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Thick-Filament Strain and Interfilament Spacing in Passive Muscle: Effect
of Titin-Based Passive Tension
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†Department of Biological, Chemical and Physical Sciences, Illinois Institute of Technology, Chicago, Illinois; and ‡Department of Physiology
and §Molecular Cardiovascular Research Program, University of Arizona, Tucson, Arizona
ABSTRACT We studied the effect of titin-based passive tension on sarcomere structure by simultaneously measuring passive
tension and low-angle x-ray diffraction patterns on passive fiber bundles from rabbit skinned psoas muscle. We used a stretch-
hold-release protocol with measurement of x-ray diffraction patterns at various passive tension levels during the hold phase
before and after passive stress relaxation. Measurements were performed in relaxing solution without and with dextran
T-500 to compress the lattice toward physiological levels. The myofilament lattice spacing was measured in the A-band (d1,0)
and Z-disk (dZ) regions of the sarcomere. The axial spacing of the thick-filament backbone was determined from the sixth myosin
meridional reflection (M6) and the equilibrium positions of myosin heads from the fourth myosin layer line peak position and the
I1,1/I1,0 intensity ratio. Total passive tension was measured during the x-ray experiments, and a differential extraction technique
was used to determine the relations between collagen- and titin-based passive tension and sarcomere length. Within the em-
ployed range of sarcomere lengths (~2.2–3.4 mm), titin accounted for >80% of passive tension. X-ray results indicate that titin
compresses both the A-band and Z-disk lattice spacing with viscoelastic behavior when fibers are swollen after skinning, and
elastic behavior when the lattice is reduced with dextran. Titin also increases the axial thick-filament spacing, M6, in an elastic
manner in both the presence and absence of dextran. No changes were detected in either I1,1/I1,0 or the position of peaks on the
fourth myosin layer line during passive stress relaxation. Passive tension and M6 measurements were converted to thick-fila-
ment compliance, yielding a value of ~85 m/N, which is several-fold larger than the thick-filament compliance determined by
others during the tetanic tension plateau of activated intact muscle. This difference can be explained by the fact that thick fila-
ments are more compliant at low tension (passive muscle) than at high tension (tetanic tension). The implications of our findings
are discussed.

INTRODUCTION
The striated muscle sarcomere is comprised of myosin-
based thick filaments that interdigitate and interact with
actin-based thin filaments to cause active tension develop-
ment (1). In addition, the sarcomere contains a third myofil-
ament made up of the giant elastic protein titin, also known
as connectin (2,3), with single molecules spanning the half
sarcomere from the edge of the sarcomere (Z-disk) to the
middle of the sarcomere (4). It is now well established
that the majority of titin in the I-band region of the sarco-
mere is extensible and functions as a molecular spring that
provides the passive tension of sarcomeres that are stretched
beyond their slack length (5,6). Certain titin isoforms vary in
the length of their molecular springs (7,8), with short and
therefore stiff springs in cardiac muscle (9,10), and longer
and thus more compliant springs in skeletal muscle (11,12).

Although titin is typically considered to function inde-
pendently of actomyosin interaction, several studies have
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shown that titin’s passive tension increases the calcium
sensitivity of active tension development (13–19). It has
been proposed that this interplay between titin and active
tension is due to an effect of titin on myofilament lattice
spacing (the lateral distance between thin and thick fila-
ments), with myofilament lattice spacing in turn influencing
calcium sensitivity (13). An alternative mechanism is that
the likelihood of cross-bridge interaction is enhanced by
passive tension-induced thick-filament strain (13–15,
18,19). Thus, the interplay between passive tension (titin)
and active tension (thin and thick filaments) may involve
a change in sarcomeric structure.

In this work, we performed a comprehensive study of the
effects of passive tension on the sarcomeric structure of
skeletal muscle. We chose to use skeletal muscle in these
experiments because it is much better ordered than cardiac
muscle, and therefore any sarcomeric structural changes
induced by passive tension would be more likely to be de-
tected. We performed low-angle x-ray diffraction studies
on rabbit skinned psoas muscle fibers and measured 1),
the myofilament lattice spacing in the A-band (d1,0); 2),
the lateral spacing of thin filaments in and near the Z-disk
(dZ); and 3), the spacing of the thick-filament backbone
using the sixth myosin meridional (M6) reflection. In
vertebrate muscle, the intensity of the M6 reflection
(~7.2 nm) is thought to arise primarily from periodic
features within the thick-filament backbone itself (for
doi: 10.1016/j.bpj.2011.01.059
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reviews, see Reconditi (20) and Huxley (21)) and thus has
a straightforward interpretation as strain in the thick fila-
ment. We also determined the equilibrium position of
myosin heads from the fourth myosin layer line (M4)
peak position as well as the intensity ratio of the 1,1 and
1,0 equatorial peaks, I1,1/I1,0 (for details, see below).
Skinned fibers in relaxing solution were stretched to various
sarcomere lengths (SLs) and then held to allow stress relax-
ation to occur. X-ray exposures were taken before and after
20 min of stress relaxation. Because the myofilament lattice
is expanded in skinned fibers compared with intact fibers,
we also performed measurements in the presence of dextran
T-500 to compress the lattice.

