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Abstract

Targeted deletion of cytoskeletal muscle LIM protein (MLP) in mice consistently leads to dilated
cardiomyopathy (DCM) after one or more months. However, next to nothing is known at present
about the mechanisms of this process. We investigated whether diastolic performance including
passive mechanics and systolic behavior are altered in 2-week-old MLP knockout (MLPKO) mice,
in which heart size, fractional shortening and ejection fraction are still normal. Right ventricular
trabeculae were isolated from 2-week-old MLPKO and wildtype mice and placed in an apparatus
that allowed force measurements and sarcomere length measurements using laser diffraction.
During a twitch from the unloaded state at 1 Hz, MLPKO muscles relengthened to slack length
more slowly than controls, although the corresponding force relaxation time was unchanged.
Active developed stress at a diastolic sarcomere length of 2.00 pm was preserved in MLPKO
trabeculae over a wide range of pacing frequencies. Force relaxation under the same conditions
was consistently prolonged compared with wildtype controls, whereas time to peak and maximum
rate of force generation were not significantly altered. Ca%* content of the sarcoplasmic reticulum
(SR) and the quantities of Ca2* handling proteins were similar in both genotypes. In summary,
young MLPKO mice revealed substantial alterations in passive myocardial properties and
relaxation time, but not in most systolic characteristics. These results indicate that the progression
to heart failure in the MLPKO model may be driven by diastolic myocardial dysfunction and
abnormal passive properties rather than systolic dysfunction.
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1. Introduction

It is well established that targeted deletion of cytoskeletal proteins can lead to dilated
cardiomyopathy (DCM) and heart failure in mice [1-4]. The homozygous deletion of muscle
LIM protein (MLP) is one such case. MLP is primarily located at the Z-disc in striated
muscle and in the spectrin-associated membrane complex of the costameres, which link
myofibers laterally. It can also appear in the nucleus and was first identified as a regulator of
muscle differentiation [5,6]. MLP contains two LIM domains, which are specialized
cysteine- and histidine-rich protein—protein interaction domains. MLP knockout (MLPKO)
mice show initial signs of DCM at 4 weeks, and the condition worsens to heart failure within
several months. MLP interacts with the titin-binding protein T-cap, and mutations in the T-
cap binding region of MLP have been found in a subset of patients with DCM.

The pathology of the MLPKO heart failure model has been well characterized in the adult,
revealing disruption of the cytoarchitecture [1], increased passive myocardial stiffness [7],
decreased ejection fraction [1] and alterations in Ca* handling [8,9]. However, the possible
contributing or initiating factors of dilation and failure remain unclear. Diastolic causes may
include altered passive properties or defects in relaxation, and systolic causes can involve
defects in Ca2* homeostasis or myofilament interaction, while combinations of diastolic and
systolic causes are also conceivable.

We have previously identified two features of young MLPKO myocardium before the
development of DCM, which indicate early changes in passive behavior: (1) decreased
myocardial stiffness in papillary muscles from 2-week-old MLPKO mice and (2) a defect in
the stretch-sensing apparatus in isolated cells from MLPKO neonates [10]. These results in
conjunction lead us to suggest that the MLP/T-cap/titin molecular complex at the Z-disc
may be implicated in mechanical signaling and regulation of passive myocardial properties.
Titin may play a key role in this complex and in the development of heart failure in the
MLPKO, since it constitutes over 80% of passive force during stretch [11], accounts for a
substantial part of viscous forces [12,13] and appears to be involved in mechanical signaling
as well (for review see Granzier and Labeit [14]). Direct measurements of sarcomere length
can be used to further evaluate passive muscle mechanics in detail and possibly implicate
diastolic dysfunction in the progression to DCM.

Interestingly, MLP deficient mice can be rescued by additionally deleting the gene encoding
for phospholamban (PLB) [15], which regulates the sarcoplasmic reticulum (SR) Ca?*-
ATPase (SERCA) activity, or by over-expression of a b-adrenergic receptor kinase inhibitor
[16]. Both these methods are based on indirectly enhancing the activity of SERCA and thus
improving CaZ* handling by the SR during contraction and relaxation. Although the findings
may appear to implicate contractile dysfunction as one of the primary defects of the disease,
it is also possible that artificially improving SR function compensates for systolic
dysfunction in the adult, whereas the initiating factor of DCM lies elsewhere.

