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Differential effect of troponin T mutations on the inotropic
responsiveness of mouse hearts – role of myofilament
Ca2+ sensitivity increase
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Troponin T (TnT) mutations that cause familial hypertrophic cardiomyopathy (FHC) and

sudden cardiac death frequently increase myofilament Ca2+ sensitivity, suggesting that their

Ca2+-sensitizing effect contributes importantly to the FHC pathogenesis. To test this hypothesis,

we compared transgenic mice expressing the Ca2+-sensitizing TnT-I79N mutant (I79N), which

causes a high rate of sudden cardiac death in patients, with mice expressing the more benign

TnT-R278C mutant (R278C) that does not affect myofilament Ca2+ sensitivity. Acutely increasing

myofilament Ca2+ sensitivity with EMD57033 served as a positive control. Isovolumically

contracting hearts were compared over a range of loading conditions (Frank-Starling curve).

Consistent with their increased myofilament Ca2+ sensitivity, I79N-Tg hearts demonstrated

significantly higher systolic performance at low perfusate [Ca2+] compared with R278C-Tg

hearts, which were not statistically different from control hearts expressing either human

wild-type TnT or no transgene (CON). Diastolic function was impaired in both FHC mutants

(time to 90% relaxation: I79N 48 ± 1.0 ms, n = 10 or R278C 47 ± 0.4 ms, n = 7, versus

CON 44 ± 1.0 ms, n = 20, P < 0.05). In the presence of isoproterenol, almost all contra-

ctile parameters of R278C hearts became indistinguishable from control hearts, whereas both

systolic and diastolic function of I79N hearts significantly worsened (end-diastolic pressure:

I79N 20 ± 4 mmHg versus CON 13 ± 2 mmHg or R278C 11 ± 2 mmHg, P < 0.05). The Ca2+

sensitizer EMD57033 produced an even greater contractile dysfunction than the I79N mutation

at fast pacing rates. In vivo, maximal exercise tolerance was significantly impaired only in

I79N mice. Pretreatment with β-adrenergic receptor antagonists abolished differences in

exercise tolerance. In conclusion, the Ca2+-sensitizing effects of TnT mutations may reduce

the responsiveness of mouse hearts to inotropic stimuli.
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Familial hypertrophic cardiomyopathy (FHC) is an
autosomal-dominant disease resulting from mutations
in genes encoding cardiac contractile proteins, and is
an important cause of sudden cardiac death (Marian &
Roberts, 2001). Mutations in cardiac Troponin T (TnT)
are responsible for approximately 7% of FHC cases
(Richard et al. 2003). Based on data from in vitro studies
where mutant TnT was reconstituted in skinned fibres or
where skinned fibres were obtained from transgenic mice,
FHC-linked TnT mutations can have a variety of effects on
regulation of contraction (i.e. alterations of actin–myosin

ATPase activity, of maximally developed force, or of cross-
bridge cycling rate) depending on the mutation studied
and the in vitro assay used. Interestingly, almost all TnT
mutations appear to increase the apparent Ca2+ sensitivity
of contraction (Knollmann & Potter, 2001), which suggests
that the Ca2+-sensitizing effect of TnT mutations may play
an important role in the pathogenesis of hypertrophic
cardiomyopathy. Consistent with this idea, we recently
discovered that the TnT-R278C mutation, which appears
to carry a better prognosis of mild to moderate hyper-
trophy late in life (Elliott et al. 1999; Garcia-Castro et al.

C© 2006 The Authors. Journal compilation C© 2006 The Physiological Society DOI: 10.1113/jphysiol.2006.107557



202 S. G. Sirenko and others J Physiol 575.1

2003; Van Driest et al. 2003), is different from other
FHC-linked TnT mutations, in that it does not increase
myofilament Ca2+ sensitivity when expressed in mice, or
reconstituted in human cardiac fibres (Hernandez et al.
2005). At the same time, the clinical phenotype can be
quite variable, and even the TnT-R278C mutation can
produce vastly different phenotypes in different families,
suggesting that modifier genes importantly contribute to
the human phenotype (Theopistou et al. 2004). Several
recent epidemiological studies also failed to identify a
clear phenotype–genotype correlation (Van Driest et al.
2003). Given the limited data, small numbers per genotype
and large genetic variability in clinical studies, the use of
transgenic animals may provide an opportunity to
determine the direct consequences of an individual
mutation on cardiac function versus the results of modifier
genes present in the afflicted family.

Our previous studies demonstrated that mice expressing
TnT mutants that sensitize myofilaments to the effects of
Ca2+ such as TnT-I79N and TnT-F110I had a significantly
impaired maximum exercise tolerance in vivo, whereas
mice expressing the non-sensitizing TnT-R278C mutant
did not (Hernandez et al. 2005). Furthermore, transgenic
mice expressing the sensitizing TnT-I79N mutant
(I79N-Tg mice) develop cardiac dysfunction (Knollmann
et al. 2001), diastolic heart failure (Westermann et al. 2006)
and ventricular arrhythmias (Knollmann et al. 2003)
in the presence of β-adrenergic stimulation. Thus, we
hypothesize that the Ca2+-sensitizing effect may
contribute to the contractile dysfunction caused by
FHC-linked TnT mutations. To test this hypothesis, we
compared the isovolumic function of hearts expressing
the sensitizing TnT-I79N mutant with that of hearts
expressing the non-sensitizing TnT-R278C mutant over a
range of loading conditions (Frank-Starling properties).
Acutely increasing Ca2+-myofilament sensitivity with
EMD 57033 served as a positive control. Our results
suggest that the Ca2+-sensitizing effects of either TnT
mutations or drugs significantly impair the positive
inotropic response to β-adrenergic receptor agonists,
particularly at fast pacing rates.

