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‘When an electric field is applied along the fiber axis, the intensities of all observable optical diffraction lines of skeletal

muscle fibers increase. This electro-optical effect was extensively studied and it was confirmed that the effect is due to

the interaction between electric dipole moments of thin filaments and the applied field. From the present study on the
intensity moduiation due to applied field in sinusoidal and square forms, we confirmed that (1) the thin filament is a semi-~
flexible rod, (2) the second order mode of the bending motion of thin filaments contributes to the electro-optical effect of
muscle fibers at higher frequencies of a sinusoidal field or shorter durations of a square field, (3) tl.e induced moment has
no appreciable effect, and (4) the estimated value of the flexural rigidity of thin filaments strongly depends on the concen-

trations of free calcium ions in the myofibrillar space.

1. Introduction

Skeletal muscle fibers act as a diffraction grating to
visible light, because regularly spaced repetitive stria-
tions in pum order arise from a periodic change in the
refractive index along the fiber axis. Optical diffrac-
tion studies of muscle fibers have extensively been
made by manay authors. In this communication, we
will give experimental results on an eleciro-optical
effect in muscie fibers.

Each thin filament has a permanent dipole moment
directed from the Z-line to the opposite end. When
the external electric field is applied along the fiber
axis, the thin filament reorients its direction relative
to the direction of the applied field [1]. Then the
concentration of proteins, or refractive index, of an
Iband on one side of the Z-line increases and that on
the other side decreases. This change in the refractive
index of I-bands causes an intensity increase of dif-
fraction lines as discussed in [1] and in part 1 of this
series [2].

The thin filament or F-actin (a main component of
thin filaments) was proposed to be a semiflexible rod
[3,4], and the flexural rigidity of thin filaments has
been measured in vitro [5,6] and in vivo {1]. Inin
vitro experiments, however, the existence of aggrega-
tion and the exponential length distribution of actin
filaments make the analysis very difficult. In in vivo
experiments, on the other hand, absence of aggrega-
tion, the monodispersity of the thin filament length
and the regularity of the muscle structure make it
simple to treat the system. The flexural rigidity of thin
filaments in vivo has been estimated from the relaxa-
tion time of the electro-optical effect after turning off
the applied electric field [1].

If the physical model in |11 is valid, the second
order mode of the bending motions will also contrib-
ute to the electro-optical eifect. We will show the
validity of our model discussed in part I [2].

The physical principle included in the present elec-
tro-optical effect is very similar in many respects to
that of transient electric birefringence or the Kerr -
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effect [7]. The essential difference lies in that the ef-
fect comes from the interference of scettered light in
the former and from optical anisotropy of the solution
as a whole in the latter.

2. Experimental
2. 1. Frinciple of experimestal technigues

As stated in detail in [2], the principle of our
measurements is as follows. The external electric field
parallel with the fiber axis reorients the thin filaments
and this results in an increase of the intensities of dif-
fraction lines. For a cosine field in time, the response
may be written from eq. (58) in [2] as

Al(u,, 1y =< B_, cos{wf — é)

+ By, c0s (2wt — 295 ) )

When we use a lock-in detector in its w-mode, the
output of the detector is proportionai to
B, cos(@ — ¢,,) where 8 is the phase angle of the
detector. When we use the detector in its 2c>-mode
(or its harmonics mode), the output of the detector
is proportional to B, , cos (6 — 2¢,, ). In any case,
we can determine the phase shift 8 which gives the
maximum output of the detector. (Actually we read
the phase shift 8 which gives a zero output of the
detector. Then we have, for example, ¢ =6 — 7/2.)
In this way, we can obtain the ¢, versus w or g5,
versus w relation.

For square field, on the other hand, the analysis of
the response encounters a difficuity. Only when
AL (u,,, 1) > ALL(u,,, ?) or vice versa (see eqs. (47) and
(48) in [2]), does the analysis become easier. Actual-
ly, the intensity of the first order line of muscle fibers
at sarcomere lengths around 8 um is very low [1], so
that the condition Af,(uy, 1) Al (uy, 1) is realized.
In such a case, for example, the response may be
written from eq. (48) in [2] as

2
Aluy, 1) cx[.? R, exp (—t/'rk)] @)

In order to see the effect of higher order modes, es-
pecially that of the k¥ = 2 mode, we can analyze the
experimental data by a cumulant expansion technique

[8]. which gives us the initial decay raie of the re-
sponse (see eg. (51) in [2]).

