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SUMMARY

1. The optical retardation of single muscle fibres at rest and the optical
properties of the large, early birefringence signal detectable during a
twitch (Baylor & Oetliker, 1975, 1977a) were investigated.

2. The resting birefringence, B, which is the factor relating resting
retardation, R, to the light path length through the fibre, L, was found to
be 2-25 x 10-3 (i.e. R = 2-25 x 10-3 x L) and to be independent of wave-
length (A = 480-660 nm).

3. When the angle of incidence, fr, of the crossed polarizers with respect
to the fibre axis was varied, the resting light intensity and large, early
change in light intensity were related by the function sin2 #1. cos2J. When
the net phase shift, OA, of a narrow longitudinal strip of fibre plus compen-
sator was varied, the resting light intensity was described by the function
(1 - cos OA), whereas the early change in light intensity followed sin qSA.
These results make it likely that the optical mechanism underlying the
early birefringence signal is a change in retardation.

4. When a narrow longitudinal strip of fibre was illuminated by mono-
chromatic light in the range 480-690 nm, the magnitude of the signal
varied approximately as expected if the retardation change is independent
of wave-length.

5. The spatial characteristics of the signal were examined by moving a
small slit of light across the fibre width as well as by measuring the signal
collected from the entire fibre width as a function of wave-length. The
results from both experiments support the idea that the large, early change
inretardation isdue to avolume-relatc dratherthan surface-related structure.

6. Under the assumption that the retardation change is distributed as
fibre volume, its average magnitude was calculated. For fibres in normal
Ringer the peak of the early retardation change compared with resting is
about 1-7 x 10-3, and for fibres in D20 Ringer about 0 7 x 10-3.
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INTRODUCTION

During the twitch of a single muscle fibre, a large birefringence signal
can be detected beginning shortly after stimulation (Baylor & Oetliker,
1975, 1977a). Although the earliest detectable light intensity change is
coincident with the rising phase of the surface action potential (Baylor &
Oetliker, 1975), the main rising phase of the large optical signal clearly
occurs after the peak of the action potential but before the development
of tension (Baylor & Oetliker, 1975, 1977 a, b). The time course and other
physiological properties of this signal are consistent with the idea that it
is related to events linking excitation to contraction. Further understand-
ing of the possible origin of this signal is aided by an examination of the
optical mechanism giving rise to it. The experiments and analysis of this
paper are concerned with the determination of this information.

METHODS

The experimental methods were essentially those described in the previous paper
(Baylor & Oetliker, 1977 a). For the calculations in Tables 5 and 6, it was necessary
to know the relative spectral variation of the output of the photodetector, indepen-
dent of any variation due to the retardation introduced by the fibre. This function,
denoted S(A), was approximated as follows. The source light was passed through the
heat filters, then one of a series of twelve interference filters with peak transmittance
at wave-length A, and a narrow slit giving a bar of light at the level of the fibre that
was smaller than a fibre diameter. The output function T(A) was first determined
with only these components in the light path. Then at each wave-length, the frac-
tional reduction in light intensity was determined when either (a) the polarizer, (b)
the fibre, or (c) the analyzer was introduced in the light path. If the fraction of light
remaining in each case is called R.(A), Rb(A), and R,(A), then the function S(A)
(Table 1) was obtained from

S(A) ac T(A) Ra(A) Rb(A) R,(A)I[P(A) D(A)]
by arbitrarily setting the maximum value equal to unity.

P(A), the peak transmission (%) of the filter centred about wave-length A, and
D(A), the width of that filter (measured at 50% peak transmission), were determined
from the factory calibrations (Oriel). D(A) averaged 35 nm.

RESULTS

The resting retardation and birefringence
When a single fibre is positioned between a first polarizer oriented at

+ 450 and a second polarizer (analyser) oriented at - 45° with respect to
the long axis of the fibre and illuminated with visible light of wave-length
A, it appears bright against a dark background (part A of the Plate). This
is because a single fibre is quite transparent and inherently 'birefringent',
i.e. the refractive index, ne, for plane polarized light travelling through it

164



ANALYSIS OF MUSCLE BIREFRINGENCE SIGNALS 165

in the longitudinal plane (00) is different from the refractive index, no, for
the transverse plane (900). The difference in the refractive indices is called
the birefringence, B,

B (=le--no), (1)

which, in the case of a muscle fibre, is greater than zero. As for nerve
(Cohen, Hille & Keynes, 1970), the polarity of the birefringence signals
observed will be referred to a longitudinal 'optic axis' (Bennett, 1950)
as if the fibre were a uni-axial birefringent structure.

TABLE 1. Relative spectral variation of the output of the photodetector, irrespective
of any phase shift introduced before the analyser

A (nm) S(A) (%) A (nm) S(A) (%)
370 0*5 603 100
450 19.5 630 86-7
478 29-2 660 69-6
520 64-0 688 73.5
542 95-8 750 11*4
573 99*8 810 0*3

The contractile proteins, in particular the anisotropic A bands,
account for most of a fibre's resting birefringence (see review by Huxley,
1957), but other structures, such as the surface and internal membrane
systems, must also make a contribution. Approximately two thirds of the
resting birefringence of the A bands is due to 'form' birefringence and one
third due to 'intrinsic' birefringence (Noll & Weber, 1934).

Operationally, one can directly measure optical retardation, R, which is
given by the product of an object's birefringence, B, and thickness, L,

R= BL. (2)

When referred to the speed of light in a vacuum, optical retardation gives
the distance that the slower component of the light lags behind the faster
component because ofhaving travelled through the object. The phase shift,
MA, represents the retardation normalized with respect to a wave-length of
light:

OA = 27TR/A. (3)

For a homogeneous birefringent object the intensity of light passed
by the analyser to the photodetector, IA' depends directly on the phase
shift, PA

IA = k(1-cos OA), (4)
where k is a constant proportional to the intensity of the light source and
the area of the birefringent object from which light is collected (see
theoretical curve plotted in Text-fig. 6A). This equation is a special case
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of the more general situation where the angle, jf, of the crossed-polarizers
with respect to the optic axis of the birefringent object is allowed to take
on values other than 45°. Then the dependence of IA on V1 and 0A is
described by Fresnel's equation (Cohen et al. 1970):

IA = 2ksin2 (21ib) sin2 (PA/2) (5)
= 4ksin2 3bcos2 V(1-coS PA). (6)

350

300 -* 0
200

E 250 - 0~

0

* 200 _8

150_ /
0

bo ~~~~070
C /°

100

00

I I I
0 20 40 60 80 100 120 140 160 180 200

Path length (#rm)

Text-fig. 1. The maximum resting retardation, R..,, of a single fibre V8.
maximum light path length through the fibre. Each symbol represents a
different fibre and was the average of two correlated measurements on that
fibre. The slope of the line (2.25 x 10-3) gives the average birefringence,
according to the eqn. R = B x L. A fibre region was routinely selected in
which R varied symmetrically over the viewing width and was maximal in
the fibre centre. The precise value of Rmax was then most easily determined
by illuminating the middle of the fibre with a narrow longitudinal bar of
light. In this case, the visual end-point (a minimal light intensity obtained
by varying the amount of retardation introduced by the compensator) is a
good deal clearer than when the entire fibre width is illuminated. When
measurements of R.. were made using this narrow bar technique (filled
circles, which are thought to be accurate within + 5 nm) and were compared,
on the same fibre, with Rmax measured with the entire width fully illumi-
nated, it was obvious that R.. had been systematically over-estimated in
the latter method by about 10%. These latter data (open circles) were
therefore corrected for the plot of Text-fig. 2 by scaling the recorded R..
by a factor of 0-9. These corrected data are probably accurate only within
+ 3 %. Thus the true value of the average birefringence is known at best
within about + 0 1 x 10-3. The average fibre stretch for the measurements
was about 1-3 times slack length.
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In characterizing the resting retardation of a single muscle fibre and its