Methods

Experimental protocol

All studies were carried out according to National Institutes
of Health guidelines and were approved by the institutional
animal care and use committee. To examine the effect
of the TnT mutations that have differential effects on
myofilament Ca2+ sensitivity on cardiac performance,
we compared 3 to 4 month old mice of the following
genotypes: transgenic mice expressing either human
wild-type (WT-Tg) or mutant cardiac TnT (I79N-Tg,
R278C-Tg) and non-transgenic littermates (NTG). The

generation and in vitro characterization of these
transgenic models has been described (Miller et al. 2001;
Hernandez et al. 2005). Briefly, in skinned papillary
muscle fibres, replacement of endogenous TnT with
TnT-I79N resulted in an increased Ca2+ sensitivity of
force development (average pCa50 increase of 0.2) and an
average decrease in maximal developed force of 30%. These
results were confirmed in two independently generated
transgenic lines with relative expression levels of 35%
and 52% TnT-I79N, respectively (Miller et al. 2001). In
contrast, replacement of endogenous mouse TnT with
TnT-R278C (four independently generated transgenic
lines with relative expression levels ranging from 35%
to 55%) had no significant effect on myofilament Ca2+

sensitivity of force, while decreasing maximal developed
force, on average, by 42% (Hernandez et al. 2005).
For the current study we examined mice from one
transgenic line per genotype (WT-Tg line 3, I79N-Tg line
8 and R278C-Tg line 1, with approximately 46%, 52%
and 35% relative expression of transgenic TnT protein,
respectively). EMD 57033 was generously provided by
Merck KGaA, Darmstadt, Germany. All other chemicals
were obtained from Sigma-Aldrich Inc., St Louis, MO,
USA).

Isolated perfused heart preparation

Mice were anaesthetized with 20 ml kg−1 2.5%
tribromoethanol (Avertin) via intraperitoneal injection.
After a surgical level of anaesthesia was confirmed, a
thoracotomy was performed, the heart was removed,
and the animal was killed by exsanguination. Hearts
of 14 NTG, 12 Tg-WT, 14 Tg-I79N and 12 Tg-R278C
mice were successfully isolated and perfused in the
Langendorff mode as we previously described for mouse
hearts (Knollmann et al. 2001). In brief, the chest was
opened, the heart was rapidly excised, and the aorta
was cannulated. Retrograde perfusion via the aorta was
carried out at a constant perfusion pressure of 80 mmHg
at 37◦C. The flow of thebesian veins was drained via
a thin polyethylene tube (PE-10) pierced through the
apex of the left ventricle. Krebs-Henseleit (KH) buffer
containing (mmol l−1) 118 NaCl, 4.7 KCl, 1.2 NaH2PO4,
1.2 MgCl2, 2.5 CaCl2, 0.5 Na-EDTA, 25 NaHCO3 and 11
glucose was prepared at the time of the experiment. To
maintain a constant heart rate, the atrioventricular node
was thermally ablated, and the hearts were epicardially
paced at different pacing rates via a bipolar platinum
hook electrode placed on the apex of the right ventricle.

Hearts were allowed to equilibrate for 15 min before
baseline left ventricular pressure recordings were obtained.
To examine the effects of different inotropic states, the
heart was then perfused with KH buffer containing free
[Ca2+] of 0.6, 1.2, 2, 3.5 and 5 mmol l−1. Free [Ca2+]o
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was calculated using Fabiato’s program (Fabiato, 1988).
All perfusion buffers were equilibrated with 95% O2 plus
5% CO2 for at least 1 h prior to the experiment, yielding a
pH of 7.4.

To examine the effect of β-adrenergic receptor
stimulation, isoproterenol was used at a concentration of
0.1 μmol l−1, based on its EC50 value of 0.05 μmol l−1

in the isolated perfused mouse heart (Zhai et al. 2000).
It should be recognized that in the intact organism, the
action of isoproterenol on the heart is amplified severalfold
(Majewski, 1983; Ludwig et al. 1989). Hence, the
isoproterenol concentration used in our study cannot
be compared to isoproterenol concentrations used
in vivo.

Measurement of isovolumic cardiac performance

After a 10 min baseline perfusion, a bubble-free, fluid-filled
balloon, custom-made of polyvinylchloride film, was
inserted through the mitral valve into the left ventricle
(LV) via an incision in the left atrium, as we have
previously described (Knollmann et al. 2001). For
continuous LV pressure recordings, a 1.4-French microtip
transducer (Millar, Inc, Houston, TX, USA) was guided
through the polyethylene tube and positioned inside the
balloon.

After 10–15 min of baseline recordings, systolic and
diastolic pressure–volume relationships were determined
by increasing the LV balloon volume in 3–5 μl increments
using a gas-tight glass syringe (100 μl). The balloon
volume was increased until peak LV developed pressure
was reached and a further increase led to a decrease
in LV developed pressure. A new steady state for each
increment was reached usually in 30–60 s, and only this
LV pressure recording was used for further data analysis.
Left ventricular developed pressure was plotted against the
corresponding preloads.

The left ventricular pressure was digitized at
1000 samples s−1 with the use of a commercially available
data acquisition system (PowerLab, ADInstruments, Inc.,
Colorado Springs, CO, USA). The fast sampling rate,
coupled with the use of a pressure catheter with a flat
frequency response up to 10 kHz, allowed detailed kinetic
analyses of pressure recordings. The following indices
of cardiac performance were measured off-line using
custom-built software (National Instruments, Inc., Austin,
TX, USA) and averaged from three consecutive beats:
left ventricular systolic pressure, end-diastolic pressure
(EDP), developed pressure (the difference between systolic
pressure and EDP), the minimum and maximum values
of the first derivative of left ventricular pressure (peak
+dP dt−1 and −dP dt−1), peak +dP dt−1 and −dP dt−1

normalized for developed pressure, ratio of +dP dt−1 and
−dP dt−1, and time from peak systolic pressure to reach
90% relaxation.

