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Abstract

Many current pharmaceutical therapies for systolic heart failure target intracellular [Ca2*]
([Ca?*];) metabolism, or cardiac troponin C (cTnC) on thin filaments, and can have significant
side-effects, including arrhythmias or adverse effects on diastolic function. In this study, we tested
the feasibility of directly increasing the Ca2* binding properties of cTnC to enhance contraction
independent of [Ca2*]; in intact cardiomyocytes from healthy and myocardial infarcted (M)
hearts. Specifically, cardiac thin filament activation was enhanced through adenovirus-mediated
over-expression of a cardiac troponin C (cTnC) variant designed to have increased Ca2* binding
affinity conferred by single amino acid substitution (L48Q). In skinned cardiac trabeculae and
myofibrils we and others have shown that substitution of L48Q cTnC for native cTnC increases
Ca?* sensitivity of force and the maximal rate of force development. Here we introduced L48Q
cTnC into myofilaments of intact cardiomyocytes via adeno-viral transduction to deliver cDNA
for the mutant or wild type (WT) cTnC protein. Using video-microscopy to monitor cell
contraction, relaxation, and intracellular Ca2* transients (Fura-2), we report that incorporation of
L48Q cTnC significantly increased contractility of cardiomyocytes from healthy and M1 hearts
without adversely affecting Ca2* transient properties or relaxation. The improvements in
contractility from L48Q cTnC expression are likely the result of enhanced contractile efficiency,
as intracellular Ca2* transient amplitudes were not affected. Expression and incorporation of L48Q
cTnC into myofilaments was confirmed by Western blot analysis of myofibrils from transduced
cardiomyocytes, which indicated replacement of 18+2% of native cTnC with L48Q cTnC. These
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experiments demonstrate the feasibility of directly targeting cardiac thin filament proteins to
enhance cardiomyocyte contractility that is impaired following MI.

Keywords

cardiomyocyte contractility; Ca* sensitivity; cardiomyocytes; adenovirus; gene therapy;
myocardial infarction

1. INTRODUCTION

Heart failure is characterized by decreased systolic function and has a variety of etiologies,
with one of the most common being myocardial infarction (MI). In addition to the formation
of a fibrotic scar that follows an MI, normal processes in surviving cardiomyocytes in non-
infarct regions can be impaired, such as intracellular Ca?* handling [1-3], p-adrenergic
responsiveness [4], and contractile apparatus function [5,6] [7,8]. While there is still debate
about the extent and mechanisms of changes in myofilament properties that occur post-Ml,
changes in Ca?* sensitivity of thin filament activation are thought to underlie, at least in
part, the reduced contractility of failing myocardium [5,9-13].

Numerous strategies have been developed to compensate for the deleterious changes that
occur in cardiomyocytes following MI. Most approaches have focused on increasing
intracellular Ca?* as a means to overcome decreased cardiomyocyte contractility, but these
have the potential to cause arrhythmias or eventually impair diastolic function [14]. Ca2*
sensitizing pharmaceutical agents that target the myofilaments, such as calmidazolium,
bepridil, and levosimenden, have also been developed and tested. These agents improve the
contractility of failing myocardium by increasing Ca2* binding to the N-terminus of cardiac
troponin C (cTnC) to enhance contractile activation. Unfortunately, they are not completely
specific to cTnC and can have off-target effects on other EF-hand calcium binding proteins
and other proteins involved in excitation-contraction coupling [15,16]. One pharmacological
treatment currently under development is omecamtiv mecabril, which is a small molecule
capable of directly activating myosin and thus modulating cardiac contractility [17,18]. This
treatment does not manipulate intracellular Ca2* in order to increase contractility; instead, it
interacts with myosin and enhances the transition to the strongly actin-bound state. The
direct interaction of the small molecule with myosin to enhance contraction and systolic
function does not appear to interfere the kinetics of contraction or relaxation [19]. Ongoing
clinical trials with omecamtiv mecabril have also yielded promising results that suggest that
a targeted approach to improving systolic function without perturbing intracellular Ca%* or
contraction/relaxation kinetics may be a viable therapeutic approach [17,20].

Another approach to enhance cardiomyocyte contractility, while minimizing concomitant
off-target effects, is genetic manipulation of thin filament proteins that regulate Ca2*
dependent activation of cardiac myofilaments. cTnC is an attractive myofilament protein
target because it binds Ca?™" to initiate myofilament contraction, and manipulation of its
Ca?* binding properties can result in enhanced cardiac contractility without requiring
increased intracellular [Ca2*]. Previous work by us [21] and others [22] has demonstrated
that a single amino acid substitution of leucine at position 48 with glutamine (L48Q) in
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cTnC increases the CaZ* binding affinity of the troponin complex (cTn). We have also
demonstrated that when ¢Tn containing L48Q ¢TnC (L48Q cTnC-cTn) was exchanged into
demembranated cardiac muscle or cardiac myofibrils, the Ca2* sensitivity of force and the
rate of force development was increased without impairing maximal force generation or
relaxation [23,24]. We recently reported that exchange of L48Q cTnC-cTn into
demembranated cardiac muscle increased thin filament activation at submaximal CaZ*
concentrations independent of strong crossbridge binding. This effectively increased
contraction at submaximal intracellular Ca%* levels that occur during cardiomyocyte twitch
contraction [24]. We have also demonstrated that engraftment of neonatal cardiomyocytes
into the infarct zone of adult rat hearts enhances the myofilament Ca2* sensitivity of cardiac
tissue in the non-infarcted regions and is a major contributor to the improvement in systolic
function [9]. Taken together, these studies suggest that enhancing myofilament Ca2*
sensitivity, via incorporation of L48Q cTnC into myofilaments, could improve contraction
of cardiomyocytes from both healthy and Ml hearts.

