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Role of myosin heavy chain composition in the stretch
activation response of rat myocardium

Julian E. Stelzer, Stacey L. Brickson, Matthew R. Locher and Richard L. Moss

Department of Physiology, University of Wisconsin School of Medicine and Public Health, Madison, WI 53706, USA

The speed and force of myocardial contraction during systolic ejection is largely dependent
on the intrinsic contractile properties of cardiac myocytes. As the myosin heavy chain (MHC)
isoform of cardiac muscle is an important determinant of the contractile properties of individual
myocytes, we studied the effects of altered MHC isoform expression in rat myocardium on the
mechanical properties of skinned ventricular preparations. Skinned myocardium from thyro-
idectomized rats expressing only the 3 MHC isoform displayed rates of force redevelopment
that were about 2.5-fold slower than in myocardium from hyperthyroid rats expressing only the
a MHC isoform, but the amount of force generated at a given level of Ca** activation was not
different. Because recent studies suggest that the stretch activation response in myocardium has
an important role in systolic function, we also examined the effect of MHC isoform expression
on the stretch activation response by applying a rapid stretch (1% of muscle length) to an
otherwise isometrically contracting muscle fibre. Sudden stretch of myocardium resulted in a
concomitant increase in force that quickly decayed to a minimum and was followed by a delayed
redevelopment of force (i.e. stretch activation) to levels greater than prestretch force. 3 MHC
expression dramatically slowed the overall rate of the stretch activation response compared to
expression of o MHC isoform; specifically, the rate of force decay was ~2-fold slower and the
rate of delayed force development was ~2.5-fold slower. In contrast, MHC isoform had no effect
on the amplitude of the stretch activation response. Collectively, these data show that expression
of 8 MHC in myocardium dramatically slows rates of cross-bridge recruitment and detachment
which would be expected to decrease power output and contribute to depressed systolic function
in end-stage heart failure.

(Received 22 August 2006; accepted after revision 30 November 2006; first published online 30 November 2006)
Corresponding author J. E. Stelzer: Department of Physiology, University of Wisconsin Medical School, 601 Science
Drive, Madison, WI 53711, USA. Email: stelzer@physiology.wisc.edu

At the cellular level, the ability of the heart to perform
haemodynamic work is determined by the force generated
during contraction and the velocity of myocardial
shortening during the ejection phase of the cardiac cycle.
At the myofilament level, cardiac muscle contraction is the
result of cyclic interactions of myosin and actin molecules
and the hydrolysis of ATP. In striated muscle, myosin
is a hexameric protein composed of two myosin heavy
chains (MHCs), two essential light chains (ELCs) and two
regulatory light chains (RLCs) (Rayment et al. 1993). The
C-terminal domain of the myosin molecule (S2 region),
is incorporated into the backbone of the thick filament,
and the N-terminus contains the globular catalytic domain
(S1 region) which hydrolyses ATP, binds to actin and
undergoes the conformational changes associated with
the force-producing power stroke (Huxley, 1957; Lymn
& Taylor, 1971).

In mammalian cardiac muscle, @ and B isoforms
of MHC have been identified (Hoh et al. 1979). The
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expression of the MHC genes is developmentally regulated
(Lompre et al. 1984) such that in the ventricles the
B isoform predominates in early development in all
mammalian species. Expression of the § isoform decreases
in rodents with increasing age so that the o isoform is
dominant in adulthood (Lompre et al. 1984), whereas
in humans the expression of the B isoform remains
the dominant MHC isoform throughout life (Lompre
et al. 1991). In adult human ventricles, the « MHC
mRNA expression is believed to be ~25-35% of the total
ventricular MHC mRNA (Lowes et al. 1997; Nakao et al.
1997; Miyata et al. 2000), but the expression of the «
MHC isoform is only ~10% of the total ventricular MHC
protein (Miyata et al. 2000). The functional importance of
the small amount of « MHC isoform present in human
ventricles is unclear but several studies show that during
chronic heart failure « MHC mRNA expression decreases
15-fold while protein expression is virtually nil (Nakao
et al. 1997; Miyata et al. 2000; Reiser et al. 2001) This
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suggests that down-regulation of the  MHC isoform may
be a contributing factor to dysfunction in human heart
failure. Furthermore, improved pump function of failing
human hearts with -adrenergic blockade has been shown
to increase both « MHC mRNA and « MHC protein levels
(Lowes et al. 2002).

Despite 93% amino acid identity between the «
and B MHC isoforms (McNally et al. 1989), they
are functionally distinct in that the « MHC isoform
displays significantly faster contractile activity as
evidenced by higher ATPase activity, faster shortening
velocity and faster cross-bridge cycling (Schiaffino &
Reggiani, 1996). Even small changes in the MHC profile of
myocardium can have significant functional effects on
contractile function at the myofilament level (Fitzsimons
et al. 1998; Herron & McDonald, 2002; Rundell et al.
2005; Korte et al. 2005) as well as the whole organ level
(Fitzsimons et al. 1999; Tardiff et al. 2000; Krenz et al.
2003; Korte et al. 2005). These studies predict that the
relatively small decrease in « MHC isoform expression in
human heart failure can have significant effects on cardiac
contractile function.