Because mutations differently affected the LV volume
and compliance (see Table 1), cardiac contractile
parameters were compared at LV loading volumes that
produced the maximum developed pressure (= peak of
the Frank-Starling relationship) for each heart.

Treadmill exercise protocol

Treadmill exercise was conducted as previously described
(Hernandez et al. 2005). Briefly, mice were randomly
assigned to groups of five and placed individually into
special chambers of the motorized rodent treadmill
(Exer-6M, Columbus Instruments, Columbus, OH, USA).
The electrical shock grid located behind the belt of
the treadmill was activated with every experimental
session. The slope of the treadmill was kept constant at
15 deg inclination at a starting speed 16 m min−1, with
incremental increases in treadmill belt speed by 2 m min−1

every 2 min, until the mouse exhibited signs of exhaustion.
Exhaustion was defined as the mouse spending > 50% of
the time or > 15 s consecutively on the shock grid (Desai
et al. 1997). The total running distance was recorded and
used as an indicator of maximum exercise tolerance. To
avoid complications from psychological stress, animals
were trained for 2 days prior to experimental trials to run
on the treadmill two times a day, for 20 min at a fixed speed
of 16 m min−1, for a total of 640 m day−1. Each running
session was separated by 3 h. These training sessions
reduced the amount of electrical stimulation necessary
to maintain running behaviour during the experimental
trial.

Statistical analysis

All experiments were done in random sequence with
respect to the genotype, and measurements were taken
by a single observer who was blinded to the genotype.
Differences among the four groups were assessed using
a one-way analysis of variance. If statistically significant
differences were found, individual groups were compared
with Student’s t test. Results were considered statistically
significant if the P-value was less than 0.05. Unless
otherwise indicated, results are expressed as means and
s.e.m. Consistent with our previous report (Knollmann
et al. 2001), none of the contractile parameters examined
were significantly different between the NTG and the
WT-Tg control group (Tables 1 and 2). To further validate
this finding, data from the NTG and the WT-Tg group
were combined into a single control group and the
ANOVA analysis repeated with only three groups (control,
I79N-Tg, R278C-Tg). The ANOVA P-values consistently
increased in the validation analysis (compare last two
columns of Tables 1 and 2), suggesting that the approach of
pooling the two control groups was valid. For clarity, only

C© 2006 The Authors. Journal compilation C© 2006 The Physiological Society



204 S. G. Sirenko and others J Physiol 575.1

Table 1. Baseline contractile parameters of isovolumetrically contracting mouse hearts paced at 10 Hz. For each heart, parameters
were obtained at LV balloon volume that produced the maximum developed pressure

ANOVA P-value

NTG WT-Tg Control I79N-Tg R278C-Tg NTG, WT, Control,
Parameters (NTG + WT-Tg) I79N, 179N,

(n = 15) (n = 5) (n = 20) (n = 10) (n = 6) R278C R278C

End-diastolic pressure (mmHg) 19.39 ± 2.12 24.3 ± 7.1 20.7 ± 2.3 22.7 ± 1.9 23.8 ± 1 0.5620 0.6784
Developed pressure (mmHg) 76.16 ± 2.35 74.73 ± 5.57 76 ± 2.18 68 ± 2.2 71 ± 2.76 0.1478 0.0618
Peak +dP dt−1 (mmHg s−1) 3293 ± 125 3199 ± 339.7 3268 ± 122 2739 ± 88‡∗ 2847 ± 138.5 0.0283 0.0113
Normalized +dP dt−1 43.19 ± 0.68 42.51 ± 1.59 43 ± 0.63 41 ± 1.0∗ 40 ± 0.95∗ 0.0987 0.0486
Peak −dP dt−1 (mmHg s−1) 2461 ± 106 2503 ± 297.44 2472 ± 105 1749 ± 112‡∗ 1990 ± 77.4‡∗ 0.0007 0.0002
Normalized −dP dt−1 32.19 ± 0.61 33.12 ± 1.68 32 ± 0.61 26 ± 1.6‡§∗ 28 ± 0.38‡+∗ 0.0002 0.0002
Ratio +dP dt−1

to −dP dt−1 1.35 ± 0.03 1.29 ± 0.04 1.33 ± 0.02 1.6 ± 0.11‡§∗ 1.43 ± 0.04 0.0198 0.0051
TTR 90% (ms) 44 ± 0.7 44 ± 1.8 44 ± 0.7 48 ± 1.0‡§∗ 47.4 ± 0.4‡∗ 0.0049 0.0020
Balloon volume (μl) 34.2 ± 1.54 40.4 ± 3.56 35.8 ± 1.53 25.9 ± 1.21‡§∗† 32.4 ± 1 0.0002 0.0003

Data are mean ± S.E.M.; control = combined data from NTG and WT-Tg; ‡P < 0.05 versus NTG; §P < 0.05 versus WT; ∗P < 0.05 versus
control; †P < 0.05 I79N-Tg versus R278C-Tg.

