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Abstract The radial stability of the actomyosin filament

lattice in skeletal myofibrils was examined by using atomic

force microscopy. The diameter and the radial stiffness of

the A-band region were examined based on force–distance

curves obtained for single myofibrils adsorbed onto cover

slips and compressed with the tip of a cantilever and with

the Dextran treatment. The results obtained indicated that

the A-band is composed of a couple of stiffness compo-

nents having a rigid core-like component. It was further

clarified that these radial components changed the thick-

ness as well as the stiffness depending on the physiological

condition of myofibrils. Notably, by decreasing the ionic

strength, the diameter of the A-band region became greatly

shrunken, but the rigid core-like component thickened,

indicating that the electrostatic force distinctly affects the

radial structure of actomyosin filament components. The

results obtained were analyzed based on the elementary

structures of the filament lattice composed of cross-bridges,

thin filaments and thick filament backbones. It was clarified

that the actomyosin filament lattice is radially deformable

greatly and that (1), under mild compression, the filament

lattice is stabilized primarily by the interactions of myosin

heads with thin filaments and thick filament backbones, and

(2), under severe compression, the electrostatic repulsive

interactions between thin filaments and thick filament

backbones became predominant.
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Abbreviations

AFM Atomic force microscopy

AMPPNP Adenyl-50-yl-imidodiphosphate

EGTA Ethylene glycol tetraacetic acid

PIPES Piperazine-1,4-bis(2-ethanesulfonic acid)

Introduction

The structure of skeletal muscle fiber has been extensively

studied in relation to the molecular basis for force pro-

duction [1]. In the A-band region of muscle fiber, actin and

myosin filaments overlap each other producing a regular

double-hexagonal lattice, called the overlap region, where

the contractile force is produced by the interaction of the

myosin heads with thin filaments [2]. The contractility of

muscle fiber depends on the extent of the filament overlap

[3] and is impaired by radial compression [4, 5]. Thus, the

axial as well as the radial structural stabilities of the

actomyosin filament lattice are essential for the stable force

production of muscle fiber.

The axial stability of the actomyosin filament lattice has

been examined in relation to the shortening of muscle fiber

[2], while its radial stability has been studied in connection

with the molecular mechanism for the filamentous packing
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of tobacco mosaic virus [6–8]. It has been established for

the tobacco mosaic virus that the molecules are packed

with each other by the balance between the van der Waals

attractive force and the electrostatic repulsive force [9].

However, the molecular mechanism for the lattice forma-

tion of actomyosin filament system is not yet fully estab-

lished because of the myosin heads extruded from thick

filaments and interacting with thin filaments [10].

So far, the radial stability of the actomyosin filament

lattice has been examined for skeletal muscle fibers based

on the spacing changes of the filament lattice by using the

X-ray diffraction technique [11–13]. The recent technology

of atomic force microscopy (AFM) has enabled us to study

the surface structure and radial stiffness of myofibrils iso-

lated from muscle fibers [14–16]. Extensive studies of

myofibrils isolated from skeletal muscle fiber has clarified

that their contractility is essentially the same as that of

muscle fibers under various physiological conditions [17–

21]. In the present study, therefore, we examined the radial

stability of the actomyosin filament lattice in isolated single

skeletal myofibrils by applying AFM technology.

Materials and methods

Preparation of myofibrils

Psoas muscles dissected from white rabbits were used for

experiments. The care of animals and the experimental

protocol were approved by the Animal Care and Use

Committee of Tokyo University of Science. Myofibrils

were prepared by mechanical homogenization of glycer-

inated skinned fibers of the psoas muscle, as previously

described [14, 20]. Myofibrils were prepared fresh before

each experiment.

AFM measurements

AFM measurements were made as previously described

with an AFM instrument incorporated in an inverted opti-

cal microscope (NV2500; Olympus Optics, Tokyo, Japan)

[14]. The experimental chamber for AFM experiments was

a trough cut in a silicone rubber sheet and glued onto the

surface of a glass cover slip (Matsunami, Osaka, Japan).

After myofibrils were adsorbed onto the surface of the

bottom cover slip, the experimental chamber was filled

with a bathing solution and installed on the microscope

stage of the AFM system. The physiological condition of

the myofibrils was changed by changing the bathing

solution.

Cantilevers were purchased from Olympus Optics: a soft

type (OMCL-TR400PSA, spring constant of 20 pN/nm)

and a hard type (OMCL-TR800PSA, spring constant of

50 pN/nm). Modified cantilevers were prepared by gluing

either a glass bead (2 or 5 lm in diameter; Thermo Fisher

Scientific, MA, USA) or a glass rod (1 lm in diameter and

about 10 lm in length) to the tip of a commercial canti-

lever as previously described [16]. Soft-type cantilevers

with a bead-tip (with 2-lm bead) were used if not other-

wise stated.