2.2. Preparation of muscle fibers

Three kinds of fibers from semitendinosus muscle
of frogs (Rana catesbeiana) were used; single, skinned
and glycerinated fibers.

A single fiber was isolated and placed on a glass
slide and was quickly covered with a layer of liquid
paraffin oil. The single fiber was stretched up to 6 um
in sarcomere length.

To prepare skinned fibers, Natori’s method was
applied [9]. After the sarcoleminz was removed
mechanically with a knife, the skinned fiber was
stretched up to 7 pm in sarcomere length. About 0.5
l saline solution (107 mM methanesulfonic acid
potassium salt, 4 mM magnesium sulfate and 20 mM
Tris maleate buffer, pH 6.8) was applied to the skinned
fiber for 30 min and the solution around the fiber was
removed with a piece of filter paper after swelling of
the fiber.

Fiber bundles for glycerination were obtained from
the same muscle. The bundle was bound to a glass
rod in the stretched condition (sarcomere length of
3.5 pum). It was then immersed in 50% glycerol/water
with 2 mM EGTA (ethylene glycol bis(3-amino ethyl-
ether)-N,N'-tetraacetic acid) and 5 mM phosphate
buffer at pH 6.8. After 24 hr at 0°C, it was transferred
to fresh glycerol/water and stored at —20°C for at
least four weeks before use. A single fiber was dis-
sected from this glycerinated bundle and was washed
five times with Ca%*free solution (107 mM methane-
sulfonic acid potassium salt, 4 mM magnesium suifate,
2 mM EGTA and 20 mM Tris maleate buffer, pH 6.8)
for 30 min.

The sarcomere lengths of these stretched fibers
were kept unaltered by the friction force between the
glass slide and the fibers, and a clamping effect of elec-
trodes. The muscle fiber on the glass slide and covered
with liquid paraffin oil was mounted on a sample holder,
which was made of copper and was thermo-regulated
with temperature-controlied circulating water
(Komatsu/Yamato, Coolnics thermobath). The tem-
perature near the muscle fiber was monitored with a
thermister (NEC, B3 15).
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Fig. 1. Block diagram of experimental setup for the study un-
der sinusoidal field. FL: red filter, L; and L,: lenses, M; and
M, : mirrors, 83 and S5 : slits, P: platform of an xy stage, S:
sample holder made of copper block and filled with liquid
parafiin oil, C: copper tubing for circulzting thermoregulated
water, E: electrodes, F: muscle fiber on a glass slide, PM:
photomultiplier tube, PA: preamplifier, DA: differential am-
plifier, R: 1 kQ resister, CRT: cathod ray tube, Lock-in Amp:
lock-in amplifier with «> and 2«>rmodes, and OSC: RC-
oscillator with a current booster.

2.3. Apparatus
2.3.1. Measurementis of dispersic’: relations

The diffractometer we used was the same as the
previous one [10]. The block diagram of the experi-
merntal setup is shown in fig. 1. A He-Ne gas laser
(~7 mW) was used as a light source. Incident light
was polarized parallel with the fiber axis. A red filter
FL eliminated undesired light. A 632.8 nm laser beam
was reflected by a surface mirror My, focussed by a
lens L,. The beam size at the fiber position P onan
xp stage was 0.3 mm in diameter. A 0.5 mm slit S,
eliminated undesired light. Diffraction lines were pro-
jected on a white screen (sample-to-screen distance;
114.6 mam) on which we could monitor the diffraction
lines and determine the sarcomere length. The first
order diffraction line was received by a photomulti-
plier tube (Hamamatsu TV., 1P28). The output cusrent
of the phototube was converted to voltage by a home-
made pre-amplifier. A lock-in amplifier (Princeton
Applied Research Corp., model 128) was used in its
w- o1 2co-mode to obtain the phase difference between
the signal and the applied field to muscle fibers. The

maximum band-width of the total system was 0.5
Hz—100 kHz. At the same time, the output of the
phototube was monitored by an oscilloscope (Tek-
tronix, model 5103N/Di1). An RC oscillator
(Kikusui Electsonics Corp., model 417A) was used for
a source of electric field. The output of a homemade
current booster was fed to two thin platinum elec-
trodes (coated with platinum black or not coated) viz
a 1 k&2 resistor as a current monitor. The booster had
an offset control to minimize the dc component. The
distance between the two electrodes was 2—5 mm.
Since an electric field works as the driving (perturbing)
force for the bending motion of thin filamentsin a
muscle fiber and the current produces a joule heat, the
strength of the applied field should be as low as pos-
sible. Thus we made measurements at the condition
of low electric field; the strength was typically

2 Vpp/cm and, at most, 10 Vpp/cm at higher frequen-
cy regions. Measurements of the dispersion relation
were made at Nagoya University.