In this study, we show that adenovirus-mediated in vitro expression of L48Q cTnC
significantly improved the contraction of cardiomyocytes from healthy hearts without
altering intracellular Ca2* transients. It also improved the depressed contraction of
cardiomyocytes from hearts following MI, where Ca?* transients were depressed. These
increases in contraction occurred without prolonging relaxation. Additionally, the increased
contractility occurred with only an ~20% myofilament incorporation of L48Q c¢TnC, as
indicated by Western blot analysis. Our results suggest that acute expression and
myofilament incorporation of L48Q cTnC in intact cardiomyocytes from either healthy or
failing hearts increases cardiac contractile properties. Future in vivo studies will be required
to determine the effects of L48Q cTnC incorporation into myofilament on whole heart
function.

2. METHODS

2.1 Animal and cardiomyocyte preparation

These studies were approved by the University of Washington (UW) Animal Care
Committee and conducted in accordance with federal guidelines. Animals were cared for in
accordance with US NIH Policy on Humane Care and Use of Laboratory Animals in the
Department of Comparative Medicine at UW.

Adult rat cardiomyocytes were isolated from 6-8 week old female Fischer 344 rat hearts
using aortic retrograde perfusion for enzymatic (collagenase/protease) dispersion of cells as
previously described [25,26]. For cardiomyocytes isolated from infarcted hearts, adult
female Fischer 344 rats 6-8 weeks old were infarcted via permanent ligation of the left
descending coronary artery using a surgical suture, and access to the heart was obtained via
thoracotomy [9]. Sham operated (healthy control) animals received only the thoracotomy
procedure. Once cardiac dysfunction was documented in Ml rats by at least a > 25%
reduction in left ventricular fractional shortening, which was measured by echocardiography
at 4-6 weeks post-infarction, cardiomyocytes were isolated as previously described
[9,25,26]. Cardiomyocytes from healthy and infarcted hearts were subsequently transduced
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with adenoviral vectors and cultured for 48-60 hours, as described below in Section 2.3, to
allow sufficient transgene expression.

2.2 Echocardiography

Echocardiography was performed as described by Laflamme et al. [27]. Rats were lightly
sedated with isoflurane and monitored by continuous electrocardiography (ECG) via three
limb leads. Echocardiographic measurements were taken using a GE Vivid7
echocardiography system with an 11 MHz convex transducer of parasternal long-axis and
short-axis images at the mid-papillary muscle level to ensure evaluation of the infarcted
region of the hearts. M-mode measurements on the short-axis view were taken to obtain left
ventricular end-diastolic (LVEDD) and systolic dimensions (LVESD). Fractional shortening
(FS) was calculated as (LVEDD - LVESD) / LVEDDx100%. Measurements were made on
at least three cardiac cycles by two blinded echocardiographers and averaged for each data
value.

2.3 Plasmid design and virus production

The AdEasy™ system was used as originally described [28,29] to generate recombinant
adenoviral vectors to express histidine-tagged (C-terminal 6-His) WT c¢TnC and L48Q
cTnC, and Flag tagged (C-terminal Flag tag) WT cTnC-Flag and L48Q cTnC-Flag from the
cytomegalovirus (CMV) promoter. For both sets of viruses, there was a second expression
cassette within each virus that also contained green fluorescent protein (GFP) as a reporter
protein to identify transduced cells via fluorescence microscopy. HEK 293 cell lines were
used to produce high titer adenoviral preparations of 108-10° [28,29]. Cardiomyocytes were
transduced at ~200-250 infectious units per cell (MOI) for 48-60 hours. We achieved nearly
100% transfection efficiency and gene transfer as grossly indicated by green fluorescence
with microscopy. Cell survival over this period was assessed as described previously [26]
and was consistent with previous studies using cardiomyocytes [9,26,30,31]. There were no
differences in cell viability between transduced and non-transduced cardiomyocytes, and
cellular characteristics are presented in Table 1. The viruses containing histidine-tagged (C-
terminal 6-His) WT ¢TnC and L48Q cTnC were used for all of the contractility
measurements, but the His tag was not well-suited for determination of myofilament
incorporation of tagged ¢cTnC via Western blot. A second set of viruses containing WT
cTnC-Flag and L48Q cTnC-Flag were made using a commercially available and more
effective tag system to determine myofilament incorporation of cTnC-Flag via Western blot.
There were no significant differences in the effects on healthy cardiomyocyte contraction or
Ca?* transient properties from transduction with either His tag or Flag tag AV systems
(Supplemental Tables 6-9).

