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Abstract
The Frank-Starling law of the heart describes the interrelationship between end-diastolic volume and
cardiac ejection volume, a regulatory system that operates on a beat-to-beat basis. The main cellular
mechanism that underlies this phenomenon is an increase in the responsiveness of cardiac
myofilaments to activating Ca2+ ions at a longer sarcomere length, commonly referred to as
myofilament length dependent activation. This review focuses on what molecular mechanisms may
underlie myofilament length dependency. Specifically, the roles of inter-filament spacing, thick and
thin filament based regulation, as well as sarcomeric regulatory proteins are discussed. Although the
“Frank-Starling law of the heart” constitutes a fundamental cardiac property that has been appreciated
for well over a century, it is still not known in muscle how the contractile apparatus transduces the
information concerning sarcomere length to modulate ventricular pressure development.
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1. Frank-Starling’s Law of the Heart
Over a century ago, Otto Frank in Germany and Ernest Starling in England reported on the
relationship between the extent of ventricular filling and pump function of the heart, a
phenomenon collectively referred to as Frank-Starling’s Law of the Heart. A modern view of
this phenomenon[1] (illustrated in Figure 1) holds that there is a unique relationship between
end-systolic volume and end-systolic pressure in the heart that is solely determined by
contractile state. As a consequence, for a given contractile state, ventricular stroke volume is
i) proportional to diastolic filling (i.e. preload), and ii) stroke volume can be maintained in the
face of increased aortic pressures (i.e. afterload) simply by increasing preload as illustrated by
the two pressure-volume loops in Figure 1. Contractile state, within this framework, can be
viewed as any factor that alters end-systolic pressure independently of end-systolic volume and
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can conveniently be estimated semi-quantitatively by the slope of the end-systolic pressure-
volume relationship (ESPVR; cf. solid line -- control state -- and dashed blue line – enhanced
contractile state-- in the right panel of Figure 1). The ESPVR-slope is a very useful index of
cardiac contractility that can be measured in situ by various methods; a convenient and popular
approach is the use of the pressure-volume conductance catheter[2]. The cellular mechanisms
that underlie the ESPVR are discussed in the following section.

