedentary counterparts. The
mechanisms creating this difference is not known, but a potential contributor may be greater
PKA-induced phosphorylation of myofilament proteins cTnI and MyBP-C in EX myocytes.
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Overall, the results suggest that changes in contractile properties intrinsic to individual
myocytes may contribute, at least in part, to the enhanced ventricular function associated with
exercise training.
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Chapter 5.

DISCUSSION

5.1 Summary of Results
Myocardial performance depends on many factors including the architecture of the
ventricles, aortic pressure, and the contractile state of the myocardium. Myocardial
performance can be altered in times of stress whether it be acute stress such as ischemia or
chronic stress such as endurance exercise training. My work has focused on the effects that
ischemia and endurance training have on altering the contractile state of myofibrils, which is
a key determinant of overall myocardial performance. I have determined the effects of
metabolites that rise during ischemia (Pi and H+) on the functional capacity of permeabilized
myocyte preparations. Moreover, alterations in function were measured in myocytes
expressing either α- or β-MyHC to ascertain differences in ischemic tolerance, as isoform
content is known to be altered in pathological states. It was found that Pi and H+ alone and
together decreased power generating capacity of α-MyHC while only in combination did
they diminish β-MyHC myocyte power. The greater tolerance toward ischemic conditions
was attributed to a Pi and H+ induced increase in the velocity of loaded shortening. In
addition, Pi-induced changes in contractile properties of α-MyHC myocytes were more
thoroughly assessed to probe the states of the cross-bridge cycle states that are most
important in determining power output. Power near isometric loads is most likely limited by
force-generating transitions that limit isometric force (i.e., the balance between attachment
and detachment of positively strained cross-bridges), while power at very low loads is most
likely limited by the cross-bridge transitions that limit maximal shortening velocity (Vmax)
(i.e., detachment of compressively strained cross-bridges). Experiments here utilized Pi to
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increase one of these processes (i.e., force-generating transition rates) without affecting the
other process (i.e., detachment of compressively strained cross-bridges) in order to determine
which is most important in determining power output at intermediate loads where muscles
tend to operate in vivo. Pi increased loaded shortening velocity over most of the load range
without any effect on Vmax, implying that cross-bridge steps associated with Pi release (i.e.,
force-generating transitions) are the most important in determining power output over
physiological relevant loads. Finally, a pig model of endurance exercise training was used to
determine if changes intrinsic to the myocardial myofilaments were, in part, responsible for
greater SV that occurs with exercise training. Increased peak power generating capacity was
observed in myocytes from exercise trained animals as compared to sedentary controls. One
potential mechanism for this change in contractile function was found to be an increase in
PKA-induced phosphorylation of myofibrillar proteins. These results provide a molecular
and cellular basis for functional changes observed acutely and chronically with stress. In
addition, they provide insight into chemomechanical steps of the cross-bridge cycle that
determine loaded shortening and power output of cardiac myocytes.

5.2 Determinants of myocyte power output
Muscle power is the product of force and velocity and it known to reach an optimum
at intermediate forces or loads that the muscle is working against. One aspect of my work
focused on defining the chemomechanical cross-bridge states that are most important in
determining maximal power output (i.e., at intermediate load ranges). To begin this
discussion, I will first discuss the force-velocity relationship and the factors thought to
determine the slopes of curvature of the relationship. Next I will incorporate the 1957
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Huxley model of muscle contraction (63) in an attempt to quantify how factors such as Pi,
H+, and phosphorylation of myofibrillar proteins alter force-velocity curvature and overall
power by affecting rate constants of cross-bridge transitions. Then, I will provide discussion
of specific chemomechanical cross-bridge states likely corresponding to the transitions that
regulate power output over most loads.

The force-velocity relationship is well defined by a rectangular hyperbole with force
decreasing with increased velocity. The fall in force with increased velocity is hypothesized
to arise from two factors, one is decreased number of cross-bridges exerting positive force
and the other is increased number of compressively strained cross-bridges that form as the
muscle shortens and oppose normal force production. At high force the first of these
processes (i.e., decreased number of cross-bridges exerting positive force) is thought to be
most important and determines the slope of the force velocity curve near isometric force. At
high velocities (low loads) the second process (i.e., increased number of cross-bridges
exerting compressive force) is thought to be most important and determines the slope near
Vmax. The curvature of the force-velocity relationship (i.e., a/Po) is determined by the ratio of
these two slopes and, thus, its value indicates the relative contribution of these two processes.

A shift in force velocity curvature with Pi addition, lowered pH, and myofibrillar
phosphorylation may indicate which process, either number of force generating cross-bridges
or detachment of compressed cross-bridges, are limiting power output over a wide range of
relative loads. First, a reasonable assumption is that power output at very low loads is
limited, like Vmax, by the detachment rate of cross-bridges. On the other hand, at high loads
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(i.e., near isometric force) where filament sliding is minimal, power output is most likely
limited by cross-bridge attachment rates or transition rates from weakly-bound to stronglybound force-generating cross-bridges. Conceptually, at these high loads, rates of crossbridge attachment are predicted to limit power output by dictating how many forcegenerating cross-bridges interact with thin filaments that slide past cross-bridges at a constant
velocity. For example, if force-generating transitions are relatively slow, then slow
shortening rates are needed to accumulate enough force-generating cross-bridges to support a
high load. Slower shortening rates would yield relatively low power output compared to a
situation where faster attachment rates could accommodate higher shortening velocities. If
indeed, power output at low loads is determined by cross-bridge detachment whereas power
output at high loads is determined by cross-bridge attachment and force generation, the
question arises as to where in the power-load curve does the limiting step shift from crossbridge detachment to force-generating transitions. Determining this transition point would
provide evidence regarding the chemomechanical steps that are most important in
determining power output at intermediate loads where muscles operate in vivo. If for
instance, power output is determined by force- generating transitions only at relatively high
loads, then maximum power output is most likely regulated by cross-bridge detachment rates.
If, on the other hand, the shift between force generating transitions and cross-bridge
detachment rates occurs at very low loads (eg., less than 20% isometric force), then kinetics
of cross-bridge attachment and force generating transitions probably determine maximum
power output. Addition of Pi increased the velocity of loaded shortening over most loads
(15-100% isometric) making the relationship less curved and more shallow (i.e. a greater
a/Po) (Tables 2.2, 3.1, and 3.2). Since Pi release is intimately linked to force generation (53)
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this indicates force-generating transitions are involved. These observations of changes in
curvature at moderate to high loads appears to indicate force-generating transitions as the
primary process determining optimum power.

An alternative, more quantitative method of determining the impact of Pi, H+, and
myofibrillar phosphorylation on force-velocity relationships is to fit my data to the Huxley
model (63) of muscle contraction (equation 5.1). The model discusses cross-bridges in terms
of force-generating and non-force generating populations. Furthermore, force-generating
cross-bridges can be either positively strained, contributing to force production and muscle
shortening, or negatively strained, opposing force production and shortening. Application of
these terms to describe muscle contraction and the relationship between force (P) and
velocity (V) is shown by the equation (63):
(5.1) P = kf1/( f1 + g1) {(1 – exp [-(f1 + g1) h/ V]} {1 + (1/2)[( f1 + g1)/g2]2 [V/( f1 + g1)h]}
In this equation f1 is the rate constant of positively strained cross-bridge attachment, g1 is the
rate constant of positively strained cross-bridge detachment, g2 is the rate constant of
detachment of negatively strained cross-bridges, and h is a constant related to the distance
over which a cross bridge may attach. The interaction of these constants define the
characteristics of the force-velocity relationship with the shape of curve between the two
extreme points (isometric force and Vmax) determined by the factors that regulate each of the
extremes. In this model, isometric force is limited by the number of positively strained
cross-bridges (i.e., force-generating) which can be increased or decreased by changing the
rates of attachment (f1) or detachment (g1) in the following relationship:
(5.2)

f1/(f1 + g1)
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The other end of the force-velocity relationship is Vmax which is proposed to be
limited by the amount of negatively strained cross-bridges and is defined by g2. Negatively
strained cross-bridges build up as the muscle moves at higher velocities and the filament
sliding speed at which force of positively strained cross-bridges equals force of negatively
strained cross-bridges is Vmax. Thus, curvature of the force-velocity relationship is
determined by the interaction of force-generating transitions and detachment processes. The
Huxley model defines curvature as:
(5.3)