The aim of this study was to investigate diastolic function, including passive properties and
relaxation, as well as systolic function, including active stress and force generation
characteristics, in young MLPKO hearts before the onset of DCM, to possibly identify the
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primary causes of the disease. We observed substantial alterations in passive behavior and
relaxation time but no significant changes in systolic mechanics, suggesting diastolic
dysfunction as the main contributor to DCM in this genetically engineered model.

2. Methods

2.1. Trabecula mechanical testing

A total of 33 MLPKO mice and 43 isogenic wildtype control mice aged 12-17 days were
used for this entire study. The experimental procedures were performed according to the
guidelines of the University of Calgary and the University of California, San Diego. The
mice were anesthetized using ether or isoflurane, and a cervical dislocation was performed.
In one group of mice of both genotypes, heart and lung were excised and weighed. Lung dry
weight was obtained after drying at 60 °C for 24 h. A second group was used for trabecula
experiments, which were performed as described in detail in Stuyvers et al. for adult mice
[17]. In short, the heart was quickly excised and retrogradely perfused with oxygenated
hyperkalemic HEPES buffer solution at room temperature. The right ventricle was opened
and a suitable trabecula identified which was preferably wide (>200 pm) but thin (<100 um)
and unbranched. The muscle was transferred to a small bath and mounted horizontally
between a force transducer and a micromanipulator for muscle isometric twitch
measurements. During an equilibration period of at least 1 h, the muscle was held at a
medium stretch (SLpassive: ~ 2.1 pm) and was field stimulated at 1 Hz using 2 ms square
pulses delivered by platinum electrodes. The entire experiment was performed while
continuously superfusing the trabecula with oxygenated HEPES buffer solution (Ca2*
concentration: 2.0 mM) at room temperature. Sarcomere length was measured in the muscle
center using laser diffraction as previously described [18,19].

Immediately after the equilibration period, the trabecula was completely unloaded, and SL
was measured in the center of the muscle. For measurements of the stress—frequency
relationship (SFR) and post-rest potentiation, the passive SL was kept constant at 2.00 pm.
SFR data were obtained by randomly varying the stimulation frequency between 0.1 and 4
Hz. At each frequency, actively developed stress was allowed several minutes to stabilize
before recording force. Post-rest potentiation was measured as the immediate force increase
after reducing the stimulation frequency from the reference frequency of 1 Hz to 0.33, 0.20
or 0.10 Hz. The rest interval was thus varied between 3 and 10 s. On completion of the
protocol, the muscle was loosened from the attachments. Width and thickness of the
trabecula were measured under a dissection scope equipped with a reticle eyepiece for
conversion of force to stress. In a third group of mice, trabeculae were isolated as described
above and allowed to equilibrate for at least 30 min at 0.5 Hz and an approximate length of
90% of Lmax- Rapid cooling contractures were obtained by replacing the superfusate with
ice-cold solution after a rest period of 15 s and compared with the steady-state twitch force
at 0.5 Hz.

2.2. Data analysis

For every data point, 15-20 consecutive raw data cycles of the force and SL tracings were
averaged using Matlab 6.5.0. SL tracings of shortening were also smoothed and normalized
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by the slack length. Subsequently, times to different fractions of shortening and
relengthening were quantified. Force time-course parameters were determined after
normalizing the averaged cycle by peak force. Finally, the relaxation time constant zwas
determined by fitting a two-parameter exponential to the relaxation curve between the
inflection point and the end of the cycle.

