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ABSTRACT  The diffraction spectra of laser light from single fibers of skeletal muscle exhibit a large degree of optical
depolarization. When the linearly polarized incident laser source is oriented at polarization angles between 0 < 8 < 7 /2
rad with respect to the fiber axis, the diffracted light is elliptically polarized. These results show that the phase angle of
the ellipse rotates by as much as 20° when the fiber is stretched from 2.4 to 3.8 um. To further ascertain that the
observed phenomenon is diffraction related, an experiment monitoring the spectra of scattered light in between
diffraction orders showed this signal to be significantly more linearly polarized. These results suggest that the degree of
elliptical polarization of the diffraction spectra is a sensitive probe of A-band dynamics, including changes of the

anisotropic S-2 elements.

INTRODUCTION

A fundamental question in the structural and functional
determination of the mechanism of skeletal muscle con-
traction is the role and the action played by the S-2 part of
the myosin molecule. The S-2 moiety forms the linkage
between the ATPase portions (S-1 subfragments) and the
rigid section called light meromyosin (LMM). The latter
aggregates to form the stalk of the thick filament. LMM
and S-2 together show >95% a-helical composition (1).
Besides serving as this necessary mechanical link, it has
been suggested that the S-2 element provides tension (2),
produces restoring force by its elastic properties (3), or
supplies necessary bending motion during tension genera-
tion (4).

Recent depolarized laser-scattering studies on isolated
myosin rods (LMM + S-2) have shown that a flexible joint
exists between these two a-helical elements (5). Probing of
the dynamics of S-2 in situ in a single fiber is necessarily
more complicated. X-ray diffraction studies have shown
that an increase in the intensity ratio of the (1,1) to (1,0)
equatorial lines takes place during tetanic contraction
(6,7). This shift in intensity has been interpreted as
material movement from the thick filament region to the
actin filament region when contraction takes place. From
this result, one may infer that S-2 must have executed
some motion to allow the mass (S-1 moities) to move
towards the actin filaments during contraction.

A second probe of possible dynamic changes of the S-2
element comes from optical birefringence studies. In the
work of Taylor (8), changes in optical phase shift of the
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transmitted visible light are detected between a fiber in its
resting state and when it is actively contracting. This
change is interpreted as possible positional changes of the
S-2 element taking place during contraction. However,
there are two major difficulties associated with birefrin-
gence experiments. First, all optically anisotropic elements
in the fiber (9) as well as periodically arranged isotropic
elements (form birefringence) are detected along with the
contribution from the element of interest. Second, the
strong noninteractive transmitted light precludes the possi-
bility of accurately measuring simultaneously both the
optical phase shift and the degree of ellipticity, both of
which are needed for complete characterization of the
elliptically polarized light (10). Indeed all birefringence
work is conducted by using a phase compensator, which
does not measure the ellipticity of the transmitted light.
The present work develops a new technique of optical
measurement which will provide a complete description of
the light that has interacted with the fiber and that is also
selective against all nonsarcomere related contributions.

It is well known that optical diffraction technique pro-
vides spatially specific information on the diffracting ele-
ments (11). In this study, we have measured changes of
optical depolarization within the diffraction peaks. Infor-
mation obtained from these studies aids in distinguishing
between orientational or attitudinal changes and intrinsic
conformational changes that may occur within the A-band
regions.

This work is preliminary because only the passive stretch
experiment has been conducted. On the other hand, such a
study provides a baseline for a situation where intrinsic
conformation-induced anisotropy changes may be assumed
absent. We show here that the ratio of optical polarizabili-

$1.00 83



ties remains constant, whereas a definite decrease in phase
shift (~ 20%) is detected upon passive stretch from a
resting length of 2.4 um to beyond overlap at 3.8 um. We
have tentatively attributed this change in phase shift to an
increase in the amount of orientational flexibility at the
LMM-S-2 joint when the thick filament is pulled away
from overlap.

