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INTRODUCTION

Much of our current knowledge of muscle physiology came
from experiments and insights in the first half of the 20th
century. Muscle mechanics, as revealed by A.V. Hill, remain
a mainstay of all physiology textbooks. Likewise Hill’s col-
laboration with Meyerhof (for which they received the 1922
Nobel Prize) and his own remarkable students (e.g., Abbott,
Fenn, Katz) provided the foundations for our understanding
of muscle energetics.

Following the advent of the electron microscope, elucida-
tion of the sliding filament theory in 1954 provided a
molecular basis for muscle contraction. Thus, by the mid-20th
century, there were only a handful of unresolved questions re-
garding the fundamental mechanisms of muscle contraction.
Surprisingly, most of these have remained unresolved to the
present day (12), including enhancement of force with
stretch (1), depression of force with shortening (1), the low
cost of force production during active stretch (4), and the
high thermodynamic efficiency of actively shortening muscle
(23). Efforts to explain these observations led to modifica-
tions of the original theory (19), as well as development of
alternative hypotheses (30).

The fact that these fundamental properties of muscle
physiology defy explanation suggests that our understanding
of the process of muscle contraction is incomplete: a re-
examination of muscle structure and function is in order.

Upon reexamination, it is evident that active muscles behave
in a manner that suggests the existence of an internal spring
that is capable of storing and returning elastic potential
energy. If such a spring exists, it could explain many elusive
properties of muscle contraction that the traditional sliding
filament theory cannot.

Based on its structure and function in passive muscle, titin
is a likely candidate to function as a dynamic spring in active
muscle. For titin to play a significant role in unraveling the
lingering questions of muscle mechanics and energetics, it
would have to function as a dynamic spring. That is, it should
engage mechanically upon activation. Furthermore, its stiff-
ness should increase with increasing force development. Is
there any evidence to support these functions in this unusu-
ally large protein? If so, how does titin interact with the cross-
bridge motors of the muscle? We propose a new addition to
the sliding filament - swinging cross-bridge theory: a two-
step ‘‘winding filament’’ model of muscle sarcomeres, in
which titin is ‘‘activated’’ mechanically by Ca2+ influx, and
then is wound upon the thin filaments by the cross-bridges,
which both translate and rotate the thin filaments (28,29,31).

TITIN STRUCTURE AND FUNCTION

The largest known protein, titin (also known as con-
nectin), also was one of the last muscle proteins to be dis-
covered (27), despite the fact that it is the third most
abundant protein in striated muscle ( F1Fig. 1). Although the
existence of titin-like fibers was inferred in early structural
studies (17), titin was discovered more than 20 yr after
development of the sliding filament theory (27). For this
reason, the development of the sliding filament V swinging
cross-bridge theory proceeded without considering titin.
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Titin spans an entire half-sarcomere (È1 Km) from Z-disk
to M-line (10). Overlap of titin molecules in both Z-disks and
M-lines produces a titin filament system that is continuous
along the entire length of a muscle fiber. Early studies of titin
established its roles in maintaining sarcomere integrity (15)
and contributing to passive tension (26). Current work fo-
cuses on titin’s roles in regulating myofibrillar assembly (10)
and cell signaling (e.g., [22]).

TITIN’S ROLE IN MUSCLE PASSIVE TENSION

The I-band region of titin (Fig. 1) is elastic and extends
when the sarcomere is stretched, giving rise to passive muscle
force (24,26). In skeletal muscle, titin’s I-band region is com-
posed of two serially linked spring elements: tandem immu-
noglobulin (Ig) domains and the PEVK segment, named for its
most common amino acids (proline, P; glutamic acid, E; valine,
V; and lysine, K). At relatively short sarcomere lengths, pas-
sive stretch straightens the folded tandem Ig domains with
little change in passive tension. At longer sarcomere lengths,
the PEVK segment elongates and passive tension increases
steeply. Within the physiological range of sarcomere lengths,
elongation of the PEVK segment largely determines the pas-
sive elasticity of skeletal muscle fibers (26).