Variable MHC isoform expression can also influence
contractile properties of myocardium in ways that have
not been systematically explored. For example, it has been
shown that heart muscle exhibits a pronounced stretch
activation response (Steiger, 1971) in that stretch of the
muscle to a new length produces a delayed rise in force
that eventually reaches a plateau at a force appropriate
to the new muscle length. The physiological role of the
stretch activation response in myocardium is not well
understood but its underlying kinetics have been shown
to be well matched to the heart rate of mammals across
species (Steiger, 1977), and it is thought by some to
contribute to ventricular ejection (Vemuri et al. 1999;
Davis et al. 2001; Campbell & Chandra, 2006; Epstein &
Davis, 2006; Stelzer et al. 2006a,c¢). Furthermore, we have
recently shown (Stelzer ef al. 2006¢) that the amplitude
and overall kinetics of the stretch activation response
in myocardium varies with the level of activating Ca*",
suggesting that it contributes to the regulation of contra-
ctile function on a beat-to-beat basis. Because of the
potential functional importance of MHC isoform shifts
in development, hypertrophy or in diseases such as heart
failure, this study was undertaken to examine the effects of
altered MHC isoform expression on the stretch activation
response at different levels of Ca®* activation. We studied
the stretch activation response in skinned ventricular
preparations from thyroid-deficient rats that expressed
only the § MHC isoform and hyperthyroid rats that
expressed only the « MHC isoform. Our results show
that at a given levels of Ca*" activation, expression of the
B MHC isoform was associated with significantly slowed
kinetics of stretch activation response but did not affect the
amplitude of the response. The slower stretch activation
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response with increased expression of the 8 MHC isoform
would be expected to slow the rate of force generation
during systole thereby decreasing power production and
could contribute to depressed systolic function observed
in end-stage human heart failure.

Methods
Experimental animals

Normal euthyroid and thyroidectomized female
Sprague-Dawley rats (Harlan Laboratories, Madison,
WI, USA) were housed in groups of two to three per
cage in a light- and temperature-controlled (22-23°C)
room. The rats (~6-9 months of age) were divided
into separate groups with each group fed a specific
diet for a period of 5weeks. All thyroidectomized rats
(n=>5) were fed a diet of 6-propyl-2-thiouracil (PTU,
0.15gPTU (100 grat meal) !, Sigma) which has been
shown to eliminate any residual plasma triiodothyronine
and thyroxine following thyroidectomy (Haddad et al.
1997). The hyperthyroid rats (n=15) were fed a diet of
thyroid extract (0.15 gthyroid gland (100 g rat meal) ™",
Sigma) and normal euthyroid rats (n=3) were fed rat
meal (Sigma). All rats had access to food and water
ad libitum. No animal showed any signs of distress
throughout the feeding protocol and therefore no rats
were excluded from the study. All animal usage was
conducted under the strict guidelines established by
the University of Wisconsin Animal Care and Use
Committee. Rats were placed in an enclosed bell-jar
which was pretreated with isoflurane (15% isoflurane
in mineral oil, 0.03 ml(gbodyweight)™!). Inhalation
of the isoflurane caused deep anaesthesia which was
confirmed by loss of the pedal reflex and muscular
tension of all limbs, and animals were killed by creating a
pneumothorax.

Solutions

Solution compositions were calculated using the computer
program of Fabiato Fabiato (1988) and the stability
constants given by Godt & Lindley (1982) (corrected to
pH 7.0 and 22°C). All solutions contained (mm): N,N-
bis(2 hydroxy-ethyl)-2-aminoethanesulphonic acid (BES)
100, creatine phosphate 15, dithiothreitol 5, free Mg*"
land MgATP 4. In addition, the solution with —log
[Ca’*] of 9.0 (pCa9.0 solution) contained 7 mm
EGTA and 0.02 mm CaCl,, pCa4.5 solution contained
7mM EGTA and 7.01mm CaCl,, and pre-activating
solution contained 0.07 mm EGTA. Ionic strength of
all solutions was adjusted to 180 mm with potassium
propionate. Solutions containing different amounts of
free [Ca’"] (i.e. pCa6.1-5.5) were prepared by mixing
appropriate volumes of stock solutions of pCa 9.0 and
pCa4.5.
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Skinned myocardial preparations

Skinned ventricular myocardium for mechanical
experiments was prepared as previously described (Patel
et al. 2001; Stelzer et al. 2004). Following pneumothorax,
the heart was excised and right and left ventricles were
dissected at room temperature (22-23°C) in a relaxing
solution containing (mm): KCI 100, imidazole 20, MgCl,
7, EGTA 2 and MgATP 4 (pH 7.0) and were then rapidly
frozen in liquid nitrogen. Previous work in this laboratory
(Patel etal. 2001; Stelzer et al. 2004) has shown that freezing
in liquid nitrogen improves the quality and robustness
of the muscle preparations perhaps by disrupting
membranes or connective tissue. To prepare skinned
myocardial preparations, frozen ventricles were thawed
and homogenized in relaxing solution for ~2s using
a Polytron (Kinematica), which yielded multicellular
preparations of 100-250 um x 600-900 um. The
homogenate was centrifuged at 120¢ for 1min and
the resultant pellet was washed with fresh relaxing
solution and re-suspended in relaxing solution containing
250 ug ml~! saponin and 1% Triton X-100. After 30 min,
the skinned preparations were washed with fresh relaxing
solution and then dispersed in ~50 ml relaxing solution
in a glass Petri dish. The dish was kept on ice at all times
except during the selection of preparations for mechanical
experiments.

Experimental apparatus

Skinned preparations with smooth, well-defined edges
were transferred from the Petri dish to a stainless steel
experimental chamber containing relaxing solution. The
ends of each preparation were attached to the arms
of a motor (model 312B, Aurora Scientific Inc.) and
force transducer (model 403; Aurora Scientific Inc.) in
an experimental apparatus similar to one previously
described (Moss, 1979). The chamber assembly was then
placed on the stage of an inverted microscope (Carl
Zeiss) fitted with a 40 x objective and a CCTV camera
(model WV-BL600, Panasonic). Bitmap images of the
preparations were acquired using an AGP 4X/2X graphics
card and software (ATI Technologies Inc.) and were used
to assess mean sarcomere length (SL) during the course of
each experiment. Changes in force and motor position
were sampled (16 bit resolution, DAP5216a, Microstar
Laboratories, Bellevue, WA, USA) at rates of 2.0 kHz
using SLControl software developed in our laboratory
(Campbell & Moss, 2003) and saved to computer files
for later analysis. Force during the experiments was also
recorded on a digital oscilloscope (Nicolet Instrument
Corporation).