THEORY

When light wave of a definite wavelength and polarization
interacts with a medium, changes in wavelength or polari-
zation reflect the interaction mechanism, whether one is
detecting the transmission, reflection, scattering, or dif-
fraction of light. For nonwavelength changing processes,
the general Mueller matrix method can be used to describe
the development of the light field from one polarization
and intensity state to another as it interacts with a material
element (12). The vector representation for the state of the
light is called a Stoke’s vector, V = (I, Oy, U,, Vo). This
four-component vector denotes the intensity, the horizontal
and 45° linear polarization preference, and the sense of
optical rotation, respectively. When light described by
Vo = (I, Qo U, V) interacts with an element, the
interaction may be represented by a transformation that
takes the V, via the matrix operation

V, =M.V, (1)

where M is a 4 x 4 matrix representing all of the
transformation properties of light. Successive interactions
may be similarly represented

V,=M, - M, ,....My- M, V, )

If all of the M matrices were known, then V, is totally
characterized. If, however, V, can be determined experi-
mentally, along with all of the M matrices except one, then
that unknown matrix can be determined completely. In the
single fiber diffraction experiment designed to be sensitive
to the changes of the polarization state, the unknown
matrix represents the properties of the single fiber of
muscle cell that alters the light properties of the V vector.

In the experiments described below, V,, the incident
light source and V,, the final diffracted and processed light
signal, are both measured quantities. All optical elements
used to alter the optical signal also have well-characterized
M matrices. We are thus left with the determination of the
matrix element that best characterizes the single fiber. To
determine this fiber-specific matrix, we begin by examin-
ing the diffraction geometry. By considering the fiber as a
cylinder lying along the y-axis (Fig. 1), we impose the
incident light field with polarization in the x-y plane
propagating along the z-axis. Thus the incident electric-
field vector is given by E, (K,, #), where| k,| = 2o /X; A is the
wavelength of light in the medium. Detection is in the
plane of y-z at an angle of ©p, where the new light
polarization vector, Kk, is directed along z’. We assume a
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FIGURE | Coordinate representation of the experiment. The incident
light is directed along z-axis with linear polarization at an angle ¢, in the
x-y plane. The fiber lies on the y-axis. Detection is along the 2’ axis, which
is tilted at the diffraction angle, 8p.

model of the fiber where the anisotropic fiber provides a
polarizability tensor of the form

a, O 0
a=|0 a"e’i" 01, 3)
0 0 a,

where the fiber axis y is assumed to have different complex
polarizability relative to that of the transverse directions
(x and z). Here, a, and «a; are the polarizability magni-
tudes transverse to and along the fiber axis, respectively. &
is the net optical-phase difference between the slower
longitudinal and the faster transverse axes. Using the
dipole-scattering approximation (13), E k x (kg x @ -
E,), one finds that the scattered field directed along 2’ is
given by

a,e® cos ¢,
(Ey) = | o cos Op sin ¢, |, 4)
0
where ¢, is the orientational angle of the incident linear

polarization with respect to the fiber. The fundamental
definition of the elements of a Stoke’s vector is given by

(12)

(E*E, + E,*E,)
(E*E, — E,*E,)
(E.*E, + E*E,)

T~

—i(E*E, — E,*E,)

where E, and E, are the general transverse field compo-
nents; (...) denotes long time average or ensemble aver-
age for ergodic systems. For the specific system under
consideration, the incident electric-field leads to a Stoke’s
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vector given by

1
cos? ¢, — sin® ¢,
Vo - ) . (6)
2 cos ¢, sin ¢,

0
The diffracted light has the following Stoke’s vector
Ja, |2 cos? ¢, + | oy | sin? ¢, cos? O
fer, |2 cos? ¢, — af sin® ¢, cos? Oy
Vi - , ™
2a, oty cos Oy, €Os ¢, sin ¢, €os 6
—2a, ) €O O, Cos ¢, sin ¢, sin &
using the relationship Vy = M, - _V,, one obtains the

elements of the interaction matrix M. For the specific
case of ¢, = + w/4 rad,

A B O O©
- B A4 O O
My = , (®)
O 0 C -D
O 0D C
where
A =% (o + af cos@p) (9a)
B = (ol — aj cos’®p) (9b)
C=+ a, agcos Oy cos d (%¢)
D= — a, ajcos O sind. (9d)