2.3.2. Measurements of decay rates

The apparatus we used was the same as the previous
one [1], except that a signal processor having 400 bins
(Sanei Instruments Co., Ltd., model 7S06A) was used
in the present experiments. A light beam from a
He-Ne laser (NEC, model 2026, 2 mW nominal) was
focused by a lens on the fiber position. The beam size
at the fiber position was about 0.3 mm in diameter. A
1 mm slit just before the fiber eliminated undesired
light. Diffraction lines were projected on a white screen
on which we could monitor the diffraction lines. The
first order line was received by a photomultiplier tube
(Hamamatsu TV, 1P28) and the output of the tube
was fed to an oscilloscope (Nihonkoden, model VC7)
and the signal processor viz a homemade preamplifier.
Two thin silver wires attached to the surface of the
skinned fiber were connected to a stimulator (Nihon-
koden, model MSE-3) viz a 10 k2 resistor as a current
monitor. The stimulator was operated in its single or
repeating mode. A train of pulses (interval, 0.5 s)
from the stimulator triggered both the oscilloscope
and the signal processor operated in its averaging mode,
and the delayed output in a square form (duration,
T =50 ms—50 ps) was fed to the fiber. The rise and
fall times of the square wave were shorter than 2 us.
The field strength was between 10 V/cm at longer
durations and 100 V/cm at shorter durations. The
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Fig. 2. Driving forces and responses. In (a) and (b), the upper trace shows the driving force and the lower trace the response. In (b),

only 20% of the experimental data are shown.

temperature control was made by the same method as
above. Measurements of the decay raies were made
at the Jikei University School of Medicine.

3. Results
3. 1. Driving force and response

To see the outline of our measurements, we show
the wave forms of the driving force (or applied elec-
tric field) and the response. In fig. 2a, the upper trace
shows the applied electric field and the horizontal
line the zero level of the field. The lower trace shows
the output of the phototube, of which frequency is
twice that of the applied field, and the lowest line
shows the out put in the absence of applied field. The
phase difference, &, ,, is given by the distance be-
tween the point of zero-crossing of applied field and
the minimum point of the output wave. In fig. 2b, the
upper trace shows the applied field in a square form,
and the lower trace shows the output of the phototube.
The decay rate can be obtained by cumulant expansion
of the decay curve after turning off the field.

3.2. Elimination of very slow mode of motions

In the previous paper, we found that the decay
curve of the excess intensity consists of, at least, two
components; one is very slow (75 =50—100 ms)
and the other is fast (7, = 7,/2 = 5 ms) [1]. The origin

of this very slow component is not yet clear, but ob-
servations by a polarizing microscope suggested that
the very slow mode came from the interfibril inter-
action. The squares in fig. 3 show the dispersion rela-
tion of a single fiber in paraffin oil 2t the sarcomere
length of 6 pm, where thin and thick filaments have
no overlap. This dispersion curve is far from the
theoretical one and the “dispersion frequency™

vj = wq /27 which gives ¢ = 7/4 is very low. When we
examined this fiber under the square field, the decay
curve of the response contained the very slow compo-
nent mentioned above. In fig. 3 are also shown the
dispersion relations of the skinned fiber at the sarco-
mere length of 7.0 um in liquid paraffin oil. The
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Fig. 3. The ¢z, versus « relations of single and skinned fibers.
(o): single fiber at the sarcomere length of 6 pm, (X): as-pre-
pared skinned fiber at the sarcomere length of 7 um, (0): the
above fiber was treated with a saline solution (see 2.2) and
swollen, and (- - - -): the theoretical curve ¢ = tan~}(w7;)-
20°C.
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Fig. 4. Effect of Ca ions. (2) The ¢, versus w relations of;
(©): skinned fiber at *".c surconmac wength of 7 um was equi-
librated with a = _ae solution containing 1 mM CaCl,, and
(#): the abr . iiber was treated with a saline solution con-
tainine 7 .aM EGTA to remove free Ca jons from myofibrillar
sp7 .. Field strengths at the measurements < 1 V/cm, and