2. Relationship between whole heart property and myofilament length
dependent activation

Pump function of the heart is intimately related to force generation, active shortening, and
regulation of cardiac sarcomere activation and relaxation[1,3]. The relationship between
biomechanical properties of the cardiac sarcomere and mechanical behavior of the heart’s
chamber is complex[3]. It is determined not only by the orientation and density of the
constituent cardiac muscle fibers (i.e. spatial parameters), but also by the timing of cardiac
muscle fiber activation and relaxation (i.e. temporal parameters). Nevertheless, there is ample
evidence to support the notion that the biochemical properties of the cardiac cell, and indeed
the cardiac sarcomere itself, are directly responsible for many, if not most, of the mechanical
properties of the heart[1,3–8]. Indeed, twitch force in isolated cardiac muscle is directly
proportional to systolic sarcomere length; furthermore, the shape of the force-sarcomere length
relationship is modulated by contractile state such that more force is generated at a given
sarcomere length when contractile activation is elevated (e.g. by raising extracellular [Ca2+])
[9]. At first sight, it may appear logical to suggest that variation of contractile filament overlap
underlies the Frank-Starling Law of the Heart. However, the relationship between contractile
twitch force and sarcomere length is too steep and too variable between contractile states to be
solely explained by such a simple mechanism[8–12]. Activation of the contractile apparatus
is initiated upon a transient increase in the cytosolic calcium concentration[13]. Under normal
physiological conditions, calcium entry during the plateau phase of the cardiac action potential
is not sufficient to directly activate the myofilaments, but instead serves as a trigger to release
calcium from the sarcoplasmic reticulum[13]. The mechanisms that underlie this excitation-
contraction coupling process are beyond the scope of this overview (for excellent reviews on
this topic see[6,13]). Nevertheless, it is important to note here that, in general, there is a direct
relationship between the magnitude of the calcium transient and the contractile state of the
cardiac cell and, therefore, the ventricle[13–15]. However, the level of myofilament activation
is by no means a simple proportional function of cytosolic calcium concentration. Rather, it
constitutes a complex and dynamic signal transduction process that itself is also subject to
regulation and modulation by both intrinsic (mechanical loading, sarcomere length) and
extrinsic (neuro-hormonal) factors. Early experiments by Fabiato suggested that the released
amount of this activator calcium varies with sarcomere length[16], but these results have not
since been confirmed. Instead, more recent experiments[11,17,18] clearly demonstrated that
it is the level of activation of the cardiac contractile apparatus itself that is sensitive to changes
in sarcomere length[3,10]. These early experiments were performed on chemically
permeabilized (skinned) isolated cardiac muscle, a preparation that allows direct access to the
contractile apparatus such that steady state force can be measured as function of activator
calcium concentration and sarcomere length; more recent experiments on intact twitching
isolated myocardium employing fluorescent Ca2+ probes have confirmed these results[19].
Therefore, there is a direct proportionality between sarcomere length and the sensitivity of the
cardiac sarcomere to Ca2+ ions, such that more force is generated at a given concentration of
activator Ca2+ as sarcomere length is increased (the curves are both shifted to the left on the
activator [Ca2+] axis and up to higher forces at the higher sarcomere length. Hence, it can be
said that the myofilaments possess a length dependency property that is termed “myofilament
length dependent activation”. This phenomenon is illustrated in the left panel of Figure 1:
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because of the sarcomere length modulation of sarcomeric properties, myofilament force
development for a given level of activator [Ca2+] during the cardiac cycle (left panel; dashed
vertical line) is also modulated and this, in turn, results in modulation of ventricular pressure
development at end-systole (right panel; the two colored arrows indicate the connections
between peak myofilament twitch force and end-systolic ventricular pressure). Thus, the whole
heart Frank-Starling property has, as its basis, the myofilament length dependent activation
property of the cardiac sarcomere. Incidentally, intact twitching cardiac muscle responds to a
change in length in two distinct phases: an immediate change in twitch force, and a slower
phase that develops over the course of several minutes. Experimental evidence suggests that
the latter phase is due to a change in sarcoplasmic reticulum calcium release secondary to
altered calcium loading of the cell, while the immediate response is due to the change in calcium
sensitivity of the cardiac sarcomere described above[12]; this review is focused on the
immediate response to a change in sarcomere length. Despite the importance for the Frank-
Starling mechanism, the molecular mechanisms that may underlie the immediate response of
myofilament force generation upon a change in sarcomere length have not been entirely
elucidated[3,8].

3. Myofilament length dependent activation and the sarcomere
The change in myofilament force upon variation of sarcomere length is due to a change in the
number of active cycling, force producing cross-bridges in the cardiac sarcomere[12,20,21].
The major proteins that make up the striated muscle sarcomere are: in the thin filament actin,
troponin, and tropomyosin, and in the thick filament, myosin, myosin light chains, and myosin
binding protein C (for a detailed review see[3,7,8,22–24]. Figure 2 shows a schematic diagram
illustrating the structure of the sarcomere as well as some of the possible molecular mechanisms
that underlie myofilament length dependent activation. Dimers of the asymmetric molecule
myosin are located in the thick filament. Their tail portions form the backbone of this filament,
while the globular heads protrude from the thick filament reaching out towards actin. These
globular heads, or cross-bridges, cyclically attach to the actin filament during contraction
[25]. When strongly bound, the cross-bridges produce a pulling force on actin and, through the
thin filament, on the proteins that make up the Z-band. The Z-bands are mechanically coupled
via a multitude of proteins that include the integrin receptors at the cell surface to the
extracellular collagen network thereby transmitting actin-myosin produced force to the tendons
in skeletal muscle or towards the heart’s cavity so as to produce pressure. It should be noted
that an additional sarcomeric protein has been identified, titin, a high molecular weight giant
protein that spans the entire half sarcomere from the Z-band to the M-line and that binds tightly
with the myosin thick filament[26–29]. As will be discussed below, recent evidence has
implicated titin in myofilament length dependent activation. Striated muscle contraction is
regulated by troponin and the tropomyosin (Tm) filament, both located on the thin filament
and these proteins are essential for the regulation of myofilament contractile activation[3,7,8,
22–24,30]. The heteromeric protein complex troponin (Tn) is composed of troponin-C (TnC),
the calcium receptor; troponin-I (TnI), an inhibitor of contraction that switches between being
bound to actin and cTnC; and troponin-T (TnT), a Tm binding protein that relays the Ca2+

binding signal from TnC to the thin filament by interacting with TnI and Tm. All striated muscle
(skeletal and cardiac) are fundamentally identical in terms of the type of proteins that make up
the sarcomere, but differ in terms of the specific isoforms expression of these proteins (which
usually derive from different gene products in different muscle types)[7,8].

