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ABSTRACT Myofilament extensibility is a key structural parameter for interpreting myosin cross-bridge kinetics in striated
muscle. Previous studies reported much higher thick-filament extensibility at low tension than the better-known and commonly
used values at high tension, but in interpreting mechanical studies of muscle, a single value for thick-filament extensibility has
usually been assumed. Here, we established the complete thick-filament force-extension curve from actively contracting, intact
vertebrate skeletal muscle. To access a wide range of tetanic forces, the myosin inhibitor blebbistatin was used to induce low
tetanic forces in addition to the higher tensions obtained from tetanic contractions of the untreated muscle. We show that the
force/extensibility curve of the thick filament is nonlinear, so assuming a single value for thick-filament extensibility at all force
levels is not justified. We also show that independent of whether tension is generated passively by sarcomere stretch or actively
by cross-bridges, the thick-filament extensibility is nonlinear. Myosin head periodicity, however, only changes when active
tension is generated under calcium-activated conditions. The nonlinear thick-filament force-extension curve in skeletal muscle,
therefore, reflects a purely passive response to either titin-based force or actomyosin-based force, and it does not include a
thick-filament activation mechanism. In contrast, the transition of myosin head periodicity to an active configuration appears
to only occur in response to increased active force when calcium is present.
INTRODUCTION
The sliding filament model of muscle contraction, in which
thin and thick filaments slide past each other without chang-
ing their length, had as important early evidence the observa-
tion that the periodicities of the thick and thin filaments did
not changewhenmuscle contracts (1–4). This led researchers
to consider the myofilaments as being inextensible, with
essentially all of the axial elasticity in the myofilaments
residing in the cross-bridges. This was a highly influential
idea that later turned out to be incorrect. Huxley (5) and
Wakabayashi (6) showed that by accurately measuring the
higher-order actin and myosin-based meridional reflections,
changes in the length of both thin and thick filaments of
�0.3% at full isometric tension could be observed in
response to activation of the muscle. This new insight
required a major reassessment of the then-popular models
of muscle contraction and in particular the interpretation of
force transients that occur upon step-length changes (7,8).

Thick-filament extensibility has been generally assumed
to be a fixed value, i.e., the relationship between force and
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extension is linear. The extensibility in actively contracting
intact muscle at high tetanic tension has been estimated to
be 11–16 m/N (9). More recently, however, in passively
stretched skinned rabbit psoas muscle, it was shown that
thick filaments under low tension are much more extensible,
around 85 m/N, at the low tensions generated by passive
stretch as compared to the greatly reduced extensibilities
observed at high tensions during isometric tetanic contrac-
tion (10). These authors proposed that the discrepancy
between these two numbers could be reconciled if there
was a nonlinear relationship between thick-filament exten-
sion and tension. In their study, however, this relationship
could not be conclusively demonstrated because of the
limited range of tensions used (10). The observation that
thick filaments appear to be more extensible at low tension
than at high tension is, however, consistent with results
obtained from synthetic rabbit thick filaments containing
only myosin. Synthetic thick filaments are �10 times
more compliant at low tension than at high tension (11),
but because of the lack of other thick-filament-associated
proteins, studies of synthetic thick filament might not reflect
native filament extensibility.

Titin is a giant sarcomeric protein (�2.9–3.8 MDa)
(12,13) that spans half of the sarcomere from the Z disk
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FIGURE 1 Experimental setup. The isolated intact muscle is mounted in

a fluid-filled chamber, sutured at one end to a fixed hook and at the other end

to a hook connected to a combined servo motor/force transducer system.

The sample was then aligned with the x-ray beam. Force, length, and

x-ray patterns were synchronously recorded while the muscle was either

passively stretched or tetanized. To see this figure in color, go online.
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all the way to the M-band (14). Titin is a long and elastic
protein that acts as a molecular spring that maintains the
structural integrity of the sarcomere (15–18). Titin closely
interacts with the thick filament inside the A-band and plays
an important role in passive force generation (19). It is also
involved in mechanosensing within signaling pathways
(20,21). Titin-based passive tension had been shown to
strain the thick-filament backbones and to alter the helical
arrangements of the myosin heads in cardiac muscle,
shedding light on the Frank-Starling law mechanisms at
the molecular level (22). The details of the interactions
between titin and thick-filament proteins in intact thick
filaments in skeletal muscle remain to be established.