2 °C. (b) The decay curves of; 1: as-prepared skinned fiber

- . the sarcomere length of 8 pm, 2: a saline solution con-
waining 10 mM EGTA (volume was several times that of the
fiber) was poured to the above fiber, 10 square pulses of
strength of 30 V/cm and duration of 10 ms were applied, the
saline solution around the fiber was removed and the response
was measured, 3: further treatment as above was made and
measured, 4: further treatment was made, and - - - -: typical
relaxation curve of swollen fibers. E = 30 V/cimn, 7= 10 ms
and 20°C.

crosses are from an as-prepared skinned fiber, and the
dispersion relation is very similar io that of the single
fiber (squares in fig. 3). After saline solution was
poured to the surface of the skinned fiber (see 2.2),
the dispersion relation (circles in fig. 3) became very
close to the theoretical one and the dispersion frequen-

cy shifted to about 100 Hz. Swelling of the fiber
made the contribution from the very slow mode
negligibly small. In fact, such a fiber gave a single ex-
ponential decay at, for example, 7 = 20 ms. In addi-
tion to the disappearance of the very slow mode, the
response became very big. Probably, swelling made
the space for motion of filaments wider. In the follow
ing experiments, we used swollen fibers.

3.3. Effect of applied field on sarcoplasmic reticulum

The dispersion frequency v of 100 Hz in fig. 3
gives 7; = 1/w; = 1.6 ms, which is very small com-
pared with those estimated previously [1] and given
Iater, i.e., 7; = 10 ms measured under applied field in
a square form. To see this discrepancy, the dispersion
relation was measured with a skinned fiber which had
been well equilibrated with a saline solution containin
1 mM CaCl,. The result (circles in fig. 4a) gives a dis-
persion frequency vy of about 16 Hz or 7; of 10 ms.
This fiber was then treated with a 2 mM EGTA solu-
tion to remove free Ca2* in the myofibrillar space, am
the dispersion relaiion was again measured at very
low field strength (< 1 V/cm). The result (triangles in
fig. 4a) gives the dispersion frequency of 100 iz or
7y of 1.6 ms. This change of »; from 16 Hz to 100 Hz
depending on the concentrations of Ca>* was quite
reversible. The resulis in fig. 4a clearly shows that the
dispersion frequency strongly depends on the concent:
tion of free Ca2* in the myofibrillar space. The above
result suggests that the 7; of about 10 ms in the
previous study [1] oorresgonds to the relaxation time
in the presence of free Ca“™. Thus it is supposed that
the strong field (10—100 V/cm in [1]) induced the
release of Ca®* from sarcoplasmic reticulum. Then a
skinned fiber was washed with a saline solution con-
taining 10 mM EGTA under the influence of applied
square pulses of 30 V/cm in strength and 10 ms in
duration. The relaxation time 7, for the treated fiber
became shorter and shorter as the washing proceeded,
and finally it was as short as 2 ms for applied field
strength of 30 V/cm (fig. 4b). [Note that 7y =274
where 74 is the decay time.] The fiber was then
equilibrated with a saline solution containing 1 mM
CaCl,. Then the fiber gave 7; of about 10 ms, which
is the same as that of a swollen fiber without the abov
treatment.

In this way the apparent discrepancy was eliminate
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it came from different concentrations of free Ca2* in
the myofibrillar space. Since the aim of the present
study is to show the validity of our model discussed
in [2], detailed study on the effect of Ca%” will be
described elsewhere. In the following, the measure-
ments of the dispersion relations were made at very
low field strength (<X 3 V/cm), and those of the decay
curves at relatively high strengths (10—50 V/cm).
The latter is solely due to the limited ability of the
signal processor used (see 3.5).