relationship to the resting light intensity, complications arise because fibre
cross-section is not rectangular but more or less elliptical. Thus the retarda-
tion, and consequently phase shift (eqn. 3) and light intensity (eqns. 4-6),
will vary from edge to centre according to path length (eqn. 2). This point,
along with the method for measuring the resting birefringence, is also
illustrated in the Plate. Part B shows the same fibre as part A but a
variable compensator has introduced -53 nm of retardation to offset the
+ 53 nm of retardation in the longitudinal strips of the fibre located near
the fibre edge. For light traversing these fibre areas the net retardation at
the analyser is zero and these regions therefore appear dark. By further
increasing the retardation of the compensator, the resting retardation
measured one quarter and three quarters of the way across this fibre's
viewing width was determined to be + 227 nm (part C) and at the middle,
where the retardation is maximal, to be about + 302 nm (part D).
The maximum resting retardation, Rmax, was determined for thirty-four

fibres as a function of the maximum path length through the fibre (path
length was determined by rotating the fibre 900 and measuring fibre
diameter), with the results plotted in Text-fig. 1. If resting birefringence is
distributed according to fibre volume and is constant from fibre to fibre,
one would expect the points in Text-fig. 1 to fall on a straight line with
slope B, according to eqn. (2). A least-squares straight line constrained to
go through the origin gives a satisfactory fit to the data, with the resting
birefringence B 2-25 x 10-3. This number is similar to the average
birefringence of muscle previously reported in the literature, 2'2 x 10-3
(H0ncke, 1947).
Given B, one can approximate path length, and from this, fibre cross-

section, by measuring R(x), fibre retardation as a function of the viewing
distance, x, across the fibre width, w. The cross-sectional area, A, for
example, should be approximately given by

A =
I

R(x)dx. (7)

This principle is used in connexion with the results presented in Text-figs.
9 and 11 and Tables 3 and 5. For most optical records, the resting retarda-
tion was routinely recorded near the edges, half-way from each edge to the
centre, and at the centre of the fibre.

Strictly speaking, because of the alternating A and I bands, the resting retardation
of a fibre a given distance across its viewing width may not be constant in the
longitudinal direction, as is implicitly assumed above. However, if the light path
length in the fibre is long enough to include a number of myofibrils which are not
precisely in register, the number of A bands intersecting the light path, and thus the
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resting retardation will be averaged out in the longitudinal direction. Although this
averaging effect is visually apparent in parts C and D of the Plate, a way to quanti-
tate the extent to which the retardation is uniform in the longitudinal direction is
illustrated in Text-fig. 6 (see page 175 for more complete discussion). For this
experiment a bar of quasi-monochromatic light illuminated only a narrow strip in
the middle of the fibre. The resting light intensity was measured as a function of the
variable phase shift introduced in series with the fibre using the compensator. Since
these data (open circles, Text-fig. 6A) could be closely described by eqn. (4) (con-
tinuous trace, Text-fig. 6A), the illuminated region behaved as if it had nearly the
same resting retardation throughout. At the extreme edges of the fibre, however,
where the light path length includes only a few myofibrils, the retardation does not
appear visually to be averaged out in this way. For the calculations in the later part
of the paper, any longitudinal variations in retardation have been ignored. It is
thought that for most fibres, the error introduced because of this is small.

The detailed analysis of Text-fig. 1 was not done for light of wave-
lengths other than 575 nm. However, an examination of the dependence
of B on wave-length was made on one fibre, using the narrow bar of
illumination in the fibre middle. Light intensity as a function of variable
phase shift was measured by the photodetector for A = 480, 570 and 660
nm. These data were then fitted by eqn. (4) (similar to the fit in Text-fig.
6A) to determine the best estimate of Rmax at each wave-length. For the
three values of A, the measurement of Rmax, and hence birefringence
differed by less than 2 %. On this basis B will be assumed to be independent
of wave-length.

Properties of the large optical signal preceding contraction
Analogous with the results on nerve (Cohen et al. 1970) one expects that

light intensity changes recorded with a fibre positioned between crossed
polarizers may be related primarily to changes in optical retardation. A
retardation change could arise from a change in the product of thickness
and birefringence (eqn. 2) of some subcellular structure contributing to the
total fibre retardation. However, changes in other optical properties, such
as absorption, scattering (Barry & Carnay, 1969; Carnay & Barry, 1969)
including diffraction (Hill, 1953), optical rotation, or alignment of
optic axis (e.g. the parameter V in eqn. (6)), might also contribute to the
signals. It is important therefore to perform certain optical tests to see
whether the light intensity changes detected are in fact consistent with
the view that they arise primarily from changes in optical retardation. This
hypothesis concerning the origin of the intensity changes will be referred
to as the 'AR hypothesis'.

Transmission changes. If, for example, during activity there were a
decrease in the fibre's 'transmission' characteristics (the net result of
absorption and scattering), one would expect to see a decrease in light
intensity passed by the crossed polarizers. The experiment of Fig. 2, on a
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fibre in normal Ringer, demonstrates that this mechanism will not explain
the main rising phase of the large, early signal. Trace M1 shows tension,
trace 01 shows the optical signal with crossed-polarizers in place, and trace
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Text-fig. 2. Comparison of mechanical (M), 'birefringence' (0) and 'trans-
mission' (T) signals at different stretch. Subscripts 1 and 2 refer to a fibre
stretch of 1.4 and 1P6 times slack length, respectively. R..S = 191 nm
(recorded for record 0° only). Iliofibularis m.; average fibre diameter at
slack length, 132 /jm; light, 570 ± 30 nm; optical recording about 2 mm
from cathode; 4 sweeps per trace; DC coupling; temp. 220 C; fibre ref.
072375.01. The optical calibration for the transmission traces has not been
corrected for the fact that the fibre filled only about 60% of the field seen
by the photodetector. When referred to light traversing the fibre only, the
calibration for traces T1 and T2 would be about 1-7 x 104.

T1 shows the optical signal with the polarizer in place but the analyzer
removed. In trace T1 there is apparent a transmission change of similar
timing as that of the large, early signal of trace 01, but it is a much smaller
signal and its polarity is wrong to explain the intensity decrease of trace

1.
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01. A simple transmission change cannot therefore account for the
birefringence signal.

These measurements were then repeated on the same fibre, but stretched
1 6 times slack length rather than 1-4. At the higher stretch, the same
increase in light intensity without the analyser is no longer present (trace
T2), whereas the intensity decrease with the analyzer in place is still large
(trace 02). Although measurements at stretches greater than 1 6 were not
made on this fibre, in other experiments the early transmission change was
clearly seen to reverse at high stretch and become a small decrease (see,
for example, transmission traces, Text-fig. 10). The reason for the reversal
with stretch is not understood.

Strictly speaking, to quantitate the size of a pure retardation signal, the
intensity change measured with the analyzer in place should be corrected
for any simultaneously occurring transmission change. Such corrections
were not routinely made, but on the basis of experiments like that of Text-
fig. 2 using white light, the error involved is thought to be usually less than
10 % for a highly stretched fibre and no greater than about 25% for a
moderately stretched fibre. However, in the analysis of two of the experi-
ments below (Text-figs. 7 and 11) specific corrections for the transmission
change were in order.