The primary goal of the current study was to determine
the complete thick-filament force-extension curve from
actively contracting and passive intact vertebrate skeletal
muscle. To access a wide range of tetanic forces, blebbista-
tin, a myosin inhibitor (23), was used to induce low tetanic
forces along with the higher tensions obtained from tetanic
contractions of untreated muscle, delivering a range of
tensions. We found that the extensibility of the thick fila-
ment is indeed nonlinear, so assuming a single value for
thick-filament extensibility is not justified. Our data indicate
that nonlinear thick-filament extensibility is independent of
whether the tension is generated passively by stretch or
actively by cross-bridges. Although increasing active ten-
sion is associated with a transition in the spacing of myosin
heads toward an ‘‘active’’ configuration, no such change is
seen in passively stretched muscle.
MATERIALS AND METHODS

Experimental apparatus

A combined servo motor/force transducer (Model 6350; Cambridge Tech-

nology, Bedford, MA) was mounted on an X-Y-Z positioner adjacent to the

chamber holder. The combined motor/force transducer head was connected

to a dual-mode controller (300C; Aurora Scientific, Aurora, Canada). Intact

muscles were placed in the experimental chamber filled with oxygenated

Ringer solution and were subsequently activated with a high-power

biphasic current stimulator (model 701A; Aurora Scientific). The whole

system (Fig. 1) was controlled by an ASI 610A data acquisition and control

system (Aurora Scientific).
Muscle preparations

The mice used to determine thick-filament extensibility in actively contract-

ing muscle were C57BL/6 mice (male, 10–15 weeks). All animal experi-

ments were governed by protocols approved by the University of Arizona

and Illinois Institute of Technology Institutional Animal Care and Use

Committees. Mice were euthanized by carbon dioxide inhalation and cervi-

cal dislocation. The skin was removed to expose the muscles and separate

the hind limbs. During dissection, the muscles were kept on ice and moist

with the application of Ringer solution (Ringer’s solution contained

145 mM NaCl, 2.5 mM KCl, 1.0 mM MgSO4, 1.0 mM CaCl2, 10.0 mM

HEPES, 11 mM glucose (pH 7.4)) at regular intervals. The hind limbs

were placed in a dish filled with Ringer’s solution perfused with 100%

oxygen. For electrically stimulated wild-type mouse muscle, the hind limbs

were pinned to the dish with insect pins and both the soleus and extensor
digitorum longus (EDL) were dissected out carefully in Ringer’s solution,

leaving as much tendon as possible attached on both ends. Passive stretch

experiments followed the same procedure, but in this case, only the EDL

muscle was used. Silk sutures were used to tie to the tendons on both

ends of the muscle. The sutures were tied to the force transducer and a fixed

hook inside the chamber (see Fig. 1). The muscle was adjusted to the

desired length by the X-Y-Z positioner attached to the force transducer

before the x-ray and mechanical experiment. The experimental chamber

was maintained at room temperature (22�C) and continuously oxygenated

during the experiment.
X-ray diffraction

X-ray diffraction experiments were done using the small angle x-ray

diffraction instrument on the BioCAT beamline 18ID at the Advanced

Photon Source, Argonne National Laboratory, Lemont, IL (24). The x-ray

beam energy was set to 12 keV (0.1033 nm wavelength) at an incident

flux of �1013 photons per second in the full beam. The x-ray beam

was focused to �250 � 250 mm at the sample position and to �130 �
60 mm at the detector. The specimen to detector distance was �1.8 m.

