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SUMMARY

1. The passive electrical properties of frog skeletal muscle fibres
have been measured at a number of different- sarcomere lengths (from
21 to 4:0 um). The geometrical outline of each fibre was determined from
optical cross-sections and sarcomere length was measured by laser beam
diffraction.

2. When fibres were stretched to long sarcomere lengths the membrane
capacity, Cp,, of both normal and detubulated (glycerol-treated) fibres was
significantly less than the Cy, of fibres at rest length. A significant reduction
in membrane conductance of fibres held at long sarcomere lengths was
only seen with detubulated fibres.

3. Membrane capacity and membrane conductance have a significant
dependence on the cross-sectional area of normal fibres but are inde-
pendent of cross-sectional area after detubulation.

4. It has been shown that membrane geometry depends on the sarco-
mere length of the fibre and it is suggested that the passive membrane
properties are related to sarcomere length because they depend on
membrane geometry.

5. The specific membrane capacity, calculated from the data from
detubulated fibres, is 0-8 xF/cm?2.

6. Theinternalresistivity, B, of normal fibres, also depends on sarcomere
length between 2-1 and 3-0 um. At a sarcomere length of 21 um the average
R, is 122+ 3 Q.cm (mean +S.E. of mean) and at a sarcomere length of
3:0 um the average R, is 210 + 17 Q.cm (mean + 8.E. of mean). No further
increase in R, was observed with further increases in sarcomere length.

* Present address: Department of Anatomy, University of Sydney, Sydney,
N.S.W. 2006, Australia.

1 Present address: Department of Biology, University of Pennsylvania, Phila-
delphia, U.S.A. 19174.
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INTRODUCTION

The electrical properties of the surface membrane of a skeletal muscle
fibre are the lumped properties of the exterior surface membrane and the
transverse tubule (T-tubule) membrane. The passive electrical properties
of the membrane are usually expressed in terms of the apparent exterior
surface area (determined from the geometrical outline of the fibre) and
their exact value depends on the true geometry of the membranes. The
electrical properties of the surface membrane, expressed in this way, have
been shown to vary with changes in surface membrane geometry in two
cases. In the first case the passive electrical properties are altered by
glycerol-treatment (Gage & Eisenberg, 1969; Eisenberg & Gage, 1969)
when the normal continuity between the T-tubules and the fibre exterior
islost (Howell & Jenden, 1967 ; Howell, 1969 ; Eisenberg & Eisenberg, 1968).
In the second case the electrical properties have been shown to depend
on fibre diameter in a way that is consistent with the dependence of T-
tubule membrane area on the cross-sectional area of the fibre (Hodgkin
& Nakajima, 1972a, b).

The area of membrane on the exterior surface is significantly greater
than the apparent exterior surface area determined from the geometrical
outline of the fibre. In addition the ratio of true to apparent exterior
surface area decreases with stretch (Franzini-Armstrong & Dulhunty,
1974; Dulhunty & Franzini-Armstrong, 1975b; Peachey & Terrell, 1974)
and so the passive electrical properties should also change with stretch.
Measurements of action potential conduction velocity (Martin, 1954;
Hodgkin, 1954) and membrane capacity (Valdiosera, Claussen & Eisenberg,
1974) at different muscle lengths suggest that the electrical properties of
the apparent surface of a muscle fibre may vary with sarcomere length. In
this paper the passive electrical properties of isolated semitendinosus
muscle fibres at different lengths have been systematically determined.