Evidence that the signal arises from a change in retardation
Some rather specific behaviour is predicted for a light intensity change

which arises from a small change in retardation. For each wave-length of
light A and for each narrow longitudinal fibre region of uniform resting
retardation R one has

dIA dIA dq (8)
dR dqSdR(8

Therefore from eqns. (3) and (6) it follows that for a small change AR in R

AIA = (4k sin2 V/ cos2 V/ sin 0,k 2i7/A) AR. (9)
Angle of incidence, fr. Eqn. (9) predicts that if the angle of incidence, ?,

that the crossed-polarizers make with the fibre axis is varied, the light
intensity change due to a fixed AR should simply be scaled by the factor
sin2 1fr. cos2 ilf. For this experiment the same scaling factor applies for any
wave-length of light used and for any region of the fibre from which light
is collected. Thus, for example, the signal collected from the entire fibre
width illuminated with white light should scale as sin2 V/r.cos2 jb under
the AR hypothesis.

Text-figs. 3 and 4 show the results from an experiment testing the effect
of the variable V on the magnitude of the large, early signal recorded about
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1 mm from the stimulating cathode in normal Ringer. Light of wave-
length A = 570 + 30 nm was used to illuminate the fibre, and the signal
was measured from the full fibre width. Text-fig. 3 shows the original
records on which the analysis in Text-fig. 4 was done. The theoretical

]10mg

Ml M12

01 - - -930 07- L 180

02 °80-- 3001~~~~~~~~~~~~~~~~~8

03 780 09 83\0zz °12 89830

-- 3 6 Ji mV0

04~~~~~~~~3 10
I /~~~~~~~~~~~~1M

o 480
I ~~430

530

330 88

012 930

3 6 9 Ms 0 3 6 9 Ms

Text-fig. 3. The optical signal as a function of the angle V/ that the crossed
polarizers make with respect to the fibre axis. Resting light intensities (mV)
for the various optical traces were: 01 (3 mV), 02 (88 mV), 0 (325 mV),
07 (123 mV), 08 (4 mV), 09 (24 mV), 010 (357 mV), O,, (11 mV), 012 (3 mV).
Normal Ringer; iliofibularis m.; average fibre diameter at slack length,
95 gin; stretch, 1*36 times slack length; Rm.x, 144 nm; light, 570 30 nm;
optical recording 1 mm from cathode; 4 sweeps per trace; DC coupled;
temp. 210 C; fibre ref. 071575.01. Data for the analysis of Text-fig. 4 were
measured 3-5 ms after stimulation (dashed vertical timing lines).

curves in Text-fig. 4 (continuous traces) are the function sin2 Vf . cos2 Vf
normalized relative to its maximum value. Two sets of experimental points
are also shown as a function of jk, each set being normalized with respect
to the vertical scaling factor which gives the least-squares fit of the data
to the theoretical curve: (i) the resting light intensity (open circles, Text-
fig. 4A) and (ii) the changes in light intensity measured 3-5 ms after the
stimulus (filled circles, Text-fig. 4B), this time being indicated by the
dashed vertical line in Text-fig. 3.
The resting light intensities agree well with the theoretical curve, as one

would predict from eqn. (6) and the assumption that the resting fibre
behaves essentially as a uni-axial object, with optic axis parallel to the
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fibre axis. The changes in light intensity measured 3-5 ms after the stimulus
also agree well with the theoretical curve and therefore with the AR
hypothesis.

Quantitatively similar results were obtained for fibres bathed in mechani-
cally deactivating solutions, D20 or 2-2T hypertonic Ringer. In these
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Text-fig. 4. Analysis of angle of incidence experiment shown in Text-fig. 3.
A, normalized resting light intensities (open circles) as a function of Of.
B, normalized changes in light intensity (filled circles, measured 3-5 ms
after stimulation) as a function of ?f. The theoretical curve in both parts of
the Figure is proportional to the function sin2 *f. cos2 i/ expected under
the AR hypothesis (see text for further explanation).

cases, however, the theoretical curves could be fitted to the data points
measured at the peak of the early signal (about 8-10 ms after stimulation).

Phase shift, OA. A second quantitative comparison of the experimental
behaviour of the signal with that expected under the AR hypothesis is
provided by varying the net resting retardation R, and therefore HA,
preceding the analyser by means of the variable compensator. Under the
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conditions of eqn. (9), the change in light intensity due to a constant AR
should vary as sin OA. Since the factor sin Ox will vary for different wave-
lengths of light and for fibre regions of different resting retardations, the
simplest quantitative approach would be to eliminate this variation by
illuminating the fibre with narrow-band light and measuring the signal
from a longitudinal fibre strip of uniform retardation.

10 UV

10 mg

M

L
0 5 10 15 ms

Text-fig. 5. Changes in light intensity (0) as a function of retardation intro-
duced by the variable compensator and mechanical trace (M), for the case
of a central longitudinal strip of fibre illuminated with narrow-band light
(A = 575 ± 15 nm). Fibre retardation was 270 nm; compensator retarda-
tion was: 01 (-270nm), 02 (-193nm), 03 (-116nm), 07 (+193nm),
08 (+ 270 nm). Normal Ringer; semitendinosus m.; average fibre diameter
at slack length, 200 Him; stretch, 1-69 times slack length; optical recording
2 mm from cathode; 32 sweeps per trace; optical AC coupled, mechanical
DC coupled; temp. 230 C; fibre ref. 121274.02.

. * ,
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Results from such an experiment are shown in Text-figs. 5 and 6 for a

fibre in normal Ringer. Narrow-band light (575 + 15 nm), after passing
through a horizontal slit in the light path, illuminated a longitudinal
region, nominally about 10lm in width, in the middle of a fibre. Because
of light scattering, the effective fibre width illuminated was difficult to
determine precisely, but visual observation through an eyepiece in front
of the photodiode showed that most of the light was in fact restricted to a
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Text-fig. 6. Analysis of full set of records from compensation experiment
of Text-fig. 5. A, resting light intensities (open circles) as a function of OA,
the net phase shift of fibre plus compensator. Theoretical curve (continuous
trace) is the function k( 1- cos q5A), expected if the region of muscle illumi-
nated had a uniform resting retardation of 270 nm. For the curve fit,
k = 5-34 mV. B, changes in light intensity (filled circles; measured 7 ms
after stimulation) as a function of qS. Theoretical curve (continuous trace)
is the function k sin qSk AAk expected under the AR hypothesis. For the
curve fit, Aqk = - 3 65 x 10-3 (radians), corresponding to a AR of 0 33 nm.
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narrow longitudinal region, about 10-15 ptm wide, in the fibre centre. The
illuminated strip visually appeared to have a uniform resting retardation
of about 270 nm. The amount of additional retardation introduced in series
with the fibre retardation was then changed in a stepwise fashion by
varying the setting on the compensator. The resting light intensity and
change in light intensity following stimulation were measured at each
setting. The fibre, although stretched to about 1-7 times slack length, was
still able to generate some twitch tension and therefore to move slightly
following each stimulus. However, as was verified by visual inspection
periodically during the experiment, this movement was restricted essenti-
ally to the longitudinal direction, with the bar of light remaining focused
in the central region of the fibre.

Text-fig. 5 shows a sample of the experimental records obtained and
Text-fig. 6 shows the analysis carried out using the full set of records. In
Text-fig. 6A, the open circles plot the resting light intensity as a function
of the net phase shift OA of the fibre and compensator in series. Thus the
leftmost point corresponds to the compensator having introduced - 295
radians of phase shift (-270 nm of retardation at A = 575 nm). The
continuous trace in Text-fig 6A is the function k(1 - cos qA) expected on
the basis ofeqn (6), where the scaling factor k = 5.34 mV was determined
to give the least-squares fit of the function to the data.
The over-all agreement in Text-fig. 6A between the theoretical curve

and the experimental data is good, with the possible exception of the two
smallest light intensities measured, corresponding to 0 and 1 full wave-
length of phase shift. The fact that these light intensities did not extinguish
completely with a nominally zero phase shift can reasonably be attributed
to light scattering and/or a failure of the illuminated area of the fibre to
have exactly the same retardation throughout. The deviation from the
theoretical curve is small, however, in support of the assumption that the
illuminated region behaved essentially as a birefringent object of uniform
retardation (see small print, pp. 167-168).