The detected Stoke’s vector is given by
Vo =My - My - Vo= M, - Vy, (10)

where V,, Vy, and M,, are given by Eqs. 6-9. The matrix
M, contains all of the detection optics components; and V,
is the final Stoke’s vector. Using an intensity sensitive
device, such as a photomultiplier tube, only the first
element, /;, of Vy,, is measured. The My, in this experiment
represents the combination of a A/4 wave plate that rotates
through an angle © from 0° to 360° and a polarizer
that is set to pass only that component of electric-field
vector perpendicular to the fiber axis. Writing Vy =
(Iny Oum» Ums Vi), we obtain

1
Ip= E(IM + OMmc0s220 + Uy cos 205in 20 — Vysin20). (11)

When V,, has been determined experimentally, the
relationship of Eq. 9 can be used to determine the relevant
fiber parameters, dy, o, and o

(=D)

tan oy = C

(12a)

A—B\2 ]
=|— 12b
“ ( 2 ) cos Op (12)
A + B\'/?
= . 12
a) ( 3 ) (12¢)
From the last two equations, we can obtain the ratio
tan ay = -1 cos Oy, (13)

L

Furthermore, the relationship between 6y and o), or &, and
ay is given by the optical path-length-induced phase-shift
difference

M=%dm?—ﬁ%, (14)

where d is the material distance traversed by the light.
Thus through the interaction of light with the fiber, a full
characterization of Vy allows simultaneous determination
of 8y, and ay, the fiber contribution to the phase shift and
ellipticity, respectively.'

EXPERIMENTAL METHODS AND
PROCEDURE

Incident on the muscle fiber is a beam of highly linearly polarized light,
oriented at 45° (Fig. 2) relative to the muscle fiber axis. This is
accomplished by passing the laser beam from a He-Ne laser (145-P;
Spectra-Physics Inc., Mountain View, CA) through a glass prism polar-
izer (extinction coefficient = 1:10*). The polarization is then rotated
relative to the fiber by a A/2-wave plate (Melles Griot, Irvine, CA). The
detection optics, a rotating quarter-wave plate, a stationary glass prism
polarizer, fiber optic light pipe, and photomultiplier (PM) tube are
mounted on a rotating arm. The axis of rotation for this arm is centered at
the fiber level and in the plane of the axis of the fiber. Both the arm and
quarter-wave plate are rotated by a stepping motor and worm gear
arrangement. The accuracy of rotational repeatability of the arm and the
quarter-wave plate are 0.01° and 0.17°, respectively. The accuracy of the
arm’s rotation is checked against a known transmission grating and the
accuracy of the quarter-wave plate rotation against a known retardation
plate. The arm can be held in position in the scattered field, allowing for
analysis of the polarization of the scattered field by rotating the quarter-
wave plate. The diffracted light, after passing through the detector optics,
is collected by a 1/4-in diam light pipe and transmitted to a PM tube
(EMI1 9558B; EMI Gencom, Inc., Plainview, NY). Because the PM tube
only detects intensity, the final result is as given by Eq. 11, where ©
corresponds to the angular rotation of the quarter-wave plate and 7 is the
intensity at the PM tube. The intensity is then collected and displayed in
real time on an LSI 11/2 microcomputer (LSI Computer Systems, Inc.,
Melville, NY). The coefficients of Vy are then determined by a multiple
linear regression program (14) on Eq. 11. These parameters, combined in
accordance with Egs. 11-14, determine the polarization properties as
described in the Theory section.

The single muscle and its tendons are dissected from the dorsal head of
the semitendinosus muscle of frogs (Rana pipiens). The muscle fiber is
dissected in cold Ringer’s solution (5°C) by using forceps and ophthalmic
scissors. The tendons are tied with 6-0 gauge silk suture. When the fiber is

'The present formulation of general elliptically polarized light can be
related to the more conventional representation as that found in Mathieu
(10). A discussion of the ellipsometry measurement technique may be
found in Azzam and Bashara (22).
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FIGURE 2 Schematic representation of the actual optical apparatus for
measuring polarization properties of diffracted light.

isolated it is inspected under a dissecting microscope for damage. A
phase-contrast microscope at 60 power is used on a random basis to
further check the quality of fibers used from time to time. At the time of
inspection, the diameter is determined by using a precision Zeiss graticule
(Carl Zeiss, Inc., New York, NY) and Bausch and Lomb micrometer
eyepiece (Bausch and Lomb Inc., Scientific Optical Products Div.,
Rochester, NY). The fiber is then placed in a cooled tray of Ringer’s
solution and the suture connected to micromanipulators on either end of
the tray.