2.3. Immunoblotting of Ca2* handling-related proteins

In order to investigate Ca2* handling at the protein level, quantitative immunoblotting of
cardiac SERCA, PLB and the Na*/Ca?* exchanger was carried out in hearts from 2-week-
old MLPKO and wildtype mice. The procedures used are described in detail in Harrer et al.
[20]. Briefly, frozen ventricles from 2-week-old wildtype and MLPKO mice were
homogenized with Polytron homogenizer (Blinkman Instruments, Westbury, NY) in 1.5 ml
buffer containing 10 mM imidazole (pH 7.0), 300 mM sucrose, 1.0 mM dithiothreitol and
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). Protein concentration was
determined by BCA protein assay Kit (Pierce Biotechnology, Rockford, IL) using bovine
serum albumin as a standard. Ten micrograms of proteins were separated by SDS-PAGE on
4-12% Bis—Tris gel (Invitrogen, Carlsbad, CA) and electrotransferred to PVDF membrane
(BIO-RAD Laboratories, Hercules, CA). Blots were analyzed with antibodies against PLB
(combined pentameric and monomeric forms, 1:1000, Upstate, Lake Placid, NY), Ser6-
phosphorylated PLB (combined pentameric and monomeric forms, 1:3000, Upstate),
SERCA-2 (1:1000, Affinity Bioreagents, Golden, CO) or Na*/Ca2* exchanger 1 (1:100,
Chemicon, Temecula, CA). Binding of the primary antibody was detected by peroxidase-
conjugated secondary antibodies and visualized with the SuperSignal West Pico substrate kit
(Pierce Biotechnology, Rockford, IL).

2.4. Statistical analysis

3. Results

Data are expressed as mean + S.E.M. Statistical comparisons were made by two-way
ANOVA corrected for repeated measures followed by Fisher’s PLSD post-hoc analysis for
all data obtained over a range of frequencies as well as the shortening and relengthening
times from the unloaded state. Weights, unloaded SL and force time-course data were
analyzed using unpaired two-tailed Student’s t-test. Differences of P < 0.05 were considered
significant.

Data from four of the MLPKO trabeculae were excluded from any active force analysis due
to early spontaneous activity and triggered propagated contractions (or calcium waves). In
all wildtype muscles, calcium waves did not set in for several hours and thus did not impede
muscle viability during recording.

The age of the mice used was not statistically different between the groups (MLPKO: 13.8 +
0.3d, n=11, wildtype: 14.5 + 0.5d, n = 14, P = 0.27). Body, heart and lung weights of 2-
week-old MLPKO mice and wildtype controls are listed in Table 1. Heart weight and outer
heart diameter, which was measured from an image taken from the freshly isolated heart
immediately after excision, were not different between the genotype groups (P > 0.8, P >
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0.9, respectively). Heart weight to body weight ratio was greater in the MLPKO mice (P <
0.001), which is clearly due to a smaller body weight compared with the controls. No
difference was found in lung wet to dry weight ratio (P > 0.4), confirming that the MLPKO
mice had not developed congestive heart failure at this age.

3.1. Shortening from the unloaded length during a muscle isometric twitch

Fig. 1A shows the average time-course of sarcomere shortening from the unloaded length
during a muscle isometric twitch at a stimulation rate of 1 Hz (wildtype: n = 8, MLPKO: n =
4, unless otherwise stated). The resting unloaded SL was significantly shorter in MLPKO
trabeculae than in wildtype muscles (1.847 + 0.008 um in wildtype, n =9, vs. 1.790 + 0.015
pum in MLPKO, n = 6, P < 0.005). The amount of maximum shortening in percent of slack
length was not significantly different between MLPKO and wildtype muscles (MLPKO:
5.95 + 0.65%, wildtype: 6.96 = 0.57%, P > 0.3). To analyze the time-course of shortening,
the average time required for different amounts of relative shortening and relengthening was
measured (Fig. 1B, C). Although the times for 1-4% shortening were consistently lower in
the MLPKO than wildtype muscles, this difference was not statistically significant (P > 0.6),
and time to maximum shortening was not statistically different between the groups either
(MLPKO: 136.0 = 31.2 ms, wildtype: 177.8 £ 13.6 ms, P = 0.18). The statistical power for
these shortening characteristics was too low (<30%), however, to conclude with certainty
that there was no relevant difference. In contrast, MLPKO trabeculae relengthened
significantly more slowly than the control muscles (P = 0.04), while the relaxation time of
the corresponding force time-course was not significantly different (P > 0.1, data not
shown).

