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Abstract
The present study examined the contribution of myofilament contractile proteins to regional function
in guinea pig myocardium. We investigated the effect of stretch on myofilament contractile proteins,
Ca2+ sensitivity, and cross-bridge cycling kinetics (Ktr) of force in single skinned cardiomyocytes
isolated from the sub-endocardial (ENDO) or sub-epicardial (EPI) layer. As observed in other
species, ENDO cells were stiffer, and Ca2+ sensitivity of force at long sarcomere length was higher
compared with EPI cells. Maximal Ktr was unchanged by stretch, but was higher in EPI cells possibly
due to a higher α-MHC content. Submaximal Ca2+-activated Ktr increased only in ENDO cells with
stretch. Stretch of skinned ENDO muscle strips induced increased phosphorylation in both myosin-
binding protein C and myosin light chain 2. We concluded that transmural MHC isoform expression
and differential regulatory protein phosphorylation by stretch contributes to regional differences in
stretch modulation of activation in guinea pig left ventricle.
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Introduction
The contractile strength of the heart is modulated, on a beat to beat basis, by both the amount
of Ca2+ released from the sarcoplasmic reticulum and the responsiveness of the myofilaments
to Ca2+. Apart from the hormonal regulation of both these processes, myofilament Ca2+

responsiveness is also modulated by sarcomere length (SL), and this forms the cellular basis
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of the Frank–Starling law of the heart. The molecular mechanisms that underlie myofilament
length-dependent-activation (LDA), however, are incompletely understood.

Cell lengthening within the physiological working range significantly increases the Ca2+

sensitivity of force [1,25]. Part of this effect may be due to reduced interfilament lattice spacing
with stretch, which may increase the probability of myosin binding to actin to yield more force-
generating cross-bridges that activate the thin filament [31,39]. A recent study has shown that
interfilament spacing alone cannot explain changes in Ca2+ sensitivity [17]. It now seems more
likely that Ca2+ sensitivity is determined by changes in the structure of myosin filaments [17,
36].

Phosphorylation of myofilament proteins has been suggested to affect cardiac contractility
independently of the alterations in the dynamics of Ca2+ handling [29]. In skinned myocardium,
protein kinase A (PKA)-induced phosphorylation of cardiac troponin I (cTnI) and cardiac-
myosin-binding protein C (cMyBP-C) is associated with decreased Ca2+ sensitivity of force,
increased rates of cross-bridge cycling, and increased LDA. The underlying mechanism include
altered thin and thick filament properties, respectively (reviewed in [30,32]). Despite its
physiological importance, the impact of stretch on the phosphorylation status of regulatory
proteins in correlation with contractile parameters remains to be investigated.

We previously showed that passive and active mechanical properties are not uniform across
the left ventricular free wall. Intact and skinned cardiac myocytes isolated from sub-
endocardial (ENDO) layers in several species are significantly stiffer than sub-epicardial (EPI)
myocytes [7–9]. Moreover, in the physiological sarcomere length range, auxotonic contraction
of the stiffer intact ENDO myocytes is higher than EPI at similar diastolic SL in the absence
of significant changes in the intracellular calcium transient [7,8]. The higher-length sensitivity
of contraction in intact ENDO cells is due to a higher LDA of the myofilaments when compared
with EPI cells [9]. This higher LDA has been correlated with a stretch-induced phosphorylation
of the myosin light chain-2 (MLC-2) in ENDO cells [9].

Small rodents such as mice and rats express in the heart almost exclusively the α-myosin
isoform, unlike larger mammals such as the human, which expresses >90% β-myosin. Whether
regional differences in myofilament length-dependent-activation also occur in hearts
composed of predominantly β-MHC is not known. Accordingly, the purpose of this study was
to examine regional myofilament length dependence of contraction in guinea pig myocardium
expressing ~80% β-MHC. In addition, we examined the effect of stretch on sarcomeric proteins
(titin, cTnI, cMyBP-C, and MLC-2) that are potentially involved in LDA. Here, two contractile
parameters, myofilament Ca2+ sensitivity and cross-bridge cycling kinetics were studied in
guinea pig skinned cardiomyocytes. Myocytes were obtained from either the sub-endocardial
or the sub-epicardial layer so as to study within the same heart, myocytes with a high (ENDO)
and low (EPI) LDA. Our results show a positive correlation between the stretch-induced
passive tension and myofilament contractile properties. Furthermore, we found that a high level
of passive tension development was associated with increased phosphorylation of MLC-2 and
MyBP-C. As these proteins are known to affect myofilament Ca2+ sensitivity of force and the
kinetics of force redevelopment, our data suggest that stretch-induced phosphorylation of
myofibrillar proteins in living myocardium may contribute to the Frank–Starling relationship.

