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We present a simple theoretical model of opticzf diffraction by striated muscle nters. The model accomSs for (I) changes 
in dif&tion inter&y during isometric contraction, (2) spectra of quasielasticrally scattered light from isometriczilly contract- 
ing muscle, and (3) an electro_opticaI effect or intensity modulation of diffraction iiles by applied electric field. Items (1) 
and (2) are concerned with the fluctuations of the sarcomere structure durin,o isometric contraction, and item (3) is concern- 
ed with the lateral motions of, or the flexibility of, thin filaments in striated muscle at rest. 

1. Introduction 

A piece of skeletal (or striated) muscle is called a 
muscle bundle, which consists of many muscle iells 
(or muscle fibers). A single fiber has a diameter of 50- 
100 m and consists of many rnyofibrik. A tibril has a 
diameter of the order of 1 m and consists of many 
myofilamenis called thin and tick fdaments. Electron 
microscopy has shown #at the myofilaments pack in 
the fibril forming a hexagonal lattice. The striations 
observed by a (polarizing) microscope are due to the 
periodic change of optical anisotropy, or of the pro- 
tein concentration, in the fibril. Since this period is of 
the order of m, a muscle fiber works as a diffraction 
grating to visible light_ 

Optical diffmction studies of muscle fibers have 
been extensively made by many authors. During the 
plateau of a smooth tetanus, no or ve7y small fluctua- 
tions of the first order linewidth or zero- to first-order 
diffmction line spacing are detected [I ,2]_ The intens- 
ity of the first order diffraction line drops siginificant- 
ly during isometric contraction 1243. One of us stud- 
ied the intensity drops of diffraction lines and con- 
cluded that the intensity drops are mainly due to small 
random fluctuations of A-band positions around their 

means [S]. Since, bowever, tbe theoretical model in 
the previous study was too simple to be realistic, we 
give a more realistic model in section 2, and reconsider 
the previous experimental results in section 3. 

Stimulated by Pecora’s work [6], quasielastic light 
scattering (QELS) has become a powerful tool in study- 
ing dynamical properties of (biological) macromole- 
cules in solutions [7]_ Thus we try to extend our tbeo- 
ry to a dynamical case in order to see a certain aspect 
of the structure of QELS spectra in section, 4. 

Skinned fibers of semitendinosus muscle of frogs 
can be stretched up to 8 ,IBII or more in the sarcomere 
length (L) and these extremely stretched fibers @ve 
quite sharp diffraction patterns. When an electric field 
(10--lODV/cm)is applied along the fiber axis, intensi- 
ties of alI observable diffraction lines increase (electro- 
optical effect) [S]. An analysis of the decay process of 
this excess intensity after turning off the field suggest- 
ed that the flexural rigidity of thin filaments is 2 -3 
X lW1’ dyn cm 2_ A theoretical basis of this phenom- 
enon is also presented in section 5, and a further ex- 
perimental study along the lines of the present theory 
will be given in a subsequent paper. The physical prin- 
ciples included in the theory of this electro-optical ef- 
fect are very similar in many respects to those of tran- 
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Gent electric birefringence or the Kerr effect IS]_ The 
essential difference lies in that the effect comes from 
interference of scattered light in the former and from 
opiical anisotropy of solution as wholes in the latter. 

2. Optical diffraction by muscle fibers 

2.1. Diffraction inntensity 

Let us consider a smooth cylinder whose radius and 
length are R and I respectively. Location in the cy- 
linder is specified by the vectorj whose cylindrical co- 
ordinates are denoted by r, Q and x (fig_ 1). The scat- 
tering vector K = k, -k,-, (IKI = (47r/Qsin(8/2), X the 
wavelength of incident light in the fiber and 8 the scat- 
tering angle) has also the cylindrical coordinates ,$ G 
and U. The scattered field from the cylinder is given 
by 1101 

e(K) = C~~,(x)eiuId~~~ei~~c0s(9-m)r ad@, (1) 
0 00 

where C is a proportionality constant (hereafter we 
put Gl), and n(x) is the refractive index. Noting that 
n(x) has period L(i.e., I=NL, where L is the sarco- 
mere length and iV is the number of unit cells), we have 
the intensity expression 

i(K) = le(K)12 

= (~R2)2[2J1($R)/‘$R] ~L(u)lF(u)l2 (2) 
where 

F(u) =7*(x) eim dx, L (u) = s~m2$~L~2), (3) 
0 

and Jt (x) is the Bessel function of the first order. The 
maxima in the intensity function occur along the 
U-axis at Un = 2nn/L, where n is an integer (diffraction 
order index) specifying each maximum. 