Our findings indicate that titin-based passive tension
causes changes in the thick-filament length, A-band lattice
spacing, and Z-disk lattice spacing. Although the changes
in thick-filament length appear to be elastic, both the
Z-band and A-band lattices show viscoelastic behavior
when the fibers are swollen after skinning, and elastic
behavior when the lattice is reduced with dextran. Passive
tension did not correlate with changes in the radial position
of the myosin heads, as estimated by either I1,1/I1,0 or by the
position of peaks on M4. A surprising finding was that the
compliance of the thick filament, over the range of passive
tensions we examined, was much larger than previously re-
ported for maximally activated muscle. We discuss the
implications of our findings in terms of the mechanisms
by which titin might influence cell signaling processes and
active tension development.
MATERIALS AND METHODS

Muscle specimens

Fiber bundles were dissected from psoas muscle of 6-month-old male

rabbits (New ZealandWhite) and then skinned. All mechanical experiments

were carried out in relaxing solution, some of which contained 1.5%

dextran T-500. For details, see the Supporting Material.
X-ray diffraction

Small-angle x-ray diffraction experiments were performed at the BioCAT

beamline 18ID (Argonne National Laboratory, Argonne, IL) as described

previously (22). Muscle bundles were mounted horizontally in a small

trough with windows allowing simultaneous collection of the x-ray patterns

and viewing of the striation pattern on a video-equipped inverted micro-

scope. The fiber was held by aluminum clips on hooks between a tension

transducer and a servo-motor. The x-ray exposure times were ~0.5 s and

the x-ray diffraction patterns were collected with the use of a CCD-based

area detector. For details, see the Supporting Material.
Data acquisition and SL measurement

We measured the SLs immediately before and after x-ray exposure by per-

forming a fast Fourier transform analysis of digitized striation images as

described previously (22). The SLs were monitored and did not change

during stress relaxation. Tension, muscle length, and x-ray beam intensity

were digitized by means of an A/D converter (model PCI-1200; National
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Instruments, Austin, TX) that was installed in the same computer used to

digitize the striation images.
Analysis of lattice spacing

The lattice spacing and SLs were measured in relaxed preparations as

described previously (22). Separations of the 1,0 and 1,1 equatorial reflec-

tions measured from the diffraction pattern were converted to d1,0 lattice

spacing via Bragg’s law, which can be converted to inter-thick-filament

spacing by multiplying d1,0 by 2/O3 (23). The intensities of the 1,0 and

1,1 equatorial reflections, as well as any other equatorial reflections, were

determined from one-dimensional (1D) projections along the equator and

analyzed as described by Irving and Millman (24). The I1,1/I1,0 intensity

ratios can be used to estimate shifts of mass due to the movement of

cross-bridges from the region of the thick filament to region of the thin fila-

ment (25).
Analysis of 7.2 nm (M6) meridional reflections

Positions, axial widths, and intensities were obtained from axial projections

of the intensity using the projection tool in FIT2D and analyzed as

described previously (26). Briefly, the smooth background underneath the

peaks was subtracted from the 1D intensity traces by means of a convex

hull algorithm. The position of the M6 reflection was estimated as the

centroid of the M6 peak without any assumptions regarding the peak shape.
Myosin layer lines

Before we performed the analysis, we subtracted a radially symmetric back-

ground using the 2D background fitting routines in FIBERFIX (http://www.

small-angle.ac.uk/small-angle/Software/FiberFix.html). We made radial

projections along the unsampled fourth myosin layer lines using the projec-

tion tool in FIT2d (http://www.esrf.eu/computing/scientific/FIT2D/) and fit

them using the nonlinear least-squares routines in the Origin software suite

(OriginLab, Northampton, MA) assuming a Gaussian shape for the layer

line maxima (only one peak was visible on this layer line), an additional

peak for the M4 meridional reflection, and a polynomial for the residual

background. The difference between the two fit peak positions divided by

two was taken as the radial distance of the first intensity maxima from

the meridian.
Protocols

Rabbit psoas fiber bundles were stretched at 0.1 slack length per second

from the slack SL (typically ~2.2 mm) to various predetermined SLs

(2.6–3.3 mm), held for 20 min, and then released at the same velocity.