2.4 Cardiomyocyte contractile assessments and statistical analysis

Cell shortening and re-lengthening of arbitrarily selected stimulated cardiomyocytes was
monitored and recorded using lonOptix SarcLen system video microscopy with a 40x
objective (Olympus UWD 40) and 25% intermediate lenses (lonOptix, Milton, MA, USA)
[6,26]. Contractile assessments were performed at room temperature (22—-24°C) and at 37°C
in fresh modified Tyrodes buffer using 0.5 Hz, 1 Hz and 2 Hz stimulation frequencies [26].
Only cells that followed field stimulation 1:1 and with resting sarcomere lengths above 1.65
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um were measured. Average cardiomyocyte length and sarcomere length is reported, and
there was no difference in either measurement between transduced and non-transduced cells
(Table 1). Ca2* transients induced by electrical stimulation were measured in Fura-2 loaded
adult cardiomyocytes using lonOptix equipment as described [6,26]. Briefly, Ca2* transients
were recorded by measuring Fura-2 fluorescence passed through a 510 nm emission filter to
a photomultiplier tube using the interpolated pseudo-ratiometric method with 380 nm
excitation during, and 360 nm excitation at the onset and end of 20 second recording events.
Fura-2 fluorescence was measured using an lonOptix spectrophotometer (Stepper Switch)
attached to a fluorescence microscope. Emitted Fura-2 fluorescence was collected by the
40x objective, passed through a 510nm filter and detected by a photomultiplier tube.
Contraction, relaxation, and Ca?* transients were analyzed later using proprietary software
(lonOptix) to determine the magnitudes and rates of these properties. Experiments were
performed by 3 different experimentalists, with at least 2 rotating on a given day, and all
data was analyzed in duplicate by 3 different analysts. No differences were found in the
measured results between experimentalists. Statistical differences were determined by
ANOVA, with Student-Newman-Keuls and/or Dunnett as a post-hoc tests (SigmaPlot 12.5).
Differences at p-value < 0.05 were considered statistically significant. Data is displayed as
mean + S.E.M.

2.5 SDS-PAGE and Western blot analysis

WT-Flag and L48Q cTnC-Flag incorporation into myofibrils in cardiomyocytes was
determined by SDS-PAGE and Western blot analysis. Cardiomyocytes were plated at 6—
9x10% cells per well in 6-well tissue culture dishes, and were cultured under the same
conditions that were used for the contractility analysis [26]: MOI of ~200-250 infectious
units/cell and cultured for 48-60 hours. To determine the amount of Flag tagged cTnC that
was incorporated into the myofilaments, cardiomyoctyes were harvested and
demembranated to remove the sarcolemma and cytosolic milieu and leave only the
myofibrils. The demembranated cardiomyocytes were then re-suspended in lysis buffer [26]
and stored at —20°C until they were used. In preparation for SDS-PAGE and Western
blotting, total protein content from the myofibril preparations was measured using the
Bradford colormetric protein assay where the protein content is determined by measuring
the absorbance of 595nm light. Once total protein content for each sample was determined,
myofibril preparations were re-suspended in Laemmli sample. Determination of total protein
content before SDS-PAGE allowed loading of equal amounts of total protein (20 pg). SDS-
PAGE separated proteins were transferred to a nitrocellulose membrane and probed with
rabbit polyclonal anti-TnC (Santa Cruz Biotechnology, Santa Cruz, CA) and rabbit
polyclonal anti-Flag (Sigma-Aldrich, St. Louis, MO) after blocking with 5% milk (w/v in
Tris-buffered saline containing 0.1% v/v Tween-20). Antibody incubations were carried out
in 1% milk (w/v in Tris-buffered saline containing 0.1% v/v Tween-20). The same
nitrocellulose membrane was probed with anti-TnC or anti-Flag, and was then stripped and
re-blocked before probing with a second antibody, anti-TnC or anti-Flag, which ever was
not used first. The order of probing did not affect either antibody signal. The same
membrane was probed twice to confirm that the larger molecular weight band in the anti-
TnC blot was indeed cTnC-Flag. Protein bands were quantified using ImageJ gel analysis
toolkit (NIH), and the expression of each cTnC-Flag was calculated relative to the amount of
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native cTnC present in the anti-TnC Western blot. This analysis generated a relative amount
(%) of cTnC-Flag that was incorporated into the myofilaments of AV-L48Q cTnC or AV-
WT cTnC transduced cardiomyocytes. Similarly, analysis of L48Q cTnC-cTn incorporation
into the myofilaments of demembranated trabeculae amount was conducted via Western
blotting using rabbit polyclonal antibodies against cTnT (sc-8121 1:500, Santa Cruz
Biotechnology, Santa Cruz, CA). L48Q cTnC-cTn complexes contained cmyc-cTnT to
allow identification of exchanged cTn from native cTn. cTnT protein bands were quantified
using ImagelJ gel analysis toolkit (NIH), and incorporation of cmyc-cTnT was calculated
relative to the amount of non-tagged cTnT for both native and recombinant proteins.

2.6 Whole cardiac troponin (cTn) exchange and force-pCa measurements

Expression, purification and complexation of recombinant cTn subunits was as previously
described in detail [20]. The L48Q cTnC was generated by site directed mutagenesis was
performed using the QuikChange 11 Site-Directed Mutagenesis Kit (Stratagene, La Jolla,
CA) to generate the L48Q cTnC mutation. cTn complexes containing L48Q cTnC also
contained cmyc-tag labeled cTnT. Proteins were stored at —80°C before use.

The force-pCa relationship in demembranated right ventricular trabeculae from rats (male
Sprague-Dawley, 200-2509) was determined after passive overnight exchange of native cTn
with recombinant cTn complexes containing either 100% WT ¢TnC or a mix of 75% WT
and 25% L48Q-cTnC, cmycTnT, cTnl as described [24]. Force-pCa data were fit by the Hill
equation as previously described [20]. The reported pCasgg values represent the means of the
values from the individual fits, £ standard error of the means (SEM). Means are compared
with Student’s T-test with significance at the 95% confidence level (p<0.05). Statistical
analysis was performed using Excel (Microsoft, Redmond, WA), SigmaPlot (Systat,
Richmond, CA), and Fityk (Wojdyr, 2010). Following mechanical measurements, trabeculae
were processed for Western blot analysis to determine the amount of WT vs. L48Q c¢TnC
containing cTn in myofibrils [20]. The presence of cmyc-tagged cTnT in the complexes
containing L48Q-cTnC allowed subsequent analysis of actual amount of L48Q-cTnC
incorporation via Western blotting (Fig. 2).