RESULTS

All together, 38 single fibers were used in these experi-
ments. Approximately five samples were used to perform
initial calibrations. All other fibers (~30) that were exam-
ined for their optical depolarization properties exhibited
very similar spectra, and we report on data from represen-
tative samples in this section.

Figs. 3 a and b show representative data taken from a
single fiber experiment at two different sarcomere lengths.
The vertical axis represents the intensity of light in number
of counts per second, while the horizontal axis represents
the angular rotation of the A/4-wave plate in degrees. We
see here that the polarization changes upon sarcomere
length change. A comparison of data with the ideal
representations of linearly polarized light, circularly polar-
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FIGURE 3 Data of I vs. © (Eq. 4) for first-order diffraction pattern
obtained at two sarcomere lengths.

ized light, and arbitrary elliptically polarized light (Fig. 4)
show that light from the first-order diffraction peak is
indeed highly elliptically polarized. On the other hand, a
signal from nonperiodic scatterers, which produce the
background scattering contribution but not the sarcomere-
related diffraction pattern, is far less depolarized (Fig. S).
Furthermore, as is expected from random contribution,
this off-order signal is almost independent of the sarcomere
length. Table I summarizes a typical data set from a
representative fiber experiment. The polarization parame-
ters are computed from initially fitting the data to Eq. 11.
It is seen that &y (Eq. 11) exhibits a strong negative slope
with passive sarcomere length increase. On the other hand,
the parameter that is sensitive to intrinsic change of
polarizability, ay (Eq. 14), remains relatively constant
during a given stretch and release study. Figs. 6 and 7
exhibit these trends for representative fibers. The best-fit
linear curve shows that the coefficient for phase shift per
length is —12°/um (Fig. 6), while off-axis contribution to
8y is constant. In Fig. 7 the constancy of ay, is very evident.
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FIGURE 4 [ vs. © data for control experiments, which are linearly
polarized, arbitrary elliptically polarized, and circularly polarized light.

Data from all stretches on each of five different fibers were
averaged. The variances calculated are shown by the
vertical error bars. We see that fibers of various diameter,
even when averaged over all stretches, give consistent ay
values to within ~10%.
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DISCUSSION

Experimental and theoretical methods have been presented

400

REPRESENTATIVE DATA AND ANALYSIS PARAMETERS FOR A SINGLE STRETCH EXPERIMENT

FIGURE 5 I vs. © for off-order scattering pattern at two different
4 sarcomere lengths.

here to completely characterize the polarization properties
of light diffracted from single fibers of skeletal muscle.
Given the polarization properties of the incident light and
the polarization transformation properties of optical com-
ponents used to investigate diffracted light, we have shown

Title 1 0 U | 4 a o (degrees) X L (um)
36 AIR 2991.62 0.1865 —0.4975 0.8178 36.7899 58.6836 1.1669 2.5138
36 BIR 4771.68 0.1735 —-0.6235 0.7368 37.4170 49.7619 0.8087 2.7836
36 CIR 1421.41 0.1917 —0.6187 0.7233 36.0711 49.4594 0.5873 3.0893
36 DIR 8489.00 0.1936 —-0.6617 0.6817 35.9061 45.8509 2.8103 3.3586
36 EIR 3370.52 0.1416 —0.7420 0.6013 36.3731 39.0210 0.3070 3.9158
36 FIR 3647.58 0.2070 —0.6030 0.7345 35.9320 50.6126 0.7843 2.5138

Five stretches were conducted on sample 36, looking at the first-order diffraction pattern on one side of incident beam. Fiber was returned to ~2.5 um in
run 36 FIR. / was normalized to unity before Q, U, and V were determined.
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FIGURE 6 Representative phase angle (8y) variation vs. sarcomere
length for first-order diffraction for two different fiber diameters (O, 53
um; @, 60 um) and for off-order scattering, 0.

that there is a unique characterization of the optical
polarization properties of a single fiber. Specifically, both
V\ and My, (Theory section) can be determined for each
specified condition of the fiber. From the present studies on
passively stretched fibers, we presented three major new
findings.

