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Abstract
Transgenic models with pseudo phosphorylation mutants of troponin I, PKA sites at Ser 22 and 23
(cTnIDD22,23 mice) or PKC sites at Ser 42 and 44 (cTnIAD22,23DD42,44) displayed differential force-
frequency relationships and afterload relaxation delay in vivo. We hypothesized that cTnI PKA and
PKC phospho-mimics impact cardiac muscle rate-related developed twitch force and relaxation
kinetics in opposite directions. cTnIDD22,23 transgenic mice produces a force frequency relationship
(FFR) equivalent to control NTG albeit at lower peak [Ca2+]i, while cTnIAD22,23DD42,44 TG mice
had a flat FFR with normal peak systolic [Ca2+]i, thus suggestive of diminished responsiveness to
[Ca2+]i at higher frequencies. Force-[Ca2+]i hysteresis analysis revealed that cTnIDD22,23 mice have
a combined enhanced myofilament calcium peak response with an enhanced slope of force
development and decline per unit of [Ca2+]i, whereas cTnIAD22,23DD42,44 transgenic mice showed
the opposite. The computational ECME model predicts that the TG lines may be distinct from each
other due to different rate constants for association/dissociation of Ca2+ at the regulatory site of cTnC.
Our data indicate that cTnI phosphorylation at PKA sites plays a critical role in the FFR by increasing
relative myofilament responsiveness, and results in a distinctive transition between activation and
relaxation, as displayed by Force-[Ca2+]i hysteresis loops. These findings may have important
implications for understanding the specific contribution of cTnI to β-adrenergic inotropy and lusitropy
and to adverse contractile effects of PKC activation, which is relevant during heart failure
development.
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INTRODUCTION
In the normal heart, contractile force increases with increasing heart rate. This positive force-
frequency relationship (FFR) is due, at least in part, to an increase in systolic Ca2+ transient
amplitude [1–5]. The FFR is however blunted or even negative in failing hearts [6–8]. This
maladaptation has been associated with decreased [8] or normal calcium transients amplitude,
with the latter possibility suggestive of decreased myofilament Ca2+ responsiveness [6].
However, it is not yet clear whether a positive FFR relies on myofilament Ca2+ sensitization
[3] or desensitization [9,10].

Cardiac troponin I (cTnI), a thin filament protein, is the inhibitory element of the troponin
complex that regulates calcium sensitivity and myocardial contraction. β-adrenergic/PKA
mediated cTnI phosphorylation desensitizes myofilaments to Ca2+ and plays a pivotal role in
enhanced systolic and diastolic performance [11,12]. Analogous to β-adrenergic stimulation,
enhanced inotropy and lusitropy seen during a positive FFR occurs through frequency-induced
adaptations in key proteins influencing the calcium handling process [5], especially sarco
(endo)plasmic reticulum Ca2+-ATPase (SERCA2a) and phospholamban (PLB) [13–17].

How adaptations of the myofilaments contribute to a positive FFR is less clear. The extent of
cTnI phosphorylation appears to modulate FFR in vivo [9,10,18–20]. Our previous studies in
transgenic (TG) mice demonstrated that mimicking cTnI PKA constitutive phosphorylation at
Ser22,23 sites is sufficient to enhance in vivo heart rate-dependent inotropy and to lessen
relaxation delay during increased afterload [18]. However, we have also established that
mimicking hypophosphorylation at TnI PKA site (Ser22) combined with simulating
hyperphosphorylation at PKC sites (Ser42,44) is sufficient to blunt in vivo heart-rate dependent
inotropy, and exacerbate relaxation delay in presence of increased afterload [20]. This indicates
that the regulation of phosphorylation at these cTnI sites is relevant to normal FFR and
ventricular function. However, the mechanisms behind these changes have not been fully
elucidated. Indeed, previous attempts to clarify these mechanisms in isolated muscle studies
in nontransgenic (NTG) and cTnIDD22,23 mice could not establish differences in twitch
contraction and relaxation kinetics, at baseline or after β-adrenergic stimulation [18]. However,
these studies were limited because Ca2+ transients were not directly measured. The present
work was designed to clarify the physiological consequences of pseudophosphorylation of
cTnI PKA sites Ser22,23 and PKC Ser42,44 on excitation-contraction coupling during FFR.
To this end, we simultaneously examined twitch force and Ca2+ transients during FFR in intact
trabeculae from normal (NTG), enhanced (cTnIDD22,23) and blunted (cTnIAD22,23DD42,44)
in vivo force-frequency responder mice. We complemented our studies by employing the
ECME computational model in order to probe for potential mechanisms responsible for TG
models divergent contractile behavior. Our studies show that cTnIDD22,23 and
cTnIAD22,23DD42,44 differ from NTG mice mainly in their divergent ability to generate normal
force per unit of [Ca2+]i, at both baseline and when challenged with increased stimulation
frequency. The ECME model suggests that this might be due, at least in part, to altered rate
constants for association/dissociation of the low affinity (regulatory) Ca2+ binding site of cTnC.

METHODS
Generation of transgenic models

The strategy for generation of TG mice model as well as the molecular confirmation of mutant
cTnI replacement has been previously reported [18,20] and explained more in detail in online
supplemental data. For experimental studies, the two TG mice models were compared with
NTG littermates or age-matched C57BL/6 mice. All animal protocols were performed in
accordance with institutional guidelines and approval of the IACUC.
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Trabeculae isolation, force, sarcomeric length and [Ca2+]i measurements
Male or female mice (6–9 months old) were anesthetized with pentobarbital (50mg/Kg−1) and
heparinized (100 U) intraperitoneally. Trabeculae from the right ventricle of the heart were
dissected and mounted between a force transducer (Scientific Instruments, Heidelberg) and a
motor arm as previously described [21]. Force was expressed in millinewtons per square
millimeter (mN/mm2) of cross-sectional area. Sarcomere length was adjusted as previously
described [21], which correspond to resting sarcomeric lengths of 2.1–2.2 μm. [Ca2+]i was
measured using the free acid form of fura-2 and absolute values calculated from in vivo
calibrations described in our previous studies [3,22,23]. Measurements were collected and
digitalized through a data acquisition board (National Instruments). Custom written software
(developed in LabVIEW) was used to analyze data on and off-line. Analyzed data were used
to generate graphs in Origin 6.0, for clarity of illustrations, representative tracings of force
twitch, Ca2+ transients and Force-[Ca2+]i hysteresis loops were smoothed using adjacent
averaging function (10 to 20 points).