To consider the simplest model of a muscle fiber 
(or a bundle), we assume that the cylindrical fiber con- 
sists of many identical fibrib in near register. The de- 
partures from perfect matching between fib& are sup- 
posed to be due to rando,m minor displacements of 
the fibrils -.s wholes in the directions parallel with and 
perpendicular to the fiber axis. The fiber has a radius 
R. while each fibril has a radius R (I?,, s R). Each 
fibA, if independent of each other, would diffmct ac- 
cording to eq. (1). It is necessary, however, to t&e ac- 
count of phase relations of the scattering by different 
fibrils; I(+, g) = i(u,, E) * (urr, ED, where I&, , E) is 
the intensity for the fiber and \li(u,. g) is the structure 
factor taking account of the number (Ro/R)2 and the 
arrangement of fibrils relative to one another. Based 
on a simple model, the factor ?P(u,, E) has been calcu- 
lated [10]. However, this factor is very model depen- 
dent, and we do not yet have a reliable form of this 
factor for a muscle fiber [I 11. 

2.2. Unir ceil s0ucri~re factor 

Since n(x) is proportional to the density of pro- 
teins in the unit ceh (or in a sarcomere), we assume 
the functional form on n(x) as shown in fig. 2. Then 
we have 

F(u) = I+) + exp(iW2)&@) 

or since U, = 2rinfL, 

(4) 

F(ri,) =fr&) -f (-WfA@,)- (5) 

Apart from a proportionality constant common to 
both fI and fA+ they are given by 

fi(u,) = ($2~) S(27iz~/L) -+ &A) S(mrA/L), (6) 

f*(uJ = (&) S(7T&/L) -I- (z&5) S(irnS/L), (7) 

where b^ = (b +b’.)/2, b-b’< L and S(X) = (sin X)/X. 
Table 1 shows the protein concentrations (in %) given 
in [I21 and those assumed in our calculation. Putting 
nf)2a/rr to be unity, we calculated both fr and fA as 

functions of n and L (fig. 3). 
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Fig. 2. Function21 form of n(x) (cf. table 1). 

3. Cbnge in diffraction intensity duiing isometric 
contraction 

The structure factor *(un, e) is model dependent, 
so that the quantitative interpre*Zition of the diffrac- 
tion intensity is very difficult. Qualitatively speaking, 
however, the iutensity expression 

(8) 
Contains factors due to various imperfections of the 
fib& structure; effects due to small variations (6 L) in 
the sarcomere length through L (uJ, those due to im- 
perfect register of fib& through \k (un, s) and those 
due to changes in the unit cell structure through fin,). 

Except at L = 3 m, intensities of all observable dif- 
fraction lines drop significantly on isometric stimula- 

o[ . 2~2~t.ngthlpm, 
3 

Fig. 3. Scattering form factors fI a-ad fAa&nst the sarcomer~ 
length L. Dual lines depict possible dorak of variations. de- 
termined by the dktniution of quantities in table 1, within a 
reasonable limit. 

Table 1 
Concentration of protein in a myospace 

Huxley and Present Density 
Hanson :I21 concentration (arb.) a) 
concentration 
(%) (5) 

4.2a 36 36 “I O = 18 

&-i 5.5 55 ni = 36.7 

$.A 6 7.2 4=36 

S-protein 3 0 

M-protein - 1.8 n&= 18 

=)a = lf~m, b^= l.Spm, 4 = 0.2pm and 6 = O.l~~rn. 

tion [S]. Thus the increase of SL and/or imperfect re- 

gister during isometric contraction will be possible 
origins of the intensity drops. These possibilities, how- 
ever, are not considered to be the most important 
ones, because no or very small intensity drop of the 
second order line is observed at L = 3 m, where in- 
tensities of the first- and the third-order lines drop sig- 
nificantly [5]. Therefore the above equation suggests 
that, during isometric contraction, the value of jF(u,)12 
changes depending on both 11 and L. In this connection, 
we have proposed the importance of the “Debye- 
Wailer” factor, M, in the interpretation of the intensity 
drops; instead of eq. (5), we have proposed 

F(un)=fl(un) e-M’ + (-l)nfA(~,) eeMA, (9) 

Mp = (l/2) G%&u; (a=AorI), (10) 

where (6~2) is the mean square amplitude of the r;xial 
fluctuations of a-bands around their lattice points. It 
should be noted that the fluctuations (6x2 1 in the 
above equation are the excess ones during isometric 
contraction, i.e., the dynamic and/or static disorder- 
ing of the lattice points at the resting state, if any, is 
assumed to be incorporated into the scattering factors 

f k As shown in append& 1, <6x~) is proportional to 

the tension Fo, it depends on the sarcomere length. 