A high-sensitivity, high-readout-speed (up to 500 Hz) Pilatus 3 1 M

detector (Dectris, Baden-Daettwil, Switzerland) with an active area of

168.7 mm � 179.4 mm with 172 � 172 mm pixels was used to collect

the x-ray patterns.
Experimental protocols

For experiments in actively contracting muscle, a short tetanic contraction

was performed to test the sutures (0.5 s tetanus contraction at a 100 Hz pulse

frequency, 2 ms pulse width, followed by a 0.2 s initial delay). The muscle

was then stretched to L0, defined as the optimal muscle length at which the

maximal twitch force was generated. For the mechanical and x-ray exper-

iments, the muscles were activated by a 100 Hz pulse frequency, 2 ms pulse

width stimulation for a 3 s isometric tetanic contraction followed by at least

a 10 min resting period. The x-ray shutter was kept open during the entire

protocol, including 1 s of low force data before and after the tetanus, with

the detector continuously collecting data frames with a 1 ms exposure time

and 2 ms frame period. The muscle was oscillated in the beam during the

exposure to spread the x-ray dose and reduce radiation damage.
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For experiments on passive muscle, the EDL muscle was initially at

optimal length, the same as in the actively contracting experiment. 100

x-ray images were taken, each with a 10 ms exposure time and a 100 ms

readout time. Force was recorded continuously. The muscle was then

stretched by 15% from optimal length with the motor at a constant speed

(10%/min) and the force allowed to stabilize. Another 100 images were

taken at the same frame rate and exposure time. This procedure was then

repeated with a larger amplitude stretch (25%, 35%, and on occasion

higher, but never exceeding a maximal stretch of 60% over optimal length).
Blebbistatin treatment

Blebbistatin was used to access low active-tension levels by partially

inhibiting actomyosin interaction in intact muscle. 100 mL of 7.5 mM

blebbistatin (Cayman Chemical, Ann Arbor, MI) dissolved in dimethyl

sulfoxide was added to the chamber containing �10 mL Ringer’s solution

and incubated for 15–30 min. Because blebbistatin is sensitive to short

wavelength light but stable at 500 nm (25), experiments were performed

in the dark, except for a low-power red light-emitting diode light that

was used during muscle alignment.
Postexperiment muscle treatment

After each mechanical and x-ray experiment, the muscle was recovered for

cross-sectional area calculation. The cross-sectional area was calculated

according to the muscle length and the muscle mass, assuming a muscle

density of 1.06 g/mL (26,27). The muscle was placed back in relaxation

solution and was then stretched to the experimental length and fixed in

10% formalin for 10 min. The sarcomere length was recorded by using a

video sarcomere length system (model 900B; Aurora Scientific) from fixed

fiber bundles throughout the entire muscle cross section.
Titin-based tension estimation

Titin-based tension was estimated by measuring the difference between

total passive tension and postskinned, thick and thin filaments extracted,

and passive tension from the same kind of muscle. Mouse EDL muscles

were divided into four smaller muscle bundles by separating the tendons at

one end of the muscle. The fiber bundle was attached to T-clips on both

ends, and it was then stretched to 15, 25, and 35% over optimal length as

was done in the passively stretched intactmuscle experiments. Theywere de-

membranated in a relaxing solution that contained 1% Triton X-100 for 3 h

with three buffer changes. The fiber bundleswere then treatedwith high-con-

centrationKCl andKI solutions to depolymerize thick and thin filaments; for

details, see our previous work (18). The mechanical experiments were then

repeated to determine the passive tension due to extracellular components.

Titin-based passive tension was determined as the difference between total

passive tension and extracellular-based passive tension (21).
Data analysis

The x-ray detector data were saved as 32-bit tagged image file format

images and analyzed using data analysis programs belonging to the

MuscleX software package developed at BioCAT (28). For thick-filament

extensibility measurements under steady-state conditions, first the individ-

ual images from resting patterns (0–1 s) were averaged together into one

image. Then, the individual images taken during the plateau of isometric

tetanus (from the time maximal force is reached to the end of stimulation)

were averaged into one image. It was these averaged images that

were used in subsequent analysis. For analysis of time-resolved data,

each frame was analyzed individually. The spacings and intensities of

meridional reflections on either side of the pattern were obtained using

the ‘‘Diffraction Centroids’’ program. ‘‘Diffraction Centroids’’ estimates
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the peak position as the centroid of the intensity of the top half of the

