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In this study,we addressed the functional consequences of the
human cardiac troponin I (hcTnI) hypertrophic cardiomyopa-
thyR145Gmutation in transgenicmice. Simultaneousmeasure-
ments of ATPase activity and force in skinned papillary fibers
from hcTnI R145G transgenic mice (Tg-R145G) versus hcTnI
wild type transgenic mice (Tg-WT) showed a significant
decrease in the maximal Ca2�-activated force without changes
in themaximal ATPase activity and an increase in the Ca2� sen-
sitivity of both ATPase and force development. No difference in
the cross-bridge turnover rate was observed at the same level of
cross-bridge attachment (activation state), showing that
changes in Ca2� sensitivity were not due to changes in cross-
bridge kinetics. Energy cost calculations demonstrated higher
energy consumption inTg-R145G fibers comparedwithTg-WT
fibers. The addition of 3 mM 2,3-butanedione monoxime at pCa
9.0 showed that there was �2–4% of force generating cross-
bridges attached in Tg-R145G fibers compared with less than
1.0% in Tg-WT fibers, suggesting that the mutation impairs the
ability of the cardiac troponin complex to fully inhibit cross-
bridge attachment under relaxing conditions. Prolonged force
and intracellular [Ca2�] transients in electrically stimulated
intact papillary muscles were observed in Tg-R145G compared
with Tg-WT. These results suggest that the phenotype of hyper-
trophic cardiomyopathy is most likely caused by the compensa-
torymechanisms in the cardiovascular system that are activated
by 1) higher energy cost in the heart resulting from a significant
decrease in average force per cross-bridge, 2) slowed relaxation
(diastolic dysfunction) caused by prolonged [Ca2�] and force
transients, and 3) an inability of the cardiac TnI to completely
inhibit activation in the absence of Ca2� in Tg-R145G mice.

Hypertrophic cardiomyopathy (HCM)3 is an autosomal
dominant disease characterized by left and/or right ventricular

hypertrophy (with left ventricular hypertrophy being domi-
nant) and interstitial fibrosis (1). Patients present symptoms
including arrhythmias, severe cardiac dysfunction, and sudden
cardiac death (2). HCM is linked to dominant missense muta-
tions in almost all of the genes encoding sarcomeric proteins,
including the cardiac troponin (cTn) complex (3–5).
The cTn complex is responsible for regulating cardiac mus-

cle contraction, and it contains three subunits: cardiac troponin
C (cTnC), the Ca2�-binding subunit; cardiac troponin I (cTnI),
the inhibitory subunit that binds to actin preventing the forma-
tion of cross-bridges; and cardiac troponin T (cTnT), which
anchors the cTn complex to the thin filament by binding to
cTnC, cTnI, and tropomyosin. The cTn complex acts as a Ca2�

sensor. When intracellular [Ca2�] increases during the action
potential,Ca2�binds tocTnC,which thenbinds to theCterminus
of the cTnI. This binding causes a conformational change in the
cTn complex, which releases cTnI from its inhibitory site on actin
and changes the position of tropomyosin on the actin filament,
thereby activating the actin filaments and leading to muscle con-
traction (6, 7). When intracellular [Ca2�] is sequestered by the
sarcoplasmic reticulum, Ca2� dissociates from cTnC and causes
cTnI to bind to actin, inducingmuscle relaxation.
Kimura et al. (8) reported five missense mutations in cTnI,

R145G, R145Q, R162W,G203S, andK206Q, that are associated
withHCM.Very little clinical data in humans was available, but
a patient reported carrying the hcTnI R145Gmutation had typ-
ical ventricular hypertrophy (8). Since then, another 15 muta-
tions in cTnI have been reported (3, 9–12). A number of
researchers have studied the effects of these HCM-related
mutations on actomyosin ATPase and contractility in skinned
fibers, cardiomyocytes, and transgenic animals (13–22). Muta-
tions in the inhibitory region of cTnI have been extensively
investigated for a decade; especially the hcTnI R145Gmutation
(positively charged arginine replaced by an uncharged glycine).
In an hcTnI R145G-exchanged porcine cardiac myofibril-re-
constituted system, Takahashi-Yanaga et al. (16, 20) showed no
change in the maximal force, whereas Lang et al. (14) reported
a decrease in the maximum force. At the same time, both of
them showed an increase in the Ca2� sensitivity of force devel-
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opment. In the reconstituted actin-tropomyosin-activated
myosin ATPase assay, Takahashi-Yanaga et al. (16, 20), Lang et
al. (14), and Elliott et al. (15) showed that this specific mutation
reduced the ability of cTn to inhibit the actomyosin ATPase
activity in the absence of Ca2� and reduced the maximal
ATPase activity in the presence of Ca2�. In contrast, Kruger et
al. (13) found a slightly decreased Ca2� sensitivity of force
development in myofibrils from mouse cardiac TnI R146G
(mcTnI R146G) transgenic mice but no change in hcTnI
R145G-exchanged murine cardiac myofibrils. They also
observed a slightly significant upward shift of the passive force-
sarcomere length curve at pCa 7.5, which was reversed by the
addition of 2,3-butanedione monoxime (BDM) in both recon-
stituted myofibrils and transgenic mice myofibrils. James et al.
(21) constructed transgenic mice carrying mcTnI R146G,
which showed increased Ca2� sensitivity but did not develop
hypertrophy or pathology, except in parous females. However,
Sanbe et al. (22) found increased Ca2� sensitivity and signifi-
cant levels of interstitial fibrosis and myocyte disarray even at
low protein expression levels in the transgenic rabbit model
that carried rabbit cTnI R146G (rcTnI R146G). At high levels of
protein expression in this model, the rabbits died prematurely.
Unlike previous reports, in this study the physiological func-

tion of the human cardiac TnI (hcTnI) R145G mutation was
measured in transgenic mice expressing the hcTnI R145G (Tg-
R145G) compared to transgenic mice expressing hcTnI wild
type (Tg-WT). Using skinned papillary fiber preparations, the
cross-bridge turnover rate, energy cost (ATPase/force), and
cross-bridge attachment in the absence of Ca2� were meas-
ured. The hcTnI R145G mutation had no effect on the rate of
dissociation of force-generating cross-bridge as a function of
the activation state (number of cross-bridges attached in the
presence of Ca2�) but caused a significant decrease in average
force/cross-bridge, an increase in Ca2� sensitivity of force
development and ATPase activity, and a decrease in cooperat-
ivity of thin filament activation (decrease in the slope of the
force-pCa relationship). A slight increase in cross-bridge
attachment at pCa 9.0 was observed in Tg-R145G skinned
fibers that were abolished by the addition of 3 mM BDM. In
contrast to previous studies, the intracellular Ca2� and force
transients were evaluated in intact papillary muscle, and an
increase in the duration of both force and intracellular Ca2�

transients was observed. As discussed below, all of these phys-
iological findings suggest that the hcTnI R145G mutation
would cause both systolic and diastolic dysfunction and may
explain the poor prognosis for patients with this mutation.