The solid line (1) in fig.4 is a qualitative drawing of 

the intensity change of the first order line [2]. To ex- 
plain this behaviour on the basis of eq. (9); 

l(U1)/l(UI)at&= (& e -MA- fx e -nvl(f*-f~)2 

(11) 
we have several possibilities: 
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F&. 4. Estimates of (6x2 and i&x$ from the model to ex- 
plain the expezimentat results of intensity drops for the fit 
three diffraction Lines during isometic contractron (see text). 
The solid line (n =1) is from the result of 121. The dotted 
lines (2 and 3) are the predicted changes for tSle second and 
third fines respectively. P s Z(U~:)/Z(UJ~~ rest. 

(a) MA = MI = M. This case is improbable, because 
I(u~)/~(zQ)~~, = eezM= 0.7 at L = 2.9 arm means 
M = 0.18 or <6x2) = (9 ~)2. (b) MA <MI. Except for 
L S 2.3 q (see below), this case is immediately ex- 
cluded, because fA > fI > 0 for n = 1 over the range of 
L of the present interest. (c)MA > Ml & 0. This case 
may be pfausible, at feast, at L > 29 m. To explain 
the experimental result, it is sufficient to assume the 
vdIue of <5x2> shown in fig_4a. At L = 2.9 &ur~, <6x~) 
is only (0.17 m)2 _ The MI value may not be zero. But 
M1 vahres at around L = 3 m might be very small, be- 
causefA(u2) = 0 at L = 3 m. Combining experimental 
results on the first order line intensity [24 and the sea 
and-order line intensity [S] with the present theoreti- 
cal model, it is reasonable to conclude that MA 2 Mx 
a-0 at L > 2.9 m or, at least, at L = 3 Inn. This sup- 
ports our previous conclusion. 

titu the assumption ofMA > Ml 3i: 0 encounters a 
difficulty at L B 2.9 t.trn, because the value ofMA must 
decrease as L decreases (the dashed line in fig. 4a), al- 
though tension still increases as L decreases The sim- 

plest model to avoid this diffjculty may be as follow: 
AtL>Z2.9m,MA>MI = 0 as stated before. At L Q 
2.9 q, MA values remain constant or slightly increase 
as L decreases, whereas Mi values increase as L decreases 
(iig. 4b). The expected behaviour on the intensity drops 

of #he second- and third-order lines is a&o shown in 
fig.4. 

4_ Zritensity fiuetuation spectroscopy of muscle fibers 
during &some&% contraction 

In order to see a relation between results ofstatic 
12-51 and dynamic [13,14] measurements, a simple 
extension of the above consideration is-made. Our 
present aim is to show the fact that a simp3e physical 
modeg can naturally predict the functional form of the 
correlation function compatible with the experimental. 
For simplicity of algebra, the following is restzicted on- 
ly to a simple lattice, i.e., the unit cell has only one lat- 
tice point, instead of two lattice points for A- and I- 
bands. (Extension to a complex lattice is very easy un- 
der some restricted conditions.) 

According to the elementary theory of X-ray dif- 
fraction, we have [I53 

j(u) =f2 e- ZML (u) + f2Ne_m(e2*-1), 02) 

where f2 = lF(u)12 [2J1(5R)/~Rj2_ The decrease of 
the intensity of diffraction lines by the factor 
exp(-2M) is compensated by the increase of the back- 
ground intensity. Extension of eq. (12) to the dynamic 
case is straightforward and we have 

I(U, r)=f2e-2M~(u) +fzAre_2M[e2M@(fi--IJ (13) 

c@(5)= i~x(z3s;r(r~7)>/~~x2>-(:, z'=:: (14) 

where we assumed no correlation of fhrctuations be- 
tween lattice points in different cells, i.e., (SXjSX*) = 

<8X*)~j~. In the following, we only consider the case 
ofufu ,soPhatwc have]&, ~3=-f2Ne-~[e~~@(@ 
-11 -_fghre-2M 2M@(r) (for smail M)_ The theory of 
intensity fhrctuation spectroscopy of laser light [7] 

&ows that <I(u,O) Qu, 7)) = .7(~)~ + If@, r)12, or in 
the normalized form, g@(7) = (I(u,O) I@, ~),/I(u3~ 
= 1 + lcb(r)12. Inserting eq. (A.3) in appendix 1 into 
the above equation, we have 

(15) 

where A = 24 ’ < 0-l is assumed_ Althou& the above 
consideration of@(r) is concerned with one simple 
model of many possible ones [34 3, it is noteworthy 
that the functional form of the experimental correla- 
tion function f13j is quite naturahy derived under 
simple assumptions. 