IS THERE A ROLE FOR TITIN IN ACTIVE MUSCLE?

It has frequently been suggested that titin could function as
a spring not only in resting muscles but also in active muscles
(24,35). However, as yet, no compelling mechanism has been
offered for how titin could play such a role.
In resting muscle, titin is far too compliant to contribute

significantly to active muscle force. Nevertheless, several
studies have demonstrated that titin stiffness increases in the
presence of calcium ions (Ca2+) (31). For example, an increase
in the concentration of calcium ions, (Ca2+), from pCa 9 to
pCa 4 has been shown to increase the persistence length of
PEVK fragments, as well as the stiffness of muscle fibers treated
with butanedione monoxime (24). However, the effects of
Ca2+ on titin stiffness observed in these studies are approx-
imately 10 times too small to account for the increase in

stiffness of elastic elements arranged in parallel with the cross-
bridges upon calcium activation (see [31] and references
therein).

Titin also has been implicated in the increase of passive
force after deactivation of actively stretched muscle fibers. In
myofibrils in which active force production was prevented by
the removal of troponin C, a Ca2+-induced increase in titin-
based stiffness was observed, but the increase also was too
small to account for passive force enhancement (18). The
results suggested that passive force enhancement requires not
only Ca2+ influx but also active force production.

In an innovative series of experiments, Leonard and Herzog
(25) stretched myofibrils, both passive and active, far beyond
overlap (i.e., sarcomere lengths up to 6 um) of the thick and
thin filaments. In these experiments, they found evidence for
both an activation- and a force-dependent increase in titin
stiffness (25). At the longest lengths, the difference in stiff-
ness between active versus passive myofibrils was substantial.
Taken together, these experiments demonstrate that titin
stiffness is increased by Ca2+ influx and force development in
active muscle.

THE WINDING FILAMENT HYPOTHESIS

Our novel ‘‘winding filament’’ hypothesis proposes that,
first, titin is ‘‘activated’’ mechanically by Ca2+ influx, and
second, titin then is wound upon the thin filaments by the
cross-bridges, which both translate and rotate the thin
filaments (31).

Mechanical Engagement of Titin Upon
Ca2+ Activation

The N2A region of titin ( F2Fig. 2) is in an ideal position for
modulation of titin stiffness through Ca2+-dependent binding
to thin filaments. Binding of titin to actin at this location
would eliminate low-force straightening of proximal tandem
Ig domains in the I-band that normally occurs upon passive
stretch of myofibrils at slack length (26). Furthermore, when
Ca2+-activated sarcomeres are stretched, the PEVK segment
will elongate at high force. If Ca2+-dependent binding be-
tween N2A titin and thin filaments could be prevented, then
active force production should decrease at short sarcomere
lengths because any strain that developed in titin would
straighten the tandem Ig segments at low force rather than
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Figure 1.AQ1 Schematic diagram of a skeletal muscle half-sarcomere,
illustrating the layout of titin (yellow with red N2A segment). Each titin
molecule is bound to the thin filaments (blue) in the I-band and to the
thick filaments (green) in the A-band. For simplicity, thick filaments are
illustrated as double stranded, whereas in vertebrate skeletal muscle, they
seem to be triple stranded. The N2A region is located between the prox-
imal tandem Ig segment and the PEVK segment. (Reprinted from (31).
Copyright * 2011 Royal Society. Used with permission.)
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Figure 2. Schematic diagram illustrating the hypothesis that titin is
engaged mechanically with Ca2+ influx upon muscle activation. Resting
sarcomere at slack length at low Ca2+ concentration (above; pCa = 9).
Titin binds to the thin filaments only near the Z-disk. Upon Ca2+ influx
(below; pCa = 4.5), N2A binds to the thin filaments (blue) in the I-band,
which shortens and stiffens the titin spring in active sarcomeres. (Reprin-
ted from (31). Copyright * 2011 Royal Society. Used with permission.)
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extend the PEVK segment at higher force. Thus, the con-
tribution of titin to the total active force would be reduced.

