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We developed an original approach to prepare samples for electron microscopy in electric
field allowing calculation of the Young’s modulus of the thin filament in a direction perpen-
dicular to the axis of the filament (longitudinal to the protomer) under normal conditions and
during heart failure induced by 10-day toxic and allergic myocarditis. Electric field stretches
thin filaments in the transverse direction and the increase in its diameter linearly depends on
the applied voltage. The elastic modulus was in inverse proportion to the applied voltage. We
found that during heart failure thin filament had an extreme conformation and to a great extent
lost its mobility.
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Thin filaments (TF) of myofibrils are characterized by
high conformational mobility, which manifested in
variability of the major indexes and diameter of the
helix [4,6,11]. Dynamic properties of TF depend on
elasticity, which is characterized by the Young’s mo-
dulus. We proposed a method for preparing samples
for electron microscopy. This technique allowed eva-
luation of the effect of electric field of varying strength
on TF helix and calculation of the Young’s modulus
for normal myocardium and during heart failure (HF)
caused by myocardial inflammation.

MATERIALS AND METHODS

Experiments were performed on natural TF of myo-
fibrils from rabbit myocardium with a specific electri-
cal conductivity of 0.716 Ω/m [6]. TF were prepared
as described previously [8]. A copper disk (diameter
15 cm, height 10 cm) cooled to 277oK was covered
with a Teflon film (0.1 µ). The space between the film

and the disk was filled with 40% ethyl alcohol to im-
prove heat conduction. The TF preparation (0.25 ml,
ρf=0.1 mg/ml) was mounted on the cooled film. The
carbohydrate film (5-6 nm) was maintained on the
surface of TF, placed on a drop of 2% uranyl acetate,
and then on copper meshes.

For evaluation of the effect of electric field on TF
the preparation procedure was performed between
condenser plates at 500 and 800 V potential difference
(U) across the condenser and electric field strength (E)
5×104 (E1) and 8×104 V/m (E2), respectively.

For evaluation of dielectric permeability of the
solution with TF preparation procedure was performed
on a copper disk as described above, but two parallel
platinum electrodes (length, g2=10 mm; diameter, h2=
0.1 mm) were placed into the solution (distance be-
tween electrodes u2=8 mm, U=10 V). Some prepara-
tions were not exposed to electric field. They were
coated with platinum on a JEE-4C device (JEOL) at
a pressure of 10—5 Torr and ϕ=9o shadowing angle
(tgϕ=1/6). Thin carbohydrate films were prepared by
carbon coating of fresh mica chips. Treatment was
performed on the same device under similar conditions.
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The diameter of TF was measured on microphoto-
graphs (×300,000). We calculated the mean of 3 mea-
surements [10]. A direct image of TF was studied in
contrasted preparations. The shadow width (t) was
measured in shadowed preparations. The diameter (d)
was calculated as follows: d=t×tgϕ=t/6. The arithmetic
mean

Σkidi(d= )Σki

and weighted average diameter were evaluated:

Σkid2
idwa= .Σkidi

where di is the diameter of TF in the i-th measurement;
and ki is the number of equal values of the diameter in
the i-th measurement.

The results were analyzed by standard statistical
methods. The significance of differences was deter-
mined by Student’s t test.

RESULTS

The diameter of TF in normal sarcomeres at the poten-
tial differences between the condenser plates of 0 and
800 V was 3.5 and 4.25 nm, respectively (~40% of the
mean value). The diameter of normal TF at a poten-
tial difference of 500 V was 3.0 nm (Table 1). During
HF the diameter of TF varied from 4.2 (0 V) to
4.0 nm (800 V), which corresponded to ~30% of the
mean value. Electric field increased the maximum
mean-square deviation (s) of the diameter of myocar-
dial TF under normal conditions and during HF by 28
and 5.7%, respectively. Therefore, the rate of electric
field-produced conformational changes in TF of nor-
mal myocardium (mobility of the structure) was much
higher than during HF. This disorder was characteri-
zed by high stability of TF. Our results are consistent
with published data [6].

It is important to estimate the statistical center of
gravity for the diameter of TF characterizing changes
during functioning of actin. Table 1 shows that these
indexes (dwa) did not differ from the average value (d)
within the limits of variation. The tendency to increase
the diameter illustrates asymmetry of the distribution
curve (Fig. 1).

Indexes for the helix of TF (e.g., diameter) were
characterized by discreteness. It was confirmed by
asymmetry of the distribution curve and appearance of
the saddle point (mean diameter of TF). The appear-
ance of this saddle point indicates the presence of at
least 2 independent distribution families for the dia-
meter distributions and reflects structural nonequiva-
lence of actin protomers in TF (Fig. 2). The saddle
point was absent under the influence of electric field T

A
B

L
E

 1
. 