(f1 + g1)/g2

Here, high values of (f1 + g1) relative to g2 decreases curvature. Conversely, increased g2
relative (f1 + g1) increases curvature. The inverse nature of the constants ((f1 + g1) and g2)
and how they alter force-velocity and power-load relationships is shown in Figure 5.1.
Relative to a given relationship (middle force-velocity curve) changes in force-velocity
curvature toward a more shallow curve are completed by either increasing f1 and g1 (2(f1 +
g1)) or decreasing g2 (0.5 g2). A shallower force-velocity relationship results in greater
relative peak power. Alternatively, a more curved relationship is formed when f1 and g1 are
decreased (0.5 (f1 + g1)) or g2 is increased (2 g2), resulting in less relative power.
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Absolute force (P) and velocity (V) data from each experiment with Pi addition were
modeled using Sigmaplot software to quantify rate constants to explain changes in curvature.
The Huxley equation (Equation 5.1) was solved for the variables (f1 + g1) and g2. The data
yielded the following results (in s-1):
Table 5.1.
0 mM

2.5 mM

5 mM

10 mM

(f1 + g1)

8.1 ± 1.1

9.6 ± 0.8*

10.1 ± 0.7*

10.9 ± 1.9*

g2

147.8 ± 1.6

148.8 ± 0.7

148.7 ± 0.9

150.0 ± 1.3*

Increasing [Pi] progressively increased the sum of the rate constants of attachment and
detachment of positively strained cross-bridges (i.e., f1 + g1) without altering g2 (except with
10mM compared to 0mM). A larger (f1 + g1) relative to g2 increases the rate of forcegenerating cross-bridge interaction according to this model, implying faster cycling of
positively strained cross-bridges. This is consistent with a shallower slope as, there would be
a greater probability of cross-bridge attachment and transition to force-generating states at a
given speed of thin filament sliding. In addition, g2 was not changed or was slightly larger
with increasing [Pi], so it would have negligible effects on curvature. Importantly the effect
of Pi on g2 was also assessed mechanically to provide an estimate of g2 for the model and
provide further evidence of lack of a Pi effect. Vmax was not altered by increasing Pi
concentrations according to force-velocity relationships, however attaining Vmax in this
manner requires an extrapolation in a range of data that can have high variability. An
alternative method is to measure the unloaded shortening velocity (Vo) of muscle using a
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series of slack steps. Vo measurements are in agreement with Vmax from force-velocity
curves and g2 calculations from the Huxley model showing no effect of Pi addition on Vmax,
which is thought to be limited by the rate of detachment of negatively strained cross-bridges.

Comparison of α-MyHC and β-MyHC myocyte data with additional Pi and H+ alone
and in combination using the Huxley model provided the following values:
Table 5.2.
pH 7.0, 0 mM

pH 7.0, 5 mM

pH 6.6, 0 mM

pH 6.6, 5 mM

(f1 + g1)

7.8 ± 0.8

9.1 ± 1.0*

8.4 ± 1.2

8.8 ± 0.8*

g2

147 ± 4

148 ± 2

147 ± 5

148 ± 3

(f1 + g1)

2.7 ± 0.2

3.4 ± 0.3*

3.3 ± 0.5*

3.5 ± 0.5*

g2

73 ± 2

75 ± 2

75 ± 1

74 ± 1

α-MyHC

Β-MyHC

The values for α-MyHC myocytes show an increase in the sum of the rate constants of
positively strained cross-bridges with Pi addition at either pH, but not with increased [H+] by
itself. The values from the Huxley model are qualitatively similar to those reported in Table
2.1 for the effects of these conditions on absolute power. However, with this model there is
not discrimination between the effect of 5 mM Pi at pH 7.0 and pH 6.6. An explanation for
this discrepancy may be that unlike with Pi at pH 7.0 where an estimation of g2 was made
(Vo), the effect of a lower pH on g2 was assumed to have no effect (from Vmax data
extrapolated from force-velocity relationships). This assumption may be incorrect though as
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Vo has been reported to be decreased at lower pH values (120). A smaller g2, as predicted
from previous work (120), would contribute to a shallower force-velocity relationship
because according to the model the ratio of (f1 + g1) to g2 would be increased.

For the β-MyHC myocyte calculations g2 was assumed to be half of the value for αMyHC myocytes. Since isometric force is similar between myocytes expressing α-and βMyHC, then f1 and g1 must change proportionately with a shift from α-MyHC to β-MyHC.
A nearly two-fold difference in (f1 + g1) between α-MyHC and β-MyHC myocytes is within
the range of changes reported in mechanical perturbations associated with the constants (i.e.,
ktr) (40). Changes in (f1 + g1) were qualitatively similar to changes in peak normalized power
in β-MyHC myocytes, with experimental conditions having a greater positive effect on (f1 +
g1) than in α-MyHC myocytes (~17% increase in α-MyHC, ~25% increase in β-MyHC with
5mM Pi at pH 7.0). In addition, an underestimation of the effect of lower pH alone and in
combination with Pi on (f1 + g1) may have occurred because of the assumption of no change
in g2 at lower pH.

Finally, myocyte force and velocity data from exercise trained and sedentary pigs
yielded the following results:

Table 5.3.
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SED

EX

(f1 + g1)

2.02 ± 0.1

2.46 ± 0.2*

g2

50.1 ± 0.4

50.2 ± 0.5

In agreement with the previous models, an increase in the sum of the rate constants
governing force-generating cross-bridges occurred with exercise training; this yielded a
decrease in the curvature of the force-velocity relationship. Interestingly, (f1 + g1) were
smaller than reported for rat β-MyHC myocytes even though both are composed of β-MyHC.
This is in agreement with ktr and power measurements between the two species, with pig
myocytes having ~2-fold lower ktr and peak power output values. This modeling data
implies an apparent increase in the rate of force-generating transitions associated with
myofibrillar phosphorylation, consistent with previous reports (52, 60).

The model implies that processes associated with force generating transitions (i.e.,
rates of positively strained cross-bridges) are the most important in determining loaded
shortening and power output at intermediate loads where muscles perform work. Assuming
force-generating steps limit power at intermediate loads it becomes of interest which steps in
the cross-bridge cycle are coupled to the changes in contractile properties. A major
challenge of muscle physiology lies in defining chemomechanical states during contraction.
The two state model provides a framework to base discussion for a more complex, multivariant model (such as provided in the cross-bridge scheme (Figure 1.4)), which has been
proposed to explain a multitude of muscle biochemical and mechanical data. Increases in
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force-generating transitions (increased f1 + g1) qualitatively describe the mechanical changes
(e.g., changes in ktr, power and force-velocity curvature) with Pi, H+, and myofibrillar
phosphorylation but it cannot describe the quantitative differences between these changes.
For example, ktr and power both increased with progressive addition of Pi, but ktr increased to
a much greater extent (~300% versus 30% at 10mM Pi, respectively). This discrepancy can
be rectified by a multi-state model with additional steps regulating each of the processes
separately.

The Huxley model predicts loaded shortening velocity and power output are
determined by force-generating transitions. Steps corresponding to force-generating
transitions include steps 4-6 of the cross-bridge cycle model. I propose the steps limiting
loaded shortening to be the primary force-generating isomerization and Pi release (steps 4
and 5). Changing the rates of these steps (i.e., 4 and 5) during shortening may greatly impact
mechanics by allowing cross-bridges to cycle to force-generating states faster thus
maintaining attached force-bearing cross-bridges at higher velocities (i.e., decreased
curvature of the force-velocity relationship). Additionally, these steps have been reported to
be sensitive to Pi (17, 19, 20, 39, 53, 141, 147, 156) unlike the other force-generating step
(step 6) which is insensitive to increased concentrations of Pi because of an irreversible
isomerization after Pi release. Additional experiments have demonstrated the primary
isomerization (step 4) and Pi release (step 5) to be sensitive to changes in temperature (115,
155, 172) and length perturbations (i.e., strain) (62, 112, 116, 172). Steps limiting power are
thought to be sensitive to temperature as an increase in temperature increases power to a
much greater extent than force (~20 fold compared to ~3 fold, respectively) in skeletal
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muscle fibers (23). Additionally, there is an inherent strain dependence of power as observed
in the force-velocity relationship. Sensitivities to Pi, temperature and strain all provide
evidence for the possibility that it is the primary isomerization coupled to Pi release that
determines loaded shortening and power output in muscle and perturbations of these steps
will affect velocity of loaded contractions.
ktr
As mentioned above, ktr was increased to a much greater extent than loaded
shortening velocity by Pi addition, implying regulation by difference processes; however the
Huxley model can not differentiate between an effect on ktr and on power. A multi-state
model though provides an attractive point of differentiation between the two mechanical
processes. One possibility is that force development is limited by the cooperative activation
of near-neighbor regulatory units on the thin filament by strongly binding cross-bridges (37,
39, 141) and addition of Pi increases the number of strongly binding non-force generating
cross-bridges (A M ADP Pi), which has been reported in skeletal muscle with Pi (94, 108).
Consistent with Pi increasing thin filament activation, like addition of strongly binding NEM
modified cross-bridges (142), addition of Pi eliminated the slow phase of unloaded
shortening following slack steps in skinned fast-twitch skeletal muscle fibers during
submaximal Ca2+ activations (89). This evidence supports the proposal that steps regulating
activation of the thin filament and force-generating step limit ktr.