Experimental protocols

Kinetics of force redevelopment. The rate constant of
force redevelopment (ki) in rat skinned myocardium
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was assessed for different compositions of MHC
using a modification of the experimental protocol
originally described by Brenner & Eisenberg (1986). Each
preparation was transferred from relaxing to activating
solutions of varying free [Ca*"] (pCa 6.1-4.5) and allowed
to generate steady-state force. The preparation was rapidly
(< 2 ms) slackened by 20% of its original length, resulting
in a coincident reduction in force to near zero (i.e. < 5%
of steady isometric force). This was followed by a brief
period of unloaded shortening (10 ms) after which the
preparation was rapidly restretched to its original length
(Stelzer et al. 2006b). A k,—relative force relationship was
obtained by initially activating the preparation in solution
of pCa 4.5 and also in a series of submaximally activating
solutions between pCa 6.1 and 5.5 and then expressing the
submaximal force (P) as a fraction of maximum force (P,).
k.. was estimated by linear transformation of the half-time
of force redevelopment (i.e. ki, = 0.693/t,,), as previously
described (Chase et al. 1994).

Force-pCa relationships. During the recordings of force
redevelopment with different MHC composition, each
preparation was allowed to develop steady force in
solutions of varying free [Ca*"]. The difference between
steady-state force and the force baseline obtained after
the 20% slack step was measured as the total force
at that pCa. Active force was calculated by subtracting
Ca?*-independent force in solution of pCa 9.0 from the
total force and was normalized to the cross-sectional
area of the preparation, which was calculated from
the width of the preparations assuming a cylindrical
cross-section. Force—pCa relationships were derived by
expressing P at each pCa as a fraction of P, determined
at pCa4.5 (P/P,) in the same preparation. Apparent
cooperativity in the activation of force was inferred
from the steepness of the force—pCa relationship and
was quantified using a Hill plot transformation of the
force—pCa data (Shiner & Solaro, 1984). The data were
fitted with the equation: P/P, = [Ca*"]"/(k" + [Ca®*]"),
where n is the Hill coefficient and k is the [Ca®"] required
for half-maximal force (pCas).

Stretch activation experiments. At the beginning of each
experiment, the length of the preparation was set to
obtain a sarcomere length of ~2.1 pum in order to measure
initial isometric force and for subsequent imposition of
stretch. Fibres were activated at pCa values that yielded
maximal force or submaximal forces of ~50% and
~25% maximal. When the fibre achieved steady-state
force, a sudden stretch of 1% was imposed and held
for 5s before returning to solution of pCa9.0. The
speed of stretches (~10 muscle lengthss™') imposed in
these experiments was designed to minimize changes in
cross-bridge populations during stretch, such that the
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initial increase in force was presumably due to the elastic
strain of the cross-bridges bound before the stretch was
imposed (Stelzer et al. 2006¢).

The method used for measuring the stretch activation
variables have been described in detail (Stelzer et al. 2006¢).
Amplitudes were measured as follows: P}, measured from
prestretch steady-state force to the peak of phase 1;
P,, measured from prestretch steady-state force to the
minimum force decay; P;, measured from prestretch
steady-state force to the peak value of delayed force; and
Py, difference between P5; and P,.

All  amplitudes were normalized to prestretch
Ca’"-activated isometric force to allow comparisons at
different Ca®* activation levels. Apparent rate constants
were derived for phase 2 (k., s~') from the peak of phase
1 to the minimum of phase 2 and for phase 3 (kgr, s7')
from the point of force re-uptake following phase 2 to the
completion of delayed force development.

Protein analysis

At the conclusion of each experiment, the cardiac
preparation was cut free, placed in a microcentrifuge
tube containing 10 ul SDS sample buffer (62.5mm
Tris, 75 mm dithiothreitol, 25% glycerol, 2% SDS and
0.01% bromophenol blue) and stored at —80°C. For
analysis of MHC protein content by SDS-PAGE, micro-
centrifuge tubes were first heated for 3 min at 100°C and
sample buffer containing proteins was then loaded onto
polyacrylamide gels. MHC isoform content was
assessed using acrylamide gels cross-linked with N-N1
diallyltartardiamide (DATD) (Warren & Greaser, 2003).
Stacking gels contained 3% acrylamide (acrylamide:DATD
ratio, 5.6:1), 10% glycerol, 130 mm Tris (pH 6.8) and
0.1% SDS. Separating gels contained 6% acrylamide
(acrylamide:DATD ratio, 37.5:1), 10% glycerol, 0.37 m
Tris (pH 8.8) and 0.1% SDS. Gels were run using a
Bio-Rad Protean 3 unit with 0.1 mm spacers and a
Bio-Rad PowerPac 300 power supply. The running buffer
consisted of 50 mm Tris (base), 150 mm glycine and 0.1%
SDS. The gels were run at 16 mA for 2 h at 4°C and then
silver stained using Bio-Rad Silver Stain Plus kit. The

1 2 3

<«— o-MHC
o — <« pMHC
Figure 1. Myosin heavy chain (MHC) composition of rat skinned
myocardium
MHC isoform content was determined using 6% SDS-PAGE. The
relative proportions of « and g MHC isoforms were determined by
densitometric analysis gels following a silver-staining protocol. In this
gel it can be seen that hyperthyroid rats expressed only cardiac a-MHC
(lane 1), whereas thyroidectomized rats treated with
6-n-propyl-2-thiouracil expressed only cardiac B-MHC (lane 2). Lane 3
shows the MHC composition (55% a-MHC and 45% B-MHC) of
control euthyroid rat myocardium.
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relative proportions of ¢ and 8 MHC isoforms were
determined by densitometric analysis of silver-stained
gels using LaserPix software (Bio-Rad Laboratories).

