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Transmural variation in myosin heavy chain isoform
expression modulates the timing of myocardial force
generation in porcine left ventricle

Julian E. Stelzer, Holly S. Norman, Peter P. Chen, Jitandrakumar R. Patel and Richard L. Moss
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Recent studies have shown that the sequence and timing of mechanical activation of myocardium
vary across the ventricular wall. However, the contributions of variable expression of myo-
filament protein isoforms in mediating the timing of myocardial activation in ventricular systole
are not well understood. To assess the functional consequences of transmural differences in
myofilament protein expression, we studied the dynamic mechanical properties of multicellular
skinned preparations isolated from the sub-endocardial and sub-epicardial regions of the porcine
ventricular midwall. Compared to endocardial fibres, epicardial fibres exhibited significantly
faster rates of stretch activation and force redevelopment (k tr), although the amount of force
produced at a given [Ca2+] was not significantly different. Consistent with these results,
SDS-PAGE analysis revealed significantly elevated expression of α myosin heavy chain (MHC)
isoform in epicardial fibres (13 ± 1%) versus endocardial fibres (3 ± 1%). Linear regression
analysis revealed that the apparent rates of delayed force development and force decay following
stretch correlated with MHC isoform expression (r2 = 0.80 and r2 = 0.73, respectively, P < 0.05).
No differences in the relative abundance or phosphorylation status of other myofilament
proteins were detected. These data show that transmural differences in MHC isoform expression
contribute to regional differences in dynamic mechanical function of porcine left ventricles,
which in turn modulate the timing of force generation across the ventricular wall and work
production during systole.
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The human heart is an extremely robust organ that
is capable of beating nearly 100 000 times daily over
the human lifespan. Despite operating as a single
contractile unit to power ejection, however, the left
ventricle exhibits extensive electrical and mechanical
heterogeneity, i.e. the pattern of ventricular activation
and the timing and extent of muscle contraction and
lengthening in the human heart varies on a regional
basis (Bogaert & Rademakers, 2001). Thus, efficient
cardiac function requires precise coordination of electrical
activation and myocardial contraction (Markhasin et al.
2003), the importance of which is underscored by the
observation that disruptions in the pattern of ventricular
electro-mechanical activation have been implicated in the
development of cardiac dysfunction in congestive heart
failure (Kass et al. 1999; Nelson et al. 2000; Cazeau
et al. 2001; Sengupta et al. 2005, 2006). The mechanisms
underlying the coordination of mechanical function
across the ventricular wall during systolic ejection remain
unclear.

Recent studies have shown that myocardial shortening
in the endocardium precedes the shortening of epicardial
fibres during isovolumic contraction (Ashikaga et al.
2004; Sengupta et al. 2005; Buckberg et al. 2006), a
phenomenon that results from the sequential activation
of myocardium radially towards the epicardium following
the initial depolarization of the endocardium. Despite
this transmural delay in electrical activation, it has been
observed that endocardial and epicardial fibres shorten
synchronously during systolic ejection in the normal
heart (Ashikaga et al. 2004, 2007; Buckberg et al. 2006).
This suggests that the mechanical properties of the end-
ocardium and epicardium are functionally distinct in
order to maintain an appropriate level of force generation
and work production across the ventricular wall. To
date, however, most studies have focused on the regional
differences in the electrical properties of ventricular myo-
cytes (Liu et al. 1993; Laurita et al. 2003) while relatively
little is known about regional diversity in mechanical
properties.
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At the myofilament level, the speed and force of myo-
cardial contraction during systolic ejection are largely
determined by the inherent enzymatic and mechanical
properties of myosin heavy chain (MHC) isoforms and
the relative abundance of their expression. In mammals,
two distinct cardiac isoforms have been identified, α

and β (Hoh et al. 1979), of which the β MHC iso-
form displays significantly slower actin-activated ATPase
activity, shortening velocity, and cross-bridge cycling
kinetics (reviewed by Schiaffino & Reggiani, 1996). In
adult human ventricles, the faster α MHC isoform is
believed to comprise less than 10% of the total ventricular
MHC composition (Miyata et al. 2000). The functional
importance of such a low abundance of α MHC expression
is unclear, although several studies have demonstrated that
the expression of α MHC is dramatically down-regulated
under conditions of chronic congestive heart failure
(Lowes et al. 1997; Miyata et al. 2000; Reiser et al. 2001).
This raises the possibility that even small scale shifts in
the expression of α MHC can have significant effects on
contractile function, especially if low abundance MHC
isoforms are localized to specific regions of the heart.