It has been suggested that the internal resistivity, R,, may vary with
sarcomere length (M. Schneider, personal communication ; Valdiosera et al.
1974). The internal myoplasmic resistance, r,, should decrease as the fibre
is stretched because of the reduction in cross-sectional area. The specific
resistivity should be independent of cross-sectional area if the contents of
the fibre were homogeneous. Since the contents are not homogeneous R,
depends on the accessible volume of conducting electrolyte in a unit
volume of fibre interior, i.e. the fibre volume minus the volume of myo-
filaments and sarcoplasmic reticulum. Since the longitudinal current
through the fibre is mostly resistive it is probably confined to areas out-
side the sarcoplasmic reticulum (Schneider, 1970; Mobley, Leung &
Eisenberg, 1974, 1975), i.e. the myofibrils. The reduction in the overlap of
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thick and thin filaments at long sarcomere lengths might influence the
measured R,. In addition the geometry of the sarcoplasmic reticulum must
be length dependent and could also influence the measured R,. The results
show that there is a significant increase in experimentally determined R,
up to a sarcomere length of 3-0 um.

Preliminary reports of some of these results have appeared elsewhere
(Dulhunty & Franzini-Armstrong, 1975a).

Working hypothesis

The hypothesis is that the passive membrane properties, measured con-
ventionally and normalized to the apparent surface area, depend on
sarcomere length in a way that can be predicted from the relation between
membrane geometry and sarcomere length. The total surface area of a
skeletal muscle fibre consists of the exterior membrane plus the T-tubule
membrane and the expected dependence of the geometry of each membrane
on sarcomere length is outlined in the next two paragraphs.

Exterior membrane geometry. The exterior membrane forms smooth folds
and numerous small, permanently open inpocketings called caveolae. The
relation between exterior membrane geometry and sarcomere length has
been derived in a previous paper (Dulhunty & Franzini-Armstrong 1975b).
The derivation was based on two assumptions: (z) that the fibre has a
constant volume and (b) that the exterior membrane has a constant total
area. The ratio of true exterior membrane area to apparent surface area,
M, at a fixed sarcomere length is given by M = 1+a+ f where « is the
ratio of the true area of folded membrane to apparent surface area and g is
the ratio of the true area of caveolar membrane to the apparent surface
area. « and £ vary with sarcomere length, 8, so that

M(S) = 14+a(S)+A(8).
A graph of M(S), taken from Table 3 of Dulhunty & Franzini-Armstrong
(1975b) is shown in Fig. 1.

T-tubule membrane geometry. Derivation of the relation between T-
tubule membrane geometry and sarcomere length depends on the two
similar assumptions (a) that the fibre has a constant total volume and
(b) that the T-tubule membrane has a constant total area, A;. The ratio of
T-tubule membrane to apparent surface area, 7T'(S), is Ay/2naNS (where
8 is a standard sarcomere length, N is the number of sarcomeres in the
fibre and a is the fibre radius). The ratio of T-tubule membrane to ap-
parent surface area can also be expressed in terms of the T-tubule mem-
brane area per unit fibre volume, i.e. T = }8a where & is the area of
T-tubule membrane per unit fibre volume. The ratio of T-tubule membrane
to exterior surface membrane, L(a), is a constant function of sarcomere
length but depends on fibre size. L(a) is given by T'(S)/M(S).



690 A.F. DULHUNTY AND C. FRANZINI-ARMSTRONG

Membrane capacity. The capacity of 1 cm? of exterior membrane is
called Cg and the capacity of 1 cm? of T-tubule membrane is called Cy,.
Clearly at most sarcomere lengths the capacity of 1 cm? of apparent surface
membrane, Cg, is given by g = Cg. M(S). Similarly, the lumped capacity
of T-tubules (per cm? of apparent fibre surface), Cr, is given by

Cp = 0, T(S) = C, }da.

The lumped measured membrane capacity, Cp,, equals Cg+ Cq, and at the
standard sarcomere length, S, fibre radius, @, and ratio of true to apparent
surface area, Mg,

O = My Cg+0C,y 3oa. (1)
22
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Fig. 1. A graph of the true exterior membrane area per cm? of apparent
surface area, M (vertical axis in cm?), against sarcomere length, S (hori-
zontal axis in gm). The constants used to calculate the curve were M equal
to 2-12 at a sarcomere length of 2 um (taken from Table 3 of Dulhunty
& Franzini-Armstrong, 1975b).