Data analysis

Analysis of stretch activation data was performed as
previously described (Stelzer et al. 2006¢). Briefly, rate
constants of force decay (k) were obtained by fitting a
single exponential to the time course of decay:

y =a (1—exp(—k;x)), where a is the amplitude of the
single exponential phase and k; is the rate constant of
decay. Rate constants of delayed force development in
phase 3 were estimated either with a double exponential
fit:

y =aexp(—kix) + b exp(—k,x), where a is the amplitude
of the first exponential phase rising with rate constant
k; and b is the amplitude of the second exponential
phase rising with rate constant k,, or were estimated as
a single composite rate constant by linear transformation
of the half-time of force redevelopment (i.e. k4r= —In
0.5 x (t1/2)7"; Stelzer et al. 2006¢).

All data are reported as means + s.e.m. Comparisons
of steady-state force, ki, and stretch activation variables
at different levels of Ca** activation for different MHC
compositions were performed using a one-way analysis
of variance (ANOVA) with Tukey’s post hoc test for
significance (P < 0.05).

Results
Thyroid status and rat ventricular MHC expression

Surgical thyroidectomy of rats and subsequent dietary
supplementation with PTU resulted in the expression of
only the § MHC isoform, while dietary supplementation
of euthyroid rats with thyroid extract resulted in
the expression of only the « MHC isoform (Fig.1).
Manipulations of thyroid state in rats have been shown to
elicit significant shifts in cardiac MHC isoforms expression
without altering the expression of other thick and thin
filament contractile proteins (Schiaffino & Reggiani, 1996;
Fitzsimons et al. 1998) and thus provide a useful way to
probe the specific effects of MHC expression on cardiac
contractile function. Thus, in this study differences in
contractile function between the two groups of rats were
attributed to variable expression of MHC isoforms.

Effects of altered MHC expression on steady-state
mechanical properties of rat skinned myocardium

The effects of @ or B MHC expression on steady-state
mechanical properties of skinned myocardium are
summarized in Table1l. As shown in Fig.2, skinned
preparations expressing o or 8 MHC displayed similar
force—pCa relationships; that is, there were no differences
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Table 1. Effect of MHC composition on steady-state mechanical
properties of rat myocardium

% a n Fmin Fmax pCaso ny
MHC (MNmm=2) (mNmm~2)

0 10 0.84+0.3 22.1+1.3 580+0.01 4.244+0.28
100 10 0.7+0.2 205+ 1.1 5.78+0.01 4.11+0.25

Data are means =+ s.e.M. n, number of cardiac preparations; Fnin,
Ca?t-independent force at pCa 9.0; Frax, maximal Ca2t-activated
force at pCa4.5; pCasg, pCa required for half-maximal force
generation; ny, Hill coefficient for total force—pCa relationship.

in the amount of force produced by cardiac preparations at
each activating [Ca*"], and no differences in the steepness
of the force—pCa relationship (Hill coefficient, ny). The
lack of effect of MHC isoform expression on force—pCa
relationships in this study is in agreement with some
previous studies (Fitzsimons et al. 1998; Herron et al. 2001;
Rundell etal. 2004, 2005) though notall (Gibson et al. 1992;
Metzger et al. 1999). Expression of « or § MHC isoforms
also had no significant effect on maximal Ca*"-activated
force at pCa4.5, confirming that there are no inherent
differences in the force-producing capabilities of different
cardiac MHC isoforms (VanBuren et al. 1995; Sugiura et al.
1998; Palmiter et al. 1999).

Effect of MHC composition on the kinetics of force
redevelopment

The effect of MHC isoform expression on the rate
constant of force development (ki) was investigated in

1.0 4
0.8 1
0.6 1

0.4 1

Relative Force (P/P )

0.2 A

0.0 S . . ,
6.5 6.0 55 5.0 45

pCa

Figure 2. Lack of effect of MHC composition on force-pCa
relationships

Thyroidectomized myocardium (0% «-MHC, ®, n = 10) and
hyperthyroid myocardium (100% o« -MHC, 0, n = 10) displayed
similar force—pCa relationships. Data points are means =+ s.t.Mm. Forces
measured at submaximal free [Ca%*] were expressed relative to the
maximal force obtained at pCa 4.5. The smooth lines were fitted using
the Hill equation: P/Po = [CaZt]"/(k™ + [CaZt]")], where P is the force
measured at submaximal free [Ca*], P, is the force measured at
maximal free [Ca2*] (pCa 4.5), ny is the Hill coefficient, and k is the
Ca?t concentration required for half-maximal activation.
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this study using a modified release-restretch protocol
(Brenner & Eisenberg, 1986). Measurements of k;, provide
an estimate of the rate of transitions of cross-bridges
between weak-binding, non-force-generating states and
strong-binding, force-generating states. Expression of the
B MHC isoform had a significant effect on k,, at all levels
of activation, as indicated by ~2.5-fold slowing of ki,
compared to the « MHC isoform (Fig. 3). The 2.5-fold
difference in the rate of force redevelopment with « versus
B MHC isoform expression in this study is similar to
results obtained in previous studies (Fitzsimons et al. 1998;
Rundell et al. 2005). Furthermore, our data show that
expression of 8 MHC isoform slowed ki, to a similar extent
at all levels of Ca*" activation, suggesting that depressed
rates of cross-bridge cycling have the potential to impair
cardiac contractile function not only in situations where
increased pump function is required, such as exercise, but
also during resting conditions when myocardium usually
operates far below maximal capacity (Katz, 1992).

