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Sarcomeres, bundled into thick and thin filaments, are
the units of contraction in the striated muscle. The
thick filaments comprise several hundred hexameric

myosin molecules, composed of 2 myosin heavy chain
(MyHC) proteins, the molecular motor of contraction, and 2
regulatory and 2 essential light chains. The globular head of
MyHC contains the binding domains for cardiac �-actin and
adenosine triphosphate (ATP) and is attached to a hinge
region, which when flexed, moves the globular head over the
thin filaments. The thin filaments comprise the cardiac
troponin C (cTnC), T (cTnT), and I (cTnI) complex,
�-tropomyosin dimers, and cardiac �-actin, maintained in a
tight 1:1:7 stoichiometry. Several additional sarcomeric pro-
teins, such as myosin-binding protein C, titin, obscurin, and
telethonin contribute to the stabilization and function of the
sarcomeres.
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The troponin-tropomyosin complex regulates the calcium-

dependent displacement of the thin filaments by the globular
head of MyHC, which results in sarcomere shortening and
generation of the force of muscle contraction.1–3 Depolariza-
tion of membrane potential opens the L-type calcium chan-
nels and allows Ca2� influx, which triggers calcium-induced
calcium release by opening the ryanodine receptors in the
junctional sarcoplasmic reticulum (SR). The cytosolic Ca2�

binds to cTnC at the low-affinity site and induces conforma-
tional changes, which lead to removal of the inhibitory
domain of cTnI away from the �-tropomyosin-actin complex
(Figure).3 Consequently, MyHC binds to actin, hydrolyzes
ATP to adenosine diphosphate (ADP) and inorganic phos-
phate, and displaces the actin filament. Each single myosin
generates 3 to 4 pN force and displaces the actin by 11 nmol.4

Uptake of Ca2�by the SR reverses the process. The number
and the biochemical composition of the sarcomeres in myo-
cytes determine the magnitude of the force generated and the
velocity of contraction.

Two MyHC isoforms, referred to as the �-MyHC and
�-MyHC, encoded by 2 distinct genes, located in tandem on
chromosome 14, are expressed in the mammalian ventricular
myocardium.5 The 2 MyHC isoforms share �90% sequence
identify but differ significantly in ATPase activity and the
rate of displacement of actin.6,7 The velocity of actin displace-

ment is 2- to 4-fold faster, the duration of force transients is
shorter, and the ATPase activity is 2- to 3-fold higher for the
�-MyHC (fast) than for the �-MyHC (slow) isoform.6,7

Hence, to perform the same workload, �-MyHC uses more
ATP than the �-MyHC.8 Accordingly, the relative distribu-
tion of the �-MyHC and �-MyHC isoforms in the myocar-
dium could have significant effects on the phenotypic expres-
sion of cardiac diseases.

In this issue of Circulation, Sanbe et al and James et al
report the phenotypic consequences of changes in 2 sarco-
meric proteins in the heart in transgenic rabbit models of
human heart failure.9,10 One model is designed to delineate
the pathogenesis of human hypertrophic cardiomyopathy
(HCM) caused by a missense mutation (R146G) in cardiac
troponin I (cTnI),9 and the other is designed to define the
functional significance of �-MyHC in human heart fail-
ure.11,12 The phenotypes entail the wide spectrum of the
responses of the heart to injury, expressed as either HCM
or dilated cardiomyopathy (DCM). The choice of the rabbit
as the transgenic model to study human heart failure is
commendable because similarities in the composition of
sarcomeric proteins between humans and the selected
animal model are critical for recapitulating and delineating
the pathogenesis of phenotype. The mouse, the conven-
tional transgenic model of human diseases, differs signif-
icantly from the human in sarcomeric protein composition.
The differences could limit the utility of the mouse models
in resolving the underlying mechanisms of human heart
muscle diseases. The concern has been especially applica-
ble to the phenotype resulting from mutations in the
�-MyHC because of the major differences in the expres-
sion levels of MyHC isoforms in human and mice hearts.5

The �-MyHC is the predominant isoform in the ventricles
of humans, comprising �90% of the total myofibrillar
myosin.5 This is in contrast to the mouse, in which the
�-MyHC isoform predominates and comprises �95% of
the total myofibrillar myosin protein.5 The rabbit heart has
a sarcomeric protein composition more similar to that in
the human heart, with the �-MyHC comprising 80% of the
myofibrillar myosin protein pool.5 Accordingly, biophys-
ical and biochemical properties of myofibers isolated from
the rabbit heart largely resemble the properties of the
human heart muscle. The differences in ATPase activity
and the kinetics of actomyosin cross-bridge cycling be-
tween the 2 MyHC isoforms could affect the phenotypic
response of the heart to the external stimuli (eg, pressure
overload) or internal stimuli (eg, genetic mutations).