Materials and methods
All experiments were performed according to institutional guidelines concerning the care and
use of experimental animals and the NIH guide for the Care and Use of Laboratory Animals.
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Isolated myocytes
Single ventricular myocytes were enzymatically isolated as previously described [8]. Briefly,
guinea pigs (250–300 g) were killed by cervical dislocation. Hearts were quickly removed and
fixed on a Langendorff apparatus. The heart was perfused for a few minutes with a Ca2+-free
physiological saline solution and perfused for 7–10 min with a solution containing 0.6 mg
ml−1 collagenase (Boehringer type B) and 0.14 mg ml−1 protease (Sigma type XIV). Next, the
ventricles were separated from the atria and opened. Small pieces of ventricular muscle were
dissected from the inner free wall (ENDO) and outer free wall (EPI), and cells were isolated
by gentle suction. External Ca2+ was progressively raised to 1 mM. Single myocytes were
skinned for 6 min at 21°C in relaxing solution (pCa 9) containing 0.3% v/v Triton X-100 and
protease inhibitors (see below). Skinned myocytes were maintained at 4°C and used within 1
day.

Skinned myocyte sarcomere length and force measurements
The Ca2+-activated force of single skinned myocyte was measured as described previously
[9]. Skinned myocytes were attached to a strain gauge and a stepper motor driven
micromanipulator with thin needles and UV-polymerized optical glue (NOA63, Norland
products, North Brunswick, NJ, USA). Myocyte SL was recorded at 60 Hz and analyzed in
real time using IonOptix equipment and software (IonOptix, Milton, MA, USA). Force was
normalized to cross-sectional area measured from the imaged cross-section as described
previously [6]. Slack SL was measured before attachment and did not differ significantly
between myocytes from EPI (1.85±0.01 μm) and ENDO (1.85±0.01 μm). The pCa (=−log
[Ca2+])–force relationships were established at two SL: 1.9 and then at 2.3 μm, at 22°C (Fig.
1). Cells that did not maintain 80% of the first maximal tension, a visible striation pattern, or
excessive SL shortening during activation (>0.1 μm) were discarded. When required, cell
length was varied during the contraction to maintain SL. Active tension at submaximal
activations was normalized to maximal isometric tension at the same SL. Maximal active
tension decreased slightly with the number of imposed contractions; the mean reduction was
7±3% (n=14) and 7±5% (n=14) for ENDO and EPI myocytes, respectively. For each cell, the
relation between force and pCa was fit to the following equation:

where nH is the Hill coefficient and pCa50 the pCa for half-maximal activation, equals −(log
K)/nH. The ΔpCa50 was calculated as the difference in pCa50 at 1.9 and 2.3 μm SL for each
experiment.

Rate of tension redevelopment
Release–restretch experiments were performed according to a procedure modified from [4]
and similar to [48]. Briefly, attached cross-bridges were mechanically disrupted by applying
a release within 1 ms to 20% of original active length using a piezoelectric translator (P-244.27,
Physik Instruments). Tension declined to zero and was maintained over a brief period (20 ms)
of unloaded shortening followed by rapid restretch to the starting muscle length. Tension
redevelopment was characterized by an apparent mono-exponential rise in force with a rate
constant Ktr. For each pCa, the protocol was applied three times, and Ktr was determined by
monoexponential fit to the average signal (Fig. 3a) using commercial software (Axon
Instruments).

Ait mou et al. Page 3

Pflugers Arch. Author manuscript; available in PMC 2010 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Solutions
Solutions were similar to those used previously [9]. For cell dissociation, the Ca2+-free Hanks–
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-buffered solution contained (in
mM): NaCl 117, KCl 5.7, NaHCO3 4.4, KH2PO4 1.5, MgCl2 1.7, HEPES 21, glucose 11.7,
taurine 20, 2,3-butanedione monoxime 15, pH 7.15 adjusted with NaOH, and was bubbled
with 100% O2.