MATERIALS AND METHODS

Generation and Characterization of Transgenic Mice

Transgene Construction and Transgenic Mice Generation—
The wild type (WT) cDNA for human cardiac TnI (hcTnI) was
obtained by reverse transcription-PCRusing total RNA isolated
from human cardiac ventricle and cloned into the pET-3d vec-
tor (Novagen) at NcoI/BamHI sites. The hcTnI R145G muta-
tion was made by using overlapping sequential PCR (23) and
cloned into the same vector as hcTnIWT. TheWT and R145G
cDNAs were released from pET-3d and subcloned into the SalI

site of the plasmid, �-myosin heavy chain promoter (a gift from
Dr. J. Robbins, Cincinnati Children’s HospitalMedical Center).
The resulting constructs contained about 5.5 kb of the mouse
�-myosin heavy chain promoter, including the first two exons
and part of the third, followed by WT/R145G-cDNA and a
downstream 630-base pair region of the 3�-untranslated region
of the human growth hormone. The transgene construct
described above was digested with NotI to release a 7-kilobase
fragment that was used for microinjection. This fragment was
purified by agarose gel electrophoresis, followed by electroelu-
tion and resuspension in 10 mM Tris-HCl, pH 7.4, 0.1 mM
EDTA at a final concentration of 20 �g/ml. Mouse pronuclei
were injected, and the surviving embryos were implanted using
standard methods (24). Founder mice were identified by pre-
paring tail clip DNA and analyzing their PCR products corre-
sponding to the �-myosin heavy chain promoter and Arg192
residue in the cTnI. Stable transgenic lines were generated by
breeding founders to nontransgenic (NTg) B6SJL mice. The
hcTnI transgenes were confirmed by standard PCR using a pair
of primers specifically amplifying a 600-bp fragment of the
hcTnI of the transgenic construct. Each PCR also included a set
of primers specific for themouse actin gene to confirm success-
ful genomic amplification (eliminating false negative animals
and producing a 200-bp PCR product). Two lines of Tg-WT
andTg-R145G (Fig. 1b) were produced, and the linewith higher
protein expression was used for histopathology and skinned
and intact fiber studies.
Analysis of Protein Expression—The expression of hcTnI

protein in the transgenic mice was determined byWestern blot
analysis. The experimental mouse heart and control human
heart tissues were minced in a solution of 1% (v/v) �-mercap-
toethanol, 1% (w/v) SDS, 1 mM phenylmethylsulfonyl fluoride,
1 mM EDTA, and protease inhibitor mixture (Sigma). These
sampleswere homogenized in 20mMTris-HCl, pH7.4, 1%SDS,
1% �-mercaptoethanol, 10% glycerol on ice, and the total pro-
tein concentration of each cleared homogenatewas determined
by the Bio-Rad Coomassie Plus assay. SDS-polyacrylamide gels
(15%) were run with a total of 2 �g of protein for each lane.
Proteinwas then transferred to nitrocellulosemembranes (Bio-
Rad). The membrane was blocked in Rockland blocking buffer
for 30 min at room temperature. A monoclonal antibody 6F9
(Fitzgerald Industries international Inc.) was used at a 1:4000
dilution for 1 h to detect both human and mouse cTnI. The gel
mobility of hcTnI is faster than that of mice due to its lower
molecular mass (24 kDa versus 25 kDa, respectively). Immuno-
reactivity was detected using goat anti-mouse IgG antibody
labeledwithCY5.5 fluorescent dye at a 1:3000 dilution for 1 h at
room temperature, the reaction signal blot was scannedwith an
Odyssey Infrared Imager (LICOR), and analysis was carried out
on a Dell Pentium computer using Scion Image software. The
percentage of transgenic protein expression was calculated as
(transgenic human TnI/(endogenous mouse TnI � transgenic
TnI)) � 100.

Histopathological Characterization

After euthanasia, the hearts of mice from NTg, Tg-WT, and
Tg-R145G were excised, weighed, and immersed in 10% (v/v)
buffered formalin. Slides of whole hearts were prepared by
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American Histolabs, Inc. (Gaithersburg, MD). The paraffin-
embedded, longitudinal sections of whole hearts stained with
hematoxylin and eosin andMasson’s trichromewere examined
for overall morphology, hypertrophy, myofilament disarray,
and fibrosis, using a Zeiss microscope and �40/0.65 Plan Apos
objective (Fig. 2). The heart weight/body weight ratio was cal-
culated for all sacrificed mice.