diffraction peak. This measure, as used in Huxley et al. (5), has the advan-

tage of being model independent and insensitive to noise and the detailed

shape of the peak.
RESULTS

Thick-filament extensibility in actively
contracting mouse skeletal muscle

There is general consensus that the intensity of the third
order myosin meridional (M3; �14.3 nm) reflection is
dominated by contributions from the myosin heads and
that the M6 and higher-order myosin reflection are domi-
nated by contributions from structures within the backbone
(9,29,30). Although it is possible that configurations of
myosin heads and/or actomyosin interactions are influ-
encing the higher-order myosin meridionals, these are likely
to be secondary and relatively minor effects. For this reason,
changes in the spacing of the M6 (7.2 nm) and higher-order
meridional reflections have been used to study the extensi-
bility of thick filaments as a function of active force in
frog muscle (6,29,30) and as a function of titin-based
passive tension in skinned rabbit muscle (10). In intact
mouse muscle, both the M6 (at 7.15 nm) and the M15 (at
2.86 nm) can be well resolved in both the passive and active
states (Fig. 2, the right half shows the contracting pattern
and the left half shows the resting pattern taken before the
contraction). The 15th myosin meridional reflection is
particularly useful, as it is far from the beam center and
allows accurate estimates of small differences in the thick-
filament periodicity. Fig. 3 shows a plot of the percent
change of the M6 spacing (7.15 nm) as a function of tetanic
tension superimposed with that of the M15 (2.86 nm) merid-
ional reflection. Results indicate that thick-filament extensi-
bility can be estimated from both reflections, although the
2.86 nm meridional reflection measurements, being farther
from the center, may be measured more accurately and
consequently the data show less scatter.

The percentage change of the M15 reflection (2.86 nm) is
shown as a function of tetanic tension in Fig. 4 A for soleus
and Fig. 4 B for EDL muscle, respectively. Both muscle
types show a clear nonlinear relationship between thick-
filament backbone periodicity and tension generated by a
tetanic contraction. The slope of the force-extension plot
at low stress (<50 mN/mm2) in both EDL and soleus
corresponds to an extensibility of �80 m/N consistent
with our previous findings (10). In contrast, the extensibility
of skeletal muscle at high stress, estimated from the slopes
of the lines at tensions >80 mN/mm2, are 15.6 5 3 and
13.5 5 3.7 m/N for EDL and soleus muscle, respectively,
comparable to the literature values (11–16 m/N (9,10)).
Soleus and EDL muscles have a similar shape but are not
identical, especially at high tensions. The architectural
properties and myofibrillar densities are likely different
in soleus and EDL muscles (26), so direct quantitative



FIGURE 2 X-ray diffraction pattern from resting (left) and activated

(right) mouse soleus muscle. The 1,0 and 1,1 equatorial reflections are

indicated. The M3 reflection on the meridian arises from the 14.3 nm

myosin axial displacement. The M6 reflection at 7.15 nm arises primarily

from structures within the thick-filament backbone. The meridional reflec-

tion at 2.86 nm is the 15th order of the myosin repeat. The M4 layer line is

derived from the helical arrangement of myosin heads around the thick-

filament backbone. The reflection on the second actin layer line, arising

from tropomyosin, is indicated as TM. See text for additional details.

FIGURE 3 Thick-filament backbone reflections in soleus muscle as a

function of active tension. Relative changes in the spacing of the 2.86 nm

(M15) and 7.15 nm (M6) x-ray reflections as a function of active tension

are indistinguishable, but the 2.86 nm reflections appear less scattered

than the 7.15 nm reflections. The fit to a Hill model is shown (heavy

line) along with 95% confidence levels (dotted lines).