For myocyte force measurements, activating solutions were prepared daily by mixing relaxing
and maximal activating solutions containing (in mM): Na-acetate 10, phosphocreatine 12,
imidazole 30, free Mg2+ 1, ethylene glycol tetraacetic acid 10, Na2ATP 3.3 and dithiothreitol
0.3 with either pCa=9.0 (relaxing solution) or pCa=4.5 (maximal activating solution), protease
inhibitors (PMSF 0.5; leupeptin 0.04 and E64 [trans-epoxysuccinyl-1-leucine-
guanidobutylamide] 0.01), pH 7.1 adjusted with acetic acid. Ionic strength was adjusted to 180
mM with K-acetate.

Biochemical analysis
Titin content and isoform distribution in EPI and ENDO tissues were analyzed on 2.5–7%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) according to [6] with
slight modifications. Cells were pulverized in liquid nitrogen and solubilized for 3 min at 60°
C in a Laemmli buffer supplemented with 8 M urea and 2 M Thiourea. After electrophoretic
separation, gels were stained with 0.1% Coomasie Blue G250, imaged (Kodak Image Station
2000R) and analyzed using Kodak 1D image analysis software. The integrated optical density
of myosin heavy chain (MyHC) and titin (N2B and N2BA isoforms) were determined to
calculate the total amount of titin relative to MyHC and titin isoform expression ratio (N2B to
N2BA ratio). The titin/MyHC ratio and N2BA/N2B ratio were obtained from the slopes of a
range of loading determined for each band.

β-MyHC, cTnI, MLC2, and cMyBP-C analyses were performed on freshly dissected skinned
strips as previously described [9]. Briefly, heart was perfused for 10 min with a pCa9 solution
containing 1% Triton X-100 and protease inhibitors. Muscle strips from the inner and outer
layers of the left ventricle were dissected in this solution under a microscope to follow the fiber
orientation, and strips were kept in the skinning solution at room temperature for an additional
10 min and washed in relaxing solution. Strips were quickly frozen at slack length or after
stretching by ~20–30% of initial slack length to 2.30±0.05 μm SL. The tissue was homogenized
in ice cold trichloroacetic acid (TCA; 10%) so as to maintain contractile protein
phosphorylation statues. Samples were then washed three times in acetone/10 mM
dithiothreitol (DTT). The pellet was mixed with urea buffer (in M: urea 8, DTT 0.5, Tris 0.22,
Glycine 0.25, saturated glucose, EDTA 0.4, PMSF 5×10−4, NaF 0.35). Protein concentration
was determined with RCDC kit (Bio-Rad). Proteins (20 μg) were separated either on 10% urea
gel for MLC2 isoforms or on 2–20% SDS-PAGE for the other proteins. For analysis of
phosphorylation levels, all samples from one animal were always loaded in duplicate on the
same gel. The first lanes were used to measure the phosphorylated proteins and were
normalized with the last lanes used to determine the total protein content. After transfer onto
nitrocellulose membrane (1 h, 0.08 A), immunoblotting analysis was performed with
corresponding primary antibodies: cardiac MLC-2 antibody (Coger SA Paris, 1:200 dilution),
β-MyHC (Sigma, 1:2.500 dilution), cTnI (clone 6F9, 1:2.000 dilution), and the PKA
phosphorylated form of cTnI (clone 5E6, 1:200 dilution) from Hytest (Finland); cMyBP-C
(1:1.000 dilution), and the phosphorylated Ser282-cMyBP-C (1:1.000 dilution), generous gifts
from Drs. Christian Witt and Lucie Carrier, respectively. Visualization was achieved with the
ECL system (Amersham). Quantification of signals was performed by densitometry. Results
are expressed relative to the total amount of the studied protein.
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Statistical analysis
One-way or two-way analysis of variance was applied for comparison between groups. When
significant interactions were found, a Holm–Sidak t test was applied with P<0.05 (Sigmastat
3.5). Data are presented as mean± SEM.