(a@) The extent of depolarization of incident light is
greater on the peaks of the diffraction order than off the
diffraction orders. Because observed diffraction phenome-
non depends upon the presence of arrays of material that
exhibit very specific index of refraction periodicity, these
observations indicate that indeed it is the periodic arrays
that are optically anisotropic. We have shown here that the
materials that do not form arrays with sarcomere periodic-
ity are minimally anisotropic; the phase rotation from this
latter case is ~ + 10° as opposed to ~ +60° for on-order at
a sarcomere length of 2.4 um, which indicates that the
periodic arrays are far more anisotropic than the remain-
ing medium, which includes mitochondria, membraneous
matter, and other randomly placed proteins.

(b) Through careful analysis of the data from ~30
fibers, we show that the phase shift 8, decreases with
increasing sarcomere length. This result on its own cannot

60°

50 60 70 80
FIBER DIAMETER IN MICRONS

FIGURE 7 Ratio of polarizabilities as defined by Eq. 8 is plotted against
fiber diameters. Each point represents the average and standard deviation
of all data points from that particular fiber irrespective of the sarcomere
length. The constancy of « is seen by the small standard deviation on each
point. The average o value of 40° is compared with the incident
polarization angle of 45°, ---.
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distinguish between the various possible contributions to
the phase shift because 3y is a function of both index
change between the two axes as well as the effective path
length, d,and E,, (z’, t) and E,, (z’, t) are both functions of
Oy as well as ayy.

(¢) We have, however, a measurement of a,’/c,’ that
shows that this quantity is indeed constant in the stretch
experiment. The combination of these two results can be
examined in the following manner: if we assume that the
length variations will affect the polarizability along a
particular axis according to

a; = ag + da; = [1 + R; (L)] o, i=xy, (15)

where R; = éo;/a;, then (for small R;), Eq. 14 becomes

Sm(L) zz%d(L) a1+ %] a‘/’[l + %L)] , (16)

— agy

while

tan aw(L) ~ {1 + [R(L) — R(L)] = RRJ (17)

Ox

We see that the experimental results of ay being
constant, while 8(L) changes can come about in only two
situations: (@) R, = R, = 0, when all of the phase
contribution comes from d(L), and when (b) R, = R, #
0, but R, and R, are small. In this case, tan a has only
second-order dependence in the product of R,R, ~ R’,
whereas 6(L) has first-order dependence on R, and R,.

For all cases where R, # R,, one sees that Eqs. 16 and
17 will both exhibit first-order variations upon length
changes. As shown in Fig. 7, we have not observed any
appreciable L dependence in ay. Thus we do not believe
there are anomalously large fluctuations in éa, or éc,.

We next must rule out the possible contributions to the
observed result from possible alternative phenomena.
(a) The simple stretching of a constant volume element
will indeed decrease the radial dimension and therefore d
of Eq. 14. Since Rome (15) has shown sarcomere volume to
be constant to good approximation, then d = 2(V/x L)%
Differentiating Eq. 14 with respect to L leads to

dé 2x (V\1/2 1
i xls) @-ahe o

One sees that a negative slope is expected for the situation
presented here, | a, | > | a,|. However, this simple prediction
is nonselective with respect to the sarcomere periodicity. In
our experiment, the nonselective component is the off-
order scattering contribution. That component is only
minimally depolarized and exhibits imperceptible length-
induced changes. We therefore can conclude that the
variation of traversal distance, d, cannot explain our
on-order depolarization effects.