Thick-Filament Extensibility in Muscle
comparison of thick-filament extensibility between soleus
and EDL muscles would require more detailed knowledge
of the proportion of myofibrillar area per muscle cross-
sectional area (see also Discussion). However, both muscle
types show a clear nonlinear relationship between thick-
filament backbone periodicity and active tension.
FIGURE 4 Thick-filament extensibility in tetanized soleus (A) and EDL

(B) skeletal muscle. The 2.86 nm spacing change as a function of tetanic

tension is plotted. Both EDL and soleus muscle showed a nonlinear

relationship between the 2.86 nm spacing change and active tension. The

fits to a Hill model are shown (heavy line) along with 95% confidence levels

(dotted lines).
Thick-filament extensibility in passively stretched
skeletal muscle

To study how passive tension affects thick-filament strain,
the 2.86 nm myosin-reflection spacing changes were plotted
against the total passive tension generated by stretching
EDL muscle in its passive state (Fig. 5 A, filled circles).
The overall shape of the obtained curve resembles that of
the active tension curve (Fig. 5 A, open circles) but has a
rightward shift compared to the active tension curve.
Because not all of the total passive tension is titin-based,
we determined the proportion of passive tension attribut-
able to titin and extracellular matrix (see Materials and
Methods). We found that within the length range that was
studied, titin accounted for 63% of the total passive tension.
When the 2.86 nm myosin reflection spacing changes are
plotted as a function of titin-based tension, the relationship
is now indistinguishable from that of actively contracting
muscle (Fig. 5 B). Thus, the tension-extension curve of
the thick filament is nonlinear, irrespective of whether the
tension is titin-based passive tension or cross-bridge-based
active tension.
M3 meridional reflection

To explore whether passive tension also impacts the disposi-
tion of themyosin heads, we studied theM3meridional x-ray
reflection. This reflection is attributed to the �14.3 nm axial
displacement of successive myosin heads along their helical
tracks on the thick filament (3,31), with the intensity coming
primarily from themass of themyosin heads, whereas theM6
reflection intensity arises primarily from structures within
the thick-filament backbone (9,30). The M3 spacing in con-
tracting mouse muscle increased little with active tension
when tensions were small (<�30 mN/mm2), but at high
Biophysical Journal 115, 1580–1588, October 16, 2018 1583



FIGURE 5 Thick-filament extensibility in passively stretched muscle

compared to that in active muscle. (A) The spacing of the 2.86 nm reflection

as a function of total passive tension (filled circles) and active tension (open

circles) in passively stretched and actively contracting EDLmuscle, respec-

tively. The thick-filament-extensibility curve from actively contracting

muscle has a similar shape to that of passive stretched muscle, but curves

do not overlap. (B) The 2.86 nm myosin-reflection changes as a function

of titin-based passive tension in passively stretched muscle were indistin-

guishable from the spacing changes in actively contracting EDL muscle

as a function of active tension. The fits to a Hill model are shown (heavy

line) along with 95% confidence levels (dotted lines).
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tension, the increase was rapid, and a maximal spacing
change of �1% was reached at a tension of �100 mN/mm2

(Fig. 6 A). The M3 spacing as a function of active tension
data was fitted to both a linear function and a Hill model,
with the Hill model providing a significantly better fit
(p< 0.05 for nonlinear curve fit)with a half-maximal spacing
change at �60 mN/mm2. In passively stretched muscle—in
which, as described above, theM15 spacing shows a system-
atic increase with increasing passive tension—the M3
spacing shows no such systematic increase (Fig. 6 B).
Thus, passive tension increases the average periodicity of
structures within the thick-filament backbone but does it in
such a way that the average axial displacement of the myosin
heads does not change.
Spacing changes in M3 andM6 reflections in time-
resolved experiments

X-ray patterns were collected with a 1 ms exposure time and
1 ms readout (500 Hz frame rate) during the tension rise
after tetanic stimulation. The M3 and M6 spacings and
FIGURE 6 M3 meridional reflection spacing changes as a function of

active (A) and titin-based passive tension (B). In active muscle, the M3

spacing changes from both EDL (solid circles) and soleus muscle (open

circles) as a function of tetanic tensions. The fit to a Hill model is shown

(heavy line) along with 95% confidence levels (dotted lines) (b). M3

spacing as a function of passive tension in EDL muscle. The M3 spacing

did not increase with an increase in passive tension.
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tension were plotted as a function of time. The M6 starts
to increase at the same time as active force development
(Fig. 7, squares and diamonds), but the M3 spacing (circles)
starts to increase �6 ms later. The M3 spacing as a function
of time can be fitted with a Hill model with a half-maximal
spacing change at 0.019 s, corresponding to an active
tension of �60 mN/mm2.
DISCUSSION