In this regard, it has been shown that the expression
of α MHC in mammalian hearts is more abundant in the
epicardium than in the endocardium in the left ventricular
midwall (Litten et al. 1985; Kuro-o et al. 1986; Bouvagnet
et al. 1989; Bougaisky et al. 1990; Reiser et al. 2001; Carnes
et al. 2004). Despite the gradient in α MHC, however,
the functional consequences of this pattern of MHC iso-
form expression in global heart function have yet to
be established. Intriguingly, it has been recently hypo-
thesized that higher expression of the α MHC isoform
could account for the faster time course of unloaded cell
shortening in epicardial cells compared with endocardial
cells isolated from canine left ventricles, because variability
in Ca2+ handling kinetics in epicardial and endocardial
cells alone was not sufficient to explain these differences
(Cordeiro et al. 2004). Furthermore, a computational
model by Campbell et al. (2008) to quantitatively test
the hypothesis of Cordeiro et al. (2004) found that an
acceleration in cross-bridge kinetics, as would be expected
with higher α MHC isoform expression in epicardial
cells, could reproduce the faster time courses of unloaded
shortening reported by Cordeiro et al. (2004). Taken
together, these studies suggest that transmural differences
in MHC isoform expression in the mammalian ventricle
could have a profound impact on cardiac contractile
function; therefore this study was undertaken to examine
the functional effects of variable MHC isoform expression
across the ventricular midwall. Here we show that trans-
mural differences in MHC isoform expression contribute
to regional differences in dynamic mechanical function
of porcine left ventricles, which in turn modulates the
timing of force generation and work production across
the ventricular wall.

Methods

Ethical approval

All animal procedures were approved by the Institutional
Animal Care and Use Committees and were conducted
in accordance with the Guiding Principles in the Care
and Use of Animals, as approved by the Council of the
American Physiological Society.

Experimental animals

Adolescent pigs (n = 5) of either sex and weighing
45 ± 3 kg were employed in this study. Following
initial sedation with a combination of ketamine (1 g),
atropine (0.8 mg) and acepromazine (30 mg) given intra-
muscularly, an intravenous catheter was inserted in
the superficial ear vein of the pigs and thiopental
sodium (250 mg), and α-chloralose (1.5 g) were infused
as previously described (McDonald et al. 1995). The
animals were artificially ventilated with supplemental
oxygen, and arterial levels of pH, O2 and PCO2 were
continuously monitored to ensure maintenance of physio-
logical oxygenation and acid–base balance. The heart was
exposed by bilateral thoracotomy with trans-sternotomy
and the mid free-wall was excised and immediately frozen
in liquid nitrogen. The animals were killed by removal
of the heart. Anaesthesia, surgery and general care of
the animals strictly conformed to institutional guidelines
and were reviewed and approved by the University
of Wisconsin Medical School Animal Care and Use
Committee.

Apparatus and experimental protocols

Solution compositions for mechanical experiments
were calculated using a computer program (Fabiato,
1988) and known stability constants (Godt &
Lindley, 1982) corrected to pH 7.0 and 22◦C.
All solutions contained (mM): 100 N ,N-bis(2
hydroxy-ethyl)-2-aminoethanesulphonic acid (Bes),
15 creatine phosphate, 5 dithiothreitol, 1 free Mg2+

and 4 MgATP; pCa 9.0 solution contained 7 EGTA and
0.02 CaCl2; pCa 4.5 contained 7 EGTA and 7.01 CaCl2;
and pre-activating solution contained 0.07 EGTA. Ionic
strength of all solutions was adjusted to 180 mM with
potassium propionate. Solutions containing different
[Ca2+]free were prepared by mixing appropriate volumes
of solutions of pCa 9.0 and pCa 4.5.

On the day of the experiment, a small piece of tissue
(1 cm × 1 cm × 1 cm, approximately 10% depth) from
the sub-endocardial or sub-epicardial layers of the mid
free-wall was isolated for preparation of skinned myo-
cardium for mechanical experiments (Stelzer et al. 2006a).
Skinned myocardium was prepared by mechanically
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disrupting the ventricular tissue for ∼2 s using a Poly-
tron (Kinematica) (Stelzer et al. 2006a), which yielded
multicellular preparations of 100–250 μm in width and
600–900 μm in length. The myocardial preparations were
then skinned in a solution containing Triton X-100 for
30 min, and then the ends of the preparations were
attached to the arms of a position motor and force trans-
ducer as previously described (Stelzer et al. 2006a). Motor
position and force signals were sampled using SL Control
software (Campbell & Moss, 2003) and saved to computer
files for later analysis.

Force–pCa relationships

Methods for obtaining and analysis of force–pCa
relationships are described in detail elsewhere (Stelzer
et al. 2006a). Briefly, each myocardial preparation was
allowed to develop steady force in solutions of varying
[Ca2+]free. The difference between steady-state force
and the force baseline obtained following the 20%
slack step was measured as the total force at that
[Ca2+]free. Active force was then calculated by subtracting
Ca2+-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 constructed
by expressing sub-maximal force (P) at each pCa as a
fraction of maximal force (Po) determined at pCa 4.5,
i.e. P/Po. The apparent cooperativity in the activation
of force development was inferred from the steepness of
the force–pCa relationship and was quantified using a
Hill plot transformation of the force–pCa data (Stelzer
et al. 2006a). The force–pCa data were fitted using
the equation P/Po = [Ca2+]n/(kn + [Ca2+]n), where n is
the Hill coefficient, and k is the [Ca2+] required for
half-maximal activation (i.e. pCa50).