Diameter and radial stiffness measurements of single

myofibrils

The diameter and the radial stiffness of single myofibril

were examined based on force–distance curves obtained by

AFM measurements. Force–distance curves were obtained

by approaching the cantilever to single myofibril prepara-

tions adsorbed onto the surface of cover slip at a velocity of

0.1 lm/s as shown in the left panel of Fig. 1a. When the tip

of the cantilever hit the preparation, the cantilever deflects

upwards, making the preparation indented as shown in the

right panel of Fig. 1a. Based on the deflection of the can-

tilever, detected electro-optically, the force applied to the

cantilever, the indentation of the preparation, and the

force–distance curve, i.e., the force applied to cantilever as

a function of the position of the cantilever, were obtained

[14].

The diameter of single myofibrils, which are nearly

cylindrical [2], is determined as the top height of a single

myofibril preparation from the surface of the cover slip

based on the positions of the cantilever. The radial stiffness

of a single myofibril, the stiffness perpendicular to the fiber

axis, changes in a complicated manner depending on how

much the preparation is compressed. In the following,
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Fig. 1 a Schematics of (left panel) the AFM method of compressing

a single myofibril adsorbed onto the surface of cover slip with the

bead-tip of a cantilever and (right panel) the cross-section of the

single myofibril compressed by the bead. b Radial stiffness distribu-

tions along a single myofibril in (filled circle) rigor and (opened

circle) relaxed states
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therefore, we analyzed the radial stiffness of single myo-

fibrils determined as the force applied to the cantilever to

make the surface of the preparation become indented by

0.1 lm, about 10 % of the diameter, if not otherwise sta-

ted. The diameter and radial stiffness of single myofibrils

in various states were determined relative to those obtained

for fresh myofibril preparations in a rigor state.

Axial stiffness measurements of single myofibrils

The axial stiffness of single myofibrils, the stiffness

along the fiber axis, was determined based on the sinu-

soidal-length-change stiffness analysis for a single myo-

fibril suspended between rigid and flexible glass needles

in a separate experimental chamber filled with a bathing

solution as detailed previously [20]. Sinusoidal length

changes (0.5 % of the length of myofibril at 500 Hz)

were applied to one end of the preparation via the rigid

needle (elastic coefficient of about 10 N/m), and the

force response detected at the other end based on the

deflection of the flexible needle (elastic coefficient of

about 0.5 N/m). The axial stiffness of the myofibril was

determined as its force response over the sinusoidal

length change applied. The physiological condition of the

myofibrils was changed by changing the bathing solution

appropriately.

Estimation of the radial and axial Young’s moduli

of myofibrils

The radial Young’s modulus (ER) of the A-band region of

the myofibrils was determined for the indentation of single

myofibrils slightly compressed with the rod-tip cantilever

based on a regression analysis as previously described [14],

by employing the Hertz equation for the indentation (d) of

an elastic rod produced by pressing a rigid rod in a criss-

cross fashion [22] as,

d ¼ k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R1 þ R2ð ÞP2

2R1R2

1� r2

ER

� �2
3

s

where r is the Poisson’s ratio; k, the Lame’s constant; R1,

the radius of single myofibril; R2, the radius of the rod at

the tip of cantilever; and P, the force applied to cantilever.

ER was obtained by fitting the above equation to force–

indentation curves which were transformed from force–

distance curves obtained for the A-band region of single

myofibrils. It was assumed that r = 0.5, k = 2.1,

R1 = 0.5 lm (based on the diameter of the single myofibril

preparations determined below), and R2 = 0.5 lm.

The axial Young’s modulus of a single myofibril (EA)

was determined based on the sinusoidal-length-change

stiffness analysis as,

EA ¼
DP

pR2

� ��

DL

L0

� �

¼ L0

pR2

� �

DP

DL

� �

where L0 is the length of myofibril; R, the radius of myofibril;

DL, the amplitude of sinusoidal length change applied to

myofibril; and DP, the amplitude of force response of myo-

fibril. It was assumed that DL/L0 = 0.005 and R = 0.5 lm.