Results
Passive properties of sub-epicardial and sub-endocardial myocytes

Passive tension was measured by gradually stretching each cell in relaxing solution (pCa 9)
from slack length (measured before attachment) to 1.9, 2.1, 2.3, and 2.5 μm SL before the
determination of the tension-pCa curves. Measurements were made at steady state when the
rapid phase of stress relaxation was completed. ENDO cells developed significantly higher
passive tension when stretched above 2.3 μm SL than EPI cells (Fig. 1b; 4.3± 0.2 vs. 2.9±0.2
mN/mm at SL=2.5 μm). As shown previously in rat myocytes [9], the difference of passive
tension between EPI and ENDO cells was not due to residual cross-bridges in the relaxed state
because passive tension was unaffected when cells were incubated with 2,3-butanedione
monoxime, an agent that removes weak binding cross-bridges (data not shown). Over the
physiological operating range of SL, titin is the principal cytoskeletal protein responsible for
cellular passive properties [20]. The myocardium co-expresses two titin isoforms, the short
N2B and the long N2BA isoform. As described previously, guinea pig myocardium expresses
mostly the short N2B titin isoform [34]. To establish whether a regional variation in titin was
responsible for the difference in stiffness between ENDO and EPI cells, we measured titin
content and isoform distribution in both cell types. A typical example is shown in Fig. 1c. The
migration of titin revealed a major T1 band corresponding to full-length titin and a lower band,
T2, which results from degradation [20]. No change in titin isoform composition was observed
across the wall of the guinea pig ventricle (ENDO, 63±2.7; EPI, 58.4±5.2; %N2B/total titin).
Furthermore, the total amount of titin present in the sarcomere was not different between ENDO
and EPI cells (ENDO, 0.78±0.16; EPI 0.79±0.05; titin/myosin). Hence, the difference in
cellular passive tension between the endocardial and epicardial layers of the heart appeared
not to be due to a difference in the intrinsic stiffness of titin.

Sensitivity to SL stretch of sub-epicardial and sub-endocardial myocytes
Skinned cells were maintained in isometric conditions throughout the experiments at either
SL=1.9 or 2.3 μm measured by video microscopy. An active force–[Ca2+] relationship was
determined at each SL by sequentially perfusing the cell with solutions containing various
Ca2+ concentrations. Figure 1 further illustrates the increase in resting force upon stretch to
SL=2.3 μm and the concomitant increase in myofibrillar Ca2+ sensitivity. That is, at equivalent
intermediate [Ca2+], more force is developed at the high SL compared to the low SL. The
average relationships between active tension development and [Ca2+] at SL=1.9 and 2.3 μm
are shown in Fig. 2. The data were fit to a modified Hill equation, and the average parameters
are summarized in Table 1. As previously observed in rat heart in similar conditions [9], the
myofilament Ca2+ sensitivity was similar between EPI and ENDO cells at short SL. Stretching
the cells from 1.9 to 2.3 μm SL induced a significant leftward shift of the force–Ca2+

relationship and, thus, an increase in the pCa50 parameters (Table 1). However, the impact of
stretch was significantly higher in the ENDO cells compared to the EPI cells. The Hill
coefficient increased significantly with stretch in ENDO cells (from 3.5±0.1 to 4.3±0.3), while
it decreased in EPI cells (from 4.3±0.1 to 3.6±0.2). Maximal active tension did not differ
between the groups. The difference between pCa50 at the long and short SL (ΔpCa50) is an
index of LDA; it was significantly smaller in EPI cells compared to the stiffer ENDO cells
(Fig. 2b, Table 1). Consistent with this notion, Fig. 2c shows a scatter plot of pCa50 measured
at 1.9 and 2.3 μm SL as function of passive tension measured in relaxing solution at 1.9 and
2.3 μm SL, respectively. These data clearly indicate a strong positive correlation between
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myofilament Ca2+ sensitivity and strain-induced passive force development of the guinea pig
cardiac myocyte.

TnI and MLC-2 phosphorylation is known to induce a shift in the tension–pCa curves in cardiac
muscle. Western blot analysis was performed on skinned muscle strips dissected from either
sub-endocardial layer or sub-epicardial layer, and quick-frozen either at slack length or after
a 20–30% stretch (approximately equivalent to a SL stretch from 1.9 to 2.3 μm). As shown in
Fig. 2d, phosphorylation of TnI on the PKA sites was not significantly different between
regions, before or after stretch. Basal phosphorylation of MLC-2 was higher in EPI cells
compared with ENDO confirming previous results [9,15]. Of note, stretch of ENDO skinned
muscles, but not EPI, induced significant additional phosphorylation of MLC-2. MyBP-C
phosphorylation has been proposed to affect contractile properties. The level of
phosphorylation of cMyBP-C on Ser282 (PKA and Cam-Kinase sites) relative to the total
cMyBP-C was similar between EPI and ENDO at slack length (Fig. 2d). Stretch increased
phosphorylation of cMyBP-C in both cell types, but this increase was larger and significant
only in the ENDO samples.