Force
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Another way the two-state model of Huxley does not accurately describe mechanical
findings is force declines with metabolite addition. The model defines force as f1/(f1 + g1)
with f1 and g1 proportional over most positive attachment distances. Since (f1 + g1) was
increased by metabolites (per the model), g1 would have to increase to a larger extent than f1
otherwise force would increase or stay the same if f1 and g1 increased in proportion. If one
assumes isometric ATPase to estimate g1, then there appears to be little effect of Pi on g1,
since Pi only decreases isometric ATPase to a very small degree (<5% per decade of Pi) and
to a lesser extent than force (27). A multi-variant model of muscle contraction provides a
better means of describing the declines in force with Pi and H+ addition. Pi release is coupled
to the primary force-generating state so an increase in [Pi] can cause the reversal of the forcegenerating step (20, 53), leaving fewer cross-bridges to produce force. In addition, as Pi
decreases ATPase rate less than force it can be surmised that force per cross-bridge may also
be decreased. Similar to Pi, reduction of force at lower pH may be the result of a shift in
cross-bridge populations toward non-force generating states because a proton is thought to be
lost during the force-generating transition (1). Lowering the pH would then effectively shift
cross-bridge populations back to a pre-force generating state. However, this is not likely the
only way in which H+ decreases myofibrillar force because a reduction in force of rigor
cross-bridges (32) and stiffness per cross-bridge (91) occur with decreased pH indicating
force per cross-bridge is also declined. Therefore, the effect of pH on isometric force is most
likely a combination of a decrease in the number cross-bridges and the force generated per
cross-bridge. From this discussion it can be seen a more complex model of muscle
contraction is needed to accurately describe mechanical changes with Pi and H+.
5.3 MyHC dependent sensitivity to metabolites
102

Another interesting and novel finding presented here is a description of MyHC
dependence of mechanics in response to ischemic metabolites (Figure 3.4 and Tables 3.1 and
3.2). Measurements of mechanical changes with ischemic metabolites in cardiac muscle
have primarily been limited to isometric properties (i.e., isometric force and Ca2+-senstivity
of force). Moreover, mechanical changes in response to ischemic metabolites have not been
investigated with consideration to MyHC content, which is highly correlated to many
dynamic processes (Vmax, ktr and power) (40, 72). I found isometric force and its response to
ischemic metabolites was not different between MyHC myocyte populations. During
isometric contraction, there is no shortening so cross-bridges are either detached or positively
contribute to force generation so the cross-bridge cycle is likely limited by the attachment
and detachment of positively strained bridges (f1 and g1, respectively; according to the twostate model). Because isometric force is similar between myocytes expressing α-and βMyHC, then f1 and g1 must change proportionately with a shift from α-MyHC to β-MyHC.
A proportional shift in these processes is not surprising as many mechanical changes thought
to be associated with attachment and detachment rates are altered in a linear fashion with the
shift from α-MyHC to β-MyHC (Vmax and ktr) (40, 72). In contrast to the lack of MyHC
dependence of isometric forces with ischemic metabolites, there was a striking difference in
how MyHC affected power output response to ischemia metabolites. Absolute power output
was more greatly reduced in α-MyHC myocytes than in β-MyHC myocytes. This was the
product of a greater Pi-induced increase in loaded shortening velocity and an exclusive H+induced increase of loaded shortening velocity in β-MyHC myocytes. Others studies
examining a potential MyHC dependent effect on dynamic contractile properties are limited.
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For example, in skeletal muscle fibers no difference was observed in the Pi effect on power
generating capacity of fast-twitch and slow-twitch muscle fibers (23). However, in this study
when temperature was increased toward physiological conditions (30° C), slow-twitch
muscle fiber power generating capacity increased 20-fold, whereas fast-twitch power
generating capacity increased ~7 fold, with no difference in force production between fiber
types (23). A greater effect of temperature on muscle power may indicate steps limiting
power generation have fiber-type sensitivity to temperature. This idea is in agreement with
data comparing the effect of temperature on cross-bridge rate constants from fast- and slowtwitch muscle fibers (22, 155). Wang and Kawai measured a greater than 2 fold difference in
temperature sensitivity of the force-generating step (step 4 here) between fast-twitch and
slow-twitch muscle fibers (Q10 = 3.3 and 6.7, respectively) (155). Further evidence suggests
the force-generating step is more closely coupled to the Pi release step in slow twitch skeletal
muscle (same MyHC as cardiac β) and intermediate skeletal muscle (i.e., type IIa MyHC
fiber) than in fast twitch skeletal muscle, with slow being greater than intermediate (22).
More closely coupled steps would confer greater Pi sensitivity to the primary forcegenerating step as well (22). Greater temperature dependence existing between fiber types in
addition to changes in the coupling between the isomerization and Pi release steps that
provide a greater Pi sensitivity for force-generating steps (22), also may provide a mechanism
for the greater Pi-dependence of loaded shortening to ischemic metabolites observed in βMyHC compared to α-MyHC myocytes (Chapter 3).

5.4 Other experimental considerations
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Force depression from Pi addition is concentration dependent with the relationship fit
well by a single declining exponential (Figure 2.1). An exponential relationship indicates
small changes in [Pi] at low initial levels have greater impact on force inhibition than do
changes from higher initial concentrations. Utilization of enzyme-linked Pi “mopping”
systems to remove Pi from solutions has shown force depression occurs with [Pi] as low as
0.2 mM (109). This indicates that Pi tonically inhibits force production in cardiac muscle
even under normal conditions when [Pi] is low (1-2mM (2)). Also, this may indicate that
solutions used in this study may have missed this more linear region of depression as
experimental solutions and myocyte preparations contain Pi. To examine the relationship of
lower concentrations of Pi it is necessary to minimize the contaminant Pi in solutions. The
presence of significant Pi contamination in our solutions or preparations was examined by the
incorporation of sucrose phosphorylase (SP) and its substrates into relaxing and activating
solutions while correcting for changes in ionic strength and balance. This enzyme and
protocol have been shown previously to decrease [Pi] to as low as 0.2 mM in skeletal muscle
preparations (69, 109). Inclusion of SP in activating solutions had no effects on myocyte
force production, loaded shortening velocity, or power output (Figure 5.2) indicating a
relatively low level of Pi contamination in experimental solutions, although in contrast to
previous work in skeletal muscle preparations, this finding was not unexpected as skeletal
preparations have upwards of 20-30 fold greater cross-sectional area and several fold greater
length than do our myocyte preparations, meaning overall ATPase and PCr hydrolysis rates
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Figure 5.2
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will be higher. Thus, it is probable that contaminant [Pi] in our experiments are lower than
those estimated in skeletal preparations (0.7 mM Pi), and possibly as low as 0-0.2mM.

Differences in Pi production due to preparation size yields the possibility of
differential response of preparations to experimental conditions because of Pi accumulation.
In fact, some studies have demonstrated an inverse relationship between preparation diameter
and force decline (70, 139) which is thought to exist because of lower Pi accumulation from
myofibrillar ATPases in thinner preparations during Ca2+ activation. Data showing force
response to increasing [Pi] is plotted with preparation width indicated for each curve (Figure
5.3). Our preparations displayed limited variability in force response to Pi addition. The
variability that does exist is most likely the result of random selection of solution order as a
small amount of preparation deterioration (less than 20%) is common following multiple
force-velocity determinations. Meaning, there may be a greater relative fall in isometric
force with 10 mM Pi if it is the last condition examined as opposed to first. Nevertheless,
preparation width did not correlate with force decline to 5 mM Pi (Figure 5.3) further
indicating preparation size did not confound the results.