Composition of solutions

The composition of solutions was as follows (in mM);

relaxing solution: K?-propionate, 133; MgCl2, 5; ethylene

glycol tetraacetic acid (EGTA), 10; piperazine-1,4-bis(2-

ethanesulfonic acid) (PIPES), 20; ATP, 5; rigor solution:

K?-propionate, 148; MgCl2, 5; EGTA, 10; PIPES, 20; con-

tracting solution: K?-propionate, 155; MgCl2, 5; CaCl2, 2.3;

EGTA, 2; PIPES, 20, ATP, 5; adenyl-50-yl-diphosphate

(AMPPNP) solution: K?-propionate, 155; MgCl2, 5; CaCl2,

2.3; EGTA, 2; PIPES, 20; AMPPNP, 2.5. Solutions con-

taining Dextran were prepared by dissolving appropriate

amounts of Dextran T-500 and adjusting the composition of

solutions appropriately. Solutions having various ionic

strengths were prepared by adding appropriate amounts of

KCl to solutions containing MgCl2, 3; EGTA, 1; PIPES, 10;

either ATP, 1 (for relaxing solutions) or ATP, 0 (for rigor

solutions). The ionic strength of the bathing solutions was

200 mM if not otherwise stated. The free Ca concentrations

for relaxing and contracting solutions were pCa = 9.0 and

4.0, respectively. The pH of all solutions was adjusted to 7.0.

The ionic strength and the free Ca concentration of solutions

were calculated as previously described [20].

ATP and AMPPNP were purchased from Sigma-Aldrich

(MO, USA), and Dextran T-500 from GE Healthcare (Bucks,

UK). All other chemicals were of analytical grade and pur-

chased from Wako Chemicals (Osaka, Japan). All experi-

ments were performed at room temperature (20–24 �C).

Statistics and curve fittings

Data values are expressed as the mean ± standard error of

the mean with n = the number of myofibril preparations

examined. Statistical significance tests were made by em-

plying the paired and unpaired Student’s t test appropri-

ately. Regression analyses were made using IGOR Pro

(v.3.14: WaveMetrics, OR, USA).

Results

Force–distance curve measurements for single

myofibrils in various physiological conditions

First, A-band regions of single myofibrils adsorbed onto a

cover slip were located, as previously described, based on

J Physiol Sci (2013) 63:299–310 301

123



the radial stiffness distribution along myofibrils which was

determined from force–distance curve measurements [14].

Typical stiffness distributions along single myofibrils in

rigor and relaxing states are shown in Fig. 1b. A-band

regions could readily be located for myofibrils in a rigor

state inbetween rigid Z-bands running at an interval of

about 2.1 lm [14, 23].

Typical force–distance curves obtained for A-band

regions of single myofibrils in various physiological states

are shown in Fig. 2a. The diameter of the A-band region of

single myofibrils was 0.91 ± 0.10 lm (n = 15) in the

rigor state, 0.92 ± 0.06 lm (n = 15) in the contracting

state, 0.93 ± 0.04 lm (n = 15) in the (?)AMPPNP state,

and 1.01 ± 0.04 lm (n = 15) in the relaxed state. Myofi-

brils were isometric in the contracting state as they were

adsorbed onto the surface of the cover slip. The diameter of

the A-band region in relaxed single myofibrils was sig-

nificantly greater than that in other states (p \ 0.05). It can

be seen that the radial stiffness of myofibrils increases in

the order of relaxed \ (?)AMPPNP \ contracting \ rigor

states, in agreement with the results of our previous AFM

studies of skeletal myofibrils [14].

It can also be seen that each force–distance curve gets

increasingly steep as the A-band regions are compressed by

the cantilever, distinctly depending on the physiological

condition of the myofibril. Further rigid core-like compo-

nents, called the rigid core, could be seen in all force–

distance curves examined, the thickness of which also

changed depending on the physiological condition of the

myofibril. The thickness of the rigid core was tentatively

determined as the thickness of the A-band region com-

pressed by the cantilever with a force of 4.0 nN, and its

radial stiffness based on the slope of the force–distance

curve there. The thickness of the rigid core thus determined

was 0.57 ± 0.05 lm (n = 5) in rigor state and

0.43 ± 0.03 lm (n = 5) in relaxed state, slightly thicker in

rigor state (p \ 0.05), and their radial stiffnesses were

approximately 10 pN/nm.

By being compressed by the tip of the cantilever,

internal structures as well as their configurations of the

A-band region would reversibly and irreversibly change

depending on the extent of compression and the physio-

logical condition of the myofibril [24]. To examine how the

A-band region might be damaged by cantilever compres-

sions, force–distance curve measurements were repeated at

the same loci of the A-band region. In Fig. 2b are shown

typical force–distance curves obtained for fresh rigor and

relaxed myofibrils by using a hard-type cantilever, in which

the first and second traces almost overlap each other.