3.4. Electro-optical effect of ghost fibers

As we have discussed in [1], phoretic shifts of
I‘band positions by £ from their lattice points may
cause the intensity modulation of diffraction lines.
The intensity changes due to this process can be writ-
ten from eq. (22) in [1] as

Al(w,,, 1) = (—1)" 2f3(u,, ) a(1e,,) [cos(2ani/L) — 1],
3)

where the niotation is the same as that in [2}. In [1],
however, we excluded this possibility simply because
intensities of all observable diffraction lines increased
on application of the electric field, whereas the
above Afl(u,,, 1) is positive or negative depending on
the diffraction order index 72. Now, if we use a ghost
fiber where A-bands are absent, no or very small in-
tensity change is expected to be observed provided
that eq. (3) is valid.

At first, we measured the intensity increase
Af qinnea ©f a2 well swellen skinned fiber at the
sarcomere length of 6 um for given strength and dura-
tion of applied field. Next, the same fiber was well
treated with 1 M KC1 and then the ionic strength was
reduced to 0.1 M KCL. Initially, the fiber gave a rela-
tion 7y </, (fig- 5a) where I, is the intensity of the
nth order diffraction line. During the treatment with
a high salt solutjon, the fiber gave a relation 7; <1,
(fig- 5b) and finally 7y = I, (fig. 5¢). This process of
the intensity change is considered to be the dissolving
precess of myosin from A-bands. After the ireatment,
optical anisotropy of the A-bands observed by a
polarizing microscope was very much reduced. Al-
though not complete, we could expect that A-bands
were dissolved to a great extent after the treatment, i.e.,
Sa(u) = 0. The treated fiber gave the intensity increase

1 (a)

(C)

(d)
Fig- 5. (a) Optical diffraction pattern at the sarcomere length
of 6 pm. Note that 7; < I,. (b) Diffraction pattern of the
same fiber as in (a) but taken during the treatment with 1 M
KCl. Note that 7, > I7 = 0. (c) After the treatment (ghost

fiber). Note that 7y = I2. (@) Electro-optical response of a
ghost fiber at 77 = 10 ms (see text)-

Afgpost very close t0 Alginpeq for the same strength
and duration of the applied field; the results for five
preparations were Af ghost/ Al g imea = 1-1,1.0,09,
1.3 and 0.9. This experiment clearly shows that the
intensity modulation is mainly due to some changes
in I'bands and, at the same time, excludes the possi
bility of phoretic shifis of I-band positions. The fol-
lowing should be noted. Fig. 5d shows the intensity
change of a treated fiber. The initial intensity increas=
is proportional not to_time 7 but to 72. This means
that, even though F(a)(ul) in eq. (25) of [2] is very
large for the ireated fiber, it holds that A7,(u#;, )

< Aly(uy, ) at longer durations 7. But this is not
necessarily so at higher frequencies or shorter dura-
tions, because A/; is proportional to, whsreas Al to
the square of, cos(¢;.) or [1 — exp{—T/7;.)1-
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Fig. 6. The ¢, versus « and ¢2 ., versus o relations of a
swollen fiber at the sarcomere length of 7 pm. (0): ¢,,, (0):
9205 (—): theoretical curves based on egs. (63—65) in [2],
and (- - -): the theoretical curve ¢ = tan™3 (cory)- 20°C.

3.5, On the second order mode of bending motions

Fig. 6 shows the dispersion relations from 5 Bz
to 30 kHz. At the main dispersion region (v < 1 kHz),
both ¢, and ¢, ; coincide with the theoretical rela-
tion. At the higher frequerncy region (v = 1 kHz)
where the contribution from the £ = 2 mode is ex-
pected, experimental points largely deviate from the
simple dispersion relation, ¢ = tan—!(wr; ). This
deviation is strong evidence of the contribution from
the £ = 2 mode. Since the phase angle depended on
the ficld sirength and the absciute values of the
deviation of experimental ¢ values at higher frequency
region from theoretical ones Gepended on preparation
of fibers, a quantitative comparison of experimental
values with theoretical ones is difficult at present.
However, the trend of the behaviors of the dispersion
relations at the higher frequency region agrees with
our predictions in [2]. Fig. 7 shows some examples of
the decay curves at different durations 7. It is clearly
seen that at shorter T values the decay curves consist
of two components; one is very fast and the other is
fast (in the sense mentioned above). The shortest bin-
width of our signal processor was only 20 us. The con-
tribution from the & = 2 mode with 1/7, = 5000 s~1
would be included in the first 10—15 bins because
the contribution decays to the 1/e of the initial value
within 200 ps. Thus the cumulant expansion of the ex-
perimental data at shorter durations was made using,
for example, first 50, 40, 30 and 20 points. Decreas-
ing data points in the analysis gave increasing (1/7)