Two-dimensional (2D) x-ray diffraction patterns were collected at various

times during the stretch-hold-release protocol. We measured the total

passive tension during the x-ray experiments, and then estimated the

titin-based passive tension from the total tension as follows: We first ex-

tracted titin’s anchors in the sarcomere by incubating them first in 0.6 M

KCl and then in 1.0 M KI, for 45 min each (5,27,28). We then remeasured

the passive tension-SL relation to estimate the collagen-based passive

tension. The difference in tension before and after extraction of titin was

assumed to be titin-based passive tension.
Statistics

We assigned significant differences using a paired or unpaired Student’s

t-test as appropriate (verified at p < 0.05), and performed a regression

analysis using the least-squares method. All data are expressed as the

mean 5 SE, with n representing the number of experiments.

http://www.small-angle.ac.uk/small-angle/Software/FiberFix.html
http://www.small-angle.ac.uk/small-angle/Software/FiberFix.html
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FIGURE 1 Mechanical protocol and functional

dissection of passive tension in rabbit skinned

psoas muscle fibers. (A) Explanation of the

stretch-hold-release protocol, indicating the times

when passive tensions were measured. (B) Total

passive tension. (C) KCL/KI extraction-sensitive

passive tension (titin-based). (D) KCL/KI-insensi-

tive passive tension (collagen-based). (E) Relative

contribution of titin-based and collagen-based

passive tension during the hold phase, at three

different times after completion of the stretch.
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RESULTS

Passive tension in skinned rabbit psoas muscle

Skinned psoas fiber bundles in relaxing solution were
stretched from their slack SL, held for 20 min, and then
released. Passive tension was analyzed at the beginning of
the hold phase (t ¼ 0) and 0.5 and 20 min later (see
Fig. 1 A). The velocity of stretch and release was controlled
at 0.1 slack length per second, and the maximal SL was
restricted to <3.4 mm to avoid overstretching the sarcomere
and causing irreversible damage by pulling titin off the ends
of the thick filament (27,29). Due to the viscoelasticity of
passive muscle, the passive tension decreased during the
hold (stress relaxation), and after 20 min the passive tension
was only ~1/3 of the peak passive tension (Fig. 1 B). To
determine the origin of passive tension, we extracted fibers
with KCl/KI solution (see Materials and Methods) to
abolish titin-based tension by removing titin’s anchors in
the sarcomere, and imposed identical stretch, hold, and
release protocols. The KCl/KI insensitive tension, which is
assumed to be due to collagen, is shown in Fig. 1 D. The
difference in tension before and after extraction, which is
assumed to be due to titin, is shown in Fig. 1 C. The results
in Figs. 1, B–D, were used to calculate the relative contribu-
tion of titin and collagen to the total passive tension, and the
results are shown in Fig. 1 E. Our findings indicate that
within the SL range used here, titin was the main contributor
to passive tension. Collagen’s contribution increased with
SL but stayed below ~20%. These findings are consistent
with previous work in rabbit psoas fiber bundles by Prado
et al. (11), who degraded titin with the protease trypsin
and observed similar large contributions of titin to passive
tension. Thus, the majority of passive tension in the skinned
psoas fiber bundles is due to titin; the value is >90% at
SL < 2.8 mm and then gradually decreases at longer SLs
to ~80% at 3.4 mm. Because titin’s tension is generated
intrasarcomerically, we plotted the relationship between
titin-based tension and x-ray diffraction-based structural
parameters.
Features of 2D x-ray patterns

X-ray patterns were collected at various times during the
mechanical protocol imposed on the skinned passive fiber
bundle before stretch, twice after the stretch during the
hold phase (0.5 and 20 min after completing the stretch),
and after release. A representative 2D x-ray diffraction
pattern from a skinned skeletal muscle bundle is shown in
Fig. 2. The axial projection of the intensity along the
meridian is shown in Fig. 2 B (upper right), and a more
detailed profile of the M6 (7.2 nm) reflection on which we
focused in this work is shown at bottom right. Fig. 2 C
shows a radial projection of the intensity along the equator.
The positions of the 1,0 and 1,1 A-band lattice reflections
are shown along with Z reflections, which give a measure
of the actin filament separation at or near the Z-disk (30).
These high-quality 2D x-ray patterns allowed us to study
the dependence of structural parameters on passive tension.
A-band and Z-band lattice spacings as a function
of titin-based passive tension

The relation between A-band interfilament lattice spacing,
d1,0, and titin-based passive tension is shown in Fig. 3 A.
Biophysical Journal 100(6) 1499–1508