Rate of force redevelopment

The rate constant of force redevelopment (k tr) in
skinned myocardium was assessed as previously described
(Fitzsimons et al. 2001). Each skinned preparation was
transferred from relaxing to an activating solution of pCa
4.5 and allowed to generate steady-state force. The myo-
cardial preparation was rapidly (< 2 ms) slackened by 20%
of its original length, resulting in a rapid reduction of 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. The apparent rate constant of
force redevelopment (k tr) was estimated by linear trans-
formation of the half-time of force redevelopment, i.e.

k tr = 0.693/t 1/2, as previously described (Fitzsimons et al.
2001).

Stretch activation experiments

For stretch activation experiments, fibre length in relaxing
solution was adjusted to achieve a sarcomere length of
∼2.1 μm for measurement of initial isometric force and
for subsequent imposition of stretch. To evoke stretch
activation a rapid stretch (∼10 muscle lengths s−1) of 1%
of muscle length (Stelzer et al. 2006b) was imposed on
fibres that were activated to develop maximal force (Po).
The method used for measuring the stretch activation
variables have been described in detail previously (Stelzer
et al. 2006b). The amplitudes of the phases of the stretch
activation responses were measured as follows and are
shown in Fig. 2:

P1, measured from pre-stretch steady-state force to the
peak of phase 1,

P2, measured from pre-stretch steady-state force to the
minimum force value at the end of phase 2,

P3, measured from pre-stretch steady-state force to the
peak value of delayed force, and

Pdf , difference between P3 and P2.

All amplitudes were normalized to the pre-stretch
Ca2+ activated force to allow comparisons between pre-
parations which generated different absolute isometric
force. The apparent rate constants were estimated for
phase 2 (k rel, s−1) between the peak of phase 1 and
the minimum of phase 2 and for phase 3 (kdf , s−1)
from the beginning of force redevelopment following
phase 2 to the completion of delayed force development,
and are reported by linear transformation of the half-time
of relaxation of force (k rel) or delayed force development
(kdf ) (i.e. k rel or kdf = 0.693/t 1/2).

Determination of myosin heavy chain isoform content

At the conclusion of each experiment, cardiac pre-
parations were cut free, placed in a microcentrifuge tube
containing 10 μl of SDS–urea–thiourea sample buffer
(50 mM Tris, 75 mM dithiothreitol, 8 M urea, 2 M thiourea,
30% glycerol, 3% SDS and 0.01% Bromophenol Blue,
pH 6.8) and stored at −80◦C. For analysis of MHC
protein content by SDS-PAGE, microcentrifuge tubes were
first sonicated for 15 min and centrifuged to collect any
un-dissolved particulate matter. Sample buffer (3–6 μl)
containing myofibrillar proteins was then loaded on
to large format (18 cm × 16 cm) polyacrylamide gels.
MHC isoform content was assessed using acrylamide
gels cross-linked with N-N′ diallyltartardiamide (DATD)
(Warren & Greaser, 2003). Stacking gels contained 3%
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total monomer/15% DATD co-monomer, 10% glycerol,
130 mM Tris (pH 6.8) and 0.1% SDS. Separating gels
contained 6% total monomer/2.6% DATD co-monomer,
10% glycerol, 0.37 M Tris (pH 8.8) and 0.1% SDS. Gels
were run using a Hoefer SE 600 Vertical Electrophoresis
Unit with 0.75 mm spacers and a Bio-Rad PowerPac 300
power supply. The running buffer consisted of 25 mM Tris
(base), 192 mM glycine and 0.1% SDS, pH 8.3. The gels
were run at 16 mA for 10 h at 4◦C and then visualized
by silver staining (Schevchenko et al. 1996). The relative
proportions of α and β MHC isoforms were determined by
densitometric analysis of silver-stained gels using LaserPix
software (Bio-Rad Laboratories) as previously described
(Stelzer et al. 2007). This method reproducibly detects 2 ng
of protein per band and has linearity of stain between 2 and
70 ng of protein per band. Linearity of staining was assured
by running samples in parallel lanes following several serial
dilutions. Our densitometric analysis of MHC isoform
bands revealed that the α MHC band can be consistently
detected when its staining intensity was approximately 1%
that of the β MHC band.

Determination of myofibrillar protein
phosphorylation

Myofibrillar proteins of porcine myocardium were
separated by SDS-PAGE using 10–14.5% Tris-HCl
criterion gradient precast gel (Bio-Rad). To detect
phosphorylated proteins, the gels were stained with
Pro-Q Diamond following the protocol of the vendor
(Molecular Probes) as previously described (Stelzer et al.
2006c). Briefly, the gels were (a) fixed in 10% glacial
acetic acid–50% methanol (1.5 h; 3 solution changes), (b)
washed with dH2O (1 h; 6 solution changes), (c) stained
with Pro-Q Diamond (1.5 h), and (d) destained with
Pro-Q Diamond destaining solution (Molecular Probes)
overnight. To detect myofibrillar proteins, the gels were
stained with SYPRO Ruby (Molecular Probes; 3 h) and
destained with 7% glacial acetic acid–10% methanol (2 h; 4
solution changes). Gels of phosphoprotein and total myo-
fibrillar proteins were scanned using a UVP BioImaging
System and quantified using LaserPix. The skinned myo-
cardial preparations loaded on the gels were prepared
from a total of four porcine hearts. To quantify protein
phosphorylation levels, different volumes (in the range
of 3–6 μl) of samples prepared from sub-endocardial
and sub-epicardial myocardium were loaded on the same
gel. After gel electrophoresis, the gels were stained with
SYPRO Ruby to detect proteins and with Pro-Q Diamond
to detect phosphoproteins and the area and mean raw
optical density of protein and phosphoprotein bands
were determined using LabWorks analysis software (UVP
BioImaging System, CA, USA). The product of the area
and mean raw optical density versus volume loaded were

generated and a first order linear regression was fitted to
the data points to determine the slope of the relationship
between optical density and volume loaded as previously
described (Stelzer et al. 2006c).