Rate constant of tension redevelopment of sub-epicardial and sub-endocardial cells
It has been reported that stretch induces an increase in molecular cooperativity, a mechanism
that could be, in part, responsible for the increase in Ca2+ sensitivity of tension [2,27].
Therefore, we tested the hypothesis that cross-bridge cycling kinetics are differentially affected
by stretch in skinned EPI and ENDO cells. Measurement of Ktr provides an estimate of the
cross-bridge transition kinetics between weak-binding, non-force-generating states and strong-
binding, force generating states; the method is illustrated in Fig. 3a. As was the case for the
force–[Ca2+] relationships, Ktr at intermediate pCa was more sensitive to SL in ENDO
myocytes compared to EPI myocytes (Fig. 3b). Indeed, there was a leftward shift of the relative
Ktr–pCa relationship in ENDO cells stretched from 1.9 to 2.3 μm SL (pCa50 5.59±0.01 and
5.86±0.03, respectively). Stretch of the EPI cells, on the other hand, had no effect on this
relationship (pCa50 5.77±0.03 and 5.75±0.07 for SL=1.9 and 2.3 μm). Furthermore, SL did
not affect the relationship between relative Ktr and active force development in either cell type
(data not shown). Finally, maximum Ca2+ saturated Ktr was significantly higher in EPI cells
compared to ENDO cells at both short (+23%) and long SL (+30%), while SL by itself did not
affect maximum Ktr (Table 2).

Regional variation in myosin isoform expression has been reported previously in rat
myocardium and that could explain the differences in Ktr observed between ENDO and EPI
myocytes. β-MyHC content was measured by Western blot analysis. There was a tendency for
EPI cells to express more α-MyHC than ENDO cells (p=0.06), consistent with the higher
maximum Ktr parameter observed in EPI cells (Fig. 3; Table 2).

Passive tension dependency of the rate constant of tension redevelopment
Considering the implication of passive tension in the LDA mechanism, the lack of effect of
stretch on Ktr in EPI cells could be due also to the difference of passive tension development.
To test this hypothesis, EPI cells were stretched to higher SL (≈2.45 μm) to match the level of
passive tension of ENDO cells (≈2.4 mN/mm2). In these conditions, we observed a significant
increase of Ktr for submaximal Ca2+ activation in EPI cells as observed for ENDO cells (Fig.
4). This result further confirms the importance of stretch-induced passive stress on myofilament
function.
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Discussion
The goal of this study was to examine the contribution of myofilament contractile proteins
(MyHC, titin, cMyBP-C, cTnI, and MLC-2) to regional contractile function in guinea pig
myocardium at various sarcomere lengths. We took advantage of existing heterogeneity of the
LDA mechanism within the same heart across the left ventricle to investigate the relationship
between stretch, phosphorylation of sarcomeric proteins, and two parameters of force,
myofilament Ca2+ sensitivity, and kinetics of force development, in skinned myocardium of
guinea pig. Guinea pig heart presents the advantage of having a contractile machinery
composition closer to human than neither do rat or mouse hearts (e.g., for MyHC and titin
isoforms compositions). Our results demonstrate a transmural MyHC isoform distribution that
may be responsible for the regional differences in cross-bridge cycling kinetics. We also
observed that passive force induced by stretch correlates with myofilament contractile
properties. In addition, high level of passive tension development was associated with increased
phosphorylation of MLC-2 and MyBP-C. We conclude that transmural MyHC isoform
expression and differential regulatory protein phosphorylation after stretch contributes to
regional differences in stretch modulation of activation in guinea pig left ventricle.