Table 2. Contractile parameters of isovolumetrically contracting mouse hearts after administration of 0.1 μmol l −1of ISO paced at
10 Hz. For each heart, parameters were obtained at LV balloon volume that produced the maximum developed pressure

ANOVA P-value

NTG WT-Tg Control I79N-Tg R278C-Tg NTG, WT, Control,
Parameters (NTG + WT-Tg) I79N, I79N,

(n = 16) (n = 6) (n = 22) (n = 10) (n = 6) R278C R278C

End-diastolic pressure (mmHg) 14.8 ± 1.6 10.1 ± 2.9 13.5 ± 1.5 20.2 ± 3.22∗ 11.2 ± 1.7 0.0434 0.0428
Developed pressure (mmHg) 108 ± 3.98 106 ± 8.13 107 ± 3.55 90.74 ± 5.3‡∗† 110 ± 2.08 0.0435 0.0192
Peak +dP dt−1 (mmHg s−1) 6664 ± 317 6636 ± 583 6656 ± 272 5572 ± 460 6757 ± 478 0.1842 0.0857
Normalized +dP dt−1 61.54 ± 0.91 62.4 ± 1.16 61.8 ± 0.72 60.7 ± 2 61 ± 3.17 0.9272 0.8344
Peak −dP dt−1 (mmHg s−1) 5270 ± 221 5209 ± 426 5254 ± 193 3942 ± 290‡§∗† 5236 ± 324 0.0049 0.0015
Normalized −dP dt−1 49 ± 0.85 49 ± 1.69 49 ± 0.75 43 ± 1.56‡§∗ 47.5 ± 2.11 0.0083 0.0026
Ratio +dP dt−1

to −dP dt−1 1.27 ± 0.03 1.27 ± 0.04 1.27 ± 0.02 1.41 ± 0.06‡∗ 1.29 ± 0.02 0.0682 0.0165
TTR 90% (ms) 29 ± 0.5 29 ± 1.1 29 ± 0.4 34 ± 1.4‡§∗ 32 ± 1.0‡∗ 0.0010 0.0002
Balloon volume (μl) 28.5 ± 1.17 28.3 ± 1.05 28.45 ± 0.88 23.7 ± 0.72‡§∗† 27.7 ± 1.58 0.0209 0.0069

Data are mean ± S.E.M.; control = combined data from NTG and WT-Tg; ‡P < 0.05 versus NTG; §P < 0.05 versus WT; ∗P < 0.05 versus
control; †P < 0.05 I79N-Tg versus R278C-Tg.

the data from the combined control group are reported
below.

Results

Contractile function of isovolumically beating hearts

Data from skinned cardiac muscle fibres demonstrated
that TnT-I79N increased Ca2+ sensitivity of force
development (Miller et al. 2001), whereas TnT-R278C
did not (Hernandez et al. 2005). To test the hypothesis
that the differential Ca2+-sensitizing effect of these
two TnT mutations significantly contributes to the
contractile function of intact hearts, contractile
parameters were measured in isolated, isovolumically
beating hearts. This technique allows determining heart
function at corresponding points of the Frank-Starling
curve when examining hearts that have different diastolic
stiffness or heart size (Stromer et al. 1997). This is
particularly important as we have previously shown that

I79N-Tg hearts are smaller and have an increased diastolic
stiffness (Knollmann et al. 2001). Figure 1A illustrates the
intraventricular pressure recordings that were obtained
from an isolated perfused control heart paced at a
rate of 5 Hz after stepwise increases in intraventricular
balloon volume. In this fashion, pressure–volume
relationships of developed pressure (Frank-Starling
curve) were constructed for each heart and averaged
for each group (Fig. 1B). Maximum developed pressure
was not statistically different among the three groups
of hearts (I79N-Tg 89 ± 8 mmHg, n = 4, versus control
87 ± 7 mmHg, n = 6, versus R278C-Tg 83 ± 6 mmHg,
n = 6, not significant (n.s.)), but, as anticipated, the
Frank-Starling curve was shifted leftward in I79N-Tg
hearts (Fig. 1B), with peak developed pressure generated
at significantly lower balloon volumes in I79N-Tg
(26 ± 1.3 μl) versus control (37 ± 1.3 μl) and R278C-Tg
hearts (34 ± 1.5 μl, P < 0.01 versus I79N-Tg). To correct
for this leftward shift, contractile parameters were
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measured for each heart at the balloon volume that
generated peak developed pressure. Parameters of systolic
function (developed pressure, peak +dP dt−1) were
not statistically different among the three groups. In
contrast, peak rate of pressure decay was significantly
slower in I79N-Tg (−1617 ± 223 mmHg s−1) and
R278C-Tg (−1599 ± 175 mmHg s−1) compared with that
of control hearts (−2121 ± 129 mmHg s−1, P < 0.05).
Other parameters of diastolic function (peak +dP dt−1 to
peak −dP dt−1 ratio, time to 90% relaxation) were also
significantly impaired in both I79N-Tg and R278C-Tg
hearts, with no statistically significant differences between
the two TnT mutants (compare also Table 1 for results
at a faster pacing rates). These results suggest that
although the two TnT mutants have different effects of
myofilament Ca2+ sensitivity of developed force based
on fibre studies, this does not translate into changes of
contractile parameters in the intact heart, at least under
baseline conditions.

Ca2+ dependence of contractile function

The next set of experiments were designed to try to
corroborate the fibre data in the intact heart by measuring
the effect of increasing perfusate Ca2+-concentration
on the pressure-volume relationship of control and
TnT-mutant hearts. Consistent with the fibre data, at low
perfusate [Ca2+] (0.6 and 1.2 mmol l−1), peak developed
pressure was significantly higher in I79N-Tg hearts,
whereas R278C-Tg hearts were indistinguishable from
control hearts (Fig. 2A, top two panels). Compared with
control or R278C-Rg hearts, peak developed pressure
(arrows, Fig. 2A) occurred at significantly lower LV balloon
volumes in I79N-Tg hearts. When perfusate [Ca2+]
was increased further (i.e. from 1.2 to 5 mmol l−1), the
contractility of I79N-Tg hearts increased significantly less
than that of either control or R278C-Tg hearts (increase in
developed pressure: I79N-Tg 31 ± 6 mmHg versus control
71 ± 7 mmHg versus R278C-Tg 70 ± 8 mmHg, P < 0.01).
As a result, peak developed pressures were not statistically
different among the three groups of transgenic mice
at perfusate [Ca2+] of 2 mmol l−1 or higher (Fig. 3A).
I79N-Tg hearts also did not exhibit the physiological
leftward shift of the Frank-Starling relationship observed
in R278C-Tg or control hearts in response to higher
perfusate [Ca2+] (Fig. 2, arrows). These results suggest
that I79N-Tg hearts have a reduced response to positive
inotropic stimulation.