3. RESULTS

3.1 Cardiomyocyte transduction and cellular characteristics

Cardiomyocytes from healthy and MI hearts were enzymatically isolated and then
transduced with adenovirus (AV) constructs containing genes for L48Q c¢TnC + GFP (AV-
L48Q cTnC) or WT ¢TnC + GFP (AV-WT cTnC). After 48-60 hours of AV-cTnC
expression, there were no differences in cell viability between transduced and non-
transduced cardiomyocytes from healthy and M1 hearts, which was consistent with previous
studies using cardiomyocytes [9,26,30,31]. There were also no differences in cell length or
sarcomere length between groups (Table 1), which suggests that over-expression of L48Q or
WT cTnC did not alter the resting state of cardiomyocytes or induce Ca2* independent
activation.
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3.2 Contraction and Ca?* transient properties of isolated healthy cardiomyocytes

The effects of L48Q cTnC over-expression on the contractile properties of cardiomyocytes
from healthy hearts are summarized in Table 2. Cardiomyocytes from healthy hearts
transduced with AV-L48Q cTnC had significantly increased magnitude (% cell shortening)
and rate of cell shortening with no significant effects on relaxation times (RTsg, RTgg) when
compared to non-transduced cells (Table 2). Additionally, transduction of healthy
cardiomyocytes with AV-WT cTnC had no effects on the magnitude of cell shortening or
relaxation times (RTsg, RTgg), but did slightly slow the rate of cell shortening at 0.5 Hz as
compared to non-transduced cells (Table 2) However, the reduction in rate of cell shortening
was not observed at higher stimulation frequencies (data not shown). These results suggest
that the over-expression of the L48Q c¢TnC variant, and not simply over-expression of cTnC,
markedly increased contractility of healthy cardiomyocytes.

To determine if the increases in contractile properties resulted from changes myofilament
properties per se or were influenced by changes in intracellular Ca2* behavior during
stimulation, we simultaneously examined the Ca2* transient properties of cardiomyocytes
from healthy hearts. These data are also summarized in Table 2. Ca2* transient peak or Ca2*
transient decay times, measured as the 50% (DTsg) and 90% (DTgg) time to return to
baseline, did not differ between cardiomyocytes transduced with AV-L48Q cTnC or AV-
WT cTnC (Table 2). These data suggest that increases in the contractile properties of healthy
cardiomyocytes transduced with AV-L48Q c¢TnC occurred via enhanced myofilament Ca?*
sensitivity and not by significantly altering the Ca2* transient properties.

3.3 Cardiomyocyte and cardiac trabeculae myofilament protein analysis

To determine the extent of WT or L48Q cTnC incorporation into the myofilaments that was
responsible for the changes in healthy cardiomyocyte contractility, cardiomyocytes were
transduced with AV constructs to express WT or L48Q cTnC-Flag + GFP. Myofilament
incorporation of WT or L48Q cTnC-Flag was demonstrated by Western blot ratiometric
analysis of purified myofibrils from transduced cardiomyocytes probed with anti-cTnC
(Santa Cruz Biotechnology, Santa Cruz, CA) for total cTnC content and anti-Flag (Sigma-
Aldrich, St. Louis, MO) for transduced protein content (Fig. 1A). Figure 1A shows a
representative example of the anti-TnC and anti-Flag Western blots. Western blot bands
from transduced cardiomyocyte myofibrils were quantified by densitometry to compare total
cTnC content vs. cTnC-Flag (transduced protein) content and approximate the extent of
myofilament incorporation. Three batches of cardiomyocytes were run in duplicate and
averaged results indicate equivalent replacement of native cTnC with either WT ¢TnC-Flag
(22+5%) or L48Q cTnC-Flag (18+2%).

To further demonstrate that an ~20% replacement of endogenous cTnC with L48Q cTnC
can significantly enhance cardiomyoycte contraction, we also examined how a similar level
of L48Q cTnC incorporation into myofilaments affected the Ca?* sensitivty of
demembranted cardiac trabeculae. By using whole cTn exchange solutions with various
ratio amounts of L48Q cTnC-cTn and WT ¢TnC-cTn, we found that a ratio of as little as
25% L48Q cTnC-cTn significantly increased the Ca2* sensitivity of force (pCasp; Fig. 1B).
Subsequent Western blot analysis of these trabeculae showed that the actual amount of
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incorporated L48Q-cTnC was 16+2% (Fig. 1B). These results suggest that as little as ~15—
20% replacement of endogenous cTnC with L48Q cTnC is sufficient to increase the
myofilament Ca2* sensitivity of intact cardiomyocytes to increase contractility.