The cTnI-G146 transgenic rabbits largely recapitulate
the phenotype of human HCM and exhibit several notable
features including cardiac hypertrophy, myocyte disarray,
interstitial fibrosis, and enhanced myofibrillar Ca2� sensi-
tivity.9 Comparison of the phenotype between the cTnI-
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G146 transgenic rabbits and the previously published
cTnI-G145 (146 in rabbits and humans) transgenic mice13

show similarities as well as differences. Both models
showed myocyte disarray, interstitial fibrosis, and en-
hanced Ca2� sensitivity of myofibrillar force generation;
however, only the transgenic rabbits showed cardiac hy-
pertrophy, albeit relatively modest.9,13 Other more subtle
differences included increased left ventricular contractility
(�dp/dt) in the cTnI-G145 mice, which was unchanged in
the cTnI-G146 transgenic rabbits, despite an increased left
ventricular ejection fraction.9 The cTnI-G145 mice also
showed diastolic dysfunction, which was absent in the
cTnI-G146 transgenic rabbits.9 Part of the phenotypic
differences between the 2 models could reflect the diffi-
culty in precise phenotypic quantification. They also
could, however, underscore model-specific phenotypes,
and hence emphasize the necessity for careful selection of
the animal model in which one wishes to resolve the
pathogenesis of the phenotype of interest.

A notable finding in the cTnI-G146 rabbits was en-
hanced Ca2� sensitivity of myofibrillar force generation,
which is also in accord with the previous reports on
ATPase activity and force generation.14,15 It is noteworthy
that mutations in the components of thin filaments that
cause DCM are associated with decreased Ca2� sensitivity
of the myofibrillar ATPase activity, force generation, or
both.16,17 It is intriguing to postulate that the impact of the
thin filament mutations on Ca2� sensitivity of myofibrillar
force generation, ATPase activity, or both is the main
determinant of the ensuing phenotype being DCM or
HCM. Ca2� sensitivity of myofibrils is probably deter-
mined by the impact of mutation on the affinity of the
inhibitory arm of cTnI for the �-tropomyosin-actin com-
plex. Slower dissociation of the cTnI from the complex
could decrease contractility and lead to DCM. In contrast,
an enhanced dissociation could facilitate actomyosin
cross-bridge cycling, increase contractility, and lead to
HCM.

An intriguing phenotype in the cTnI-G146 transgenic
rabbits is the perinatal fatality in lines that mutant cTnI-
G146 comprised �40% of the total myofibrillar cTnI.9 The
finding is in apparent dichotomy with human HCM,
whereby the affected individuals, having 1 mutant and 1
wild-type allele, are expected to express equal levels of the
mutant and wild-type proteins. Unfortunately, limited
human data are available to corroborate this notion and the
available data are restricted to myofibrillar incorporation
of the mutant �-MyHC and not cTnI.18,19 One possible
explanation for perinatal fatality could be the inefficient
incorporation of the mutant sarcomeric proteins into myo-
fibrils, as suggested by Sanbe et al. Accordingly, a �40%
incorporation of the mutant cTnI in the transgenic rabbit
may not reflect human HCM, whereby a lower percentage
of incorporation is expected because of inefficient incor-
poration. A previous report showing inefficient incorpora-
tion of mutant �-MyHC V606M and G584R in the soleus
muscles of 2 patients with HCM supports this notion.19 In
another study, however, inefficient myofibrillar incorpo-
ration of the mutant �-MyHC-Q403 in the soleus muscle of
patients with HCM was not apparent.18 In addition, in the
previously described �-MyHC-Q403 transgenic rabbit
model of human HCM, the mutant comprised �50% of the
total myofibrillar myosin, implying equal myofibrillar
incorporation of the wild-type and mutant proteins.20

Nonetheless, factors that regulate sarcomere assembly and
the impact of mutant sarcomeric proteins are largely
unknown. It is possible that the early neonatal fatality
reflected a direct effect of relatively excessive incorpora-
tion of the mutant protein into myofibrils. It is also
possible the excessively expressed and unincorporated
cTnI-G146 imparted fortuitous interactions with other
cytosolic proteins or competition for ubiquitylation and
contributed to perinatal fatality.