Text-fig. 6B shows the changes in light intensity during activity (filled
circles), also plotted as a function of the net resting phase shift OA. The
intensity changes were measured 7 ms after stimulation, near the peak of
the optical signals seen in Text-fig. 5. The continuous curve in Text-fig.
6B is the function k sin OA AqA. Under the AR hypothesis this function,
with k determined from the fit in Text-fig. 6A, should fit the measured
intensity changes with the vertical scaling factor LOA as the only adjustable
parameter. The least-squares fit of this function to the data gave
AOS = - 3*65 x 10-3 (radians), corresponding to a retardation change 7 ms
after stimulation of 0 33 nm. The change in retardation divided by the
resting retardation for this fibre strip was therefore 0.33/270 = 1-22 x 10-3.
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The above compensation experiment was repeated for this same fibre
but with the narrow slit focused near the edge rather than the middle of
the fibre. Because of the cross-sectional curvature at the fibre edge, the
resting retardation was, by visual inspection, not constant in the transverse
direction within the region of illumination. As one might expect, the
resting light intensities and changes in light intensity were not fitted well
by scaling the theoretical functions shown in Text-fig. 6.

Because the retardation usually varies greatly over the full fibre width,
light intensities measured from the entire fibre in the variable compensa-
tion experiment would also be expected to show significant departures
from the simple functions k(1- cos0,A) and k sin OAx AVA. However, there
is one straightforward prediction that can be made under the AR hypo-
thesis when illuminating the full fibre width with narrow-band light. If
the retardation introduced by the compensator is changed by i wave-
length, the change in light intensity observed for a pure retardation change
should simply be minus the change in light intensity observed without the
added compensation. This follows from eqn. (9), since every narrow longi-
tudinal fibre region of uniform phase shift VA will then have its contribution
to the total light intensity scaled by the same factor, sin (OA ± 7)/sin OX = - 1.
An experiment showing that the large birefringence signal satisfies this test
is given in Text-fig. 10, discussed more fully below.
The above experiments provide strong evidence in support of the AR hypothesis

but are not conclusive proof of it. Theoretical model systems were investigated in
which several objects with varying optical properties were assumed to be positioned
in series between crossed-polarizers. Light signals (intensity changes) were generated
by introducing a small change in an optical property assumed for one of the objects.
The resulting theoretical curves for I and Al were compared with those expected
under the AR hypothesis for the angle of incidence experiment (Text-fig. 4) and
compensation experiment (Text-fig. 6). Examples were found which reproduced the
experimental relationships expected under the AR hypothesis without the under-
lying mechanism being a change in retardation. However, in contrast to models
involving only a change in retardation, such counterexamples were complex and
subject to numerous restrictions. The simplest explanation of the results presented
in Text-figs. 3-6 is to assume the signal is due to a change in retardation.

Varying the wave-length
As mentioned on page 168, to a good first approximation the resting

retardation of a muscle fibre appears to be independent of wave-length in
the range A = 480-660 nm. Similarly, the change in retardation seen in
the squid giant axon accompanying a change in membrane potential is
approximately independent ofwave-length (A = 400-700 nm; Cohen, Hille,
Keynes, Landowne & Rojas, 1971). The experiment shown in Text-fig. 7
was carried out in normal Ringer to investigate the wave-length dependence
of the large, early retardation change in muscle.
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TABLE 2. Variation of birefringence signal with wave-length, A

A
(nm)
(1)

Trace
(2)

480 Uncompensated
Compensated
S/2

570 Uncompensated
Compensated
S/2

690 Uncompensated
Compensated
S/2

I
Ox (mV)
(3) (4)
149-70 24
-30-30 3*

Al
(#uV)
(5)
-28-8
+9-6
-9-6

126.10 95 -125-4
-53.90 24 + 79-8

-22-8

104.10 64
75.90 40

- 102-4
+ 76-8
-12-8

AI-S/2
(,#V)
(6)

-19-2

- 102-6

(6)+ (4)
(X 10-3)

(7)
-0-80

-1-08

-89-6 -1-40

* This small number may be accurate only within 1-2 mV.

+04

0

o -0.4
xI-

- -08

-1.2

1
400 500 600 700

A (nm)

Text-fig. 7. Analysis of optical signal observed from a longitudinal fibre
strip of uniform retardation (R = 199-6 nm) as a function of the illumina-
ting wave-length (A = 480, 570 and 690 nm). See Table 2 for experimental
data. At each wave-length, the AI/I plotted (filled circles) has been cor-
rected for the simultaneous 'transmission' change that is assumed to be
equivalent to the average component of the signal that does not exactly
invert with a half wave-length of compensation. The theoretical curve
(continuous trace) describes the relative size of the AI/I to be expected
under the AR hypothesis, making the additional assumption that AR is
independent of wave-length. The fit of the theoretical curve to the data in-
volves one adjustable parameter, the scaling factor AR, which in the plot
has been taken to be 0-205 nm. The fibre for this experiment was in normal
Ringer.

-1 6L_



S. M. BA YLOR AND H. OETLIKER
As was the case for the experiment of Text-figs. 5 and 6, the theory is

simplified if the light is restricted to a fibre region of uniform retardation.
A longitudinal strip in the centre of a highly stretched fibre was therefore
illuminated with narrow-band light (± 18 nm), using wave-lengths
A = 480, 570 and 690 nm. Signal-averaged records were taken at each
wave-length with first 00 of phase shift introduced by the compensator and
then with - 1800 of additional phase shift. The AlI was measured in each
record 3 ms after the presumed arrival of the peak of the surface action
potential. These data are given in column 5 of Table 2. Additionally, at
each wave-length the AI's of the compensated and uncompensated records
were summed and divided by 2 (denoted by 5/2). Since any pure retarda-
tion component of the signal should exactly invert with compensation, the
value of 8/2 should give the size of the non-retardation component of the
signal, under the assumption that this latter component has approximately
the same magnitude in the compensated and uncompensated traces. This
component presumably is caused by the transmission change (see experi-
ment of Text-figs. 10 and 11 discussed below).

If, then, a signal arises purely from a retardation change that is indepen-
dent of wave-length, the A/II as a function of wave-length should be given
by the ratio of eqns. (6) and (9), i.e.

AI - sin -A2n AR (10)
(l-Cos OA) A

Since bA is available from the resting measurements, AR is the only
adjustable parameter remaining in eqn. (10). The A/II of the uncompen-
sated records were in fair agreement with, but showed a systematic
deviation from this relationship. However, since the S12 trace at each
wave-length was non-zero, the fit of eqn. (10) to the data might be im-
proved by correcting for the presumed transmission change. Column 6 of
Table 2 gives the value of AI-S/2 for the uncompensated records, these
numbers being taken to more closely approximate the pure retardation
signal. Column 7 then gives the 'corrected' AI/I at each wave-length.
These data are plotted in Fig. 7 (filled circles) and are in significantly better
agreement with eqn. (10) (continuous trace) than the uncorrected data (not
shown). The value ofAR chosen for the curve in Text-fig. 7 was 0-205 nm.
Thus, when corrected for transmission changes, the experiment supports
the idea that the early retardation change is approximately independent
of wave-length.