Effect of MHC composition on stretch activation

The effects of MHC composition on the stretch activation
response in rat skinned myocardium was studied by
imposing stretches of 1% of initial muscle length during
maximal and submaximal Ca’" activations. Variable
expression of MHC isoform resulted in significant
changes to the stretch activation response of rat skinned
myocardium as shown in Fig. 4, where a stretch of 1% of
initial muscle length was imposed at different levels of Ca**
activation. To facilitate comparisons of stretch activation
at different activation levels, the phases of the stretch
activation response were normalized to the isometric

30
25 -
20 +

15 4

10 4

Rate of Force Redevelopment (s™')

T T

0.0 0.2 0.4 0.6 0.8 1.0
Relative Force (P/P,)

Figure 3. Effects of MHC composition on the rate constant of
force redevelopment in rat skinned myocardium

The rate constant of force redevelopment (ki) was measured as a
function of isometric force (P/Po) in myocardium from
thyroidectomized (0% «-MHC, ®, n = 10) and hyperthyroid (100%
a-MHC, 0, n = 10) rats. Data are means = S.E.M.
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force preceding the application of the stretch which in the
stretch activation figures is indicated as an arbitrary ‘zero’
baseline: P,, the minimum force at the end of phase 2; Py,
the trough-to-peak excursion of force in phase 3; and Ps,
the amplitude of phase 3 measured from the prestretch
isometric force. The amplitude of phase 1 (P;) was not
assessed in this work.

As reported previously (Stelzer et al. 2006a,c), increases
in activating [Ca?"] accelerated the overall rate of the
stretch activation response and increased its absolute
amplitude but reduced its amplitude normalized to
prestretch isometric force. Expression of § MHC slowed
the overall rate of the stretch activation response at all levels
of Ca?* activation, such that peak delayed force following
stretch occurred later (Fig. 4), and significantly increased
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Figure 4. Effect of MHC composition on the stretch activation
response of rat myocardium recorded at various levels of Ca2*
activation

The force responses following a stretch of 1% of muscle length from
thyroidectomized (top panel) and hyperthyroid (bottom panel) rat
myocardium. In each case, the force responses were normalized to the
prestretch isometric force (corresponding to the zero baseline)
recorded at the same level of activation; that is, the prestretch force
baseline corresponds to: P/P, = 1.00 (A and D; maximal activation);
0.53 (B); 0.48 (E; intermediate activation); 0.27 (C); and 0.23 (F; low
activation).
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the overall amplitude of phase 3 (delayed force rise) as
indicated by a larger Py value, but did not alter the peak
delayed force achieved following stretch (P;). The effect
of MHC on the stretch activation response can be better
appreciated in Fig. 5, where the stretch activation response
of fibres expressing only « or 8 MHC at maximal Ca**
activation are superimposed.

Regardless of MHC isoform content, increased
prestretch activation slightly decelerated the rapid force
decay in phase 2 (k) (Fig. 6A) and increased the amount
of force decay (i.e. decreased the value of P,; Fig.6B),
following stretch. At all levels of activation, myocardium
expressing  MHC isoform exhibited greater cross-bridge
detachment following stretch as indicated by decreased
values of P, (Fig. 6B) which were often negative (i.e. less
than prestretch isometric force). Expression of § MHC
also slowed k. ~2-fold (Fig. 6A) indicating a decrease in
the apparent rate of cross-bridge detachment.

Because the amplitude of the delayed force response
(phase 3) varies with prestretch isometric force (Linari
etal. 2004; Stelzer et al. 2006¢), the number of cross-bridges
recruited by stretch can be estimated from the amplitude
of the delayed force response (P;). The amplitude
(normalized to prestretch isometric force) of the delayed
forceresponse (P5) was inversely proportional to activating
[Ca*"] because at high levels of activating [Ca®*] a greater
proportion of cross-bridges are initially bound to actin,
leaving fewer cross-bridges available for recruitment by
stretch (Fig. 7A). At all levels of activation, P4 was also
increased with 8 MHC expression (Fig.7B), in part
because P, was decreased (Fig. 6B), such that the overall
trough-to-peak amplitude of phase 3 was increased.
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Figure 5. Effects of MHC composition on the normalized stretch
activation response of rat skinned myocardium

The force responses following a stretch of 1% of muscle length from
thyroidectomized (0% «-MHC; A) and hyperthyroid (100% «-MHC; B)
rat myocardium are superimposed. In each trace, the force response
was normalized to the prestretch isometric force (corresponding to the
zero baseline). In this case the level of Ca?* activation was maximal
(i.e. PIP, = 1.00 for both A and B).
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As previously reported (Linari et al. 2004; Stelzer et al.
2006c¢), k¢ following stretch, which represents the kinetics
of recruitment of cross-bridges into strongly bound states
(Piazzesi et al. 1997; Campbell et al. 2004; Stelzer et al.
2006¢), is not well fitted by a single exponential equation,
especially at low levels of activation. In order to facilitate
comparisons of phase 3 rates of force development at
different levels of activation, a composite apparent rate
constant (ky¢) of delayed force development was calculated
from the half-time of force development. Consistent with
earlier reports in murine myocardium (Stelzer et al
2006a,c), kg in rat myocardium was accelerated by
increasing the level of Ca®t activation (Fig.7C). MHC
isoform content had a dramatic effect on kg, with values
2.5-fold less for fibres expressing the 8 MHC isoform at
all levels of Ca** activation (Fig. 7C and Table 2). To assess
whether the effect of MHC isoform expression on kg was
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Figure 6. Effects of MHC composition on ko and P; at different
levels of activation

kel (A) and P, values (B) (normalized to prestretch isometric force)
were measured in myocardium from thyroidectomized (0% «-MHC,
®, n = 10) and hyperthyroid (100% «-MHC, 0, n = 10) rats at
different levels of prestretch isometric force (P/Py). The data shown
were obtained from force responses to stretches of 1% of muscle
length. Data are means = S.E.M.
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Figure 7. Effects of MHC composition on Py and kg at different
levels of activation

P3 values normalized to prestretch isometric force (4), Pys values
normalized to prestretch isometric force (B) and k¢ values (C) were
measured in myocardium from thyroidectomized (0% «-MHC,