Determination of light chain phosphorylation levels
was also performed by two-dimensional gel electro-
phoresis in a mini gel system as previously
described (Stelzer et al. 2006d). Briefly, the first
dimensional iso-electric focusing (IEF) tube gels
containing 8 mM urea, 4% acrylamide–bisacrylamide
(30% acrylamide–bisacrylamide solution, Bio-Rad), 2%
Triton X-100, 2% ampholyte (pH 4.1–5.9; Biorad),
0.02% ammonium persulphate and 0.2% TEMED were
pre-focused first at 200 V for 15 min and then at 400 V
for 15 min. The samples were then loaded on to the gels
and electrofocused first at 500 V for 20 min and then at
the 750 V for 4 h 40 min. The IEF tube gels were ejected
on to a 12.5% Tris-HCl criterion precast gel (Bio-Rad)
and electrophoresed at 150 V for 1 h 30 min. The gels
were then silver stained at room temperature using
published methods (Schevchenko et al. 1996) with minor
modifications, as follows: the gels were: (a) incubated in
fixing solution containing 50% methanol and 10% acetic
acid for 20 min; (b) washed with distilled water for 20 min
(4 solution changes); (c) incubated in 0.01% sodium
thiosulphate solution for 1.5 min and then rinsed 4 times
with distilled water; (d) incubated in 0.09% silver nitrate
solution for 20 min and then rinsed 4 times with distilled
water; (e) incubated in developing solution containing
0.0004% sodium thiosulphate, 2% potassium carbonate
and 0.0068% fomaldehyde until proteins were visible and
then rinsed 4 times with distilled water; and (f) incubated
in destaining solution containing 10% methanol and 10%
acetic acid for 20 min, rinsed 4 times in distilled water and
finally rinsed (with slow rotation) overnight in distilled
water. The gels were then dried between two sheets of
cellophane overnight, and the per cent regulatory light
chain (RLC) phosphorylation was quantified using UVP
BioImaging System and LaserPix software.

Statistical analysis

Cross-sectional areas of skinned preparations were
calculated by measuring the width of the mounted
preparation and assuming a cylindrical cross-section.
Sub-maximal Ca2+-activated force (P) was expressed as
a fraction of the force (Po) generated at pCa 4.5, i.e. P/Po.
Comparisons of force–pCa relationships, apparent rate
of force redevelopment, and stretch activation variables
between groups were done using a one-way analysis of
variance (ANOVA) or a Student’s t test. Linear regression
analysis was performed using Sigma Plot 8 software. All
data are reported as means ± S.E.M. Significance level was
set at P < 0.05.
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Table 1. Steady state mechanical properties of porcine endocardial and epicardial fibres isolated from the
left ventricular midwall

α MHC content Fmin Fmax pCa50 nH

(% of total) (mN mm−2) (mN mm−2)

Sub-endocardium 2.8 ± 0.6 0.6 ± 0.3 23.3 ± 1.6 5.72 ± 0.01 4.35 ± 0.34
Sub-epicardium 12.5 ± 1.4∗ 0.7 ± 0.3 24.5 ± 1.8 5.73 ± 0.01 4.17 ± 0.37

Data are means ± S.E.M. from 19 endocardial and 19 epicardial fibres. MHC, myosin heavy chain, Fmax,
maximal Ca2+-activated force at pCa 4.5; Fmin, Ca2+-independent force at pCa 9.0; pCa50, pCa required for
half-maximal force generation; nH, Hill coefficient for total force–pCa relationship. ∗Significantly different
from endocardium, P < 0.05.

Results

Steady-state mechanical properties of porcine
skinned endocardial and epicardial myocardium

The steady-state mechanical properties of skinned myo-
cardium isolated from the endocardial and epicardial
regions of porcine ventricular midwalls are summarized in
Table 1. As shown in Fig. 1, skinned preparations from the
endocardium and epicardium exhibited similar force–pCa
relationships, i.e. there were no differences in either the
amount of force produced by cardiac preparations at
maximal and sub-maximal activating [Ca2+] or in the
steepness of the force–pCa relationship (Hill coefficient,
nH). The lack of difference in steady-state mechanical
properties of left ventricular myocardium is in agreement
with previous studies of rat myocardium performed at
similar sarcomere lengths (Diffee & Nagle, 2003; Cazorla
et al. 2005).
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4.55.05.56.06.5

R
e
la

ti
v
e
 F

o
rc

e
 (

P
/P

O
)

0.0

0.2

0.4

0.6

0.8

1.0

Figure 1. Force–pCa relationships of endocardial and epicardial
myocardium
Myocardium isolated from epicardial (•) and endocardial left
ventricular midwall (◦) displayed similar force–pCa relationships. Data
points are means ± S.E.M. of 19 endocardial and 19 epicardial fibres.