3.2. Twitch behavior during stretch

Fig. 2 shows the frequency-dependent behavior of trabeculae from both genotypes at a
moderate stretch (MLPKO: n = 5, wildtype: n = 9). The figure is divided into systolic
parameters (left panels) and diastolic parameters (right panels). In both genotypes, we
observed a flat SFR in the range between 0.1 and 1 Hz (Fig. 2A). At higher frequencies, the
SFR is generally positive, although at 3-4 Hz, active stress is decreased. There was no
statistical difference, however, between the genotype groups. The maximum rate of force
development (maximum dF/dt) increased (Fig. 2B), and time to peak force decreased with
frequency in both genotypes (Fig. 2C). This behavior is to be expected, since the twitch
shortens with frequency. We observed little difference between MLPKO and wildtypes in
systolic stress and both characteristics of the systolic twitch dynamics (P = 0.59, P = 0.26, P
= 0.82, respectively). Statistical power of these systolic parameters was sufficiently high
(>90%) to suppose that the existing differences are most likely too small to be considered
relevant in the development of cardiomyopathy (assuming physiologically relevant
differences of 2.5 kPa, 2 ms™1 and 10 ms, respectively).

The diastolic stress is plotted against frequency in Fig. 2D. A stress denotes the difference
from the minimum stress occurring in the entire range of frequencies. In both genotypes,
diastolic stress equaled minimum stress at low frequencies but increased at higher
frequencies. In MLPKO this increase was greater than in controls, although over the entire
range of frequencies this difference did not reach statistical significance (P > 0.4). Minimum
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dF/dt (maximum rate of relaxation, Fig. 2E) was consistently lower in MLPKO across the
entire range of frequencies (P < 0.05). In addition, the relaxation time constant (Fig. 2F) was
significantly elevated in MLPKO (P < 0.0005). The steep decrease in 7 with frequency,
however, shows that the MLPKO muscles do demonstrate frequency-dependent acceleration
of relaxation. In fact, relative acceleration of relaxation from 0.1 to 4 Hz was somewhat
greater in MLPKO than wildtypes (61% vs. 48% acceleration, respectively), although this
difference was not significant.

3.3. Post-rest potentiation and rapid cooling contracture

Although at steady state, trabeculae did not show a substantial increase in force with
decreased frequency, they did demonstrate typical post-rest behavior: Fig. 3A shows a
representative transient force development of a trabecula from a young knockout mouse
after decreasing the stimulation frequency from 1 to 0.2 Hz (or after 5 s of rest). After the
first full rest interval, an initial increase in stress compared with 1 Hz was observed (post-
rest potentiation). In the following beats the developed stress gradually weakened and
eventually reached a steady-state level. The initial increase in force is dependent on the rest
interval. Fig. 3B illustrates the average post-rest potentiation of force in the two genotypes
as a function of rest time. While the post-rest potentiation was positive in all cases and
increased with rest interval in both groups, it was significantly lower in MLPKO than in
wild-type controls (P = 0.02, MLPKO n = 6, wildtype n = 7).

Fig. 3C illustrates a representative measurement of a rapid cooling contracture in an
MLPKO trabecula. After the stimulation was switched off, the bath was drained, causing the
sharp drop in force. Refilling the bath with ice-cold solution restored the force and caused
the trabecula to contract due to Ca2* release from the SR. The contracture reached its peak
typically after 2—4 s and declined to the resting state over a period of 15 s. The amplitude of
contracture relative to the steady-state twitch force at 0.5 Hz was similar in both genotypes,
as shown in Fig. 3D (P = 0.8, MLPKO n = 9, wildtype n = 11).