Force-frequency relation in trabeculae
Muscles were kept at room temperature (21–22 °C), external [Ca2+]o of 1.5mM and allowed
to stabilized at 0.5Hz, then subjected to a stepwise increases on stimulation frequency (1 to 4
Hz) where developed force and [Ca2+]i were recorded. Off-line Force-[Ca2+]I hysteresis loops
were used to identify [Ca2+]i at 50% of twitch activation (ActECa50) and [Ca2+]i at 50% of
relaxation (RelECa50), to calculate slope steepness of activation and relaxation, individual
segments between points B to C and C to A were dissected and fitted for linearity.

Isolated skinned fiber studies
Freshly isolated cardiac trabeculae were dissected and mounted as previously described[20].
Skinned steady-state force-[Ca2+] relationships were determined experimentally and fit to the
Hill equation to yield Fmax, or maximal Ca2+-activated force, ECa50, the [Ca2+] required for
50 % of maximal activation, and the Hill coefficient, as previously described [23].

Computational Methods
The integrated model (ECME) has been built in a modular way by assembling the expressions
representing each of the processes taken into account. The code of the integrated ECME model,
written in C++, contains 50 ordinary differential equations (ODEs) in Microsoft Visual Studio
environment (Microsoft Corporation, Redmond, WA). Equations were integrated numerically
using CVODE, a stiff ODEs solver in C, developed by Cohen and Hindmarsh, that uses
variable-coefficient Adams and BDF methods. For more details about the source code of the
ECME model, steady state simulations, relevant equations related to force development
(Apendix I) and adjusted parameters used in the simulations (Table 5) see online supplemental
data. A more detailed description of the model was presented elsewhere [24].

Statistics
Student’s t-test, one-way ANOVA and two-way ANOVA with repeated measures, followed
by post-hoc pair wise comparison, when appropriate, was used for statistical analysis of the
data. GraphPad 5.0 and Origin 6.0 were used for graphs and statistical analysis. A value of p
< 0.05 was considered to indicate significant differences between groups. Unless otherwise
indicated pooled data were expressed as mean ± standard error of the mean (S.E.M.).

Additional methods are available in online supplemental data
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RESULTS
Force-frequency relationship is flat in cTnIAD22,23DD42,44 mice

We assessed first the effects of increasing stimulation frequency on twitch force and calcium
transients in NTG, cTnIDD22,23, and cTnIAD22,23DD42,44 mice. In most mammalian species,
FFR is positive as well as accompanied by a frequency-dependent increase in calcium transients
while diastolic [Ca2+]i remain constant [5]. As expected, increasing stimulation frequency had
profound effects on both twitch force and calcium transients. Figure 1 shows examples of
tracings of Ca2+ transients (top panels) and force twitch (bottom panels) at two different
stimulation rates (2 and 4 Hz) of NTG (Fig 1A,B), cTnIDD22,23 (Fig 1C,D) and
cTnIAD22,23DD42,44 (Fig 1E,F) in intact trabeculae. Averaged twitch developed force are
shown in Figure 2A. Both NTG and cTnIDD22,23 trabeculae displayed a positive FFR, where
developed force increased over a frequency ranging from 1 to 4 Hz. Changes in NTG developed
force at 4Hz when compared to 1 Hz were significant (19.7±4.5 vs 6.1±1.9 mN/mm2, n=9, *p<
0.05 by one-way ANOVA). Likewise, changes in cTnIDD22,23 developed force at 4Hz when
compared to 1 Hz increased significantly (14.5±2.2 vs 5.1±1.4 mN/mm2, n=7 p< 0.05 by one-
way ANOVA). Notably, cTnIAD22,23DD42,44 displayed a flat FFR, no change for 4Hz when
compared to 1 Hz (6.3±2.2 vs 4.2±2.9 mN/mm2, n=7, p = ns by one-way ANOVA). Thus, a
positive FFR was only observed in NTG and cTnIDD22,23 trabeculae while
cTnIAD22,23DD42,44 displayed a flat or blunted FFR, a finding that is compatible with the
phenotype of these mice in vivo. Overall FFR between genotypes was compared using two-
way ANOVA. This analysis demonstrated there was no significant difference between NTG
compared to cTnIDD22,23, however, the cTnIAD22,23DD42,44, showed significantly depressed
FFR (p< 0.001). Online supplemental Table 1 shows a summary of absolute developed force
values and post-hoc comparisons. Online supplemental Table 3 shows a summary of two-way
repeated measure ANOVA results showing interactions and overall effects between frequency
and genotype. Overall, this data support a critical role of cTnI phosphorylation at PKC target
sites Ser42/44 to a normal FFR.