Ihe present model, however, caanoi explain ail ex- 
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perimental findings. For example, the gel(r) was ob- 
served even on the zero-order diffraction line [ 133. We 
also confrmed this. In the present framework of the 
theory, however, the axial movements do not affect 
the intensity of the zero-order line because M = 0 for 
u = r). However, if we consider the fact that the phase 
retardation of the beam after passing through a fibril 
depends on the local Index of refraction n(x) and varies 
with time in a manner characteristic of the axial mo- 
tions of A- and I-bands, the intensity of the zero-order 
line is expected to vary with time as a result of phase 
modulation. This effect will also work at all u-values 
including II = u,. At present, however, we cannot for- 
mulate the se)(r) due to this effect explicitly because 
of the lack of knowledge of the averaging procedure 
with respect to the fiber structure just as in the case of 
formulating XP&, r) discussed before. 

5. Electra-optical effect of muscle fibers 

In a previous paper [S] , the electro-optical effect in 
muscle fibers was interpreted as due to the bendingmo- 
tion of thin filaments as a result of the interaction be- 
tween electric dipole moments of thin filaments and 
the external electric field. If this interpretation is valid, 
we can observe the contribution from the second or- 
der mode of the bending motion to the electro-optical 
effect of muscle fibers under a suitable condition. To 
see this effect, we extend our previous theory to a 
more general form. In the following, we ignore any 
sophisticated problem such as interfilament, hydrody- 
namic and electrolytic interactions. 

in extremely stretched fibers where there is no over- 
lap between thin and thick filaments, packing of the 
thin filaments becomes loose because of the repulsive 
force between them, and because of their flexibility 
(fig. 5a)_ Using the notation in fig. 5, ue have the func- 
tional form of the refractive index of the I-band as 

W(x)] Q 1) 

n~‘(x)=n~[l+p(x)]-*=:,JO[1-22p(x)]_ 

Then we have 

(16) 

Fig. 5. Schematic representation showing the effect of applied 
electric field on thin filaments (modified version of fig. 11 in 
[Sl). (a) E = 0. p(x) represents the bending of filaments due 
to repulsive force between them. p (x) = p (-x) 4 1. (b) E f 0. 
g(x) represents the effect of applied field E on the electric di- 
pole moments on the ftimsnts, and is assumed to be a sum 
of h (x, ?) and S(X, 2). (c) An assumed form of s (x. t) = s (-X, r), 
a.ld (d) an assumed form of h (x, z) = --h (-X, t)_ 

fi’=‘(u) =fI(u) - 4n1jp(x) cos(ux) dx, (17) 
0 

FCa’(u n )=&b,, -t (--l)RfA(~R)’ (18) 

and 

1(a’(U,) = IF(s)(u )I2 R ’ (1% 

where fI(u) and f*(n) are given by eqs. (6) and (7) re- 
spectively. [Correction by the radial shape factor is 
negligibly small.] When an electric field is applied, the 
packing of thin filaments on one side of Z-line be- 
comes denser and that on the other side looser as 
shown in fig. 5b [8]. In this case we have 

~r~b’(x)=nIO[ltp(x)tg(x,r)J-2 

= r++(X) - 2$g(x, r)_ (20) 

Here we can put without loss of generality 

g(x. r) = h (x, r) + s (x. r), (21) 

where h (x, t) and s (x, t) are odd and even functions of 
x respectively (see fig. 5c and d). Then we have 

F(b&,) =F (aI (LL,) - Afi(ztR. t) -iAfr(uR. t), cm 
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(a) 

(b) 

(c) 

Cd) 

Fig. 6. Schematic representation of the model M: M-line and 
Z.; Z-line. (a) fhents in solution, (b) muscle fiber without 
overlap, (c) and (d) rigor muscle fiber with slight overlap. One 
end of the thin ftients is assumed to be hinged in (c) and 
Fiied in (d). Thin filaments are drawn acconiing to the func- 
tional forms of Q (1 .x) ( -) and Q(2.x) <- - -). 

f,(u, t) = 4n~j?z(x;t) sin (ux) dx, (23) 
0 

F&I, r) = 4$&(x, r) cos(ux) dx. (23’) 
0 

Vowwe have 

lvhere 

ire the excess intensity induced by the applied field. 
fie sarne relations as rhose considered above also hold 
‘or the case where there is a slight overlap between 
bin and thick filaments, provided that appropriate 
brms of p(x), h (x, t) and s(x, ?) are assumed. 