Nonlinear thick-filament extensibility in actively
contracting muscle

Knowledge of thick-filament extensibility is critical for
determining cross-bridge cycling kinetics and examining
mechanisms of muscle contraction (32–34). Small and rapid
length oscillations applied to activated muscle have been
widely used to estimate muscle stiffness and cross-bridge
numbers and extensibility (35–38). However, the early
studies were based on the assumption that the thick filament
is inextensible, as it appeared from initial x-ray studies
(1–4). The subsequent finding that myofilaments have sig-
nificant elasticity (5,6) is now widely used in the interpreta-
tion of cross-bridge kinetics studies (39,40). In all of these
cases, however, the myofilament elasticity is assumed to
have a single fixed value. Fusi and colleagues concluded
that, in frog muscle, myofilament extensibility accounts
for two thirds of total fiber extensibility and cross-bridges
for the remaining one third (41), but another study showed
the opposite results (40). The thick-filament extensibility
in passively stretched skinned skeletal muscle fibers (10)
was observed to be much higher than found in tetanically
contracted intact skeletal muscle (9). Because tetanic
contraction in intact skeletal muscle generates more tension
than passively stretched skinned skeletal muscle fibers, the
authors proposed that the thick filament is more extensible
at low tension than at high tension (10). These studies,
FIGURE 7 Time courses of the M3 and M6meridional reflection spacing

changes (left scale) and tetanic tension (right scale). Relative spacing

changes as a percentage of the maximal changes are shown for the M3 (cir-

cles) and M6 (squares) meridional x-ray reflections as compared to active

tension (diamonds) as a function of time after stimulation in intact mouse

EDL muscle. The solid and dotted lines are fits to a Hill model.
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however, did not address whether or not the extensibility of
the thick filament is different in actively contracting versus
passive stretched muscle. Direct measurements of thick-
filament extensibility over a wide range of tensions, in
both active and passive muscle, were needed to resolve
these questions and discrepancies.

Here, we demonstrate that thick-filament extensibility in
contracting intact skeletal muscle is indeed nonlinear
when examined over the range of tensions from zero to
maximal isometric tension. Similar relative thick-filament
extensions with force (�80 m/N) were observed using the
M6 spacing changes as previously used by Irving et al.
(10) to those measured from the 2.86 nm meridional reflec-
tions. The extensibility of skeletal muscle at high tension
levels (>80 mN/mm2) was found to be 13–16 m/N, within
the range of literature values (11–16 m/N (9,10)), again
assuming a linear relationship. Rather than two linear func-
tions, however, the thick-filament-extensibility curve seems
more likely to be a continuous, nonlinear function (in
Figs. 3, 4, and 5, Hill functions were assumed) of increasing
force. It should be noted that a similar nonlinear force-
extension curve in active frog muscle was reported but not
discussed as such by Linari and colleagues in Fig. 3 d of
(42). Similarly, Brunello and colleagues (38) reported a
linear force-extension relation, again in active frog muscle,
above 0.4 T0 (maximum isometric tension) that diverges
from linearity at lower forces.

There appeared to be a significant difference in thick-
filament extensibility as a function of tetanic tension in
soleus muscle and EDL muscle (Fig. 4). Soleus muscle
contains �40% slow fibers, whereas EDL contains �90%
fast fibers, and it may be that the myofilament density in
EDL and soleus muscles is different (43–45). It is likely
to be more informative to plot thick-filament extensibility
against force per thick filament to determine whether or
not extensibility of the thick filaments is the same or
different in the EDL and soleus muscles. This will require
detailed knowledge of the proportion of myofibrillar area
per cross-sectional area in each muscle, and this will be
addressed in future studies.