FIGURE 2 Features of x-ray diffraction patterns

from passive rabbit psoas fibers. (A) 2D x-ray

pattern indicating the meridian of the pattern

(parallel to the fiber axis) and the equator (perpen-

dicular to the fiber axis). Note layer lines that are

orders of 1/42.9 nm repeat. M4 indicates the fourth

myosin layer line. (B) 1D trace of the intensity

along the meridian with myosin-based meridional

reflections M6 as indicated. Bottom right: Intensity

profile of the M6 meridional reflection after back-

ground subtraction. (C) 1D trace of the intensity

along the equator. Note the 1,0 and 1,1 equatorial

peaks and the reflection attributed to the thin fila-

ments at and near the Z-band (Z).
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At t ¼ 0 min (high passive tension (HPT)), there is a linear
relation between spacing and passive tension (y¼�0.08xþ
40.0, r2 ¼ 0.6, with the p-value of the slope being nonzero
(<0.001)). Of interest, the relation after 20 min of stress
relaxation when passive tension is low (LPT) is still linear,
FIGURE 3 Passive tension dependence of A-band and Z-band lattice

spacing. (A) A-band lattice spacing (d1,0) as a function of titin-based passive

tension with measurements at peak tension (open symbols) and after 20 min

of stress-relaxation (solid symbols). Note the large difference in slopes of

the best-fit lines. (B) A-band lattice spacing (d1,0) as a function of titin-

based passive tension in the presence of 1.5% dextran. Note the similarity

of the slopes of the best-fit lines. (C) Z-band lattice spacing (dz) as a function

of titin-based passive tension. Note the large difference in the slopes of the

best-fit lines for peak tension data and steady-state tension after 20 min of

stress relaxation. (D) Z-band lattice spacing (dz) as a function of titin-based

passive tension in the presence of 1.5% dextran. The slopes of the best-fit

lines are similar.
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but it has a much steeper slope (y ¼ �0.30x þ 41.3,
r2 ¼ 0.6, p < 0.001). We interpret this to mean that the
lattice does not behave purely elastically (in which case
the two curves would overlap); rather, it behaves viscoelas-
tically (see also Discussion). We repeated these experiments
in the presence of 1.5% dextran. Fig. 3 B shows the interfila-
ment lattice spacing, d1,0, as a function of titin-based passive
tension. As expected, dextran greatly decreased the lattice
spacing, but now the data before and after 20 min of stress
relaxation overlap (HPT y ¼ �0.10x þ 35.6, r2 ¼ 0.5,
p < 0.001; LPT y ¼ �0.17x þ 36.7, r2 ¼ 0.6, p < 0.001),
indicating that 1.5% dextran abolishes the viscoelastic
effect. It is clear that d1,0 varies with passive tension.

Fig. 3 C shows the relation between Z-disk lattice
spacing, dz, and titin-based passive tension. At peak passive
tension, there is a linear relation that changes to a different
linear relationship after 20 min of stress relaxation (HPT
y ¼ �0.08x þ 29.1, r2 ¼ 0.8, p < 0.001; LPT
y ¼ �0.31x þ 30.2, r2 ¼ 0.9, p < 0.001). Fig. 3 D shows
dz as a function of titin-based passive tension in the presence
of 1.5% dextran. The data before and after 20 min of stress
relaxation now overlap (HPT y ¼ �0.08x þ 25.7, r2 ¼ 0.2,
NS; LPT y ¼ �0.17x þ 26.8, r2 ¼ 0.8, p < 0.001). Thus, in
similarity to the A-band lattice, the viscoelastic character of
the Z-disk lattice is also abolished by 1.5% dextran.

We also measured d1,0 and dz after the release of fibers
that had been stretched for 20 min. Table 1 shows that in
the absence of dextran, both d1,0 and dz were initially
smaller than they were before the stretch, and that within
~3 min the lattices expanded toward the prestretch value.
In the presence of dextran, this effect was absent, i.e., the
first exposure taken after the release had already recovered
to the prestretch value. Thus, the lattice behaviors during
the hold phase (stress relaxation) and after the release (stress
recovery) both indicate that these lattices are viscoelastic in
the absence of dextran, and elastic when the lattice is
compressed with dextran.



TABLE 1 Spacings of d10, dz, and dm6 before stretch and after release

Dextran SL (mm) Before stretch 1 min post rel. 3 min post rel.

d10 (nm) 0 2.30 5 0.01 (17) 42.8 5 0.05 (17) 41.36 5 0.26(19) 41.66 5 0.23 (9)

d10 (nm 1.5% 2.28 5 0.01 (16) 38.7 5 0.24 (9) 38.7 5 0.88 (16) 38.7 5 0.25 (9)

dz (nm) 0 2.30 5 0.01 (17) 30.4 5 0.03 (17) 29.8 5 0.16 (18) 30.2 5 0.18 (8)

dz (nm) 1.5% 2.28 5 0.01 (16) 27.7 5 0.19 (13) 27.7 5 0.10 (12) 27.1 5 0.68 (6)

dm6 0 2.27 5 0.01 (9) 7.18 5 0.001 (7) 7.19 5 0.004 (4) 7.19 5 0.002 (4)

dm6 1.5% 2.23 5 0.08 (4) 7.19 5 0.002 (9) 7.19 5 0.005 (4) 7.19 5 0.002 (4)

FIGURE 4 M6 spacing behavior during the stretch-hold-release

protocol. (Top) The protocol with x-ray exposures taken at 1), prestretch;

2), immediately poststretch; 3), 20 min poststretch; and 4), postrelease.