Passive tension-based modulation
We found a close relationship between Ca2+ sensitivity of force and the level of passive tension.
The current results are consistent with previous observations in rat and bovine myocardium
[9,11,12,18]. In general, high LDA is correlated with a high level of passive tension. This is
true within the same cardiac tissue in which passive tension has been modified either by
changing the pre-history of stretch before activation [12], by phosphorylation of titin with PKA
[3,19], high and low passive tension between atrium and ventricle [19], or between myocytes
isolated from various places of the ventricle with various cellular passive stiffness ([9], present
study). Differential titin isoform expression across the LV wall have been found in pig [6] but
not in goat [37] and rat [9]. In the present study, we found no difference in either titin content
or titin isoform distribution between ENDO and EPI cells indicating that other mechanisms
must participate in the passive tension difference across the wall. Possible mechanisms include
titin phosphorylation, titin–actin interaction, Ca2+ binding to titin modulating titin mechanics,
or intermediate filament contribution [21]. We previously observed a difference in passive
tension between intact EPI and ENDO myocytes isolated from rat, ferret, and guinea pig hearts,
which was shown to be titin-isoform-independent [7,8]. Such transmural heterogeneity of
passive tension and the possible titin-isoform contribution remains to be determined in large
animals. The mechanism whereby passive force modulates myofilament Ca2+ sensitivity is not
known. It has been suggested that a passive tension-based mechanism directly influences cross-
bridge interaction with actin. One proposed mechanism is that titin strain imposes a radial force
on the sarcomere lattice to modulate inter-filament spacing thus leading to altered myosin–
actin interaction and myofilament Ca2+ sensitivity [12,19]. However, X-ray diffraction studies
on skinned myocardium have questioned the role of interfilament spacing in directly
modulating myofilament Ca2+ sensitivity and proposed that the disposition of myosin heads
was a more predictive index [17]. Several other factors, such as phosphorylation of MLC-2 or
cMyBP-C are also known to affect the arrangement of myosin heads.

Myosin light chain-2 modulation
Under physiological conditions, the level of MLC-2 phosphorylation is maintained relatively
constant by a balance between the Ca2+/calmodulin-dependent kinase (MLCK) and a MLC
phosphatase. In the present study, we observed a significant increase in the phosphorylation
of the regulatory protein MLC-2 upon stretch, particularly in myocytes with high LDA. Similar
results have been observed in rat myocardium [9]. It is now accepted that MLC2-
phosphorylation increases myofibrillar Ca2+ sensitivity [9,38,40], possibly by increasing the
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population of myosin heads that can interact with actin [35]. The amount of phosphorylated
MLC-2 increases in Endo cells by ≈8% after stretch. This represents about 40% increase upon
stretch of the myocardium. Eight percent increase is rather small compared to ≈40% increase
in phosphorylated MLC-2 observed in studies in which the skinned preparations were first
dephosphorylated by BDM application and then phosphorylated with exogenous MLCK
[38]. However, the 8% increase in MLC-2 phosphorylation observed here may be sufficient
to explain the difference in myofilament Ca2+ sensitivity observed between EPI and ENDO
cells at long SL. A similar change in MLC-2 phosphorylation between control and failing
human cardiomyocytes has been found to correlate with a similar decrease in myofilament
Ca2+ sensitivity [47]. MLC-2 phosphorylation by MLCK has been shown to increase the rate
constant of force redevelopment of skinned cardiac muscle fibers at both low and high Ca2+

activation [35] and thus may have participated in the Ktr increase observed in ENDO cells at
submaximal Ca2+ activation after stretch. The change in phosphorylation after stretch suggests
that the enzyme system leading to MLC-2 phosphorylation is still present despite the skinning
procedure, possibly being bound to the endo- and/or exocytoskeleton. This is consistent with
immunofluorescent staining of cardiac tissues showing colocalisation of MLCK and MLC-2
[15]. A recent study identified a new cardiac-specific MLCK, which occasionally showed a
striated pattern not overlapping with MLC-2 in A bands but overlapping with actin in I bands
[13]. Interestingly its catalytic activity does not appear to be regulated by Ca2+/calmodulin in
vitro that may suggest a Ca2+-independent specific function in the heart. This is in accordance
with the lack of consistent increase in MLC-2 phosphorylation seen with elevation of
cytoplasmic [Ca2+] [13,24,26]. Whether the stretch-induced phosphorylation of MLC-2 is fast
enough to participate in the beat-to-beat regulation of Frank–Starling is still unresolved.
MLC-2 phosphorylation levels do not change during systole and diastole due to continuous
activation of MLCK and low MLC-phosphatase activity [35]. The half-time of inactivation of
skeletal MLCK is 1.3 s in situ; however, this value is not known for cardiac tissue and for
MLCK activation. Finally, MLCK activity is modulated by both PKA and PKC activities, and
by Ca2+/calmodulin interaction, thus offering a wide spectrum of potential regulators under
acute stretch [14,22].