3.4. Expression of CaZ* handling-related proteins

To possibly explain the differences in relaxation rate and post-rest potentiation, we also
investigated whether changes in protein levels of PLB, Ser!6-phosphorylated PLB, SERCA,
and the Na*/Ca2* exchanger occur in the 2-week-old MLPKO heart. Independent
measurements in freshly isolated hearts from six young wildtype and seven MLPKO mice
indicated that the quantities of all four proteins were similar in both genotypes (Fig. 4, PLB:
P =0.9, PLB-p: P = 0.2, SERCA: P = 0.8, Na*/Ca?* exchanger: P = 0.6 from densitometry).

4. Discussion

We investigated the unloaded shortening time-course, systolic and diastolic stresses, post-
rest potentiation, rapid cooling contractures as well as quantities of Ca2* handling proteins
in young MLPKO mice, to determine whether systolic or diastolic changes are already
present in young MLPKO myocardium and may thus contribute to the later progression to
DCM.
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4.1. Systolic mechanics

We did not find differences in the SFR, time to peak stress and maximum rate of force
generation between the genotype groups. This suggests that myofilament interaction and the
ability to develop systolic stress may not be inherently impaired in young MLPKO
myocardium.

It is striking that we found a flat SFR at lower frequencies than 1 Hz in both genotypes,
since this stands in contrast to the steeply negative SFR in this range of frequencies found
recently in adult mice by Stuyvers et al. [17]. It is likely that the flat relationship at low
frequencies is due to the young age of the mice used. In rats, the SR develops within the first
4-5 weeks after birth [21-23], and the Ca2* transient is mainly generated by Ca2* current
through sarcolemmal channels at this developmental stage, mostly bypassing the SR. This is
supported by the finding that in the first week after birth in rats, expression of the Na*/Ca2*
exchanger is higher than in adults [24]. If this was also the case in young mice, the Na*/Ca2*
exchanger may be dominating over the SERCA pump and would extrude more calcium at
low frequencies than can be resequestered by the SR, consequently depleting the SR of
calcium during each contraction and leading to low active stresses at steady state. In any
case, this behavior was found independent of the genotype.

At frequencies above 1 Hz, we mainly found a positive SFR, as reported before under the
same conditions in trabeculae from adult mice [17]. Above 3—-4 Hz, active stress began to
decline in both genotypes. This may have two reasons. Firstly, the oxygen demand of the
muscle likely rose above the oxygen supply by diffusion especially in relatively thick
muscles, leading to a hypoxic core, as suggested previously by Stuyvers et al. [17]. In fact,
the MLPKO muscles were thicker on average than the wildtype muscles, and although this
difference was not statistically significant (122 + 26 vs. 85 = 7 um, P > 0.1), it may account
for the small difference in SFR at high frequencies between the genotypes. Secondly, the
time between stimuli likely became too short for complete relaxation, leading to an increase
in cytosolic Ca2* concentration at end-diastole, which explains the observed slight increase
in end-diastolic stress at high frequencies as well as the decrease in active stress.

4.2. Diastolic mechanics

Our results show that young MLPKO trabeculae relengthened more slowly to their resting
state after contraction from an unloaded length than the wildtype controls, while the
corresponding force time-course is not altered accordingly. This suggests that the slower
relengthening, as well as slightly faster shortening, may not result from altered calcium
handling or myofilament interaction, but rather may be a reflection of abnormal passive
visco-elastic material properties. Given the importance of titin in static and dynamic passive
myocardial mechanics [14,25] as well as its indirect association with MLP, it stands to
reason that altered titin function may underlie differences in passive properties. We propose
a visco-elastic model and a wormlike chain model of titin function to investigate this idea
further (see Section 4.5). The analysis shows that the observed changes in sarcomere length,
shortening time-course and passive stiffness in the MLPKO can all be explained by possible
titin dysfunction.
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In our previous study, we found that a mechanism leading to cardiomyopathic changes in the
myocardium of MLPKO mice may stem from an inherent inability to sense mechanical
stretch stimuli with defects in the cardiac Z-disc/titin macromolecular complex [10]. Data
from the current study suggest that the alterations in passive muscle mechanics in the
MLPKO mouse may also directly contribute to chamber dilation, an increase in wall stress
and the deterioration of cardiac function. We speculate that the stretch-sensing defect and
newly-identified abnormal mechanostructural properties may both contribute to the disease
process in this cardiomyopathy mouse model, and both abnormalities may be explained by
the indirect association of MLP with titin via T-cap.

