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Abstract

Surface topography and compression elasticity of bovine cardiac muscle fibers in rigor and relaxing
state has been studied with atomic force microscopy. Characteristic sarcomere patterns running along
the longitudinal axis of the fibers were clearly observed, and Z-lines, M-lines, I-bands, and A-bands
can be distinguished through comparing with TEM images and force curves. AFM height images of
fibers had shown a sarcomere length of 1.22+0.02um (n=5) in rigor with a significant 9% increase
in sarcomere length in relaxing state (1.33+0.03um, n=5), indicating that overlap move with the
changing physiological conditions. Compression elasticity curves along with sarcomere locations
have been taken by AFM compression processing. Coefficient of Z-line, I-band, Overlap, and M-
line are 25£2pN/nm, 8+1pN/nm, 10+1pN/nm, and 17+1.5pN/nm respectively in rigor state, and 18
+2.5pN/nm, 4+0.5pN/nm, 6£1pN/nm, and 11+0.5pN/nm respectively in relaxing state. Young’s
Modulus in Z-line, I-band, Overlap, and M-line are 115+12kPa, 48+9kPa, 52+8kPa, and 90+12kPa
respectively in rigor, and 98+10kPa, 23+4kPa, 42+4kPa, and 65+ 7kPa respectively in relaxing state.
The elasticity curves has shown a similar appearance to the section analysis profile of AFM height
images of sarcomere and the distance between adjacent largest coefficient and Young’s Modulus is
equal to the sarcomere length measured from the AFM height images using section analysis,
indicating that mechanic properties of fibers have a similar periodicity to the topography of fibers.
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1. Introduction

Cardiac muscle fibers consist of bundles of myofibrils in which runs a series of sarcomeres
where the contractile forces are produced by cyclic interactions between actin (thin filament)
and myosin (thick filament) in overlap, and then transmitted to extracellular matrix and adjacent
fibres and to the heart wall to squeeze out the blood filled in the heart cavity through a series
of sarcomeres (Huxley, 1969; Miller and Tregear, 1970; Irving et al., 1992; Squire, 1997,
Farman et al., 2007). As a basic contractile unit of cardiac myofibers, the sarcomere has
components of force and elasticity in longitudinally and perpendicular with respect to the fibers
axis (Brady, 1991; Millman, 1998). Since the elastic properties influence the response of fibers
to applied forces, it is of importance to study the elastic behavior of fibers in response to forces
in both directions. The longitudinal elasticity is widely studied by changing length of muscle
fibers and analyzing the concerned force feedback. The perpendicular (radial) elasticity is
usually measured by compressing a skinned muscle fiber with osmotic pressure, and then
divided the osmotic pressure by the change of filament spacing and fiber width (Maughan et
al., 1981).

However, we can not get local or microscopic properties with these techniques for collective
and average study, so other techniques must be used to study the micromechanics (Janmey and
McCulloch, 2007; Addae-Mensah and Wikswo, 2008; Zhu et al., 2008a; Zhu et al., 2009a).
X-ray fiber diffraction is good at studying the changes of filament spacing but is still powerless
to collect the force information directly (Irving, 1998; Irving et al., 2000; Konhilas et al.,
2002; Fukuda et al., 2003; Squire et al., 2005; Farman et al., 2006). Atomic force microscopy
(AFM) is a powerful method of detecting biological surface ultrastructure and micromechanics
for its high resolution and excellent ability in nanomanipulation (Zhu et al., 2007; Pelled et al.,
2007; Rico et al., 2007; Kuznetsova et al., 2007; Marchetti et al., 2008; Zhu et al., 2009b).
Recently, an effective method based on the deflection of AFM cantilever produced by
approaching its tip to sample surface, has been used to estimate the compression elasticity of
various muscle fibers (Shroff et al., 1995; Yoshikawa et al., 1999; Nyland et al., 2000; Jason
etal., 2001; Mathur et al., 2001; Defranchi et al., 2005; Akiyama et al., 2006; Zhu et al.,
2008b; Feng et al., 2008; Kreplak et al., 2009). In this study, we examined the surface
topography and compression elasticity of skinned muscle fibers in rigor and relaxing state from
adult bovine left ventricle with tapping mode atomic force microscopy and nanoindentation.