Myosin-binding protein-C modulation
It has been suggested that phosphorylation of MyBP-C performs a permissive role in
contraction of the heart [49]. Phosphorylation of MyBP-C may decrease the restriction of
myosin and would thereby facilitate changes in actin–myosin interaction upon (de)
phosphorylation of MLC-2. In our experiments, stretch induced a significant increase of
cMyBP-C phosphorylation on Ser282 (Ca2+-calmodulin kinase and PKA dependent site) in
myocytes with high LDA (ENDO). The cMyBP-C dependence of myofilament Ca2+ sensitivity
is controversial, which is possibly due to differences in models and experimental conditions.
At short SL (1.8–2.1 μm), Ca2+ sensitivity is increased after partial extraction of cMyBP-C
[28], replacement by a truncated form [50], and in cMyBP-C Knockout mouse model [10,
41]. As have other groups, we recently observed that at long SL (>2.2 μm) Ca2+ sensitivity is
not affected by ablation of cMyBP-C [10,23,46]. These results suggest that cMyBP-C
phosphorylation at long SL is not directly responsible for the increase in Ca2+ sensitivity but
may render MLC-2 phosphorylation more efficient. In addition, cMyBP-C phosphorylation
may affect other contractile parameters such as cross-bridge cycling kinetics. Indeed, ablation
of cMyBP-C [44] and PKA-induced phosphorylation of cMyBP-C [46] both induce accelerated
cross-bridge cycling kinetics by eliminating or accelerating cooperative cross-bridge
recruitment. It has been proposed that during PKA stimulation, the primary effect of TnI
phosphorylation is to reduce Ca2+ sensitivity of force, whereas phosphorylation of cMyBP-C
accelerates the kinetics of force development [46]. This is consistent with the increase in Ktr
observed here after stretch in myocytes with high LDA concomitant with a higher cMyBP-C
phosphorylation.
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Myosin heavy chain composition
MyHC has been shown to be a key determinant of the rate of tension redevelopment. That is,
α-MyHC is associated with faster cross-bridge cycling kinetics and Ktr compared with β-MyHC
[43]. Regional variation in the myosin isoform has been reported previously in both rabbit
[16] and rat myocardium [5] with higher β-MyHC content in the sub-endocardium. A similar
trend was observed in our study. The SL dependence of Ktr has previously been addressed by
others [33,45] showing a similar Ktr at maximal Ca2+ activation, but faster Ktr at force-matched
submaximal Ca2+ activation in rat skinned trabeculae. This finding is consistent with our study
in which maximal Ktr was not affected by length change in ENDO and EPI myocytes, but
increased at intermediate levels of contractile activation with stretch in ENDO cells compared
to EPI cells (cf. Fig. 3). This result may be explained, at least in part, by the higher β-MyHC
content observed in Endo cells. A recent study showed that the Ktr parameter was length-
sensitive in rat myocytes expressing β-MyHC after 6-propyl-2-thiouracil treatment, but not in
α-MyHC myocytes [33]. The lack of stretch effect on Ktr in EPI cells that express a larger
amount of α-MyHC could be due also to the difference of passive tension development. Indeed,
when EPI cells were stretched to a higher SL (≈2.45 μm), so as to match the level of passive
tension of ENDO cells, we observed a significant increase of Ktr for submaximal Ca2+

activation (Fig. 4). This result further confirms the importance of passive stress developed after
stretch on the myofilaments.