Functional Studies in Skinned Papillary Muscle Fibers

Simultaneous Force and ATPase Measurements—Mouse
papillary muscles, �1 mm long and 60–90 �m in diameter,

were dissected from excised mouse
heart in relaxing solution and then
skinned in relaxing solution contain-
ing 1% (v/v) Triton X-100 for 30 min
at room temperature. Standard solu-
tion contained 85 mM K�, 2 mM
MgATP2�, 1mMMg2�, 7mMEGTA,
10�9 or 10�3.4 M Ca2�, and propio-
nate as the major anion. Ionic
strengthwas adjusted to 0.15, and pH
was maintained at 7.00 � 0.02 with
imidazole propionate. Relaxing solu-
tions were solutions with no added
Ca2�. Maximal contracting solutions
were solutions that gavemaximal ten-
sion beyond which increasing Ca2�

further does not increase tension. For
ATPase measurements, solutions
contained, in addition to the constit-
uents described above, 5 mM phos-
phoenolpyruvate, 0.4mMNADH,100
units/ml pyruvate kinase, and 140
units/ml L-lactic dehydrogenase. The
concentrations of the various ionic
species were determined by a com-
puter program using binding con-
stants from the literature (25). The
Ca2� concentration in the cuvette
perfusing the skinned preparation
was varied by use of a gradient maker
(Scientific Instruments GmbH, Hei-
delberg) to mix two solutions of
known Ca2� and ionic composition
together. A complete description of
themethodhas been givenbyAllen et
al. (26). The Ca2� concentration in
the cuvette perfusing the skinned
preparation was varied continuously
from pCa 9 to pCa 3.4. The fluores-
centCa2� indicatorCalciumGreen-2
(Molecular Probes) was used to cali-
brate and calculate the [Ca2�] during
measurements. Calcium Green-2
changes its fluorescence over the
range of [Ca2�] required for activa-
tion of contraction andATPase activ-
ity. The Kd of Calcium Green-2 used

to calculate pCa was 10�5.53 M. The concentration of Calcium
Green-2 in thegradient solutionwas1.0�M.TheCalciumGreen-2
fluorescence was excited at 480 nm, and the fluorescence was
measured with a cut-off filter at 515 nm.
The skinned fiberswereplaced inaquartz cuvette andmounted

in the Guth Muscle Research System (skinned fibers are held in
stainless steel clips attached to a force transducer at one end and a
linear motor on the other end) (27), which allowed for simultane-
ous measurements of force and ATPase (28–30). The sarcomere
lengthof the fiberswassetbyremoving theslack fromthe fiberand
stretching the fiber 10%. The solution in the cuvette was changed

FIGURE 1. a, hcTnI transgene construct; a schematic diagram of the hcTnI transgene to generate hcTnI R145G-
overexpressing mice. Sequences corresponding to the �-myosin heavy chain (MHC) promoter/enhancer sites
are shown as open boxes. The sequence corresponding to the hcTnI cDNA is represented as a gray box. The
point mutation introduced in the hcTnI cDNA, relevant restriction sites, and transcription start site are indi-
cated. b, Western blots of heart extracts from Tg-WT and Tg-R145G lines versus NTg and human heart extrac-
tion. The protein expression levels in transgenic mice were assessed on the basis of densitometry. Western
blots were labeled with monoclonal troponin I 6F9 antibody and followed by a goat anti-mouse secondary
antibody. c, summary of all generated lines for Tg-WT and Tg-R145G. Two lines of Tg-WT-express 9.84% � 2.37
and 66.4% � 2.26% mutant protein compared with the whole cTnI amount in mouse heart. Two lines of
Tg-R145G express 2.34% � 0.47 and 35.8% � 2.0% mutant protein compared with the whole cTnI amount in
mouse heart. The results are the mean � S.E. of five measurements.
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every 20 s using a peristaltic pump triggered by a computer. The
hydrolysis of ATP was measured by the NADH fluorescence
method, in which ATP is regenerated from ADP and phos-
phoenolpyruvate by the enzyme pyruvate kinase (27, 31). This
reaction was coupled to the oxidation of NADH (fluorescent) to
NAD (nonfluorescent) and the reduction of pyruvate to lactate by
L-lactic dehydrogenase (27, 29, 31). In this reaction, 1mol of phos-
phoenolpyruvate and NADH was used to produce 1 mol of ATP
andNAD.Thesolution surrounding the fiber in thequartz cuvette
was illuminated at 340 nm, and the decrease inNADHconcentra-
tion was detected by a decrease in the fluorescence signal � � 450
nm. The solution in the cuvette was changed every 20 s, and the
fluorescence change taking place between each solution change
was converted to the rate of ATP hydrolysis by comparison with
NADHstandards. The force andATPase activitywere plotted as a
functionofpCa.Each curve is the averageddata, as shown inFig. 3.
Fraction Cross-bridge Attachment at Maximal Ca2�

Activation—At the end of each experiment, the substitution of
10 mMMgADP for 2 mM ATP was made to the maximal Ca2�-
activating solution in the cuvette perfusing the fiber. This sub-
stitution forces all cross-bridges into the force generating state
producing the maximal force that the fiber can develop. The
maximal Ca2� activated force is then divided by the maximum
force themuscle can develop in the presence of 10mMMgADP.
This ratio is the fraction cross-bridge attachment at maximal
Ca2� activation, as shown in Fig. 5.
Measurements of the Rate of Cross-bridge Detachment (g)—

The force that a muscle develops can be characterized by the
apparent rate for the formation of force generating states (f) and
the dissociation of force-generating rate (g) according to the
two-state model of Huxley, as shown in Scheme 1 (32).

Nonforce -|0
f

g
Force

SCHEME 1

Based on this kinetic scheme, g can be calculated by Equation 1,

g � ATPase/total cross-bridges attached (Eq. 1)

where total cross-bridges attached � [myosin subfragment 1
head]� fractional of cross-bridge attachment at any Ca2� con-
centration. The fractional of cross-bridge attachment at any
Ca2� concentration equals the fractional cross-bridge attach-
ment at maximal Ca2� activation times the normalized force.
The total intracellular myosin subfragment 1 head concentra-
tion in muscle is �154 �M (33). In this study, g was calculated
based on the above equation. Fig. 6 illustrates g as a function of
normalized force.
Force-Stretch Relationship Measurements in Skinned Papil-

lary Muscle at Low Ca2� Concentration—The mouse papillary
muscle was skinned and mounted as described above. After
mounting the fiber, it was continuously perfusedwith the relax-
ing solution (pCa 9.0 solution). Once mounted in the tweezers,
the slack in the fiber was removed. The force measurement at
this pointwas set as zero. The fiberwas then stretched 10%of its
original length. When the steady state force was established,
data points were recorded as shown in Fig. 8a. Each point was
taken at 10-s intervals. After several data points were collected,
the pCa 9.0 perfusing solution in the cuvette was changed to
pCa 9.0 with 3 mM BDM solution, and force data were again
recorded. Without changing the solution, the fiber was
stretched to 20% of its original length. After the force reached
the steady state, we again recorded the steady state force before
changing the pCa 9.0 3 mM BDM solution to the pCa 9.0 minus
BDM solution. The procedure was repeated at the 30 and 40%
stretch of its original length. After 40% stretch, we released fiber
to its original length and changed the solution to maximum
activating pCa3.4 solution to contract the fiber.Wenormalized
the force at each stretch to the maximum force the fiber can
develop at pCa 3.4.