2. Methods

2.1 Preparation of cardiac muscle fibers

Cardiac muscle fibers were isolated from adult bovine left ventricle which freshly obtained at
anearby slaughterhouse at 4 °C (Dow et al., 1981). Briefly, the heart tissue was rapidly excised
and perfused with in relaxing solution (pH6.8) containing 5mM Na,ATP, 5mM MgCl,, 5mM
NaNs3, 5mM ethyleneglycol-bis-(b-aminoethyl ether)-n,n,n’,n’-tetraacetic acid (EGTA) and
20mM 3-[n-morpholino] propanesulfonic acid (MOPS), with 1% (w/v) Triton X-100 for 8h.
The skinned fibers were washed with rigor solution (pH6.8) containing 5mM MgCly, 5mM
NaNs3, 5mM EGTA and 20mM MOPS, and stored in rigor solution with 50 % (v/v) glycerol
at —20°C. Before use, fibers were washed and perfused with detergent-free relaxing solution
and glycerol-free rigor solution for two different experiments. Fiber solutions (rigor or
relaxing) were dropped onto fresh cleaved mica sheet and absorbed the solution with filter
paper from one side carefully until washed with the concerned solution for three times. The
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preparations were used for AFM analysis in 3~5h. lonic strength of all solution was 105 mM;
pH, 6.8; temperature, 19+1°C.

2.2 Topographic mapping

Topographies of the muscle fibers in the air were made from WET-SPM-9500J3 (Shimadzu
Co., Kyoto, Japan) in conjunction with a Scanner Il (with a maxim size to 55um) which is an
environment (air, temperature, humidity) controlled AFM. The samples were fixed onto the
AFM metal disc with double sides tape. Commercially available tapping mode cantilevers were
used for mapping: ~125um long; spring constant, 42 N/m; resonance frequency, 330 KHz;
oxide-sharpened silicon nitride tips, radius of curvature, <10 nm (PPP-NCHR,

Nanosensor " Neuchatel, Switzerland). Tips were positioned above the aimed muscle fibers
with the aid of a 30 magnification CCD video and an x-y stage positioner (sample can not move
in this AFM). Scanning force, integral and proportional gains were balanced whenever
necessary and scanner was operated around 0.5Hz in Y direction with 512pixels so that optimal
height, amplitude and phase images can be collected simultaneously. All experiments were
carried out in the air with 55% relative humidity at room temperature (19£1°C). AFM off-line
software (SPM Manager Version 3.20, Shimadzu Co. Japan) was used to analyze the surface
profile of height images including analysis of roughness, and section analysis. All images were
used for analysis after a second order Flatten, local filtering, and noisy line erasing.

2.3 Compression Elasticity

Based on the force-distance curves between the tip and the sample surface, compression
elasticity coefficient and Young’s modulus were measured (calculated) using a hardened
contact mode cantilevers (~450um long; spring constant, 0.2 N/m; diamond-coated tips, radius
of curvature, ~100 nm; DT-CONTR, Nanosensor " Neuchatel, Switzerland). When the
cantilever was lowered enough, it would start to touch and compress the sample and be
deflected upward gradually(Zhu et al., 2007). The compression force (F.) applied to the sample
can be calculated from the deflection of cantilever (D) and its spring constant (K;), and the
deformation of the sample is equal to the piezoelectric extension (L) from the sample surface
minus the deflection of cantilever (D¢)(Nyland et al., 2000; Zhu et al., 2008a). So, compression
elasticity coefficient Kq of the sample was determined using the compression force F. divided
by the compression deformation Dg of the sample which was given by

Kziz cc
D, L,-D. (1)

Compression Young’s modulus (E;) was calculated using the Hertz formulas(Hertz, 1881;
Yoshikawa et al., 1999) generally to be better for us to understand the structural stabilities of
muscle fiber at molecular level which was given by

31— pHF, 301 - pHK D,
ST4RI2DSAZ T 4R2D 1 @)

In which, p is the Poisson’s ratio and R is the radius of cantilever tip, and others were defined
as above. Parameters used were u=0.5 (Roark, 1965) by assuming the isometric changes in
muscle fibers, and R = 100nm, Kc=0.2N/m (given by manufacturer). Then, the Hertz formulas
can be simplified as
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Before the compression elasticity measurement, sample was scanned in contact mode by the
tip firstly, and then zoomed in an interested place and then put the scan size to zero. The force-
distance curves were taken at 1 Hz in Force Modulation with a maximum compression force
of ~10nN.