3.4 In vivo cardiac functional assessment

We next sought to determine whether L48Q cTnC could improve the contractility of
cardiomyocytes isolated from infarcted hearts (MI). Echocardiography was used to
determine the in vivo cardiac function of sham operated (healthy control) and MI hearts 4-6
weeks post-surgery (permanent ligature of the left descending coronary artery), and the
measurements are summarized in Figure 2. There were no significant differences in average
body weight or heart rate between control (180+3 g; 363+9 beats/min) and M rats (181+2
g; 333+10 beats/min), but left ventricular fractional shortening (FS) was significantly
reduced in Ml rat hearts (30.0+£1.9%) compared to control (53.5+6.7%) (Fig. 2A). These
results are in agreement with previous studies [7,9,32-35] by us and others. The decrease in
cardiac function was characterized by both end-diastolic and end-systolic dilation in Ml
hearts (Fig. 2B). Left-ventricular diameter at end-diastole (LVVDD) was significantly larger
in MI hearts (6.8+0.2 mm) compared to sham operated control hearts (5.3+0.4 mm). At end-
systole, left ventricular diameter (LVSD) of Ml hearts (4.8+0.3 mm) was almost twice as
large as control hearts (2.5£0.5 mm) (p < 0.05), indicating greatly reduced systolic function
(Fig. 2B). There were no significant differences in septal wall or left-ventricular posterior
wall thickness between sham and M1 rats (data not shown). These results demonstrate that
the MI hearts had developed significant systolic dysfunction at the time of cardiomyocyte
isolation for in vitro measures of contraction, relaxation, and intracellular CaZ* transients.

3.5 Contraction and CaZ2* transient properties of cardiomyocytes from Ml hearts

The effects of L48Q cTnC over-expression on the contractile properties of cardiomyocytes
from MI hearts measured at 0.5, 1 & 2 Hz stimulation frequency are summarized in Figure
3, Table 3, and Supplemental Tables 1 and 2. After 48—72 hours in culture, the ability of
adult cardiomyocytes to respond to higher frequencies found in vivo (4-6 Hz) is diminished,
likely due to partial disruption of the T-tubule system over time in culture [36]. Example
contractile traces for cardiomyocytes from healthy control and M1 hearts at 1 Hz that were
non-transduced, or transduced with AV-WT ¢TnC or AV-L48Q cTnC are shown in Figure
3A. Cardiomyocytes from MI hearts had significantly reduced magnitude and rate of cell
shortening at all stimulation frequencies compared to cardiomyocytes from sham operated
(healthy control) hearts (Fig. 3B, C; Table 3). Cardiomyocytes from MI hearts relaxed much
slower, as indicated by significantly longer relaxation times (RTsg, RTgg) (Fig. 3D; Table
3). The depression of contractile and relaxation properties of cardiomyocytes from M1 hearts
agreed with previously published results [7,9,32-35].

Transduction with AV-WT cTnC (MI+WT ¢TnC) did not have any effects on the contractile
properties of cardiomyocytes from MI hearts at any stimulation frequency. As was observed
in non-transduced cardiomyocytes from M1 hearts, MI+WT cTnC cardiomyocytes had
significantly reduced magnitude and rate of cell shortening (Fig. 3B, C; Table 3 and
Supplemental Tables 1 and 2), and prolonged relaxation times (RTsg, RTgg) compared to
cardiomyocytes from sham operated (healthy control) hearts (Fig. 3D).
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In contrast, transduction with AV-L48Q cTnC (MI+L48Q c¢TnC) significantly increased the
magnitude and rate of cell shortening of cardiomyocytes from MI hearts at all stimulation
frequencies (Fig. 3B, C; Table 3 and Supplemental Tables 1 and 2). At 0.5 and 1 Hz,
transduction with AV-L48Q cTnC slightly improved relaxation times (RTsq, RTgg) (Fig.
3D, Table 3 and Supplemental Tables 1 and 2). However, the improvement in relaxation
times did not occur at 2 Hz. These results suggest that the over-expression of the L48Q
cTnC variant, and not simply over-expression of cTnC, markedly improved the contractile
properties of cardiomyocytes from M1 hearts at varying stimulation frequencies.

As with cardiomyocytes from healthy (non-operated) hearts (Table 2), we also
simultaneously examined the Ca2* transient properties of cardiomyocytes from MI and
sham operated (healthy control) hearts to determine if the improvements in contractile
properties resulted from changes myofilament properties per se or were due in part to
changes in CaZ* transient behavior. These data are summarized in Figure 4, Table 3, and
Supplemental Tables 1 and 2. Example intracellular Ca2* transient traces at 1 Hz are shown
in Figure 4A. Cardiomyocytes from MI hearts had a significant decrease in the intracellular
Ca?* transient peak compared with cardiomyocytes from sham operated (healthy control)
hearts at all stimulation frequencies (Fig. 4E; Table 3 and Supplemental Tables 1 and 2).
The cells from M1 hearts also had a significantly slower Ca2* transient decay times (DTsg,
DTgp) at all frequencies (Fig. 4C). The reduction in intracellular Ca2* transient peak and
prolongation of transient decay times for cardiomyocytes from MI hearts agrees with
previously published results from failing hearts [2,3,7,9,32-35], and suggests reduced
contractility and slower relaxation may result (at least partially) from altered cardiomyocyte
Ca?* handling.

Transduction of cardiomyocytes from MI hearts with either AV-L48Q c¢TnC or AV-WT
¢TnC did not significantly increase the intracellular Ca2* transient magnitude or decay times
(Fig. 4B, C; Table 3 and Supplemental Tables 1 and 2) for most measurements. However,
cardiomyocytes with AV-L48Q cTnC had slightly improved Ca?* transient decay times
(DTgg, DTgg) at 0.5 and 1 Hz, but not 2 Hz stimulation frequency (Fig. 4C). These results
suggest that over-expression of cTnC has little or no effect on the Ca?* handling properties
of MI cardiomyocytes, and that any cytosolic cTnC is not acting as a significant Ca2* buffer.
Additionally, the data suggest that the improvements in contractile properties of Ml cells
expressing L48Q c¢TnC primarily resulted from enhancement of myofilament Ca2* binding
properties, not changes in intracellular Ca2* handling.

