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Restrictive cardiomyopathy (RCM) is a heart muscle disease, characterized by

diastolic dysfunction. The present dissertation study is to understand the mechanisms
underlying the initiation of diastolic dysfunction and the fast disease progression to early
death in a RCM mouse model, the transgenic cTnI193His mouse. The mice express a
human RCM mutation, cardiac troponin I (cTnI) R192H (R193H in mouse sequence),
and present similar phenotypes to that of human patients. In the first part of the study, I
modified the overall cTnI in cardiac muscle by crossing cTnI193His mice with the
transgenic mice expressing an N-terminus truncated cTnI (cTnI-ND) that decreases Ca2+
sensitivity and enhances relaxation. In the hearts of double transgenic mice (Double TG),
wild type cTnI was completely replaced by cTnI-ND, and the expression level of cTnI
R193H was similar to that of cTnI193His mice. The hypersensitivity of myofilament to
Ca2+ was completely reversed by the presence of cTnI-ND in the RCM hearts.
Echocardiography revealed that cardiac morphology and function was significantly
v

improved in Double TG mice. Accordingly, shortened resting sarcomere length and
prolonged sarcomere relaxation was also rescued when determined by cell-based assays.
The results demonstrate that myofilament hypersensitivity to Ca2+ is a key mechanism
that causes abnormal relaxation in RCM due to cTnI R193H mutation and correcting
myofilament Ca2+ sensitivity by cTnI-ND can rescue diastolic dysfunction and RCM
phenotypes. In the second part, the study of disease progression, three lines of cTnI193His
mice expressing different levels of cTnI R193H were created. The dose of mutant protein
affects the severity of cardiac dysfunction, which was determined both in vitro, in single
cardiomyocyte, and in vivo, by echocardiography. The disease progression was also in a
dose-dependent manner. All the mice (cTnI193His-H mice) which expressed the highest
level of mutant protein, died within 30 days after birth; their diastolic dysfunction had
been present since day 21 while the systolic dysfunction was not shown until day 25. In
contrast, the other two lines (cTnI193His-L and cTnI193His-M mice) expressing the lower
levels of mutant protein had significantly higher survival rates with typical diastolic
dysfunction onset since 2-3 months old and systolic function had been preserved for
months even 1 year. Heart performance before death in conscious, free-running
cTnI193His-H mice was tracked by telemetric ECG suggesting myocardial ischemia, which
was further confirmed by histological examination and coronary artery pulsed-wave
doppler. These data showed that myocardial ischemia occurred after diastolic dysfunction
and before systolic dysfunction which preceded congestive heart failure. The results
demonstrate that myocardial ischemia causing cardiomyocyte death is a link between the
initial diastolic dysfunction and late-stage systolic dysfunction, and accelerates the
disease progression to fatal heart failure in the early age.
vi
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1. INTRODUCTION
Cardiomyopathies are defined as diseases of the myocardium associated with
cardiac dysfunction. According to the pathophysiological factors, they are classified into
four

major

groups,

including

dilated

cardiomyopathy

(DCM),

hypertrophic

cardiomyopathy (HCM), restrictive cardiomyopathy (RCM), and arrhythmogenic right
ventricular cardiomyopathy (ARVC). According to the recommendations of the World
Health Organization–International Society and Federation of Cardiology Task Force,
RCM is characterized by restrictive filling and reduced diastolic volume of either or both
ventricles with normal or near-normal systolic function and wall thickness1. Controversy
has existed about the exact definition of the condition and clinical diagnostic criteria of
RCM. However, widely accepted clinical features of RCM include impaired diastolic
dysfunction with initially preserved systolic function, enlarged atria, non-dilated ventricle,
and normal ventricle wall thickness2-4.
1.1. Idiopathic RCM is associated with cTnI mutation
Half of the cardiomyopathies, including RCM, are idiopathic or primary, without
clinically identifiable causes5. The present study focused on the idiopathic RCM.
Idiopathic RCM is less common than HCM and DCM, unfortunately it bears worst
prognosis, especially when the onset is in childhood3,6. It has been reported children with
RCM have a survival rate of 44% at 1.5 years and 29% at 4 years6. To date, no
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pharmacological intervention has been proved to be effective in treating diastolic
dysfunction, so RCM patients die shortly after diagnosis unless receiving heart
transplantation3,7,8. However, the donor hearts are limited and about 40% of RCM
patients with severe pulmonary pressure are precluded from receiving heart
transplantation3.
Clinical presentations of idiopathic RCM are greatly heterogeneous. It is almost
impossible to suspect RCM just according to patients’ complaints9. The disease onset
would be at 2 months old or 90 years old3,4. Some patients died suddenly while the others
died from heart failure in several months or decades after diagnosis4,10. In recent 10-15
years, with great attention on diastolic dysfunction and more importantly the NIH
funding for pediatric cardiomyopathy registry, RCM has received increasing recognition
in clinical research7. However, little progress has been made in understanding its
origination or progression, or identifying the risk factors for adverse prognosis, or
developing new treatment strategy7.
Idiopathic RCM has failed to draw much attention from basic research until
recent years. Since 2003, idiopathic RCM has been associated with mutations in
sarcomeric proteins, including cTnI, cardiac troponin T (cTnT), actin and myosin heavy
chain (MHC) 11-14. Because those proteins have also been found mutant in HCM or DCM,
these findings have greatly stimulated the basic research community to study the
pathogenic roles of sarcomeric protein mutations in different types of cardiomyopathy15.
Our current knowledge about their roles in RCM is largely based on in vitro studies, for a
better understanding animal models are great tools16. Therefore, in the present study, I
take advantage of the RCM animal model (cTnI193His mice) created in our lab to study
2

how diastolic dysfunction develops from cTnI R193H mutation and how RCM
progresses from diastolic dysfunction to fatal heart failure.
The transgenic cTnI193His mice model one missense mutation in the C-terminus of
human cTnI, which changes arginine to histidine at amino acid residue 192 (cTnI R193H
in mouse sequence), by specifically expressing the mutation in the hearts17. This mutation
is originally found in human patients with severe phenotype11. The phenotype of
cTnI193His mice has been characterized similar to that of human patients with the same
cTnI mutation17,18. The main cardiac dysfunction detected in cTnI193His mice by
echocardiography was impaired cardiac relaxation manifested by a decreased left
ventricular end-diastolic dimension and increased dimension in both atria18.
Echocardiography also revealed a restrictive blood filling in cTnI193His mice, including
reversed E/A ratio, prolonged isovolumetric relaxation time and increased deceleration
time18. Systolic function is initially preserved in those transgenic mice but impaired at the
age of 12 month, when cardiac output is significantly declined, and some transgenic mice
showed congestive heart failure18. The abnormal relaxation and contraction in the
advanced stage was further confirmed in isolated mouse working heart preparations18.
Dobutamine stimulation increased heart rate in cTnI193His mice but did not improve
cardiac output18. This mouse model provides me with a tool to further investigate the
pathogenesis of idiopathic RCM.
1.2. Role of cTnI in Ca2+ dependent regulation of cardiac muscle contraction
Cardiac muscle contraction cycle is controlled by the cyclical variations of Ca2+
concentration in cytosol. Sarcoplasmic reticulum (SR) is the major intracellular Ca2+
storage and plays an indispensible role in handling the Ca2+ transients in cardiac muscle
3

cell. The generally accept model is described as follows19,20. Small but varying amount of
Ca2+ enter the cell during the opening of L-type Ca2+ channel induced by depolarization.
Such calcium induces a large amount of Ca2+ release from SR by activating Ryanodine
Receptors (RyR) on SR, which increases intracellular Ca2+ concentration and triggers
muscle contraction. Sarco(endo)plasmic reticulum ATPase (SERCA) is the Ca2+ pump on
SR, which is responsible to take up Ca2+ into SR and decrease intracellular Ca2+
concentration to initiate muscle relaxation.
The molecular basis for this Ca2+ regulation is troponin and tropomyosin21.
Troponin consists of three subunits: cTnI, the inhibitory subunit; cardiac troponin C
(cTnC), Ca2+ binding subunit; and cTnT, tropomyosin binding subunit. They all located
on the thin filaments in sarcomere. Sarcomere is the basic contractile unit of striated
muscle. In sarcomere, more than 15 different kinds of contractile proteins are arranged
into two types of myofilaments: the thin filament and the thick filament22. Double strands
of actin polymers form the backbones of the thin filaments. Seven actin monomers
associate with one tropomyosin, which is a filamentous protein molecule located in the
groove of actin double strands. One tropomyosin binds to one troponin on the cTnT
subunit. The thick filaments are dominated by myosin. Hundreds of MHC molecules are
assembled in a tail-to-tail manner to form the elongated backbones of the thick filaments,
with the heads of MHC protruding from the surface. Myosin heads can attach to actins to
form force generating crossbridges, resulting in the sliding of the thin filaments along the
thick filaments and thus muscle contracts. This process is powered by actomyosin
ATPase hydrolyzing ATP22.

4

cTnI functions in close collaboration with cTnC, cTnT and tropomyosin to
regulate myosin-actin interaction and actomyosin ATPase activity in a Ca2+ dependent
manner. cTnC serves as a Ca2+ sensor for the whole system while cTnI acts as an
independent molecular switch. When there is respectively low concentration of
intracellular Ca2+ (10-7 M) in diastole, cTnI tightly anchors on actin (off state), inhibiting
myosin-actin interaction, this inhibitory effect is distributed to the adjacent seven actin
molecules by cTnT and tropomyosin; when the activating concentration of Ca2+ (10-6 M)
is available in systole, Ca2+ binds to cTnC inducing conformational change in cTnI. As a
result cTnI leaves actin and binds on cTnC with H3 domain (on state) 23,24. This position
change, collaborating with conformational changes in cTnT and tropomyosin, releases
the inhibition of myosin-actin interaction. Another role of cTnI is to inhibit actomyosin
ATPase. Progressive truncation of cTnI demonstrated that cTnI1-151 and cTnI1-188
were able to inhibit 50% and 75% actomyosin ATPase activity, respectively; cTnI 152199 are essential for full inhibitory activity25. In the studies on skeletal TnI, residues 96148 were sufficient for full inhibition of the actomyosin ATPase activity26. Studies on
both cTnI and skeletal TnI suggested that, the changes in the interaction of TnI with actin,
TnC and TnT induced by systolic intracellular [Ca2+] rising, result in the loss of
inhibition of actomyosin ATPase activity21,25,26. But the underlying mechanism is not yet
understood. The human RCM cTnI mutation R192H is in a conserved sequence in the Cterminus of cTnI. The structure and function has not been clear, but it might be involved
in a second tropomyosin-actin binding site23.
cTnI is essential for survival and heart muscle relaxation. Studies on cTnI
knockout mice showed that mice with cTnI depletion have predicable death date, on day
5

17-18 after birth27. Sarcomere length of cTnI knockout mice is 1.0-1.4µm compared to
2.0-2.2 µm in wild type27. Decreased ventricular filling volume, increased resting tension
and myocardial stiffness all indicate a diastolic dysfunction in the cTnI knockout mice28.
Since cTnI is necessary for normal relaxation, it is not surprising to find its mutations
linked to RCM, a disease of abnormal relaxation. However, it remains unclear how
diastolic dysfunction develops from cTnI mutations in RCM.
1.3. Myofilament Ca2+ sensitivity is increased in RCM
Our understanding of RCM causing sarcomeric protein mutations is largely
based on in vitro studies. Several studies on reconstituted muscle fiber revealed that those
mutations increase myofilament sensitivity to Ca2+