3.1 Sarcomere periodicity and roughness analysis

Two dimensional height images of bovine cardiac muscle fibers surface in rigor and relaxing
states with a section analysis of sarcomere surface had been done with tapping mode AFM.
Characteristic sarcomere patterns running along the longitudinal axis of the fibers can be seen
in all cases including AFM images and the inset images from inverted optical microscope, see
Fig. 1~2.

Shorter I-bands (actin regions) with the protruding Z-lines in the center are clearly
distinguished from the longer A-bands (actin and myosin overlap and H-zones) with the
protruding M-lines in the middle, as shown in Fig. 2. The single sarcomere length i.e. the
distance between adjacent Z-lines were 1.22+0.02um (n=5) in rigor and 1.33+0.03um (n=>5)
in relaxing (about 9% larger than that in rigor) respectively shown in Fig. 1a and Fig. 1b. And
the length of 1-band, A-band, overlap, and H-zone are 0.44+0.05, 0.89+0.12, 0.71+0.10, and
0.18+0.02um (n=10)respectively in relaxing fiber as an example shown in Fig. 2, although it’s
not easy to determine the exact border of different parts for the distortion of fiber caused by
AFM tips. We can use the full width at half maximum to measure off. The sarcomere length
is approximate to the value in mice (about 1.49um) from reference (Defranchi et al., 2005) and
closed to the data of swine ventricular myocytes (1.6~2um) from reference (Jason et al., 2001).
But the later one was lack of real section analysis and measurement. From height images of
Fig. 1a~h, it can be seen that Z-lines (I-bands) are not continues in latitude and exist obvious
(uniform) dislocation in longitudinal direction, it maybe the interface between different
myofibrils.

Based on the roughness analysis, it can be calculated that I-lines are higher than the adjacent
M-lines about 65£5nm (n=25) in rigor and 57+4.2nm (n=25) in relaxing (about 11% decrease),
and the roughness (root mean square) of whole topography are 88nm in rigor and 76nm in
relaxing (about 13.6% decrease), as shown in Fig. 1la~b, which are close to the results from
reference (Defranchi et al., 2005). These results infer that, surface of muscle fibers became
smoother when the solution switched from rigor into relaxing ones.

3.2 Compression Elasticity Coefficient

Fig. 3 is a typical force-distance curve between cantilever deflection (compression force) and
deformation of muscle fibers obtained at different sarcomere locations (Z-line, I-band, overlap,
M-line) in rigor and relaxing states which was the difference between piezoelectric extension
and cantilever deflection. And compression elasticity coefficient of muscle fibers can be
calculated using data in Fig. 3 and formulas (1), as shown in Fig. 4 and Fig. 5.

It can be seen that, the linearity of these 8 curves are better in compression deformation interval
[60nm, 140nm] and the slopes in [0, 50nm] are smaller than that in [60nm, 140nm]. Because
the radius of curvature of the tip is around 100nm, there must be a smaller compression area
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at first touch and the fibers maybe easier to be broken or compressed and the force feedback
maybe random. The results would become stable and uniform along with processing of
compression deformation and increasing of touch area between AFM tip and fibers. It shown
that the slope of different force-distance curves are in the order of Z-line(rigor)>Z-line
(relaxing) >M-line(rigor) >M-line(relaxing) >Overlap(rigor) >I-band(rigor) >Overlap
(relaxing) >I-band(relaxing) in the same sarcomere. There is a little difference to the result of
reference (Yoshikawa et al., 1999), in which, the order is Z-line>Overlap>M-line>I-band in
rigor state, however, this group had reported a different result in reference (Akiyama et al.,
2006), in which, coefficient are at the same order in rigor as ours, but it is still different in
relaxing state. And coefficient of Z-line, I-band, Overlap, and M-line are 25x2pN/nm, 8+1pN/
nm, 10£1pN/nm, and 17£1.5pN/nm respectively in rigor state, and 18+2.5pN/nm, 4+0.5pN/
nm, 621pN/nm, and 11+0.5pN/nm respectively in relaxing state. There is a similar appearance
of our curve in rigor to the plot (see fig. 2), and Z-line coefficient in rigor is very close to their
result (~25.8pN/nm, fig. 3) (Yoshikawaetal., 1999). The coefficient value in relaxing is smaller
than that in rigor at same location. It also can be seen from the curves in Fig. 4, coefficient
curve in rigor was higher than that in relaxing, which inferred that muscle fibers are much
softer in relaxing rather than in rigor state.