In diastole, cross-bridges are either blocked from interacting with actin or in a weak, rapid
binding-unbinding state with actin without generating force[3,7,8,31–33]. In systole, activation
of the thin filament allows for a strong-binding cross-bridge state, associated with force
generation and high rate of ATP hydrolysis. Ca2+ is the physiological activator of the contractile
machinery in both skeletal and cardiac muscle. Skeletal muscle TnC contains two high affinity
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and two low affinity binding sites[34]. The cardiac isoform (cTnC) also has two high affinity
sites, but only one low affinity binding site[35]. The nature of Ca2+ regulation is such that
activation of the sarcomere occurs by binding to the low affinity site(s). Ca2+ always occupies
the high affinity sites of TnC under physiological conditions[36]; hence, these sites may serve
only a structural function allowing for the anchoring of TnC to the troponin complex. In either
cardiac muscle or skeletal muscle, the relationship between free Ca2+ and isometric tension is
very steep, much greater than would be expected on the basis of equilibrium binding of Ca2+

to one or two binding sites on TnC[18,37–41]. Hence, the transduction processes induced by
Ca2+ binding that lead to activation of muscle contraction clearly involve cooperative
interactions. In the absence of Ca2+, TnI exerts an inhibitory effect, preventing actin-myosin
interaction. Ca2+ binding induces a conformational change in TnC such that a hydrophobic
region becomes exposed thereby allowing interaction with TnI[42,43]. However, the affinity
of skeletal TnC for TnI in the presence of Ca2+ is much greater than the affinity of cardiac TnC
for TnI in the presence of Ca2+[8,44] which may be related to the diminished ability of
Ca2++ to fully activate cardiac thin filaments at low (or initial) levels of cross-bridge binding
[22,45–49]. This phenomenon may also explain the greater myofilament length dependent
activation observed in cardiac muscle compared to skeletal muscle[50]. Prior to Ca2+

activation, Tn constrains Tm in a position that sterically hinders myosin-S1 binding[7,8,51].
The movement of the troponin complex induces a conformational change in Tm, increasing
its binding to actin, thereby revealing myosin-S1 binding sites on actin. Furthermore, upon
forming strongly-bound cross-bridges, the binding of additional cross-bridges is greatly
enhanced in a cooperative manner, presumably by initiating the movement of tropomyosin to
a third, more favorable position[7,8,32,52–54].

4. Myofilament length dependent activation and inter-filament spacing
A unifying theory that has gained acceptance proposes that the impact of sarcomere length on
myofilament Ca2+ sensitivity is due to changes in the spacing between the thick and thin
filaments[45,55–57]. This theory is schematically illustrated in Figure 3. Because myofibrils
maintain close to constant volume[58–65], elongation of the sarcomere is expected to lead to
a reduction of the distance between the thick and thin filaments. A closer approximation of the
myosin heads to actin may be expected to increase the probability of strong cross-bridge
formation at a given concentration of activator calcium (as illustrated by the red myosin heads
in figure 3). Thus, one would predict an increase in myofilament Ca2+ sensitivity at the higher
sarcomere length. Several experiments have provided support for this theory. Osmotic
compression of the myofilaments by high molecular weight molecules that cannot enter the
myofilament lattice structure, such as dextran, induces an increase in myofilament Ca2+

sensitivity concomitant with a reduction of muscle diameter[55–57]. A reduction in muscle
diameter occurs in parallel to a reduction in myofilament lattice spacing in muscle[58–65],
hence, the increase in myofilament Ca2+ sensitivity following dextran treatment without a
change in sarcomere length is consistent with the myofilament lattice spacing theory. More
direct support was provided by Fuchs et al, who showed that myofilament Ca2+ sensitivity
could be rendered length independent when muscle diameter was kept constant by applying
an appropriate amount dextran at each sarcomere length[57]. In addition, selective removal of
titin by mild treatment with trypsin has been shown to affect both myofilament Ca2+ sensitivity
and inter-filament spacing[66]; however, whether these observations are causally linked could
not be determined in that study. To shed further light on these issues, we have reexamined the
inter-filament spacing hypothesis, this time employing x-ray diffraction to directly measure
myofilament lattice spacing in a comprehensive series of experiments[10,59,67–72]. First, we
found an inverse relation between inter-filament spacing and sarcomere length in isolated
cardiac[59] as well as fast and slow skeletal muscle preparations[72], a finding that is overall
consistent with, although not proof of, the inter-filament spacing hypothesis. Second, we found
that muscle diameter was not a consistent indicator of inter-filament spacing[71]. Third, in a
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study comparing skinned myocardium obtained from a transgenic murine model in which cTnI
was replaced by ssTnI to wild-type myocardium, we found profound and opposing changes in
inter-filament spacing upon PKA treatment that were not correlated to myofilament Ca2+