We also observed a significant impairment of force relaxation in stretched MLPKO muscles
compared with control, in contrast to the normal force time-course in the unloaded state.
Both the maximum rate of relaxation and the relaxation time constant were significantly
altered over the entire range of frequencies tested. Relaxation time is thought to be regulated
mainly by SERCA activity [26,27] and myofilament properties (reviewed in Hunter [28]).
Quantitative immunoblotting showed similar quantities of SERCA, PLB, phosphorylated
PLB and the Na*/Ca?* exchanger in both genotypes at this early age. It appears, therefore,
that the activity of the major Ca%* handling proteins may be excluded as a source of
prolonged relaxation. Instead, myofilament properties themselves may be a rate-limiting
factor of relaxation, particularly under our experimental conditions of low temperatures, low
frequencies and higher stretches [28]. This may explain why the MLPKO muscles showed
prolonged relaxation only at a moderate stretch but not in the unstretched state. Furthermore,
the structural sarcomeric disruption that is characteristic for the young MLPKO, together
with our supposition of normal Ca2* cycling by the major Ca?* handling proteins, supports
the idea that altered passive recoil properties of the myofilaments may produce the
prolonged relaxation in MLP deficiency. On the other hand, the substantially lower post-rest
potentiation in the MLPKO muscles seems to suggest that SR Ca?* cycling may be
impaired, since post-rest potentiation is often regarded as a measure of SR Ca2* load
[29,30]. However, it is also plausible that most of the CaZ* responsible for post-rest force
entered the cytoplasm through the L-type channel, since at this early age the SR may not be
fully developed. To further investigate the relative contribution of SR Ca2* cycling and
myofilament properties in prolonged relaxation, we also performed rapid cooling in the
trabeculae, which causes a sudden release of calcium from the SR and appears to be a more
reliable measure of SR Ca?* content [31-33]. Although most investigators report a long-
lasting contracture with rapid cooling in larger species, a quick relaxation within seconds, as
we have observed, seems to be characteristic for mouse trabeculae [34]. In our study, the
amplitude of the rapid cooling contracture relative to the steady-state twitch force were
similar in both genotypes, further supporting the view that SR Ca2* cycling may not be
altered in MLP deficiency. However, direct Ca?* measurements in MLPKO myocytes
would be necessary to completely resolve this issue, because we cannot rule out the
possibilities that Ca* buffering may be affected by MLP disruption or that Ca2* currents
may also be indirectly altered, since MLP’s binding partner T-cap is associated with a
stretch-regulated potassium channel [35].

The heart weight to body weight ratio was higher in MLPKO than in wildtype mice. This
could be an indication of hypertrophy or even cardiomyopathy. However, absolute heart
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weight was not different between the groups. In the case of heart failure even at this young
age, one would expect the lung wet to dry weight ratio to be higher in the MLPKO due to
water accumulation in the lungs. That this is not the case in MLPKO supports the view that
no serious cardiac dysfunction is present in 2-week-old MLPKO mice. The penetrance of
the cardiomyopathic phenotype was reported as almost 100% [1]. Therefore, we could be
confident that the 2-week-old MLPKO mice used would have developed DCM at a later
time.

4.3. Limitations

It is important to note that our experimental conditions differed from the in vivo
environment in several aspects: Firstly, trabecula testing was performed in near absence of
catecholamines. This was confirmed by adding 1 uM of the beta-blocker propranolol to the
muscle superfusate, which had a negligible effect on developed force and relaxation rate.
Secondly, all experiments were conducted at room temperature. Both catecholamines and
higher temperature have a positive lusitropic effect, which may compensate for the
impairment in relaxation time. Further experiments are necessary to clarify the possible
involvement of MLP in relaxation.