Application of Pi and H+ in combination has been reported to produce a synergistic
effect in skeletal muscle (102, 159). The reasoning for a greater effect in combination was
the formation of a greater amount of the diprotonated form of Pi (Pi-) at a lower pH; the Piform of Pi is exclusively responsible for force declines in skeletal muscle (102). However,
the results presented here and previously (69, 103) find that it is total [Pi] and not the Pi- form
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Figure 5.3
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that is responsible for force depression in cardiac muscle. Lack of synergy can be seen by
examining the effects of Pi and H+ addition separately and in combination on isometric force
production (Figure 5.4). The top graph in Figure 5.4 has force relative to the value obtained
at pH 7.0 with no added Pi; force depression resulted from either Pi or H+ addition, however
the greatest effect occurred when applied in combination. These results may suggest the Piform is responsible for the depressive effect as both increasing the [Pi] and lowering the pH
generates a greater [Pi-], with the greatest concentration occurring when in combination. If
increased [Pi-] is responsible then normalizing force to the isometric value at pH 7.0 of each
[Pi] (bottom Figure 5.4) would show disparate results at the lower pH as a greater [Pi-] would
be present when applied in combination as opposed to just lower pH. This however is not
observed, indicating effects of Pi and H+ on force production are independent and additive in
cardiac muscle, unlike skeletal. This discrepancy has been attributed to an apparent fiber
type difference in Pi sensitivities (103).
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Figure 5.4
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The studies of this dissertation examined how acute changes in the ionic environment
associated with ischemia as well as chronic stress levels induced by exercise training
modulate myocyte function. The results indicated that Pi decreases force production, yet
increases loaded shortening velocity in a [Pi] dependent manner in all myocytes, attenuating
the decline in power of α-MyHC myocytes and ablating the decline in β-MyHC myocytes.
Since Pi release is tightly coupled to force-generating states this supports the hypothesis that
force-generating transitions are most important in determining loaded shortening velocity and
power output generated by cardiac myofibrils. In addition, increased [H+] also depressed
force in cardiac myocytes but, interestingly, increased loaded shortening exclusively in βMyHC myocytes. This suggests that β-MyHC myocytes are more resistant to declines in
power output induced by ischemic metabolites. Finally, cardiomyocytes from exercise
trained pig myocardium had increased power output compared to those from sedentary
control pigs, and the increased power was associated with higher baseline PKA-induced
phosphorylation levels of cardiac myofibrils from exercised trained pigs. Overall, these
alterations in ionic milieu, MyHC content, and phosphorylation status after exercise training,
all of which increased loaded shortening velocity, are put forth as potential mechanisms to
aid the heart’s physiological response to stress, making it more tolerant to mediators of stress
and more capable of meeting systemic demand.

111

LITERATURE CITED

1.
Alberty RA. Effects of pH and metal ion concentration on the equibrium hydrolysis
of adenosine triphosphate to adenosine diphosphate. Journal of Biological Chemistry 243:
1337-1343, 1968.
2.
Allen DG and Orchard CH. Myocardial contractile function during ischemia and
hypoxia. Circulation Research 60: 153-168, 1987.
3.
Arai AE, Pantely GA, Thoma WJ, Anelsone CG, and Bristow JD. Energy
metabolism and contractile function after 15 beats of moderate myocardial ischemia.
Circulation Research 70: 1137-1145, 1992.
4.
Araujo A and Walker JW. Phosphate release and force generation in cardiac
myocytes investigated with caged phosphate and caged calcium. Biophysical Journal 70:
2316-2326, 1996.
5.
Asano G, Takashi E, Ishiwata T, Onda M, Yokoyama M, Naito Z, Ashraf M,
and Sugisaki Y. Pathogenesis and protection of ischemia and reperfusion injury in
myocardium. Journal of Nippon Medical School 70: 384-392, 2003.
6.
Barton PJ, Felkin LE, Koban MU, Cullen ME, Brand NJ, and Dhoot GK. The
slow skeletal muscle troponin T gene is expressed in developing and diseased human heart.
Molecular and Cellular Biochemistry 263: 91-97, 2004.
7.
Berger CL and Thomas DD. Rotational dynamics of actin-bound heads in active
myofibrils. Biochemistry 32: 3812-3821, 1993.
8.
Berman MR, Peterson JN, Yue DT, and Hunter WC. Effect of isoproterenol on
force transient time course and on stiffness spectra in rabbit papillary muscle in barium
contractions. Journal of Molecular and Cellular Cardiology 20: 415-426, 1988.
9.
Bhan AK and Scheuer J. Effects of physical training on cardiac ATPase activity.
American Journal of Physiology 228: 1178-1182, 1975.
10.
Blunt BC, Chen Y, Potter JD, and Hofmann PA. Modest actomyosin energy
conservation increases myocardial postischemic function. American Journal of PhysiologyHeart and Circulatory Physiology 288: H1088-1096, 2005.
11.
Bohm M, Dorner H, Htun P, Lensche H, Platt D, and Erdmann E. Effects of
exercise on myocardial adenylate cyclase and Giα expression in senescence. American
Journal of Physiology- Heart and Circulatory Physiology 264: H805-H814, 1993.
12.
Bolli R and Marban E. Molecular and Cellular Mechanisms of Myocardial
Stunning. Physiological Reviews 79: 609-634, 1999.
13.
Brenner B. Mechanical and structural approaches to correlation of cross-bridge
action in muscle with actomyosin ATPase in solution. Annual Review of Physiology 49: 655672, 1987.
14.
Brune M, Hunter JL, Corrie JE, and Webb MR. Direct, real-time measurement of
rapid inorganic phosphate release using a novel fluorescent probe and its application to
actomyosin subfragment 1 ATPase. Biochemistry 33: 8262-8271, 1994.
15.
Chen C, Chen L, Fallon JT, Ma L, Li L, Bow L, Knibbs D, McKay R, Gillam
LD, and Waters DD. Functional and Structural Alterations With 24-Hour Myocardial
112

Hibernation and Recovery After Reperfusion: A Pig Model of Myocardial Hibernation.
Circulation 94: 507-516, 1996.
16.
Cooke R. Actomyosin interaction in striated muscle. Physiological Reviews 77: 671697, 1997.
17.
Cooke R and Pate E. The effects of ADP and phosphate on the contraction of
muscle fibers. Biophysical Journal 48: 789-798, 1985.
18.
Cooke R, White H, and Pate E. A model of the release of myosin heads from actin
in rapidly contracting muscle fibers. Biophysical Journal 66: 778-788, 1994.
19.
Coupland ME, Puchert E, and Ranatunga KW. Temperature dependence of active
tension in mammalian (rabbit psoas) muscle fibers: effect of inorganic phosphate. Journal of
Physiology 536: 879-891, 2001.
20.
Dantzig JA, Goldman YE, Millar NC, Lacktis J, and Homsher E. Reversal of the
cross-bridge force-generating transition by photogeneration of phosphate in rabbit psoas
muscle fibres. Journal of Physiology 451: 247-278, 1992.
21.
Dantzig JA, Hibberd MG, Trentham DR, and Goldman YE. Cross-bridge kinetics
in the presence of MgADP investigated by photolysis of caged ATP in rabbit psoas muscle
fibers. Journal of Physiology 432: 639-680, 1991.
22.
Davis JS and Epstein ND. Kinetic Effects of Fiber Type on the Two Subcomponents
of the Huxley-Simmons Phase 2 in Muscle. Biophysical Journal 85: 390-401, 2003.
23.
Debold EP, Dave H, and Fitts RH. Fiber type and temperature dependence of
inorganic phosphate: implications for fatigue. American Journal of Physiology- Cell
Physiology 287: C673-681, 2004.
24.
Decker RS, Decker ML, Kulikovskaya I, Nakamura S, Lee DC, Harris K,
Klocke FJ, and Winegrad S. Myosin-Binding Protein C Phosphorylation, Myofibril
Structure, and Contractile Function During Low-Flow Ischemia. Circulation 111: 906-912,
2005.
25.
Diffee GM and Chung E. Altered single cell force-velocity and power properties in
exercise-trained rat myocardium. Journal of Applied Physiology 94: 1941-1948, 2003.
26.
Diffee GM, Seversen EA, and Titus MM. Exercise training increases the Ca2+
sensitivity of tension in rat cardiac myocytes. Journal of Applied Physiology 91: 309-315,
2001.
27.
Ebus JP, Stienen GJM, and Elzinga G. Influence of phosphate and pH on
myofibrillar ATPase activity and force in skinned cardiac trabeculae from rat. Journal of
Physiology 476: 501-516, 1994.
28.
Edman KAP. The velocity of unloaded shortening and its relation to sarcomere
length and isometric force in vertebrate muscle fibers. Journal of Physiology 291: 143-159,
1979.
29.
Ekblom B and Hermansen L. Cardiac output in athletes. J Appl Physiol 25: 619625, 1968.
30.
Elliott AC, Smith GL, Eisner DA, and Allen DG. Metabolic changes during
ischaemia and their role in contractile failure in isolated ferret hearts. Journal of Physiology
454: 467-490, 1992.
31.
Fabiato A. Computer programs for calculating total from specified free or free from
specified total ionic concentrations in aqueous solutions containing multiple metals and
ligands. Methods of Enzymology 157: 378-417, 1988.
113