Thin Filament Rotation and Titin Winding
In active muscle sarcomeres, cross-bridges likely rotate as

well as translate the thin filaments (F3 Fig. 3). Given the struc-
ture of the thick and thin filaments, maintenance of stereo-
specific binding between an actin monomer and its three
neighboring thick filaments requires the thin filaments to
rotate by È28- as the myosin heads translate the length of
one actin monomer (È5.5 nm). This would produce one
full rotation of the thin filaments for every È71.5 nm of
translation (30).

Because titin is bound to thick filaments in the A-band and
to thin filaments in the Z-disk (9), rotation of thin filaments
by the cross-bridges will inevitably lead to winding of titin
upon them. Rotation of the thin filaments by the cross-
bridges also would produce a torque in >-actinin in the Z-disk.
Winding of titin on the thin filaments is predicted to change
the length and/or stiffness of PEVK, storing elastic potential
energy during isometric force development and active stretch.
This energy could be recovered during active shortening.

Unwinding of titin from the thin filaments could be pre-
vented by electrostatic interactions between PEVK and the
thin filaments (3). Spontaneous dissociation rates of PEVK
bound to actin are low, and the force required to break the
bonds is approximately equal to the force required to break
an actomyosin cross-bridge (3). Unwinding of PEVK from
the thin filaments is hypothesized to occur during active
shortening at low loads when the combined PEVK-actin and
cross-bridge forces are too low to hold the torques in titin and
>-actinin, as well as during muscle relaxation.

TITIN AS A PARTNER IN MUSCLE
FORCE PRODUCTION

In addition to the cross-bridges, it now seems likely that
titin contributes to all aspects of muscle function. Here, we
explore the consequences of including a role for titin in the
force-length relationship, the process of muscle activation,
the force-velocity relationship, and history-dependent prop-
erties including force enhancement and depression.

Force-Length Relationship
The idea that titin is engaged mechanically when N2A

binds to the thin filaments upon Ca2+ activation has impor-
tant implications for understanding the force-length rela-
tionship. If N2A titin can bind to a thin filament at multiple
locations along its length ( F4Fig. 4), then muscle force and
velocity would remain relatively constant, despite increases in
sarcomere length (6). In this way, Ca2+-dependent binding of
N2A titin to thin filaments would reinforce the plateau in the
active force-length relationship that corresponds to the cross-
bridge free zone in the middle of the thick filaments (2).

The relative constancy of viscoelastic properties with muscle
length has important implications for control of movement.
For example, Asatryan and Feldman demonstrated that, during
involuntary arm movements elicited by unloading as well as
voluntary arm movements produced intentionally, the final
position of the human arm is controlled by varying the posi-
tion at which the muscles are activated. Once activated, the
nonlinear viscoelastic properties of the muscles move the arm
to the final position. The relative constancy of muscle vis-
coelastic properties across a range of muscle lengths ensures
that the passive dynamics are predictable as well as inde-
pendent of the joint angle (7).

An unsolved question in muscle physiology is why cardiac
muscles, in contrast to skeletal muscles, have no plateau in
their active force-length relationship. The plateau is expected
to be at least as broad or broader in cardiac than in skeletal
muscle on the basis of variability in thin filament lengths (2).
Unlike skeletal muscles, which express the N2A isoform of
titin, cardiac myocytes in the ventricles of mice and rats express
only the N2B isoform, which shows no Ca2+-dependent
binding to actin. Therefore, like muscles from mdm mice,
which also lack N2A titin, cardiac myocytes are predicted to
lack binding of titin to the thin filaments. In contrast, cardiac
myocytes from trout express the larger N2BA isoform, which
includes both N2A and N2B isoforms, and is therefore pre-
dicted to exhibit Ca2+-dependent binding to thin filaments.
The increased compliance of trout myocardium provided by
the N2AB isoform allows for greater extension during diastolic
filling. As predicted by the hypothesis, trout cardiac myocytes,
like skeletal muscles, exhibit a plateau in the force-length
relationship (32), whereas cardiac myocytes of rats and mice
exhibit no plateau in active force (36).