(b) The generally accepted version of what constitutes
form birefringence may be found in Born and Wolf (16). If
one imagines a bundle of glass rods arranged into a large
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cylindrical column, and if one allows a small space between
rods, then the cross-sectional view perpendicular to the axis
of this cylinder is a circle with many small circles within.
An electric field E, which has a component along the
transverse direction, will experience an averaged dielectric
constant that is a composite value of the glass rods and the
medium in between. The electric field parallel to the rod
axes, however, experiences an averaged dielectric constant
that is a composite value of the glass rods and the medium
in between. The electric field parallel to the rod axes,
however, experience a different nonaveraged index of
refraction. Thus even if the rods were isotropic, the
imposed boundary conditions will create optical depolari-
zation for a transmitted beam of light that was initially
polarized. This effect is a function of the volume fraction of
either components where the rods and the medium must
have alternate spacings that are comparable to or less than
the wavelength of light. Wiener (17) originally derived an
expression to quantify the birefringence effect due to this
arrangement of isotropic elements. In the work of Taylor
(8), muscle fiber diameter was changed through variation
of the ionic strength of the Ringer’s solution. A 2%
decrease in fiber diameter led to ~4% increase in form
birefringence according to experiment and Wiener’s theo-
ry. For the stretch experiments conducted here, the fiber
length was increased from 2.4 to 3.8 um. This ~50%
increase in length translates to ~25% decrease in diameter.
According to the Wiener theory, ~50% increase in form
birefringence can be expected just due to stretch. Two
factors argue against form birefringence affecting our
results. First of all, we have not seen such a 50% increase in
the change in & upon stretch, either on- or off-diffraction
order. The second and perhaps much stronger argument
against the form effects is that the form contribution, as
perceived by the Wiener theory, is also independent of the
axial A-I situations.

We proceed to examine a third possible cause. It has
been well-established that the fast axis of the anisotropic
A-band is along the direction perpendicular to the a-helix
axis of the myosin bundle (18). There also is evidence that
a flexible joint exists between the LMM and the S-2
segments of the myosin rod (5). If these anisotropic S-2
elements have a fixed orientation with respect to the fiber
axis when they are within the overlap region, then there is a
well-defined degree of anisotropy. Upon passive stretch,
more and more of these elements slide out of the region
where f-actin filaments are. These S-2 elements, which are
free of the presence of actin, may then be freer to revolve
about the LMM-S-2 hinge. In our time-averaged studies,
the average depolarization experienced by the incident-
light source is then decreased because the averaged slow
axis now is more aligned along the light propagation
direction, thus anisotropy is decreased.

In the work of Colby (19), intrinsic birefringence within
the A-band was found to have increased more than simple
material addition due to overlap. This nonadditive increase

in birefringence has been interpreted as possible actomyo-
sin interaction, resulting in additional intrinsic birefrin-
gence. From our result, large optical depolarization at
short lengths may also be interpreted as orientational
change of the S-2 within this region of overlap.

As pointed out earlier, changes in the values of polariz-
abilities will result in a change of ay;. This change depends
strongly on the ratio of anisotropy changes R, and R,. We
have shown that if R, = R,, then the effect of length
change on ay is second-order small, which may be too
small to be clearly discerned in these experiments. The idea
that phase transition within the anisotropic region could
cause some of the longitudinal motion in the active muscle
contractile dynamics has been proposed (20). The sensitiv-
ity of our technique to that change remains to be evalu-
ated.

The present experiment reveals a tool that is more
selective than the birefringence probe for studying muscle
structure and dynamics. The complicating aspects of water
contribution, membrane contribution, and other mechani-
cally induced artifacts such as a twisted fiber (21) cannot
produce a diffraction pattern that reflects the correct
sarcomere length and periodicity. In conducting the experi-
ments on the peaks of the diffraction pattern, only the
specific Fourier components of those periodic elements are
implicated. This observed depolarization of light is due
only to optically anisotropic elements that exhibit spatial
periodicity of the sarcomere.

An essential measure of the true potential of this tech-
nique is the detection of changes of optical depolarization
upon activation under isometric conditions. Toward this
end, preliminary experiments are being conducted to first
examine the changes of optical depolarization in the rigor-
relaxed transition of skinned fibers. A separate publication
will discuss these results.
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