Spatial distribution of the signal across the fibre width
In experiments in which a slit of light was incrementally moved across

the viewing width of the squid giant axon (Cohen et al. 1970), the retarda-
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tion change attributed to the action potential was shown to be maximal at
the edges and nearly zero in the middle. This type of spatial distribution
is expected for a signal originating from a cylindrical structure with a
radially oriented optic axis localized in or near the exterior membrane
(Cohen et al. 1970). However, since the large, early birefringence signal
from a muscle fibre appears to reflect events subsequent to the action
potential of the surface membrane, one might expect that the spatial
distribution of the signal would have the characteristics of volume not
surface. Structures which might give rise to the signal, such as the T
system, sarcoplasmic reticulum, myoplasm, or contractile proteins, for
example, are all distributed as fibre volume. If the signal is volume-
related, the change in retardation measured from a slit of light through the
fibre middle might be larger than that measured from the same slit near
the fibre's edge by the factor relating the two slices of fibre volume
contained in the light path.
Experiments designed to test this hypothesis were carried out in normal

Ringer using the small slit of light positioned at various distances across
the fibre's viewing width. Of the three such experiments that were success-
fully completed, all gave the results that (i) the polarity of the initial
retardation change, a decrease from resting, was the same no matter which
longitudinal region of fibre was being observed and (ii) a relatively large
retardation change could be measured from the middle of the fibre. This
latter finding is the opposite of that expected for a signal from the surface
membrane (Cohen et al. 1970). Data and analysis from the fibre which gave
the most reproducible results are given in Table 3 and Text-figs. 8 and 9,
where light of A = 575 + 15 nm was used to illuminate the fibre. The
optical recordings were made 2 mm from the stimulus cathode to avoid the
possible complication of three-dimensional non-uniformities in potential
accompanying the shock.

Text-fig. 8 shows the changes in light intensity recorded from the full
fibre width (trace O1) and from five different narrow longitudinal regions
equally spaced across the fibre, from lower edge (trace 02) to upper edge
(trace 06). Trace 07, the last optical record taken, is from nearly the same
position as trace 02, and shows that the optical measurements were
reproducible over time. The tension records as well remained virtually
unchanged for the full set of measurements (trace M1 being taken at the
beginning and trace M7 at the end of the experiment).

Table 3 gives the approximate positions of the five different regions
illuminated relative to their viewing width across the fibre (column 3),
their average resting retardations (column 4), their corresponding phase
shifts (column 5), and their resting light intensities (column 6). Column 7
gives the theoretical resting light intensities predicted for each of the five
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02

1
03A

04 I 25 11V
04

05

1
06 1,
07
°7 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~1

1

XI',
100 #V

2 ms

M, } _ _ 50 mg

u ~~~~~~~~~~~~~~~~~~~~~~~~~

Text-fig. 8. Variation of the optical signal as a narrow bar of light (about
10 jpm in width) was moved across the viewing width of the fibre. Optical
signals were taken from fibre regions near the lower edge (02 and 07), half-
way toward the middle from the lower edge (03), at the middle (04), halfway
toward the upper edge from the middle (05), near the upper edge (06), and
from the entire fibre width (0k). Resting light intensity for trace 0, was
180 mV. See Table 3 for resting retardation and resting light intensity of
each narrow fibre region. Normal Ringer; semitendinosus m.; average
diameter at slack length, 160 gim; stretch, 1 56 times slack length; A =
575 + 15 nm; optical recording 2 mm from cathode; 16 sweeps per trace
for 01 and M,, 32 sweeps per trace for all others; optical AC coupled,
mechanical DC coupled; temp. 21-50 C; fibre ref. 121274.01. Data for the
analysis of Fig. 9 were measured 4-5 ms after stimulation (dashed vertical
timing line). Upper optical calibration applies to traces 02-07.
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regions on the basis of their measured resting phase shifts and the least-
squares fit of the constant k in eqn. (6) to the measured resting light
intensities. The agreement between column 6 and column 7 is good, con-
firming the expectation that the narrow longitudinal regions behave opti-
cally as uniform birefringent objects with average phase shifts close to
the measured phase shifts.

Under the assumption that the fibre cross-section was elliptical in shape,
column 8 gives the resting retardations predicted from eqn. (2) for each of
the narrow regions. For this least-squares fit, the locations given in column
3 were used to get a relative light path length, and therefore relative
retardation, through the corresponding part of the ellipse. The good agree-
ment between column 8 and column 4 indicates that the fibre cross-
sectional shape approximated that of an ellipse, although the orientation
of the light path with respect to the axes of the ellipse cannot be deter-
mined from these measurements alone. Column 11, which shows data from
another experiment, gives the resting transmission characteristics (%)
measured from five similar longitudinal regions but with the analyser
removed. These data show that a single fibre is quite transparent and that
its transmission characteristics differ by less than 5 % over the entire fibre
width. Column 9 gives the change in light intensity measured 4-5 ms after
stimulation from each fibre region, this time being indicated by the dashed
vertical line in Text-fig. 8. Column 10 gives the AR corresponding to each
AI calculated from eqn. (9), column 5, and the constant k = 7-1 mV
determined for the fit of column 7.
The analysis shown in Text-fig. 9 is based on the assumption that the

early change in retardation from a fibre strip of homogeneous retardation
is a wave form proportional to the fibre volume illuminated This assump-
tion can only be approximately correct, because it ignores the brief propa-
gational delay from the surface membrane into the fibre interior (Gonzalez-
Serratos, 1971; Adrian & Peachey, 1973). Since, for each fibre strip of
uniform resting retardation, the fibre volume illuminated should be propor-
tional to the light path length through the fibre and therefore to the resting
retardation R (eqn. (2)), it follows under this volume hypothesis that

AR? = eR, (11)
where c is a constant.
The open circles in Text-fig 9 plot the retardation change (Table 2,

column 10) vs. resting retardation (Table 2, column 4) for the different
longitudinal strips of fibre illuminated, The open circles, according to eqn.
(11), should fall on a straight line intersecting the origin. The continuous
line in Fig. 9 gives the least-squares fit of such a line to the data, with the
constant c determined to be -1 02 x 10-3. Considering the errors involved
in assuming a single value of resting retardation for the illuminated strips

182



ANALYSIS OF MUSCLE BIREFRINGENCE SIGNALS 183

near the fibre edge, in making a measurement of resting retardation (esti-
mated as + 5 nm), and in separating the signals from the noise level there
is probably acceptable agreement between the experiment and a volume
hypothesis. The dashed theoretical line in Text-fig. 9 follows the theory of

04 -

0

0.3 o

E\ /

c 0.2 _ 0\O~~~~~02~~~~~~~~~

0.1

I I I I
100 200 300

Resting retardation (nm)

Text-fig. 9. Analysis of spatial experiment shown in Text-fig. 8. Open circles
plot the retardation change (Table 3, column 10) measured from each narrow
fibre strip 4-5 ms after stimulation as a function of the resting retardation
of each region (Table 3, column 4). The straight line through the origin gives
the theoretical relationship to be expected if the retardation change is
uniformly distributed according to fibre volume. The dashed curve gives the
relationship to be expected if the AR arises from a surface structure with a
radially oriented optic axis. See text for detailed description.

Cohen et al. (1970) and indicates the relationship to be expected if the
signal arose from a structure with a radially oriented optic axis in or near
a cylindrically disposed surface membrane. Clearly the spatial distribution
of the rising phase of the large, early retardation change of a muscle fibre
is different from a surface-related retardation signal of the type found in
the squid giant axon.

In Text-fig. 8 it is apparent that the wave forms recorded from individual fibre
regions (traces 02-07) have quite different shapes by the time of the peak of the
optical signal collected from the whole fibre (trace O1). On the face of it, this suggests
that the peak of trace 01 no longer reflects a single, early process, but is likely to be
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heavily contaminated by mechanical activity. However, it is probable that the
individual traces 02-07 are a good deal more sensitive to the earliest mechanical
activity. For example, small shifts in fibre position could cause relatively large shifts
in resting retardation for a strip of illuminated fibre, while leaving a signal measured
from the entire fibre width relatively unchanged. Thus, trace 01 could still be
reflecting primarily a single process through the time to its peak.