D
ia

m
et

er
 o

f 
T

F
 u

nd
er

 N
or

m
al

 C
on

di
tio

ns
 a

nd
 d

ur
in

g 
H

F
 (

nm
)

N
o

rm
al

 (
n

=
3

2
9

),
 0

 V
7

.5
1

1
.0

9
.0

1
0

.6
0

9
0

.0
3

9
.0

1
0

.6
0

8
0

.0
3

9
.0

5

N
o

rm
al

 (
n

=
1

4
5

),
 5

0
0

 V
8

.0
1

1
.0

9
.5

1
0

.5
9

7
0

.0
5

9
.5

1
0

.5
9

2
0

.0
3

9
.5

5

N
o

rm
al

 (
n

=
1

2
6

2
),

 8
0

0
 V

8
.0

1
2

.2
5

9
.9

1
0

.7
6

4
0

.0
2

9
.9

0
0

.7
5

1
0

.0
4

9
.9

7

H
F

 (
n

=
5

4
3

),
 0

 V
1

1
.5

1
5

.7
5

1
3

.3
9

0
.6

9
9

0
.0

3
1

3
.4

0
0

.6
9

0
0

.0
4

1
3

.4
3

H
F

 (
n

=
1

9
9

),
 8

0
0

 V
1

2
.0

1
6

.0
1

4
.5

1
0

.7
3

8
0

.0
5

1
4

.5
1

0
.7

3
0

0
.0

4
1

4
.5

4

N
o

rm
a

l 
(n

=
7

6
),

 s
h

a
d

e
d

1
0

.0
+

1
4

.7
+

1
1

.1
1

+
1

.0
1

+
0

.1
0

+
—

—
—

1
1

.2
+

N
o

rm
al

 (
n

=
1

1
2

),
 1

0
 V

8
.0

+
1

1
.0

+
9

.3
3

+
0

.7
3

1
+

0
.0

7
+

—
—

—
9

.3
9

+

N
o

te
. d

-∆
d’

=
d*

1,
 o

r 
d+

∆d
’=

d*
2,

 w
he

re
 d

* 1 
an

d 
d*

2 
ar

e 
ce

nt
er

s 
fo

r 
sy

m
m

et
ric

al
 d

is
tr

ib
ut

io
n 

of
 fi

la
m

en
t d

ia
m

et
er

s;
 a

nd
 D

d’
 is

 th
e 

st
ep

 o
f d

is
cr

et
en

es
s 

ch
ar

ac
te

riz
in

g 
th

e 
st

ru
ct

ur
e 

or
 m

in
im

um
ch

an
ge

s 
in

 th
e 

di
am

et
er

 r
es

ul
tin

g 
in

 n
ew

 e
ne

rg
y 

co
nf

or
m

at
io

n 
of

 T
F

. T
he

 a
ve

ra
ge

 v
al

ue
 o

f d
 s

ho
ul

d 
be

 le
ss

 p
ro

ba
bl

e 
fo

r 
st

ru
ct

ur
es

 c
ap

ab
le

 o
f u

nd
er

go
in

g 
ac

tiv
e 

co
nf

or
m

at
io

na
l c

ha
ng

es
.

H
er

e 
an

d 
in

 T
ab

le
 2

: 
+
ex

pe
rim

en
ta

l 
da

ta
; 

ot
he

r 
nu

m
er

al
s,

 s
tu

dy
 o

f 
cu

rv
e.

G
ro

u
p

d
в

m
x

s
d

C
a

lc
u

la
te

d
 a

ft
e

r 
3

0
0

 m
e

a
su

re
m

e
n

ts

m
x

s
d

E
st

im
a

te
d

d
m

a
x

d
m

in

Bulletin of Experimental Biology and Medicine, No. 5, 2004 BIOPHYSICS AND BIOCHEMISTRY



437437437437437

on TF during HF, which attested to conformational
inertness of the protomer not capable of undergoing
mobile changes. These characteristics are typical of the
protomer with a strongly developed structure, which
reflects extreme conformational changes in TN of
myofibrils during HF. These results can be extended
to other indexes of the helix. It can be hypothesized
that the probability of the mean indexes is minimum
in the helix of normal muscle. The charge distribution
gradient (grad P) was perpendicular to the axis of TF
along the field lines. The direction of field lines de-
pended on electric properties of the filament. These
properties are determined by the state of functional
units in TF (7 protomers combined with tropomyosin)

Fig. 1. Diagram for the distribution of diameters of thin filaments
depending on the series of measurements (0.25-nm increments).
Here and in Fig. 2: S1 (1), S2 (2), and S3 (3) are thin filaments of
normal myocardium at 0, 500, and 800 V, respectively. S4 (4) and
S5 (5): 0 and 800 V, respectively.

TABLE 2. Elastic Modulus of TF (Transverse Direction) and Changes in Internal Energy under the Influence of External Electric
Field (M±m)

Normal 0.3 9.3 9.01 0.3 4.52±0.3 2.22±0.55

0.5+ 9.51+ 9.01+ 0.50+ 1.74±0.12+ 6.33±0.48+

0.8+ 9.91+ 9.01+ 0.90+ 0.77±0.03+ 19.01±0.81+

1.2 10.4 9.01 1.4 0.39±0.04 46.54±3.2

2.0 11.3 9.01 2.3 0.18±0.02 138±43

3.0 12.5 9.01 3.5 0.11±0.02 350±31

HF 0+ 3.8+ 13.39+ 9.01+ 4.38+ 0.08±0.01+ 593±53+

0.5 4.3 14.1 9.01 5.1 0.08±0.01 823±74

0.8+ 4.6+ 14.51+ 9.01+ 5.50+ 0.07±0.01+ 977±88+

Note. Arbitrary value was derived after studying the dependence of changes in the diameter of TF on applied voltage.