Functional Studies in Intact Papillary Muscle Fibers;
Measurements of [Ca2�] and Force Transients

Following CO2 euthanasia, hearts were removed quickly and
soaked in ice-cold saline (0.9% NaCl). Intact papillary muscle
was dissected quickly from right ventricles in oxygenated
Krebs-Henseleit solution (119 mM NaCl, 4.6 mM KCl, 11 mM
glucose, 25 mM NaHCO3, 1.2 mM KH2PO4, 1.2 mM MgSO4,

TABLE 1
Heart weight/body weight ratios (R) in Tg-R145G versus Tg-WT and NTg
G, gender; H, heart weight; B, bodyweight; R, H/B.M,male; F, female. NTg controls are from the littermates of the R145G transgenic line 2. The average ratios (R) aremeans
of n experiments � S.E. None of the differences between NTg, Tg-WT, and Tg-R145G are statistically significant (p � 0.05).

NTg (Rav � 4.82 � 0.21; n � 12) Tg-WT (Rav � 5.37 � 0.18; n � 13) Tg-R145G (Rav � 5.12 � 0.23; n � 16)
Age G H B R (� 10�3) Age G H B R (� 10�3) Age G H B R (� 10�3)

months g g months g g months g g
1.5 F 0.110 27.43 4.01 1.0 F 0.103 18.41 5.60 1.0 F 0.129 18.40 7.03
2.5 F 0.070 16.73 4.20 1.0 M 0.109 21.59 5.05 2.5 F 0.079 16.22 4.90
4.0 F 0.186 20.38 5.05 2.0 M 0.119 22.41 5.31 3.0 M 0.104 20.34 5.10
4.3 M 0.109 20.98 5.20 2.7 M 0.107 24.91 4.30 4.0 M 0.118 23.87 4.96
5.0 M 0.123 19.37 6.35 3.0 F 0.111 21.78 5.10 4.5 M 0.108 22.16 4.87
5.0 F 0.099 19.74 5.01 3.0 F 0.148 22.15 6.68 4.8 M 0.109 21.59 5.03
5.3 F 0.083 21.38 3.88 3.1 F 0.103 22.49 4.58 5.0 M 0.126 26.41 4.77
7.0 M 0.183 38.72 4.73 3.2 F 0.135 23.187 6.08 5.0 F 0.133 28.67 4.64
10.0 M 0.189 32.73 5.77 4.0 F 0.125 22.82 5.48 6.1 F 0.195 34.68 5.65
11.0 F 0.186 38.95 4.78 4.2 F 0.119 21.57 5.52 7.0 F 0.153 30.15 5.08
11.0 M 0.127 27.34 4.63 4.3 M 0.135 22.79 5.92 9.8 F 0.108 29.95 3.59
15.0 F 0.114 27.13 4.21 10.0 F 0.176 36.05 4.87 10.0 M 0.160 33.48 4.76

11.5 M 0.169 33.77 5.01 12.1 F 0.117 30.49 3.84
15.0 F 0.137 29.28 4.68
15.0 M 0.282 40.57 6.96
18.0 F 0.218 36.43 5.99
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1.8 mM CaCl2) containing 30 mM
2,3-butanedione monoxime and
mounted in the Guth muscle
research system (29). Fibers were
loaded in oxygenated Krebs-Hense-
leit solution without 2,3-butanedi-
one monoxime for 1 h at room tem-
perature to allow the muscle to
adapt to the extracellular environ-
ment. The fibers were then loaded
with 5 �M Fura-2/AM for 1 h at
room temperature in oxygenated
Krebs-Henseleit solution contain-
ing 0.5% (v/v) Cremophor, which
increases the solubility of Fura-2
AM. The muscle was stimulated at
1.0 Hz through the two tweezers
attached to the ends of the prepara-
tion. Once the preparation was
mounted in the apparatus, muscle
length was adjusted until maximum
active twitch force was obtained.
Force and fluorescence correspond-
ing to either 340 or 380 nm excita-
tion were recorded by the com-
puter. The fluorescence 340nm/380
nm ratio was calculated and plotted
along with force. The force and cal-
cium transients were normalized
and then averaged and plotted as a
function of time, as shown in Fig. 9.

Statistical Analysis

Data are expressed as the average
of n experiments � S.E. Statistically
significant differences were deter-
mined using an unpaired Student’s t
test (Sigma Plot 8.0), with signifi-
cance defined as follows: *, p	 0.05;
**, p 	 0.01.

RESULTS

Generation and Characterization of Tg-WT and Tg-R145G

The expression of hcTnI WT and R145G proteins were
driven by the �-MHC promoter in the mouse heart (Fig. 1a).
TheWT and mutant protein expression level were assessed on
the basis of gel densitometry (Fig. 1b). The hcTnI WT and
R145G protein expressions were normalized to total cTnI con-
tent. The human cTnI replaced themurine cTnI in the heart, so
the murine cTnI was reduced. Two lines of Tg-WT were gen-
erated, expressing �10% (L1) and �65% (L2) of hcTnI com-
pared with the whole cTnI amount in mouse heart. Addition-
ally, two lines of Tg-R145G were produced, expressing �2%
(L1) and �35% (L2) mutant protein (Fig. 1, b and c). This
method has been used successfully in our laboratory (34). Line
2 of the Tg-WT and line 2 of the Tg-R145G consistently pro-
duced the expected transgene product levels and were chosen
for further histopathology and functional studies.