5.2. Motion of a flexibk rod 

The bending motion of a rod (fig. 6) in a viscous 
medium is expressed by [8,16,173 

~(arjat)~~(a;lrlax4)=~(x,t), (27) 

where 5 is the friction constant per unit length of, and 
E the flexural rigidity of, the rod, and F(x, t) is the 
force acting on the rod. By mode expansion 

+-,0= ~&~r)Q@,x), (28) 

%,0= pwQ(k,x), (28’) 

eq. (27) becomes 

(30) 

where hk is the separation constant. To solve the 
eigenvalue problem, eq. (30), the following four cases 
are considered: 
(a) Both ends of the rod are free (fig. 6a) [ 161; 

+=E[(k+ 1/2)%-/a14 (k=3,2,3 ,... ). (31) 

(b) One end is fued and the other end is free (fig. 6b) 

181; 

x, = e[O.6 sr/a]4, (32) 

A, = E[(k-1/2)+]4 (k=2,3,4 ,.-a ). 

(c) One end is fured and the other end is hinged (fig. 6~); 

?,k = e[(k + 3/4) r&j4 (k=1,2,3 ,_.. ). (33) 

(d) Both ends are fixed (fig. 6d); 

hk = e[(k + 1/2) -ir/aj4 (k=1,2,3 ,___ )_ (34) 

The schematic representation of the functional forms 
ofQ(k.x)areshowninfig.Cifork= 1 and2. 

To solve eq. (29), we consider: 
(1) Applied field in a square form (see appendix 2); 

B(k. t) = Ek for - T< t < 0, and = 0 otherwise_ 

In tbis case we have (35) 
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q&t) = exp(-?/rk) ~B(k,s) exp(s/rk) ds (36) 
-CD 

= Z&r, 11 - ew(-U7k)l exp(---t/7k), (37) 

Q = WQ- (38) 

(2) Applied field in a sinusoidal form; 

B(k, t) = Ek cos(or). (39) 

In this case we have from eq. (36) 

q(kr) = ~$7~ cos(&) cos(wt - ok), (40) 

& = tan-l(wrfi). (41) 

S-3. Modulation ofdiffmction intensity by electric 

field 

Our basic assumption about the electro-optical ef- 
fect of a muscle fiber is equivalent to putting 

Zr(x.t)=r(x,r)= Fq(k,t) Q(Zc,x) forx>O. (42) 

The function s(x, t) in eq. (2 1) has been introduced in 
order to take account of a possibie “asymmetric” ef- 
fect of the applied field; for example, loose packing of 
thin filaments would occur more easily than dense 
packing. In the absence of an offsetting field which 
acts as a bias field, s(x,?) does not depend on the po- 
larity of the applied field. In the presence of an off- 
setting field, on the other hand, it depends on the po- 
larity of the applied field. For simplicity of algebra, 
we tentatively assume here 

S(X,0Q7;1 ~I&Lr)Mk.x) 

‘B ~&J)Q(k~) forx>O. (43) 

From the above assumptions, we have from eq. (23) 

Afi(w 0 = 4n: +(u) q(k 0, (44) 

(46) 

where a proportionality constant common to both 

eqs. (42) and (43) is omitted in eq. (46). 
For a square field, the offsetting field considered 

above has no meaning. Putting /3 in eq. (45) to be zero, 
we have 

AZ1 (u,, f) = - 8nF &a)(~rr) $Pk exp (-t/T& (47) 

AZ2&, r) = [4nf gRk exp(--t/rk)12, (48) 

where the term proportional to g* is neglected in 
eq. (47) and 

= Ekrk [ 1 - exp (- W-k)1 
A;i(u)l 
A&$ 

(49) 

In this case, a cumulant expansion technique is ap- 
plicable in the analysis of experimental data [IS]. In 
*be extreme case of AZ, 3 AZ,, or very large value of 
n@(u,), the initial decay rate is given by 