®, n = 10) and hyperthyroid (100% «-MHC, 0, n = 10) rats at
different levels of prestretch isometric force (P/Py). The data shown
were obtained from force responses to stretches of 1% of muscle
length. Data are means = S.E.M.
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Table 2. MHC and activation dependence of phase 3 delayed force development in rat myocardium
% o MHC Activation level kaf a k1 b k>

(PIPo) " s7") "

0 1.00 147 +£1.0 1.00 155+ 1.2 —_ —
59+6 1.00 253 +2.7* 1.00 26.7 £ 2.9* — —
100 1.00 35.4 +2.0** 1.00 34.7 £ 2.0** — —
0 0.53 +0.03 9.1+0.8 0.85+0.04 11.3+£0.7 0.15 4+ 0.02 1.4+0.3
59+6 0.49 + 0.05 15.5 £ 2.0* 0.79 £ 0.06 16.8 +£ 1.5* 0.21 +0.04 2.2 +0.4*
100 0.48 + 0.02 234+ 1.7 0.82 £ 0.03 26.9 £ 1.5** 0.18 + 0.02 3.2 £ 0.5**
0 0.27 +0.02 5.1+0.5 0.68 £+ 0.03 8.7+£0.7 0.32+0.03 1.0+0.2
59+6 0.22 +0.04 9.5 +0.9* 0.63 £ 0.05 11.8 £ 0.9* 0.37 +0.04 1.5+ 0.2*
100 0.23 +0.02 15.4 £ 1.5** 0.66 + 0.03 19.9 £ 1.3** 0.34 +0.02 2.3 £ 0.4**

Rate and amplitude data were obtained from force transients in response to stretches of 1% of muscle length
at each of the indicated levels of activation (adjusted by varying free [Ca2t]). Data in each case are reported
as means + s.e.M. from 10 thyroidectomized and hyperthyroid preparations and seven euthyroid preparations.
As described in the Methods, the apparent rate constants for delayed force recovery were obtained by fitting
each record with a double exponential equation: y = a exp(—k; x x) + b exp(—k, x x), where a is the amplitude
of the first exponential phase with rate constant ki and b is the amplitude of the second exponential phase
with rate constant k;. *Significantly different from thyroidectomized (P < 0.05); **significantly different from

thyroidectomized and euthyroid (P < 0.05).

linear, we performed additional experiments on control
euthyroid skinned myocardium that expressed ~60% o
MHC. As can be seen in Table 2, kq values from euthyroid
myocardium were intermediate to those from myocardium
expressing 100% o or 100% B MHC at all levels of Ca**
activation, suggesting that kg varies in proportion with
MHC isoform expression.

Analysis of the kinetics of delayed force development
using a double exponential fit yielded fast and slow rate
constants (k; and k,) and their corresponding amplitudes
(a and b), as shown in Table 2. As previously reported
in murine myocardium (Stelzer ef al. 2006a,c¢), increasing
the level of activation progressively reduced the amplitude
(b) of the slower rate process (thought to be indicative of
cooperative recruitment of cross-bridges) and accelerated
its apparent rate (k,), such that at maximal activations
delayed force development following stretch proceeded as
a single process with amplitude (a). Increased expression
of B MHC isoform slowed both the fast (k;) and slow (k)
rate constants of force development by ~2.5-fold at all
levels of activation, but did not alter the relative amplitudes
of the fast and slow processes (a and b) at any activation
level (Table 2). Therefore, the deceleration of kg in fibres
expressing increased amounts of the § MHC isoform was
due to similar proportional decelerations of k; and k,
rather than a decrease in the amplitude (a) of the fast
kinetic phase.

Discussion

Lack of effect of MHC isoform expression on Ca?*
sensitivity of force in rat myocardium

Consistent with earlier results (Fitzsimons et al. 1998;
Herron et al. 2001; Rundell et al. 2004, 2005), we observed

in the present study that MHC isoform expression does
not alter Ca’"-activated force production in rat skinned
myocardium, suggesting that the intrinsic ability of rat
myocardium to produce force is independent of MHC
isoform. By contrast, increased expression of 8 MHC
with PTU treatment has been shown to decrease (Metzger
et al. 1999) or increase (Gibson et al. 1992) the Ca*t
sensitivity of force production of rat skinned myocardium.
The mechanisms for the shifts in the Ca®* sensitivity
of force in these studies are unclear but may be due
to differences in experimental protocols, the length of
time rats were treated with PTU, or the type of cardiac
preparations employed (single myocytes or multicellular
preparations). We have previously shown (Fitzsimons et al.
1998) that thyroid status does not alter thin filament
protein composition or phosphorylation state, which is
consistent with the lack of effect of thyroid status on the
Ca’* sensitivity of force observed in the present study.
Also consistent with the observation that MHC isoform
does not alter the Ca*" sensitivity of force production
in myocardium are studies of single-molecule properties
of @ and B MHC isoforms which have shown similar
unitary displacements and force as assessed by the laser
trap technique (Sugiura et al. 1998; Palmiter et al. 1999)
and in vitro motility assays (VanBuren et al. 1995). These
results imply that myosin molecules composed of either
the o or B MHC isoforms have similar lever arm lengths
and rotation during the power stroke (reviewed by Tyska
& Warshaw, 2002; Palmer, 2005), suggesting that the
functional differences observed between the two myosin
isoforms are mostly determined by differences in the
rates of cross-bridge attachment and force development
and rates of cross-bridge detachment and force
relaxation.
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Effects of MHC isoform expression on the stretch
activation response in rat myocardium

Stretching an active muscle to a new isometric length
results in a multiphase force response, beginning with an
increase in force that is coincident with the stretch (phase
1) and is due to an elastic response mediated by attached
cross-bridges (Huxley & Simmons, 1971). The increased
strain in cross-bridges as a result of stretch promotes
a redistribution of cross-bridges to the early states of
force generation, transiently shifting the equilibrium
distribution farther from the power stroke (Lombardi &
Piazzesi, 1990; Piazzesi et al. 1992). This is followed by
a relatively rapid decay or relaxation of force that has
been attributed to detachment of strained cross-bridges
and re-attachment of unstrained cross-bridges (Davis &
Rodgers, 1995; Piazzesi et al. 1997), with a net reduction
in the total number bound. The subsequent delayed rise in
force is the hallmark of stretch activation and is due to an
increase in the number of force-generating cross-bridges
(Linari ef al. 2000) arising from cooperative recruitment
of cross-bridges into force-generating states (Linari et al.
2004; Campbell et al. 2004; Stelzer et al. 2006¢) and
establishment of a new steady state.