A second experimental approach testing the hypothesis that the large
birefringence signal is volume-related is given in Text-figs. 10 and 11.
However, for the interpretation of this experiment, as well as the calcula-
tions in Tables 5 and 6, it is necessary to have a description of the signal
in situations where the wave-length of light and the fibre's resting retarda-
tion are not constant.

The birefringence signal &ummed over distance and wave-length

Suppose the full viewing width, w, of a fibre is illuminated with light of wave-
lengths AO to Au., giving rise to a total light intensity, IT' measured by the photo-
diode. Let I(A, x) dx dA be the differential contribution to IT from a narrow
longitudinal strip of fibre located at distance x across the viewing width illuminated
by light of wave-length A, so that

IT = JOI(A,x)dxdA. (12)
JAJ0

Now assuming that the resting retardation is constant in the longitudinal direction
(see page 167 and Fig. 6A) and that differences in the transmission characteristics
of the fibre as a function of x are negligible (Table 3, column 11), one has, analogous
to eqn. (4), that

I(A,x) = kS(A)[I-cosqS(A,x)], (13)

where q(A, x) is the resting phase shift for light of wave-length A illuminating the
fibre strip at distance x across its viewing width. The function S(A) is given in Table 1
and must be introduced to appropriately weight the contribution of each wave-length
of light to the total light intensity measured (see Methods for experimental deter-
mination of S(A)). The constant k is proportional to the absolute intensity of the
light source times the length of fibre from which light is collected.

Similarly, let AIT be the total change in light intensity during activity measured
from the full fibre width illuminated by light of wave-length AO to A0, and let
AI(A, x)dxdA be the differential contribution to AIT as a function of distance and
wave-length, so that

BAD w
AIT = AI AI(A, x) dxdA. (14)

Then, analogous to eqn. (9), one has under the AR hypothesis that

AI(A, x) = kS(A)sin O(A, x)A9(A, x), (15)

where AOS(A, x) is the phase shift during activity of the light as a function of distance
and wave-length. Hence,

A S(A) f sin 0q(A, x)A0q(A, x)dx dA

A1TA/IT f AcO x) . (16)
/[S(A) (I(-cos 0(A, x))dxdA

Ja J
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Assuming that the resting retardation R(x) and the change in retardation during
activity AR(x) are independent of wave-length (see page 168 and Text-fig. 7), one has

q(A, x) = R(x) 2rTA (17)
and AqS(A,x) = AR(x)27rIA. (18)
Hence, after substitution

AIT S(A)/A f sin (R(x)2vrfA) AR(x) dxdA

fS(A) f -cos (R(x)27T/A)) dxdA

where all the terms except AR(x) on the right-hand side of eqn. (19) are known or
can be experimentally determined.

Wave-length dependence of the signal from a fully illuminated fibre
The above relationships provide a second way to test the volume hypo-

thesis for the origin of the laige, early birefringence signal, Text-figs. 10
and 11. For this experiment the light signal was collected from the full
viewing width of a highly stretched fibre in D20 Ringer.

Text-fig. 10 shows the large signal measured in D20 Ringer at the
extremes of the wave-lengths used (450 nm, left panel; 690 nm, right
panel). Optical records were taken either uncompensated (traces 0° and
02) or with i wave-length of added phase shift (traces 03 and 04). At each
wave-length the trace labelled S/2 is the computer sum divided by 2 of
the compensated and uncompensated traces and, as discussed on page 178,
approximates the average non-retardation component present in the
original records. A small, early signal is apparent on each S/2 trace, but
the qualitative conclusion is that over the range of wave-lengths used the
large, early D20 signal inverted with compensation, as expected if its
optical basis is a change in retardation. Interestingly enough, the uncom-
pensated intensity change for A = 450 nm is an increase rather than the
usual decrease measured for the large, early signal.

Also shown in Text-fig 10 are the transmission changes (traces T1 and
T2) measured with the polarizer in place but with the analyser removed.
At each wave-length the shape of the transmission trace is nearly super-
imposable with the corresponding S/2 trace. Some uncertainty is associated
with comparing the relative magnitude of the two traces, however. This
arises in part because, with the analyzer removed, the background light
intensity is bright and the AI/I of the transmission signal does not refer to
light traversing the fibre only. To correct for this, the resting light intensi-
ties that apply to the transmission records can be scaled by the proportion
of the approximate area of the image field taken up by the fibre. When
corrected in this way, the magnitudes of the transmission changes (in terms
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A=450 nm A=690 nm

0 02

S/2 __ S/2

I a_

3 ~~~~~~~~~~~~~~~~~~4

C, - C2

v

M M

0 40 80 120 ms 0 40 80 120 ms

Text-fig. 10. The early birefringence signal collected from the full fibre width
as a function of wave-length. Original mechanical (M), birefringence (0),
and transmission (T) traces. Illumination for left-hand panel was with
A = 450 ± 30 nm and for right-hand panel with A = 690 ± 20 nm. Traces
0° and 02 were 'uncompensated' (i.e. the compensator setting was for 0 nm
of additional retardation), whereas traces 03 and 04 were 'compensated'
with 4 wave-length of phase shift (i.e. compensator settings were - 225 and
- 345 nm respectively). At each wave-length the trace labelled S/2 is the
computer sum divided by 2 of the compensated and uncompensated traces,
and the trace labelled 'C' is the original uncompensated trace minus the S/2
trace. Also shown at each wave-length is the transmission change (traces
T1 and T2), recorded with the polarizer in place but with the analyser
removed. Resting light intensities for the uncompensated records were
0-84 V (0k) and 2 38 V (02). Resting light intensities for the transmission
traces were 6-95 V (T1) and 4-86 V (T2), of which approximately 43 % was
transmitted by the fibre and 57 % was background light. Vertical calibration
(large arrow) is 2-36 mg for the mechanical trace and 10-3 for all uncompen-
sated birefringence traces, or equivalently 0-84 mV for all traces at
A = 450 nm (except T1, for which it is 1-73 mV) and 2-38 mV for all traces
at A = 690 nm (except T2, for which it is 1-21 mV). D20 Ringer; iliofibu-
laris m.; average fibre diameter at slack length, 173 Him; stretched 2-0 times
slack length; R., 304 nm; 3-5 mm from cathode. DC coupling; temp.
230 C; 4 sweeps for each optical trace and 48 for trace M (the latter being
displayed at each wave-length). Fibre ref. 042076.01. A sarcomere spacing
of 3-9 ,uin at the site of optical recording was determined by counting the
number of sercomeres in a calibrated distance. Peak switch tension for this
fibre in normal Ringer was 189 mg at a stretch of 1-6 times slack length.
Small arrows mark moment of stimulation. Experimental records were
also obtained at A = 510 and 600 nm (not shown).
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of AI/I) differ by less than a factor of 2 when compared with the magni-
tudes of the corresponding S/2 traces (AI/I referred to the uncompensated
state). It therefore appears that the signals in the S/2 traces may reasonably
be attributed to the transmission change.

10 r
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.11-1

2

0

-2 _-
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-6
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400 Soo
I I , I

600 700
A (nm)

Text-fig. 11. Comparison of volume V8. surface hypotheses for the origin of
the early birefringence signal. Same experiment as in Text-fig. 10. Data
points shown are the magnitudes of the uncompensated traces after correc-
tion for the transmission change (e.g. traces C1 and C2, Text-fig. 10), measured
10 ms after stimulation. The continuous theoretical curve was derived under
the assumption that the retardation change is distributed as fibre volume,
whereas the dashed theoretical curve assumes a surface-related signal. A
similar analysis of the original uncompensated traces alone (i.e. uncorrected
for the transmission change) also supports the conclusion that the signal is
volume-related rather than surface-related. However, the fit shown, of the
volume-related curve to the 'corrected' data, is a significant improvement
over that to the 'uncorrected' data.