Consecutive traces similarly obtained almost overlap each

other, suggesting that the A-band region could be revers-

ibly compressed up to nearly 60 % of the diameter. In the

following analysis, however, the first force–distance curves

obtained at fresh A-band regions were used for analysis as

in our previous studies [14].

Force–distance curve measurements for the A-band

region of single myofibrils treated with Dextran

The force–distance curves of the A-band region examined

above provide only qualitative characteristics of the inter-

nal structures of actomyosin filament lattice, as rod-shaped

myofibril preparations were complicatedly compressed by

a spherical tip of the cantilever as shown in the right panel
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Fig. 2 a Force–distance curves obtained by using a soft-type

cantilever for the A-band regions of single myofibrils in a rigor,

b contracting, c (?)AMPPNP, and d relaxed states. b Force–distance

curves obtained by using a hard type cantilever for the A-band regions

of single myofibrils in a rigor and b relaxed states. Solid lines

represent the first measurement and a dotted line the second. The
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the cover slip. Arrows, the tip of the cantilever just made contact with

the surface of the myofibrils. Asterisk force versus distance curves for
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of Fig. 1a. It is known that skinned muscle fibers are

radially compressed by the osmotic compression with

Dextran, producing uniform spacing changes of the acto-

myosin filament lattice [12, 25–27]. Further, the Dextran

treatment produces similar changes of the diameter and

contractility in isolated single myofibrils [21]. Based on

these, the diameter and radial stiffness of the A-band

region were examined for single myofibrils immersed in

bathing solutions containing various concentrations of

Dextran. Typical force–distance curves thus obtained for

the A-band regions of rigor and relaxed single myofibrils

are shown in Fig. 3. It can be seen that, by increasing the

concentration of Dextran, initial rising phases of the force–

distance curve are exclusively disappeared, indicating that

the A-band regions become shrunken by most elastic

components being compressed. Further, the slope of the

force–distance curves become increasingly steep, and rigid

core-like components get slightly thickdened as the con-

centration of Dextran is increased, indicating that the

A-band region becomes stiffened by the radial compres-

sion. These radial changes of the A-band region can be

seen as cross-overs of force–distance curves by increasing

the Dextran concentration. Consistent with this result, it is

reported that the axial and radial stiffness of skinned

muscle fiber become stiffened by the radial compression

[12]. Force–distance curves obtained for single myofibrils

before and after Dextran treatments almost overlap each

other (data not shown), suggesting that the A-band regions

were reversibly compressed by Dextran. It is reported for

skinned muscle fibers that osmotic compressions with

Dextran are reversible except at high concentrations of

Dextran [26]; i.e., the large diameter of muscle fibers

together with high viscosity of Dextran solutions would

impede the diffusion of molecules in fiber preparations.

The diameter and the radial stiffness changes of the

A-band region depending on the Dextran concentration are

summarized in Fig. 4a and b, respectively. The diameter of

the A-band region of rigor myofibrils, 0.92 ± 0.01 lm

(n = 5) with no Dextran was decreased to 0.71 ± 0.02 lm

(n = 5) by increasing the concentration of Dextran to 2 %,

and further decreased to 0.65 ± 0.02 lm (n = 5) as the

concentration of Dextran was increased to 16 %. The

diameter of the A-band region of relaxed myofibrils,

1.01 ± 0.02 lm (n = 5) with no Dextran was decreased to
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0.68 ± 0.03 lm (n = 5) by increasing the concentration of

Dextran to 2 %, and gradually decreased to 0.45 ± 0.02 lm

(n = 5) by further increasing the concentration of Dextran to

16 %. The diameter of the A-band region for contracting

myofibrils changed roughly the same as that of relaxed

myofibrils by changing the concentration of Dextran. Nota-

bly, these Dextran-dependent diameter changes for rigor,

contracting, and relaxed myofibrils had clear transitions at

about 2 % Dextran. A relatively small effect of the Dextran

treatment on the diameter changes of single myofibrils has

been reported [21], which could be due to the difference in

the experimental conditions. These diameter changes of

Dextran-treated single myofibrils are basically in agreement

with the spacing changes of the actomyosin filaments lattice

in Dextran-treated skinned muscle fibers [27, 28], suggesting

that the diameter changes of the A-band region of isolated

single myofibrils are directly related to the spacing changes

of the actomyosin filament lattice.