(l/r)1 = [(l/r~)P1+ W7*P*l /PI +Ql- (50) 
On the other hand, in the case of AZ2 5 AZ,, or of 
very small values of n and/or Ffa&), the initial de- 
cay rate is given by 

(l/r)* = 1(1/7~)R1+(1/7*)R*II[~1-tR*l- (51) 

The sign “z” is introduced in eqs. (SO) and (51) since 
we consider only the k= 1 and 2 modes. Note that 
(1/r)1 #(l/r)?_ because Ai+Ak. The (l/r) versus T 

relations are shown in fig. 7. 
Taking the origin of time at -T and omitting the 

trivial factor 4r.r: in the following discussion, we have 
from eqs. (48) and (49) 

Ai,( ++rk [l-cxp(-f/rk)]. T>t>O, 

(52) 

Ai,, = $& exP[-(t--/Q]. t>T, 

(53) 

Ai = Ai, + Ai,( tao, 

(54) 
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where suffuses R and D meantie and decay respec- 
tively. Now it holds that 

CEkAkik = fj- Ai(t)dr. 
k 0 
Since r1 /TV = 40 and EIAl/E2A2 = 9 at L = 7 ~rrn for 
model (b) in fig. 6, from eqs. (52) and (53) we have 
for T> r1 

u(f)=E~Alrlexp(--r/rl), T>rBO, (56) 

AZ&) = texp(Wr) - l]u(r), t> T. (57) 

Then the single-exponential decay rates of y(r) and 
Ai, should coincide with each other, provided that 
an induced moment has no appreciable effect on y(t). 

For a sinusoidal field, AZ1 (uu,, t) has a complicated 
form. Since I cos (x)] = (Z/rr) + (4/3ir) cos(2x) - 
(4/1551) cos(4x) + -.-, we have the time dependent 
part of AZ@,, t) = AZ,@_,, f) + AZ#+ t) of the 
present interest as 

AZ&,. t) --B, cos(wt - ew) (58) 

- kw cos(2wt - 2&) + BZo cos(2wt - 29&, 

where the sigu - “-- is introduced because we consider 
only k = 1 and 2 modes and because we neglect the 
terms proportional to 1’ and 710, and 

3 

(61) 
B2ld = s(n~)2[v~+v~z+2v~v2cos(~ -&)], (621 

Ul C sin (91) -f U2 .sW@2) 
@, = tan-1 ZJ, cos($3,)+U, cos(49) ’ 1 (63) 

%w 
1 

=T tan 
_r 

C 

Ur sin(29r) + U2 sX2Q2) 

Ul 1 COS(2Ql) -I- u, cos(29.9 ’ (W 
92w 

= tan-1 C v, .aOl) -I- v, s~k392) 1 v, COS(Ol) -I- 772 cos(,,) - 665) 
Note again that qU f 92w at a higher frequency re- 
@On because Ai fAk_ The @ versus 0 relations are 
shown in fig. 8. The @, versus w relation can be meas- 

Fig 7. The (l/r) versus T relations for the first order diffrac- 
tion tie. tl= 1Oms aad r1/02 = 40 for model (b) nndL = 7 
pm_ 1: (l/r)I and 2: (l/7)2_ (See appendix 3). 

ured by use of a lock-in detector in its w-mode, and 
the @2w versus o relation in its 2o-mode (or its 
harmonics mode). 

6. Discussion 

6.1. Fluctmtions ofsmcomere siructure 

III a previous paper [5], we ignored the contribu- 
tion from Z- and M-lines to the structure factor F(u). 

Due to this, we assumed the ratio ?r$rr~ to be 0.1, in 
order to explain the extinction of the second order re- 

w (radls) 

Fig. 8. Tire ow versus u and Q,, versus w relations for the 
first order diff+action line. @), (c) and (d) correspond to mod- 
els (b), (c) and (d) in fig. 6 respectively. q = IO ms and q/r2 =4Q 
for model (ICI)_ In model (b), 1: @2w at L = 4 and 7 pm (deviation 
41_D),2:9,atL=7~m,3:~~atL=4~m,rl:~=,,atL=4~, 
5:@2watL=7Bm,and< - - - -): Q = tan-t (WI)_ The deviation of 
cwes l-5 from the dotted line is due to the contribution 
from the k = 2 mode. In models (c) and (d), L = 3.5 pm, eW 
= ezW in the frequency range of the present interest, and the 
contribution from the k= 2 mqde is negligiiely small for 
model (c) and zero for model (d) because of E2 = 0 for (c) 
and zero for (a) (see appendices 2 and 3). 
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flecticm at L =3 /.tm. This is really unnatural. The pres- 

ent version of the model, athough it still has the un- 

solved factor e&r, g), overcame this difficulty and 

confirmed the validity of the main conclusion of the 

previous study. The statements in Reiated p&lem at 
the last part of [S], however, seems to be incorrect, 
and we are inclined to think that the fluctuations of 

the sarcomere structure are something like those 

shown in fig.4b. We &e no-w elucidating this problem 

from both static and dynamic measurements. 