Whether or not this is the case, L48Q cTnC was able to significantly increase the contractile
performance of these cardiomyocytes, independent of Ca2* transient behavior. Additionally,
while most experiments were performed at room temperature (24°C) to compare with the
predominant number of reports for cultured cardiomyocytes in the literature [26,37-41], we
did a subset of measurements was made at 37°C to determine if the effects of L48Q cTnC
persist at physiological temperature. These data are presented in the Supplement
(Supplemental Tables 3-5) and show that the enhancement of contraction with L48Q cTnC
is of similar magnitude at 37°C for cardiomyocytes from both normal and infarcted hearts.
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3.6 Cardiomyocyte contractile efficiency

A measure of myofilament responsiveness to Ca?* (Ca2* sensitivity of contraction) can be
obtained by re-plotting the data in Figures 3 and 4 as the amount of cell shortening
(contraction) per unit of peak intracellular CaZ*. The summary of this analysis is illustrated
as contractile responsiveness in Figure 5. Cardiomyocytes from MI hearts exhibit a
significant decrease in contractile efficiency at all stimulation frequencies compared to
cardiomyocytes from sham operated (healthy control) hearts. This reduced efficiency was
not affected when cardiomyocytes were transduced with AV-WT ¢TnC. However,
cardiomyocytes from MI hearts transduced with AV-L48Q cTnC exhibited a significant
improvement at all frequencies, such that contractile efficiency was almost completely
restored to that of cardiomyocytes from sham operated (healthy control) hearts. The
significant improvement in the contractile efficiency with AV-L48Q c¢TnC adds additional
support to the idea that there is an enhancement of myofilament responsiveness to activating
Ca?* when L48Q cTnC is being expressed and incorporated into the myofilaments.

4. DISCUSSION

The main objective of this study was to determine if expression and incorporation of L48Q
cTnC into myofilaments could increase the contractile properties of intact cardiomyocytes
and improve contractile function following MI. This hypothesis was based on previous
results, where L48Q cTnC enhanced the Ca2* binding properties of ¢Tn and thin filaments
in solution, and the Ca2* sensitivity of myofilament contraction [23,24]. In this study we
found that an ~20% myofilament incorporation of L48Q cTnC increased contractility of
cardiomyocytes from both healthy hearts and hearts with systolic dysfunction (post-Ml).
These findings are supported by our previous studies in skeletal muscle where we reported
that replacement of ~12.5-25% native fast skeletal TnC (sTnC) with an sTnC variant that
increases Ca2* sensitivity (M80Q sTnCF27W) is sufficient to see a gain of function of
demembranated rabbit psoas muscle fibers [42]. Thus, while it may not be the case for all
troponin C mutations, it appears that this is the case for these two mutations.

Importantly, the increases in contractile properties of cardiomyocytes with L48Q ¢TnC
occurred without slowing relaxation times or Ca2* transient decay kinetics. These results
suggest that over-expression of L48Q cTnC and incorporation into the myofilaments of
intact cardiomyocytes (or even remaining in the cytosol) increases the Ca2* sensitivity of
myofibrils such that significantly greater contraction can occur without an increase in
intracellular Ca* or compromising relaxation.

Recent work by our group [21,23,24] suggests that the mechanism of by which L48Q c¢TnC
increases contraction of intact cardiomyocytes is by augmented Ca?* binding to ¢Tn that
results in increased thin filament activation at any given [Ca2*]. Our solution studies, and
work by others [22], have demonstrated that the L48Q point mutation significantly increases
the Ca?* affinity of cTnC and increases the affinity of cTnC for cTnl in both the presence
and absence of Ca2*. Both magnetic resonance spectroscopy (NMR) and molecular dynamic
(MD) simulation data indicate that the N-terminal lobe of L48Q cTnC has a more open
structure and exposure of the cTnC hydrophobic patch is stabilized following Ca2* binding
[21]. This should increase cTnC-cTnl interaction, allowing enhanced movement of cTm and
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access to myosin binding sites on actin for a given submaximal [Ca2*]. It may also reduce
the reliance on crossbridge-dependent stabilizing the cTnC-cTnl state [43]. This effect
should be more pronounced at submaximal [Ca2*], where the slower dissociation rate of
L48Q cTnC [22,23] results in more Ca2* bound to ¢Tn in thin filaments at any given time.
These are the physiological conditions present in cardiomyocytes in this study and that occur
in the myocardium at the whole organ level. Also, we did not examine myosin content and
composition in the cardiomyocytes from MI hearts, but it is possible that changes in myosin
isoform could have contributed somewhat to the change of contractile properties of these
cells.