16

. Gomes et.al reconstituted muscle

fibers containing human cTnI R192H mutation and measured the force developed in
solutions containing various concentrations of Ca2+. The mutant fibers displayed a leftshift force-pCa curve with a larger value of pCa50 than fibers containing wild type cTnI29.
The increase in myofilament Ca2+ sensitivity agrees with the study conducted by
Kobayashi et al, in which cardiac thin filaments reconstituted with cardiomyopathyrelated mutant cTnI presented an increase in the affinity of cTnC to Ca2+

30

. Even though

both HCM and RCM-linked mutations of myofibril protein induced a left-shift on the
force-pCa curve, RCM causing mutations confer greater Ca2+ sensitivity on the
myofilament than that of HCM29,31. However, little is known about the role of
myofilament Ca2+ sensitivity in the development of diastolic dysfunction in RCM.
1.4. The unique N-terminal extension of cTnI
The core structure of cTnI is conserved as compared to the other two isoforms,
slow skeletal TnI (ssTnI) and fast skeletal TnI (fsTnI). But cTnI has a unique ~30 amino
6

acid N-terminal extension. This N-terminal extension has not been proved to contain any
binding sites for the other thin filament proteins32. But it has two serine residues, Ser23
and Ser24, which are the substrates for protein kinase A (PKA). As a part of β-adrenergic
pathway, phosphorylation of Ser23 and/or Ser24 can decrease Ca2+ affinity of cTnC and
thus facilitates heart relaxation33,34. This distinct feature suggests cTnI may have a special
regulation in cardiac function.
Proteolytic removal of cTnI N-terminal extension was first found in a rat tailhanging model simulating the effect of microgravity on the cardiovascular system35. The
N-terminus truncated cTnI (cTnI-ND) is believed to have a physiological significance for
the following reasons. First, cTnI-ND is present in the normal hearts of all the species
examined including fish, turtle, mouse, rat, rabbit, cat, dog and human35. Second, to
response to microgravity, only the N-terminal extension is proteolytically removed but
the core structure and C-terminus is intact35. This is different from the proteolytic
truncation of cTnI observed in some pathological conditions, i.e. Rat cardiac TnI
becomes progressively degraded from 210 amino acid residues to residues 1–193 during
the ischemia and reperfusion injury36. Third, cTnI-ND has intact core structures which
interact with other thin filament proteins and is incorporated into the thin filament
proportionally in the rat tail-hanging model35. Forth, transgenic mice, with up to 82%
cTnI replaced by cTnI-ND, show apparently enhanced cardiac function and preserved βadrenergic potential of the heart37. Therefore, the restricted deletion of cardiac specific Nterminal extension of cTnI is believed to be a novel post-translational regulation
mechanism of cTnI function other than a pathological production with negative effect on
cardiac function.
7

cTnI-ND has a positive effect on heart function by enhancing relaxation. Isolated
working heart and in vivo experiments showed that transgenic cTnI-ND hearts had a
significantly faster rate of relaxation, and lower left ventricular end diastolic pressure,
without significant changes in rate of contraction37. Ca2+ activated actomyosin ATPase
activity showed that cTnI-ND myofibrils had lower affinity to Ca2+ than controls37.
There are two purposes for my dissertation study. The first is to study how
diastolic dysfunction develops from RCM cTnI mutation. The hypothesis is that the
increased myofilament Ca2+ sensitivity is a key factor responsible for the development of
diastolic dysfunction in RCM due to human cTnI R192H mutation. To test this
hypothesis, I incorporated the cTnI-ND into cTnI193His mice in order to correct the
myofilament hypersensitivity to Ca2+ caused by cTnI R193H mutation. If correcting
myofilament Ca2+ sensitivity can rescue RCM phenotype, then the hypothesis will be
supported. The second is to study how RCM progresses from the initial diastolic
dysfunction to fatal heart failure. In this part, the dose-effect of cTnI R193H mutation and
the underlying causes of disease progression and early death have been determined.

8

2. METHOD
This investigation conformed to the Guide for the Care and Use of Laboratory
Animals (NIH Pub. No. 85-23, revised 1996) and was in accordance with the protocols
approved by the Institutional Animal Care and Use Committees at Florida Atlantic
University.
2.1. Transgenic animals
2.1.1. Creation of double transgenic mice
RCM cTnI R193H transgenic mice (cTnI193His mice) were created and described
in our lab17,18. A cTnI knockout mouse line (cTnI-KO) was generated as described
previously by homologous recombination-mediated deletion of the entire cTnI gene27.
Due to the postnatal lethality of homozygous cTnI deletion, the cTnI-KO mice were
maintained in heterozygous lines. The transgenic mice over-expressing cTnI-ND (cTnIND-1 mice) were generated as described previously37.
By crossing heterozygous cTnI-KO with cTnI-ND-1 mice, two lines of cTnI-ND
transgenic mice were produced. One line contains 100% cTnI-ND in cardiac muscle and
the other contains about 60% of cTnI-ND with 40% wild type (WT) cTnI in the heart38.
In this study, only the cTnI-ND mice containing 100% cTnI-ND in cardiac muscle were
used. Both cTnI193His mice and cTnI-ND mice have a C57BL background. By crossing
cTnI193His mice with heterozygous cTnI-KO mice, we generated a mouse line
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which only has one WT cTnI allele and express cTnI R193H mutation. By breeding this
line with cTnI-ND mice, we generated double transgenic mice (Double TG) expressing
both cTnI R193H and cTnI-ND, without WT cTnI, in cardiac muscle. The single
transgenic mice (cTnI193His and cTnI-ND) and double transgenic mice (Double TG) as
well as wild type C57BL/6 mice (WT) were used in the study.
Mouse survival rates were recorded in WT and all the transgenic mouse lines for
a period of 12 months. Mice at age 8-10 weeks were used in functional studies.
2.1.2. Creation of three lines of cTnI193His mice
The original transgenic cTnI193His mice were named cTnI193His-L. By crossing
original transgenic cTnI193His mice with heterozygous cTnI-KO mice, we produced
cTnI193His-M mice which only have one wild type cTnI allele and the same copy of cTnI
R193H mutation as cTnI193His-L mice. By inbreeding cTnI193His-M mice, we produced
cTnI193His-H mice, which have no wild type cTnI gene but only the cTnI R193H mutation.
All three lines of transgenic mice (cTnI193His-L, cTnI193His-M, and cTnI193His-H mice) as
well as WT C57BL/6 mice were used in the study.
Mouse survival rates were recorded in WT and all the three transgenic cTnI193His
mouse lines for a period of 3 months. The mice at 21-29 days or 3 months old were used
in functional studies.
2.1.3. Genotyping
The offspring of the breeders were screened by PCR. Genome DNA were
extracted from mouse tails by using Puregene Core Kit A (QIAGEN) following the
manufacturer’s instructions. Specific primers have been designed to detect wild type cTnI
gene, transgene cTnI193His, and transgene cTnI-ND. The sequences of them are
10

demonstrated as follows: WT cTnI: 5’ primer, 5’-TAGGTGTGAGGACAGAAGGCCG
(derived

from

cTnI

gene

upstream

CCGTGAAGAGSGAAATCACTGATGGTGGTCC

region);
(derived

3’primer,
from

cTnI

5’gene).

Transgene cTnI193His: 5’ primer, 5’-ACGCCGCTCCTCTGCCAACTACC (derived from
cTnI gene); 3’ primer, 5’-CACAGGGATGCCACCCATCAAGC (derived from HGH
polyA region); Transgene cTnI-ND: 5’ primer, 5’-GGCACCCTTACCCCACATAGACT
3’ primer, 5’-GTGTGGGATCCATGGCTCAGCCCT
2.2. Real-time qRT-PCR assays
Total RNA was extracted from normal and transgenic hearts using a Trireagent
solution (Sigma, Saint Louis, MO). cDNA was synthesized from 2 μg of total RNA using
a Thermoscript RT-PCR System (Invitrogen, Carlsbad, CA). Real-time qRT-PCR
experiments were performed on a Capillary Lightcycler using a LightCycler FastStart
NA Master SYBR Green I Kit (Roche Diagnostic, Co., Indianapolis, IN) following the
manufacturer’s instructions.
Specific amplification of the desired genes was confirmed by calculating the
melting temperatures (Tm) of the products from the melting peak curve (−dF/dT vs.
temperature). All of the amplicons were collected and confirmed again by TBE gel
electrophoresis. A standard curve of cross-point vs. Log concentration (copies) was
created using one of the cDNA samples with serial dilutions. Negative controls were
included to synthesize cDNAs in the same way as above described but without adding
reverse transcriptase in the reactions.
The data were averaged. The β-actin gene was used as a standard control. The
mRNA expression levels of WT and transgenic mouse hearts were compared after being
11

normalized by β-actin concentrations. The percentage of the cTnI193His expression vs. the
WT cTnI expression in cTnI193His mouse hearts was further calculated based on internal
cTnI expression using internal cTnI common primers in WT and transgenic mice with
real time PCR assays.
Primer sequences used in these studies are as follows: WT cTnI: 5′ primer, 5′TAGGTGTGAGGACAGAAGGCCG (derived from cTnI gene upstream region); 3′
primer, 5′-CCGTGAAGAGGAAATCACTGATGGTGGTCC (derived from cTnI gene).
Transgene cTnI193His: 5′ primer, 5′-ACGCCGCTCCTCTGCCAACTACC (derived from
cTnI gene); 3′ primer, 5′-CACAGGGATGCCACCCATCAAGC (derived from HGH
poly

A

region).

Internal

cTnI

ACGCCGCTCCTCTGCCAACTACC;

common

primer:

3′

5′-primer,

primer,

5′5′-

CCACGTCGCTCTTCTGCCTCTCG (both derived from inside of cTnI gene). β-actin: 5′
primer,

5-CCACTGCCGCATCCTCTTCCTC;

3′

primer,

5-

CAGCAATGCCTGGGTACATGGTG.
2.3. Protein extraction and western blotting
Cardiac myofilament proteins were extracted by homogenizing the whole cardiac
muscle in SDS-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
containing 2% SDS. The samples were resolved by 14% Laemmli SDS-PAGE with an
acrylamide:bisacrylamide ratio of 180:1 using a Bio-Rad mini-Protean II system, and the
protein bands were transferred to a nitrocellulose membrane using a Bio-Rad Lab
semidry electrotransfer apparatus. The nitrocellulose membrane was blocked with 1%
bovine serum albumin in Tris-buffered saline and incubated with monoclonal antibodies
(mAb) diluted in TBS containing 0.1% bovine serum albumin. Antibodies on
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immunoblots were visualized by enhanced chemiluminescence (ECL detection kit from
GE Healthcare).
cTnI R193H and WT cTnI proteins were distinguished by two monoclonal
antibodies (mAbs): mAb TnI-1 (1:15000 in dilution) against the C-terminus of TnI and
mAb 4H6 (1:10000 in dilution) against an epitope in the central region of TnI. Both of
the two mAbs recognize cTnI-ND. Cardiac TnT (cTnT) was used as an internal control
for protein sample loading. cTnT was examined by CT3 antibody (1:15000 in dilution).
All mAbs were obtained from Dr. Jian-Ping Jin’s laboratory.
Western blotting assays were also conducted to detect SR Ca2+ pump (SERCA),
phospholamban and the S16 phosphorylated phospholamban levels in cardiac myocytes
isolated from WT, cTnI193His, cTnI-ND and Double TG mice. The monoclonal antibodies
against SERCA2 (1:1500 in dilution) and phospholamban (1:2000 in dilution) and
polyclonal antibody against phosphorylated phospholamban (1:750 in dilution) (Abcam
Inc., Cambridge, MA) were used and the similar procedure was followed as described
previously, except that BioTrace PVDF transfer membranes (Pall Life Sciences) were
used for SERCA protein transfer in western blotting assays. For quantifications, the
protein bands were scanned by densitometry with software (Image J) and compared
among the samples on the same blot.
2.4. Functional studies in skinned papillary muscle fibers
Mouse papillary muscles (