Diastolic function as measured by the end-diastolic
pressure–volume relationship (Fig. 2B) was not
significantly different among the three groups at
low perfusate [Ca2+] (0.6 and 1.2 mmol l−1). At higher
perfusate [Ca2+] there was an increasing separation of the
end-diastolic pressure volume relationships of I79N-Tg,

R278C-Tg and control hearts. These results suggest
that compliance of TnT-mutant hearts was decreased
compared to that of control hearts at higher perfusate
[Ca2+]. Figure 3 summarizes the Ca2+-dependence of
systolic (Fig. 3A) and diastolic function (Fig. 3B) of
control, I79N-Tg and R278C-Tg hearts. Note that at the
highest perfusate [Ca2+] examined (5 mmol l−1), diastolic
function was significantly worse in I79N-Tg compared to
R287C-Tg hearts (Fig. 3B).

Contractile function at fast heart rates and in
presence of isoproterenol

We have previously demonstrated that anaesthetized
I79N-Tg mice develop cardiac dysfunction (Knollmann
& Potter, 2001; Westermann et al. 2006) and ventricular
arrhythmias after administration of isoproterenol
(Knollmann et al. 2003). However, in vivo it is
difficult to distinguish between the effect of the
isoproterenol-induced increase in heart rate and
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direct effects of isoproterenol on cardiac contractility.
Thus, to further explore the mechanism of the
isoproterenol-induced cardiac dysfunction, contractile
parameters were first measured at a fast pacing rate of
600 beats min−1. To correct for the leftward shift of the
Frank-Starling curve of I79N-Tg mice (see also Figs 2
and 3), contractile parameters were again measured
for each heart at the balloon volume that generated
peak developed pressure. Average values for each group
are given in Table 1. In contrast to measurements at
lower pacing rates (compare Fig. 1), parameters of
systolic function (peak +dP dt−1, normalized +dP dt−1)
were now significantly depressed in I79N-Tg hearts
compared to control hearts (Table 1 and Fig. 4, baseline
data). Systolic parameters of R278C-Tg hearts were also
modestly suppressed, but only the rate of pressure rise
normalized for developed pressure (+dP dt−1/−dP dt−1)
was significantly different from control (Table 1).
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Figure 2. Pressure–volume relationships of
developed (A) and end-diastolic (B) pressure
measured in isolated, perfused control (n = 6),
R278C-Tg (n = 6) and I79N-Tg (n = 4) hearts at
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Arrows indicate maximum developed pressure.

As already observed at slower pacing rates, diastolic
parameters of both mutants were significantly different
from those obtained from control hearts (Table 1).

Application of isoproterenol (0.1 μmol l−1) in hearts
paced at 10 Hz resulted in a dramatic increase in developed
pressure and leftward shift of the Frank-Starling curve
in control hearts (Fig. 4A). In contrast, I79N-Tg hearts
had a significantly smaller increase in developed pressure,
and no significant shift in the Frank-Starling curve
(Fig. 4B and Table 2). Surprisingly, R278C-Tg hearts had
an isoproterenol response that was much greater than
that of I79N-Tg, and similar to that of control hearts
(compare also Fig. 4B and C). Even adjusting for the
lower absolute developed pressure of I79N-Tg mice
under basal conditions did not explain their depressed
isoproterenol response: isoproterenol induced average
developed pressure increases of 35 ± 7.6% in I79N-Tg
mice and 55 ± 5.2% in R278C-Tg mice, respectively
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(P < 0.05). Furthermore, parameters of diastolic function
almost completely normalized in R278C-Tg hearts (with
the exception of a slight prolongation in time to
90% relaxation, Table 2), whereas diastolic function was
significantly impaired in I79N-Tg compared to both
control and R278C-Tg hearts (Table 2). These data suggest
that the Ca2+-sensitizing effect of the I79N mutation
may contribute to the impaired contractile response and
diastolic dysfunction, observed both at fast pacing rates
and in the presence of β-adrenergic receptor stimulation
with isoproterenol.

Effect of myofilament Ca2+ sensitizers
on cardiac performance

To more directly test the hypothesis that the
Ca2+-sensitizing effect of the I79N mutation was
responsible for the cardiac dysfunction at fast pacing rates
and in the presence of isoproterenol, we measured cardiac
contractile parameters in the presence of the myofilament
sensitizer, EMD 57033. This compound has been reported
to be relatively specific for its action on myofilaments
(White et al. 1993) and increases myofilament Ca2+