The radial stiffness of the A-band region of rigor myofi-

brils, 1.48 ± 0.07 pN/nm (n = 5) with no Dextran, was

increased to 1.91 ± 0.17 pN/nm (n = 5) as the concentra-

tion of Dextran was increased to 2 %, and greatly increased

to about 6.60 ± 0.17 pN/nm (n = 5) by increasing the

Dextran concentration to 8 %, and gradually increased to

7.75 ± 0.21 pN/nm (n = 5) by further increasing the Dex-

tran concentration to 16 %. The radial stiffness of relaxed

myofibrils, 0.48 ± 0.04 pN/nm (n = 5) with no Dextran,

was gradually increased to 6.97 ± 0.12 pN/nm (n = 5) by

increasing the concentration of Dextran up to 16 %. The

radial stiffness of contracting myofibrils similarly changed

with that of relaxed myofibrils by changing the concentration

of Dextran. And, at 16 % Dextran, the radial stiffness of the

A-band regions became comparable with rigor, contracting,

and relaxed myofibrils.

The thicknesses of the rigid core for Dextran-treated

single myofibrils, which were determined from force–dis-

tance curves as above, are included in Fig. 4a. It can be

seen that, as the concentration of Dextran is increased, the

thickness of the rigid cores does not significantly change in

the contracting and relaxed states but gets slightly thick-

ened in the rigor state.

The results obtained for Dextran-treated single myofi-

brils indicate that the A-band region has roughly three

stiffness components; i.e., a soft component(s) of

0.5–2.0 pN/nm, a stiff component(s) of 2–8 pN/nm and a

rigid core of about 10 pN/nm. The soft component is about

0.2 lm thick for rigor and contracting myofibrils and about

0.3 lm thick for relaxed myofibrils. The stiff component is

about 0.3 lm thick for rigor, contracting and relaxed

myofibrils and its stiffness significantly greater for rigor

myofibrils. The rigid cores detected in the force–distance

curves could not clearly be identified in Dextran-treated

myofibrils, suggesting that the Dextran treatments could

not compress A-band regions up to the rigid cores.

Force–distance curve measurements for the A-band

region of single myofibrils in the bathing solution

having various ionic strengths

It is known that the lattice spacing of actomyosin filaments

in skinned muscle fibers changes depending on the ionic

strength [12, 27, 29], suggesting that the electrostatic

interaction significantly affects the lattice structure. Based

on this, force–distance curves were similarly examined for

single myofibrils immersed in bathing solutions having

various ionic strengths. Typical force–distance curves of

the A-band regions for rigor and relaxed single myofibrils

thus obtained are shown in Fig. 5. As the ionic strength

was decreased, force–distance curves became increasingly

steep and the initial rising phase(s) exclusively disap-

peared. This can be seen as cross-overs of force–distance

curves by decreasing the ionic strength, indicating that the

A-band region becomes shrunken and stiff with most

elastic components being compressed.
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The diameter and the radial stiffness changes of the

A-band region depending on the ionic strength are summa-

rized in Fig. 6a and b, respectively. The diameter of rigor

single myofibrils was decreased from 0.91 ± 0.05 lm

(n = 5) to 0.73 ± 0.01 lm (n = 5) by decreasing the ionic

strength from 200 to 160 mM, and then remained almost

unchanged by further decreasing the ionic strength to

20 mM. The diameter of relaxed myofibrils was decreased

from 1.05 ± 0.04 lm (n = 5) to 0.80 ± 0.03 lm (n = 5)

by decreasing the ionic strength from 200 to 100 mM, and

then stayed almost unchanged by further decreasing the ionic

strength to 20 mM. Thus, the diameter of the A-band region

decreased by decreasing the ionic strength (p \ 0.01), which

took place in a slightly different ionic strength range between

rigor and relaxed myofibrils. And, at an ionic strength below

100 mM, the diameter of A-band regions for rigor and

relaxed single myofibrils became almost comparable. These

diameter changes of single myofibrils induced by the ionic

strength are basically consistent with comparable changes of

the lattice spacing changes of skinned muscle fibers [12, 27,

29], again suggesting that the diameter changes of the

A-band region of isolated single myofibrils are directly

related with the spacing changes of the actomyosin filament

lattice.