An important aspect of L48Q c¢TnC is that, while it more effectively activated the thin
filament and improved contraction, cardiomyocyte relaxation was mainly unaffected in both
cardiomyocytes from healthy and Ml hearts. Prolonging systole and slowing diastole could
have severe in vivo functional consequences by reducing diastolic filling and, subsequently,
cardiac output. Experiments by de Tombe et al. [44] in myofibrils demonstrated that
increased myofilament Ca2* sensitivity via exchange with ssTnl or exposure to bepridil does
not prolong relaxation, while re-lengthening of cardiomyocytes from transgenic mice
expressing ssTnT was significantly slowed, possibly due to slower kinetics of Ca2* decay
[45]. We previously reported that the initial slow phase of relaxation of cardiac myofibrils
was increased slightly following ~100% exchange of endogenous cTnC with L48Q cTnC
(compared to ~20% L48Q cTnC exchange in the current study), suggesting the rate of thin
filament de-activation may be somewhat affected. However, the rate of this slow phase
(thought to be dependent of cross-bridge detachment rate) was not affected, and neither was
the much larger rapid phase rate of relaxation [23], and thus the total relaxation time was
similar to myofibrils containing WT or native cTnC. An additional consideration is that
these previous myofibril contraction and relaxation measurements were made during
maximal Ca2* activation at 15°C, and in the presence of a phosphate mop. In the intact in
vitro cardiomyocyte, as in the heart, the sarcoplasmic reticulum releases a submaximal
amount of Ca2*, which would limit the level of thin filament activation and decrease the
time required for Ca* re-sequestration after it dissociates from cTn, thus increasing the
relaxation rate. An additional factor is that the isometric myofibril experiments utilized
~100% exchange of endogenous cTnC with L48Q cTnC and maximal [Ca%*] (pCa 4.0),
while the intact cardiomyocytes in this study contained only ~20% L48Q cTnC, which
would reduce the buffering capacity of cTn complexes of thin filaments to maintain thin
filament activation. Finally, relaxation properties are different under unloaded (no strain)
conditions, such as isolated intact cells in vitro, and the effects of L48Q c¢TnC on relaxation
may differ under loaded conditions (strain) such as those encountered in vivo. While it is
possible that greater incorporation of L48Q c¢TnC into myofibrils of intact cardiomyocytes
might begin to slow relaxation, that question is beyond the scope of our current studies.

A consideration of studies where thin filament proteins are over-expressed in muscle cells is
if there is an effect on Ca2* transient behavior, possibly from thin filament proteins in the

cytosolic fraction (not yet incorporated into filaments). It has been shown that when cTnl is
over-expressed in mouse cardiomyocytes, the non-complexed proteins undergo degradation
[46], suggesting that levels of free (cytosolic) cTn subunits are regulated. Interestingly, Lim
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et al., demonstrated that cardiomyocytes over-expressing mutant cTnC (E59D, D75Y),
which is associated with idiopathic dilated cardiomyopathy, markedly decreased
contractility while having no effect on intracellular Ca?* homeostasis [47], and it is another
example that it is possible to manipulate thin filament Ca2* binding affinity without
affecting Ca2* transient behavior. While transgenic expression of ssTnl in myocytes was
shown to prolong relaxation and Ca2* transient decay times [45], work with this transgenic
ssTnl mouse model and the myofilament Ca2* sensitizer, EMD-57033, in a non-transgenic
mouse model showed that specifically increasing myofilament Ca2* sensitivity improved
cardiac and myofilament function after ischemiareperfusion injury. This study also showed
an improvement in diastolic pressure after ischemia-reperfusion injury [48]. These results
provide further support of our hypothesis that targeted increases in myofilament Ca2*
sensitivity through specific manipulation of thin filament Ca2* binding properties can have a
significant impact on cardiac contractility without perturbing intracellular Ca2* handling or
relaxation.

MI and cardiac diseases of the sarcomere, such as dilated cardiomyopathy (DCM),
commonly lead to heart failure [49-51]. Within these causes of heart failure, some patterns
have emerged that demonstrate potential similarities in the changes of contractile properties
and disease state. For example, most DCM mutations in myofilament proteins result in
decreased Ca?* sensitivity of force [52-56]. Additionally, perturbations in myofilament
properties, including decreased Ca?* sensitivity, are thought to underlie (at least in part) the
decreased contractility of failing myocardium post-MI [5,9-13]. If myofilament Ca2*
sensitivity in failing myocardium from DCM or Ml is decreased, one logical therapeutic
approach would be to return the Ca2* sensitivity to normal levels to limit adaptive changes
that occur with reduced systolic performance. However, little is known about whether direct
manipulation of myofilament CaZ* sensitivity might be beneficial for systolic dysfunction.
Some work has shown that increasing myofilament Ca2* sensitivity exhibits promise as a
means to improve contractility in models of systolic dysfunction. One study demonstrated
the use of a Ca2* sensitizing agent, pimobendan, in a DCM mouse model significantly
improved cardiac performance and morphology [57]. In another study, we demonstrated that
enhanced myofilament Ca2* sensitivity in the non-infarct region of failing hearts following
neonatal rat cardiomyocyte engraftment was a major contributor to the improvement in
whole heart function following M1 [9]. These results suggest that modulation of thin
filament properties to enhance myofilament Ca2* sensitivity may be effective in improving
cardiac muscle contractility, and possibly whole heart function, in hearts with systolic
dysfunction.