sensitivity[70]. Fourth, a detailed comparison between fast and slow skeletal muscle of the rat
revealed no differences in inter-filament spacing as function of sarcomere length, despite large
differences in myofilament length dependency[72]. Finally, in experiments illustrated in Figure
2, we used osmotic compression to reduce myofilament inter-filament spacing at a short
sarcomere length to match inter-filament recorded at a high sarcomere length (i.e. despite the
fact that sarcomere length had not changed) and asked the question whether myofilament
Ca2+ sensitivity at the short sarcomere length would match that recorded at the high sarcomere
length[71,73]. A similar study, based on cell diameter not inter-filament spacing, had
previously been reported by McDonald et al[56], and their results were in support of the inter-
filament spacing hypothesis. As illustrated by the bar graphs in Figure 3, despite the matching
of inter-filament spacing, myofilament Ca2+ sensitivity was only affected by sarcomere length
and not by inter-filament spacing per se. The apparent discrepancy between those experiments
and the previous experiments may be explained by i) the difference impact of osmotic
compression on inter-filament spacing compared to muscle diameter; to mimic sarcomere
length induced changes in inter-filament spacing much less osmotic compression is required
than to mimic the changes in muscle diameter[71], ii) dextran induced osmotic compression
causes increased myofilament Ca2+ sensitivity, but this effect appears to be due to a a direct
effect on weakly bound cross-bridges rather than inter-filament spacing per se[69] (see also
below). Nevertheless, whether inter-filament spacing underlies myofilament length dependent
activation still remains controversial[73,74].