-
-
-

The measurement of C;, may be made at a sarcomere length other than S,
i.e. 8’ at which length the fibre radius is r (» + ). Using constant volume
assumptions it can be shown that Cg,at §', is equal to O Mgy/S 715, and

1
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or

’ = 3
O =K—5 «/ 1% +Hr, (3)
where K is a constant for the exterior membrane and H is a constant for
the T-tubule membrane.

C,, is only equal to Cy+ C, while the space constant of the T-tubule is equivalent
to the fibre radius. If the fibre radius is significantly greater than the T-tubule space
constant then eqn. (1) is no longer true. Hodgkin & Nakajima (1972b) have shown
that eqn. (1) is a reasonable approximation for fibres with diameters less than 100 xm.

Fibre size was measured experimentally as the ratio of cross-sectional
area, 4, to perimeter, P,., and eqn. (3) can be rewritten as

A,
Cn \/ S +H (4)
Cp,, measured experimentally from a number of fibres at one sarcomere
length should be a linear function of 4,/P, and should follow eqn. (4).
In a single fibre 4,/P, varies with sarcomere length in accordance with
the constant volume assumption. Thus for a single fibre eqn. (4) can be
rewritten as

Con x/S' +HJSP JS” (5)
where A4,[P, is the fibre size at the standard sarcomere length, 8. Thus
C, measured from one fibre at various sarcomere lengths, should follow
eqn. (5). It was not possible to measure Cy; in one fibre at several sar-
comere lengths however the size of the fibre at a standard sarcomere length

was computed from the measured 4,./P,, using constant volume assump-
tions, i.e.

Ax/Pe = (Ax'/Pe')(\/S,/\/S) (6)

Fibres having a similar computed size at the standard sarcomere length
were compared. In practice this meant that at a sarcomere length of
4 pm, for example, fibres having an 4,,/P, between 14-1 and 17-4 yum were
plotted on the same graph as fibres having an 4,/P, between 18 um and
20 ym at a sarcomere length of 2 ym.

A table of symbols follows, giving definitions of symbols used subse-
quently in the text.

S  sarcomere length (um)

M  the ratio of the true area of exterior membrane to apparent surface
area, M = 1+a+p

Cg capacity of 1 cm? of exterior membrane (4F[cm?)
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C, capacity of 1cm? of apparent surface membrane, Cy5 = M(S)Cy
(uF[cm?)

Cyw capacity of 1 cm? of T-tubule membrane (xF/cm?)

Cy capacity of the T-tubules per cm? of apparent surface membrane,
Cp = Cyw.T(S) (uF/cm?)

C. total capacity of the fibre per cm? of apparent surface membrane,
Cp = Cs+Cp = M(8)Cg+T(8)Cy (4F[cm?)

G, total conductance of the fibre per cm? of apparent surface membrane

r;  resistance of a unit length of fibre interior (Q/cm)

R, resistivity of the fibre interior (Q.cm)

A, cross-sectional area of fibres, measured from the visible outline of
optical cross-sections (x#m)

P, perimeter of the fibre measured from the visible outline of optical
cross-sections (um)

METHODS

Experiments were done on fibres from the semitendinosus muscle of the frog, Rana
pipiens, and the multiple fibre dissection (Dulhunty & Gage, 1973a) allowed isola-
tion of eight to twelve single fibres from each muscle. Fibres had diameters from
40 to 100 um and were at least 15 mm long at the shortest sarcomere length. The
preparation was mounted on Sylgard (Dow Corning) in a Perspex bath and bathed
in a frog Ringer solution which contained (m-mole/l.): NaCl, 115; KCl, 2-5; CaCl,,
1-8; Na phosphate buffer, 3 (pH = 7-2). For the glycerol-treatment experiments,
fibres were dissected in normal Ringer and then treated as previously described
(e.g. Howell & Jenden, 1967; Gage & Eisenberg, 1969). The preparation remained
pinned to the Sylgard throughout the treatment. The solution was changed by re-
moving most of the old solution and then flooding the bath with the new solution.
The experiments were done at room temperature 25-36° C.