1.2 mm long and 70–100 μm in diameter) were

dissected from the left ventricle of freshly excised mouse hearts in relaxing solution and
then skinned in relaxing solution containing 1% (vol/vol) Triton X-100 at room
temperature for 30 min. The skinned fibers were placed in a quartz cuvette and mounted
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in the Guth Muscle Research System (the sarcomere length was 2.1 μm), and then
gradually exposed to solutions with increasing Ca2+ concentrations (pCa 8.0–4.0). Data
were

fitted

using

the

following

equation:

%

change

in

force = 100 × [Ca2+]n/([Ca2+]n + [Ca2+50]n), where [Ca2+50] is the free [Ca2+] that produces
50% force and n is the Hill coefficient.
2.5. Echocardiography
Echocardiography studies were performed with the use of a Vevo 770 HighResolution In Vivo Imaging System (VisualSonics, Toronto, ON, Canada) in our
laboratory. The system has a RMVTM 707B "high frame" scan head designed for high
frame rate and real-time small animal imaging applications with a center frequency of 30
MHz and a frequency band 15–45 MHz. All measurements were performed according to
the standards established in human echocardiography.
Experimental mice were anesthetized with isoflurane at a concentration of 3%
and then maintained at 1% isoflurane by a facemask during the whole procedure. Hair on
the precordial region was cleanly removed with a Nair lotion hair remover (Church &
Dwight Canada, Mississauga, ON, Canada), and the region was covered with ultrasound
transmission gel (Aquasonic, Parker Laboratory, Fairfield, NJ).
The short-axis imaging was taken to view the left and right ventricular
movement during diastole and systole by placing the scan head horizontally on the heart
area. This view allowed us to measure the ventricular structure and function in
anatomical M-mode spectrum generated by 2-D B-bode imaging. By placing the scan
head on the heart apex, four-chamber imaging was acquired to visualize all heart
chambers simultaneously in order to evaluate the atrial size in M-mode, transmitral blood
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flow with Pulse-Wave Doppler, and diastolic mitral annulus velocity in Tissue Doppler.
Aortic Pulse-Wave Doppler was achieved by visualizing the left ventricle outflow track,
aortic valves and aortic root with apical five-chamber imaging. Coronary blood flow was
measured with Pulse-Wave Doppler in a modified long-axis view, which enabled us to
see the left main coronary artery generating from aorta and going between the left
ventricle anterior wall and pulmonary artery.
For M-mode and Doppler measurements, each type of imaging for one tested
animal was recorded for at least 3 repeats (30–40 cardiac cycles/ time, from which 3–5
representative cycles with highest quality imaging were selected to measure the
dimension and attitude). The whole examination for each mouse took roughly 40 min. All
data and images were saved and analyzed by a Advanced Cardiovascular Package
Software with an automated analysis or semi-automated analysis and quantification of
cardiac function (VS-11560, VisualSonics, Toronto, ON, Canada). To decrease
experimental bias, all of the echocardiography measurements were performed by an
examiner blinded to the genotype.
2.6. Cardiomyocyte isolation and contractility measurements
Mouse cardiomyocytes were isolated using a Langendorff Perfusion Cell
Isolation System (ac-7034, Cellutron Life Technology, Baltimore, MD) following
manufacture’s instruction and cultured in the medium provided by the same company.
Only the rod-shape cells with clear edges and well-defined sarcomere structure and
without sarcolemmal blebs or spontaneous contractions were used for experiments.
Mechanical properties of cardiomyocytes were determined using an IonOptix Myocam
system (IonOptix Inc., Milton, MA). Cardiomyocytes were loaded into the perfusion
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chamber mounted on the microscope stage and superfused (1 ml/min, 37 °C) with Tyrode
solution containing (in mM): 131 NaCl, 4 KCl, 1 CaCl2, 1 MgCl2, 10 glucose and 10
HEPES, at PH 7.4. The cells were field stimulated at 8 volts at a frequency of 0.5 Hz.
Sarcomere shortening was measured and 8 contraction cycles were used for analysis. For
physiological stress tests, the stimulation frequency was varied from 0.5 to 2 Hz. For
each frequency 20-25 cycles were recorded.
2.7. Intracellular Ca2+ transients measurements
The intracellular Ca2+ transients were also measured by IonOptix Myocam
system. Freshly isolated mouse cardiomyocytes were loaded with 1 μM of Fura-2 AM
(Molecular Probes) at room temperature for 20 min in loading buffer containing (in mM):
131 NaCl, 4 KCl, 1 MgCl2, 10 Glucose, 10 HEPES, NaH2PO4 at pH 7.4 with 1% BSA
and 0.02% pluronic F-127 (Molecular Probes). After 30 min of de-esterification of Fura-2
AM, the cells were superfused in Tyrode solution and electrically stimulated at 8 volts at
a frequency of 0.5 Hz. For the measure of Ca2+ transients, the cells were excited by UV
light (360 and 380 nm, alternately). The Fura-2 emission at 510 nm was collected with a
photomultiplier tube. The kinetics of Ca2+ transients was analyzed in conjunction with
cardiomyocyte mechanical measurements. 10mM caffeine was applied rapidly to
superfusion solution to empty SR loading.
2.8. Electrocardiography
Electrocardiography data was collected in the conscious, free-running mice by
implanting a wireless telemetry device (TA10ETA-F20, Data Science International (DSI),
St Paul, MN, USA). Mice were anesthetized by isoflurane inhalation and the implantable
transmitter units were secured in mice peritoneal cavities. The two electrical leads were
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lying flat and straight subcutaneously and positioned in a lead II orientation, in which the
negative lead (clear) was placed in the area of the right shoulder and the positive lead (red)
immediately to the left of the xyphoid process and caudal to the rib cage. The implanted
mice were housed separately in cages and biopotentials were transmitted from within the
animals via radio-frequency signals to the underneath antenna receivers connected to a
computer system for data recording. Unfiltered ECG data was gained at a 10 s intervals
and ECG waveforms and parameters were analyzed with the DSI analysis package
(Dataquest ART 4.2, DSI, St Paul, MN, USA). Raw ECG waveforms were inspected for
ischemia and arrhythmia by at least two independent observers.
2.9. Histological examination
Mouse hearts were quickly excised after euthanasia, perfused through aorta with
PBS 1min and 10% formaldehyde 15 sec (3.5ml/min) then fixed in 10% neutral buffered
Formalin solution (Sigma). Fresh lung and liver tissue was washed by PBS and directly
immersed in the same fixation solution. The fixed tissues went through a series of graded
ethanol baths to be dehydrated then into xylene. After embedded with paraffin, tissues
were sectioned into 5 μm thick slice and stained with hematoxylin and eosin, and then
viewed under an Olympus IX71 microscope. Gomori's trichrome staining was performed
to detect fibrosis in the heart sections.
2.10. Statistics
Student’s t-test and one-way ANOVA followed by post hoc Newman–Keuls
tests was used to determine statistical significance. Statistical significance was set at
p<0.05. Kaplan-Meier survival analysis was performed to determine the survival rate in
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all mouse groups. All statistics was performed with XLSTAT (Addinsoft, New York,
NY).
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3. RESULTS
3.1. Incorporation of cTnI-ND into the heart
The cTnI-ND was incorporated into cTnI193His mice by breeding the
heterozygous cTnI-KO mice containing cTnI R193H transgene with cTnI-ND mice to
generate Double TG mice. The Double TG mice were expected to carry only cTnI
R193H and cTnI-ND transgene, without WT cTnI gene in cardiac muscle. The genotype
of Double TG, cTnI193His and cTnI-ND mice were confirmed by PCR-based genotyping
screening (data not shown).
Real-time qRT-PCR data indicated that the transcriptional expression of cTnI
R193H transgene was observed only in cTnI193His and Double TG mouse hearts, not in
WT or cTnI-ND mouse hearts (Figure 1A). The transcriptional levels of β-actin were
very similar between WT and all transgenic mouse hearts (Figure 1B). When normalized
to β-actin expression level, the transcriptional level of cTnI R193H transgene in Double
TG mouse hearts was very similar to that in cTnI193His mouse hearts (Figure 1C).
Consistent to the real-time qRT-PCR data, western blotting data also showed the similar
levels of cTnI R193H protein between cTnI193His and Double TG mouse hearts. The
mutant cTnI (cTnI R193H) makes about 20% of total cTnI in cTnI193His and Double TG
mouse hearts, which was detected by using two specific mAbs (mAb 4H6 recognizes
both cTnI R193H and WT cTnI, mAb TnI-1 recognizes only WT cTnI) (Figure 2B).
Because cTnI-ND can be detected by both mAbs while ssTnI can only be
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detected by mAb TnI-1 and both of them are differentiated from cTnI R193H and WT
cTnI by the molecular mass, the western blotting data also indicated that the cTnI-ND
mouse hearts contained 100% cTnI-ND; and the re-expression of the fetal form ssTnI
was precluded in the adult mouse hearts in all the four groups (Figure 2). Additionally,
the protein analysis data further confirmed the genotyping results that WT cTnI was
completely replaced by cTnI-ND in the heart of Double-TG mice (Figure 2B).
3.2. cTnI-ND corrects increased myofilament Ca2+ sensitivity caused by RCM cTnI
mutation
The force-pCa measurements were performed in skinned papillary muscle fibers
freshly isolated from all groups of transgenic mice versus WT mice under isometric
conditions. Figure 3A shows that a significant increase in Ca2+ sensitivity in cTnI193His
fibers compared to that in WT fibers was found in steady-state force development
measurements with pCa50=5.99±0.02 in cTnI193His and pCa50=5.88±0.03 in WT (P<0.05)
(Figure 3A). In contrast, a significant decrease in Ca2+ sensitivity was seen in cTnI-ND
fibers compared to WT fibers with pCa50=5.73±0.02 (P<0.05), consistent to the previous
study (38). The pCa50 in Double TG fibers was 5.88±0.01 without significant difference
from that of WT fibers (P>0.05), indicating that the presence of cTnI-ND in cardiac
muscle corrects the increased Ca2+ sensitivity caused by cTnI R193H in RCM muscle
fibers (Figure 3A). Figure 3A also showed that, compared to WT, the cTnI193His muscle
fibers had a significant decrease in the cooperative activation of the thin filament (nHill).
In contrast, the cTnI-ND and Double-TG fibers did not have significant difference in the
nHill relative to WT (Figure 3A).
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Since the changes in myofibril response to phosphorylation can contribute to the
alternation of Ca2+ sensitivity34, a further investigation was performed to test the response
of the muscle fibers from cTnI193His mice to PKA stimulations. After PKA incubation, the
force-pCa curve in WT was shifted to the right, indicating decreased myofilament
sensitivity to Ca2+, which is consistent with previous studies34 (Figure 3B). The response
to PKA treatment of cTnI193His muscle fibers was similar to that of WT fibers (Figure 3C),
indicating that cTnI R193H mutation does not affect the cTnI N-terminal Ser23/24
phosphorylation by PKA. This is consistent with our previous western blotting results
that there is no alternation in in vivo cTnI Ser23/24 phosphorylation level in RCM
cTnI193His mouse hearts after β-adrenergic stimulation18. Also, in both groups, after the
PKA treatment, the nHill was not affected compared to native nHill prior to PKA incubation
(Figure 3B and C). These data demonstrate that the increased myofilament sensitivity to
Ca2+ in cTnI193His mouse hearts is not related to the PKA mediated cTnI phosphorylation.
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blotting analysis using two specific mAbs, mAb 4H6 that recognizes WT, cTnI R193H
but not ssTnI from soleus muscle and mAb TnI-1 that recognizes WT and ssTnI but not
cTnI R193H. Both mAbs recognize cTnI with truncated N-terminus (cTnI-ND). cTnT
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Force-pCa relationship measured in muscle fibers from WT, cTnI193His, cTnI-ND and
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3.3. cTnI-ND rescues the lethal phenotype of RCM cTnI mutation
In cTnI193His mice, the survival rate was about 70% for 28 mice observed in a 12month period (Figure 4), which is significantly lower compared with WT controls (100%
survive rate in 25 WT mice observed at the same period). In contrast, the survive rate