32.
Fabiato A and Fabiato F. Effects of pH on the myofilaments and the sarcoplasmic
reticulum of skinned cells from cardiac and skeletal muscles. Journal of Physiology 276:
233-255, 1978.
33.
Fenn WO. A quantitative comparison between the energy liberated and the work
performed by the isolated sartorius of the frog. Journal of Physiology 58: 175-203, 1923.
34.
Ferenczi MA. The elementary steps of the actomyosin ATPase in muscle fibers
studied by caged-ATP. Advances in Experimental Medicine and Biology 368: 181-188, 1988.
35.
Figueredo V, Brandes R, Weiner M, Massie B, and Camacho S. Cardiac
contractile dysfunction during mild coronary flow reductions is dues to an altered calciumpressure relationship in rat hearts. Journal of Clinical Investigation 90: 1794-1802, 1992.
36.
Fitzsimmons DP, Bodell PW, Herrick RE, and Baldwin KM. Left ventricular
functional capacity in the endurance-trained rodent. J Appl Physiol 69: 309-312, 1990.
37.
Fitzsimons DP, Patel JR, Campbell KS, and Moss RL. Cooperative mechanisms in
the activation dependence of the rate of force development in rabbit skinned skeletal muscle
fibers. Journal of General Physiology 117: 133-148, 2001.
38.
Fitzsimons DP, Patel JR, Campbell KS, and Moss RL. Effect of phosphate on
loaded shortening in skeletal muscle fibers. Biophysical Journal 84: 246a, 2003.
39.
Fitzsimons DP, Patel JR, and Moss RL. Cross-bridge interaction kinetics in rat
myocardium are accelerated by strong binding of myosin to the thin filament. Journal of
Physiology 530: 263-272, 2001.
40.
Fitzsimons DP, Patel JR, and Moss RL. Role of myosin heavy chain composition in
kinetics of force development and relaxation in rat myocardium. Journal of Physiology 513:
171-183, 1998.
41.
Ford LE, Nakagawa K, Desper J, and Seow CY. Effect of osmotic compression on
force-velocity properties of glycerinated rabbit skeletal muscle cells. Journal of General
Physiology 97: 73-88, 1991.
42.
Fortune NS, Geeves MA, and Ranatunga KW. Tension responses to rapid pressure
release in glycerinated rabbit muscle fibers. Proceedings of the National Academy of
Sciences USA 88: 7323-7327, 1991.
43.
Fukuda N, O-Uchi J, Sasaki D, Kajiwara H, Ishiwata Si, and Kurihara S.
Acidosis or inorganic phosphate enhances the length dependence of tension in rat skinned
cardiac muscle. Journal of Physiology 536: 153-160, 2001.
44.
Gautel M, Zuffardi O, Freiburg A, and Labeit S. Phosphorylation swithches
specific for the cardiac isoform of myosin binding protein C: a modulator of cardiac
contraction? European Medical Biology Organization Journal 14: 1952-1960, 1995.
45.
Goldman YE, Hibberd MG, and Trentham DR. Relaxation of rabbit psoas muscle
fibres from rigor by photochemical generation of adenosine-5'-triphosphate. Journal of
Physiology 354: 577-604, 1984.
46.
Gordon AM, Homsher E, and Regnier M. Regulation of contraction in striated
muscle. Physiological Reviews 80: 853-924, 2000.
47.
Gruen M, Prinz H, and Gautel M. cAPK-phosphorylation controls the interaction
of the regulatory domain of cardiac myosin binding C with myosin-S2 in an on-off fashion.
Federation of European Biochemical Societies Letters 453: 254-259, 1999.

114

48.
Hammond HK, Ransnas LA, and Insel PA. Noncoordinate regulation of cardiac Gs
protein and beta-adrenergic receptors by a physiological stimulus, chronic dynamic exercise.
Journal of Clinical Investigation 82: 2168-2171, 1988.
49.
Hashimoto T, Kambara N, Nohara R, Yazawa M, and Taguchi S. Expression of
MHC-{beta} and MCT1 in cardiac muscle after exercise training in myocardial-infarcted
rats. Journal of Applied Physiology 97: 843-851, 2004.
50.
He ZH, Chillingworth RK, Brune M, Corrie JE, Trentham DR, Webb MR, and
Ferenczi MA. ATPase kinetics on activation of rabbit and frog permeabolized isometric
muscle fibres: a real time phosphate assay. Journal of Physiology 501: 125-148, 1997.
51.
Herron TJ, Korte FS, and McDonald KS. Loaded shortening and power output in
cardiac myocytes are dependent on myosin heavy chain isoform expression. American
Journal of Physiology- Heart and Circulatory Physiology 281: H1217-1222, 2001.
52.
Herron TJ, Korte FS, and McDonald KS. Power output is increased after
phosphorylation of myofibrillar proteins in rat skinned cardiac myocytes. Circulation
Research 89: 1184-1190, 2001.
53.
Hibberd MG, Dantzig JA, Trentham DR, and Goldman YE. Phosphate release
and force generation in skeletal muscle fibers. Science 228: 1317-1319, 1985.
54.
Hibberd MG and Trentham DR. Relationships between chemical and mechanical
events during muscular contraction. Annual Review of Biophysics and Biophysical Chemistry
15: 119-161, 1986.
55.
Highsmith S and Eden D. Ligand induced myosin subfragment-1 global
conformational change. Biochemistry 29: 4087-4097, 1990.
56.
Hilber K, Sun YB, and Irving M. Effects of sarcomere length and temperature on
the rate of ATP utilisation by rabbit psoas muscle fibres. Journal of Physiology 531: 771780, 2001.
57.
Hill AV. The heat of shortening and the dynamic constants of muscle. Proc R Soc
London Ser B 126: 136-195, 1938.
58.
Hinken AC and McDonald KS. Inorganic phosphate speeds loaded shortening in rat
skinned cardiac myocytes. American Journal of Physiology- Cell Physiology 287: C500-507,
2004.
59.
Hoh JFY and Egerton LJ. Action of triidothyronine on the synthesis of rat
ventricular myosin isoenzymes. Federation of European Biochemical Societies Letters 101:
143-148, 1979.
60.
Hoh JFY, Rossmanith GH, Kwan LJ, and Hamilton AM. Adrenaline increases the
rate of cycling of cross-bridges in rat cardiac muscle as measured by pseudo-random binary
noise-modulated perturbation analysis. Circulation Research 62: 452-461, 1988.
61.
Holroyde MJ, Robertson SP, Johnson JD, Solaro RJ, and Potter JD. The calcium
and magnesium binding sites on cardiac troponin and their role in the regulation of
myofibrillar adenosine triphosphatase. Journal of Biological Chemistry 225: 11688-11693,
1980.
62.
Homsher E, Lacktis J, and Regnier M. Strain-dependent modulation of phosphate
transients in rabbit skeletal muscle fibers. Biophysical Journal 72: 1780-1791, 1997.
63.
Huxley AF. Muscle structure and theories of contraction. Progress in Biophysics and
Biophysical Chemistry 7: 255-318, 1957.
115