Histopathology Studies

The heart weight/body weight ratios in relation to age increase
of the mice were evaluated. No statistically significant difference
between NTg, Tg-WT, and Tg-R145G was observed (Table 1).
The heart tissue morphology of NTg, Tg-WT, and Tg-R145G is
presented in Fig. 2. Fig. 2a shows the hematoxylin and eosin stain-
ing of longitudinal sections of whole mouse hearts of 14–15-
month-old NTg and Tg-WT versus Tg-R145G. There were no
significant differences seen in the whole heart sections from
Tg-R145Gcomparedwith that ofNTg andTg-WT. Fig. 2,b and c,
shows the left ventricular wall and septal sections of these hearts
stainedwith hematoxylin and eosin (top) andMasson’s trichrome
(bottom), respectively. No myocyte disarray (hematoxylin and
eosin) or fibrosis (Masson’s stain) was found in both the left ven-
tricleandseptumofTg-R145Gwhencomparedwithcontrolmice.
As shown inFig. 2d, thepapillarymuscles of thesemice showedno
myofibrillar disarray comparedwithNTg andTg-WT littermates.

FIGURE 2. Microscopic view of transgenic mouse hearts stained with hematoxylin and eosin (H&E)
and Masson’s trichrome. a, the hematoxylin and eosin stain of longitudinal section of whole mouse
heats of 14 –15-month-old NTg and Tg-WT versus Tg-R145G. Shown is a microscopic view of left ventricular
(b) and septal sections (c) of Tg-R145G versus NTg and Tg-WT, stained with hematoxylin and eosin (top)
and Masson’s trichrome (bottom). d, the hematoxylin and eosin stain of papillary muscle of Tg-R145G
versus NTg and Tg-WT. Scale bar, 2000 �m in a and 10 �m in b– d. mo, age in months; LV, left ventricle
sections; SP, septal sections.
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Functional Studies

Skinned Papillary Muscle Fibers—Simultaneous ATPase-
pCa and force-pCa measurements were performed in freshly
skinned papillary muscle fibers from all groups of transgenic
versus control mice under isometric conditions. In both
skinned and intact fiber experiments, 3–7-month-old mice
were used. Measurements were also performed with 12.0 �
1.0-month-old mice. No differences in functional studies were
observed between these different age groups. An increased
Ca2� sensitivity in the Tg-R145G fibers comparedwith Tg-WT
fibers was seen in steady-state force development measure-
ments with pCa50 � 5.264� 0.02 (n� 10) and pCa50 � 5.157�
0.017 (n � 13) for Tg-R145G and Tg-WT, respectively. The

pCa50 � 0.107 was statistically significant (p	 0.05). The Hill
coefficient of force in Tg-R145G fibers (nH � 1.8617 � 0.144)
was significantly lower than that in Tg-WT fibers (nH �
2.518� 0.115) (Fig. 3a). Fig. 3b showed that theCa2� sensitivity
measured by ATPase activity was also increased in Tg-R145G
fibers compared with Tg-WT fibers. The pCa50 was 5.5793 �
0.022 (n � 10) and 5.3819 � 0.02 (n � 13) for Tg-R145G and
Tg-WT fibers, respectively. The 
pCa50 � 0.1974 between
Tg-R145G and Tg-WT fibers was statistically significant (p 	
0.05). As expected, there was no significant difference in pCa50
and Hill coefficient between the Tg-WT and NTg fibers as
shown in Fig. 3, c and d. In Fig. 4, maximal force values (105

newtons/m2) and maximal ATPase
rates (s�1/myosin S1 head) were
presented for NTg, Tg-WT, and
Tg-R145G skinned fibers. As
shown, there was an�14% decrease
in maximal Ca2� activated force
betweenTg-R145G fibers (0.6032�
0.03) and Tg-WT fibers (0.6902 �
0.023) (Fig. 4a). No significant dif-
ferences were observed in the frac-
tion of cross-bridges attached at
maximum Ca2� in all groups of
fibers (see “Materials and Methods”
for details) (Fig. 5). There was no
statistically significant difference in
maximal ATPase activity between
Tg-WT fibers (5.3275 � 0.241) and
Tg-R145G fibers (5.2937 � 0.210)
(Fig. 4b). No significant difference
was observed comparing the maxi-
mal Ca2�-activated force and maxi-
mal ATPase rates between NTg and
Tg-WT fibers (Fig. 4).
As illustrated in Fig. 6, the rate of

cross-bridge turnover (g) as a func-
tion of activation state (fraction of
maximum activated force) was the
same in all groups of fibers. These
results show that the R145G HCM
mutation does not affect the turn-
over rate of the cross-bridge at
Ca2�-activating levels.
The energy cost in Tg-R145G,

Tg-WT, and NTg fibers was investigated by using ATPase
activity divided by force in all groups of fibers. As shown in Fig.
7, energy cost (ATPase/force) as a function of activated state in
Tg-R145G skinned fibers is statistically significantly higher
than that in Tg-WT and NTg skinned papillary fibers.
To investigate the inhibition of cross-bridge cycling in the

absence of Ca2� (pCa � 9.0), we stretched the skinned fiber
over a range of muscle lengths (10–40%) at pCa 9.0 with or
without 3mMBDMand recorded the force. Fig. 8a is represent-
ative of two independent experiments in Tg-WT and
Tg-R145G fibers (see “Materials andMethods” for details). Fig.
8b showed a slight increase in the relative force (force normal-
ized to the maximum force at the pCa 3.4) in Tg-R145G com-
pared with the Tg-WT during stretch. The addition of 3 mM
BDMat pCa 9.0 decreased this relative force to a level similar to
Tg-WT. In Fig. 8c, the relative force differences between the
presence and absence of BDM in Tg-WT and Tg-R145G fibers
were shown at each stretch. The relative force differences
between �BDM in Tg-R145G fibers at each stretch showed a
statistically significant higher number of cross-bridges attached
(�2–4% of the maximum cross-bridge attachment) than that
in Tg-WT fibers (less than 1% of the maximum cross-bridge
attachment), meaning that the hcTnI R145G mutation caused
incomplete inhibition of activation under relaxing conditions
(pCa � 9.0).