Why is the force-extension curve nonlinear? It is not
clear whether the interactions responsible for the nonlinear
extensibility are intramolecular, intermolecular, or both.
The changes in axial spacing from rest to full isometric
tension, at the level of the 14.3 nm axial-head separation
(in resting muscle), are �0.1–0.2 nm. At the individual
bond level, the changes will be subtle indeed, well within
normal variations in bond lengths. Although one might
expect, a priori, that intramolecular extension as a function
of force over short distances will be approximately linear,
intermolecular interactions could well be more complex.
Recent results from the Taylor group (46) show that the
myosin molecules, at least in insect flight muscle but prob-
ably in all muscles, do not wind around each other but form
parallel arrangements that they call ribbons held together by
noncovalent interactions along their length. It may be that
the relatively high extensibilities at low thick-filament
strains are due to rearrangement of the weakly bound rods
in the ribbons under strain. Because extension continues
as strain increases, the molecules may become more
entangled and the whole structure becomes relatively inex-
tensible. At that point, additional force would presumably
go toward stretching individual bonds in the myosin rods.
This could explain the much stiffer filaments and the
approximately linear relation of thick-filament extension
at high forces. This hypothetical scenario would need
verification in future experiments.
Thick-filament extensibility and passive tension

Titin inside the A-band closely interacts with the thick fila-
ment (20), and titin is believed to strain thick filaments when
the muscle is stretched (10,22). Titin when stretched to
different lengths will consequently strain the thick filaments
to different extents. The estimates for thick-filament exten-
sibility obtained in this study from actively contracting
muscle at low tension levels were close to that from the
previous study in skinned passively stretched rabbit psoas
muscle (10). When total passive force was converted to
titin-based force, the thick-filament extensibility from
passively stretched EDL muscle was not statistically
different from actively contracting muscle, and they are
both similarly nonlinear (Fig. 5 B). Thus, the nonlinearity
of the thick-filament force-extension curve in skeletal
muscle appears to reflect a purely passive response to either
titin-based force or active force.

It should be noted that the active muscle experiments are
all done at the same sarcomere length, whereas different
amounts of titin-based passive tension are generated by
stretching the muscles to different sarcomere lengths. A
concern might be that there may be structural changes
with increasing sarcomere length other than increased
titin-based passive tension that could confound the compar-
ison with active muscle. Identically shaped relationships in
active muscle and passively stretched muscle suggests that
the nonlinear extensibility of the backbone is a fundamental
property of the thick filament.

As discussed above, when comparing the soleus and EDL
muscles, the number of thick filaments per unit cross-
sectional area will differ because of differences in internal
architecture, precluding studying the extensibility as a func-
tion of thick-filament cross-sectional area. Additionally, the
strain at a particular point on the thick filament most likely
will vary. In active muscle, insofar as the cross-bridges are
truly independent force generators, there will be a gradient
in strain from the tip of the filament, where the strain is
zero, to the edge of the H-zone, where the force will be
maximal. The steepness of the gradient will depend on the
degree of filament overlap. Under our conditions, the
average strain in the thick filament would be �0.6 times
Biophysical Journal 115, 1580–1588, October 16, 2018 1585
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the measured force per unit area delivered by the muscle, all
other things being equal. In passive muscle, one may start by
assuming that the passive force generated by titin is exerted
at the ends of the filaments and propagated to provide a
uniform strain throughout the filament. However, given
that titin makes multiple contacts along the thick filament
(47), there could be local strain gradients in passive muscle
as well. Titin also makes contacts with the thin filaments in
the I-band (48), which might allow some of the strain to be
borne by the thin filaments. In either active or passive
muscle, other connections between the thick and thin fila-
ments may alter strain distributions. Myosin-binding protein
C is proposed to have interactions with actin under resting
conditions that would be present in the C-zone of the thick
filament and absent in the D-zone (49). Similarly, cross-
bridges in active muscle could also redistribute longitudinal
strain radially to the thin filaments. All these interactions
could serve to redistribute strain in hard-to-predict ways.
Although the coincidence of the passive and active force
extension curve shown in Fig. 5 B is remarkable, it cannot
presently be concluded that the thick-filament strain curves
are also identical without more information from future
studies. In summary, although local thick-filament strain
gradients that are different in passive and active muscle
are likely to exist, from this work, it can be concluded
that the thick-filament force-extension curves in active and
passive muscle are similarly nonlinear.
Thick-filament-based activation mechanisms