sensitivity slightly more (i.e. ∼0.3 pCa units) (Solaro
et al. 1993) than the I79N mutation (i.e. ∼0.2 pCa units)
(Miller et al. 2001). As illustrated in Figs 5 and 6, the effect
of EMD (3 μm) on cardiac contractility of control hearts
was significantly dependent on the pacing rate: at slow
pacing rates (5 Hz, Fig. 5), EMD significantly increased
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Figure 3. Ca2+ dependence of maximum developed pressure
(A) and time to 90% relaxation (B) of control, R278C-Tg and
I79N-Tg hearts
For each heart, time to 90% relaxation was determined at balloon
volumes that produced maximum developed pressure, and average
values plotted for control (n = 6), R278C-Tg (n = 6) and I79N-Tg
(n = 4) hearts. ∗P < 0.05 versus control; †P < 0.05 I79N-Tg versus
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parameters of systolic function (developed pressure, peak
+dP dt−1, normalized +dP dt−1), although its effect was
significantly less than that of 0.1 μmol l−1 isoproterenol
(Fig. 5B, D and F). Interestingly, applying EMD in the
presence of isoproterenol did not further enhance systolic
function compared with the effects of isoproterenol
alone (Fig. 5B, D and F). Application of EMD alone
had no effect on parameters of diastolic function (i.e.
EDP, peak −dP dt−1, normalized −dP dt−1, dP dt−1

ratio, time to 90% relaxation, Fig. 5C, E, G, H and I).
However, applying EMD in the presence of isoproterenol
significantly worsened most parameters of diastolic
function compared to application of isoproterenol alone
(Fig. 5G, H and I).

Unlike at slow pacing rates, at fast pacing rates
myofilament sensitization with EMD had no measurable
effect on systolic function (10 Hz, Fig. 6B, D and F), and
significantly worsened parameters of diastolic function
(Fig. 6C and G). Furthermore, applying EMD in presence
of isoproterenol significantly decreased developed pressure
compared to application of isoproterenol alone (Fig. 6B).
Parameters of diastolic function significantly and
reversibly worsened compared to measurements obtained
either at baseline or in the presence of isoproterenol
or EMD alone (Fig. 6C, E, G, H and I). These data
indicate that the Ca2+ sensitization of myofilaments, either
pharmacologically or by a TnT mutation, may lead to
impaired cardiac performance at fast heart rates and/or
in presence of β-adrenergic stimulation.
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Effect of β-adrenergic receptor blockade on
maximum exercise tolerance

Maximum exercise tolerance provides a measure of
overall cardiopulmonary function. We previously showed
that maximum exercise tolerance of R278C-Tg mice
was not statistically different from that of WT-Tg mice,
whereas I79N-Tg mice had a significantly reduced exercise
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Figure 5. Effect of the myofilament Ca2+ sensitizer EMD 57033 on cardiac contractile function at a slow
pacing rate (5 Hz)
A, representative pressure tracings recorded from hearts paced at 5 Hz at baseline, in the presence of isoproterenol
(ISO, 0.1 μmol l−1), in the presence of EMD 57033 (3 μmol l−1), and in the presence of ISO and EMD. Comparison
of average maximum developed pressure (B), end-diastolic pressure (EDP, C), peak +dP dt−1 (D), peak −dP dt−1

(E), normalized peak +dP dt−1 (F), normalized peak −dP dt−1 (G), ratio of peak −dP dt−1 over peak +dP dt−1

(H), and time to 90% relaxation (I). Data are means ± S.E.M.; ∗P < 0.05 versus baseline; †P < 0.0.5 versus EMD,
‡P < versus all other.

tolerance (Hernandez et al. 2005). Based on the in vitro data
presented here (Figs 1–6), it is intriguing to speculate that
the detrimental effects of a Ca2+ sensitivity increase was
responsible for decreased exercise tolerance of I79N-Tg
mice. To test the hypothesis, we repeated the exercise
tolerance test after intraperitoneal administration of the
β-adrenergic inhibitor propranolol (1 mg kg−1). This dose
has previously been shown to prevent the exercise-induced
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increase in heart rate in mice and will inhibit effects of
β-adrenergic stimulation (Desai et al. 1997). Indeed, after
pretreatment with propranolol, there were no statistically
significant differences in acute exercise tolerance among
all three groups of mice (average running distance:
WT-Tg 518 ± 54 m, n = 13, I79N-Tg 457 ± 95 m, n = 14,
R278C-Tg 494 ± 47 m, n = 11, n.s). It should be noted
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Figure 6. Effect of the myofilament Ca2+ sensitizer EMD 57033 on cardiac contractile function at a fast
pacing rate (10 Hz)
A, representative pressure tracings recorded from hearts at baseline, in presence of isoproterenol (ISO,
0.1 μmol l−1), in presence of EMD 57033 (3 μmol l−1), and in presence of ISO and EMD. Comparison of average
maximum developed pressure (B), end-diastolic pressure (EDP, C), peak +dP dt−1 (D), peak −dP dt−1 (E), normalized
peak +dP dt−1 (F), normalized peak −dP dt−1 (G), ratio of peak −dP dt−1 over peak +dP dt−1 (H), and time to
90% relaxation (I). Data are means ± S.E.M.; ∗P < 0.05 versus baseline; †P < 0.0.5 versus EMD, ‡P < versus all
other.

that all groups showed a reduced exercise tolerance after
propranolol.

Heart size

Average heart weight to body weight ratio of R278C-Tg
mice was not significantly different from control, whereas
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heart weight to body weight ratio of I79N-Tg hearts was
on average smaller than that of control mice (Fig. 7A).
As discussed earlier, this finding may partially explain
why I79N-Tg hearts reached peak developed pressure at
lower LV volumes and demonstrated a leftward shift of the
Frank-Starling curves (compare also Figs 1, 2 and 4). On
the other hand, there was significant atrial hypertrophy in
both mutant TnT groups (Fig. 7B), which may represent a
consequence of the impaired diastolic function induced
by the TnT mutants under basal conditions (compare
Table 1).