At each wave-length in Text-fig. 10 the uncompensated record was
therefore corrected for the presumed transmission change by subtracting
the corresponding S/2 trace. The corrected traces obtained (Text-fig. 10,
traces labelled Cl and 02) should then more closely approximate that part
of the original uncompensated signal that behaves purely as a change in
retardation.
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The AI/I measured 10 ms after stimulation for these corrected signals,
as well as for similarly corrected signals at A = 510 and 600 nm, have been
plotted in Text-fig. 11 (filled circles). The continuous theoretical curve in
Text-fig. 11, giving AI/I as a function of A, was calculated for the un-
compensated signal on the assumption that the signal arises from a retarda-
tion change distributed as fibre volume. The dashed curve in Text-fig. 11
is the theoretical relationship to be expected if the retardation change
arises from a structure in or near the surface membrane with a radially
oriented optic axis. The experimental points are in much better agreement
with the continuous curve, providing strong additional support for the
hypothesis that the retardation change arises from a structure that is
distributed as fibre volume.

The details of calculating the theoretical curves in Text-fig. 11 follow the theory
given in eqns. (12)-(19). Assuming an elliptical cross-section and a volume hypothesis

R(x) = Rmax [i - (wI2X)27 (20)
[ (w/2 )](0

and AR(x) = AR) [ w2 ) (21)

where R__ and ARm, are the resting retardation and change in retardation,
respectively, half-way across the viewing width, w, of the fibre. The fact that fibre
cross-section was approximately elliptical was verified from the resting retardation
measurements across the fibre width (cf. page 182, comments on elliptical shape).
Eqn. (19), after substitution and simplification, then gives

(f sin (R (27f) (1 y2)) dy (22)
IT A j21-osTmx(r)1 a4)d

where the variable of integration y now corresponds to the fractional distance from
the fibre centre towards the fibre edge. According to eqn. (22) the shape of the curve
giving AIT/IT as a function of A is determined by the value of Rx, whereas AR
simply serves to scale this shape. For this fibre Ra was 304 nm. The value of
ARmax, the only adjustable parameter remaining in eqn. (20), was chosen to be
-0X266 nm for the curve fit in Text-fig. 11.
Starting from eqn. (19) a similar approach was used to calculate the surface-

related curve. However, in this case AR,,., instead of being maximal in the fibre
middle and falling to zero at the edges, was assumed to be maximal at the edges and
to fall to zero in the middle. The function chosen to approximate this relationship
follows the theory of Cohen et al. (1970),

AR(x) = AR.,,,,.x 2[ (wl2,x)2 (23)

where nv is the refractive index of the active surface-related structure, no is the
refractive index of the medium, on either side of it, and AR8u,.. is the only adjust-
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able parameter. For the calculation n. was set equal to 1-34, the refractive index of
Ringer, and no to 1-48, the refractive index ofmembrane (Cohen et al. 1970). However,
the shape of the theoretical surface curve is rather insensitive to the particular
values chosen for nz and no (as long as no > nR). For calculating the dashed curve
in Fig. 11, the value chosen for the scaling factor (ARsurtace) was - 6-02 x 10-2 nrm.
AR8ur,,ce is also not very sensitive to the particular choices for nR and no.
Both theoretical curves in Text-fig. 11 are based on the assumption of a retarda-

tion change of constant sign (a decrease) and magnitude that is independent of
wave-length. The reason why the uncompensated signal at A = 450 nm was an
increase in light intensity for this fibre is explained by the volume hypothesis. At
this wave-length the resting retardation towards the fibre middle and in series with
most of the fibre volume was greater than half a wave-length. The contribution to
the signal from this region was therefore an increase in light intensity (see Text-fig.
6 B) greater than the decrease in light intensity contributed from the regions in series
with the fibre edges, where the resting retardation was less than half a wave-length.
In contrast, most of a surface-related signal is assumed to arise from regions near
the fibre edges.

Calculktion of AR per unit path length
Since at least the initial rising phase of the large, early signal in normal Ringer

(Text-figs. 8-9) and the peak of the signal in D20 Ringer (Text-figs. 10 and 11)
appears to be a volume-related signal, it is of interest to calculate the magnitude of
the retardation decrease normalized by the length of the light path through the fibre.
This quantity, denoted ARL, formally has units of (change in) birefringence, but its
introduction is not meant to imply that the retardation change could not also involve
a change in thickness of the birefringent structure giving rise to the signal. The most
straightforward way to calculate ARL is to take measurements from a fibre region
ofuniform retardation illuminated with narrow-band light, since AR can be calculated
as was done for the experiments of Text-figs. 5-9, and the path length in the fibre
can be estimated from the resting retardation, eqn. (2) and the average value deter-
mined for B (2-25 x 10-3). Values of ARL ( = AR/mm) calculated in this way for fibres
in normal Ringer are given in Table 4. Column 10 gives the value 2-5 ms after the
presumed arrival of the peak of the surface action potential and column 13 gives the
value calculated at the apparent peak of the early optical signal.

It is also possible to calculate ARL for the fibres in which the entire fibre width
was illuminated, either with narrow-band light or white light. From eqn. (2) it
follows that

AR(x) = ARL.R(x)IB (24)
and therefore, from eqn. (19), that

ARL - AiT fS(A) (1 -cos (R(x).21TfA)dxdA (25)
L

T fSAo)~2f~ ) 1rfJ S(A) Isin (R(x). 2-ff/A) - dxdA

Columns 6 and 8 of Table 5 give the values of ARL calculated from eqn. (25) for
a number of fibres in normal Ringer illuminated with green light or white light. As
for the analysis in Text-fig. 11, R(x) was assumed to conform to an elliptical shape
scaled by the maximum retardation (Table 5, column 3) measured at the fibre centre,
i.e. to satisfy eqn. (20). A check on this assumption for each fibre was provided by
the resting retardation measured half-way from the edges to the fibre centre (Table
5, column 4), which should be 87 % of the maximum retardation. Fibres which did
not approximately satisfy this test were excluded from the Table.
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The average values of ARL determined by the method of eqn. (25) are in good

agreement with the average values given in Table 4, both when measured 2-5 ms
after the presumed peak of the surface action potential and at the apparent peak of
the early optical signal. The earlier of the two measurements should give, on the
average, about the largest change that behaves by all the experimental criteria as a
relatively pure retardation change. The peak measurement, in many fibres, is likely
to be complicated by mechanical activity, but in the case of a highly stretched fibre
may still reflect primarily a single process.
From the average resting birefringence B, the figures in Table 5 for ARL can be

used to obtain, by eqn. (24), average values for the fractional decrease in retardation
due to the early process compared with the resting retardation. These values are
1-02 x 10-3 (2-5 ms after surface action potential) and 1-68 x 10-3 (apparent peak).
Table 6 gives the results of the same calculation for ARL for the D20 signal

measured at its peak. The average peak value of ARL from Table 6, 1-66 nm/mm,
is approximately 45% of the magnitude of, and in general occurred 3-4 ms later
than, the average peak ARL seen in normal Ringer.

DISCUSSION

The experiments of this paper show that the large, early optical signal
reported previously (Baylor & Oetliker, 1975, 1977 a) is very likely due to
a small decrease in optical retardation, about 1 part in a 1000, compared
with the fibre's resting retardation. This retardation change appears to be
independent of wave-length (for A between 480 and 690 nm) and distri-
buted as fibre volume.