5. CONCLUSIONS

This study demonstrated that expression of L48Q c¢TnC and incorporation into cardiac
myofibrils enhanced Ca?* sensitivity of the myofilaments and markedly improved
contractility in cardiomyocytes from healthy and MI hearts without adverse effects on
relaxation or Ca2* transient behavior. The use of engineered proteins, such as L48Q cTnC,
may serve as an alternative approach to other strategies of increasing in myofilament Ca2*
sensitivity through protein [58] or pharmacological [59,60] means, which may have off-
target effects. In this in vitro set of studies, we demonstrated that replacement of a minority
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(~20%) of native cTnC by L48Q cTnC was effective in improving the contractile properties
of cardiomyocytes from healthy and MI hearts. Future in vivo work, using approaches more
compatible to animal models, will be required to determine the effects of L48Q ¢TnC
expression on whole heart function, and whether this can improve systolic function in
damaged or diseased hearts without impairing diastolic function.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Analysis of myofilament incorporation of L48Q c¢TnC in transduced, cultured
cardiomyocytes and demembranated trabeculae. A) Representative Western blots against
Flag and TnC show that myofibrils from transduced, cultured cardiomyocytes contain
22+5% WT cTnC-Flag or 18+2% L48Q cTnC-Flag of the total myofilament cTnC content.
Lane 1: WT ¢TnC-Flag from HEK 293 cells (positive control), lane 2: non-transduced
cardiomyocytes (negative control), lane 3: WT cTnC-Flag transduced cardiomyocytes, lane
4: L48Q cTnC-Flag transduced cardiomyocytes. B) In demembranated trabeculae, after
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passive cTn exchange in solution containing 25%/75% L48Q/WT cTnC-cTn, Ca2*
sensitivity of force was significantly increased compared to WT ¢TnC-cTn exchanged
trabeculae (pCa 5.14+0.02 vs. 5.10+0.03, n = 4 and 6, respectively, p<0.05). Inclusion of
cmyc-cTnT in L48Q cTnC-containing cTn complexes allowed for assessment of
incorporation via Western blotting since cmyc-TnT travels slower on SDS-PAGE. Lane 1:
recombinant cTnT, lane 2: mix of cmyc-cTnT and c¢TnT, lane 3: actual exchanged trabecula
showing 16/84% cmyc-cTnT/cTnT incorporation. Average incorporation measured in three
sets of preparation equaled 16+4%.
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Figure 2.
Assessment of cardiac function after myocardial infarction by echocardiography. Factional

shortening of infarcted hearts (A, n= 6) was significantly reduced compared to sham
operated (healthy control) hearts (sham, n = 3). Both diastolic and systolic LV diameters
significantly increased after MI. Values are means + S.E.M.; * = p<0.05 as compared to
sham operated (healthy control).
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Contractile properties of transduced cardiomyocytes from MI hearts stimulated at 0.5, 1, & 2
Hz. (A) Representative cell length traces at 1 Hz of healthy sham control (black), MI non-
transduced (red), MI+WT cTnC (grey), and MI+L48Q cTnC (blue) cardiomyocytes. (B, C)
The magnitude and rate of cell shortening was decreased at all frequencies for Ml (grey
squares) and MI+WT c¢TnC (black squares) cardiomyocytes compared to healthy sham
control (black triangles) at all frequencies. M1+L48Q cTnC (white squares) improved
magnitude and rate of cell shortening. (D) Relaxation times were prolonged at all
frequencies for M1 (grey squares) and MI+WT cTnC (black squares) cardiomyocytes
compared to healthy sham control (black), and MI1+L48Q cTnC (white squares) slightly
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improved relaxation times at 0.5 and 1Hz frequencies. Only the healthy sham control cells
relaxed significantly faster compared to Ml cells at 2 Hz. Values are means + S.E.M while
some error bars are concealed within data points; * = p<0.05 as compared to M| for sham

(black triangles) or M1+L48Q cTnC (white squares). Double asterisks indicate significant

difference compared to MI where sham and MI+L48Q cTnC data symbols overlap.
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Figure 4.
Intracellular Ca2* transient properties of transduced cardiomyocytes from Ml hearts

stimulated at 0.5, 1, & 2 Hz. (A) Representative Ca?* transients of healthy sham control
(black), MI non-transduced (red), MI+WT ¢TnC (grey), and MI+L48Q c¢TnC (blue)
cardiomyocytes. (B) Peak intracellular Ca2* release (Fura-2 fluorescence) was depressed in
all M1 conditions at all frequencies. (C) Intracellular Ca2* decay times were slowed in MI
(grey squares) and MI+WT c¢TnC (black squares) at all frequencies compared to healthy
sham control (black triangles), and MI+L48Q cTnC did not adversely affect Ca2* decay
times at any frequency. Only the healthy sham control cells had significantly faster Ca2*
decay times compared to Ml cells at 2 Hz. Values are means + S.E.M while some error bars
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are concealed within data points; * = p<0.05 as compared to Ml for sham (black triangles)
or MI+L48Q cTnC (white squares). Double asterisks indicate significant difference
compared to MI where sham and MI+L48Q c¢TnC data symbols overlap.
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Figure 5.
Contractile efficiency assessed as cell shortening divided by peak intracellular Ca2* release

(Fura-2 ratio units). MI1+L48Q cTnC transduced cardiomyocytes (white squares) are
significantly more responsive to Ca2* at all stimulation frequencies, which is similar to the
Ca?* responsiveness of healthy control cells (sham operated hearts) (black triangles). Ml
+WT cTnC transduced cardiomyocytes (black squares) respond to Ca2* similarly to non-
transduced MI cardiomyocytes (grey squares). Values are means = S.E.M.; * = p<0.05 as
compared to Ml for sham (black triangles) or MI1+L48Q c¢TnC (white squares). Double
asterisks indicate significant difference compared to MI where sham and MI+L48Q cTnC
data symbols overlap.
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Table 1

Cell characteristics

n N SL (um) Cell length (um)

Healthy
Non-transduced 54 5 1.83+0.03 89.2+2.0
WT ¢TnC 43 5 1.82+0.02 91.4+19

L48Q cTnC 60 5 1.84%0.02 93.2+2.4

MI
Sham 27 3 1.77%0.02 91.8+29
MI 48 8 1.79+0.02 95.2+23
MI+WTcTnC 41 6 1.78+0.02 95.9+35
MI+L48QcTnC 51 7 1.79+0.02 91.7+25

n =# of cells, N = # of animals; No statistical significance between any groups.
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