The time-course of shortening in the MLPKO around the time of maximum shortening
appeared flat and noisier than in the control muscles (average shown in Fig. 1A), such that
maximum shortening was difficult to determine accurately. This may be associated with the
characteristic misregistration of sarcomeres observed in MLPKO myocardium [1], which
would likely increase the zeroth-order artifact in the laser diffraction pattern. Indeed, the
diffraction pattern in MLPKO muscles was wider and often showed several peaks (data not
shown), possibly representing groups of sarcomeres at slightly different lengths, giving rise
to a noisier shortening time-course. As another possible explanation, the SL reaches such
low levels in the MLPKO muscles that the thick filaments may even abut on the Z-discs (at
approximately 1.69 um), especially since the Z-discs are abnormally wide [10].

4.4. Summary

This study presents evidence that progression to DCM may be initiated by diastolic
dysfunction rather than systolic function in the case of the MLPKO maodel. Systolic stress
and force generation times were preserved in the MLPKO, suggesting that active force
transmission is normal. Passive force transmission, as one main determinant of diastolic
function, may play a key role in the progression of DCM, since we observed an altered
shortening time-course from slack length, in addition to decreased stiffness. These changes
may be mediated by the elastic properties of titin. In addition, relaxation time was prolonged
in MLPKO mice, suggesting abnormal Ca?* cycling or an alteration in myofilament
properties. Since SR Ca2* content and the amounts of Ca2* handling proteins were not
altered, it is likely that myofilament interaction may be responsible for the increase in
relaxation time.

4.5. Appendix: modeling the visco-elastic behavior in the MLPKO sarcomere

To investigate the mechanical significance of the observed differences in shortening
behavior, we considered a model of titin function proposed by Helmes et al. [25]. The giant
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protein titin has been identified as a major determinant of passive visco-elasticity in cardiac
muscle. Since MLP is indirectly associated with titin through the titin-binding protein T-cap
[10], a reduction of elastic stiffness of 1-band titin may ensue from MLP deficiency and lead
to decreased passive forces during stretch as well as decreased restoring forces during
relengthening in MLPKO muscles. We used a mathematical visco-elastic model with four
elements (Fig. 5A) to test the hypothesis that the difference in shortening behavior may be
explained by the previously reported decrease in elastic stiffness [10]. k; and 7 represent the
elastic and viscous behavior, respectively, of the shortening muscle center, while k;
represents the stiffness of the lengthening muscle ends. The input force generated by the
contractile element was simulated as the average force time-course measured in all muscles.
k1 was chosen for both wildtype and MLPKO directly from the passive stress—strain
relationship [10]. k, and 7, were adjusted to match the measured wildtype shortening time-
course (Fig. 5B) as far as possible. To reconstruct maximum shortening, the shortening data
were fitted using a third order polynomial, and relengthening was approximated by an
exponential in this plot. The prescribed k; for the MLPKO, reduced by 27% compared with
the wildtype, lead to slightly faster shortening and slower relengthening (Fig. 5C), as seen
experimentally. Thus, the differences in shortening time-course in MLPKO myocardium are
consistent with the reduction in elastic stiffness we previously reported.