(Bottom) M6 spacing as a function of SL. Note the steep rise in M6 spacing

at long SL at peak passive tension and the less steep relation after 20 min of

stress relaxation.
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Thick-filament strain and titin-based passive
tension

We also measured the thick-filament strain induced by titin-
based passive tension and analyzed the meridional myosin-
based reflections. In vertebrate muscle, the intensity of the
meridional reflection at 7.2 nm (M6) is thought to arise
primarily from periodic features within the thick-filament
backbone itself (20,21) and thus has a straightforward inter-
pretation as strain in the thick filament. (The intensity of the
M3 meridional reflection is dominated by contributions
from the myosin heads and does not faithfully report
thick-filament backbone strain (20).) An example of
a detailed profile of the M6 reflection is shown in Fig. 2 B
(bottom right). Note the presence of a stronger low-angle
peak and a weaker high-angle shoulder. This substructure
in the M6 is likely due to interference effects from the
two sides of the A-band (20,31). Although we originally at-
tempted to analyze the location of the main peak and the
shoulder separately, in many cases the shoulder was small,
which made analysis challenging. We therefore elected to
use the centroid of the entire M6 peak as a conservative
measure of the M6 reflection position. We measured this
at various times during the stretch-hold-release protocol as
shown in Fig. 4 (top). (An example of an M6 reflection
superimposed at HPT and LPT is shown in Fig. 5 A.) The
M6 spacing as a function of SL is shown at the bottom of
Fig. 4. Note the steep increase in spacing with increasing
SL beyond ~2.8 mm, which becomes less steep after
20 min of stress-relaxation. Therefore, it appears that strain
stored in the thick filament during peak stretch dissipates
with time during stress relaxation, in proportion to the
reduction in passive tension.

Fig. 5 B shows M6 spacing as a function of titin-based
passive tension (left scale, M6 expressed relative to its value
at slack length). Note that the spacing data collected at peak
passive tension and after 20 min of stress-relaxation appear
to obey the same linear relationship to passive tension.
The slopes of these curves were not significantly different
between data obtained at HPT versus LPT (1.4 � 10�3

nm/mN and 0.9 � 10�3 nm/mN, respectively). Fig. 5 B
also shows the effect of adding 1.5% dextran on the relation-
ship of M6 spacing to titin-based passive tension. The
data obtained with and without dextran were indistinguish-
able (slope in dextran 1.2 � 10�3 nm/mN). Table 1 shows
that the M6 spacing recovers completely after release in
either the presence or absence of dextran. Thus, thick fila-
ments stretch elastically with increases in passive tension
(~0.5% stretch for 40 mN/mm2) and their elasticity is
unaffected by lattice compression. The compliance of the
thick filament under passive conditions is unexpectedly
large compared with the previously reported ~0.25% stretch
per ~250 mN/mm2 (26,32,33) in activated muscle using
slow stretches at the tetanic plateau (see Discussion).
Radial position of myosin heads and titin-based
passive tension

To evaluate whether the radial disposition of the myosin
heads is sensitive to passive tension, we measured the
I1,1/I1,0 equatorial intensity ratio. Table 2 shows the
I1,1/I1,0 intensity ratio, at short SL, just after the stretch, after
20 min of stress relaxation, and after the release. There is the
expected reduction in I1,1/I1,0 as the thin filaments are pulled
out of the A-band during the stretch, but there is no differ-
ence in I1,1/I1,0 at long SL before and after stress relaxation,
indicating no difference in the relative amounts of mass
Biophysical Journal 100(6) 1499–1508



TABLE 3 Radial position of the M4 layer line maxima (nm�1),

with no dextran

Short SL (2.3 mm) Long SL (3.25 mm) Ratio

0 min 20 min

0.380 5

002 (11)

0.377 5

0.002 (18)

0.375 5

0.002 (16)

0.995 5

0.01 (16)

FIGURE 5 M6 spacing as a function of titin-based passive tension. (A)

Examples of M6 intensity profiles from the same muscle at HPT and

LPT (28 and 0 mN/mm2, respectively). Note that the profile at HPT is

left-shifted (indicating an increase in M6 spacing). (B) Spacing data

collected at peak passive tension (dark blue) and after 20 min of stress-

relaxation (red) have the same relationship to passive tension. This relation-

ship is not affected by the presence of 1.5% dextran (light blue, peak

tension; orange, after 20 min of stress-relaxation). We conclude that thick

filaments stretch elastically with increases in passive tension.