Transmural differences in the stretch activation
response and kinetics of force redevelopment

The stretch activation response in porcine skinned myo-
cardium was studied in endocardial and epicardial fibres
by imposing a stretch of 1% of initial muscle length during
maximal Ca2+ activation. To facilitate comparisons of
stretch activation parameters, the phases of the stretch
activation response were normalized to the isometric
force preceding the application of stretch as indicated in
Fig. 2, where P2 is the minimum force at the end of
phase 2, Pdf , is the trough-to-peak excursion of force in
phase 3, and P3 is the amplitude of phase 3 measured from
the pre-stretch isometric force. The amplitude of phase 1
(P1) was not assessed in this work. The amplitude of
the delayed force response (phase 3) is indicative of the
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Figure 2. Stretch activation responses of porcine skinned
myocardium isolated from the endocardial and epicardial
midwall
Force transients following a stretch of 1% of muscle length were
recorded at maximal [Ca2+] activations in skinned fibres from the
endocardium (En) and the epicardium (Ep). Once a steady-state
isometric force was achieved at maximal Ca2+ activation, the muscle
was stretched and then held at the longer length, as described in
Methods. These representative transients are normalized to pre-stretch
isometric force corresponding to the force base-line, which is
arbitrarily set at zero. The recorded variables are labelled on the force
record and described in the text.
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Table 2. Stretch activation variables and rates of force redevelopment in skinned endocardial and epicardial myocardium

P2 P3 Pdf krel kdf ktr

(P/Po) (P/Po) (P/Po) (s−1) (s−1) (s−1)

Sub-endocardium −0.040 ± 0.004 0.031 ± 0.003 0.071 ± 0.004 21.74 ± 1.32 2.44 ± 0.12 2.57 ± 0.17
Sub-epicardium −0.037 ± 0.005 0.030 ± 0.004 0.067 ± 0.005 26.31 ± 1.45∗ 2.99 ± 0.13∗ 3.13 ± 0.19∗

Data are reported as means ± S.E.M. from 19 endocardial and 19 epicardial preparations activated at maximal [Ca2+] (pCa 4.5). The
myosin heavy chain isoform distribution of fibres is the same as reported in Table 1. Stretch activation amplitudes and apparent rate
constants data were obtained from force transients in response to stretches of 1% of muscle length and the apparent rate constant
of force redevelopment (ktr) was obtained by performing the slack–restretch manoeuver. Stretch activation amplitude variables
are presented as a fraction of pre-stretch isometric force (Po). Apparent rate constants for kdf, krel and ktr were estimated by a
linear transformation of the half-time of each variable as described in the Methods. ∗Significantly different from endocardium, P < 0.05.

number of cross-bridges recruited by stretch (Stelzer et al.
2006b). No differences in P3 were found between endo-
cardial and epicardial fibres (Table 2), suggesting that the
number of cross-bridges recruited by stretch is similar
and independent of expression of MHC isoforms. The
minimum amplitude following rapid force decay (P2)
dipped below the isometric force baseline in all fibres and
is therefore reported as a negative value (Table 2). No
significant differences in P2 were detected between endo-
cardial and epicardial fibres. Consequently, Pdf , which is
the overall trough-to-peak amplitude of phase 3, was also
similar (Table 2).

In contrast to the lack of differences observed in the
amplitudes of stretch activation, significant differences
in the apparent rates of force decay (k rel) and delayed
force development (kdf ) were observed in endocardial and
epicardial myocardium (Table 2). As shown in the records
of Fig. 2, the overall rate of stretch activation is slowed
in endocardial fibres, with peak delayed force occurring
significantly later. In addition, endocardial fibres displayed
k rel values that were approximately 80% of those in
epicardial fibres (Table 2), indicating a decrease in the
apparent rate of cross-bridge detachment. Endocardial
fibres also exhibited kdf values that were significantly

Figure 3. Regional variation in myosin heavy chain (MHC)
composition in porcine ventricular myocardium
Myosin heavy chain (MHC) isoform content was determined using 6%
SDS-PAGE. The relative proportions of α and β MHC isoforms were
determined by densitometric analysis gels following a silver-staining
protocol. In this representative gel it can be seen that muscle fibres
isolated from the endocardial midwall (lane 1 and lane 3) expressed
less cardiac α MHC (3.5% and 2.2% of the total MHC content,
respectively) than muscle fibres isolated from the epicardial midwall
(lane 2 and lane 4) of the left ventricle (14.1% and 13.7% of the total
MHC content, respectively).

slower than epicardial fibres (Table 2), suggesting that
the cooperative recruitment of cross-bridges into strongly
bound states was also protracted.