[Ca2+]i amplitude is diminished in cTnIDD22,23 mice at higher frequency
Averaged calcium transients for all four frequencies on all three mice groups (NTG,
cTnIDD22,23 and cTnIAD22,23DD42,44) are shown in Figure 2B. The [Ca2+]i–frequency
response was positive in NTG and both TG mouse models, with [Ca2+]i increasing significantly
over a frequency ranging from 1 to 4 Hz. Changes in NTG calcium transients amplitude for 4
Hz when compared to 1Hz were significant (1.93±0.33 vs 0.5±0.2 μM/L, n=5, p< 0.001 by
ANOVA). Changes in cTnIDD22,23 calcium transients amplitude were also significant (0.64
±0.17 vs 0.13±0.02 μM/L, n=4, p< 0.05 by ANOVA). Changes in cTnIAD22,23DD42,44 calcium
transients amplitude for 4 Hz when compared to 1Hz, were significant (1.29±0.29 vs 0.32±0.08
μM/L, n=6, *p< 0.01 by ANOVA). Surprisingly, cTnIDD22,23 displayed low peak amplitude
of Ca2+ transients with preserved twitch force, cTnIDD22,23 calcium transients were
significantly lower than NTG at 2, 3 and 4Hz (*p< 0.05 by two-way ANOVA RM, See Figure
2B) but not at 1 Hz (online Table 2) or 0.5Hz (0.09±0.02 μM/L for cTnIDD22,23 vs 0.34±0.16
μM/L for NTG, n=4 vs n=5, p= 0.1). When the three genotypes were compared across
frequencies, cTnIDD22,23 genotype was demonstrated to have an overall effect on [Ca2+]i
amplitude. Online supplemental Table 2 shows a summary of absolute Ca2+ transient’s
amplitude values and post-hoc comparisons. Online supplemental Table 4 shows a summary
of results showing interactions and overall effects between frequency and genotype by two-
way repeated measure ANOVA. This findings support the role of cTnI PKA sites Ser22/23
phosphorylation in producing a greater relative peak twitch force for peak Ca2+ transient.
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cTnIAD22,23DD42,44 mice have slower twitch and Ca2+ transient kinetics
Next, we examined if the differences found in FFR in twitch force and calcium transient were
accompanied by changes in relaxation kinetics properties. Figure 3 provides summary data for
twitch and [Ca2+]i kinetics. While there were no significant differences between NTG and
cTnIDD22,23 in twitch force time to peak (TTP), cTnIAD22,23DD42,44 was slower, this
impairment in time to peak was also visible in TTP of [Ca2+]i (*p< 0.05 by two-way ANOVA
RM, Figure 3A,B, respectively). Only twitch force TTP shows a positive frequency-dependent
acceleration (*p< 0.05 by ANOVA). On the other hand, accelerated relaxation parameters for
twitch and [Ca2+]i were responsive to frequency in NTG and TG models. However, when the
three groups were compared across frequencies, twitch RT75% and [Ca2+]i RT50% was
significantly impaired in cTnIAD22,23DD42,44 mice when compared to NTG, see Figure 3D
and Figure 4A (*p< 0.05 by two-way RM ANOVA). Notably, cTnIAD22,23DD42,44 mice
closely mimicked features seen in heart failure models [25], thus supporting a role for altered
phosphorylation pattern of the myofilaments in producing downstream effects on [Ca2+]I
kinetics.

Phase plane analyses of Force-[Ca2+]i loops in TG models
In order to further characterize twitch or [Ca2+]i kinetic differences between NTG and
cTnIDD22,23 we performed Force-[Ca2+]i hysteresis analysis. With this approach Force and
[Ca2+]i were plotted point-to-point over the whole twitch cycle. With an increase in stimulation
frequency there are concomitant changes in force, [Ca2+]i and myofilament properties, which
result in changes in loop shape. These changes make the transitional activation part of the
Force-[Ca2+]i hysteresis loop (depicted as segment A to B to C) to shift predominantly
rightwards (B more [Ca2+]i) and upwards (C more Force). On the other hand, the relaxation
part of the force-[Ca2+]i hysteresis loop, which consists of a transitional relaxation from the
segment C to A, has almost no shift. Examples of Force-[Ca2+]i loops tracings (shown in
Figure 5) demonstrate the changes between 2 and 4Hz of same muscles. For NTG (see Figure
5A), the activation part of the Force-[Ca2+]i hysteresis loop reveals an evident frequency-
dependent rightward shift.

Averaged [Ca2+]i at 50% of twitch activation (ActECa50) and [Ca2+]i at 50% of relaxation
(RelECa50) in force-[Ca2+]i hysteresis loops and their relationship with frequency are shown
in Figure 6A,B. This analyses confirmed that Force-[Ca2+]i loops EC50 of activation
(ActECa50) increased in a frequency-dependent manner (*p< 0.05 by two-way ANOVA) in
all groups, see Figure 6A. This is suggestive of a general frequency-dependent myofilament
desensitization to Ca2+. However, ECa50 for activation (ActECa50) in cTnIDD22,23 was
significantly lower, see Figure 6A (*p< 0.001 by two-way ANOVA), thus cTnIDD22,23
myofilaments were relatively sensitized to calcium when compared to NTG.

On the other hand, Force-[Ca2+]i loops ECa50 of relaxation (RelECa50) did not change from
1 to 4Hz. However, cTnIDD22,23 displayed an overall significantly lower RelECa50, (see
Figure 6B, *p< 0.05 by two-way ANOVA). This finding is also suggestive of relative
myofilament calcium sensitization in cTnIDD22,23 when compared to NTG. Contrary to what
is seen in cTnIDD22,23, ECa50 for activation (ActECa50) and relaxation (RelECa50) for
cTnIAD22,23DD42,44 did not differ from NTG.

To evaluate the nature of the transitions between points B to C to A, we calculated the slopes
of activation and relaxation segments. Figure 6C and 6D shows group average of activation
and relaxation slopes and their relationship to frequency. This analysis showed that slope
steepness was not significantly increased with frequency; however it confirmed that both TG
models differed from NTG in a divergent fashion. For cTnIDD22,23, slopes of activation and
relaxation were significantly steeper compared to NTG (see Figure 6C,D, *p< 0.05 by two-

Ramirez-Correa et al. Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



way ANOVA). In contrast, cTnIAD22,23DD42,44 displayed the opposite phenotype,
demonstrated by significantly flatter slopes of activation and relaxation (*p< 0.05 by two-way
ANOVA). This data suggests that the pseudophosphorylation of cTnI PKA sites 22/23 not only
accelerates relaxation, but also accelerates force development per unit of [Ca2+]i (as
demonstrated by cTnIDD22,23 having steeper slopes of activation when compared to NTG).
Overall, these data support the notion that cTnIDD22,23 produces more force per unit of free
[Ca2+]i and has enhanced twitch activation/relaxation kinetics per unit of [Ca2+]i.