Discussion

The major finding of this study is that increasing
myofilament Ca2+ sensitivity either acutely with the Ca2+

sensitizer EMD 57033, or chronically by cardiac-targeted
expression of Ca2+-sensitizing TnT mutants, significantly
limited the cardiac inotropic response to isoproterenol,
whereas the relatively benign TnT-R278C mutation,
which has no effect on myofilament Ca2+ sensitivity,
did not (compare Figs 3, 4, 5 and 6). This suggests that
the Ca2+ sensitization caused by most TnT mutations
may contribute to the pathogenesis of the hypertrophic
cardiomyopathy. The findings that only the mice
expressing the Ca2+-sensitizing TnT-I79N mutation
exhibit impaired exercise tolerance, which can be
prevented by β-adrenergic receptor blockade, and
that these mice die after isoproterenol administration
(Knollmann et al. 2001), further confirms the significance
of the reduced inotropic response to β-adrenergic
stimulation in vivo.
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Consistent with our data, several investigators have
previously documented a reduced contractile response
to inotropic agents in other murine models expressing
FHC-linked mutant sarcomeric proteins that increase
myofilament Ca2+ sensitivity: isovolumically contracting
hearts of transgenic mice expressing the TnT-R92Q
mutant, which sensitizes myofilaments to a similar
degree as the TnT-I79N mutant, failed to increase
developed pressure upon increase in perfusate Ca2+ from
2.5 to 4 mmol l−1 (Javadpour et al. 2003). Transgenic
mice harbouring the α-tropomyosin D175N mutation
demonstrated a decreased relaxation rate and blunted
contractile response to β-adrenergic stimulation (Evans
et al. 2000). Similarly, myocytes expressing slow skeletal
TnI, which significantly increases myofilament Ca2+

sensitivity, also demonstrate a blunted contractile response
to isoproterenol (Fentzke et al. 1999; Layland et al.
2004). In contrast, the contractile response remained
intact in transgenic mice with decreased myofilament
Ca2+ sensitivity induced by overexpressing a proteolytic
degradation fragment of troponin I found in stunned
myocardium (Kogler et al. 2001). Together with the data
reported here, these results suggest that increasing myo-
filament Ca2+ sensitivity may affect the positive inotropic
response to isoproterenol, whereas decreasing myofilament
Ca2+ sensitivity does not.

The positive inotropic response to isoproterenol is
thought to be largely a function of β-adrenergically
mediated increases in intracellular Ca2+ transients and
Ca2+ stores, since myofilament Ca2+ sensitivity actually
decreases in response to β-adrenergic agonist via protein
kinase A (PKA) phosphorylation of troponin I (Robertson
et al. 1982). Maximum tension of intact mammalian
cardiac cells is limited by the amount of Ca2+ that
the sarcoplasmic reticulum can accumulate and release
(Fabiato, 1981). Hence, impaired Ca2+ cycling and/or
disruption of the β-adrenergic signalling cascade are
commonly found in humans and animal models with
ischaemic or dilated cardiomyopathy (Ayobe & Tarazi,
1983; Beuckelmann et al. 1992; Yao et al. 1998; Ito et al.
2000). However, previous experimental results suggest that
β-adrenergic signalling may not be affected in I79N-Tg
and other transgenic mice with increased myofilament
Ca2+ sensitivity: (1) I79N-Tg mice demonstrate a normal
heart rate response to isoproterenol (Knollmann &
Potter, 2001); (2) in the presence of isoproterenol,
intracellular Ca2+ transients and SR Ca2+ stores increased
to an even greater degree in I79N-Tg myocytes compared
to control myocytes (Knollmann et al. 2003); and
(3) β-adrenergic receptor density of transgenic mice
expressing the Ca2+-sensitizing α-tropomyosin D175N
mutation were increased despite a significant reduction
in isoproterenol-recruitable contractile response (Evans
et al. 2000). More recently, an essential role of troponin
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I for the positive inotropic response to β-adrenergic
receptor has been demonstrated both in isovolumically
and auxotonically contracting hearts (Layland et al. 2004).
Interestingly, these experiments utilized transgenic mice
cardiac targeted expression of slow-skeletal TnI, which
causes a myofilament Ca2+ sensitivity increase similar
to that observed in the I79N-Tg mice examined here.
Together with our data from acute application of the
Ca2+ sensitizer EMD 57033 (Figs 5 and 6), these results
suggest that the Ca2+ sensitization of myofilaments alone
may be sufficient to reduce the inotropic response to
isoproterenol.

There are several possible mechanisms that may
contribute to this phenomenon.

(1) Muscle relaxation is impaired with interventions that
increase myofilament Ca2+ sensitivity such as EMD
(Fig. 6, TR90% and White et al. 1993). Thus, incomplete
relaxation could result in decreased diastolic filling
especially at fast pacing rates, accompanied by decreased
end-diastolic sarcomere length, and decreased cardiac
stroke volume. While this mechanism could clearly
contribute to a decrease in systolic function in ejecting
hearts and in vivo, it is less likely to explain the decrease
in maximum contractility in the isovolumic preparation
examined here.

(2) Interventions that increase myofilament Ca2+

sensitivity decrease the amplitude and slow the decay
kinetics of cytosolic free [Ca2+] (Ca2+ transient) during
the cardiac cycle. This has been shown experimentally
with EMD 57033 (Kawai et al. 2000) or during
isometric versus unloaded muscle contractions (Janssen
& de Tombe, 1997). These data suggests that the apparent
binding affinity of troponin C to Ca2+ is increased,
either directly, or as is the case for EMD, via increasing
the rate of interaction of myosin with actin resulting in
more strongly bound crossbridges (Solaro et al. 1993).
As a result, more Ca2+ may be bound to troponin
C during systole, and dissociate more slowly during
muscle relaxation. While not tested directly, this idea is
supported by the observation that myocytes expressing the
Ca2+-sensitizing TnT-I79N mutant also had significantly
slower decay kinetics and elevated end-diastolic [Ca2+]
at fast pacing rates and in the presence of isoproterenol
(Knollmann et al. 2003), whereas myocytes expressing
the non-sensitizing TnT-R287N mutant did not (Sirenko
et al. 2003). Since the major SR Ca2+ transport enzyme
SERCA2 has to compete against an increased cytoplasmic
buffering capacity provided by the myofilaments, less
Ca2+ may be taken up into the sarcoplasmic reticulum
at fast pacing rates. As a result, less Ca2+ would be
available for release for the next, and therefore weaker,
contractions. Future experiments will have to test this
hypothesis directly.