“\ 3 | T (ms)
—_ ) =
| : . .
: e
2 ..
| .4
-8
| Tt me) 2

Fig. 7. Examples of decay curves at different durations of
applied fields.

values as shown in fig. 8. The change of the small (1/7)
values at longer durations to the big ones at shorter
durations came solely from the decreasing contribu-
tion of the &£ = 1 mode relative to the contribution of
the £ =2 mode. Although the absolute values of the
response at shorter durations or higher frequencies
were very small, a fairly good agreement between ex-
perimental and theoretical results was obtained.

3.6. Rise and decay curves of excess intensity

We analyzed the rise curve y(#) and the decay curve
Ain (1) by the procedure in 5.3 of [2]. To zet ¥(r)
from the rise curve Afp (7), the integration, eq- (55) in
[2], was carried out after continuing the experimental

2k — — 5 T — T T
=l 3
2 2 g
£ § (1T,
a &0
500 -
&00f
a
300}
1T
200} ¢ 2 a
PR | S S S § 221 X B B S,
005 €1 0s 1 5 10 50

T (ms)
Fig. 8. The (1/7) versus durations T obtained by the cumulant
expansion method (for details, see text). Well swollen fiters
at the sarcomere length of 7 pm, (——): theoretical curves
based on eqgs. (50,51) in [2], assuming 1/+y = 130 and 1/75 =
5200 s71.20°C.
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Fig. 9. The ¢, versus w and @2, versus w relations of glycerinated muscle fibers at 20°C. (a) In the absence of free Ca?*. (2): Do
and (0): ¢, at the sarcomere length of 4.0 pm. (o,®): ¢, in the absence of, and (v): in the presence of, 4 mM pyrophosphate at
the sarcomere length of 3.5 um, (—): theoretical curves based on egs. (63—65) and (- - -): ¢ = tan"! (cw7;)- (b), (¢) and (d) in the
figure correspond to models b, ¢ and d in [2] respectively. (b) In the presence of 0.1 mM free Ca?™. (2): ¢, at the sarcomere length
of 4.0 um. (o,=): &, in the absence of, and (v,¥): in the presence of, 4 mM pyrophosphate at the sarcomer length of 3.5 pm.

decay curve beyond the experimental range of time,
assuming that the relaxation time was equal to that

of the tail part of the experimental curve. The (1/7)
of y(#) is 117 = 1 and that of Aip(#)is 108 = 1 (s™1)
for the case of the response function shown in fig.

2b. Although the (1/7) value of the former is larger
than that of the latter by 8%, we conclude that the
induced moment has no appreciable effect on the elec-
tro-optical effect.

3.7. Dispersion frequencies at different bourdary con-
ditions

Tc see the validity of our model from a different
point of view, we show the results under different
boundary conditions for the bending motion of thin
filaments. When we use a rigor muscle fiber at the
sarcomere length of, say, 3.5 um, one end of each thin
filament is not free but will be hinged or fixed at the
overlap region. Then, the dispersion frequency of
such fibers is expected to be twenty or more times
migher than that of the fibers at sarcomere length of,
say, 4 um, where there is no overlap between thin and
thick filaments (see fig. 7 in [2])- Since, at the sar-
comere lengths shorter than 6 um, the intensity of the
first order line is very strong, so that we can measure
the dispersion relations in the w-mode of the lock-in
detector. Fig. 9a shows the dispersion relations of
glycerinated fibers at the sarcomere lengths of 3.5 um
(w% and 4.0 um (w and 2¢w) in the absence of free
Ca“?. In the case of squares in fig. 9a, the solution
did not contain ATP, so that the fibers were not in

the relaxed state. In the case of inverted triangles in
fig. 9a, there existed 4 mM sodium pyrophosphate, so
that the fiber was in the ““relaxed” state. Fig. 9b shows .
the dispersion relations of glycerinated fibers at the
sarcomere lengths of 4.0 um (w) and 3.5 pum (w) in
the presence of 0.1 mM free CaZ". In the case of squares
in fig. 9b, the fiber was in the “rigor” state. In the
case of inverted triangles in fig. 9b, on the other hand,
there existed 4 mM pyrophosphate and 0.1 mM free
Ca**, so that the fiber was in the “contracting” state.
It is out of scope of the present study to discuss in
detail the behaviors of the dispersion frequencies at
different conditions; here we only. emphasize that the
gross features of the dispersion curves depending on
the boundary conditions of the filament motion agree
with the theoretical prediction in [2].