Exogenous PKA exposure does not alter steady-state myofilament sensitivity in either TG
model

Since a divergent response of the myofilaments to Ca2+ can be observed during the twitch
contractile cycle versus steady-state activation, we also sought to determine steady-state force-
Ca2+ relationships in skinned fibers from all three groups (NTG, cTnIDD22,23 and
cTnIAD22,23DD42,44). Figure 7 shows Force-[Ca2+]o steady-state relations before and after
PKA exposure, for NTG (Fig 7A), for cTnIDD22,23 (Fig 7B) and for cTnIAD22,23DD42,44 (Fig
7C). Figure 7D summarizes the ECa50 (Ca2+ required to half activation) of all three groups,
before and after PKA exposure. Of note, at baseline cTnIAD22,23DD42,44 mice myofilaments
were already desensitized (ECa50 of 1.99±0.44 μM for cTnIAD22,23DD42,44 vs. ECa50 of 1.23
±0.09 μM for NTG, *p<0.05), thus confirming our previous data [20]. Likewise,
cTnIDD22,23 mice showed a less prominent, although significant, desensitization (ECa50 of
1.48±0.1 μM for cTnIDD22,23 vs. ECa50 of 1.23±0.09 μM for NTG, *p<0.05). The relationship
of myofilament MgATPase activity to Ca2+ was previously shown to be desensitized in this
mouse line [18]. In agreement with our results with intact twitch muscles and force-[Ca2+]i
loops analysis, maximal force of activation (Fmax) and the n Hill coefficient of cooperativity
(n) were significantly reduced in cTnIAD22,23DD42,44 when compared to NTG (Fmax 29.48
±6.87 mM/mm2 for cTnIAD22,23DD42,44 vs. Fmax of 59.33±5.6 mM/mm2 for NTG, *p<0.05).
When these skinned fibers were exposed to the catalytic subunit of PKA (30 units for 1hr) only
NTG myofilaments showed significant desensitization (ECa50 of 1.23±0.09 μM for NTG (−)
PKA vs. ECa50 of 2.28±0.38 μM for NTG (+) PKA,*p<0.05). These results suggest that steady-
state myofilament calcium sensitivity does not accurately predict the more physiological
[Ca2+]i ECa50 observed in a twitching muscle, where cTnIDD22,23 showed a relatively
enhanced calcium sensitivity and preserved force generation, particularly at higher frequencies
despite modestly desensitized steady-state force-Ca2+ measurement.

Myofilaments and Ca2+ handling protein analysis
Immunoblots for major calcium handling proteins showed a decrease in pPLB in
cTnIAD22,23DD42,44 without compensatory increase in expression of SERCA2a, for more
detailed see supplemental Figure 1 and online supplementary results and discussion. As
determined by Pro-Q diamond protein staining, no compensatory phosphorylation was seen in
other important regulatory myofilament proteins, including MyBP-C, TnT or MLC2, see
supplemental Figure 2.

Computational simulations predict TG models diverge in rate constants of association for
Ca2+ with the regulatory TnC site

Computer simulations were employed in order to probe for potential mechanisms by which
force development and [Ca2+]i are divergent in these TG models. We chose to use an integrated
model that encompasses electrophysiology, Ca2+ dynamics, contractile activity and
mitochondrial energy metabolism (ECME model) for guinea pig ventricular cardiomyocytes
[24]. We have focused our analysis specifically to the dynamics of contraction and Ca2+. A
six state model of the tropomyosin interacting with troponin bound to Ca2+ was taken into
account [24,26], see Figure 8D. We have systematically explored a series of parameter changes
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with the ECME model to reproduce the type of alterations observed in the experimental
dynamic force-[Ca2+]i loops at 2 Hz, FFR and steady-state force-Ca2+. Surprisingly, the set of
simulation results that agree best with the experimental data are those involving changes
exclusively in the association and dissociation rate constants for Ca2+ binding to both low-
affinity and high-affinity binding sites in troponin C:  and , see Figure
8A,B. A summary of simulation parameters for non-transgenic, cTnIDD22,23 and cTnI
AD22,23DD42,44, genotype is available in supplemental Table 5 of the online supplemental
data. The simulations of the contractile activity in the TG models differ in the value of the low-

affinity site association constant for Ca2+, cTnI AD22,23DD42,44  , no

change compared to NTG, whereas for cTnI DD22,23  , was increased 4-
fold compared to NTG, overall changes in rate constants with respect to NTG are summarized
in Figure 8B.

Other simulations of contractile behavior have been run such that the rate constants of cross-
bridges cycling were modified in an attempt to reproduce the experimental data. Those attempts
failed to reproduce the experimental data observed in transgenic mice muscle. This does not
definitively establish if these transgenic mouse models differ or not in their cross-bridge cycling
rate. However, altering cross-bridge cycling rate constants could not produce similar phase
plane loops between the experimental data and the ECME predicted loops.

DISCUSSION
In this study, two TG mice models with cTnI pseudophosphorylation mutants were evaluated
to examine the dynamics of force development and [Ca2+]i at the cellular level. These models
had previously been demonstrated to have divergent in vivo force- relationships. The main
findings are that pseudophosphorylation of TnI Ser22,23 produces a FFR equivalent to control
NTG albeit at lower peak [Ca2+]i. However cTnIAD22,23DD42,44 TG mice had a flat FFR for
cTnIAD22,23DD42,44 with normal peak systolic calcium transients suggesting diminished
responsiveness to [Ca2+]i at higher frequencies. The findings in the cTnIAD22,23DD42,44 TG
mice are concordant with previous in vivo studies in which pressure-volume relationships were
used to characterize FFR in intact murine ventricle [18,20]. However, in the TG
cTnIDD22,23 mice the FFR in vivo actually exceeds controls NTG and it is possible the overall
increased [Ca2+]i responsiveness at the cellular level could contribute to this finding in the
intact heart. In addition, cTnIAD22,23DD42,44 were found to have impaired calcium transient
time to peak and transient decay (RT50%), likewise twitch force time to peak and relaxation
kinetics (RT75%) were delayed. The cTnIDD22,23 did not display apparent differences in
twitch or [Ca2+]i RT or TTP; however analysis of Force-[Ca2+]i hysteresis loops did reveal
important differences in the lines. Analysis of slopes in transition between B and C (force
activation) and C to A (relaxation phase) of Force-[Ca2+]i hysteresis loops again revealed
divergent effects of genotype on slope steepness, namely, significantly greater slope steepness
for cTnIDD22,23 and significantly reduced for cTnIAD22,23DD42,44. This genotype effect
occurred over the range of frequencies studied.