64.
Iemitsu M, Miyauchi T, Maeda S, Tanabe T, Takanashi M, Matsuda M, and
Yamaguchi I. Exercise training improves cardiac function-related gene levels through
thyroid hormone receptor signaling in aged rats. American Journal of Physiology- Heart and
Circulatory Physiology 286: H1696-1705, 2004.
65.
Irving M, Allen TS, Sabidodavid C, Craik JS, Brandmeier B, Kendrickjones J,
Corrie JE, Trentham DR, and Goldman YE. Tilting of the light-chain region o fmyosin
during step length changes and active force generation in skeletal muscle. Nature 375: 688691, 1995.
66.
Jin H, Yang R, Li W, Lu H, Ryan AM, Ogasawara AK, Van Peborgh J, and
Paoni NF. Effects of exercise training on cardiac function, gene expression, and apoptosis in
rats. American Journal of Physiology- Heart and Circulatory Physiology 279: H2994-3002,
2000.
67.
Jontes JD, Wilsonkubalek EM, and Milligan RA. A 32-degree tail swing in brush
border myosin 1 on ADP release. Nature 378: 751-753, 1995.
68.
Kemi OJ, Haram PM, Wisloff U, and Ellingsen O. Aerobic Fitness Is Associated
With Cardiomyocyte Contractile Capacity and Endothelial Function in Exercise Training and
Detraining. Circulation 109: 2897-2904, 2004.
69.
Kentish JC. Combined inhibitory actions of acidosis and phosphate on maximum
force production in rat skinned cardiac muscle. Pflugers Archive 419: 310-318, 1991.
70.
Kentish JC. The effects of inorganic phosphate and creatine phosphate on force
production in skinned muscles from rat ventricle. Journal of Physiology 370: 585-604, 1986.
71.
Kentish JC, McCloskey DT, Layland J, Palmer S, Leiden JM, Martin AF, and
Solaro RJ. Phosphorylation of troponin I by protein kinase A accelerates relaxation and
crossbridge cycle kinetics in mouse ventricular muscle. Circulation Research 88: 1059-1065,
2001.
72.
Korte FS, Herron TJ, Rovetto MJ, and McDonald KS. Power output is linearly
related to myosin heavy chain content in rat skinned myocytes and isolated working hearts.
American Journal of Physiology- Heart and Circulatory Physiology, 2005.
73.
Korte FS, McDonald KS, Harris SP, and Moss RL. Loaded Shortening, Power
Output, and Rate of Force Redevelopment Are Increased With Knockout of Cardiac Myosin
Binding Protein-C. Circulation Research 93: 752-758, 2003.
74.
Korte FS, Mokelke EA, Sturek M, and McDonald KS. Exercise improves
impaired ventricular function and alterations of cardiac myofibrillar proteins in diabetic
dyslipidemic pigs. J Appl Physiol 98: 461-467, 2005.
75.
Kunst G, Kress KR, Gruen M, Uttenweiler D, Gautel M, and Fink RHA. Myosin
binding protein C, a phosphorylation-dependent force regulator in muscle that controls the
attachment of myosin heads by its interaction with myosin S2. Circulation Research 86: 5158, 2000.
76.
Kusuoka H, Weisfeldt ML, Zweier JL, Jacobus WE, and Marban E. Mechanism
of early contractile failure during hypoxia in intact ferret heart: evidence for modulation of
maximal Ca2+-activated force by inorganic phosphate. Circulation Research 59: 270-282,
1986.
77.
Laughlin MH, Hale CC, Novela L, Gute D, Hamilton N, and Ianuzzo CD.
Biochemical characterization of exercise-trained porcine myocardium. Journal of Applied
Physiology 71: 229-235, 1991.
116

78.
Laughlin MH, Overholser KA, and Bhatte MJ. Exercise training increases
coronary transport reserve in miniature swine. Journal of Applied Physiology 67: 1140-1149,
1989.
79.
Laughlin MH, Schaeffer ME, and Sturek M. Effect of exercise training on
intracellular free Ca2+ transients in ventricular myocytes of rats. Journal of Applied
Physiology 73: 1441-1448, 1992.
80.
Layland J, Grieve DJ, Cave AC, Sparks E, Solaro RJ, and Shah AM. Essential
role of troponin I in the positive inotropic response to isoprenaline in mouse hearts
contracting auxotonically. Journal of Physiology 556: 835-847, 2004.
81.
Lehman W, Craig R, and Vibert P. Ca2+-induced tropomyosin movement in
Limulus thin filaments revealed by three-dimensional reconstruction. Nature 368: 65-67,
1994.
82.
Litten RZ, Martin BJ, Low RB, and Alpert NR. Altered myosin isozyme patterns
from pressure-overloaded and thyrotoxic hypertrophied rabbit hearts. Circulation Research
50, 1982.
83.
Lu Z, Swartz DR, Metzger JM, Moss RL, and Walker JW. Regulation of force
development studied by photolysis of caged ADP in rabbit skinned psoas fibers. Biophysical
Journal 81: 334-344, 2001.
84.
Ma YZ and Taylor EW. Kinetic mechanisms of myofibril ATPase. Biophysical
Journal 66: 1542-1553, 1994.
85.
McDonald KS. Ca2+ dependence of loaded shortening in rat skinned cardiac
myocytes and skeletal muscle fibers. Journal of Physiology 525: 169-181, 2000.
86.
McDonald KS and Moss RL. Strongly binding myosin cross-bridges regulate loaded
shortening and power output in cardiac myocytes. Circulation Research 87: 768-773, 2000.
87.
McKirnan MD, White FC, Guth BD, and Bloor CM. Cardiovascular and
Metabolic Responses to Acute and Chronic Exercise in Swine. In: Swine in Biomedical
Research, edited by Tumbleson ME. New York, N.Y.: Plenum Press, 1985, p. 1379-1394.
88.
McNally EM, Kraft R, Bravo-Zehnder M, Taylor DA, and Leinwand LA. Fulllength rat alpha and beta cardiac myosin heavy chain sequences. Journal of Molecular
Biology 210: 665-671, 1989.
89.
Metzger JM. Effect of phosphate and ADP on shortening velocity during maximal
and submaximal calcium activation of the thin filament in skeletal muscle fibers. Biophysical
Journal 70: 409-417, 1996.
90.
Metzger JM. pH dependence of myosin binding-induced activation of the thin
filament in cardiac myocytes and skeletal fibers. Am J Physiol Heart Circ Physiol 270:
H1008-1014, 1996.
91.
Metzger JM and Moss RL. Effects on tension and stiffness due to reduced pH in
mammalian fast- and slow-twitch skinned skeletal muscle fibres. Journal of Physiology 428:
737-750, 1990.
92.
Metzger JM and Moss RL. Phosphate and the kinetics of force generation in
skinned skeletal muscle fibers. Biophysical Journal 59: 418A, 1991.
93.
Metzger JM, Wahr PA, Michele DE, Albayya F, and Westfall MV. Effects of
myosin heavy chain isoform switching on Ca2+-activated tension development in single adult
cardiac myocytes. Circulation Research 84: 1310-1317, 1999.
117