In contrast to the lack of effect of MHC isoform
expression on steady-state force production in rat skinned
myocardium, expression of 8 MHC significantly slowed
the overall rates of phases 2 and 3 of the stretch
activation response (Fig.5), as indicated by decreased
rates of cross-bridge detachment (k) and recruitment
of cross-bridges into force-generating states (kg4¢). Reduced
rates of cross-bridge detachment with increased expression
of B MHC have been consistently shown by others using
various methods (VanBuren et al. 1995; Fitzsimons et al.
1998; Weisberg & Winegrad, 1998; Galler et al. 2002; Korte
et al. 2005; Rundell et al. 2005). The effects have been
attributed to decreased rates of ADP dissociation and
slowed cross-bridge cycling (Siemankowski et al. 1985).
The deceleration of k, in this study was accompanied
by an increase in the total numbers of cross-bridges that
detach during phase 2 such that the force minimum
following stretch (P,) often dipped below prestretch
isometric force (Fig. 6B). In this case, changes in the rates
of force decay (k) and force recovery (kqf) may govern
the amplitude of P,, which is the transition point at which
the cross-bridge recruitment phase begins to dominate
the cross-bridge detachment phase (Campbell et al. 2004).
Slowed rates of cross-bridge recruitment and transitions
to force-generating states (kg) with increased expression
of § MHC may contribute to increased force decay
(P,) following stretch because replacement of detached
cross-bridges following stretch with new force-generating
cross-bridges would be delayed resulting in greater force
deficits as evidenced by decreased P, values in 8§ MHC
myocardium.
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Decreased values of P, in skeletal fibres expressing
the slow MHC isoform have also been interpreted as
indicating an increased sensitivity of cross-bridges to strain
so that they are more easily detached from actin (Davis
& Epstein, 2003). Increased strain-induced cross-bridge
detachment has been accounted for in terms of a decrease
in the probability of the forward force-generating power
stroke (Cooke, 1997) and an increase in the probability of
reversal of force-producing steps in response to stretch
(Davis & Epstein, 2003) so that the reversal of steps
such as the phosphate release step are more favoured.
Such a mechanism would theoretically decrease ATP
utilization in response to strain and may contribute to an
increased economy of contraction in § MHC-containing
myocardium such that isometric force production per ATP
expended is elevated and tension cost is decreased (Rundell
et al. 2004, 2005). However, increased cross-bridge
reversibility in 8 MHC-containing myocardium would
tend to reduce the time cross-bridges are attached to
actin. This is inconsistent with the reported prolonged
duty cycle of cross-bridges expressing the § MHC isoform
(Palmiter et al. 1999), suggesting that in this case,
increased cross-bridge reversibility is not likely to be the
dominant mechanism that contributes to an increased
economy of contraction. On the other hand, slowed
rates of cross-bridge detachment in 8 MHC-containing
myocardium would prolong the duty cycle of cross-bridges
because they are in force-generating states for longer
times consequently reducing ATP expenditure thereby
contributing to increased contractile economy.

While slowed rates of cross-bridge detachment (k)
with increased B MHC expression may reduce tension
costand increase contractile efficiency they may contribute
to diminished rates of force relaxation following systole
which would slow the rate of diastolic filling. Impaired
diastolic filling could compromise systolic function
because less blood is available for ejection during the
subsequent heart beat. This would therefore diminish
ejection fraction during systole such that the ability
to augment cardiac output is impaired, especially
during times of increased circulatory demands due to
physiological stress.

Previous studies have suggested (Vemuri et al. 1999;
Davis et al. 2001; Stelzer et al. 2006a,c) that both the
rate of force development (k4) and the amplitude of
the additional force recruited by stretch activation (P3)
are associated with modulation of force generation and
power output which are important determinants of systolic
function. As we have previously shown (Stelzer et al.
2006¢), the amplitude of delayed force development (in
absolute force units) is related to prestretch isometric
force such that increased activating [Ca*"] (and force)
prior to muscle stretch produces a proportionally larger
delayed force response amplitude thus contributing to
greater force generation during systole. When normalized
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to prestretch isometric force, the amplitude of the delayed
force development response (P3) is inversely proportional
to activation level because at high levels of Ca** activation
fewer cross-bridges are available for recruitment by stretch
due to the increased numbers of cross-bridges already
attached to actin, thereby diminishing P;. In this respect,
expression of B MHC in the present study did not alter
P (Fig. 7A) suggesting that the number of cross-bridges
recruited by stretch at a given level of activation was similar
in 8 and « MHC-containing myocardium.

In contrast to the lack of effect of MHC isoform
expression on P3, increased expression of § MHC reduced
the rate constant of delayed force development (k4¢) at all
levels of activation (Fig. 7C). The deceleration of k4 in 8
MHC-containing myocardium was due to a decrease in the
apparent rates of the fast (k;) and slow (k,) components of
the delayed force development phase but not to a change
in the relative contributions of the corresponding fast and
slow amplitudes (a and b) to the overall amplitude of the
delayed force transient. This result is consistent with X-ray
diffraction studies which show that at a given [Ca®"] the
cardiac 8 MHCisoform hasalonger delay from the onset of
cross-bridge attachment to force generation (i.e. a slower
transition from the weakly bound state to the strongly
bound state), but the total number of cross-bridges bound
to actin recruited at peak force is similar for the two
MHC isoforms (Yagi et al. 2001). The deceleration in
k. and the reduction in P, (greater force relaxation in
phase 2) following stretch also mean that a greater number
of cross-bridges need be recruited in § MHC-containing
myocardium to achieve similar P; values, as indicated by
the greater amplitude of Py in 8 MHC-containing myo-
cardium (Fig. 7B), which will also act to slow the overall
rate of delayed force development (see model by Campbell,
1997).