1504 Irving et al.
centered on the thin filament versus that centered on the thin
filament (i.e., there is no detectable change in the disposition
of the myosin heads).

Another, independent measure of the disposition of the
myosin heads can be obtained by the separation of the first
maxima on the unsampled M4 (34). This can be related to
the average radial position of the center of mass of the
myosin heads in their three-start helical array on the thick-
filament backbone. Table 3 shows that there are no differ-
ences in this quantity during stress-relaxation at long SL.
DISCUSSION

We obtained 2D x-ray diffraction patterns from rabbit
skinned psoas fibers that were subjected to a stretch-hold-
release protocol while passive tension was measured.
Various structural parameters were studied over a range of
titin-based passive tensions. The interfilament spacing in
TABLE 2 I1,1/I1,0 ratio (mean 5 SE)

Short SL (2.3 mm) Long SL (3.25 mm)

Dextran No dextran 0 min 20 min Short SL release

0.34 5

0.02 (9)

0.38 5

0.01 (10)

0.28 5

0.04 (11)

0.30 5

0.05 (11)

0.39 5

0.05 (8)

NS (p ¼ 0.06) NS
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the A-band and the Z-disk regions of the sarcomere varied
with titin-based passive tension in a viscoelastic manner in
the absence of dextran, and elastically in the presence of
dextran. The thick-filament backbone strain varied with
titin-based passive tension in an elastic manner and indepen-
dently of stretch history or the presence of dextran. Below,
we discuss these findings and their functional significance.
Lattice spacing in the A-band region

It is well known that interfilament spacing in the overlap
region of the sarcomere is reduced when muscle is stretched
(for review, see Millman (23)), and this relation is thought to
contribute to the increased calcium sensitivity of active
tension at long length (35–39). We previously obtained
evidence in cardiac muscle for a titin-based tension that
compresses the myofilament lattice, and proposed that this
contributes to the increased calcium sensitivity at high
titin-based passive tension (13,14,18,19,40). This titin-
based compressive tension can be explained by titin’s spring
region, which is attached at one end to the thin filament
(near the Z-disk) and at the other end to the thick filament
(edge of the A-band). As a result, titin does not run parallel
to the thin and thick filaments, and this gives rise to a titin-
based lateral tension that compresses both the A-band lattice
(13) and the Z-disk lattice (see below). We found that the in-
terfilament spacing, d1,0, varied linearly with titin-based
passive tension under all conditions studied here, and our
results support the view that titin-based tension is a factor
that sets the interfilament spacing. This conclusion is sup-
ported by the previous work of Higuchi (41), who measured
the interfilament lattice in single skinned fibers of frog and
showed that spacing was increased after degradation of titin
(connectin) with a mild trypsin treatment. When we took
measurements in the presence of dextran, the lattice
behaved elastically, as suggested by the overlap between
the curve measured immediately after stretch was
completed and the curve after 20 min of stretch relaxation
(Fig. 3 B). However, the two curves deviated substantially
in the absence of dextran, and a given level of passive
tension had a lesser effect on lattice spacing immediately
after stretch was completed compared with that observed
20 min later (Fig. 3 A). This suggests that when the lattice
is expanded (no dextran), it has a lateral viscoelasticity,
i.e., it is initially stiff when tension is applied (a small lattice
compression for a given tension) and becomes more
compliant during stress relaxation (larger lattice
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compression for the same tension). The basis for this
phenomenon is likely to reside in structural proteins, such
as the antiparallel myomesin dimers that link the thick fila-
ments in the M-band (42) and are thought to develop in
a compressed lattice a tension that is directed toward lattice
expansion. Myomesin has complex viscoelastic properties
that can be modified by alternative splicing (42), and our
work suggests that at physiological thick-filament spacing
(with dextran), myomesin functions elastically. However,
in an expanded lattice (no dextran), structural rearrange-
ments must occur such that when a compressive tension is
applied, the myomesin will initially be stiff and then soften
over time. This phenomenon is reversible, as is shown by the
d1,0 measurement when the tension is removed, but several
minutes are required for full recovery (Table 1).