94.
Millar NC and Homsher E. The effect of phosphate and calcium on force generation
in glycerinated rabbit skeletal muscle fibers. Journal of Biological Chemistry 265: 2023420240, 1990.
95.
Mole PA. Increased contractile potential of papillary muscles from exercise-trained
rat hearts. American Journal of Physiology- Heart and Circulatory Physiology 234: H421H425, 1978.
96.
Moore RL and Korzick DH. Cellular adaptations of the myocardium to chronic
exercise. Progress in Cardiovascular Diseases XXXVII: 371-396, 1995.
97.
Moore RL, Musch TI, Yelamarty RV, Scaduto RC, Jr, Semanchick AM, Elensky
M, and Cheung JY. Chronic exercise alters contractility and morphology of isolated rat
cardiac myocytes. American Journal of Physiology- Cell Physiology 264: C1180-1189, 1993.
98.
Moraski RE, Russell RO, Smith MK, and Rackley CE. Left ventricular function in
patients with and without myocardial infarction and one, two or three vessel coronary artery
disease. American Journal of Cardiology 35: 1-10, 1975.
99.
Moss RL. Sarcomere length-tension relations of frog skinned muscle fibres during
calcium activation at short lengths. Journal of Physiology 292: 177-202, 1979.
100. Moustakidis P, Cupps BP, Pomerantz BJ, Scheri RP, Maniar HS, Kates AM,
Gropler RJ, Pasque MK, and Sundt TM. Noninvasive, quantitative assessment of left
ventricular function in ischemic cardiomyopathy. Journal of Surgical Research 116: 187196, 2004.
101. Natali AJ, Wilson LA, Peckham M, Turner DL, Harrison SM, and White E.
Different regional effects of voluntary exercise on the mechanical and electrical properties of
rat ventricular myocytes. Journal of Physiology 541: 863-875, 2002.
102. Nosek TM, Fender KY, and Godt RE. It is diprotonated inorganic phosphate that
depresses force in skinned skeletal muscle fibers. Science 236: 191-193, 1987.
103. Nosek TM, Leal-Cardoso JH, McLaughlin M, and Godt RE. Inhibitory influence
of phosphate and arsenate on contraction of skinned skeletal and cardiac muscle. American
Journal of Physiology- Cell Physiology 259: C933-939, 1990.
104. Orchard CH and Kentish JC. Effects of changes of pH on the contractile function
of cardiac muscle. Am J Physiol Cell Physiol 258: C967-981, 1990.
105. Pagani ED and Julian FJ. Rabbit papillary muscle myosin isozymes and the
velocity of muscle shortening. Circulation Research 54: 586-594, 1984.
106. Pagani ED and Solaro RJ. Swimming exercise, thyroid state, and the distribution of
myosin isoenzymes in rat heart. American Journal of Physiology- Cell Physiology 245:
H713-720, 1983.
107. Palmer BM, Lynch JM, Snyder SM, and Moore RL. Effects of chronic run
training on Na+-dependent Ca2+ efflux from rat left ventricular myocytes. Journal of
Applied Physiology 86: 584-591, 1999.
108. Pate E and Cooke R. Addition of phosphate to active muscle fibers probes
actomyosin states within the power stroke. Pflugers Archive 414: 73-81, 1989.
109. Pate E, Franks-Skiba K, and Cooke R. Depletion of phosphate in active muscle
fibres probes actomyosin states within the powerstroke. Biophysical Journal 80: 369-380,
1998.
110. Patel JR, Fitzsimons DP, Buck SH, Muthuchamy M, Wieczorek DF, and Moss
RL. PKA accelerates rate of force development in murine skinned myocardium expressing
118

alpha- or beta-tropomyosin. American Journal of Physiology- Heart and Circulatory
Physiology 280: H2732-H2739, 2001.
111. Peronnet F, Cleroux J, Perrault H, Cousineau D, de Champlain J, and Nadeau
R. Plasma norepinephrine response to exercise before and after training in humans. Journal
of Applied Physiology 51: 812-815, 1981.
112. Piazzesi G, Francini F, Linari M, and Lombardi V. Tension transients during
steady lengthing of tetanized fibres of the frog. Journal of Physiology 445: 659-711, 1992.
113. Potma EJ, van Graas IA, and Stienen GJM. Influence of inorganic phosphate and
pH on ATP utilization in fast and slow skeletal muscle fibers. Biophysical Journal 69: 25802589, 1995.
114. Ramos CHI. Mapping Subdomains in the C-terminal Region of Troponin I Involved
in Its Binding to Troponin C and to Thin Filament. Journal of Biological Chemistry 274:
18189-18195, 1999.
115. Ranatunga KW and Coupland ME. Molecular step(s) of force generation:
temperature-perturbation experiments on muscle fibres. Advances in Experimental Medicine
and Biology 538: 441-457, 2003.
116. Ranatunga KW, Coupland ME, and Mutungi G. An asymmetry in the phosphate
dependence of tension transients induced by length perturbation in mammalian (rabbit psoas)
muscle fibres. Journal of Physiology 542: 899-910, 2002.
117. Rayment I, Holden HM, Whittaker M, Yohn CB, Lorenz M, Holmes KC, and
Milligan RA. Structure of the actin-myosin complex and its implications for muscle
contraction. Science 261: 58-65, 1993.
118. Razumova MV, Patel JR, and Moss RL. Alpha-MyHC dependent acceleration of
the rate of force development in rat myocardium. Biophysical Journal 86: 208a, 2004.
119. Reiser PJ, Portman MA, Ning X-H, and Moravec CS. Human cardiac myosin
heavy chain isoforms in fetal and failing adult atria and ventricles. American Journal of
Physiology- Heart and Circulatory Physiology 280: H1814-1820, 2001.
120. Ricciardi L, Bottinelli R, Canepari M, and Reggiani C. Effects of acidosis on
maximum shortening velocity and force-velocity relation of skinned rat cardiac muscle.
Journal of Molecular and Cellular Cardiology 26: 601-607, 1994.
121. Rome LC, Funke RP, Alexander RM, Lutz G, Aldridge H, Scott F, and
Freadman M. Why animals have different muscle types. Nature 335: 824-827, 1988.
122. Roth DA, White CD, Podolin DA, and Mazzeo RS. Alterations in myocardial
signal transduction due to aging and chronic dynamic exercise. Journal of Applied
Physiology 84: 177-184, 1998.
123. Rundell VL, Manaves V, Martin AF, and de Tombe PP. Impact of {beta}-Myosin
Heavy Chain Isoform Expression on Cross-Bridge Cycling Kinetics. American Journal of
Physiology- Heart and Circulatory Physiology 288: H896-903, 2004.
124. Saltin B. Aerobic work capacity and circulation at exercise in man. With special
reference to the effect of prolonged exercise and/or heat exposure. Acta Physiologica
Scandinavica 62: 1-52, 1964.
125. Saltin B and Stenberg J. Circulatory response to prolonged severe exercise. Journal
of Applied Physiology 19: 833-838, 1964.

119

126. Scarpace PJ, Shu Y, and Tumer N. Influence of exercise training on myocardial βadrenergic signal transduction: differential regulation with age. Journal of Applied
Physiology 77: 737-741, 1994.
127. Schaefer S, Schwartz G, Gober J, Wong A, Camacho S, Massie B, and Weiner
M. Relationship between myocardial metabolites and contractile abnormalities during graded
regional ischemia. Journal of Clinical Investigation 85: 706-713, 1990.
128. Scheuer J and Tipton CM. Cardiovascular adaptations to physical training. Annual
Review of Physiology 39: 221-251, 1977.
129. Schiaffino S and Reggiani C. Molecular diversity of myofibrillar proteins: gene
regulation and functional significance. Physiological Reviews 76: 371-424, 1996.
130. Schwartz K, Lecarpentier Y, Martin JL, Lompre AM, Mercadier JJ, and
Swynghedauw B. Myosin isozymic distribution correlates with speed of myocardial
contraction. Journal of Molecular and Cellular Cardiology 13: 1071-1075, 1981.
131. Siemankowski RF, Wiseman MO, and White HD. ADP dissociation from acto-S1
is sufficiently slow to limit unloaded shortening velocity in muscle. Journal of Biological
Chemistry 260, 1985.
132. Smith GL, Donoso P, Bauer CJ, and Eisner DA. Relationship Between
Intracellular pH and Metabolite Concentrations During Metabolic Inhibition in Isolated
Ferret Heart. Journal of Physiology 472: 11-22, 1993.
133. Solaro RJ, Kumar P, Blanchard EM, and Martin AF. Differential effects of pH on
calcium activation of myofilaments of adult and perinatal dog hearts. Circulation Research
58: 721-729, 1986.
134. Solaro RJ, Moir AJ, and Perry SV. Phosphorylation of troponin I and the inotropic
effect of adrenaline in the perfused rabbit heart. Nature 262: 615-617, 1976.
135. Solaro RJ and Van Eyk J. Altered interactions among thin filament proteins
modulate cardiac function. Journal of Molecular & Cellular Cardiology 28: 217-230, 1996.
136. Spina RJ, Ogawa T, Coggan AR, Holloszy JO, and Ehsani AA. Exercise training
improves left ventricular contractile response to b-adrenergic agonist. Journal of Applied
Physiology 72: 307-311, 1992.
137. Srere PA. Citrate synthase. Methods of Enzymology 13: 3-5, 1969.
138. Stephenson GM and Stephenson DG. Endongenous MLC2 phosphorylation and
Ca2+-activated force in mechanically skinned skeletal muscle fibres of the rat. Pflugers
Archive 424: 30-38, 1993.
139. Stienen GJM, Roosemalen MCM, Wilson MGA, and Elzinga G. Depression of
force by phosphate in skinned muscle fibers of the frog. American Journal of PhysiologyCell Physiology 259: C349-357, 1990.
140. Strang KT, Sweitzer NK, Greaser ML, and Moss RL. Β-adrenergic receptor
stimulation increases unloaded shortening velocity of skinned single ventricular myocytes
from rats. Circulation Research 74: 542-549, 1994.
141. Swartz DR and Moss RL. Influence of a strong-binding myosin analog on Ca2+
sensitive mechanical properties of skinned skeletal muscle fibers. Journal of Biological
Chemistry 267: 20497-20506, 1992.
142. Swartz DR and Moss RL. Strong binding of myosin increases shortening velocity of
rabbit skinned skeletal muscle fibers at low levels of calcium. Journal of Physiology 533:
357-365, 2001.
120