An important difference between cardiac and skeletal
muscle is that cardiac muscle is never stretched while active,
although it does experience passive lengthening during dia-
stolic filling (20). Thus, there is no need for a Ca2+-depend-
ent increase in titin stiffness in cardiac muscle. In contrast,
skeletal muscle routinely is active during stretch and possesses
an isoform of titin (N2A) that is hypothesized to increase in
stiffness upon Ca2+-activation.

Muscle Activation
The traditional view of muscle activation is that Ca2+ ions,

released from intracellular stores, bind to troponin C,
switching the thin filaments from the ‘‘off’’ to the ‘‘on’’ state,
permitting cross-bridge attachment (2). In addition, it is ac-
cepted widely that the Ca2+ sensitivity of active force in-
creases with sarcomere length. Upon closer examination, it is
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Figure 3. Schematic diagram illustrating how cross-bridge cycling
results in titin winding. Cycling of the cross-bridges winds PEVK on the
thin filaments (above; arrow indicates direction of rotation). The wind-
ing angle depends only on sarcomere geometry. Stretch of an active
sarcomere extends the PEVK segment and enhances the active force
(below). (Reprinted from (31). Copyright * 2011 Royal Society. Used with
permission.)
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apparent that the idea of ‘‘Ca2+ sensitivity’’ (i.e., the idea that
the active force varies, although the concentration of Ca2+-
ions is the same) is based on the implicit assumption that only
the cross-bridges can contribute to the active force. Under
this assumption, we are forced to invoke processes that alter
the Ca2+ sensitivity of thin filament activation when sarco-
mere length increases.
The idea that only the cross-bridges contribute to active

force is entrenched deeply. Even studies that demonstrate a
role for titin in length-dependent activation propose that its
role is mediated through lattice-spacing modulation of cross-
bridge force. The ‘‘winding filament’’ hypothesis offers a sim-
ple alternative. If titin contributes directly to muscle active
force, then we need not invoke the concept of Ca2+ sensitivity
to explain the observation that the active force increases when
a sarcomere is stretched.
It has been observed that the force-length relationship

changes gradually with increasing muscle activation, from the
exponential passive-tension curve of resting muscle to the
typical relationship seen in active muscle, with an ascending
limb, plateau, and descending limb (5). In the context of the
sliding filament theory, the interpretation of this pattern is
complex: a leftward shift of the peak of the length-tension
relationship with increasing activation, indicating ‘‘a length
dependence for activation that is independent of filament
overlap.’’ In contrast, the winding filament hypothesis offers
the simpler alternative explanation that the gradual leftward
shift of the peak is due to a gradual increase in the number of
titin molecules that have become engaged mechanically by
binding to the thin filaments.

Force-Velocity Relationship
In the traditional view, the force-velocity relationship is an

inherent property of the contractile elements (14), specifi-
cally the cross-bridges (8). The alternative view, offered by
the winding filament hypothesis, is that the force-velocity
relationship results from interaction between the cross-bridges
and titin. In both the sliding filament theory and the winding
filament hypothesis, the cross-bridges translate the thin fila-
ments toward the M-line during active shortening. However,
in the winding filament hypothesis, translation is aided by

recovery of elastic energy stored in PEVK and >-actinin
during isometric force development. Because the cross-bridge
force depends on the shortening velocity (8), PEVK would
unwind from the thin filaments as shortening velocity in-
creases. Without this unwinding, the extent of muscle short-
ening would be limited unrealistically by the bound PEVK.

These considerations lead to the prediction that net storage
or recovery of elastic potential energy in titin during active
shortening should depend on the shortening velocity. For
example, when a muscle shortens slowly against a load that is
close to its maximum isometric force, the recovery of elastic
energy from PEVK because of thin filament translation will
be small relative to the energy stored in PEVK because of
thin filament rotation. Furthermore, the high cross-bridge
force and duty factor will tend to prevent PEVK unwinding.
Thus, for loads near the maximum isometric force, the muscle
will exhibit a net storage of elastic energy in PEVK despite
shortening.