HE

improved significantly in Double TG mice (approximately 91%) with no significant
difference from WT mice (Figure 4). The data suggest that the presence of cTnI-ND in
cTnI193His mutant hearts can rescue the RCM phenotypes and significantly reduce the
mortality rate of RCM mice.
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Figure 4. Kaplan-Meier survival analysis of WT, cTnI193His, cTnI-ND and Double
TG mice. Kaplan-Meier survival curves for WT (n = 25), cTnI-ND (n = 22), cTnI193His
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(n = 28) and Double TG (n = 25) mice. The log-rank test indicates statistically significant
differences among the four survival curves (P < 0.05).
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3.4. cTnI-ND reverses cardiac morphological changes caused by RCM cTnI
mutation
Morphological examination of the hearts did not show significant ventricular
hypertrophy or dilation in cTnI193His mice and other transgenic lines. The ratio of heart
weight/body weight (HW/BW, mg/g) was similar between WT and all transgenic groups
(Table 1). A significant atrial enlargement was observed in cTnI193His hearts compared
with WT or cTnI-ND hearts (Figure 5), which is consistent with our previous findings18.
However, the atrial enlargement was reversed in Double TG hearts (Figure 5). Neither
significant myofibril disarray nor fibrosis was observed with histological examinations in
cardiac muscles from cTnI193His and other transgenic mice (Figure 5).
3.5. cTnI-ND improves in vivo cardiac function in RCM cTnI mutant mice
measured with echocardiography
Cardiac morphology was further investigated and cardiac function was evaluated
with high-resolution echocardiography using the B-mode and M-mode observations.
Apical four-chamber view and B-mode were used to detect the atrial size in all
experimental animals. As demonstrated by the representative images in Figure 6 and the
quantitative data in Table 1, atrial enlargement was present in cTnI193His, but the size of
atria returned to normal in Double TG mice (Figure 6 and Table 1), in accordance with
gross heart morphological examination.
Short-axis view and anatomic M-mode were used for a better analysis of left
ventricular (LV) morphology and function in cardiac cycles. The quantitative results are
also summarized in Table 1. There was no significant difference in body weight (BW),
heart rate (HR) among all the mouse groups (Table 1). The left ventricular anterior and
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posterior wall thickness (AW and PW), and intra-ventricular septum (IVS) was similar
between WT and all transgenic mouse groups, indicating no significant hypertrophy in
cTnI193His mouse hearts, which is consistent with the histological observation (Table 1).
However, compared with WT mice, cTnI193His mice had significantly reduced end
diastolic dimension (LVEDD) and volume (LVEDV), prolonged isovolumetric relaxation
time (IVRT), indicating diastolic dysfunction, consistent with our previous study18 (Table
1). While cTnI-ND mice showed significantly increased LVEDV, indicating enhanced
diastolic function, in agreement with previous report37. All the abnormalities present in
cTnI193His mice were corrected by the presence of cTnI-ND in heart of Double TG mice
reflected by similar value of LVEDD, LVEDV and IVRT to that of WT (Table 1). The
LV systolic function was not negatively affected by the RCM cTnI R193H mutation or
the incorporation of cTnI-ND, as shown by the similar ejection fraction (EF) and
fractional shortening (FS) between all the four mouse groups (Table 1).
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Figure 5. Cardiac morphological and histological examination in WT, cTnI193His,
cTnI-ND and Double TG mice. Gross heart morphological examination indicates a
significant atrial enlargement in cTnI193His hearts compared with WT and cTnI-ND hearts.
The morphological change disappeared in Double TG hearts. No significant myofibril

WT

cTnl-ND

cTn I193His

disarray was detected in transgenic or WT heart sections stained with hematoxylin and
eosin.

HE
28

Daubll

Figure 6. Representative echocardiographic images of apical four-chamber view of
the hearts in WT, cTnI193His and Double TG mice. Both atria are enlarged cTnI193His
and restored to normal in Double TG mice. LV, left ventricle. RV, right ventricle. LA,
left atrium. RA, right atrium.
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Table 1. In vivo cardiac function measurements with echocardiography.

Parameters
Body Weight (g)
Heart Rate (bpm)
HW/BW (mg/g)
Atrial size
LAEDD (mm)
LAESD (mm)
RAEDD (mm)
RAESD (mm)
LV end diastole
IVS (mm)
LVEDD (mm)
LV PW (mm)
LVEDV (ul)
LV end systole
IVS (mm)
LVESD (mm)
LV PW (mm)
LVESV (ul)
Ejection Fraction %
Fractional Shortening %
Mitral Pulsed Doppler
E velocity (mm/s)
A velocity (mm/s)
E/A
LV IVRT (ms)
LV IVCT (ms)
Mitral TDI
E' velocity (mm/s)
A'velocity (mm/s)
E'/A'
E/E'

WT

cTnI193His

cTnI-ND

Double TG

28.1 ± 1.3
469 ± 20
3.48 ± 0.7

24.9 ± 1.7
426 ± 36
3.88 ± 0.6

31.2 ± 2.0
455 ± 36
3.78 ± 0.4

26.8 ± 3.5
419 ± 29
3.28 ± 0.9

1.71 ± 0.01
1.22 ± 0.03
2.21 ± 0.05
1.74 ± 0.03

1.87 ± 0.01*
1.44 ± 0.08*
2.34 ± 0.04*
2.18 ± 0.05*

1.78 ± 0.17
1.26 ± 0.03
2.17 ± 0.02
1.87 ± 0.01

1.83 ± 0.02
1.18 ± 0.02
2.12 ± 0.06
1.86 ± 0.06

0.73 ± 0.1
3.82 ± 0.1
0.78 ± 0.1
54.8 ± 0.8

0.81 ± 0.1
3.25 ± 0.1*
0.80 ± 0.1
42.3 ± 0.7*

0.89 ± 0.1
3.98 ± 0.1
0.88 ± 0.1
59.3 ± 0.7*

0.77 ± 0.1
3.88 ± 0.1
0.75 ± 0.1
60.1 ± 4.9

1.22 ± 0.1
2.59 ± 0.7
1.02 ± 0.2
11.0 ± 2.5
79.7 ± 4.1
49.1 ± 3.6

1.47 ± 0.1
2.01 ± 0.3
1.11 ± 0.1
10.2 ± 1.4
76.2 ± 3.5
44.8 ± 3.2

1.42 ± 0.2
2.53 ± 0.1
1.21 ± 0.2
13.1 ± 1.8
76.1 ± 3.5
44.8 ± 3.2

1.35 ± 0.2
2.43 ± 0.3
1.12 ± 0.1
14.7 ± 4.3
74.4 ± 6.9
43.3 ± 6.5

657 ± 54
508 ± 47
1.30 ± 0.2
24.5 ± 1.5
15.0 ± 1.2

663 ± 58
498 ± 41
1.35 ± 0.1
32.1 ± 2.2*
15.8 ± 1.8

580 ± 48
387 ± 40
1.50 ± 0.1
22.4 ± 1.7
14.1 ± 1.5

639 ± 56
500 ± 49
1.28 ± 0.1
20.1 ± 1.9
13.8 ± 1.2

23.5 ± 0.8
17.2 ± 0.4
1.37 ± 0.1
27.8 ± 2.5

17.8 ± 0.5
17.4 ± 0.5
1.02 ± 0.1
38.1 ± 2.7*

22.1 ± 0.9
15.3 ± 0.3
1.45 ± 0.2
26.2 ± 2.2

25.4 ± 0.8
21.3 ± 0.6
1.20 ± 0.1
25.2 ± 2.5

Values are expressed as mean ± SEM, 5 mice per group at ages of 2–3 months. ESD, end
systolic dimension; ESV, end systolic volume; IVCT, isovolumetric contraction time;
DTI, Doppler tissue imaging; E′, Tissue Doppler E′ peak velocity; A′, Tissue Doppler A′
peak velocity. *P < 0.05 compared with WT.
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3.6. Prolonged sarcomere relaxation is caused by myofilament hypersensitivity to
Ca2+
In order to understand how increased myofilament Ca2+ sensitivity translates into
abnormal ventricular relaxation, I simultaneously measured sarcomere contractility and
intracellular transients in single cardiomyocytes isolated from the mouse hearts of all the
mouse groups. Cardiomyocytes from cTnI193His mice showed an altered pattern of
sarcomere contractility manifested by a significantly prolonged relaxation time without
any significant change in contraction (Figure 7). Correspondingly, Ca2+ transient assays
using fluorescent Fura-2 as an indicator showed a significantly slowing of the
intracellular Ca2+ decay in cardiomyocytes isolated from cTnI193His hearts (Figure 8A and
E). These data agree with an in vitro study, in which the presence of the human RCM
mutation cTnI R192H significantly decreases Ca2+ dissociation rate from cTnC30.
Consistent with the echocardiography study, the cardiomyocytes from cTnI-ND mice
behaved opposite to that from cTnI193His mice, by presenting a faster sarcomere relaxation
and intracellular Ca2+ decay, while both abnormalities were rescued by the presence of
cTnI-ND in the cardiomyocytes from Double TG mice, indicating that the prolonged
sarcomere relaxation and Ca2+ decay are caused by increased myofilament Ca2+
sensitivity (Figure 7E and 8E).
Under the field stimulation at 0.5Hz, the sarcomere length at end-diastolic stage
was significantly shortened in cTnI193His cardiomyocytes as compared with that in WT
cells (Figure 2B). This defect was also corrected by cTnI-ND in Double TG
cardiomyocytes indicating it results from increased myofilament Ca2+ sensitivity (Figure
7B). However, the end-diastolic intracellular Ca2+ concentration in cTnI193His
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cardiomyocytes was not different from WT, suggesting that the shortened end-diastolic
sarcomere length is not due to the elevated end-diastolic Ca2+ concentration and the Ca2+
uptake system may function well to balance the cytosolic Ca2+ concentration (figure 8B).
No significant difference was detected between all transgenic and WT
cardiomyocytes in sarcomere shortening amplitude or time for 90% shortening (Figure
7C and D). Accordingly, the peak amplitude of Ca2+ transient and the intracellular Ca2+
rising phase in systole were in the similar patterns between all mice groups (Figure 8C
and D). These cell-based assays further confirm that RCM cTnI R193H mutation and the
cTnI-ND do not negatively affect systolic events.
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3.7. No alternation in SR Ca2+ loading or Ca2+ handling protein expression
It has been reported that altered SR Ca2+ loading or expression levels of Ca2+
handling proteins contribute to the changes in intracellular Ca2+ transients and thus affect
muscle contractility. But this is not the case in cTnI193His mice. The significant slowing of
the intracellular Ca2+ decay in cTnI193His cardiomyocytes was unlikely due to the affected
Ca2+ loading in SR, because the pattern of Ca2+ release from the SR triggered by rapid
application of 10 mM caffeine was not altered in cTnI193His cardiomyocytes relative to
WT (Figure 9). Furthermore, western blotting data showed that there was no significant
difference in the expression of Ca2+ handling proteins including SERCA, phospholamban
and phosphorylated phospholamban, in all four groups of mice (Figure 10).
3.8. Shortened resting sarcomere length contributes to ventricular stiffness
Another noticeable defect caused by cTnI R193H mutation at the cellular level is
the change in resting sarcomere length. Without any electrical stimulation, all healthy
isolated cardiomyocytes shouldn’t contract at all. In such resting stage, the sarcomere
length in cTnI193His cardiomyocytes was significantly shorter than that of WT (Figure 11).
Accordingly, the whole cell length of cTnI193His was also shortened relative to that of WT,
indicating that even there was enough time for the cTnI193His cardiomyocytes to relax,
they still could not relax as well as WT (Figure 12). This defect agrees with the
ventricular stiffness we observed in RCM and is also related to increased Ca2+ sensitivity
caused by cTnI R193H mutation, because it was corrected in Double TG mice. It is
worthy of note that the prolonged sarcomere relaxation detected in cTnI193His
cardiomyocytes might not be related to the shortened resting sarcomere length, although
they are both related to the myofilament Ca2+ sensitivity change. This prediction is based
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on the previously reported study in which the tension decay was independent from the
preloaded sarcomere length39.
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Figure 10. Western blotting analysis of the expression levels of Ca2+ handling