FIGURE 2—continued
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Intact Papillary Muscle Fibers—In another series of experi-
ments, simultaneous force and [Ca2�] transient measurements
were performed in electrically stimulated intact papillary mus-
cles (Fig. 9 and Table 2). Intact papillary muscles from
Tg-R145G,Tg-WT, andNTgwere examined for both force and
[Ca2�] transients. The muscles were stimulated at 1.0 Hz and
the force as well as the fluorescence signals were recorded
simultaneously (see “Materials andMethods” for details). Fig. 9

shows the normalized force and [Ca2�] transients for all groups
of intact fibers as a function of time in milliseconds. Table 2
summarizes the t50 and t10 values inmilliseconds from the peak
to 50 and 10% of force and [Ca2�] during relaxation, respec-
tively. The force transient (Fig. 9a) and the [Ca2�] transient
(Fig. 9b) were significantly prolonged in Tg-R145G compared
with Tg-WT andNTg. The t50 and t10 values for the force tran-
sients were �1.7- and �2.0-fold longer in the Tg-R145G pap-

illary muscles compared with those
of Tg-WT, respectively (Table 2). At
the same time, the t50 and t10 values
of the [Ca2�] transient in Tg-R145G
papillary muscles were both �28%
longer than that in Tg-WTpapillary
muscles (Table 2). As expected,
Tg-WT and NTg fibers had no
change in their force or [Ca2�] tran-
sients (Fig. 9, c and d).

DISCUSSION

To elucidate the potential mech-
anisms by which the hcTnI R145G
mutation results in ventricular
and/or septal hypertrophy and
alters cardiac muscle contraction in
humans, transgenic mice overex-
pressing hcTnI R145G in the
murine heart were generated. As we
can see in Fig. 2a, themorphology of
hematoxylin and eosin-stained lon-
gitudinal sections showed that there
were no apparent morphological
changes in Tg-R145G, Tg-WT, or
their NTg littermates. Also, no dif-
ference was seen in the heart
weight/body weight ratios in the
Tg-R145G mice compared with
NTg andTg-WT. Since no solid evi-

FIGURE 3. The effects of hcTnI R145G mutation on the Ca2� sensitivity of steady-state force and the
ATPase activity were measured simultaneously in isometric muscle fibers. a and c, the force-pCa relation-
ship in Tg-R145G (n � 10) versus Tg-WT (n � 13) and NTg (n � 11) versus Tg-WT (n � 13) fibers, respectively.
b and d, the ATPase-pCa relationship between Tg-R145G (n � 10) versus Tg-WT (n � 13) and NTg (n � 11) versus
Tg-WT (n � 13) fibers, respectively. The pCa values and Hill coefficients for force curve and pCa values for
ATPase curve are shown. Data are expressed as mean of n experiments � S.E.

FIGURE 4. The effect of hcTnI R145G mutation on maximal force (105 newtons/m2) and maximal ATPase activity (s�1/myosin head) in transgenic
papillary muscle fibers, respectively. a, the maximal force was �14% lower in Tg-R145G fibers (n � 10) than in Tg-WT fibers (n � 14). b, there is no significant
difference in maximal ATPase in Tg-R145G fibers (n � 9) compared with Tg-WT fibers (n � 13) (p � 0.05). There was no statistically significant difference in both
maximal force and ATPase between NTg and Tg-WT fibers (p � 0.05). *, statistically significant difference (p 	 0.05). Data are expressed as mean of n
experiments � S.E.
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dence was found for fibrosis in the left ventricle and septum
based on Masson’s trichrome stain, no biochemical tests
beyondhistologywere performed (i.e.hydroxyproline content).
James et al. (21) showed no discernible pathology at any age of
�-myosin heavy chain promoter-driven mcTnIR146G mice that
had 40% transgenic protein expression, which is in agreement
with our findings that no myofibrillar disarray (hematoxylin and
eosin stain) or fibrosis (Masson’s stain) were observed (Fig. 2). In
contrast, only 25% replacement of transgenic protein in a �-myo-
sin heavy chain promoter-driven rabbit cTnI-R146G model
showed significant levels of interstitial fibrosis andmyocyte disar-
ray (22). The ratio between �-myosin heavy chain and �-myosin
heavy chain in the mice is 16:1 (35) compared with 1:4 in rabbits
(36).KrenzandRobbins (37) showed that increasing the ratioof�-
to�-myosin heavy chain is disadvantageous tomouse and human
hearts under severe cardiovascular stress (37). Also, Metzger
and co-workers (38) demonstrated that the�-myosin heavy chain
is a negative inotrope. They found that the gene transfer-based
replacement of�-with�-myosin heavy chain attenuated contrac-
tility in a dose-dependent manner (38).
Although hypertrophy was not found in our transgenic

model, we know that the functional properties between
mouse and human hearts are significantly different. For
example, mouse hearts are much smaller and have a much
faster heart rate. Second, there are a number of troponin
mutations that have distinct phenotypes in humans that are
not seen in transgenic mouse models. Third, according to
the literature, other laboratories have shown that the higher
the expression of mutant proteins, the more likely the
murine heart will develop morphological changes. James et
al. (21) reported that the mcTnI-R146G transgenic mice that
displayed mutant protein expression levels of over 50% have
apparent phenotypes. Finally, in the case of diastolic dys-
function, the phenotype may only occur when the diastolic
dysfunction is severe enough that the heart can no longer
adjust stroke volume to accommodate for the diastolic dys-
function, and then hypertrophy may develop. What makes
this study unique is that it used transgenic mice expressing
both the hcTnI R145G mutation and the proper control
hcTnI WT. In this study, using Tg-R145G versus Tg-WT
made it possible to extend our knowledge to what effects the
hcTnI R145G mutation has on physiological function. Other
unique aspects of this study are that it used simultaneous
force and actomyosin ATPase measurements in the skinned
papillary fibers and simultaneous force and Ca2� transient
measurements in the intact papillary fibers. Since force is
proportional to the number of force-generating cross-
bridges attached and ATPase is proportional to cross-bridge
turnover rate (32), the simultaneous force and ATPasemeas-
urements in skinned fibers make it possible to calculate the
rate of cross-bridge turnover, energy cost, and average force
per cross-bridge. In addition, simultaneous measurements
of intracellular Ca2� and force transients in intact papillary
muscles allowed for further observations of changes in phys-
iological function caused by the hcTnI R145G mutation that
causes HCM in humans.
Our previous study (14) showed that the hcTnI R145Gmuta-

tion impaired the ability of TnI to inhibit the ATPase activity in

FIGURE 5. Fractional cross-bridge attachment at maximal Ca2� activation.
Shown is the ratio of the maximal Ca2�-activated force at 2 mM ATP divided by
the maximal force the fiber can develop in the presence of 10 mM MgADP in all
groups of skinned papillary fibers. There are no significant differences in all
groups of fibers (p � 0.05). Data are expressed as mean of n experiments � S.E.