In contrast, when a muscle shortens against a small load at
a velocity close to Vmax, the cross-bridge force and duty factor
will be smaller, and the step size will be larger, so the rate of
elastic energy recovery from PEVK because of thin filament
translation would exceed the rate of energy storage because of
thin filament rotation. In addition, the reduced cross-bridge
force would permit PEVK unwinding, which would further
increase recovery of elastic potential energy.

Likewise, the winding filament model predicts that short-
ening velocity should decline over time during isotonic con-
tractions at small loads as the elastic energy stored in PEVK is
dissipated. Shortening velocity should decrease faster at
smaller loads because stored PEVK energy would be recovered
at a faster rate. In this way, the winding filament model ac-
counts for the observed nonlinearity in shortening rate during
after-loaded isotonic contractions (14).

Hill’s (14) initial experiments showed that the heat of
shortening increases monotonically with shortening velocity
in active muscles. However, his measurements were revised
later to show that the shortening heat levels off at about
0.5 Vmax and decreases thereafter despite the increase in
shortening velocity (13). Although the nature of this rela-
tionship was well predicted by a two-state attachment model
(16), the model does not specify the source of the energy
needed to increase contraction velocity above 0.5 Vmax. The
energy cannot come from adenosine triphosphate (ATP)
hydrolysis because the heat of shortening is declining. The
winding filament model explains the leveling and subsequent
decline in ATPase rate with shortening velocity as an
increase in the rate of conversion of elastic energy, stored in
PEVK, to kinetic energy.

Force Enhancement and Depression
History-dependent changes in active force production

include enhancement of force with stretch and depression of
force with shortening (1). The steady-state force produced
by muscles after active shortening is less than the isometric
force at a corresponding length, and likewise, the steady-
state force after active lengthening is higher than the isomet-
ric force at a corresponding length. These history-dependent
properties of active muscle exactly are those expected of
springs, which produce greater tensile force when stretched
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Figure 4.AQ1 Schematic diagram illustrating the contribution of titin to the
force-length relationship. If N2A titin (red) binds nonselectively to thin
filaments (blue) in the presence of Ca2+, and if the binding site depends
only on the sarcomere length at the time of activation, then a plateau is
predicted in active force. For example, in rabbit psoas muscle, a plateau
is predicted at sarcomere lengths between 2.4 (above) and 2.6 Km
(below). (Reprinted from (31). Copyright * 2011 Royal Society. Used with
permission.)
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and less tensile force when shortened, in proportion to their
change in length.

However, within the framework of the sliding-filament
theory, few of the ideas that have been proposed to explain
history-dependent effects deal explicitly with spring proper-
ties (33). Instead, mechanisms of force enhancement during
active stretch, as well as mechanisms of force depression during
shortening, have invoked processes that affect the internal work
done by the myosin heads during cross bridge cycling (33).

Four mechanisms have been proposed to explain force
depression, including sarcomere length nonuniformities, ac-
cumulation of protons and inorganic phosphate, reduction of
the affinity for Ca2+ at regulatory sites on the thin filaments,
and stress-induced inhibition of cross-bridge attachment (11).
All these ideas share the common theme that the proposed
mechanism interferes with the ability of the cross-bridges to
produce force. Likewise, several mechanisms have been pro-
posed to explain force enhancement, including sarcomere
length nonuniformities, as well as an increase in the average
force per cross-bridge or the number of attached cross-bridges.

Within the context of the sliding filament theory, it also
has been argued that force depression and force enhancement
likely are to have different explanations (11). Based on a
review of the literature, Rassier and Herzog (33) concluded
that force depression is caused likely by stress-induced inhib-
ition of cross-bridge attachment, whereas force enhancement
has a passive component possibly because of titin and an active
component associated with an increase in the proportion of
attached cross-bridges. The strongest evidence marshaled in
support of the argument for two separate mechanisms is the
observation that force depression is paralleled by a corre-
sponding decrease in muscle stiffness, whereas force enhance-
ment is not paralleled by a corresponding increase in stiffness
(11,37). However, more recent studies suggest that muscle
stiffness may, in fact, increase in parallel with enhanced force
upon stretch (34).