SERCA

proteins. Representative western blotting analysis of the expression of SERCA,
phospholamban, and Ser16 phospho-phospholamban and the loading control cTnT from
the ventricles of WT and three transgenic mouse groups (cTnI193His, cTnI-ND and Double
TG mice).
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Figure 11. Sarcomere length measured in isolated cardiomyocytes without electrical
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pacing. Values are expressed as means ± SEM from at least 3 mice per group (n = 25–35
cells per group). *P < 0.05 compared with WT.
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3.9. Abnormal sarcomere relaxation further aggravates ventricular stiffness
For a further investigation, frequency-dependent contractility assays were
performed to test whether the frequency-dependent acceleration of relaxation was
preserved in cTnI193His cardiomyocytes. Cell contraction and relaxation were recorded
under electrical stimulations at frequencies of 0.5 to 2.0 Hz. At each frequency, the enddiastolic sarcomere length was compared with the resting sarcomere length within the
same cell. Then the differences (ΔEDSL) were calculated and their means were compared
between the different mouse groups.
The data showed that, in WT cardiomyocytes, the end-diastolic sarcomere length
at each frequency was very comparable to the resting sarcomere length, indicating that
normal cardiomyocytes are able to accelerate relaxation to meet a faster beating rate
(Figure 13 and 14), consistent with what has been reported in other studies (40). However,
cTnI193His cardiomyocytes failed to do that, their end-diastolic sarcomere length became
shorter and shorter with the increasing electrical pacing frequency (Figure 13 and 14).
cTnI-ND and Double TG cardiomyocytes responded to the increasing pacing rate in a
similar way to that of WT (Figure 13 and 14). The results indicate that the Ca2+ sensitized
myofilaments in cTnI193His mice impair the acceleration of relaxation in response to the
increased frequency of electrical stimulation, resulting in a damaged diastolic reserve in
cTnI193His cardiomyocytes, which can further aggravate ventricular stiffness. This defect
was corrected by cTnI-ND protein in the cardiomyocytes from the Double TG mice
(Figure 13 and 14).
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3.10. Three cTnI193His mouse lines expressing different levels of mutant protein cTnI
R193H
The original cTnI193His mice expressed the lowest level of RCM cTnI R193H
mutation (Figure 15), so named cTnI193His-L mice. In order to increase the transgene
expression level, we crossed the original cTnI193His mice with heterozygous cTnI-KO
mice to generate the second line. Those mice only had one WT cTnI allele and expressed
a medium level of cTnI R193H mutation, about 30% of the total cTnI in the heart (Figure
15), so named cTnI193His-M mice. By inbreeding the cTnI193His-M mice, we produced the
third line. All mice in this line had no WT cTnI gene but expressed the highest level of
cTnI R193H protein, about 80% of the total cTnI in the heart (Figure 15), so named
cTnI193His-H mice.
3.11. Three cTnI193His mouse lines display significantly different survival rates
During an observation period of 3 months, no mice in cTnI193His-H group, which
had the highest expression level of mutant protein, survived over 30 days after birth;
while the survival rate was 78% in cTnI193His-M group with medium expression level of
the mutant protein and 97% in cTnI193His-L group with the lowest expression level of the
mutant protein (Figure 16). cTnI193His-H mice had a mean life span of 27 days (range 2130, median 27.5) with only 2 mice died before day 23 (survival rate 97.4%) and 80%
survived over day 27. The cTnI193His-H mice sharing the same parents, particularly in the
same litter, tended to have the similar lifespan.
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Figure 15. Protein analysis of cTnI expression in the hearts from three lines of
cTnI193His mice and WT mice. (A) Representative western blotting analysis. mAb 4H6
recognizes WT, cTnI R193H but not ssTnI; mAb TnI-1 recognizes WT cTnI and ssTnI
but not cTnI R193H. cTnT was used as protein loading control. (B) Summary of western
blotting results from 3 separate experiments.
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Figure 16. Kaplan-Meier survival analysis of WT and three lines of cTnI193His mice.
Kaplan-Meier survival curves for WT (n = 30), cTnI193His-L (n = 20), cTnI193His-M
(n = 11) and cTnI193His-L (n = 45) mice. The log-rank test indicates statistically
significant differences among the four survival curves (P < 0.001).
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3.12. Cardiac dysfunction exhibits a dose-dependent manner both in vitro and in
vivo
To test whether the severity of cardiac dysfunction is dependent on the amount
of mutant protein in the heart, cardiac function were studied both in vitro in single
isolated cardiomyocytes and in vivo in intact mice with echocardiography. The
cardiomyocytes were isolated from the mice in all four groups at 25-27 days old.
Echocardiography was performed on all four groups at 27 days old and the remaining
WT, cTnI193His-L and cTnI193His- M groups at 3 months old.
Prolonged relaxation is a major defect in RCM as indicated by the clinical and
animal model studies18,41. In isolated cardiomyocytes, when the amount of mutant protein
cTnI R193H increased among the three groups of cTnI193His mice, the sarcomere
relaxation time became longer and longer (Figure 17A and C). Correspondingly, the
intracellular Ca2+ decay time was also prolonged significantly with the increasing
expression of mutant protein in the cardiomyocytes (Figure 18A and C). Consistent with
the in vitro data, echocardiography studies also showed dose-dependent prolongation of
IVRT in cTnI193His groups (Figure 19A). cTnI193His-H group has significantly longer
IVRT as compared to all the other three groups at the age of 27 days. Although at such
age, the cTnI193His-L and cTnI193His-M mice displayed significantly increased IVRT
compared with WT, there was no significance between these two transgenic groups
(Figure 19A). However, when they grew to 3 months old, cTnI193His-M mice were
distinguished from cTnI193His-L mice by a significant increase in this parameter (Figure
19A). These data indicate that the dose of mutant protein affects not only the severity of
the disease but also the disease progression.
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Restrictive ventricle and reduced ventricular blood filling are two other
important features of RCM mice. The average sarcomere length measured in isolated
cardiomyocytes was 1.810µm in WT, 1.764 µm in cTnI193His-L, 1.701 µm in cTnI193His-M
and 1.655 µm in cTnI193His-H with significant differences between any two groups
(Figure 17B), but the end-diastolic Ca2+ concentration measured at the same time was
similar among all groups, suggesting that the shortened sarcomere length in transgenic
mice was independent of cytosolic Ca2+ concentration in diastole (Figure 18B). In
agreement with the cell-based assays, echocardiographic measurements demonstrated a
significant gradation of decline in both LVEDD and LVEDV in an order of WT,
cTnI193His-L, cTnI193His-M and cTnI193His-H (Figure 19B and C). It is worthy of note that
similar to the progression pattern of IVRT, although the LVEDV and LVEDD in
transgenic mice cTnI193His-L and cTnI193His-M didn’t decrease significantly as compared
with that in WT at 27 days old, they began manifesting when the mice were 3 months old
(Figure 19B and C). These data further indicate that severity of diastolic dysfunction in
cTnI193His groups is dependent on the dose of mutant cTnI in the hearts and so is the onset
of abnormal phenotype.
3.13. The disease progresses in a dose-dependent manner
In our previous characterization of original cTnI193His mice (cTnI193His-L), we
have observed that the systolic function was initially preserved but deteriorated in
advanced stage of the disease, which is consistent with the clinical reports of RCM
patients3,4,18. The cardiac function study performed on WT, cTnI193His-L and cTnI193His-M
mice showed that even when they were 3 months old, the systolic function was still
preserved. The supporting evidence is that these three groups of mice presented the
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similar values of all the systolic parameters detected, including sarcomere shortening
fraction (Figure 17D), sarcomere shortening time (Figure 17E) in isolated
cardiomyocytes; isovolumetric contraction time (Figure 19D), ejection fraction (Figure
19E) and fractional shortening (Figure 19F) in intact animals; the corresponding
intracellular Ca2+ transients amplitude (Figure 18D) and time to Ca2+ peak (Figure 18E).
However, when it came to cTnI193His-H mice, their systolic function was initially normal
but deteriorated much earlier than the other two lines of cTnI193His mice, reflected by the
abnormal values of those systolic parameters. Averagely, cTnI193His-H mice had
developed diastolic dysfunction since day 21 (Table 2), but their systolic function was not
impaired until day 25 after birth, as indicated by significantly decreased ejection fraction
compared with that of WT (Figure 20A). None of the cTnI193His–H mice survived over
day 30. In contrast, cTnI193His-L had developed diastolic dysfunction since 1 month old
and didn’t show systolic dysfunction until 12 months old (Figure 20B); even at 14
months old, 70% of them still survived18. These data further demonstrate that the dose of
mutant protein in the hearts affects the speed of disease progression in cTnI193His mice.
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Table 2. Cardiac function tracked by echocardiography from day 21 to day 27 in
cTnI193His -H and WT mice.