Role of Phosphorylation of TnI at Ser 22,23
It is widely reported that PKA mediated phosphorylation of the myofilaments secondary to β-
adrenergic stimulation induces a reduction in myofilament Ca2+ sensitivity, increasing cross-
bridge cycling rate and twitch relaxation [27]. Phosphorylation of TnI plays a significant role
in these effects, however more recent work has demonstrated that phosphorylation sites on
MyBP-C may have more impact on accelerating cross-bridge cycling during this response
[28–30]. Most of these studies show decreased myofilament Ca2+ sensitivity based on
measurements of steady-state Force-Ca2+ relations in skinned preparations [31,32]. In
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agreement with those studies, the steady-state Force-Ca2+ relations in skinned-fibers showed
a decreased myofilament Ca2+ sensitivity for the cTnIDD22,23 TG mice. In terms of twitch
dynamics, a shortened relaxation time was not evident, though Force-[Ca2+]i hysteresis loop
analysis did reveal a steeper slope in both the activation (B to C) and relaxation (C to A)
segments in the cTnIDD22,23 TG mice compared to NTG and the cTnIAD22,23DD42,44 TG
line. Notably, our results on twitch dynamics differ slightly in this regard from a similar mouse
developed by the Robbins laboratory [33,34]. Yasuda et. al. have shown a small, but significant
enhancement of RT50% and RT75% in this mouse line, though it does appear to be slightly
more prominent in shortening unloaded cells in culture than in loaded cells. There are examples
where calcium sensitivity may be altered without altering relaxation kinetics, such as Dai and
colleagues [35] who reported an HNO donor that acts as a cardiac myofilament calcium
sensitizer without affecting relaxation kinetics (RT50%). Nevertheless, our fundamental
findings in vivo were similar to Sakthivel and colleagues [33] and showed enhanced ventricular
relaxation. Thus, it appears possible to have enhanced relaxation in intact hearts in vivo without
measurably enhanced twitch relaxation in vitro. The Force-[Ca2+]i hysteresis loop analysis
provides some insight into the rapid decline of the tension per unit of [Ca2+]i which we
speculate may underlie the enhanced relaxation in vivo.

Role of enhanced phosphorylation at TnI targets of PKC
A flat FFR in cTnIAD22,23DD42,44 mice supports the notion that increased PKC-mediated TnI
phosphorylation modulates FFR in a negative fashion [9]. This finding appears to be in keeping
with the fact that increased PKC activity is sufficient to impair cardiac contractility [36,37].
This is also consistent with Roman and colleagues [38] who demonstrated that mutating residue
43 and 45 to Ala in a TG line to Ala (equivalent to 42,44 in this paper) protected the mice from
the deleterious effects of overexpression of PKC eplislon. In addition, we found
cTnIAD22,23DD42,44 had abnormal twitch kinetics (TTP and RT75%) accompanied by
abnormal calcium transient kinetics (TTP and RT50%). These findings are in agreement with
previous reports showing that activation of canonical cTnI PKC phosphorylation sites is
sufficient to impair kinetics of relaxation at the myofilament level [39,40]. One limitation in
our study is that we did not mutate another PKC target site, Thr144, in the TG
cTnIAD22,23DD42,44 model thus our interpretations related to PKC effect are limited. Note
that this site has been reported to specifically enhance rather than decrease myofilament
calcium sensitivity [41]. A recently published study demonstrated a line expressing low levels
of a transgene with the Thr PKC site mutated to Glu had marked contractile depression [42].

Distinctive Force-[Ca2+]i hysteresis loops by cTnI phosphomimics
Previous studies of mouse and rat cardiac muscle including comprehensive Force-[Ca2+]i
hysteresis loops analysis [3,10,19,43] have proposed the myofilaments properties as the
potential main contributors of activation and relaxation of the phase-plane segments. Our
analysis of Force-[Ca2+]i hysteresis loops also suggest that the main differences between NTG
and TG models reside in the intrinsic properties of myofilaments, though there are clear changes
in Ca2+ dynamics which are likely secondary to altering the myofilaments.

In cTnIDD22,23 mice, the Force-[Ca2+]i loops demonstrate a combination of increased
myofilament calcium responsiveness relative to NTG and an increased slope of transition
segments between maximal calcium (point B) and maximal force (point C) which might
underline the enhanced baseline and frequency related inotropy in these mice in vivo.
cTnIDD22,23 phenotype in Force-[Ca2+]i loops is clearly different from the one observed in
rat intact trabeculae after isoproterenol treatment, which may reflect a specific effect of cTnI
phosphorylation as opposed to the broader isoproterenol effect on myofilament proteins [44].
Conversely, cTnIAD22,23DD42,44 mice have diminished myofilament calcium responsiveness
and flatter slope on transition between activation and relaxation segments is found, which could
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partially explain their decreased force development and impaired relaxation kinetics. In a
previous report, Tong and colleagues [19] concluded that CaMKII dependent phosphorylation
of TnI and MyBP-C is critical in this transition segments between B to C points, in which a
cross-bridge feedback mechanism is a potentially important mechanism.

One of the main findings of our studies is that cTnIDD22,23 and cTnIAD22,23DD42,44 specific
alterations are able to induce distinctive transition mechanisms between activation and
relaxation force-[Ca2+]i hysteresis loops segments. By delineating the specific cTnI amino
acids relevant to FFR phenotype, this study fills important gaps in understanding the specific
contribution of cTnI to β-adrenergic inotropy and lusitropy and to adverse contractile effects
of PKC activation.