From eq. (60) in [2], we have, at the main disper-
sion region, B, = F®@(u, )4 (,,), where A’ (u;} is
positive at L > 3.5 um, whereas 47 («;) is negative at
L <6 pm and positive at L>>6 um. Since F@(u; ) is nega-
tive and F(a)(uz) is positive at Z > 3 uim, the phase (sign)
of B, will be different by 7 for the first and the second
order diffraction lines, provided that the sarcomere
length is longer than 6 um. The output of the
lock-in detector in its «-mode is proportional to
B, cos (6 — ¢,_,). We at first adjusted the phase shifter
of the detector so as to give zero output, ie., 8 =
9., T 7if2, and then the phase shifter was switched to
6 + 71/2 in order to know the phase of B . In this
way, we examined the phase of Bw at ¥ = 100 Hz and
at the sarcomere lengths of 4.0 and 7.5 pmn, and the
above statement was confirmed.
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4. Discussion
4 1. Validity of the model

Swelling of the fibers for elimination of the very
slow mode of motions stated in 3.2 was not crucial
because we could observe the dispersion relation very
close to the theoretical one (fe., 0= tan™} {om )
for intact fibers at very low field strengths. The only
difficulty in the cases of intact fibers and of not
swollen skinned fibers was the weakness of the desired
response. In any case we have studied, strong field
produced spurious effects on the dispersion relations.

Resulis on ghost fibers in 3.4 support our assump-
tion that the electro-optical effect is due to some
changes in I-bands. Qur model discussed in [2] has
taken account of no sophisticaied problems such as
interfilament, hydrodynamic and electrolytic inter-
actions. Effects of such interactions are considered to
be incorporated into an effective friction constant ¢
and flexural rgidity e. In this sense, our model for
the electro-optical effect of muscle fibers Is very
crude. However, our model can explain well the
experimental results presented here. As far as the
main dispersion frequency region is concerned, the
agreement between experimental and theoretical
results is complete as seen in figs. 6 and 9. Resultsin
3.7 completely support our predictions (1), (2) and
{4) discussed in [2]. The analysis in 3.6 showed that
induced moments have no appreciable effect. This is
relevant to the check point (5) discussed in [2]. Asto
the check point (3), i.e., as to the contribution from
the k& = 2 mode, the trend of the experimental results
agrees with theoretical predictions in both - and
2¢«z-modes in figs. 6 and 9. Since the response became
very weak at the higher frequency region, we applied
a strong field. Discrepancies probably came froma
growing contribution of B, , in eq. (58) of {2] and
partly from joule heating. Of course, the crudeness of
the model may partly be responsible for the descrep-
ancies.

Experimental results in fig. 8 suggest that at longer
durations 7" (and hence lower field strengths) the
main contribution to the response came from
Al5(uy, 1), whereas at shorter durations T (and hence
hizher field strengths) the main contribution came from
AZ(uy, 1) probably due to the enhancement of Af,
through a parameter 7 in eq. (47) of [2]. Actually we

can see in fig. 4 of [1] that the initial increase of the
excess intensity is proportional to time 7 at higher
field strengths and to 22 at lower field strengths. Any-
way, the fact that the experimental results lie between
theoretical curves of (1/7); and (1/7); supports our
model. We believe that our basic assumption of a semi-
flexible thin filament model is valid.

4.2, On experimental techiiqgues

We have studied the electro-optical effect of muscle
fibers by two methods, i.e., applied field in sinusoidal
and square forms. Theoretically, both methods should
give the same information. In practice, however, each
method has its own merits and demerits. Merits of
one method are the demerits of the other, and the
two methods are complementary.

In the case of the sinusoidal field, merits of the
method are: (1) we can measure the phase retardation,
and not the intensity itself, of the response, which is
free from accidental intensity changes during measure-
ments, and {2) we can measure the dispersion relations
of w-and Zw-modes separately if we use a lock-in
detector, which is free from restriction on setting of
sarcomere lengths.