The relation between passive tension and interfilament
lattice spacing in the A-band region in rabbit psoas fibers
is consistent with previous studies on cardiac muscle. In
two such studies (13,15), the A-band interfilament spacing
was expanded after abolishment of titin-based passive
tension (due to titin proteolysis). In another study (14),
myocardial tissues that expressed different titin isoforms
were compared, and it was observed that the tissue with
the lowest titin-based passive tension had the largest
spacing. Thus, the compressive effect of titin-based tension
on A-band interfilament lattice spacing may be a universal
phenomenon in striated muscle. We previously proposed
that the reduction in lattice spacing at HPT contributes to
the length dependence of activation in cardiac muscle
(13–15), and the results presented here indicate that this
mechanism may also operate in skeletal muscle.
Lattice spacing in the Z-disk region

Reflections from the lattice formed by thin filaments in and
near the Z-disk were clearly visible in the equatorial x-ray
diffraction patterns as the z reflection located between the
1,0 and 1,1 A-band reflections. This z reflection arises
from the square lattice of thin filaments in the Z-disk and
its shift to a hexagonal packing in the overlap region of
the sarcomere (30). Analogously to d1,0, dz also varies
with passive tension, consistent with the notion that titin
develops a lateral force that compresses the myofilament
lattice in the A-band as well as in the Z-disk. Of interest,
the behavior of dz was elastic in the presence of dextran
(Fig. 3 D) and viscoelastic when dextran was absent
(Fig. 3 C), which again is similar to what was found for
d1,0. The main structural protein that maintains the Z-disk
filament spacing is a-actinin, and our findings suggest that
in an expanded lattice (no dextran), a-actinin has visco-
elastic properties that result in softening when a tension is
applied for a long time (Fig. 3 C) and a slow recovery of
the prestretch spacing when the tension is removed (Table 1).
At physiological lattice spacings (with dextran), this
phenomenon is absent and the Z-disk structural proteins
that are responsible for lattice expansion behave elastically.
Thus, both the A-band and Z-disk lattices are optimized for
elastic behavior at physiological lattice spacing, which is
energetically beneficial because it prevents energy loss in
repeated loading cycles.
Thick-filament compliance

Our work also reveals that the spacing of the meridional M6
(~7.2 nm) scales with titin-based passive tension, indicating
that titin strains the thick filament. The findings that during
stress relaxation the M6 spacing decreases in proportion to
passive tension (Fig. 5 B), and the spacing observed imme-
diately after release is the same as that measured before
stretch (Table 1) suggest that, within the force range studied,
the thick filament stretches elastically. (Small levels of
viscosity cannot be excluded, due to the noisy nature of
the data.) Titin is well positioned to exert tension on the
thick filament, with (most likely) six titin molecules
attaching the end of each thick filament to the nearest
Z-disk (5,43). We found that the M6 spacing increased
~0.5% at a titin-based passive tension level of ~40
mN/mm2 (Fig. 5 B). An increase in thick-filament axial
repeats has also been reported for intact frog semitendinosus
muscle stretched in the passive state to beyond overlap, with
M6 increasing ~0.85% (32). Thus, passive tension-induced
stretching of the thick filament is likely be a universal prop-
erty of passive muscle. The data we obtained in passive
rabbit muscle fibers (~0.5% stretch at 40 mN/mm2 passive
tension) allows us to estimate the thick-filament compliance
under relaxing conditions. The 40 mN/mm2 titin-based
passive tension corresponds to ~95 pN/thick filament (unit
cell area: d1,0

2 � 2/O3; assumptions: d1,0 ¼ 40 nm at slack
length, and ~75% of the cross-sectional area of the muscle is
myofibril, or 407 � 106 thick filaments per mm2) and 0.5%
strain corresponds to ~8 nm stretch (assuming the thick fila-
ment is 1.6 mm long). Thus, the thick filaments stretch 8 nm
under ~95 pN of force, which corresponds to a compliance
of ~85 m/N.

Several groups have studied the extensibility of thick fila-
ments during tetanic contraction of intact frog muscle
(26,32,33) and assessed spacing changes while slowly
stretching or releasing muscle during the plateau of
isometric tetani. When results were scaled to 100% tetanic
tension, the change in M6 spacing was ~0.25%. The compli-
ance of the thick filament during the tetanic force plateau
has been estimated at 11–16 m/N (scaling up the values re-
ported by Reconditi (20) to the length of the thick filament).
Thus, the thick filament is ~5–8 times more compliant
(85/11 (16)) during passive stretch than during the tetanic
force plateau.

Of interest, a study in which nanofabricated cantilevers
were used to mechanically characterize single synthetic
rabbit thick filaments (44) revealed that thick filaments
have a nonlinear compliance, with a ~10-fold larger
Biophysical Journal 100(6) 1499–1508
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compliance at low strains (<0.5%) than at high strains
(>1.5%). This result supports our proposal regarding
nonlinear thick-filament compliance in muscle fibers.
Because synthetic thick filaments do not contain accessory
proteins (e.g., MyBP-C), the single-filament study was
also able to show that the nonlinear compliance of the thick
filament required only myosin and was most likely due to
some unique myosin packing characteristic.