Electrical measurements

The electrical properties of the fibres were determined by cable analysis (Hodgkin
& Rushton, 1946 ; Fatt & Katz, 1951). Two glass micro-electrodes filled with 3 Mm-KCl
and having resistances from 10 to 20 MQ were inserted into the fibres, 0-2—1-5 mm
apart. A rectangular current pulse was passed through one electrode via a current-
clamp circuit (Almers, 1972; C. M. Armstrong, personal communication) and voltage
was recorded through the second electrode via a picometric amplifier. The voltage
displacement was kept below 6 mV, at the smallest electrode separation, to reduce
errors introduced by ‘creep’ to a minimum. The current and voltage electrodes were
placed approximately half way between the tendons. The errors introduced by ‘end-
effects’ at short sarcomere lengths are approximately 2-5 %, for the input resistance
and space constant and about 5 9, for membrane time constant (Hodgkin & Naka-
jima, 1972a). The current and voltage records were obtained on Polaroid film. The
input resistance and space constant were obtained graphically from plots of voltage
against electrode separation. The time constant was determined from plots of time
taken for V = 0-5V,, against electrode separation (Gage & Eisenberg, 1969).
The time constant was also determined from the time taken for V = 0-84V,,
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(Hodgkin & Rushton, 1946; Hodgkin & Nakajima, 1972a; Adrian & Almers, 1974).
Measurements were done on 80 fibres and the time constant determined from the
V = 0-84V_,, time was greater than that determined from the ¥V = 0-5V,, time
in fifty-six fibres, was less in sixteen fibres and was the same in eight fibres. On
average, the V = 0-84V . time constant was 59, greater than the V = 0-50V .
time constant. Glycerol-treated fibres were rejected if they had membrane potentials
less negative than —80 mV or if they showed residual ‘creep’ (observing hyper-
polarizing potentials of 30 mV for 400 msec).

Measurements were taken at one sarcomere length only for each fibre because
preparations often deteriorated after a series of micro-electrode penetrations and it
was important to keep the preparations in good condition until fixation for subse-
quent cross-section measurement.

Measurement of sarcomere length and fibre cross-section

The sarcomere length of fibres was measured by laser beam (A = 632 nm) diffrac-
tion (Fig. 2) in the same area of the fibre that had been used for micro-electrode pene-
tration. The sarcomere length was calculated from first order diffraction lines
assuming that the sarcomeres act as a simple diffraction grating. Errors were intro-
duced by deflexion of the diffracted beam by the Sylgard and Perspex in the base
of the experimental chamber. These were measured experimentally and the final
sarcomere length appropriately corrected.

The fibres used for cable analysis were fixed for 1 hr in 0-1 9, glutaraldehyde before
transfer to an optical chamber (Fig. 2). Fixation produced no change in the fibre’s
geometry (see Appendix). The fibre cross-section was illuminated using a system
similar to that described by Blinks (1965) and Bezanilla & Horowicz (1975). An
image of the illuminated cross-section of the fibre was produced by a long working
distance ‘dry’ objective (Leitz, UMK 50, NA 0-6; Fig. 2 B). The system was cali-
brated by photographing images of a stage micrometer (Wild) with a 10 #m spacing.
A small error may have been introduced because the micrometer was photographed
in air while the fibres were photographed in Ringer solution. The cross-sections of the
fibres were enlarged and projected on to tracing paper. Two or three photographs were
taken of each fibre at two different magnifications and at least five cross-sections
were traced for each fibre. The areas of the cross-sections were measured with a
planimeter. Errors are estimated in the Appendix. The error in determination of
cross-section is 3-5 9%, and the error in determination of the perimeter is 1-5 9%,

Linear regression analysis. The experimental results were initially examined to see
whether the measured C,, was in fact related to sarcomere length and fibre size. A
linear approximation was made and can be justified for a small range of S and r,
say from S to S, and r to », using Taylors formula for functions of several variables
(see Sokolnokoff & Redheffer, 1958, p. 259).