Since passive visco-elastic behavior is largely determined by titin, we further tested whether
titin dysfunction in the MLPKO may explain both the decrease in stiffness and the decrease
in SL. We utilized a wormlike chain model of titin previously developed [36,37] with
contour lengths and persistence lengths of normal titin taken from the literature. The
MLPKO model was based on the assumption that the tight interaction between actin and
titin near the Z-disc is disturbed, since it was observed that SL and stiffness are decreased
after complete actin extraction from single myocytes [36]. If we assume a partial detachment
of titin from actin, thus increasing the contour length of the free titin segment and decreasing
the contour length of the attached segment by the amount according to the observed
decrease in SL, the new configuration shows a decrease in stiffness quantitatively consistent
with our experimental results (Fig. 5D). Titin-based force and measured stress were plotted
against strain using an estimated scaling factor based on the finding that, in mice, titin is
responsible for >80% of stress at low strains [11]. The proposed model of titin-based passive
dysfunction is also consistent with the possibility that active force transmission may be
normal in the case of MLP deficiency: while in the absence of cross-bridge activity, I-band
titin is largely responsible for passive forces during stretch above and contraction below
slack length, cross-bridge formation could bypass the function of I-band titin, and active
forces may be transmitted directly from the contractile filaments to the Z-disc.
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Fig. 1.
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(A) Average time-course of shortening from unloaded length in both genotypes. (B) Time to
different amounts of shortening expressed as percent shortening, and (C) time to different
amounts of relengthening from peak shortening in MLPKO and wildtype muscles. The
asterisk indicates a significant difference (P < 0.05) between the genotypes.
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Fig. 2.
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Systolic (A-C) and diastolic (D-F) behavior of MLPKO (O) and wildtype trabeculae (@) at

a passive sarcomere length of 2.00 um over the entire range of frequencies tested. (A)
Absolute active developed stress. (B) Maximum dF/dt (maximum rate of force
development), normalized by peak force. (C) Time from stimulus to peak force. (D)

Diastolic stress (difference from minimum stress of all frequencies). (E) Minimum dF/dt
(maximum rate of relaxation), normalized by peak force. (F) Relaxation time constant 7,
computed from a fitted exponential to the relaxation time-course after the inflection point.

The asterisks denote significant differences (P < 0.05) between the genotype groups.
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Post-rest potentiation and rapid cooling contracture. (A) Representative post-rest stress
recording from a knockout muscle. The pacing frequency was switched from 1 to 0.2 Hz.
The length of the first rest interval (shaded area) varied somewhat due to manual switch of
frequency. (B) Average maximum post-rest potentiation in MLPKO (O) and wildtype
trabeculae (@) at a passive sarcomere length of 2.00 um. Post-rest potentiation is shown for
different rest intervals. The asterisks indicate a significant difference (P < 0.05) between the
genotypes. (C) Representative rapid cooling measurement in an MLPKO trabecula. The
force drop occurred due to temporary drainage of the bath. The muscle contracted with
exposure to ice-cold solution due to Ca2* release from the SR. Peak force occurred after 2.5
s, after which the muscle slowly relaxed. (D) Amplitude of rapid cooling contracture relative
to the steady-state developed force at 0.5 Hz. The ratio was slightly greater than one and not
different between the genotypes, suggesting similar SR Ca2* content.
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phospholamban (PLB), Ser16-phosphorylated PLB (PLB-p), SERCA-2 and the Na*/Ca2*
exchanger (NCX). No statistical difference was detected in the quantity of any of these

proteins between the MLPKO and wildtype controls (MLPKO n = 7, wildtype n = 6).
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Model of the shortening behavior from the unloaded length. (A) Four-element mathematical
visco-elastic model of a contracting isolated muscle. The spring constant k, and dashpot
constant 7 represent the visco-elastic behavior of the shortening part of the muscle, spring
constant ky represents the lengthening muscle ends. The contractile force Fa was prescribed
using the average measured force. (B) Fitted experimental data of the time-course of
shortening in wildtype and MLPKO trabeculae. (C) Model of a normal (wildtype) and an
MLPKO shortening time-course. The two curves were produced using values for kq taken
directly from the passive stress—strain relationship. (D) Wormlike chain model of titin-based
force in wildtype and knockout muscles, compared with the measured stress—strain

relationship. For further details see text.
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Table 1

Weights and dimensions in 2-week-old MLPKO and wildtype mice
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Body weight (g)  Heart diameter (mm)  Heart weight (mg)  Heart weight/body weight (mg g™%)  Lung wet/dry weight
Wildtype 8.70 £0.22 4.77+0.12 57.2+18 6.58 +0.11 4.39+0.16
MLPKO  6.84+0.31 4.76 £0.08 56.5+2.4 8.30+0.16 459+0.17
P-value P <0.001 NS NS P <0.001 NS

Values are mean + S.E.M.
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