21 days old
WT

23 days old

cTnI193His -H

WT

cTnI193His -H

25 days old
WT

cTnI193His -H

27 days old
WT

cTnI193His -H

Parameters
Body Weight (g) 11.67 ± 0.06

11.49 ± 0.46

11.95 ± 0.18

481 ± 2

480 ± 2

489 ± 3

LAEDD (mm)

1.44 ± 0.02

1.85 ± 0.18

LAESD (mm)

0.94 ± 0.06

1.41 ± 0.17

RAEDD (mm)

1.92 ± 0.11

RAESD (mm)

Heart Rate (bpm)

11.53 ± 0.38 12.50 ± 0.25 12.41 ± 1.34

13.37 ± 0.39

14.11 ± 0.74

472 ± 3

483 ± 3

483 ± 3

1.73 ± 0.08

2.24 ± 0.14

1.78 ± 0.05

2.55 ± 0.10 *

1.05 ± 0.11

1.79 ± 0.20 *

1.12 ± 0.03

2.03 ± 0.10 *

2.93 ± 0.16 *

1.91 ± 0.10

2.84 ± 0.16 *

1.76 ± 0.06

3.58 ± 0.40 *

2.62 ± 0.22 *

1.23 ± 0.01

2.43 ± 0.09 *

1.21 ± 0.01

3.34 ± 0.31 *

0.54 ± 0.02

0.51 ± 0.01

0.53 ± 0.02

0.56 ± 0.03

0.55 ± 0.01

0.57 ± 0.04

3.14 ± 0.01

2.86 ± 0.09

3.13 ± 0.05

2.56 ± 0.06 *

3.21 ± 0.06

2.47 ± 0.18 *

0.59 ± 0.02

0.55 ± 0.01

0.58 ± 0.02

0.55 ± 0.05

0.60 ± 0.02

0.61 ± 0.02

481 ± 5

486 ± 2

1.67 ± 0.03

2.02 ± 0.14

1.08 ± 0.10

1.54 ± 0.13 *

3.19 ± 0.25 *

1.87 ± 0.13

1.27 ± 0.04

2.79 ± 0.21 *

1.31 ± 0.04

IVS (mm)

0.56 ± 0.01

0.52 ± 0.01 *

LVEDD (mm)

3.19 ± 0.07

2.69 ± 0.04 *

LV PW (mm)

0.59 ± 0.02

0.57 ± 0.02

LVEDV (ul)

40.90 ± 2.29 26.76 ± 1.10 * 39.11 ± 0.42 31.20 ± 2.55

38.98 ± 1.44 23.64 ± 1.35 * 41.58 ± 1.77 21.94 ± 4.03 *

IVS (mm)

1.02 ± 0.03

0.91 ± 0.03 *

1.03 ± 0.03

0.97 ± 0.02

1.05 ± 0.03

0.92 ± 0.03 *

1.12 ± 0.06

LVESD (mm)

1.59 ± 0.03

1.48 ± 0.10

1.57 ± 0.02

1.53 ± 0.03

1.49 ± 0.06

1.38 ± 0.01

1.51 ± 0.05

1.40 ± 0.10

LV PW (mm)

1.08 ± 0.01

0.95 ± 0.00 *

1.13 ± 0.02

0.97 ± 0.05 *

1.13 ± 0.02

0.95 ± 0.11

1.15 ± 0.01

1.01 ± 0.02 *

LVESV (ul)

7.01 ± 0.31

6.04 ± 1.06

6.82 ± 0.21

6.40 ± 0.28

6.05 ± 0.60

4.87 ± 0.07

6.32 ± 0.54

5.15 ± 1.00

SV (ul)

33.97 ± 1.90 21.32 ± 0.46 * 32.82 ± 0.54 25.37 ± 2.43

33.39 ± 1.11 18.58 ± 1.43 * 35.50 ± 1.21 15.65 ± 3.91 *

EF %

82.82 ± 0.33

77.64 ± 3.28

82.56 ± 0.67

79.18 ±1.25

84.52 ± 1.15 79.15 ± 1.46 * 84.90 ± 0.69 76.55 ± 0.72 *

FS %

50.40 ± 0.44

44.82 ± 2.98

50.10 ± 0.74

46.30 ±1.39

52.37 ± 1.29 45.91 ± 1.52 * 52.92 ± 0.76 43.39 ± 0.58 *
1.20 ± 0.02

LV end diastole

LV end systole
0.99 ± 0.01

Mitral Pulsed Doppler
E/A

1.12 ± 0.02

1.11 ± 0.08

1.17 ± 0.03

1.12 ± 0.02

1.16 ± 0.01

1.11 ± 0.05

MV DT (ms)

14.27 ± 0.41

16.33 ± 0.75

14.69 ± 0.64

13.63 ± 1.51 13.98 ± 0.29 18.94 ± 0.81 * 15.00 ± 0.51

1.20 ± 0.05

17.74 ± 1.67

LV IVRT (ms)

12.25 ± 0.22 18.42 ± 0.64 * 13.54 ± 0.28 18.11 ± 0.64 * 13.81 ± 0.39 21.69 ± 1.34 * 13.73 ± 0.36 24.08 ± 2.69*

LV IVCT (ms)

6.60 ± 0.13

8.06 ± 0.10 *

6.79 ± 0.22

7.54 ± 0.27

6.50 ± 0.10

7.97 ± 0.03 *

6.96 ± 0.32

9.22 ± 0.59 *

E'/A'

1.33 ± 0.04

1.21 ± 0.06

1.38 ± 0.05

1.25 ± 0.08

1.32 ± 0.02

1.29 ± 0.14

1.38 ± 0.02

1.26 ± 0.07

E/E'

22.09 ± 0.12 24.51 ± 0.52 * 23.13 ± 0.36 27.81 ± 0.36 * 22.12 ± 0.85 27.83 ± 0.70 * 22.56 ± 0.69 31.97 ± 1.26 *

Mitral TDI

Values are expressed as means ± SEM from at least 3 separate experiments (n = 5 per
group). SV, stroke volume; EF, ejection fraction; FS, fraction shortening. * P < 0.05
relative to WT.
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Figure 20. Tracking disease progression by echocardiography. (A) Ejection fraction
measured in cTnI193His-H and WT mice from day 21 to day 29 after birth. (B) Ejection
fraction measured in cTnI193His-L and WT mice from month 1 to month 12. Values are
expressed as means ± SEM from at least 3 separate experiments (n = 5 per group).
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3.14. Cardiac performance tracked by telemetric ECG before
In order to study the underlying cause of the fast disease progression and early
death in cTnI193His-H mice, heart performance was tracked in both WT and cTnI193His-H
mice since day 23 after birth and continue to death. The mouse younger than 23 days is
too small in size to be implanted with the transmitter. The Figure 21 contains the
representative ECG traces from a WT and a cTnI193His-H mouse that died at day 28. At
the beginning, all mice examined were presented with sinus rhythm, abnormal P-wave,
and ST-T segments elevation, without arrhythmia (Figure 21), which was similar to the
ECG in RCM patients42. About 1-2 days before death, we observed ST-T segment
depression, accompanied with gradually developed and aggravated bradycardia (Figure
21). There is no heart block or ventricular arrhythmia until the last 1or 2 hours (data not
shown). The observed ST-T segment elevation followed by depression is usually a sign
of myocardial ischemia. Since chronic/acute myocardial ischemia has been reported in
RCM patients who died either suddenly or from heart failure10, we further performed
histological examination to detect whether ischemic myocardium was present in the
transgenic cTnI193His-H mice.
3.15. Ischemic changes detected by histological examination precedes congestive
heart failure
Histological examination was performed on cTnI193His-H mice at 23 and 27 days
old. The mice at 23 days old were generally active, but became very weak at 27 days old,
reflected by slow or little movement, shortness of breath and enlarged abdomen. At day
23 after birth when cTnI193His-H mice were still active with normal ejection fraction,
atrophy of myofibers without disarray or fibrosis in myocardium, and small areas of dead
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cells replaced by fibrosis in papillary muscle had already been present in cTnI193His-H
hearts, suggesting on-going myocardial ischemia (Figure 22). When the mice were older
than 27 days and approaching death, the area of fibrosis had increased significantly and
scattered all over the heart, suggesting exaggerating global myocardial ischemia. Severe
congestion in lungs and livers, which were signs of congestive heart failure, were
observed in the advanced stage (day 27) but not at day 23 when the cTnI193His-H mice
were active (Figure 22). This was also consistent with the observations that cTnI193His-H
mice at 27 days old had red lung, enlarged liver (hepatomegaly) and accumulation of
body fluid (ascites), while these symptoms were absent in the 23 days old cTnI193His-H
mice and WT mice. These histological findings indicate that myocardial ischemia had
occurred in the cTnI193His-H mice before the manifestation of congestive heart failure.
3.16. Decreased blood supply to myocardium in advance to systolic dysfunction
To further confirm that myocardial perfusion was affected before systolic
dysfunction in RCM mice, coronary blood flow of 23 days old cTnI193His-H and WT mice
was directly measured. Compared with WT, cTnI193His-H mice showed significantly
decreased amount of blood flow in left main coronary artery, as indicated by disappeared
systolic peak and significantly lowered diastolic peak of the doppler imaging of blood
flow (Figure 23 and Table 3). At the same time, the ejection fraction and fraction
shortening of these transgenic mice was as normal as that of WT. Combined with the
echocardiography tracking on every the other day from day 21 to day 27, these data
clearly demonstrated that insufficient blood supply to myocardium occurred before
systolic function was impaired.
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Figure 21. Representative ECG recordings of cTnI193His-H and WT mice.
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Figure 22. Histological examination of cardiac muscle, lung and liver. At day 23,
atrophy of myofibers without disarray or fibrosis in myocardium, and small areas of dead
cells replaced by fibrosis (green color) in papillary muscle was presented in cTnI193His-H
mice without obvious congestion in lung and liver. At day 27, severe fibrosis was
observed in the heart of cTnI193His-H mice with overt congestion in lung and liver.

Liver
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Gomori's trichrome staining was used to detected fibrosis in the heart. Lung and liver was
stained with hematoxylin and eosin.

WT

Figure 23. Representative Pulsed-Wave Doppler imaging of left coronary blood
flow of cTnI193His-H and WT mice at 23 days old.
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Table 3. Coronary blood flow and general left ventricular function measured by
echocardiography in cTnI193His -H and WT mice at 23 days old.

23 days old_____
WT
cTnI193His-H
Parameters
Body Weight (g)
Heart Rate (bmp)

12.90 ± 0.98
456 ± 3

11.02 ± 1.46
459 ± 7

LV End Diastole
LV Diameter (mm)
LV Volume (ul)

3.12 ± 0.13
38.75 ± 4.13

2.57 ± 0.13 *
24.31 ± 3.03 *

LV End Systole
LV Diameter (mm)
LV Volume (ul)

1.57 ± 0.18
7.35 ± 2.17

1.32 ± 0.07
4.51 ± 0.57

Systolic Function
Ejection Fraction %
Fractional Shortening %
Cardiac Output (ml/min)
Stroke Volume (ul)

81.58 ± 3.94
49.64 ± 4.44
12.51 ± 1.82
31.40 ± 2.74

81.43 ± 2.24
48.81 ± 2.23
9.08 ± 1.29
19.80 ± 2.71 *

Left Coronary Artery Pulsed Doppler
LCA Velocity Time
Integral (cm)
2.12 ± 0.17
LCA Peak Velocity (mm/s) 584.16 ± 46.44
LCA Mean Velocity
(mm/s)
313.19 ± 22.51
LCA Peak Gradient
(mmHg)
1.39 ± 0.22
LCA Mean Gradient
(mmHg)
0.40 ± 0.06