To complement the measurement of stretch activation,
we also investigated the effects of variable MHC isoform
expression on the kinetics of force redevelopment (k tr) by
subjecting endocardial and epicardial fibres to a modified
stretch–release protocol at maximal Ca2+ activations
(Brenner & Eisenberg, 1986). Regional differences in k tr

mirrored differences in stretch activation kinetics such
that endocardial fibres exhibited k tr values that were
significantly slower than epicardial fibres (Table 2). Since
k tr is thought to be the sum of the forward (f app) and
reverse (g app) rate constants describing the transitions
between force-generating and non-force-generating states
(Brenner & Eisenberg, 1986), differences in k tr can be
attributed to changes in one or both rate constants. In this
case, the slowing of k tr in endocardial fibres is probably
due to a decrease in both f app and g app because the stretch
activation variables of kdf and k rel were both decreased in
endocardial fibres.

Myosin heavy chain isoform expression and
myofilament protein phosphorylation in ventricular
endocardial and epicardial myocardium

The composition of MHC isoforms was analysed for each
skinned preparation used for mechanical experiments.
Our results show that in the midwall region of the
left ventricle, more α MHC is expressed in epicardial
fibres versus endocardial fibres (13 ± 1% and 3 ± 1%,
respectively) (Table 1). Figure 3 shows a representative
SDS-PAGE gel demonstrating higher expression ofαMHC
in endocardial fibres isolated from the same left ventricle.
Figure 4 is a scatter plot depicting the relationship between
α MHC expression and the apparent rates of delayed
force development (kdf ) and force decay (k rel) following
stretch in individual fibres isolated from the endocardium
and epicardium. It can be seen that when a regression
line is fitted through the data, a significant correlation
exists between α MHC expression and kdf (r2 = 0.80,
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P < 0.05) (Fig. 4A) and k rel (r2 = 0.73, P < 0.05) (Fig. 4B),
suggesting that the accelerated stretch activation response
in epicardial fibres is mostly due to higher expression of α

MHC.
In contrast to MHC isoform expression, no significant

differences in the relative abundance or phosphorylation
status of other myofilament proteins in endocardial
and epicardial preparations were detected (Fig. 5A).
Figure 5B is an example of phosphoprotein analysis using
SYPRO-Ruby and Pro-Q Diamond staining, which shows
the expression levels and phosphorylation levels of cardiac
myosin binding protein-C and troponin I (TnI) to be
similar in the endocardium and epicardium. Figure 6
illustrates a representative two-dimensional gel used to
determine the phosphorylation levels of myosin regulatory
light chain in endocardial (left panel) and epicardial (right
panel) fibres. Densitometric analysis of the spots revealed
that RLC phosphorylation was not significantly different
between endocardial and epicardial fibres.

Discussion

We examined the contractile properties of multicellular
myocardial preparations isolated from the endocardial
and epicardial midwall of porcine left ventricles. Our
results showed that at maximal Ca2+ activations, the
overall rate of stretch activation in epicardial fibres
was significantly accelerated compared to endocardial
fibres and was correlated with an increased expression
of the faster α MHC isoform. Such differences in the
kinetic response to fibre stretch across the ventricular
wall would be expected to modulate the timing of fibre
shortening during systolic ejection, and thereby, the rate
of force generation and cardiac output. Thus, our data
demonstrate that the regional distribution of MHC iso-
forms in the heart contributes to the heterogeneity in
contractile function that underlies the modulation of the
rate of force development and pressure generation in vivo.

Electromechanical coupling and myocyte function

Normal cardiac function requires that transmural
differences in contractile function of individual myo-
cytes be coupled to their respective calcium handling
properties. Studies which have examined the differences
in calcium handling properties across the left ventricular
wall have found significant functional heterogeneity, with
endocardial myocytes exhibiting significantly prolonged
action potential duration (Liu et al. 1993) and a slower
decay in the intracellular calcium transient compared
with epicardial myocytes in canine ventricles, in part,
due to a decreased expression of sarcoplasmic reticulum
(SR) Ca2+-ATPase (SERCA2a) (Laurita et al. 2003).

Furthermore, endocardial myocytes exhibit reduced Ca2+

load in the SR compared with epicardial myocytes, which
would contribute to the slower intracellular calcium trans-
ients and cell shortening kinetics observed in canine
endocardial myocytes (Cordeiro et al. 2004). Taken
together, these studies show that endocardial myocytes
have significantly diminished SR function, which would
be predicted to slow the cross-bridge cycling kinetics
and rates of force development in contracting myo-
cardium. Consistent with these results, our findings
suggest that at the myofilament level, the overall rate of
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Figure 4. Linear regression analysis of α myosin heavy chain
(MHC) expression and stretch activation kinetics
The relationship between expression of α MHC (as percentage of total
MHC content) and the apparent rates of stretch-induced delayed force
development (kdf) (A) and force decay (krel) (B) was determined by
linear regression analysis in 19 endocardial (◦) and 19 epicardial (•)
fibres. A significant positive correlation was found between increased
α MHC expression and accelerated kdf and krel in the endocardial and
epicardial midwall of porcine left ventricle which is described by the
regression equations: kdf (s−1) = 0.085 (% α MHC) + 1.901
(r2 = 0.80, P < 0.05), and krel (s−1) = 0.745 (% α MHC) + 17.463
(r2 = 0.73, P < 0.05).
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the stretch activation response in endocardial fibres is
significantly slower than epicardial fibres. Our results are
also in agreement with a recent computational model by
Campbell et al. (2008) which predicted that faster rates
of cross-bridge kinetics as would occur with increased
expression of α MHC in epicardial cells could explain the
faster time course of cell shortening observed by Cordeiro
et al. (2004). Thus, the kinetics of cross-bridge cycling in
the myofilaments of ventricular myocytes is tuned to the
calcium handling properties of the SR (Campbell et al.
2008) such that the contractile efficiency of the ventricle
is maximized.