ECME model simulation predicts altered rate constants for Ca2+ association and dissociation
from cTnC in TG models

We employed the ECME computational model in an attempt to gain insights into potential
mechanisms that would explain our experimental data. Our analysis focused specifically to the
dynamics of contraction and Ca2+, taking into account a six state model of the tropomyosin
interacting with troponin bound to Ca2+ [24,26]. Somewhat surprisingly, altering cross-bridge
cycling rate contants, did not reproduce the Force-[Ca2+]i hysteresis loops. Instead, major
divergence between TG models was reproduced when rate constants for association of the low
affinity Ca2+ binding site of TnC are changed. Simulations altering the rate constants for this
low affinity or physiological site, located in the N-terminal domain of TnC, appear to mimic
the loops, albeit not perfectly as seen in Figure 8A,c). The simulations predicted that compared
to NTG, an increase in rate of Ca2+ association (kon) for cTnIDD22,23 and no change in
cTnIAD22,23 DD42,44, with a simultaneous 3-fold increase in the rate constant of dissociation
(koff) was predicted for both TG models. Thus, a divergence in the rate constant of association
of Ca2+ with the low affinity TnC binding site may be responsible for the divergent TG twitch
and calcium transient’s behavior as well as divergent FFR. Evidently, more experimental work
is needed to test this hypothesis. However, in association with this, both TG lines were predicted
to have simultaneous changes in rates constants for association to (kon) and dissociation
(koff) from the high affinity or structural sites, which are located in the C-terminal domain of
TnC, see Figure 8B for a summary of changes respect to NTG.

The model of Sakthivel and colleagues [33], demonstrated by NMR chemical shift analyses
that cTnI Ser22/23 phosphorylation by pseudomimicks influenced TnC N-terminal domain to
adopt a more “closed” state, which is further closed if Ser43/45 and Thr144 are also
pseudophosphorylated. This model lead us to speculate that structural changes of TnC N-
terminal domain would correlate with changes in rate constants of binding for Ca2+ for TnC
in our TG models. Indeed, our modeling predicts the fold increase (4-fold) in rate constants of
association to and dissociation from the physiological or regulatory site in cTnIDD22,23 are in
close agreement with experimental data of Dong and colleagues [45]. They determined the
Ca2+ binding kinetics of cTnC regulatory site by means of studying fluorescence properties of
IAANS labeled cTnC at Cys-35 in complex with cTnI. Their results also showed that cTnI
PKA treatment induced a 2–3 fold increase in the rate constants of association (λf) and
dissociation (λd1 and λd2) for the fluorescence transition associated with the conformational
changes with Ca2+ binding to the regulatory site of TnC.

The modeling predictions about the decrease in rate constants of association and dissociation
from the high affinity Ca2+ binding site on TnC are less straightforward to interpret. This is in
part because of the very high affinity binding constant (~107 M−1) [46]. Although functional
relevance is uncertain, it would be worthwhile to investigate the structural changes in troponin
that are associated with these predicted alterations.
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Limitations of the study
One limitation of this study is that both TG lines displayed altered Ca2+ dynamics compared
to NTG. These TG mice lines might have experienced unidentified compensatory or secondary
changes, which are not unusual in TG models. Nevertheless by carefully analyzing the response
of the myofilaments, under both dynamic and steady state conditions the intrinsic myofilament
properties could be examined. The findings in regards to the peak systolic Ca2+ transients
appeared to differ from those described for a similar PKA cTnI site mutant mouse in Yasuda
et al [34], however it is important to point out that Yasuda et al reported only data at basal
pacing (apparently 0.5Hz). In our study, at 0.5 and 1Hz, we did not note significant differences
in peak systolic Ca2+ transients or twitch force between NTG and TG models. Importantly,
inclusion of data from 0.5Hz in the statistical analyses does not change the overall results or
interpretation. Finally, there were differences in that we did not note shortened twitch relaxation
times in our cTnIDD22,23 mice as performed by Yasuda et al. While we do not have an
explanation for these differences, certainly it is not unusual to see occasional minor differences
between lines generated in different labs. In addition, we cannot rule out that
cTnIAD22,23DD42,44 might also have lower peak systolic Ca2+ transients if replacement was
near complete as it is the case in the cTnIDD22,23 line.

Quantification of calcium handling proteins was not easily correlated with TG mouse
phenotype in terms of Ca2+ dynamics. One variable not measured in this study was intrinsic
SR Ca2+ load, which may have been secondarily alerted in these TG models. A difference was
noted in these experiments, compared to our previous publication in that we found SERCA2a
levels in cTnIAD22,23DD42,44 line was equivalent to NTG whereas our prior study had noted
SERCA2a to be mildly decreased [20]. In the current study we utilized a different normalizing
protein for the immunoblots and also used cardiac muscle from the exact samples from which
trabeculae were taken as opposed to using stored frozen samples from separate animals in the
Bilchick paper. This might account for differences, though we cannot discount a subtle change
in the line. We did not systematically follow the mice with echocardiogram; therefore we can’t
rule out further ventricular remodeling, since the physiologic studies were in a slightly older
group than Bilchick et al. However, it is clear that even the older mice in this line do not become
symptomatic so any change is unlikely to be marked.

Although our study is limited to exploring the impact of altered phosphorylation at cTnI PKA
(Ser22/23) and PKC sites (Ser42/44) in the context of unperturbed Thr 144, recent studies in
pseudo-phosphorylation cTnI (S43E/S45E) agree with our observations that activation of these
sites is enough to lead to negative inotropy [47]. The mechanism was presumably via decreased
cTnC affinity to Ca2+ and shifted actin-tropomyosin-troponin interaction to an inactive state,
a phenomenon was particularly evident in cTnI S45E mutant [47].

Another potential limitation is that the physiologic experiments were performed at room
temperature in this study, where the role of the myofilaments as the rate limiting step in
relaxation might be less prominent [43]. Although intact trabecluae experiments in which both
force and Ca2+ are measured at 37°C are feasible in rats [43], low yield of suitable trabeculae
and increased susceptibility to injury with manipulation precluded us from attempting these
experiments at higher temperatures. In addition, since the experiments were conducted in a
mouse model and the computational model has been designed and optimized to simulate EC
coupling and energetic behavior in guinea pig, there may well be quantitative differences in
the force and Ca2+ dynamic behavior. Inherent to any computational model, the ECME
computational model did not provide a completely satisfactory fit to experimental data. In spite
of the latter, the qualitative performance of the model may still be compared to the experimental
data and consequently model simulations could be used to test hypothesis about the
mechanisms underlying the modifications in the behavior of TG models. Therefore the
predicted alterations in rate constants should be placed in context of these ECME model
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limitations. Given the limitation in model being designed for guinea pig, we cannot rule strictly
rule out the involvement of altered cross-bridge cycling behavior or other factors in the
divergent behavior of TG models.