The widely accepted steric blocking model of thin-filament
regulation states that calcium first binds to troponin, which
then allows tropomyosin to move on the thin filament, un-
covering myosin-binding sites on actin to allow contraction
to occur (50,51). Recently, there has been increased interest
in thick-filament-based activation mechanisms, as has been
recently reviewed (52). It has been known for a long time
(53) that there is a change in the myosin meridional reflec-
tions associated with going from the resting to the isometri-
cally contracting state, suggesting that the ‘‘active’’ thick
filament is in a different structural state than in resting
muscle. More recently, Linari et al. (42) proposed that
strain in the myosin thick-filament backbone acts as a
mechanosensor to ‘‘turn on’’ the thick filament, with the
M3 spacing change being one of the hallmarks of the
muscle ‘‘on’’ state (42). In this model, a small number of
cross-bridges are always available to interact with actin,
and upon activating the thin filament, they interact with
actin first, generating force and increasing strain in the
thick filament. When this strain reaches some transition
value to the long-periodicity ‘‘on’’ structure, this is proposed
to release the larger population of motors required for high-
load contraction (42).

In these experiments with contracting muscle, a nonlinear
change in M3 spacing with increasing tension is indeed
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observed (Figs. 6 A and 7), indicating a stepwise change
in spacing (at �60 mN/mm2) when going from the low-
force region to a high-force region with force either altered
by blebbistatin treatment or during the tension rise of a
normal tetanic contraction. The average axial displace-
ments, as reflected in the M3 myosin meridional reflection,
of myosin heads in passive muscle are, however, unaffected
by thick-filament strain (Fig. 6 B).

The force-extension curve of the thick-filament back-
bone, as reflected in the spacing changes in either the M6
or the M15 myosin meridional reflections, are similarly
nonlinear in active and passive muscle (Fig. 5 B). Thus,
the nonlinearity of the thick-filament force-extension curve
in skeletal muscle appears to reflect a purely passive
response to either titin-based force or active force. The
lack of stepwise transition in M3 spacing with passive
tension indicates that the transition of myosin heads to an
active configuration is, therefore, not a necessary conse-
quence of increased thick-filament strain. Reconditi and
colleagues (38) also examined M3 spacing changes as a
function of sarcomere length in frog muscle. They did not
measure titin-based passive tension, but the sarcomere-
length changes they chose would have likely involved a
similar range of passive tensions as in our study. In their
case, there was a systemic increase (�0.3%) in M3 spacing
with increasing sarcomere length (and hence passive
tension), but they also did not see a stepwise transition to
the much larger ‘‘on’’ state spacing.

The results shown here, therefore, demonstrate that the
thick-filament ‘‘turning on’’ mechanism, whatever it is,
cannot rely only on the degree of thick-filament strain but
must involve other mechanisms as well. An appealing
hypothesis, as suggested by Reconditi and colleagues (54),
is that interactions of myosin-binding protein C with the
thin filament communicate the activation state of thin
filament early after calcium binding, leading to a structural
transition to the ‘‘on’’ state after a delay (38). Another pos-
sibility might be that when a significant number of force-
producing myosin heads are recruited, this disrupts the
resting surface lattice of the myosin heads and their interac-
tions with each other, titin, and the backbone. This then
allows for more force producing heads to be recruited
from their ordered arrangement around the thick-filament
backbone to a configuration able to bind actin in a coopera-
tive process. In any case, rather than being the cause of
thick-filament activation as in the Linari et al. model (42),
it appears that nonlinear thick-filament strain in contracting
muscle is simply an effect of active force development
responding in the same way as it would to an applied
passive force.
CONCLUSIONS

The force-extension relationship for skeletal muscle follows
a similar, nonlinear relationship with either active tension or
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titin-based passive tension; assuming a single value for
thick-filament extensibility at all tension levels is therefore
not justified. Although the myosin head periodicity (M3)
and the level of thick-filament strain (M6/M15) increase
with different levels of force in active muscle, which is
consistent with a thick-filament-based activation model,
passively stretched mouse muscle shows no such transition
in myosin head periodicity. The nonlinear thick-filament
force-extension curve in skeletal muscle, therefore, appears
to reflect a purely passive, albeit nonlinear, response to titin-
based strain and not an activation-related structural change.
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