The thickness of the rigid core was also changed by

changing the ionic strength of the bathing solution, the

results of which are included in Fig. 6a. As the ionic

strength was decreased from 200 to 20 mM, the thickness

of rigid core for rigor myofibrils was gradually increased

from 0.53 ± 0.05 lm (n = 5) to 0.67 ± 0.04 lm (n = 5)

(p \ 0.05), and that for relaxed myofibrils slightly but

significantly increased from 0.43 ± 0.01 lm (n = 5) to

0.53 ± 0.05 lm (n = 5) (p \ 0.05). The radial stiffness of

the rigid cores for rigor and relaxed myofibrils was about

10 pN/nm (n = 5). Notably, the thickness of the rigid core

and the diameter of the A-band region changed in an

opposite direction by changing the ionic strength. These

results suggest the presence of a component(s) which sig-

nificantly changes the radial structure depending on the

ionic strength, opposite to the direction of the thickness

change of the rigid core.

The radial stiffness of the A-band region of rigor myofi-

brils was increased from 1.20 ± 0.08 pN/nm (n = 5) to

1.50 ± 0.08 pN/nm (n = 5) by decreasing the ionic strength

from 200 to 120 mM, and then greatly increased to

4.83 ± 0.40 pN/nm (n = 5) by further decreasing the ionic

strength to 20 mM. On the other hand, the radial stiffness of

relaxed myofibrils was slightly and gradually increased from

0.48 ± 0.02 pN/nm (n = 5) to 1.45 ± 0.04 pN/nm (n = 5)

by decreasing the ionic strength from 200 to 20 mM.

Determinations of the axial Young’s moduli of single

myofibril and the radial Young’s moduli of the A-band

regions

The radial Young’s modulus for the A-band region was

determined as detailed in ‘‘Materials and methods’’ based

on force–indentation curves which were transformed from

the force–distance curves obtained by compressing single
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myofibrils with a rod-type cantilever in a criss-cross fash-

ion as shown in Fig. 7a. As can be seen in Fig. 7b, force–

indentation curves could satisfactorily be approximated by

the Hertz equation up to about 0.2 lm of indentation (about

20 % of the diameter) for rigor and relaxed myofibrils,

namely within the compression ranges of the soft compo-

nent(s) classified above for Dextran-treated myofibrils. The

radial Young’s modulus for the soft component thus

determined was 62.0 ± 9.8 kPa (n = 25) for myofibrils in

the rigor state, 58.8 ± 10.7 kPa (n = 13) in the contracting

state, 36.3 ± 4.8 kPa (n = 20) in the (?)AMPPNP state,

10.0 ± 0.3 kPa (n = 25) in a low ionic strength state

(80 mM), and 4.8 ± 1.7 kPa (n = 11) in the relaxed state.

These values are consistent with those obtained by previ-

ous AFM studies of skeletal myofibrils; 61–84 and

5–12 kPa for rigor and relaxed myofibrils, respectively [14,

30], and also with those obtained by osmotic compressions

of skinned muscle fibers in rigor and relaxed states; 17–39

and 15–16 kPa, respectively [27, 31]. The radial Young’s

moduli for the other components were not determined, as

the filament lattice for these components would be very

irregular (see below).

Separately, the axial Young’s modulus of isolated single

myofibrils was determined based on the sinusoidal-length-

change stiffness analysis as detailed in ‘‘Materials and

methods’’. Typical traces for length changes applied to

single myofibrils and for force responses are shown in

Fig. 8a. The axial Young’s modulus was 12.2 ± 0.7 MPa

(n = 7) for myofibrils in the rigor state, 8.8 ± 0.4 MPa

(n = 5) in the contracting state, 6.3 ± 0.5 MPa (n = 6) in

the (?)AMPPNP state, 1.6 ± 0.3 MPa (n = 6) in a low

ionic strength state (80 mM), and 0.4 ± 0.1 MPa (n = 7)

in the relaxed state. These values are comparable in mag-

nitude to those obtained for skinned muscle fiber:

15–30 MPa in a rigor state, and 4–26 MPa in a contracting

state [32, 33].

In Fig. 8b are plotted the axial versus radial Young’s

moduli determined for single myofibrils in various physi-

ological conditions. It can be seen that the two Young’s

moduli change in a linear fashion (r = 0.96), and that the

extrapolation of the regression line hits the ordinate near

the origin of x- and y-axes, consistent with the result of our

previous AFM study of skeletal myofibrils [30].

Discussion

Radial stiffness components of the actomyosin filament

lattice

In the above studies, the diameter and the radial stiffness of

the A-band region of isolated single skeletal myofibrils

were examined by using AFM technology. The results

obtained by Dextran compressions of single myofibrils

supplemented by those obtained by the cantilever com-

pressions clarified that the A-band region had roughly three

different stiffness components: soft components (0.5–2.0

pN/nm and 0.2–0.3 lm thick), stiff components (2–8 pN/

nm and about 0.3 lm thick), and rigid cores (about 10 pN/

nm and 0.5–0.6 lm thick). As the sarcomere length was
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b Relationship between the axial Young’s modulus of single
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about 2.1 lm for the present myofibril preparations, thin

and thick filaments in the A-band regions fully overlapped

each other, producing a regular double-hexagonal lattice

[2, 18]. Therefore, assuming that the above stiffness com-

ponents are directly related to the structural elements of the

actomyosin filament lattice, we will analyze the results

obtained using a simplified lattice model, as depicted in

Fig. 9, considering the documented geometry of the fila-

ment lattice [2, 34].