Conclusions
The present study demonstrates that differential pseudophosphorylation of TnI PKA and PKC
sites have opposite effects on rate-related developed twitch force and determined in Force-
[Ca2+]i hysteresis loops. This is in agreement with the divergent effects attributed to cTnI PKA
Ser-22/23 and PKC Ser-42/44 site-specific phosphorylation [19,31,32,38–40,48–52]. It is
likely that changes in force-generating properties observed in our study, i.e. enhanced for
cTnIDD22,23 and impaired for cTnIAD22,23DD42,44, are the result of combined myofilament
calcium responsiveness alterations and distinct changes in rates of force development and
decline per unit of [Ca2+]i observed during hysteresis loops. The data indicates that cTnI
phosphorylation at PKA sites plays a role in the FFR by increasing relative myofilament
responsiveness and that TG models divergent contractile behavior might be due, at least in
part, to altered rate constants for association of the low affinity Ca2+ binding site of cTnC.
These findings have important implications for understanding the specific contribution of
cTnI to β-adrenergic inotropy and lusitropy and to adverse contractile effects of PKC activation.
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Figure 1. Examples of tracings of Twitch Force and Ca2+ Transients from isolated trabeculae
stimulated at 2 and 4 Hz
On the top panel, examples of Ca2+ transients at 2 Hz (black) and 4Hz (red) are shown for NTG
(A), cTnIDD22,23 (C) and cTnIAD22,23DD42,44 (D), notice the smaller amplitude of
cTnIDD22,23 Ca2+ transients, which show similar kinetics of relaxation. On the bottom panel,
examples of twitch force tracings at 2 Hz (black) and 4Hz (red) are shown for NTG (B),
cTnIDD22,23 (D) and cTnIAD22,23DD42,44 (F). Observe that cTnIAD22,23DD42,44 failed to
increase force at increased frequency.
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Figure 2. Developed Force and Ca2+ Transients during Force-Frequency Response
A, Shows averaged maximum twitch developed force at various stimulation frequencies (1, 2,
3 and 4 Hz) from NTG (n=8), cTnIDD22,23 (n=7) and cTnIAD22,23DD42,44 (n=7) mice. Force-
Frequency Response was positive in NTG and cTnIDD22,23, whereas in
cTnIAD22,23DD42,44 group there was not a significant increase of force with frequency.
cTnIAD22,23DD42,44 showed statistical difference when compared to NTG (*p < 0.05 two-
way RM ANOVA). B, Shows averaged Ca2+ transients corresponding to twitch force at same
range of stimulation frequencies (1–4Hz). NTG (n=5), cTnIDD22,23 (n=4) and
cTnIAD22,23DD42,44 (n=6) mice. Contrary to Force, Ca2+ transients from all three mice groups
increased with frequency, although cTnIDD22,23 mice showed an overall significant difference
when compared to NTG (*p < 0.05 two-way RM ANOVA). All data are expressed as means
± s.e.m.
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Figure 3. Relaxation time to 50% in Twitch Force and Ca2+ Transients Kinetics during Force-
Frequency Response
A, Twitch force kinetics showing time to peak (TTP) for NTG (n=5), cTnIDD22,23 (n=7) and
cTnIAD22,23DD42,44 (n=7) mice, which accelerates as frequency increases from 1 to 4Hz.
cTnIAD22,23DD42,44 was significantly slower than NTG (*p<0.05 two-way RM ANOVA).
B, Corresponding TTP from Ca2+ transients NTG (n=5), cTnIDD22,23 (n=4) and
cTnIAD22,23DD42,44 (n=6) mice, which does not accelerate in response to frequency increase,
cTnIAD22,23DD42,44 was significantly slower than NTG (*p<0.05 two-way RM ANOVA).
C, Twitch force kinetics showing relaxation time from peak to 50% (RT50) for corresponding
mice groups. A positive frequency-dependent acceleration of relaxation (FDAR) is evident in
all mice groups from 1 to 4 Hz (one-way ANOVA *p<0.05), however there were no differences
between genotypes. D, Shows corresponding Relaxation time from peak to 50% (RT50) from
Ca2+ transients at same range of stimulation frequencies. Ca2+ transients RT50% also showed
a positive frequency-dependent acceleration of relaxation in all of the mice groups (one-way
ANOVA *p<0.05). Genotype cTnIAD22,23DD42,44 showed an overall effect with slowed
calcium transient kinetics of decay at RT50% (*p<0.05 two-way RM ANOVA).
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Figure 4. Relaxation time to 75% and 90% on Twitch Force and Ca2+ Transients during FFR in
NTG and TG models
A, C Twitch force kinetics showing relaxation time from peak to 75% (RT75) and time from
peak to 90% (RT90), respectively, for NTG (n=5), cTnIDD22,23 (n=7) and
cTnIAD22,23DD42,44 (n=7) mice. As for other relaxation parameters, a positive FDAR is
evident in all mice groups from 1 to 4 Hz. Genotype cTnIAD22,23DD42,44 showed an overall
effect on slowing twitch kinetics at RT75% (*p<0.05), and a strong trend at RT90% (p=0.057)
by two-way RM ANOVA. B, D Corresponding Ca2+ transients Relaxation time from peak
75% (RT75) and time from peak to 90% (RT90), respectively, NTG (n=5), cTnIDD22,23 (n=4)
and cTnIAD22,23DD42,44 (n=6) mice. A positive FDAR was also evident in all groups from 1
to 4 Hz (one-way ANOVA *p<0.05). No difference was evident between groups.
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Figure 5. Phase plane analyses of force-[Ca2+]i loops in NTG and TG lines
Examples of twitch forces vs. corresponding [Ca2+]i are shown at 2 Hz (black) and 4Hz (red)
(1.5mM [Ca2+]o) in NTG, cTnIDD22,23 and cTnIAD22,23DD42,44 trabecular muscles. In the
phase-plane analysis segments are indicated by letters A (rest), B (maximum [Ca2+]i) and C
(maximum developed force). ECa50 of activation is depicted as blue filled circles while
ECa50 of relaxation as black filled circles. Note the distinctive Force-[Ca2+]i hysteresis loops
and ECa50. A, NTG shows that force-[Ca2+]i hysteresis loop is amplified with increased
frequency, segment B and C are shifted to the right and upwards, respectively. ECa50 at 2Hz
and 4Hz was 0.96±0.2 and 1.38±0.29 μM, respectively. B, cTnIDD22,23 force-[Ca2+]i
hysteresis loop is modified at baseline and increase in frequency shifted point B modestly,
while point C (maximal force) is preserved. ECa50 at 2Hz and 4Hz was 0.35±0.04 and 0.62
±0.15 μM, respectively. C, cTnIAD22,23DD42,44 displays abnormal force-[Ca2+]i hysteresis
loop, at 2 Hz transitions between B and C are less steep and the increase in frequency shifts
point B rightward but does not shift point C (maximal developed force), thus the slopes of
transition between B and C (force activation) and C to A (relaxation phase) are further
compromised. ECa50 of activation at 2Hz and 4Hz was 0.80±0.17 and 1.12±0.23 μM,
respectively.
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Figure 6. Comparison of EC50 and slopes or force-[Ca2+]i loops activation and relaxation in NTG
and TG lines
Slopes of activation and relaxation were calculated dissecting individual segments and fitting
for linearity, here mid-point of activation or relaxation, as well as slope steepness was group
averaged (n= 3–5 per line) and compared. A, Comparison of EC50 of activation phase (B to C
segment) showed a frequency-dependent increase of EC50 in all groups, indicating a general
frequency-dependent myofilament calcium desensitization, however, cTnIDD22,23 was
relatively desensitized when compared to NTG (*p<0.001 by two-way ANOVA). B,
Comparison of EC50 of relaxation phase (C to A segment) showed no dependence on frequency,
however, cTnIDD22,23 EC50 was consistently desensitized when compared to NTG (*p<0.05
by two-way ANOVA). C, Comparison of steepness of Slopes of activation (B to C segment)
reveal an increased slope in cTnIDD22,23 when compare to NTG (*p<0.001 by two-way
ANOVA), on the contrary cTnIAD22,23DD42,44 displayed a decreased slope when compared
to NTG (*p<0.05 by two-way ANOVA). D, Similarly, comparison of slopes of relaxation
showed a marked increase in steepness in cTnIDD22,23 transition from C to A, when compare
to NTG (*p<0.005 by two-way ANOVA), and a decreased slope in cTnIAD22,23DD42,44 when
compared to NTG (*p<0.05 by two-way ANOVA).