Cu = f(8,7) = f(S1, r) +£(Sp, 1) (r —11) +f5(S1, 1) (S — 8y) + Ry, (7

where R, are terms of higher order which can be ignored if (S—S,) and (r—r,) are
small. The error introduced by ignoring the remainder increases as (S—.S,) and
(r —r,) become larger. From eqn. 3,

o

o= (), =¥
and

FolSpr) = (

%) - K
o8 28,1y 231\/31.
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Fig. 2. For legend see opposite.

The first order partial differential of eqn. (3) can therefore be expanded to give

3K

% =275

+Hr s (8)

T 28,48,
or
C, =a+br—cS. (9)
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Experimentally the fibre perimeter, P,, and cross-sectional area, 4, were measured
and the equation used is

A
C, = a+bIT:l —cS. (10)

Use of this equation is limited because the error will probably become large when
the ranges of S and r are large.

RESULTS

The membrane capacity, Cp, and conductance, Gy, per cm? of apparent
fibre surface, were calculated from cable analysis data from eighty normal
and twenty-three glycerol treated fibres. The Cp, and G, values were
examined with a multiple trend analysis to see if there was a correlation
with fibre size or sarcomere length. Eqn. (10) has been used in the analysis
so that Oy, and G, are assumed to be linearly related to sarcomere length
over the range of lengths used in the experiments (see Methods section).

(1) Normal fibres with fibre size

Cp, has been plotted against 4,/P, in Fig. 34 and G, has been plotted
against 4,/P, in Fig. 3B. The results from normal fibres are shown as
circles. The trend analysis reveals a close correlation between C,, and
fibre size with a significance level less than 0-001 (from F values). There is
also correlation between G, and fibre size with a significance level of 0-002
(from F values). The trend equation for C,, was O, = 0-094+0-34,/P,
—0-38 and the equation for G, was G, = 51-32+16-14,/P,—2-018.

Fig. 2. Methods used to measure cable properties, sarcomere length and
cross-sectional area of single muscle fibres.

A, a schematic illustration of sarcomere length measurement in the area
of micro-electrode penetration. The He, Ne laser was placed directly above the
fibre and the diffraction pattern was observed on the table beneath the bath.
Two micro-electrodes are shown, one for passing current from the constant
current sourte, I, and the other for recording potential, V. The sarcomere
length, S, was determined from the wave-length of the laser light, A, and
the angle between the transmitted beam and the diffracted beam, 6, using
the equation § = A/sinf.

B, a schematic illustration of the measurement of fibre cross-section. The
fibres were fixed in 0-1 9, glutaraldehyde before transfer to this set-up,
and suspended in normal Ringer solution while the cross-section was
photographed. a is a condenser lens with a mirror behind it used to reflect
light back into the system. b is a quartz-iodine lamp used as a light source
and run by the 12 V battery, c. d is a condenser lens used to focus light on to
the slit e. f is a columnator lens. g is a prism. k is the first objective lens used
to focus light on to the fibre 4. j is the second objective lens attached to the
image forming microscope.

C, examples of cross-sections photographed with the set-up described
in B.