Group
∆W

IN
/

(×10—12),
J/m

J (×108),
N/m2

∆d, nmd
0
, nmd*, nm

arbitraryactual

U, kV

[3]. When tropomyosin is located near the axis of TF,
the outer surface of the protomer is not exposed to the
effect of tropomyosin charges. Grad P is directed
along the field lines and has maximum value. The dia-
meter of TF increases to maximum. When tropomyo-
sin is located near the outer surface of the protomer in
actin (Fig. 3), external charges of the protomer are
partially shielded. Grad P decreases and, therefore,
diameter of TF increases to a lesser extent. The differ-
ence between the maximum and minimum increase in
the diameter of TF is ~0.25 nm. It should be empha-
sized that electric field (800 V) has no effect on the
structure of TF during HF. Thus, TF gains a strongly
developed conformation in the initial state. Tropo-
myosin cannot open functional units, and the system
has only one conformation. These specific features are
manifested in the absence of the saddle point.

Electric field increased the diameter of TF (Fig.
3). The higher was E, the more pronounced was the
increase in the diameter of TF. The diameter of TF
increased by 1.4 times during HF, but electric field
further increased this parameter. It reflects greater
elasticity and reserve conformational mobility of TF.
While the strength of isometric contraction of myo-
fibrils decreases by 13 times compared to normal, it
nevertheless occurs [2]. Probably, the increase in the
diameter (∆d) linearly depends on the electric field
strength or applied voltage at condenser plates.

The study of TF in electric field of different strength
allowed us to derive an equation that describes me-
chanical properties of TN (elastic modulus or Young’s
modulus):

(g×r0) (d×d0)3

J~~1.3 ×1013=3.7 ×1013. (1)
(aU)2 U2

E. G. Samsonidze and N. V. Karsanov
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The elastic modulus (Table 2) was calculated by
substituting values of the diameter of TF and electric
field strength into Eq. (1). Eq. (1) shows that the elas-
tic modulus is in inverse proportion to applied voltage
at plates of the preparative condenser. The elastic mo-
dulus was unstable and decreased with increasing the
load on TF. The increase in the diameter was accom-
panied by stabilization of the elastic modulus. The
elastic modulus remained practically unchanged under
the influence of electric field during HF. Therefore, TF

undergoes less pronounced conformational changes
during HF. The state of TF can be characterized by not
only the elastic modules, but also ∆WIN of the system.
This value is determined by activity of the macro-
system: ∆WIN=FF∆d, where FF is the volume force ap-
plied to TF. Simple mathematical treatment and sub-
stitution of constant indexes for TF produced the fol-
lowing equation:

d*∆d∆WIN=2.4×10—11×Ul , (2)
d0

Fig. 2. Histogram for the distribution of diameters of thin filaments.
Abscissa: range of diameters, No., ordinate: % of the total number
of protomers.
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where l is the average length of TF, ∆d is an increase
in the diameter of TF under the influence of electric
field, d* is the diameter of TF inside the field, d0 is
the diameter of TF outside the field, and U is applied
voltage at condenser plates. The length of F-actin in
vitro differs under normal conditions and during HF
(1.2 and ~0.4 µ, respectively) [9]. It is necessary to nor-
malize ∆WIN by the filament length to compare internal
energies (Table 2). ∆WIN is minimum under the influence
of electric field with E1=5×104 V/m (1.92×10—12 J/m).
∆WIN is 5.7×10—12 J/m at E2=8×104 V/m. The diameter
of filaments (∆d) and internal energy increase by 1.78
and 2.97 times, respectively, with a 1.6-fold increase
in E. Therefore, the increase in the diameter of TF
during extension is accompanied by a decrease in its
resistance to external forces. The near-extreme state
of the filament can result in mechanical rupture (Fig.
3). Electric field with E2=8×104 V/m produced other
changes during HF. Variations in internal energy cor-

responded to 6.91×10—12 J/m (relative to the absence
of electric field). ∆WIN increased by 1.21 times com-
pared to that for normal TF exposed to electric field
of the same strength. The diameter of TF underwent
similar changes (1.23-fold increase). Although the dia-
meter of TF during HF surpasses the normal by 1.61
times, they retain conformational characteristics of the
actin protomer resistant to transverse deformations.

These findings attest to complete conformational
reconstruction of the actin protomer in HF, rather than
to its simple extension in the transverse direction (lon-
gitudinal to the protomer). TF exposed to electric field
are characterized by low conformational mobility. It
should be emphasized that TF are conformationally
mobile before exposure to electric field. Reversibility
of conformational reconstructions illustrates their functional
importance. In the working muscle these conforma-
tional changes are necessary for the contraction and
relaxation of myofibrils.
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