5. Myofilament length dependent activation: filament based mechanisms
Myofilament activation is highly cooperative, that is, force development increases steeply over
a very narrow concentration range of activator calcium[7,8,11,12,17,18,22,30,75–78].
Cooperative myofilament activation may be due to i) enhanced probability of calcium binding
to TnC, either when neighboring TnC sites are occupied by calcium or when proximate cross-
bridges are bound to actin (mechanisms #1& #2 in figure 2), ii) cooperative feedback between
troponin sites in activating the thin filament (mechanism #1), iii) promotion of further cross-
bridge formation by near-neighbor actively cycling cross-bridges[7,8,48,75,76,79–83]
(mechanism #3 in Fig. 2), or iv, increased Ca2+ binding affinity in proportion to the number
of force generating cross-bridges (mechanism #2). Manipulation of cooperative activation by
various agents or substrates may affect length dependent activation[45,77,84–87]. In
comparing various striated muscle types, we found a correlation between the level of
cooperativity and length dependent activation among fast, slow, and cardiac muscle of the rat
[72]. However, the level of cooperative activation itself does not appear to be length dependent,
as we have shown in chemically permeabilized rat myocardium[18]. Thus, the precise role of
cooperative activation in length dependent activation is, at best, incompletely understood.
Reports by the Moss group[77,88], have shown that activation of thin-filament activation by
non-cycling myosin cross-bridges (NEM-S1) virtually eliminates length dependency. These
results suggest a mechanism for length dependency via a feedback pathway through strongly
bound cross-bridges. Consistent with this notion, modulation of force development has been
shown to alter myofilament length dependent activation properties[45,46,84,85]. Together,
these studies support the hypothesis that i) strongly bound cross-bridges activate the thin
filament, and, ii) that myofilament length dependent activation involves, as a final common
signal transduction pathway, also thin filament activation. Hence, alteration of thin filament
activation, strongly bound cross-bridge, or the feedback between strongly bound cross-bridges
either directly or via modulation of Ca2+ binding affinity would all be expected to affect length
dependency[46,48,56,57,77,83–85,89,90].
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An alternative mechanism underling length dependent activation may not be related to cross-
bridges entering the strongly bound state, but rather the transition to the weakly bound state
[45,46,91]. Indeed, data in isolated skinned myocardium suggests that the number of cross-
bridges in the weakly bound state increases when sarcomere length is increased, or, when
relaxed skinned muscle is treated with dextran. Enhanced weakly bound cross-bridges were
detected both mechanically by high-speed stiffness and by x-ray diffraction[69,91,92]. Since
cardiac muscle thin filament activation appears to be sub-maximal under normal conditions
[22,45,47–49,91], expansion of the pool of weakly bound cross-bridges at the longer sarcomere
length that can contribute to thin-filament activation via feedback could give rise to a robust
length dependent activation. Consistent with this notion, dextran application induces increases
in the intensity ratios of the 1,1 and 1,0 equatorial reflections in x-ray diffraction measurements,
indicative of alterations in myosin structure upon dextran compression[69,91]; incidentally, in
our study relaxed cross-bridge disposition correlates with myofilament Ca2+ sensitivity, while
inter-filament spacing does not[69]. Finally, it has been suggested that titin may be involved
in myofilament length dependent activation[28,29,93–96]. It is perceivable that titin strain
influences the number of weakly bound cross-bridges since titin is known to possess both actin
and myosin binding domains[28,29,94,97] (mechanisms #4,#5,#6 in figure 2). Indeed, release
of the passive tension borne by the titin molecule, either by mild treatment with trypsin or by
brief over-stretching of the sarcomere, markedly reduces myofilament length dependency.
Moreover, regional differences between the epi- and endo-cardial layer of the heart have been
identified in passive stiffness[98,99]. The larger endo-myocardial stiffness was found to
correlate with enhanced myofilament length dependent activation in several species[98,99].
Of interest, these regional differences are diminished in heart failure, but can be restored by
exercise[100]. The mechanisms that underlie this regional phenomenon are not fully
understood. Differences in titin isoform distribution were but almost certainly excluded; rather,
marked regional differences in contractile protein phosphorylation were suggested as the
possible mechanism that underlies regional variation in length dependent activation[99]; which
contractile protein(s), and whether titin itself is among the affected contractile protein remains
to be investigated. Finally, the group of Greaser[101] has recently identified a strain of rats in
which the developmentally regulated splice variation of the titin gene is disrupted in the heart.
As a result, the normal reduction in the titin persistence length upon aging does not occur in
the hearts of these animals, leading to low passive stiffness and unusually long resting
sarcomere length. Whether myofilament length dependence is affected in these animals and
whether the Frank-Starling property of the ventricle is altered remains to be investigated. The
availability of this animal model, however, will provide for a unique opportunity to investigate
the role of titin in length dependency of the sarcomere[102].

6. Myofilament length dependent activation and troponin-I
Myofilament length dependency is significantly blunted in slow skeletal muscle[72]. The
protein composition of the cardiac sarcomere shares some similarities with slow skeletal
muscle, such as the cardiac isoform of TnC and b-myosin. In contrast, in the heart the slow
skeletal isoform of TnI is replaced by a unique, cardiac, isoform of Tn-I shortly after birth in
most species[103]. We have previously demonstrated that the blunted length dependency seen
in slow skeletal muscle is recapitulated when cardiac TnI is replaced by ssTnI in the hearts of
a transgenic mouse model[70], indicating that cardiac TnI plays a pivotal role in the length
signal transduction process within the sarcomere. The cardiac isoform of TnI differs from slow
skeletal TnI in several significant ways as illustrated in Figure 4[23,24,104] [103]: a unique
33 amino-acid N-terminus extension (cE) that contains two serines that are the target for protein
kinase A (PKA). In addition, two protein-kinase C (PKC) target sites that are located in the
cardiac N-terminus domain (cN) are lacking/non-functional in the equivalent domain in slow
skeletal TnI. Finally, a threonine at position 144 within the cardiac inhibitory domain (cI) that
is also a PKC target, is replaced by a proline residue in the equivalent domain of slow skeletal
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TnI (ssI). Of interest, this is the only difference between the cardiac and slow skeletal inhibitory
domain of TnI. Using a protein exchange technique in chemically permeabilized isolated
myocardium it is possible to replace the endogenous troponin complex with a recombinant
derived troponin complex[105,106]. As illustrated in by the bar graphs in Figure 4, exchange
with recombinant troponin complex containing wild-type cardiac resulted in robust length
dependency (dark blue bar), while exchange with troponin containing wild-type slow skeletal
TnI virtually eliminated length dependency (red bar); In these experiments, length dependent
activation was indexed by ΔEC50, the difference between myofilament Ca2+ sensitivity at the
long and short sarcomere length. These results are consistent with the properties of cardiac
versus slow skeletal muscle[72] as well as our transgenic mouse model results discussed above
[70]. Earlier data, published in abstract form[107], had already suggested that the critical region
for length dependency may be located within the inhibitory domain of cardiac TnI. Indeed,
substitution of threonine with proline residue at the 144 position in cardiac TnI virtually
eliminated length dependency (pink bar), while introduction of a threonine at the equivalent
(122) position in slow skeletal TnI markedly increased length dependency, almost to the level
that is seen in cardiac muscle (light blue bar). Thus, the inhibitory region of cTnI plays a
prominent role in the length transducing process of the sarcomere and, furthermore, this
property is governed by the presence of the threonine residue at position 144 in cardiac TnI.
The molecular mechanisms underlying this phenomenon, however, are presently unknown.
Although TnI-Thr144 is clearly important for myofilament length dependent activation, the
regional differences in this parameter observed within the heart[99,108] indicate that other
factors must also play a significant role in modulating length sensitivity. Of interest, a gradient
of myosin light chain phosphorylation has long been recognized to exist in the heart[109], and
phosphorylation of this contractile protein is know to be involved in stretch dependent
regulation of cardiac contraction[109–111].