(3) It is intriguing to speculate that the physiological Ca2+

desensitization of troponin I by PKA phosphorylation
(Robertson et al. 1982) serves to enhance Ca2+ reuptake
at fast heart rates. In this regard, we cannot exclude
that the TnT-I79N mutation interferes with the PKA
regulation of troponin I. However, this was found not to
be the case in mice expressing a Ca2+-sensitizing α-Tm
mutation, which also have decreased contractile
response to isoproterenol and closely resemble
the phenotype of I79N-Tg mice. We also have
preliminary data suggesting that PKA phosphorylation of
TnI right-shifts the pCa–force relationship of control and
I79N-Tg mutant fibres to a similar degree.

(4) Finally, decreased energetics has recently been
postulated as the cause of impaired inotropic response
of transgenic hearts expressing the Ca2+-sensitizing
TnT-R92Q mutant (Javadpour et al. 2003). The TnT-R92Q
mutation shares many characteristics with the TnT-I79N
mutation studied here, both in skinned fibres (Szczesna
et al. 2000; Chandra et al. 2001) and in transgenic
mice (Tardiff et al. 1999). However, that the other
mutation examined here, TnT-R278C-Tg, also reduced
the force produced per mole of ATP used (i.e. energy
cost of contraction) in skinned muscle fibre experiments
(Hernandez et al. 2005) suggests that an increased energy
cost alone is not sufficient to explain the reduced positive
inotropic response.

It should be noted that in R278C-Tg hearts 35% of
endogenous TnT was replaced with human TnT-R278C,
whereas the replacement level was 52% in the I79N-Tg
hearts. Arguably, higher TnT-R278C expression levels
could have resulted in a different phenotype. However,
previous studies found no difference in myofilament
Ca2+ sensitivity, exercise tolerance and other phenotypic
parameters between transgenic lines that expressed
TnT-R278C at levels ranging from 35% to 55%
(Hernandez et al. 2005). Similarly, no phenotypic
differences were observed between transgenic lines
expressing either 39% or 52% TnT-I79N (Knollmann
et al. 2001; Miller et al. 2001). This contrasts with reports
that higher expression levels of another TnT mutant
(R92Q) caused a more severe phenotype (Tardiff et al.
1999). Possibly, the much larger range of expression
levels (from 30% to 92%) in the latter study may have
uncovered a protein-dosage effect that we were unable to
detect. Alternatively, not all TnT mutants demonstrate
a significant protein dosage effect. It should also be
recognized that the expression level of mutant TnT in
human hearts is not known.

While the analogous effects on cardiac performance of
the Ca2+-sensitizing TnT-I79N mutation and EMD 57033
are intriguing, there are substantial differences between
their effects on skinned fibres: EMD 57033 increases force
even in the virtual absence of Ca2+ by promoting the
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actin–myosin interaction and development of strongly
bound crossbridges, whereas TnT-I79N does not (Miller
et al. 2001). This may explain why the effect of EMD
on contractile function is more severe than that of the
I79N mutation at fast pacing rates (compare Table 2 and
Fig. 6). On the other hand, EMD 57033 increases maximal
developed force (Gross et al. 1993), whereas the I79N
mutation has the opposite effect (Miller et al. 2001).
Accordingly, EMD increased developed pressure at slow
pacing rates (Fig. 5B), whereas the TnT-I79N mutation
did not (Fig. 2).

Another novel finding of our study is that the
TnT-R278C impaired cardiac relaxation and diastolic
function in the absence of any effects on Ca2+ sensitivity
(see Table 1), resulting in significant atrial hypertrophy
(Fig. 7). This suggests that the TnT-R278C mutation
may alter crossbridge cycling and/or detachment without
affecting Ca2+-sensitivity, and demonstrates that effects
other than Ca2+ sensitivity are also involved in the
poor relaxation of HCM-related troponin T mutants and
contribute to the resulting phenotype. Interestingly, in the
case of the TnT-R278C mutants, these effects can largely be
compensated by adrenergic stimulation with isoproterenol
(see Table 2) and did not result in an impaired exercise
tolerance in vivo (Hernandez et al. 2005).

The finding of reduced maximal developed pressure
in I79N-Tg mice compared to R278C-Tg mice (Fig. 4,
Table 2) is surprising, because the maximal developed
force per cross-sectional area of TnT-I79N mutant fibres
is actually higher than that of TnT-R278C mutant fibres
(compare Miller et al. 2001 versus Hernandez et al.
2005). Given that in intact cardiac myocytes intra-
cellular Ca2+ never reaches concentrations high enough to
activate more than 70% of available crossbridges (Fabiato,
1981), a maximal Ca2+ release should activate more
crossbridges in hearts expressing the Ca2+-sensitizing
TnT-I79N mutant, thereby producing considerably more
force than hearts expressing the TnT-R278C mutant. In
fact, the opposite effect was observed (Fig. 4, Table 2). This
result supports the hypothesis that increasing myofilament
Ca2+ sensitivity has additional effects on cardiac contra-
ctility, such as possibly interfering with intracellular Ca2+

cycling and SR Ca2+ reuptake at fast heart rates. Future
experiments at the single cell level will have to test this
hypothesis.
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