Fig. 5 demonstrated the coefficient distribution in longitudinal direction of fibers in same
sarcomere length. Distance between two red parallel line stands for the length difference of
the first sarcomere in different states; it’s about 134nm which equal the result from topography
section analysis. And the coefficient curves have similar appearance of topology map; see right
parts of Fig. 1a~b.

3.3 Compression Young’'s Modulus

Fig. 6 shows the compression Young’s Modulus of different sarcomere locations in 5 different
compression deformation (60~140nm) in rigor and relaxing states. And blue-line and red-line
stand for the average Young’s Modulus of sarcomere in rigor and relaxing respectively. The
Young’s Modulus in Z-line, I-band, Overlap, and M-line are 115+12kPa, 48+9kPa, 52+8kPa,
and 90+12kPa respectively in rigor, and 98+10kPa, 23+4kPa, 42+4kPa, and 65+7kPa
respectively in relaxing state. The profile of rigor curve is similar to the coefficient curve in
rigor (Akiyama et al., 2006). The value at M-line in relaxing is close to the data (~61kPa) in
left ventricle muscles of neonatal rat from reference (Yoshikawa et al., 1999) and the value in
young and old cardiac myocytes (35.1~42.5kPa) from Fig. 4 in reference (Lieber et al.,
2004). The value at Z-line and M-line in rigor is close to the data in Drosophila myofibrils
(93.3+41kPa) from table 1 in reference (Nyland et al., 2000) and is comparable to that reported
in rabbit psoas myofibrils (84+18.1kPa) from reference (Yoshikawa et al., 1999). The results
from I-bands are obviously bigger than that form reference (Yoshikawa et al., 1999). Young’s
Modulus difference in Z-line, M-line, Overlap, and I-band between two states are 17kPa
(17.3%), 15KPa (16.6%), 10 kPa (19.2%), and 25 kPa (52.1%) respectively, which
demonstrates that mechanical properties of I-band is different to other parts. And Young’s
Modulus difference between I-band and overlap in rigor (~8%) is smaller than that in relaxing
(~42%), which demonstrates that Young’s Modulus in rigor is more stable and homogeneous
than that in relaxing, indicating that I-band changed much more in structure may combine with
the overlap of actin and myosin, and the overlap in rigor had gotten to the maximum and it’s
not exact about the area of I-band using the distribution of Young’s Modulus between Z-line
and M-line. And all of the transverse Young’s Modulus of sarcomere from different parts in
different states were 1/5~1/10 of the longitudinal elastic modulus (450+50 kPa) from Fig. 4 in
reference (Dickinson et al., 1997) and Fig. 4.8 in reference (Farman, 2004), which reflects
crossbridges formed during stretch-activation. And the transverse value was about 10~20 times
of the longitudinal shear stiffness (4.75+0.2 kPa, n=15) from Wistar rat cardiomyocytes
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(Nishimura et al., 2006), which reflects the frictional properties of the fibers (Coles et al.,
2008).

4. Discussion

In summary, surface topography and compression elasticity of bovine cardiac muscle fibers
have been investigated in rigor and relaxing states. Topography of fibers have shown a
sarcomere length of 1.22~1.33um with a significant 9% increase in relaxing state, indicating
that actin and myosin overlapped each other along with the changed physiological conditions.
Combined with the results from TEM and X-ray fiber diffraction, ultrastructures of sarcomere
have been illustrated with height images and section analysis. Compression elasticity curves
along with sarcomere locations have shown a similar appearance to the section analysis profile
of AFM height images of sarcomere. Distance between adjacent largest coefficient and
Young’s Modulus on fiber is equal to the sarcomere length measured with section analysis
profiles, which indicates that mechanic properties of fibers have a similar spatial distribution
(periodicity) on sarcomere as the topography. These results inferred that compression elasticity
of muscle fibers substantially depends upon physiological sates of muscle as well as upon
locations on sarcomeres.