1.02 ± 0.10 **
342.83 ± 18.28 *
179.13 ± 11.49 *
0.48 ± 0.55 *
0.13 ± 0.02 *

Values are expressed as means ± SEM from at least 3 separate experiments (n = 5 per
group). * P < 0.05, ** P<0.01, relative to WT.
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4. DISCUSSION
4.1. The key role of myofilament Ca2+ hypersensitivity in the development of
diastolic dysfunction in RCM
RCM is characterized by diastolic dysfunction and its systolic function is
initially preserved but could be impaired in advanced stage. However, little has been
known about what mechanism underlies the development of diastolic dysfunction, how
systolic function becomes deteriorated, or what is the underlying cause of the early death
in RCM. Recently, six cTnI mutations (L144Q, R145W, A171T, K178E, D190G and
R192H) have been found to be associated with RCM. Among them, the two mutations
K178E and R192H have the worst clinical phenotype11. The in vitro study on
reconstituted thin filaments showed that the RCM cTnI mutations had high Ca2+sensitizing effects on force development29,30. Davis et al. used an acute genetic
engineering method to transfer the RCM mutant cTnI genes into isolated adult rat cardiac
myocytes and found that permeabilized myocyte Ca2+ sensitivity was increased43,44. cTnI
mutations have also been found in HCM which also displays diastolic dysfunction, but
the RCM related mutations cause larger Ca2+- sensitizing effects on myofilament than
HCM related mutations29,31. Although alternation in myofilament Ca2+ sensitivity has
been reported in most of the in vitro and in vivo studies on sarcomeric proteinmutations15,
however, the role of myofilament Ca2+ hypersensitivity in the development of disease is
not clear.
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In the first part of my dissertation study, I used RCM mouse model created in my
current lab to test the role of increased myofilament Ca2+ sensitivity in the development
of diastolic dysfunction in RCM. The mouse model (cTnI193His mouse) is a transgenic
mouse line carrying a RCM mutation, cTnI R192H (that is R193H in mouse sequence).
cTnI193His mice have been characterized by diastolic dysfunction with initially preserved
systolic function. The muscle fibers isolated from cTnI193His mice demonstrated increased
Ca2+ sensitivity of force development indicating there is indeed a relationship between the
myofilament Ca2+ hypersensitivity and diastolic dysfunction. To test whether this is a
cause-effect relationship, it is better to get something as a Ca2+ desensitizer which can
specifically decrease myofilament Ca2+ sensitivity. If correcting myofilament Ca2+
sensitivity can rescue RCM diastolic dysfunction, then the cause-effect relationship
between myofilament Ca2+ hypersensitivity and diastolic dysfunction will be supported.
However, no such a chemical is available as a Ca2+ desensitizer, they are either nonspecific or too toxic to be used in animals. The cTnI-ND has been proved to have a Ca2+
desensitizing effect on myofilament and present in normal heart of all the seven species
examined including human and mouse35. Furthermore, the cTnI-ND mice expressing only
cTnI-ND are apparently normal in all life activities, without any histological or
anatomical abnormalities in the hearts. So the cTnI-ND is a safe molecule to be applied in
animals. In order to incorporated cTnI-ND into cTnI193His mice, we crossed the two types
of mice to generate Double TG mice. The expression level of RCM cTnI mutation in
Double TG mice is similar to that in cTnI193His mice, and the WT cTnI is completely
replaced by cTnI-ND. So any morphological and functional changes in Double TG mice
should not be due to the altered expression of RCM mutation, and the interference of WT
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cTnI is also excluded. Cardiac morphology and function was detected both in vivo with
echocardiography and in vitro with cell-based assays and histological examination. The
date showed that the abnormal relaxation caused by cTnI R193H mutation in cTnI193His
mice was rescued by the incorporation of cTnI-ND, a Ca2+ desensitizing TnI, at both
cellular and intact animal level. These results demonstrate the increased myofilament
Ca2+ sensitivity is a key mechanism underlying the development of diastolic dysfunction
in RCM, at least the RCM due to cTnI R193H mutation.
4.2. How cTnI R193H mutation increases myofilament Ca2+ sensitivity
The molecular mechanism underlying myofilament Ca2+ sensitization has not
been well understood.

However, there are at least two possible mechanisms of

sensitizing the myofilament to Ca2+ on force development: one is to increase the Ca2+
affinity of cTnC on its N-lobe; the other is to enhance the actin-myosin binding22. But
these two mechanisms are not completely separated, because the results in some reports
indicated that crossbridge attachment serves as a positive feedback mechanism that
transiently increases the Ca2+ affinity of cTnC and crossbridge attachment alone is
capable of influencing the structure of cTnC45-48.
cTnI residuals at the C-terminus from 184 to 210 is highly conserved across all
TnI isoforms and species ranging from human to fish25,49, indicating a high selection
pressure in the immediate C-terminus of TnI. cTnI C-terminus is an intrinsicallydisordered domain, its function is ill defined. Currently the conformation changes in this
domain during muscle contraction cycle are not very clear. So there is no structural
framework for us to understand why human cTnI R192H mutation can be harmful and
cause RCM.
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That the presence of this mutation increases Ca2+ affinity of cTnC in
reconstituted thin filaments can be a reason for the myofilament Ca2+ hypersensitivity30.
However, whether this is the primary effect of this mutation remains controversial,
because as a part in a proposed actin-tropomyosin binding site, this mutant site could
directly disinhibit actin-myosin interaction or promote crossbridge attachment and thus
affect Ca2+ affinity of cTnC. But the fact that the human cTnI R192H mutation can
decrease Ca2+ dissociation rate from cTnC when only actin is present in the solution
without myosin argues that the detected increased Ca2+ affinity of cTnC is independent of
crossbridge attachment status. It should be mentioned that cTnI C-terminus seems to
interact with the N-lobe of cTnC (Ca2+ binding site is also in the N-lobe) in the presence
of Ca2+ although the physiological meaning is unclear50,51. Furthermore, human cTnI
R192H mutation doesn’t affect the basal ATPase activity30.
The present results agree with that human cTnI R192H mutation may directly
affect the Ca2+ affinity of cTnC, given that cTnI-ND can totally reverse the myofilament
Ca2+ hypersensitivity caused by cTnI R193H mutation in mice. So far, the cTnI Nterminus has not been proved to have any direct interaction with actin-tropomyosin, so its
Ca2+ desensitizing effect is not likely due to the affect on crossbridge attachment. The Nterminal extension of cTnI interacts weakly with the N-lobe of cTnC, where also lies the
Ca2+ binding site. This interaction alters regulatory domain on cTnC toward more
open/active conformation52-55. Phosphorylation at Ser23 and Ser24 results in weakening
interactions with the N-lobe of cTnC and repositioning N-terminal extension to interact
with inhibitory region of cTnI and facilitate Ca2+ dissociation from cTnC56. So truncation
of N-terminal extension of cTnI break this regulatory interaction of N-terminal extension
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with the N-lobe of cTnC thus may destabilize the cTnC-Ca2+ binding and lowering
myofilament Ca2+ sensitivity. In addition, the Ca2+ hypersensitivity in RCM cTnI mutant
hearts is unlikely associated with the alteration of cTnI phosphorylation, since the present
results also show that RCM cTnI mutant fibers have a similar response to PKA
stimulation compared to WT fibers.
4.3. How increased myofilament Ca2+ sensitivity translates into abnormal
ventricular relaxation
At cellular level, the increased myofilament Ca2+ sensitivity affects not only the
static sarcomere length but also the dynamics of sarcomere relaxation; both of them can
be the underlying causes of ventricular stiffness and abnormal ventricular relaxation
observed in RCM patients. The shortened resting sarcomere length is not predicted to
affect the dynamics of sarcomere relaxation because the tension decay is not affected by
the alternation in sarcomere preload39,57. Therefore, the two defects at cellular level are
independent to each other.
Based on a study of isolated adult rat cardiomyocytes transduced by adenovirus
with RCM mutant cTnI genes, Davis et al. also detected the shortened resting sarcomere
length, but they argued that this defect is independent of Ca2+ sensitivity based on the
observation that diastolic intracellular Ca2+ concentration was not altered and BDM, an
crossbridge inhibitor, can reverse the quasicontracted state43. However, the present results
showed that, the resting sarcomere length returned to normal in Double TG mice,
indicating that correcting myofilament Ca2+ sensitivity can restore resting sarcomere
length, supporting a cause-effect relationship between them. In addition, crossbridge
attachment is capable of influencing Ca2+ sensitivity, so the BDM may correct the Ca2+
64

sensitivity of the myofilament by disturbing actin-myosin interaction. Furthermore, the
unchanged intracellular Ca2+ concentration at end-diastole is not a strong supporting
evidence: first, intracellular Ca2+ concentration at end-diastole in rat and mouse hearts, is
mainly controlled by SR function and the present results indicating an unaltered SR
function in cTnI193His mice; second, intracellular Ca2+ concentration at end-diastole is
very low, about 10-7 M, so even there was a change in end-diastolic Ca2+ concentration, it
might be very difficult to detect a slight change based on such a low contraction by Fura2 ratio measure with Ionoptix equipment.
Prolonged sarcomere relaxation is also correlated to increased myofilament Ca2+
sensitivity because the sarcomere relaxation dynamic is normal in Double TG mice.
Supporting evidence also comes from the simultaneous measurement of contractility and
Ca2+ transient in cardiomyocytes. The prolonged relaxation time is accompanied by
prolonged Ca2+ decay time, which could result from a slow rate of Ca2+ dissociating from
cTnC in the presence of cTnI R193H mutation30. Mathematic modeling study showed
that the drop off rate of Ca2+ from cTnC was the rate-limiting step in the process of
muscle relaxation, even more important than the rate of SR taking up Ca2+ and it is
supported by in vitro studies on reconstituted fibers58,59. Furthermore, the present result
is consistent with the reported studies on HCM and DCM mouse models with sarcomeric
protein mutations and the application of Ca2+ sensitizers, in which the altered
myofilament Ca2+ sensitivity also affects the pattern of intracellular Ca2+ transients60-62.
In addition, the slowing decay of Ca2+ transients should not be due to dysfunction of SR:
(a) no alternation in caffeine inducing SR Ca2+ release indicating a normal SR Ca2+
loading; (b) no change in end-diastolic Ca2+ concentration. (c) no change in rising rate of
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Ca2+ transients (d) no alternation in the expression of Ca2+ handling proteins, such as
SERCA2a and SERCA regulating proteins (phospholamban and phosphorylated
phospholamban), which are all the crucial components for intracellular Ca2+ decay.
Delayed ventricular relaxation has been reported as a feature of RCM diastolic
dysfunction in clinical study, which agrees with the present result of prolonged sarcomere
relaxation41. The frequency-dependent assays further demonstrate that prolonged
sarcomere relaxation can aggravate ventricular stiffness in RCM; that is also a possible
reason why RCM patients are intolerant to exercise although their cardiac output is
normal at rest. The shortened resting sarcomere length and the according resting
cardiomyocytes from cTnI193His mice indicate that even there was enough time for the
RCM sarcomere to relax, it still could not relax to a normal extent. Both impaired
relaxation dynamic and basal sarcomere tone can increase the ventricular pressure during
diastole. As a result, ventricular pressure declining is prolonged which leads to the
delayed opening of mitral valves for ventricular blood filling. That might be the reason
why IVRT is increased in cTnI193His mice; the altered IVRT is also detected by
echocardiography in RCM patients63. Another maladaptation to high ventricular pressure
is the increased atrial pressure and the resulting atrial enlargement. In this study, we also
noticed a significant increase in E/E′ ratio in cTnI193His mice by transmitral doppler and
tissue doppler analysis. The ratio of transmitral blood flow velocity to early diastolic
velocity of the mitral annulus (E/E′) is an important indication for mean left atrial
pressure64. The significant increase in the E/E′ ratio in cTnI193His mice further indicates an
increase in atrial pressure in RCM mice due to a restrictive left ventricle. The in vivo
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echocardiographic data are consistent with the histological examination results on the
mice.
4.4. Correcting diastolic dysfunction by modifying myofilament other than Ca2+
homeostasis
Conventionally, heart medication is aimed at the neuro-hormone pathways or the
Ca2+ homeostasis. However, no medical therapies clearly improve the outcomes of RCM
patients7. We have tried to globally modify Ca2+ homeostasis with diltiazem to rescue
RCM mice (data not shown). Diltiazem is an L-type Ca2+ channel blocker, which can
reduce Ca2+ influx and thus reduce Ca2+ release rate and intracellular Ca2+ concentration
resulting in a decrease in heart rate. Ca2+ channel blocker is thought to enhance diastolic
function because slower heart rate allows more time for relaxation and ventricular filling;
and it has been reported to prevent HCM in a mouse model65. Unfortunately, in our study,
although diltiazem could improve the diastolic dysfunction evidenced as the increase in
left ventricle end-diastolic dimension and volume, at the same time, lower systolic Ca2+
concentration resulted in insufficient systolic function reflected by the significantly
reduced ejection fraction; and thus no significant improvement in stroke volume at each
contraction cycle. So globe administration of Ca2+ dynamics in cardiomyocytes can not
enhance cardiac function in RCM mice; and it is not surprising to see that the survival
rate of the diltiazem treated RCM mice was not significantly improved. Additionally, the
available specific myofilament Ca2+ desensitizers, BDM and blebbistatin, have been used
in vitro to desensitize myofilament sensitivity to Ca2+