There is considerable interest in the potential signifi-
cance of changes in the expression levels of MyHC
isoforms in human heart failure. The �-MyHC protein is
expressed at a low level in normal adult ventricular

Essential role of the inhibitory arm of car-
diac troponin I (cTnI) in regulating car-
diac contraction and relaxation. (A) In the
resting state, cytosolic Ca2� concentra-
tion is low and troponin C (cTnC) is
unbound to Ca2�. The inhibitory arm of
cTnI binds to �-tropomyosin and blocks
binding of the globular head of myosin to
cardiac �-actin. (B) Increased cytosolic
Ca2� concentration on opening of the
ryonidine channels results in the binding
of Ca2� to cTnC, which leads to removal
of the inhibitory arm of cTnI from
�-tropomyosin. The latter allows dis-
placement of the thin filaments by the
globular head of myosin on hydrolysis of
ATP to ADP and Pi.
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myocardium and is composed of �5% to 10% of the total
myofibrillar myosin pool.11,12 In the failing ventricular
myocardium, expression level of the �-MyHC is down-
regulated to almost undetectable levels.11,12 The �-MyHC
expression level returns to normal levels on recovery of the
left ventricular function.21 The concordant changes could
simply reflect load-dependent effects in gene expression
and not necessarily a cause and an effect. Nevertheless,
given the higher ATPase activity of �-MyHC, downregu-
lation of �-MyHC protein in human heart failure could be
considered an energy-conserving mechanism.8 In contrast,
because of the faster rate of actomyosin cross-bridge
cycling, downregulation could have a negative inotropic
effect. To address the functional significance of expression
of �-MyHC in the heart, James et al has used an indirect
approach and force expressed the �-MyHC isoform in the
rabbit heart, which predominantly expresses the �-MyHC
isoform.10 The �-MyHC is made up of �15% to 40% of
the total myofibrillar myosin in the transgenic rabbits, and
it increased actin-activated ATPase activity by �50%;
however, no discernible phenotype was noted at the
baseline. After 30 days of rapid ventricular pacing, the
�-MyHC-transgenic rabbits showed a lesser degree of
pacing-induced cardiomyopathy than did the control rab-
bits, which implies a cardioprotective role for the
�-MyHC. Overall, the observed pre- and postpacing dif-
ferences between the transgenic and the control rabbits
were modest and subject to differences in the loading
conditions, such as the blood pressure, which differed
significantly between the groups. It is also noteworthy that
Robbins and colleagues had previously expressed the
�-MyHC in the background of �-MyHC in mice.22 Near-
complete replacement of �-MyHC with the �-MyHC
isoform moderately reduced cardiac contractile function
but caused no other discernible phenotype at rest.22

Chronic infusion of isoproterenol in the �-MyHC trans-
genic mice led to augmented hypertrophy with signs of
failure.22 Collectively, the findings in �-MyHC transgenic
mice and �-MyHC transgenic rabbits suggest that under
unstressed conditions, the MyHC isoform switch does not
impart a significant effect on cardiac function; however,
under severe stress, �-MyHC may be cardioprotective and
�-MyHC detrimental. The conclusions, nonetheless, are
indirect, based on the assumption of linearity on the effect
of MyHC isoforms on cardiac function and the imperfect-
ness of the models in representing the changes in human
heart failure, wherein the expression level of �-MyHC is
downregulated to almost undetectable levels.11,12

Another line of evidence suggesting a functional role for
the �-MyHC in the human heart is provided by identifi-
cation of rare mutations in MYH6, which encode the
�-MyHC isoform.23 Unfortunately, genetic data on MYH6
mutations have been restricted to the identification of rare
mutations in small families or probands with cardiomyop-
athies, and alone are not sufficiently robust to establish the
causality. Thus, additional genetic and functional studies
are necessary to delineate the functional significance of
expression of �-MyHC at low levels in the human heart
and its disappearance in the failing myocardium. Experi-

ments to suppress the expression level of the �-MyHC in
the background of �-MyHC through either gene targeting
or siRNA experiments would be necessary and await
refinement of existing gene targeting techniques.

In conclusion, the transgenic rabbit models of altered
sarcomeric proteins9,10 provide considerable insight into the
functional and phenotypic consequences of perturbations in
sarcomeric proteins in the heart. At the same time, it is
evident that there are considerable difficulties in developing
and characterizing appropriate models for human heart failure
and in the application of the results to the human phenotype.
The findings beg for additional genetic and molecular studies
to delineate molecular mechanisms that regulate sarcomere
assembly and function in human heart failure with the
ultimate goal of developing new interventions to prevent and
treat human cardiomyopathies.
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