8. Concluding remarks
The “Frank-Starling law of the heart” constitutes a fundamental cardiac property that has been
appreciated for well over a century. At its basis, this ventricular property is the result of a
modulation of myofilament Ca2+ sensitivity upon a change in sarcomere length. Despite intense
investigations, the molecular mechanisms that underlie this phenomenon are still not known.
As discussed in this review, controversy remains whether inter-filament spacing constitutes
the molecular strain sensing mechanism of the sarcomere. Rather, evidence points to a length
modulated regulation of thin filament activation state via regulation of thin filament activation
state. How the thin filament is regulated by sarcomere length is not known; some of the potential
mechanisms are illustrated in figure 3 that include cooperative feedback between force
generating cross-bridges, Ca2+ binding affinity, as well as the giant cytoskeleteal protein titin
as the mechanical linker protein that transmits information regarding sarcomere length to the
contractile apparatus. Clearly, the question as to as to how myofilament Ca2+ sensitivity is
regulated by sarcomere length is far from being solved. Future biophysical, biochemical, and
detailed ultra-structural investigations are clearly required to solve this intriguing cellular
molecular physiology puzzle.
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Figure 1. The Frank-Starling mechanism and myofilament length dependent activation
The Frank-Starling Law of the Heart describes a fundamental property of the heart (figure on
the right). That is, for a given contractile state there is a unique relationship between end-
systolic pressure reached in the heart and end-systolic pressure (ESPVR); increased
contractility results in an increased slope of the ESPVR (cf. blue arrow). Increased ventricular
filling (pre-load; red PV loop) leads to an increase in ventricular pressure development at end-
systole which allows for i) increased stroke volume for a given systolic pressure (after-load)
and ii) sustained stroke volume at elevated systolic pressure. The Frank-Starling mechanism
has, as its basis, a modulation of myofilament Ca2+ sensitivity upon a change in sarcomere
length as illustrated in the left graphs. Myofilament force development is the result of activation
by Ca2+ ions. The relationship between force development and activator [Ca2+] is shifted up
and to the left at longer sarcomere length (short SL, green; long SL, red). For a given contractile
state (and, thus, cytosolic [Ca2+]; dashed vertical line), more myofilament force is developed
at the longer SL (red) leading to a higher ventricular pressure at higher end-systolic volume
(red PV loop). Thus, the Frank-Starling Law of the heart is a direct consequence of the
myofilament length dependent activation properties of the cardiac sarcomere.
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Figure 2. Schematic of the sarcomere and putative mechanisms underlying myofilament length
dependent activation
Schematic diagram depicting the striated muscle sarcomere and some of the possible molecular
mechanisms underlying myofilament length dependent activation (indicated by bold numbers).
Changes in sarcomere length (SL) occur by means relative sliding between the thin filament
(slender tope colored bars) and thick filament (dark grey bars). Thin filaments contains actin,
tropomyosin (blue coil) and the troponin complex (composed of TnT, TnC, and TnI; three
segmented circles). The globular portion of myosin interacts with actin to generate a
mechanical force that is transmitted via the thin filament to the Z-disk and from there to the
extra-cellular matrix. Ca2+ binding to troponin activates the thin filament to initiate contraction.
Titin is a large molecular weight filament protein that spans between the Z-disk and the M-
band of the thick filament. Myofilament length dependent activation could be the result of: i)
modulation of pathways involving thin filament activation by troponin, either by directly
modulating troponin-troponin cooperative interaction (1) or via a titin-actin interaction
modulating the level of thin filament activation, either directly or by altered troponin Ca2+