44,66

, but the high toxicity of these

compounds prevent them from being used in intact animals. So far, no such a Ca2+
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desensitizer is available that can be applied in vivo to lower left ventricular end-diastolic
pressure and enhance diastolic function.
Recently, a new concept is emerging, in which modifying myofilament can heal
the heart67,68; and according to this study, direct modulation of myofilament Ca2+
sensitivity is a key to regulating cardiac function. Jagatheesan et al. reported recently that
generation of mice with chimeric α-/β-tropomyosin could rescue tropomyosin mutationinduced HCM68. The present dissertation study has revealed a desensitizing regulation of
diastolic dysfunction by changing the overall troponin function with an endogenous
molecule, cTnI-ND, which is produced by a physiologically occurring restrictive
cleavage of cTnI that selectively removes its cardiac specific N-terminal extension and
retains the conserved core structure to be intact35. The present data indicate that cTnI-ND,
conferring a hyposensitivity to Ca2+, can correct the Ca2+ hypersensitivity in cTnI193His
myofilaments, showing a self-adaptive mechanism of the cardiac muscle in response to
physiological or pathophysiological stresses. In particular, the change of myofilament
sensitivity to Ca2+ by cTnI-ND is not caused by the alteration of cTnI phosphorylation
mediated by PKA pathway. Actually a recent study has demonstrated that cTnI-ND is
upregulated in β-adrenergic deficiency, which acts as a compensation for cardiac function
by selectively utilizing an analogous effect of the β-adrenergic signaling pathway to
enhance relaxation69. Therefore, the selective N-terminus truncation of cTnI provides us
with a promising and novel therapeutic tool for the modulation of the overall troponin
function and the treatment of diastolic dysfunction without interventions directed at the
systemic β-adrenergic-PKA pathways.
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4.5. Dose effect of mutant protein is a possible reason for the clinical heterogeneity
of RCM
In this dissertation study, three lines of cTnI193His mice were generated and
expressed different levels of RCM mutant protein. The cardiac function studies and the
survival rate analysis on the three lines of cTnI193His mice demonstrate dose-dependent
age of disease onset, severity of cardiac dysfunction, and speed of disease progression.
The dose effect of cTnI R193H mutation not only further confirms the specificity of this
mutation as a disease causing mutation but also provides a possible explanation for the
clinical heterogeneity of RCM. For example, three patients from the same family carrying
the same cTnI R192H mutation had different clinical courses70. The father was diagnosed
RCM at 29 years old and died at 47 years old after about 20 years of suffering from heart
failure; while the two daughters was diagnosed at early age (7-10 years old) and died at
16 years old70. Similar to the clinical report, this present study showed that the cTnI193HisL and cTnI193His-M mice with the relatively low dose of mutant protein, presented the
typical RCM diastolic dysfunction (the reduced left ventricular end-diastolic volume) at
2-3 months old; while this abnormality had been manifested as early as 21 days old in
cTnI193His-H mice which expressed the highest dose of mutant protein. All cTnI193His-H
mice died within 30 days after birth; in contrast, cTnI193His-L mice were able to survive
more than 14 months. Although the RCM patients are all heterozygous which is different
from cTnI193His-H mice, their genomic and cellular background may affect the expression
of the mutation and the incorporation of mutant protein into the myofilaments.
Furthermore, for RCM patients, the age under 5 years old has been proposed to be a risk
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factor for adverse prognosis71,72. The present result provides supporting evidence that the
earlier the disease is onset, the faster the disease progresses.
Additionally, altered IVRT measured by echocardiography seems to be the
earliest sign of RCM. At 27 days old, increased IVRT was detected in all three lines of
cTnI193His mice, but only the cTnI193His-H mice exhibiting typical RCM phenotype. Since
most patients were referred to the cardiologist and diagnosed RCM only after symptoms
had been shown, the earliest signs of abnormal relaxation were unavailable in their
records. However, a clinical report of an infant, who was referred to the cardiologist
because of the abnormal heart sound in a well child check-up, showed altered IVRT
preceding the symptoms and the typical RCM changes in echocardiography13.
4.6. Myocardial ischemia plays an important role in disease progression
Classically, diastolic dysfunction with preserved systolic function is the hallmark
of RCM. However, the early-stage preserved systolic function becoming impaired is not
uncommon in RCM patients3,4,12,72,73. Since most available studies on RCM clinical
profiles are retrospective, the RCM patients with systolic dysfunction may be precluded
from the RCM population; plus all the studies are in a small scale. Therefore, there is no
sufficient information for the review of the prevalence of end-stage systolic dysfunction
in RCM patients or how impaired systolic function contributes to the development of
fatal heart failure.
Weller et al. studied low cardiac output syndrome (low CO) in RCM children: 4
of them presented with severe low CO suffering severe right heart failure/syncope; the
other 14 with initially mild signs or symptoms, all developed low CO over 2.8±2.3 years3.
Although all the 18 patients had preserved ventricular systolic function at diagnosis, 6
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had deteriorated ventricular systolic function and 8 required inotropic support, suggesting
systolic dysfunction may partly contribute to the low CO or low CO may be the cause of
systolic function3. The authors further pointed out that heart failure related death or
transplantation occurred averagely 9 month after the occurrence of low CO in 17/18
affected children, suggesting a correlation of manifestation of low CO with rapid
deterioration in RCM3. But the analysis of risk factors failed to reveal the potential of
systolic dysfunction or low CO as a risk event3, possibly due to either the unavailability
of natural end of a large part of patients (11 out of 18 underwent transplantation) or the
small size of cohort.
In agreement with their observations, systolic function is deteriorated in
cTnI193His mice in advanced stage of the disease. Averagely, cTnI193His-H mice showed
systolic dysfunction at day 25; while cTnI193His-L mice showed systolic dysfunction at 12
month old (that is 9 months after the manifestation of diastolic dysfunction). However,
how can the initially preserved systolic function become deteriorated in the late-stage?
cTnI193His-H mice present such a fast disease progression, only within 9 days
from disease onset to death, that provide a great model to study the underlying cause of
systolic function deterioration and early death. By tracking the heart performance with
telemetric ECG and echocardiography and directly measuring blood flow in left coronary
artery, I observed decreased blood supply to myocardium (at day 23 after birth) preceding
systolic dysfunction (at day 25 after birth) in cTnI193His-H mice. Consistent to the
functional measurements, histological examination demonstrated signs of myocardial
ischemia at day 23 after birth and congestive heart failure at day 27 after birth. These
results indicate that myocardial ischemia occurs in cTnI193His-H mice which follows
71

diastolic dysfunction and precedes systolic function. Myocardial ischemia causes
cardiomyocyte death which can impair systolic function; so myocardial ischemia is a link
between the early stage “pure” diastolic dysfunction and the late stage systolic
dysfunction in RCM mice. In addition, myocardial ischemia related cardiomyocyte death
can also further worsen diastolic dysfunction and makes a vicious circle in the disease
progression and thus accelerates the disease progression to fatal heart failure in RCM
mice.
How can myocardial ischemia occur in RCM? There might be at least 2 reasons:
First, blood supply to myocardium mainly occurs during diastole, because at this time,
heart muscle is relaxing and doesn’t squeeze the coronary arteries inside. Coronary
resistance is mainly from the arterioles less than 150µm in diameter which is deep in
myocardium and the extravascular pressure plays important role to regulate their
diameters, so coronary perfusion resistance is low during heart muscle relaxation74,75. In
RCM heart, muscle relaxation is impaired; as a result, the coronary perfusion resistance is
high. Second, left ventricular end-diastolic volume is reduced in RCM. The severely
reduced diastolic volume can negatively affect the stroke volume. So there is no enough
blood pumped out for supply. Overall, blood supply to myocardium is decreased in RCM
heart.
4.7. Myocardial ischemia might be a risk factor for sudden cardiac death and early
death of RCM
The present study suggested that myocardial ischemia might be a risk factor for
sudden cardiac death (SCD) and early death of RCM, providing a supportive evidence for
the proposal by Rivenes et al. who have conducted a retrospective study on the clinical
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profiles of 18 RCM patients, which has been, so far, the only available clinical study
focus on the ischemia in RCM10. Among the 18 patients, 5 patients died suddenly, all of
them presented with syncope or chest pain and ischemic ECG in terms of ST-T segment
depression or T-wave inversion, without signs or symptoms of congestive heart failure
even at the time of their arrest. Four hearts available for autopsy demonstrated evidences
of acute and/or chronic ischemia in the myocardium and papillary muscle. Another
clinical report also clearly claimed that presence of ischemic signs and absence of
congestive heart failure was observed in RCM patients who died suddenly (76). RCM
patients with syncope, chest pain and/or ST-T depression resulting in SCD have also been
reported by the other groups although no further histological evidences of myocardial
ischemia42,70. Not all the RCM patients with ischemic signs died suddenly; in the same
study conducted by Rivenes et al., for the non-SCD group, all the 9 patients with
ischemia confirmed by histological examination developed congestive heart failure, while
the two patients without ischemia had not developed congestive heart failure (10). Once
the disease progressed to heart failure, those patients either died less than 1.6 years after
diagnosis or resulted in heart transplantation.
A recent study by Baudenbacher et al. promoted a concept that increased
myofilament Ca2+ sensitivity could be an independent risk factor for lethal cardiac
arrhythmia66. Since most RCM mutations increase myofilament Ca2+ sensitivity, the
affected patients may be expected to be susceptible to arrhythmia. However, our ECG
recording of cTnI193His-H mice at normal daily activities failed to show the arrhythmia
until the last 1-2 hours before death. Since the ischemic myocardium is proved to be a
substrate for lethal ventricular arrhythmia77, the present data doesn’t support the idea that
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arrhythmia is a primary factor for SCD in RCM. Furthermore, although 99% RCM
patients presented with abnormal ECG, arrhythmia happened to about 15-30% patients9,
among whom atrial fibrillation and atrial flutter are the most common abnormalities
while heart block, bradycardia and the usual SCD-related ventricular arrhythmias are less
common3,4,9,10,14. Two SCD cases with terminal ECG are available for review, one had
terminal rhythm of torsade de points and the other displayed bradycardia and both cases
had acute ischemia which prevents us to establish the primary role of arrhythmia in SCD
of the RCM patients10.
But it is worthy of further investigation if arrhythmia is more easily induced in
the RCM heart with ischemia by physiological stress and whether this causes sudden
death. Another future study may aim to investigate whether there is ischemic change in
cTnI193His-L mice which have slow disease progression. Some potential treatment method
is worthy to be tried, for example, a chemical (i.e. Ivabradine) which can slow down
heart rate and allow enough time to for heart relaxation and coronary perfusion.
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