696 A.F. DULHUNTY AND C. FRANZINI-ARMSTRONG

The first equation predicts that the surface membrane capacity, C,
(i.e. C, when 4,/P, = 0), is negative. This is not possible, but may be
due to the treatment of C, as a linear function of 8 for the purpose of the

analysis. Simple regression of data collected at one sarcomere length gives
reasonable values for C; (see Table 1).
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Fig. 3. Experimentally determined passive membrane properties plotted
against fibre size, 4,/P,. Graph 4 : membrane capacity, C,, (4F[cm?). Graph
B: membrane conductance data, G, (#mhofcm?). Circles: results from
normal fibres. Squares: results from glycerol-treated fibres.
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(2) Glycerol-treated fibres and fibre size

The results obtained from glycerol-treated fibres have been plotted
against A,/P, in Fig. 34 and B (squares). Trend analysis of glycerol
treated data showed that both C, and G, are independent of fibre size.
The trend equation for Cp, is Cp, = 3-4—0-06 4, /P, —0-478 and for G/, is
Gp = 278 —44,/P,—328.
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Fig. 4. Experimentally determined passive membrane properties for normal
fibres plotted against sarcomere length, S. Graph A4 : membrane capacity,
O, (uF[cm?). Graph B: membrane conductance, G, (#mhofecm?). In both
graphs the upper horizontal axes show the centre range values of A [F,
from which fibres were selected at each sarcomere length (see working
hypothesis). In 4, the continuous curve was calculated from the trend
equation for C, (see text), using values of A,[/P, and S as shown on the
horizontal axes of the graph. The broken curve was calculated from eq. (5).
Sarcomere length is the only variable in eqn. (5) and so C,,, at sarcomere
length S, is simply related to Cp, at sarcomere length S; by the equation
Cps = Cpyy/(84/8,). Cy, of 5-4 uF[em? at a sarcomere length of 1-5 um was
used as a constant for the calculation. In B, the continuous curve was
calculated from the trend equation for G, (see text) again using corre-
sponding values for 4,/P, and S. The interrupted curve was calculated in a
similar way to that in A using assumptions outlined in the working
hypothesis. G, of 440 umho/cm? at a sarcomere length of 1-5 #m was used as
a constant for the calculation.

(3) Normal fibres and sarcomere length

The trend analysis on all normal fibres showed that membrane capacity
depends on sarcomere length with a significance level of 0-048. Normal
membrane conductance does not have a statistically significant dependence
on sarcomere length. O, is plotted against S in Fig. 44 and G, is plotted
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against § in Fig. 4 B. Only fibres with a calculated 4,/P, between 18 and
20 ym (equivalent diameters of 72-80 ym) at a sarcomere length of
2-0 um were used in the graph for reasons given in the working hypothesis.
The average Cp, of the fibres shown in Fig. 44 is 5-01 1 0-38 uF/cm?
(mean + s.E. of mean) at a sarcomere length of 2-1 um, while at a longer
sarcomere length of 3-7 um the average Cp, is 312+ 0-2 4F/cm? (mean
+ 8.E. of mean). The restriction on the size of fibres used in Fig. 4 means
that the data are taken from a smaller sample of fibres than that used in
the trend analysis. There is still a significant reduction in C,, between
sarcomere lengths of 2-1 um and 3-7 ym (¢ test; P < 0-03).

A B
20 200
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Fig. 5. Passive membrane properties of glycerol-treated fibres plotted
against sarcomere length, S. Graph 4: membrane capacity, C, (4F[cm?).
Graph B: membrane conductance, G, (#mhofcm?). Each dot shows the
average C,, or G, of fibres at that sarcomere length and the vertical bars
indicate + s.E. of mean. The continuous curve in 4 was calculated from the
trend equation for C,, from glycerol-treated fibres (see text), assuming an
average A, [P, of 13 um. The broken curve in A was calculated from eqn. (5)
modified for fibres without transverse tubules, i.e. C,, = (1/,/8’) K. Since
K is a constant C,, at a sarcomere length S, is related to C, at a sarcomere
length S, by the equation Cpy = Cpy4/(Sy/S,). Cp of 1-75 uFlem? at a
sarcomere length of 2-0 um was used as a constant for the calculation. The
continuous curve in B was calculated from the trend equation for G, from
glycerol-treated fibres (see text), assuming an average A, [P, of 13 yum. The
interrupted curve in B was calculated in a similar way to the broken curve
in 4. A G, of 150 umhofem? at a sarcomere length of 2:0 um was used as
a constant for the calculation.