Notably, the soft components in rigor, contracting and

relaxed myofibrils are all similarly compressed up to about

2 % Dextran (Fig. 4a), suggesting that they come from a

common structure(s). As can be seen in Fig. 8b, the radial

Young’s moduli for the soft components change in a linear

fashion with the axial Young’s moduli of myofibrils by

changing the physiological condition of the myofibrils, and

the regression line drawn for the two Young’s moduli hits

the ordinate near the origin. As the axial stiffness of the

muscle fiber increases with the number of myosin heads

attached to thin filaments [3], the above results indicate that

the soft components almost exclusively come from myosin

heads complexed with thin filaments. Notably, the thick-

ness of the soft components, about 30 % of the diameter of

the A-band region, is comparable to the range of radial

movements of the myosin head relative to the surface of the

thick filament backbone via its lever arm. Thus, by radial

compression of the soft component, myosin heads extruded

from the thick filament backbone may be pushed to thin

filaments as shown in Fig. 9b, suggesting that the radial

stiffness of the soft component comes from that of the arm

region of the myosin filament.

The rigid core of the A-band region is significantly

thicker in rigor myofibrils than in relaxed myofibrils.

Considering that all myosin heads are attached to and

detached from thin filaments in the rigor and relaxed states,

respectively [1, 35], the actomyosin filaments lattice would

be completely flattened as shown in Fig. 9c in a relaxed

state. In a rigor state, a large number of attached myosin

heads would forcefully be detached from the thin filaments

[36, 37], but a significant number remain attached to thin

filaments so that the lattice would not completely be flat-

tened. By taking these differences into consideration, the

thickness of the rigid core of A-band may be about 50 %

and about 60 % of the diameter in the rigor and relaxed

states, respectively, roughly comparable to the thickness of

the rigid cores observed. Thus, in the rigid cores, a great

number of thin filaments and thick filament backbones

would be closely packed with each other, greatly disrupting

the regular double-hexagonal lattice structure.

The stiff components have their radial stiffness inbe-

tween the soft components and the rigid cores. Considering

the above structural assignments for the soft components

and the rigor cores, we may assume that the stiff compo-

nents come from irregular filament lattices in which the

myosin heads are thrust inbetween thin and thick filaments.

The stiffness of the stiff components is far greater in a rigor

state than in other states, as the myosin heads attached to

thin filaments would radially strengthen the lattice struc-

ture. In muscle fibers in which the A-band is radially

compressed up to the stiff component, the interaction of

myosin heads with thin filaments would be significantly

hindered, resulting in the suppression of the contractility

[4, 5].

Effects of the electrostatic interactions on the radial

stability of the actomyosin filament lattice

The present studies showed that the diameter and the radial

stiffness of the A-band region in single myofibrils char-

acteristically change depending on the ionic strength of the

bathing solution. Namely, the electrostatic force signifi-

cantly affects the internal structures of the actomyosin fil-

ament lattice, in agreement with comparable results for

skinned muscle fibers [12, 29]. Notably, the diameter

changes of the A-band region produced by the ionic

strength are nearly comparable in magnitude to the thick-

ness of the soft components, strongly suggesting that the

soft components are sensitive to the electrostatic

interactions.

Interestingly, the thickness of the rigid cores for rigor

and relaxed myofibrils significantly change, depending on

the ionic strength (Fig. 6a), to a direction opposite to the

29nm

Thick filament   

Thin filament  

16nm 

10nm 

10nm

a

c

b

Fig. 9 Schematics of radially compressed actomyosin filament

lattice. a Intact state, b 30 %-compressed state, and c 50 %-

compressed state. Left panel cross-section of the filament lattice, in

which large circles represent thick filament backbones and small

circles thin filaments. Right panel simplified configurations of cross-

bridges, thin filaments, and thick filament backbones shown in the left

panel

J Physiol Sci (2013) 63:299–310 307

123



diameter changes of the A-band region. In the rigid cores, a

great number of thin and thick filaments would be closely

packed with each other as discussed above, possibly to

spacings comparable to the packing space of tobacco

mosaic virus molecules. Considering that the thin and the

thick filaments are negatively charged [38], we may

assume that the thickness increases of the rigid cores pro-

duced by decreasing the ionic strength come from the

electrostatic repulsive interactions between thin and thick

filament backbones, as in the case for tobacco mosaic virus

[9]. As far as we know, such distinct electrostatic interac-

tions in the components of the actomyosin filament system

observed above have not so far been reported. This may be

explained as Dextran treatments of skinned muscle fibers

not being able to fully compress A-band regions up to the

rigid cores, and as the thickness changes of the rigid core

produced by the ionic strength being masked by overall

diameter changes of the A-band region.