The structural and elasticity parameters from AFM may promote the awareness of relation
among bioarchitecture, biomechanics and physiological functions of skinned muscle fibers in
physiological processes, and supply extra information for basic and clinic research on cardiac
muscle (Herrmann et al., 2007; Choi et al., 2007; Bacabac et al., 2008; Garcia et al., 2009).
Further studies would be focused on the role of calcium and pH value in triggering structural
damage of cardiac muscle in skinned and native states (Sato et al., 2007; Sotomayor and
Schulten, 2008). So, the interfacial sarcommela and extracellular matrix such as collagen
(Elliott et al., 2007; McDaniel et al., 2007; Ng et al., 2007; Engler et al., 2008; Gavara et al.,
2008; Chaudhry et al., 2009) would be studied firstly with fluid AFM in order to clarify the
relation between cardiac dysfunctions and abnormal changes of physiological condition in real
time.

However, there are still several limitations about the AFM studies on topography and
compression elasticity of muscle fibers. Firstly, muscle fibers could not be ideally considered
as linear elastomer or completely passive body. The cross-bridges (actin and myosin) cycling
in the overlap zone are not so stable in elasticity which depends on sarcomere locations,
physiological conditions and sources of muscle fibers. Secondly, compression of nano-scale
AFM tips onto micro-scale fibers is not an ideal linear process essentially (Yang et al., 2008;
Feng et al., 2008). So, the indentation of sharp tips would affect the mechanical properties of
the fibers obviously in the initial stages, and the geometry of tips would also influence the
measurement of elasticity. Thirdly, AFM force measurements always take a long period of
time (>5hours). In this process, changes in sample structure and tip environment would affect
the measurement of compression elasticity in vitro. In sum, development of theory on
micromechanics around tips, improvement of AFM in higher resolution, and stabilization of
measurement environment should be discussed in the further studies, which will make this
method much more valuable (Wu et al., 2008; Zhu et al., 2009b).
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8.49 [um

AFM topography images (left) and section analysis surface profiles (right) of bovine cardiac
muscle fiber buddle in rigor (a) and in relaxing state (b). Both topography (height) images in
512x512 pixels were recorded in tapping mode AFM in the air at room temperature at 0.5Hz.
Both images were used for analysis after a second order Flatten, local filtering, and noisy line
erasing. Inset: Inverted optical microscopy of cardiac muscle fiber buddle in rigor (a) and in

relaxing state (b).
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Fig. 2.

Ultrastructure of single muscle fiber. (a) AFM topography (height) image of bovine cardiac
muscle fibers in relaxing state with the section analysis line AB and markers draw on it, image
was used for analysis after a second order Flatten, local filtering, and noisy line erasing.; (b)
Illustration of ultrastructure in one sarcomere including I-band, A-band, H-zone, Z-line, and
M-line, which derived from TEM image of muscle fiber section; (c) Section analysis profile
of cardiac muscle fiber in one sarcomere from the line AB draw on (a). The length ratio of I-
band and A-band is about 1:2, and H-zone is about 0.18um long. Image in 512x512 pixels was
taken in tapping mode AFM in the air at room temperature at 1Hz.
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Fig. 3.

AFM typical force curves between cantilever deflection and compression deformation of
muscle fibers obtained at different locations (Z-line, M-line, 1-band, Overlap) on fiber
sarcomere in rigor and relaxing states. Compression deformation was calculated with the
difference between cantilever deflection and piezoelectric extension. The force curves were
taken at 1 Hz in Force Modulation with a maximum compression force of ~10nN.
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Fig. 4.

Distributions of compression elasticity coefficient along cardiac muscle fibers in rigor (upper
curve, 4) and relaxing state (lower curve, =) compared at same count (18 points/sarcomere).
The curves in two different states showed a similar outline. The data was calculated using the
results from ~100um indentation.
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Distributions of compression elasticity coefficient along cardiac muscle fiber in rigor (upper
curve) and relaxing state (lower curve) compared at same fiber length (4um) in 55 counts.
Sarcomere length in rigor and relaxing states were 1.20pum and 1.33um respectively. Inset:

AFM
Sumx

height images of muscle fibers in rigor (upper) and relaxing state (lower), image size,
5um. The data was calculated using the results from ~100um indentation.
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Fig. 6.

Compression Young’s Modulus of cardiac muscle fibers at different sarcomere locations in
rigor (blue line) and relaxing (red line) calculated from 5 different indentation depths. Young’s
Modulus of muscle fibers in rigor was bigger than that from relaxing ones. In details, they are
in the order of Z-line>M-line >Overlap>I-band in the same sarcomere.

J Biomech. Author manuscript; available in PMC 2010 March 18.