Effects of MHC isoform expression on the rate of
force redevelopment in rat myocardium

Although not the primary focus of this study, we also
examined the effects of MHC isoform on the rate constant
of force redevelopment (k) induced using a stretch
and release protocol modified from the methods of
Brenner & Eisenberg (1986). ki, is thought to be the sum
of the forward (f,p,) and reverse (g.,p) rate constants
describing the transitions between force-generating and
non-force-generating states (Brenner & Eisenberg, 1986),
and thus deceleration of k;, is due to a decrease in one
or both rate constants. Consistent with other studies
(Fitzsimons ef al. 1998, 1999; Regnier et al. 2000; Rundell
et al. 2005), we found that the rate of force development
was significantly decelerated with expression of 8 MHC
at all levels of activation. This observation is consistent
with our stretch activation results which show that the
rate of cross-bridge recruitment and force generation

J Physiol 579.1

(as indicated by ky), and force decay and the transition
to non-force generating states (as indicated by k),
are slowed with 8 MHC expression. Furthermore, the
magnitude of the difference in ki, (representing the sum of
fapp and g.pp) between @ and B MHC isoforms (~2.5-fold)
is in good agreement with differences in kq¢ (~2.5-fold)
and k. (~2-fold) for the two isoforms, suggesting that
at least some of the processes measured by the different
protocols are similar (Campbell et al. 2004).

The combination of the mechanical differences between
a and B MHC isoforms described above can be predicted
to have a significant effect on cardiac systolic and diastolic
function in vivo. Indeed, it has been shown that even
small shifts in the MHC profile of myocardium can have
considerable functional effects on contractile function
of the myofilament (Fitzsimons et al. 1998; Herron &
McDonald, 2002; Rundell et al. 2005; Korte et al. 2005)
as well as at the whole organ level (Fitzsimons et al. 1999;
Tardiff et al. 2000; Krenz et al. 2003; Korte et al. 2005).
Although in the present study we mainly studied extreme
differences in MHC isoform content (~100% o versus
~100% B MHC), the linear nature of the relationship
between MHC isoform content in isolated skinned
myocardium and whole-heart preparations and contra-
ctile function (Fitzsimons et al. 1998, 1999; Rundell et al.
2005; Korte et al. 2005) allows for extrapolation of our
data to predict the functional effects of smaller shifts in
MHC isoform content as may be expected in the case of
human heart failure. In this respect, the slowing of the
overall rate of the stretch activation response observed in
the present study would also predict a decrease in power
generation during systolic ejection due to slowed rates of
cross-bridge transitions from non-force-generating states
to force-generating states. This is consistent with previous
results showing that increased expression of § MHC
significantly depresses power output both in isolated
rat skinned myocardium and isolated whole-heart
preparations (Korte et al. 2005). Furthermore, slowed rates
of cross-bridge detachment (k) may reduce tension cost
and increase contractile efficiency but could ultimately
decrease diastolic filling so that less blood is available for
ejection during each beat.

Physiological relevance of MHC isoform expression
on cardiac function

There is growing evidence that implicates the loss of o
MHC as a contributing factor in human chronic heart
failure because there are significant reductions in the
expression of ventricular « MHC mRNA and protein
levels (Nakao et al. 1997; Miyata et al. 2000; Reiser et al.
2001). It has been suggested that the increased expression
of B MHC in the failing human ventricle may serve
as a compensatory mechanism to increase contractile
efficiency by reducing ATP expenditure and decreasing
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the tension cost of contraction. However, it has been
shown that improved pump function in failing animal and
human hearts is associated with increases in ventricular
a MHC mRNA and protein levels (Abraham et al. 2002;
Lowes et al. 2002; James et al. 2005) suggesting that
decreased expression of « MHC is detrimental to cardiac
function rather than beneficial. Results from the present
study are consistent with this interpretation because a
slowing of the stretch activation response with increased
B MHC expression would significantly slow the rate of
force development during systole and diminish both stroke
volume and work production during ventricular ejection.
Furthermore, decreased rates of oscillatory work have been
associated with impaired cardiac function in human heart
failure (Ruf et al. 1998), suggesting that the slowing of
cross-bridge cycling kinetics and the stretch activation
response may contribute to the functional manifestations
of this disease.

It is interesting to note that a gradient of MHC
expression exists in both rodent (Carnes et al. 2004)
and human (Bouvagnet et al. 1989) ventricles with the
highest levels of 8 MHC found in the endocardium
and the lowest levels in the epicardium. There is also a
gradient of electrical and mechanical activation across the
ventricular wall such that during systole the endocardium
is the first part of the ventricle to be activated while the
epicardium is the last (Buckberg et al. 2006). Therefore,
to prevent asynchronous contraction of the endocardial
and epicardial fibres during the systolic ejection phase,
which may decrease contractile efficiency, the increased
expression of 8 MHC in the endocardium would slow the
rate of force generation so that peak force is reached with
similar timing to the faster contracting epicardial fibres.
In this way, the ventricular MHC gradient in the heart
may play an important role in modulating the timing of
force generation across the ventricular wall as has been
suggested for the ventricular gradient of regulatory light
chain phosphorylation (Davis et al. 2001). Here we show
that the overall rate of the stretch activation response is
tuned to the MHC isoform such that it can contribute to
the timing of force generation and work production across
the ventricular wall.
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