The winding filament model provides an alternative mech-
anism for both depression of force with shortening and en-
hancement of force with stretch. During active shortening,
energy stored in PEVK will be converted to kinetic energy,
and muscle force will decrease in direct proportion to the
distance shortened. After shortening, a muscle will recover
force as the cycling cross-bridges rewind PEVK upon the thin
filaments. During active stretch, the work done in stretching
a muscle will extend PEVK, storing elastic strain energy.
This added force increases with the distance stretched. The
existence of a common spring mechanism for force enhance-
ment and depression is supported further by the fact that the
changes in force during both stretch and shortening can be
predicted accurately from the mechanical work (21).

Hookean springs change length instantaneously with ap-
plied force. Muscles, composed of polymeric proteins in sol-
ution, are not expected to respond as quickly. It is well known
that muscles exhibit time-dependent changes in force in re-
sponse to applied changes in length (33). In response to an
increase in length, active muscle force increases rapidly to
values up to nearly twice the maximum isometric force. The
force then decays rapidly to a steady-state value that increases
with the amplitude of the stretch and with sarcomere length.
In response to a decrease in length, muscle force decreases

rapidly and then returns more slowly to a steady-state level
that depends on both the amplitude and velocity of short-
ening. In the winding filament model, the velocity dependence
of force depression is due to velocity-dependent unwinding of
PEVK from the thin filaments (31). In the winding filament
model, both the history and time dependence of muscle force
are viewed as spring properties associated with titin.

CONCLUSIONS

One fundamental structure within the sarcomere was un-
known at the time the sliding filament theory of muscle con-
traction was developed. Thus, a role for titin in active muscle
was absent from the early models and, hence, in subsequent
textbook iterations over the past half century. Although this
model of muscle contraction adequately describes many muscle
functions, several muscle properties remain a mystery. Indeed,
decades before the description of ‘‘sliding filaments,’’ Hill and
others acknowledged that muscles behave as though they
contain an internal spring.

When we examine the properties of titin, several intriguing
features emerge. First, recent investigations have demon-
strated definitively that titin stiffness increases with muscle
activation and force development (18,25). In other words,
titin functions as a spring in active muscle. Second, when we
reexamine the three-dimensional structure of the sarcomeric
filaments including titin, we are led to the inevitable con-
clusion that thin filaments do not just ‘‘slide’’ but also must
twist with each cross-bridge interaction. We recently pro-
posed a novel ‘‘winding filament’’ hypothesis in which titin
is ‘‘activated’’ mechanically by Ca2+ influx and then wound
upon the thin filaments by the cross-bridges, which both
translate and rotate the thin filaments (31). This hypothesis
provides a mechanism by which titin contributes to active
force production in muscle sarcomeres.

When we reexamine muscle function, relaxing the as-
sumption of the sliding filament hypothesis that only the
cross-bridges contribute to muscle force, and permit an active
role for titin, it becomes possible to explain several puzzling
aspects of muscle physiology, including the difference in
length-tension properties between skeletal and cardiac mus-
cle, the low cost of force production during active stretch, and
the high thermodynamic efficiency of actively shortening
muscle. In addition, the winding filament hypothesis provides
much simpler explanations than the sliding filament hypoth-
esis for several muscle characteristics, including the length
dependence of force production, the change in shape of the
length-tension curve with sarcomere length, and history-
dependent behavior, including both force enhancement and
force depression.

In contrast to phenomenological models, the winding fil-
ament hypothesis suggests novel, biologically plausible mech-
anisms that can explain several elusive properties of muscle.
Although a definitive test of the winding filament hypothesis
awaits new developments in nanoscale imaging, the explan-
atory value of the idea is evident. The hypothesis provides
many testable predictions that we hope will encourage new
directions for research.
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