Physiological relevance of differential MHC
expression on myocardial function

Several factors contribute to regional heterogeneity in
fibre stretch and contraction during the cardiac cycle
including ventricular fibre architecture, the transmural
sequence of mechanical activation, and differences in the
force generation capabilities of fibres across the ventricular
wall. For instance, endocardial fibre shortening precedes
that of epicardial fibre shortening; however, it has been
observed (Sengupta et al. 2005; Ashikaga et al. 2007) that
during isovolumic contraction, late activated epicardial
fibres cause early activated endocardial fibres to become
forcibly stretched (stretch activation) (Pringle, 1978).
This occurs because endocardial fibres and epicardial
fibres are arranged in opposing helical formations across
the ventricular wall (Streeter et al. 1969), and because
epicardial fibres generate more mechanical torque, in
part, due to their longer radii and larger moment arms
(Taber et al. 1996), which allows them to dominate

Figure 5. Determination of myofibrillar protein
phosphorylation levels
A, representative SDS-PAGE (6 μg load) of the basal phosphorylation
state of myofibrillar proteins in myocardium isolated from the
endocardial (En) and epicardial (Ep) midwall. Preparation of porcine
myocardial preparations loaded on the gel and analysis of
phosphorylation status of proteins was performed as described in the
Methods. SYPRO-Ruby stained gel for total proteins (left lanes) and
Pro-Q Diamond-stained gel specific for phosphorylated proteins (right
lanes). cMyBP-C, myosin binding protein-C; TnT, troponin T; TnI,
troponin I; RLC, regulatory light chain. B, the slopes of protein and
phosphoprotein determined from plots of area × mean raw optical
density versus volume loaded for endocardial and epicardial
myocardium. Different volumes of skinned endocardial and epicardial
myocardial samples prepared from five porcine hearts were separated
by SDS-PAGE and stained with SYPRO-Ruby for total proteins (top
panel) and Pro-Q Diamond for phosphoproteins (bottom panel). The
area and mean raw optical density (OD) of cMyBP-C and cTnI bands
were determined and plotted against volume (μg) loaded. Regression
lines were fitted to the data points and the resultant slope for proteins
and phosphoproteins is shown in the top and bottom panel,
respectively. Each data point represents the mean ± S.E.M.
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endocardial fibres during isovolumic contraction. Here we
show that increased expression of the faster α MHC iso-
form in the epicardium serves to accelerate the rate of force
development in epicardial fibres such that even though
they are activated later than endocardial fibres, both
shorten simultaneously during systolic ejection (Sengupta
et al. 2006; Buckberg et al. 2006; Ashikaga et al. 2007).
Conversely, decreased expression of α MHC in the end-
ocardium acts to slow the rate of stretch-induced delayed
force development so that the period of systolic ejection is
prolonged, thereby enhancing the volume of blood ejected
with each beat. Taken together, these data suggest that
the transmural expression of MHC isoforms in porcine
ventricle contributes to the timing of force generation
across the ventricular midwall.

With the exception of MHC isoform expression, no
differences in the relative abundance or phosphorylation
status of other myofilament proteins were detected across
the ventricular midwall in this study. Interestingly, a trans-
mural gradient of RLC phosphorylation has been pre-
viously described in the left ventricle of mouse myo-
cardium to account for the increased force production
of the epicardium during the counterclockwise torsional
twist of the ventricle at the time of ejection (Davis et al.
2001). The lack of difference in RLC phosphorylation in
porcine endocardial and epicardial preparations in this
study, however, may reflect a species difference between
the mouse and the pig or the fact that our cardiac pre-
parations were isolated from hearts under basal contra-
ctile states and therefore did not exhibit elevated levels
of RLC phosphorylation in the epicardium, which have
been reported to occur in isolated rat hearts during higher
workloads (Hidalgo et al. 2006). It is also possible that the
regional differences in RLC phosphorylation in porcine
myocardium manifest themselves in a longitudinal plane
(from apex to base) as has been reported in the rat heart

Figure 6. Myosin regulatory light chain (RLC) phosphorylation of porcine skinned myocardium
Two-dimensional SDS-PAGE/IEF gels were used to determine levels of RLC phosphorylation in endocardial (left
panel) and epicardial (right panel) midwall skinned myocardium. In this representative gel two isoforms of
ventricular light chain (VLC2a and VLC2b) and their corresponding phosphorylated isoforms (VLC2a∗ and VLC2b∗)
can be detected. It can be seen that VLC2b and VLC2a∗ co-migrate similarly and are not readily separated;
however, densitometric scans of the RLC spots in gels from four porcine hearts indicated that phosphorylation
levels were not significantly different between endocardial and epicardial myocardium with VLC2a∗ and VLC2b∗
representing 13.5 ± 3.1% and 16.8 ± 3.3% of the total VLC2a and VLC2b content in the endocardium and
epicardium, respectively.