Summary
Our results are consistent with a molecular model in which passive force induced by stretch
affects myofilament contractile properties both via a direct mechanical coupling mechanism
(through interfilament lattice spacing for example) and via modification of protein kinase and/
or protein phosphate activity upon stretch that affects regulatory proteins such as MLC-2 and
MyBP-C. A stiffer sarcomere would be expected to provide a higher level of strain on such a
mechanical kinase/phosphatase stress transduction system. Likewise, modulation of sarcomere
stiffness, by whatever means, would also modulate this transduction pathway, contractile
protein phosphorylation and, as a result, myofilament Ca2+ sensitivity. Although the location
of this mechanical transduction system cannot be determined from the present study, recent
results suggest that it may well be located in the z-disk, a structure now known to be the locus
of many kinases and phosphates and ideally situated mechanically within sarcomeres to sense
cellular strain [42].
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Fig. 1.
Passive and active properties of permeabilized guinea pig ventricular myocyte isolated in sub-
epicardium (EPI) and sub-endocardium (ENDO). a Original recording of force during myocyte
activation. b Passive properties of the cells were determined by sequentially stretching the cell
to various SL in relaxing solution. EPI cells (filled circles) are significantly more compliant
than ENDO cells (filled squares; n=14 cells per region). c Titin isoform content was
investigated on a gradient SDS gel (2.7–7%); rat cardiac tissue incubated with trypsin was used
as a control of titin degradation, rat soleus for the N2A isoform and human atrium for the N2BA
and N2B titin isoforms; guinea pig cardiac tissue expressed both N2B and N2BA isoforms
(n=5 animals, in duplicate). *P<0.05
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Fig. 2.
Relationship between the relative tension and calcium in ENDO and EPI cells at two sarcomere
lengths. a Changes of calcium sensitivity of the contractile machinery are indicated by the
leftward shift of the tension–pCa curve when cells were stretched from 1.9 μm SL (closed
symbols) to 2.3 μm SL (open symbols; n=14 cells per region). b Stretch-induced calcium
sensitization (ΔpCa50) was more prominent in ENDO cells. c Relationship between calcium
sensitivity and passive tension for all data from ENDO and EPI at two sarcomere lengths.
Passive tension was measured in relaxing solution prior each activation procedure from slack
length to 1.9 or 2.3 μm SL (y=5.47+ 0.011x, r=−0.82, P<0.001). d Skinned muscle strips
dissected from the sub-epicardial layer (full bar) or the sub-endocardial layer (hatched bar)
were quick-frozen either at slack length (open bar) or after stretch to 20–30% of the slack
length (grey bar). Left: immunoblots with anti-cardiac TnI and anti-cTnI phosphorylated by
PKA showed that TnI phosphorylation was not affected by stretch (n= 6 animals/group).
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Middle: for MLC-2 phosphorylation quantification, each isoform was separated and expressed
as a percentage of the total amount (phosphorylated + non-phosphorylated forms). Right:
Immunoblots with anti-cardiac MyBP-C and anti-phospho Ser282 cMyBP-C showed that
cMyBP-C phosphorylation level was increased by stretch (n=6 animals/group). Isoprenaline
stimulation (Iso) of intact myocytes was used as control for full phosphorylation of MyBP-C.
*P<0.05
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Fig. 3.
Release/restretch experiments on a single skinned cardiac myocyte. a Original tracing of the
tension showing the application of three successive large (20%) release/restretch maneuvers
of cell length elicited at three pCas (5.875, 5.5, and 4.5). Tension reached zero level after this
procedure; however, the frequency response of the chart recorder was not sufficient to allow
this to be recorded before the cell was rapidly restretched; for clarity the fast initial tension
releases have been retouched (dotted lines). Right: averaged records of tension for
determination of Ktr at four calcium concentrations. For each Ca2+ concentration, force before
applying the slack release–restretch maneuver was used for normalization to emphasize the
changes in the rate of tension redevelopment with Ca2+. b Relationship between relative Ktr
and pCa in EPI (n=8 cells, circle) and ENDO (n=8 cells, square) cells at SL=1.9 μm (closed
symbols, line) and SL=2.3 μm (open symbols, dashed line). c Left: β-Myosin heavy chain
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expression in cardiomyocytes isolated from sub-epicardium (open bar) or sub-endocardium
(grey bar) as determined by Western Blot was expressed relative to the total TnI content in
each group (n=5 hearts per group analyzed in triplicate). Calsequestrin (Cals) was used as an
additional internal control of loading. *P<0.05
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Fig. 4.
Passive tension dependency of the rate constant of tension redevelopment in ENDO (a) and
EPI (b) myocytes. Ktr was measured in myocytes at short sarcomere length (closed symbols)
and at a long sarcomere length developing a passive tension of about 2.4 mN/mm2 (open
symbols) corresponding to a stretch of 2.3 μm SL for ENDO cells (n=14) and about 2.45 μm
SL for EPI cells (n=10). *P<0.05
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