From the experimental results of A = 0.1, ~~2 = 1 
ms [13] and (6x*> N (0.2 r_rm)2 [5], and from the re- 
ported values of Fo = 3.5 kg/cm2, u = 1 X 1 0m6 dyn 

and fi = 4 X 1 O4 per half sarcomere of a fibril [ 14;) our 

theory gives K = 10 dynlcm and y = 2 X 1O-3 dyn/ 
cm-s. It is not clear to what the elastic component 

having the force constant of K = 10 dyn/crn corresponds_ 
However, the estimated value of y cy 2 X 1 O-3 dyn/ 

cm-s is close to 7 = 2.2 X 10M3 dyn/cm -s estimated 

from the free draining model, i.e., the y-value is equal 

to the product of the friction constant, 2.8 X 10m6 

dynjcm -s, of one thick filament in water and the num- 

ber, say 800, of thick filaments in a sarcomere of a 

fibril. This order of magnitude agreement of the y-val- 
ues suggests that our model elucidates, at least, quali- 

tatively the relation between intensity drops of dif- 

fraction lines of, and QELs spectra of, muscle fibers 
during isometric contraction_ Static and dynamic study 
of muscle fibers along this line will provide some of 

basic properties of isometrically contracting muscle. 

6.2. Electra-optical effect 

In the previous study [S], we only discussed the 
k = 1 mode of *&e bending motion of thin filaments 
based on model (b) in fig. 6, and obtained the flexural 
rigidity of E = 2 -3 X 1 O-l7 dyn - cm2 _ To support the 

validity of the present model, we must show, at least, 
the following points. 

(1) Since E is a material constant, it does not de- 
pend on the sarcomere length. Then, from eqs. (32) 
(33) and (34), the dispersion frequency wl of the first 
mode which gives ozw = n/4, for example, is about 20 
times [in model (c)] or 40 times [in model (d)] higher 
than that in model (b) (see fig. 8). The boundary con- 
ditions for model (c) or (d) will be realized in a ligor 
muscle fiber with a slight overlap between both 
filaments_ 

(2) Since the sign of B, depends on the diffraction 

order index n (F(2)(~l)< 0 and F(a)(~2) > 0 for L 2 3 

w), we can check the validity of the model by meas- 

uring the phase retardation in the o-mode of the lock- 

in detector for both the n = 1 and 2 diffraction lines. 

(3) At.shorter durations or higher frequencies of 
applied field, we can “see” the contribution from the 

k=3 mode for model (b) as shown in figs. 7 and 8. 
(4) In model (c) (and (d)), the contribution from 

the k = 2 mode is expected to be negligibly small be- 
cause of E2 = 0 (= 0). Although it may be difficult to 
precisely measure the QW versus w or Qzw versus w re- 
lation at a higher frequency region, this kind of meas- 
urements will provide an indication of the validity of 
the model. 

(5) As suggested by eqs. (56) and (57), we can knov 
whether or not an induced moment has an appreciable 
effect. 

In case (l), the theoretical prediction does not de- 
pend on the details of the physical model but only on 
the boundary conditions. In case (2) the theoretical 
prediction depends on both the diffraction theory and 
the physical model. In cases (3), (4) and (5), on the 
other hand, the theoretical predictions strongly de- 
pend on the details of the physical model. If these pre- 
dictions are proved, our model has a firm support, and 
our experimental technique will become a powerful 
tool to study some physicochemical and thermodynam 

ic properties of thti filaments in viva. Experimental 
verification of the present theory as well as some of 
application of the method will be given in Part II of 
this series [ 191. 