In addition to measurements obtained during the plateau
of the tetanus, investigators have also measured M6
spacings during the tetanic tension rise (20,26,32,33).
Thick-filament axial spacings increase during the tension
rise nearly 1.5% from the level measured at rest. This large
change upon activation has been interpreted as being caused
by structural changes that precede tension development
(e.g., cross-bridge binding to actin) and not by thick-fila-
ment strain (26,32,33). It seems unlikely that this interpreta-
tion is valid for the increase in M6 spacing we observed,
considering that our measurements were obtained in
relaxing solution, with no evidence for a detectable change
in the disposition of the myosin heads, as reflected by the
constant I1,1/I1,0 ratio during stretch relaxation (Table 2)
and the constant separation of the first maxima onM4 (Table
3). We conclude that the large increase in M6 spacing in
passive muscle is likely due to stretch of the thick-filament
backbone, and hence that the thick filament has a high
compliance in passive muscle. Could this high thick-fila-
ment compliance also be present in active muscle and
contribute to the large M6 spacing increase observed during
the tetanic force rise? It is well known that upon muscle acti-
vation the M6 spacing increases faster versus time than the
tension does (i.e., the M6 spacing leads tension) and this
observation has been considered an important argument
for the view that the M6 increase upon activation is not
due to thick filament strain per se, but rather to some sort
of global structural change due to the activation process it-
self (20,23,33,45). This lead, however, is expected if thick
filaments have a larger compliance at low tension than at
high tension (for example, when tension has only reached
1/3 of maximal, thick-filament stretch has already reached
2/3 of maximal (33)). We propose, therefore, that analo-
gously to its behavior during passive stretch, the M6
increase during tetanic activation includes high thick-fila-
ment backbone compliance during early parts of the tetanus
when force is low.

Filament compliance greatly affects the interpretation of
many mechanical experiments that before the mid-1990s
were based on the assumption that rigid filaments transmit
applied length changes to the cross-bridges. Subsequently,
investigators used experiments (46) and mathematical
modeling of muscle contraction (47) to evaluate the effect
of myofilament compliance and concluded that this compli-
ance alters the kinetics of tension development, Ca2þ sensi-
tivity, and cooperativity of activation. The thick-filament
compliance that was used in the modeling studies was based
Biophysical Journal 100(6) 1499–1508
on the low compliance measured during the tetanic tension
plateau. Our work suggests that a more complex thick-fila-
ment compliance, characterized by a high compliance at low
tension and a much-reduced compliance at high tension,
may be required. Of interest, Bagni et al. (48) showed that
stretching of activated muscle gives rise to a static stiffness
that leads to tension development (as does M6), and whether
this phenomenon is related to a nonlinear thick-filament
compliance is worth examination in future studies. Further-
more, we also need to determine how increased thick-fila-
ment strain in stretched passive muscle affects subsequent
activation characteristics. Unlike in activated muscle, where
a strain gradient is expected along the thick filament (with
minimal strain at the edge of the thick filament and maximal
strain at the edge of the H-zone), titin-based strain in passive
muscle is expected to be relatively uniform along the thick
filament. The degree to which thick-filament strain in
passive muscle influences subsequent activation, and
whether this is a contributing factor to the relation between
passive tension and calcium sensitivity are important topics
for future research.
CONCLUSIONS

Using 2D x-ray diffraction, we performed a comprehensive
study of the effect of titin on the sarcomeric structure of
rabbit skinned muscle fibers that were stretched while in re-
laxing solution. We found that titin-based passive tension
reduced the interfilament spacing in both the A-band and
Z-disk regions of the sarcomere, and increased thick-fila-
ment strain by a surprisingly large amount. These effects
of titin on sarcomeric structure may play functional roles
in active tension development. Additional roles are possible
as well. For example, the Z-disk and M-band regions of the
sarcomere are highly populated with signaling molecules
that are involved in the trophic and pathological responses
of muscle to biomechanical stresses and strains (49–52),
and it is not well known how mechanical signals are
communicated to Z-disk and M-band based signaling
proteins. Our findings suggest novel pathways. The reduced
lattice spacing in both the A-band and Z-disk regions of the
sarcomere when passive tension is high will increase steric
hindrance and molecular crowding, and this is likely to
affect the functionality of signaling networks and the ease
with which members interact. Additionally, changes in
thick-filament strain could affect the interaction between
signaling molecules and either the thick filament or thick-
filament-associated proteins. Such effects might include
changes in the activity of the titin kinase domain, which is
localized near the edge of the bare zone of the thick fila-
ment, and in vitro evidence suggests that this activity is
strain-dependent (for review, see Granzier and Labeit
(12)). Thus, the effect of titin on sarcomeric structure could
be important not only for acute adaptations in contractility
but also for more long-term muscle plasticity.
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