The early retardation change and the early transparency change
An early transparency change in whole frog muscle, beginning possibly

as early as the earliest detectable length change of latency relaxation, was
first reported by Schaefer & Gdpfert (1937) and by Buchtal, Knappeis &
Sj6strand (1939). Hill (1949) confirmed the existence of this signal, and
later (Hill, 1953) showed that the early intensity change he measured was
due to a small decrease in diffraction. Carnay & Barry (1969) and Barry &
Carnay (1969) have also reported a transparency change detectable early
in the latent period that appeared to be due to a simple scattering change,
however, rather than a change in diffraction.
The large, early birefringence signal clearly overlaps the time of these

early transparency changes. Measurements on the same single fibre confi 'n
that an early transparency change can usually be detected beginning
nearly simultaneously with the large, early birefringence signal (Text-figs.
2 and 10). Whether or not these optical signals all reflect primarily the same
underlying process is not known. Interestingly enough, in a single fibre, the
birefringence signal appears relatively uncomplicated by, and has a much
larger signal-to-noise ratio than the transparency change.
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The reduced magnitude of the early birefringence signal in
mechanically deactivating solutions and with stretch

It is likely that the large, early birefringence signal reflects some change
taking place within the fibre volume linking excitation to contraction (see
also Discussion of Baylor & Oetliker, 1977b). The reduced magnitude of
the signal with high stretch or after replacement with D20 or hypertonic
Ringer (Baylor & Oetliker, 1977a) may therefore reflect some decreased
physiological activity, such as a reduced amount of Ca2+ released from the
sarcoplasmic reticulum. Alternatively, this reduction might be the result
of a change in fibre geometry or in some physiologically irrelevant optical
property ofthe fibre. For example, since a single fibre shrinks in hypertonic
Ringer, one could expect that its birefringence B would also change and
this in turn might affect the size of the measured intensity changes,
independent of a significant change in any physiological step leading up to
the activation of contraction. The simplest situation in this case would be
for B to be proportional to the concentration of the birefringent material.
Hence, when fibre volume decreased from V to V', the birefringence might
increase from B to B' according to

B'/B = V/V'. (26)

The approximate change in volume expected for a single fibre held
isometrically as the tonicity is raised has been determined by Blinks
(1965): V'/V = 034+066/T, (27)

where T is the new tonicity relative to isotonic. In the idealized case of a
circular fibre cross-section decreasing from radius a to a' = a(V'/V)i,
the maximal retardation measured at the fibre centre, Rmax, might then
increase to RBax according to

R'a _B'. (2a') (f2a, (V\
(28)Rmax B. (2a) (V a!

= (a/a'). (29)
Although a systematic determination of B in the various hypertonic

Ringer solutions used was not made, as was done for fibres bathed in
isotonic Ringer (Text-fig. 1), measurements of resting retardation on a
number of fibres in 2M2-3T Ringer indicated that Rmax usually increased
as volume decreased but not quite as much as predicted by eqns. (26)-(29).
For example, the typical changes observed when tonicity was increased
from isotonic into the range 2M2-3T were that the fibre viewing width (and
resting light intensity) decreased by about 10-20 % whereas the maximum
resting retardation increased rather less, usually between 0 and 10 %. A
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departure from eqn. (29) in this direction might have been anticipated
because, as the average refractive index of the medium surrounding myosin
increases with tonicity towards that of myosin, the form birefringence of
the fibre should probably increase less than the simple case treated by eqn.
(26). However, the effect of these tonicity increases on the resting bire-
frigence other than predicted by eqns. (26)-(29) appears to be rather small.
Now if tonicity has about the same relative effect on the change in retarda-
tion which gives rise to the large, early optical signal as it does on the
resting retardation (as might be the case if the signal depended on a
changing property of either form or intrinsic birefringence), one would
expect the AI of the signal to decrease slightly and the AI/I perhaps not
at all as tonicity increased from 1 to 3T. Experimentally, however, the
AI/I of the large signal usually fell by a factor of about 50 (Baylor &
Oetliker, 1975). On this basis, it seems likely that the steep decline in the
early optical signal with tonicity reflects some decreased physiological
activity. The increase in time to peak of both the optical and mechanical
signals with increasing tonicity (Baylor & Oetliker, 1977a) is additional
evidence that the change in appearance of the large, early signal reflects
some changing physiological activity.

Similar arguments regarding the physiological significance ofthe reduced
and delayed birefringence signal with high stretch and D20 replacement
can also be made, but in general the magnitudes of these effects are
quantitatively less convincing than the hypertonic Ringer case discussed
above. In particular, the reduction of the optical signal with high stretch,
which was usually about a factor of 2, may be consistent with a minor geo-
metrical or optical change not necessarily related to changes in-physiology.

Size of the retardation change if referred to the SR membrane
It has been suggested previously (Baylor & Octliker, 1975), that one

possible source of the large, early retardation change is a potential change
across the sarcoplasmic reticulum membranes associated with the release
of Ca2+. If it is assumed that the retardation change primarily arises from
the membrane of the sarcoplasmic reticulum, one can, making assumptions
about the quantity and disposition of this membrane, use the results from
Tables 4-6 for ARL to arrive at a tentative figure for the retardation
change normalized with respect to a single thickness of the membrane,
ARSR. This 'membrane parameter' may then be compared with values,
measured for other active membranes (cf. Cohen et al. 1970; Baylor &
Oetliker, 1977b). For this calculation a value of 3-7 x 103 mm-' will be
assumed for the ratio of sarcoplasmic reticulum membrane area to fibre
volume. This figure is an average value reported from morphological
studies: 54 x 103 mm-' (Peachey, 1965) and 2-0 x 103 mm-' (Mobley &
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Eisenberg, 1975). It will also be assumed that the net amount of sarco-
plasmic reticulum membrane oriented in the longitudinal direction is 64%
(Mobley & Eisenberg, 1975). Since in cross-section this net amount of
longitudinally disposed membrane should have no further preferential
orientation, it should have the same angular distribution as a right circular
cylinder of membrane.
To evaluate ARSR, then, consider a narrow longitudinal region of fibre

of width Ax mm illuminated by light with a path length through the fibre
of distance r mm. The change in retardation of the light from this region
during activity is AR = ARLr and the region illuminated contains the
equivalent of (0.64) (3.7 x 103)r/17 right circular cylinders of sarcoplasmic
reticulum membrane of diameter Ax mm. Thus

AR 13X1-A
(0.64) (3 7 x 103) (r/rr) - 1@33 x 103ARL

gives the retardation change referred to a single right circular cylinder of
membrane of diameter Ax mm. As such, this latter figure really represents
the retardation change of a cylindrically disposed structure averaged over
the width Ax mm. Assuming the active structure has a radially oriented
optic axis, the factor 1-18 can then be derived from the theory of Cohen
et al. to convert the average retardation change measured from a single
right circular cylinder of membrane to the retardation change referred to
a single thickness of that membrane (see Fig. 10 of Cohen et al. 1970).
Hence ARSR = 1-18x1-33x10-3ARL, (30)

where ARSR is in nm if ARL is in nm/mm. Accordingly, in normal Ringer
the estimate of ARsR 2-5 ms after the peak of the surface action potential
is - 3-6 x10-3nm and at the apparent peak of the early process is
-5 9 x 10-3 nm. In D20 Ringer the estimate of the peak ARsR is
-2 4x 10-3nm.
Further discussion of the sarcoplasmic reticulum hypothesis compared

with other possibilities for explaining the large, early birefringence signal
is given in the following paper (Baylor & Oetliker 1977 b), after presenta-
tion of the results concerning retardation changes from surface and T-
system membranes.
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EXPLANATION OF PLATE

Fibre as viewed in polarizing microscope, either uncompensated (A) or with -53 nm
(B), - 227 nm (C), or - 302 nm (D) of retardation introduced by the compensator.
Black regions indicate where the net phase shift at the analyzer is zero. Illumination
with light of wave-length A = 544 nm. Essentially the same features as illustrated
in the Plate are seen with the fibre mounted in the micro-optical bench, although
with somewhat less resolution compared with the polarizing microscope.
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