(Rajashree et al. 2005), and thus, would not be evident by
a cross-sectional analysis of the midwall alone.

In a similar fashion to isovolumic contraction, iso-
volumic relaxation in the heart is not a passive process, but
rather involves significant regional heterogeneity in fibre
shortening and lengthening (Ashikaga et al. 2004, 2007;
Sengupta et al. 2006; Buckberg et al. 2006). In particular,
endocardial fibre shortening has been observed to extend
into the period of isovolumic relaxation after epicardial
fibres have ceased to contract, resulting in stretch of the
epicardial fibres (Ashikaga et al. 2004, 2007; Sengupta
et al. 2006; Buckberg et al. 2006). This stretch during
isovolumic relaxation has been proposed to contribute
to the reversal of systolic torsional twist incurred by
the left ventricle during systole, and therefore, acts to
augment ventricular ‘suction’ so that diastolic filling is
enhanced to provide for greater ejection of blood during
the next beat (Torrent-Guasp et al. 2004). Consequently,
stretch-induced delayed force development in the end-
ocardium could be an important modulator of diastolic
function by aiding in the reversal of systolic torsional twist
during isovolumic relaxation.

Possible physiological implications of decreased α

MHC expression in heart failure

Recent studies have suggested that the down-regulation
of the α MHC isoform in chronic human heart
failure contributes to diminished ventricular mechanical
function (Lowes et al. 1997; Miyata et al. 2000; Reiser
et al. 2001). While increased expression of the slower
β MHC isoform in the heart reduces ATP utilization
(Hoyer et al. 2007) and improves contractile efficiency
(Narolska et al. 2005; Rundell et al. 2005), mechanical
function is severely compromised at high workloads when
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pump function can not keep up with circulatory demands
(Krenz & Robbins, 2004). Furthermore, therapies such as
beta-adrenergic blockade (Lowes et al. 2002) or cardiac
resynchronization (Iyengar et al. 2007) that reverse the
loss of α MHC in heart failure patients have been found
to improve contractile function, suggesting that decreased
expression of α MHC is detrimental to normal cardiac
function. Data from the present study show that a relatively
small difference in MHC isoform content can dramatically
affect myofilament contractile function as demonstrated
by the acceleration in the kinetics of stretch activation and
cross-bridge cycling in epicardial fibres versus endocardial
fibres, presumably due to the ∼10% higher expression of
α MHC isoform in epicardial fibres. Unlike the rodent
cardiac α MHC isoform, which displays ∼2- to 3-fold
faster rates of ATPase and force development compared
with β MHC (Fitzsimons et al. 1998; Narolska et al. 2005;
Stelzer et al. 2007), the cardiac α MHC isoform in human
hearts (Narolska et al. 2005) displays significantly faster
rates of ATPase and force development compared with
the β MHC isoform. Thus, the loss of α MHC isoform in
failing human hearts, though relatively small in absolute
terms, can significantly slow the rate of force development
in the ventricle, and thereby depress systolic ejection.

Another important factor which could affect the
functional impact of loss of α MHC in failing myocardium
is the region of the heart from which down-regulation
occurs. Since MHC isoforms are differentially expressed
across the ventricular wall, it is likely that a decrease in
α MHC isoform expression in a region that normally
expresses higher levels can have a profound functional
effect. For example, a down-regulation of α MHC isoform
in the epicardium would delay the onset of mechanical
contraction and slow the rate of cross-bridge cycling such
that stretch of endocardial fibres by epicardial fibres would
be delayed. The resulting stretch activation response of
endocardial fibres would then occur too late into the
systolic phase to significantly contribute to ventricular
ejection, thereby diminishing stroke volume and work
production.

In summary, efficient myocardial pump function is
dependent on the precise coordination and timing of
regional mechanical activation (Markhasin et al. 2003),
the loss of which significantly impairs systolic and diastolic
function (Kass et al. 1999; Nelson et al. 2000; Cazeau
et al. 2001; Sengupta et al. 2005, 2006). Here we show
that the transmural distribution of MHC isoforms in
porcine ventricle plays an important role in modulating
the timing of force generation across the ventricular
wall. Increased expression of α MHC in the epicardium
accelerates the rate of force development such that
shortening of the earlier-activated endocardial fibres are
well coordinated with subsequently activated epicardial
fibres during systolic ejection. Decreased expression of α

MHC in the endocardium slows the rate of stretch-induced
delayed force generation and serves to prolong the period
of systolic ejection while maintaining the shortening of
endocardial fibre during isovolumic relaxation to enhance
diastolic filling via stretched epicardial fibres. Thus, the
ventricular gradient of MHC isoforms in the heart
contributes to mechanical function by fine-tuning the
timing of force generation across the ventricular wall.
Consequently, loss of α MHC during chronic human heart
failure may disrupt the timing of mechanical contraction,
and thereby, lead to compromised systolic and diastolic
function.
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