In the case of square field, merits of the method
are: (1) this method is very sensitive to the contrib-
ution of the £ = 2 mode as shown in fig. 8, (2) we
can easily follow the rising characteristics of the
response, and (3) the problem of joule heating can
easily be avoided if we apply an eleciric field ina
suitable interval.

4.3. Flexural rigidity of thin filaments in vivo

Since we made no detailed study of the effect of
field strengths on the relaxation time in the case of a
square field, the following discussion is concerned
with the case of a sinusoidal field. As shownby the
dashed lines in figs. 6 and 9, the contribution from
the & = 2 mode is negligibly small at the frequency
vy = wy 27w where ¢, (or ¢,,) = 7/4 (the dispersion
frequency of the & = 1 mode). Then we have [1,2]

ey = 1/7y =Ny /¢ = (0.6 =/a)*[¢, @)

or

e = [ta*/(0.6 7)oy = [kp T2 /D(0.6 M,  (5)
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where the Stokes—Einstein relation, D = kg7/{a, was
assumed. Then we have the flexural rigidity € for the
length of a thin filament of 2 = 1 um (for frog) and
D= 1.0 X10~8 cm?%/s (at 20°C)

€=3.1 X10~ ¥ (¢/n203)w;, ©

where o; is in rad/s unit and 7y is the viscosity of
water at TK. The € values at 20°C are 3.1 X 10~17
dyn- ¢m? in the presence of, and 1.9 X 1016 dyn
cm? in ihe absence of, Ca2” in the myofibrillar space.
As to the temperature dependence of € values, the
activation enthalpies were measured [manuscript in
preparation]. They were about 5 kcal/mole in the
presence of, and about 10 kcal/mole in the absence of,
Ca?*. We must note here that the e values estimated
above do not necessarily comrespond to those of a
single thin filament, but rather to apparent ones in
the dense packing of thin filaments. However, the
present € values are believed to be good estimates of
the flexural rigidity of a thin filament both in vivo
and in vitro.

The present € value in the presence of Ca?? is very
close to those of previous resuits [1.3,5.6,12], but
that in the absence of Ca?* is much bigger than the
previous one [6]. The activation enthalpy of about
5 kcal/mole in the presence of Ca2* is also very close
to the previous ones [11,12], whereas that of about
10 kcal/mole in the absence of Ca2* is very big. The
previous measurements are concerned with F-actin
in vitro, so that the effect of a tropomyosin/troponin
system on thin filaments must be taken into account
for the comparison of the € values. This point will be
discussed in 4.4.

4.4. Concluding remarks

Thin filaments consist of F-actin, tropomyosin and
wropunin. Tropomyosin molecules are believed to
associate with F-actin in such a manner that they
settle down in the grooves of F-actin helix [13]. Con-
sequently the temperature dependence of the flexural
rigidity of thin filaments should originaie at least
from (1) loosening of actin-actin bonds, (2) loosening
of actin-tropomyosin bonds and (3) the increase of
the flexibility of tropomyosin rods. Loosening of
actin-actin bonds will be responsible for the increase

of the flexibility of F-actin alone with rising tempera-
ture [11,12]. Loosening of actin-iropomyosin bonds
is expected from the experimental fact that abbit
tropomyosin dissociates from rabbit F-actin in vitro
above 37°C [14]. Even below the dissociation iem-
perature, bond loosening should occur: The increase
of the flexibility of iropomyosin rods with rising
temperature is also expecied from the decrease of the
helix contents of tropomyosin rod [14]. Thus, the
observed change of the flexibility of thin filaments is
a result of composite contributions from various
origins.

It is interesting to note here the following. In ex-
tremely stretched fibers of a frog,/; <1, was observed
as mentioned before. When the tempemature of the
fiber was raised, I; =1, was observed above 30°C.
When we examined extremely stretched fibers of a
rabbit or a guinea pig, such a big change in intensities
was not observed even at 35°C.

The present method seems to be very powerful for
studying the dynamics of thin filaments in vivo. We
will discuss elsewhere the physiological implications
of the flexibility of thin filaments after we apply this
method to muscle fibers from both poikilo- and
homoi-thermic animals under various environmental
conditions.
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