Appendix 1 

In order for the regular structure of sarcomers to 

be kept, A-bands (and also I-bands) must be connected 
each other with a spring-like force. We assume the vis- 
coelastic model of fibril shown in fig. 9. Let the fric- 

tion constant of an A-band be y. Then the position 

6xi of the jth M-line deviating from its mean position 

(lattice point) will obey the following equation 

(j=l,2,._.,N) 

y(+ - K~(tkCj_~ -2bXj •i- sXj+l) = Fj(f), 

for Kz Q KA’ or 

+$ + KA@xj) = r;,(t), 

(A-1) 

(A.2) 



Fig. 9. Visccelastic model of a f%uiL M: M-line, 2: Z-line, x’s 
spring force constants. Because of the isometric cor~dition, 
both ends of the fibri3 are fared ( 7 ) where the effect of 
series elastic components is ignored. F+and F? forces ab&ing 
On an M-line. 

A 0468 0.670 0.723 
-42 0.092 0.194 -0.106 
Ai 0.612 03iI7 0.307 
-4; 0.447 0.456 0.395 
E1 0.783 0.860 
E2 0.434 0.083 

for Kz % K~. The Z-line motion W8 ah0 obey the 
same type of equations as above. In the case of eq. 
[A-l), the lowest mode with the hugest amplitude will 
be given by (boundary conditions; 6x 

-3 
=6x, ~0) 

“xi(f) =P sin [ir(j--l)/niJ E(t) or <“xi > = 
~2 sir-12 [n( j--l)/w where a is a constant and g(t) is 
the time-dependent part ((E(t)2> = 1). The fluctuation 
is the largest at j=iV/2. Experimentally speaking, this 
is probably not the case. Thus we assume eq. (A.2). h 

case, “Xi independent of the ~~ffixj_ 

(2&-) - =-Ts 
eio7 

da, 
v -w (a2 +p2j(o2 +qq 

or 

a(7) = &i [e-4’ _ A’e-_4&‘], (A-3) 

where 

In tetanized muscle, there wiu be a large fluctuating 
force, Fj(f), due to imbalance of the actin-myosin in- 
teraction in half sarcomeres. We asuune for tetanized 
muscle (fig. 9) r;(t) = F’(t) + F(r), F+(t) = o[C + 
sn’(t)J and F(t) = - u [E + &z-(t)], where u is the 
force developed by one actin-myosin connection, fi 
the average number of such connections in a half sar- 
:omere of a fibril and Sn the fluctuation in n. Then 
we have w(t)) = - w(t)> = PO/2 (PO: contractile 
Force per fibril) and (F(Z) F(? + 7)) = 
2u2 (Sn (r) Sn (Z -t r)), where no correlation between 
5n+ and Sn- is assumed. When we write [20], for sim- 
plicity of algebra, 

(6x2) = 
20% UFO 

KY@+q)= KY@+q)’ 
A’= 0, (A-4) 

p=l- and q=K/-y forr>KIy, 

P=K/Y and 4 = r for r < K/y. 

[It must be mentioned that the above formulation of 
G(o) may not be applied to muscle at twitch contrac- 
tion, where a quasistationary process is not established, 
and that the model for calculating Sn(?) should be 
modernized, for example, to w&t [23] discussed.] 

3n/at = -(f-tg)n+g+J, 
Appendix 2 

vhere f and g are the kinetic constants of the breahing We assume that each “&in filament ha5 a permanent 
md formation of the actin-myosin connection, respec- dipole moment directing from the free end to the Z-line 
lively, and n0 the total number of cross-bridges in a [Sj. &I induced moment is not considered. For small 
calf sarcomere, we have z? = nOg/( f +g) and bending, it holds that l&/ax12 < 1) i.e., the angle B(x) 
:Sn(t) Sn(?+r))= z? exp(-l-?) [r = f+ g and (Sn2)%?& between the applied electric field and the moment at 
in this model, we have cF(?) F(t + 7)) = (2u2n) x is very small. Then the torque to reorient, or the 
r< exp(-I%j or the po*ver spectrum of the fhrctuating force to bend, the Lament is parallel with I and tide- 
rorce of G(o) = 4(2u2nj/(w2 i T2). Then, we have pendent of x. In such a case, the kth component of 
121223 the external force is proportional to 

Table 2 
Numericai tiues of coeffKents for the t%st order line. (see 
eqs. (46) and iA.5) 

7.0 4.0 3.5 

Model (b) Model (c) 
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Ek = (r,+j&,x) dx. (A-5) 
0 

In models (b) and (c) in fig. 6, i?2 + 0 because of 
asymmetric boundary conditions. 

Appendix 3 

Table 2 shows the numerical values of coefficients 
Ek, A, and Ai used for calculation of (1 fr) and @ in 
figs. 7 and 8 respectively. 
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