binding affinity (5). ii) alterations in the cooperative interaction between force generating
cross-bridges because the number of attached cross-bridges varies with SL (3); in addition,
attached cross-bridges may affect thin filament activation and Ca2+ binding affinity (red arrow;
2), causing an indirect strong binding cross-bridges-thin filament activation feedback
modulation that depends on SL. iii) titin interaction with myosin in the A-band may alter the
structure of the globular domain of myosin heads that are interacting with actin in a length
dependent manner (6). iv) finally, titin interaction with myosin in the pre-force state of the
cross-bridge cycle may affect the structure and/or distribution of these weakly bound cross-
bridges so as to affect the number of cross-bridges entering the force-generating strongly bound
state in a length dependent manner (4).
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Figure 3. The inter-filament spacing hypothesis
Modulation of myofilament inter-filament spacing has been proposed as a unifying mechanism
for myofilament length dependent activation. Stretch of the sarcomere (top left) is expected to
result in a closer approximation of the thick and filaments within the sarcomere (dashed arrows)
resulting in a more favorable disposition of myosin heads to interact with actin (illustrated by
red myosin heads on the right). Direct measurement[59,68] of inter-filament spacing by x-ray
diffraction has confirmed an inverse relationship between inter-filament spacing and sarcomere
length (bottom left). A short sarcomere length is associated with a large inter-filament spacing
and low myofilament Ca2+ sensitivity (green), while the opposite is true for a long sarcomere
length (orange). Compression of the myofilament lattice (e.g. by dextran) at a short sarcomere
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length is expected, within the framework of the inter-filament spacing hypothesis, to lead to
matched myofilament Ca2+ sensitivity[56,74] even though sarcomere length has not changed
(cf. blue arrow). The bar graphs (lower right) show the results of such an experiment: inter-
filament spacing, as measured by x-ray diffraction, was varied by either a change in sarcomere
length (long SL, orange; short SL, green) or by compression with 1% dextran (blue). Even
though compression resulted in an inter-filament spacing that was matched to that attained at
the long sarcomere length (top bars), myofilament Ca2+ sensitivity (as indexed by EC50) was
not affected by the osmotic compression (bottom bars). These data, and other data discussed
in the text, suggest that inter-filament spacing may not be primary mechanism that underlies
myofilament length dependent activation (modified from [71]).
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Figure 4. The inhibitory region of cardiac troponin-I plays a pivotal role in myofilament length
dependent activation
The adult heart expresses a unique isoform of troponin-I (wild-type cardiac TnI, top diagram;
shaded in dark blue) that contains a unique N-terminus 33 amino acid extension (cE). In
addition, cardiac TnI contains both PKA and PKC phosphorylation target sites that are lacking
in slow skeletal TnI (wild-type slow skeletal TnI; shaded in red). The inhibitory region differs
between cardiac TnI and slow skeletal TnI by a single amino acid residue: a threonine at
position 144 in cardiac TnI, and a proline at position 112 in slow skeletal TnI. Exchange for
recombinant wild-type cardiac troponin containing cardiac TnI into isolated chemically
permeabilized myocardium retained the robust myofilament length dependency that is
characteristic of this muscle type (cf. bar graphs; DEC50, index of length dependency; WT
cTnI; dark blue bar), while exchange for cardiac troponin containing slow skeletal TnI virtually
abolished length dependency (WT ssTnI; dark red bar). Exchange for troponin containing a
mutant cardiac TnI in which threonine 144 was replaced by a proline (as is found in ssTnI)
also virtually eliminated length dependency (cTnIPro144Thr; pink bar), while introduction of a
threonine at the equivalent position in slow skeletal TnI markedly enhanced length dependency
(ssTnIThr112Pro). These data suggest that presence of a threonine at position 144 is both
necessary and sufficient to impart length dependent activation properties upon the cardiac
sarcomere (modified from [67]).
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