143. Sweeney HL and Stull JT. Phosphorylation of myosin in permeabilized mammalian
cardiac and skeletal muscle cells. American Journal of Physiology- Cell Physiology 250:
C657-C660, 1986.
144. Sweet RL, Moraski RE, Russell RO, and Rackley CE. Relationship between
echocardiography, cardiac output, and abnormal contracting segments in patients with
ischemic heart disease. Circulation 52: 634-641, 1975.
145. Takimoto E, Soergel DG, Janssen PML, Stull LB, Kass DA, and Murphy AM.
Frequency- and afterload-dependent cardiac modulation in vivo by troponin I with
constitutively active protein kinase A phosphorylation sites. Circulation Research 94: 496504, 2004.
146. Tesi C, Colomo F, Piroddi N, and Poggesi C. Characterization of the cross-bridge
force-generating step using inorganic phosphate and BDM in myofibrils from rabbit skeletal
muscles. Journal of Physiology 54: 187-199, 2002.
147. Tesi C, Colomo S, Nencini S, Piroddi N, and Poggesi C. The effect of inorganic
phosphate on force generation in single myofibrils from rabbit skeletal muscle. Biophysical
Journal 78: 3081-3092, 2000.
148. Tibbits G, Koziol BJ, Roberts NK, Baldwin KM, and Barnard RJ. Adaptation of
the rat myocardium to endurance training. Journal of Applied Physiology 44: 85-89, 1978.
149. Trybus KM. Role of myosin light chains. Journal of Muscle Research and Cellular
Motility 15: 587-594, 1994.
150. van der Velden J, Klein LJ, Zaremba R, Boontje NM, Huybregts MAJM,
Stooker W, Eijsman L, de Jong JW, Visser CA, Visser FC, and Stienen GJM. Effects of
Calcium, Inorganic Phosphate, and pH on Isometric Force in Single Skinned Cardiomyocytes
From Donor and Failing Human Hearts. Circulation 104: 1140-1146, 2001.
151. Wahr PA, Cantor HC, and Metzger JM. Nucleotide-dependent contractile
properties of calcium activated fast and slow skeletal muscle fibers. Biophysical Journal 72:
822-834, 1997.
152. Wahr PA and Metzger JM. Peak power output is maintained in rabbit psoas and rat
soleus single muscle fibers when CTP replaces ATP. Journal of Applied Physiology 85: 7683, 1998.
153. Wahr PA and Metzger JM. Role of Ca2+ and cross-bridges in skeletal muscle thin
filament activation probed by Ca2+ sensitizers. Biophysical Journal 76: 2166-2176, 1999.
154. Walker JW, Lu Z, and Moss RL. Effects of Ca2+ on the kinetics of phosphate
release in skeletal muscle. Journal of Biological Chemistry 267: 1-8, 1992.
155. Wang G and Kawai M. Effect of temperature on elementary steps of the crossbridge cycle in rabbit soleus slow-twitch muscle fibres. Journal of Physiology 531: 219-234,
2001.
156. Wang G and Kawai M. Force generation and phosphate release steps in skinned
rabbit soleus and slow-twitch muscle fibers. Biophysical Journal 73: 878-894, 1997.
157. Whitman G, Kieval R, Wetstein L, Seeholzer S, McDonald G, and Harken A.
The relationship between global myocardial ischemia, left ventricular function, myocardial
redox state, and high energy phosphate profile. A phosphorous-31 nuclear magnetic
resonance study. Journal of Surgical Research 35: 332-339, 1983.
158. Widrick JJ. Effect of Pi on unloaded shortening velocity of slow and fast
mammalian muscle fibers. Am J Physiol Cell Physiol 282: C647-653, 2002.
121

159. Wilson JR, McCully KK, Mancini DM, Boden B, and Chance B. Relationship of
muscle fatigue to pH and diprotonated Pi in humans: a 31P-NMR study. Journal of Applied
Physiology 64: 2333-2339, 1988.
160. Winegrad S. Myosin Binding Protein C, a Potential Regulator of Cardiac
Contractility. Circulation Research 86: 6-7, 2000.
161. Winegrad S and Weisberg A. Isozyme specific modification of myosin ATPase by
cAMP in rat heart. Circulation Research 60: 384-392, 1987.
162. Winegrad S, Weisberg A, Lin LE, and McClellan G. Adrenergic regulation of
myosin adenosine triphosphatase activity. Circulation Research: 83-95, 1986.
163. Wisloff U, Loennechen JP, Falck G, Beisvag V, Currie S, Smith G, and Ellingsen
O. Increased contractility and calcium sensitivity in cardiac myocytes isolated from
endurance trained rats. Cardiovascular Research 50: 495-508, 2001.
164. Woledge RC, Curtin NA, and Homsher E. Energetic aspects of muscle contraction
Academic Press, London: pp.47-71, 1985.
165. Wolska BM, Vijayan K, Arteaga GM, Konhilas JP, Phillips RM, Kim R, Naya
T, Leiden JM, Martin AF, de Tombe PP, and Solaro RJ. Expression of slow skeletal
troponin I in adult transgenic mouse heart muscle reduces the force decline observed during
acidic conditions. Journal of Physiology 536: 863-870, 2001.
166. Xu C, Craig R, Tobacman LS, Horowitz R, and Lehman W. Tropomyosin
positions in regulated thin filaments revealed by cryoelectron microscophy. Biophysical
Journal 77: 985-992, 1999.
167. Xu YJ, Chapman D, Dixon IM, Sethi R, Guo X, and Dhalla NS. Differential gene
expression in infarct scar and viable myocardium from rat heart following coronary ligation.
Journal of Cellular and Molecular Medicine 8: 85-92, 2004.
168. Yang Q, Sanbe AJ, Osinska H, Hewett TE, Kletitsky R, and Robbins J. A mouse
model of myosin binding protein C human familial hypertrophic cardiomyopathy. Journal of
Clinical Investigation 102: 1292-1300, 1998.
169. Yue P, Long C, Austin R, Chang K, Simpson P, and Massie B. Post-infarction
heart failure in the rat is associated with distinct alterations in cardiac muscle molecular
phenotype. Journal of Molecular and Cellular Cardiology 30: 1615-1630, 1998.
170. Zhang X, Jiang W, and White HD. Kinetic mechanism of the interaction between
myosin subfragment-1 (S1) nucleoside diphosphates, and actin. Biophysical Journal 61:
440a, 1992.
171. Zhang X-Q, Song J, Carl LL, Shi W, Qureshi A, Tian Q, and Cheung JY. Effects
of sprint training on contractility and [Ca2+]i transients in adult rat myocytes. Journal of
Applied Physiology 93: 1310-1317, 2002.
172. Zhao Y and Kawai M. Kinetic and thermodynamic studies of the cross-bridge cycle
in rabbit psoas muscle fibers. Biophysical Journal 67: 1655-1668, 1994.

122

VITA
Aaron Curtis Hinken was born November 20, 1977 in Denver, CO. He attended
public schools in Windsor, MO, Great Falls, MT, Helena, MT and graduated from Windsor
High School (May, 1996). He received a B.H.S in nuclear medicine technology (August,
2000), and a Ph.D. in physiology (May, 2005) from the University of Missouri-Columbia.
He will continue researching molecular regulation of cardiac muscle contraction and
alterations with heart failure as a postdoctoral fellow at the University of Illinois-Chicago
under the supervision of R. John Solaro.

123