FIGURE 6. The rate of cross-bridge turnover (g) as a function of activation
state (fraction of maximum activated force) in transgenic skinned papil-
lary fibers. As shown, the dissociation of cross-bridge rate (g) was the same in
Tg-R145G (n � 10), Tg-WT (n � 13), and NTg (n � 11) fibers. Data are
expressed as mean of n experiments � S.E.

FIGURE 7. The energy cost (ATPase/force) as a function of activated state
(fraction of maximum activated force) in all groups of skinned papillary
fibers. As shown, the Tg-R145G (n � 10) fiber has statistically significant
higher energy cost (ATPase/force) than that in Tg-WT (n � 13) and NTg (n �
11) fibers. Statistically significance is defined as follows: *, p 	 0.05. Data are
expressed as mean of n experiments � S.E.
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the reconstituted actin-tropomyosin-myosinATPase system in
the presence of 1.0 mM EGTA in the absence of Ca2� and
decreased the ATPase activation in the same reconstituted sys-
tem in the presence of maximal activating Ca2�. Using skinned
cardiac porcinemuscle fibers reconstituted with hcTnI R145G,
Lang et al. (14) concluded that there was an increase in the
unregulated force in 10�8 M Ca2� (also called basal force), a
decrease in the maximal force recovery, a change in the Hill
coefficient, and a significant increase in the Ca2� sensitivity of
force development when compared with the wild type hcTnI.
These results suggested that diastolic and systolic dysfunction
would be prominent clinical features of this mutation and
might explain the cause ofHCMand the poor prognosis seen in
patients with these mutations.
In this study, the physiological changes caused by the hcTnI

R145G mutation in transgenic mouse fibers were as follows. 1)
There was a large increase in Ca2� sensitivity of force develop-
ment andATPase activity (especially in the low activating range
ofCa2�) aswell as a significant decrease in theHill coefficient of
force (Fig. 3). 2) Therewas a significant decrease in themaximal
Ca2�-activated force but no change in the maximal Ca2�-acti-
vatedATPase (Fig. 4a). 3) Therewas no significant difference in

the fraction of cross-bridges
attached at maximum Ca2� in all
groups of fibers (Fig. 5). 4) The rate
of cross-bridge turnover as a func-
tion of activation state (fraction of
maximum activated force) was
unchanged in Tg-R145G fibers
compared with Tg-WT fibers (Fig.
6). 5) Energy cost (ATPase/force) as
a function of active state was higher
in Tg-R145G fibers than in Tg-WT
fibers (Fig. 7). 6) In the presence of
10�9 M Ca2�, �2–4% of the force
generating cross-bridges remained
attached in the Tg-R145G fibers
compared with less than 1.0% in
Tg-WT fibers, suggesting that the
hcTnI R145G mutation does not
allow the complete inhibition of
force-generating cross-bridges
under relaxing conditions (Fig. 8). 7)
Both force and intracellular Ca2�

transients were prolonged, with the
force transient prolongation being
more pronounced than in the Ca2�

transient (Fig. 9).
The significant decrease in the

maximum Ca2�-activated force in
transgenic mice expressing hcTnI
R145G (in this study), transgenic
mice expressingmcTnI R146G (21),
and reconstituted porcine skinned
fibers (14) could be explained by a
change in the cross-bridge kinetics
or a decrease in the average force
per cross-bridge, since the maxi-

mum force a fiber can generate is equal to the number of cross-
bridges attached at maximum Ca2� activation times the aver-
age force/cross-bridge (32). Using simultaneousmeasurements
of force and ATPase activity in the transgenic skinned fibers in
this study, it was found that a significant 14% decrease in max-
imum Ca2�-activated force in Tg-R145G fibers was due to the
decrease in the average force per cross-bridge rather than a
change in cross-bridge kinetics, because the cross-bridge turn-
over rate (g) did not change. This means the Tg-R145Gmuscle
would have to use more ATP to exert the same force as the
Tg-WT muscle. This is also consistent with our result that
Tg-R145G fibers have higher energy costs compared with
Tg-WT fibers, as shown in Fig. 7. This fact alone may cause the
R145G heart to hypertrophy in humans, because it would be
equivalent to causing aWTmuscle to work at a higher rate, as,
for example, during exercise. It is well known that exercise can
cause cardiac muscle to hypertrophy in humans (39).
As can be seen in Fig. 3, there was a large increase in Ca2�

sensitivity in the low range of Ca2� activation. Also very notice-
able in Fig. 3, there was a large decrease in the slope of the
force-pCa curve showing a decrease in the cooperative protein-
protein interactions within the thin filament during activation

FIGURE 8. The force of skinned fibers due to different stretch levels at the resting condition with/without
3 mM BDM (see “Materials and Methods” for details). a, a representative experiment for both Tg-WT and
Tg-R145G fibers. Force at each stretch was normalized to the maximum Ca2�-activated force at pCa 3.4. The
dashed lines are the breaking point to change the pCa 9.0 solution with or without 3 mM BDM at each stretch.
b, Tg-WT (n � 5) versus Tg-R145G (n � 3) force due to fiber stretch in the presence and absence of 3 mM BDM.
c, force differences between the presence and absence of BDM in fibers at each stretch. Differences in Tg-WT
fibers and Tg-R145G fibers are shown in black and gray bars, respectively. Statistical significance is defined as
follows: *, p 	 0.05; **, p 	 0.01. Data are expressed as mean of n experiments � S.E.
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that is known to be responsible for the steepness of muscle
force-pCa relationship. The decrease in the nH indicated that
the hcTnI R145G mutation might interfere with the Ca2�

effects of the nearest neighbor regulatory or cross-bridge bind-
ing to the nearest neighbor regulatory units. Previous cTn
mutations related to HCM have been reported by our labora-
tories to cause changes in cooperativity of the thin filament, but
the mechanism by which they cause these changes is still poorly
understood (40, 41). These results lead us to the following ques-
tion. What is responsible for the increase in Ca2� sensitivity?
There are twomajor possibilities: 1) a decrease in the cross-bridge
turnover rate (42) and2)adecrease in theoff-rateofCa2� fromthe
cardiac troponin C (29, 43). No change in cross-bridge turnover
ratewasobserved (as shown inFig. 6); thus, it is reasonable that the
off rate of Ca2� from cTnC was changed by the hcTnI R145G
mutation. It is well known that TnI binding to TnC decreases the

off rate ofCa2� fromTnC(6, 44).Our
results are also in accordance with
previous fluorescence data showing
that this specific mutation leads to an
increase in theCa2� affinity for cTnC
in reconstituted thin filaments (45).
This increase in Ca2� sensitivity,
especially in the low range of activat-
ing Ca2�, is probably responsible for
the prolongation of the Ca2� and
force transients observed in the intact
papillary muscle (Fig. 9). This is
because cardiac TnC is one of many
Ca2� buffers in the cardiac muscle
myoplasm and thereby influences
Ca2� uptake by the sarcoplasmic
reticulumduring the relaxationphase
of muscle contraction. Thus, a
decrease in the off rate of Ca2� from
troponin C would lead to prolonging
the Ca2� and force transients as pre-
dictedbyacomputermodel inLanget
al. (14).
The relative force due to 10–40%

stretch of the fiber length under
relaxing conditions (pCa 9.0) in
Tg-R145G skinned papillary fibers
was shown to be slightly increased
comparedwith theTg-WT (Fig. 8b).

In the presence of BDM, the Tg-R145G force-stretch curve
shifts downward to superimpose with the Tg-WT force-stretch
curve. This shows that there is active cross-bridge attachment
that is responsible for the separation of the two force-stretch
curves and is expected based on the incomplete inhibition of
force andATPase activity seen previously (14). As shown in Fig.
8c, Tg-R145G had 2–4 times more cross-bridges attached than
that in the Tg-WT fibers under resting conditions. In agree-
ment with Kruger et al. (13) and Lang et al. (14), our hcTnI
transgenic mice results suggest that under relaxing conditions,
the hcTnI R145G mutation impairs the inhibition of the acto-
myosin cross-bridge cycling.
As can be seen, the hcTnI R145G mutation causes three

problems, all of which would be expected to adversely affect
contractility. The first problem is a decrease in the average force
per cross-bridge, resulting in a decrease in the force per cross-
sectional area of ventricular muscle, which would cause a
decreased stroke volume in R145G hearts under stress. The
second problem is an increase in the Ca2� sensitivity of force,
probably due to a decrease in theCa2� off-rate fromcTnC.This
results in prolonged force and Ca2� transients, which cause an
increased resistance to filling the ventricle during diastole, espe-
cially at high heart rates. The third problem is an incomplete inhi-
bition of cross-bridge attachment at 10�9MCa2�. Thiswould also
result in an increase in resistance to filling the ventricle during
diastole. These effects on diastolic filling (preload) would result in
a decreased stroke volume (sv), especially under stress.
These three physiological effects of the hcTnI R145G muta-

tion would cause the cardiovascular system to react by increas-

FIGURE 9. Force and Ca2� transients in intact transgenic papillary muscle fibers. Shown are force (a) and
[Ca2�] (b) transients in Tg-R145G (n � 9) versus Tg-WT (n � 9) intact papillary fibers. Also shown are force (c) and
[Ca2�] (d) transients in NTg (n � 5) versus Tg-WT intact papillary fibers. Intact papillary muscle fibers were
stimulated at 1.0 HZ. Fluorescence produced by Fura-2 was recorded at the same time (see “Materials and
Methods” for details). As shown, force and [Ca2�] transients are both prolonged in Tg-R145G fibers compared
with Tg-WT fibers. As predicted, force and [Ca2�] transients do not have significant difference in Tg-WT fibers
compared with NTg fibers. Data are expressed as the mean of n (n � 5–9) experiments � S.E.

TABLE 2
Force and �Ca2�� transients in NTg, Tg-WT, and Tg-R145G intact
papillary fibers
t50 (duration) is the time from peak to 50% of force or Ca2� in relaxation; t10(duration) is
the time from peak to 10% of force or Ca2� in relaxation. Data are the mean of the n
experiments � S.E.

Mouse
Force transients Ca2� transients

n
t50(duration) t10(duration) t50(duration) t10(duration)

ms ms ms ms
NTg 79.0 � 4.4 164.0 � 12.4 165.8 � 12.4 432.6 � 9.3 5
Tg-WT 85.3 � 4.3 180.4 � 12.2 167.7 � 6.8 489.7 � 15.3 9
Tg-R145G 146.9 � 9.0a 361.3 � 13.3a 215.2 � 5.0a 627.8 � 13.4a 9

a Significantly different compared with Tg-WT and NTg (p 	 0.05). There are no
significant differences between Tg-WT and NTg.
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ing the heart rate (HR) to maintain a constant cardiac output
(CO) (CO�HR� SV). From themuscle’s point of view, energy
cost (ATP hydrolysis) would increase because of this high heart
rate as it does during exercise. Over time, a compensatory
increase in muscle mass (hypertrophy) would substitute for the
increase in heart rate in order to maintain cardiac output con-
stant. Thus, all of the above physiological changes caused by the
hcTnI R145G mutation would be predicted to be prohypertro-
phic in humans.
In summary, the hcTnI R145G mutation decreases the aver-

age force per cross-bridge, increases Ca2� sensitivity in the low
activating range of Ca2�, impairs the cTnI ability to inhibit
cross-bridge attachment under relaxing conditions, and pro-
longs force and intracellular Ca2� transients. These physiolog-
ical changes give insights into how the hcTnI R145G mutation
might trigger hypertrophy and also into the poor prognosis of
patients with this HCMmutation.
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