It is reported that myosin heads make contact with thin

filaments in compressed skinned muscle fibers in a relaxed

state [39]. Consistent with this, the radial stiffness of

relaxed single myofibrils significantly increases with the

Dextran treatment at around 2 % Dextran (Fig. 4b), sug-

gesting that the myosin heads are weakly interacting with

thin filaments under such a situation. Similarly, at very low

ionic strengths, the diameter of the A-band for relaxed

myofibrils becomes roughly comparable to that for rigor

myofibrils at high ionic strengths while its radial stiffness is

small (Fig. 6a, b). This suggests that the myosin heads are

very weakly attached to thin filaments in relaxed myofibrils

at very low ionic strengths, consistent with the weakly

attached state of the myosin heads in relaxed muscle fibers

at low ionic strength [40].

Radial stiffness components and the stability

of the actomyosin filament lattice

The present studies strongly suggest that the actomyosin

filament lattice can be radially compressed greatly and

apparently reprimed to the intact configuration when the

stresses are removed. Considering that the electrostatic

interaction between filamentous molecules is short range

[11], the electrostatic repulsive forces between thin fila-

ments and thick filament backbones would become effec-

tive only in greatly compressed filament lattices as clarified

in the present study. Thus, we may assume that the overall

radial stability of the actomyosin filament lattice is pri-

marily maintained via myosin heads inter-connecting thin

filaments and thick filament backbones. This is in agree-

ment with the result that the interactions of myosin heads

with thin filaments significantly affect the internal struc-

tures of actomyosin filaments lattice [41]. Along this line,

the interactions of myosin heads with thin filaments and

thick filament backbones are directly taken into a recent

theoretical analysis for the radial stability of the actomy-

osin filament lattice [42].

On the other hand, it is known that the lattice spacing

of the actomyosin filaments in the overlap region is nearly

the same in intact muscle fibers in relaxed, contracting,

and rigor states [43]. By skinning relaxed muscle fibers,

however, the diameter of the A-band regions gets swollen

with uniform spacing increases of the filament lattice [27,

44]. Similarly the present results indicate that the diam-

eter of the A-band region of isolated single myofibrils is

significantly thicker in a relaxed state than in a rigor state.

These results suggest that a component(s) removed by

skinning muscle fibers, e.g., sarcolemma, keeps the

actomyosin lattice radially compressed so that the myosin

heads are close to the surface of thin filaments in intact

muscle fibers.

It can further be noted that the Dextran treatment and the

ionic strength change distinctly affect the diameter of

single myofibrils and the lattice spacing of the actomyosin

filaments of skinned muscle fibers. The Dextran treatment

produces significantly greater diameter decreases in single

myofibrils (Fig. 4a) compared with the lattice spacing

decreases of the actomyosin filaments in skinned muscle

fibers [4, 28]. Further, by the ionic strength decrease in a

rigor state, the diameter of single myofibrils significantly

decreases (Fig. 6a), while the lattice spacing of the acto-

myosin filaments of single skinned fibers remains almost

unchanged [4, 29, 44]. Considering that all myosin heads

are attached to thin filaments in a rigor state [35], this

suggests that cross-bridges attached to thin filaments have

different structures in the two preparations. The above

differences can reasonably be explained as some locus in

the lever arm region of myosin filaments being radially

expanded by the electrostatic repulsive forces in an isolated

single myofibril, the movement of which is suppressed in

skinned muscle fibers [45, 46].

In the sarcomere of skeletal muscle fiber, thin filaments

are anchored to Z-bands and thick filaments bundled

together by the M-line and linked to Z-lines via titin fila-

ments [1, 2]. Our previous studies of isolated single myo-

fibrils showed that the radial stiffness of the A-band region

is significantly changed by enzymatic digestions of the

Z-band and titin [16, 23, 24], suggesting that these com-

ponents further strengthen the radial structure of the acto-

myosin filament lattice.
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