Ramirez-Correa et al. Page 20

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Steady-State Force-Calcium Relationships in Skinned Fibers of NTG, cTnIDD22,23, cTnI
PKA/PKC
A, Freshly isolated trabeculae were skinned and exposed to various concentrations of calcium.
NTG Control (n=6) PKA (−) solid lines, trabecuale were then washed in relaxing solution and
incubated 1hr in relaxing solution containing 30 Units of PKA, then a new calcium activation
protocol was carried out, NTG PKA (+) dashed lines (n=4). Same procedure was repeated
B) for cTnIDD22,23 (n=5) and C) for cTnIAD22,23DD42,44 (n=5). D) Fmax comparison between
NTG and TG models, cTnIAD22,23DD42,44 showed a significant reduction of force when
compared with NTG (*p<0.05). E) ECa50 comparison between NTG and TG models.
cTnIDD22,23 and cTnIAD22,23DD42,44 showed baseline desensitization compared to NTG.
Only NTG skinned tabeculae showed a significant rightward shift after exposure to PKA
(*p<0.05). F) Hill coefficient (n) comparison between NTG and TG models.
cTnIAD22,23DD42,44 showed a significant reduction of cooperativity when compared with
NTG (*p<0.05).
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Figure 8. Computational model
A, Computational Modeling simulation correlate with experimental results; a) Force-[Ca2+]i
Loops at 2Hz and c) Force Frequency Relationship 0.5 to 2 Hz compared to corresponding
experimental results, because ECME model does not extrapolate to 4Hz b) Force-[Ca2+]i at
2Hz and d) FFR 1 to 4 Hz. The ECME modeling was able to closely resemble the experimental
FFR genotypes for both TG models, in particular close resemblance was displayed for
experimental Force-[Ca2+]i loops of cTnIAD22,23DD42,44 genotype, however notice the
different scales in frequency and [Ca2+]i. B, Summary of force generation parameters and
changes predicted to impact force and calcium, cTnIDD22,23 distinctive increase in association
constants to low affinity site is highlighted by a blue dashed circle. Lack of increase in the
latter constant in cTnIAD22,23DD42,44. is the only parameter different from cTnIDD22,23,
however simulation outcome greatly diverges. Results suggest that an increase in association-
dissociation constants for high affinity Ca2+ sites are critical for successful computational
modeling in both TG genotypes. Arrows express changes relative to NTG. C, Representation
of phosphorylation sites on cTnI and regional interactions cTnC. Troponin complex structure
molecular model, color coding of TnI (light pink), N-terminal domain and inhibitory region
are schematically represented in thick black lines, phosphorylated sites are enumerated and
highlighted in red circles, cTnT (light green), cTnC (light blue), Ca2+ ions (light yellow), cTnI
C-Term/cTnC-N-term interactions highlighted by a blue dashed circle. Phosphorylation status
of cTnI is thought to influence allosteric interactions with cTnC hydrophobic patch [33].
Troponin complex structure, PDB ID: 1J1D [53] was modeled using PDB Jmol Version 11.8.4.
C, Schematic representation of model used in force generation. Troponin complex on and off
rate constants (k) of Ca2+ influence tropomyosin transition states N0 to P0 and N1 to P1, P2
feeds-back to Ca2+ K off from troponin (modified from Cortassa S et al [24]).
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