The average Gy, of fibres in Fig. 4 B is 293 + 14 umho/cm? (mean + s.E. of
mean) at a sarcomere length of 2:1 um and 236 + 21 gmhojecm? (mean
+8.E. of mean) at a sarcomere length of 3-8 um. The continuous lines of
both graphs in Fig. 4 have been calculated from the trend equations and
the interrupted lines have been calculated from equations derived in the
working hypothesis.
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(4) Glycerol-treated fibres and sarcomere length

The results from glycerol-treated fibres are shown in Fig. 54 and B.
Trend analysis reveals that O, depends on sarcomere length with a sig-
nificance level of 0-03 and that G, depends on sarcomere length with a
significance level of 0-06. In Fig. 54 the average Cy, values for glycerol-
treated fibres at each sarcomere length have been plotted. The vertical
bars indicate +s.E. of mean. A reduction in Cp, with increasing length is
obvious. At a sarcomere length of 2:3 um, Cp, is 1:85+0-12 yF[cm?
(mean + 8.E. of mean: three fibres) and at a longer sarcomere length of
3-8 um, Cp, is 1-2 + 0-04 xF/cm? (mean + 8.E. of mean; two fibres).

Fig. 5B shows the average Gy, for glycerol-treated fibres at different
sarcomere lengths. The vertical bars show + s.E. of mean. Despite the large
standard errors there is a decrease as the sarcomere length increases. At
a sarcomere length of 3-8 yum, G is 154 + 18 umho/cm? (mean +S.E. of
mean; three fibres) and at a sarcomere length of 3-8 um, G, is 105 +
24 pho/cm? (mean + S.E. of mean ; two fibres). The continuous lines on both
graphs in Fig. 5 have been calculated from the trend equations and the
interrupted lines have been calculated from equations derived in the
working hypothesis. No further statistical analysis has been done ; however
the calculated quadratic curve appears to give a better fit to the data than
the linear approximation. This is in contrast to Fig. 4 where the normal
data appear to be fitted equally well by either curve and shows again that
the C,, data from glycerol-treated fibres better support the assumptions
made in the working hypothesis.

The electrical properties of the exterior membrane

Cy, from glycerol-treated fibres is a close approximation to the capacity
of the exterior membrane, per cm? of apparent fibre surface C, if all the
T-tubule membrane has been isolated from the surface. Incomplete
detubulation after glycerol-treatment has been reported (Eisenberg &
Eisenberg, 1968; Gage & Eisenberg, 1969; Nakajima, Nakajima &
Peachey, 1973; Valdiosera et al. 1974; Franzini-Armstrong et al. 1973),
however, the fraction of T-tubules remaining connected to the surface is
generally small. It is reasonable to suppose that the dependence of Cp, on
sarcomere length, after glycerol-treatment, is largely due to a dependence
of C; on sarcomere length (see eqn. (3) in the working hypothesis). An
independent estimate of C; can be obtained from normal fibres if Cp, has
a significant dependence on fibre size (Hodgkin & Nakajima, 1972a).
Linear regression analysis has been done on data from normal fibres at
different sarcomere lengths and the results are given in Table 1. The inter-
cept, slope and correlation coefficient are listed for each sarcomere length.
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The intercepts (C;) decrease as sarcomere length increases; however the
standard errors are large and there is not a significant difference between
C, at short sarcomere lengths and C; at long sarcomere lengths. Thus only
the results from glycerol-treated fibres support the hypothesis that
exterior membrane unfolding will reduce C, at long sarcomere lengths.

The specific capacity of the exterior membrane, C'g, has been calculated
from O}, in glycerol-treated fibres and C; in normal fibres. The ratio of
exterior membrane to apparent fibre surface, M, was determined in a
previous paper (Dulhunty & Franzini-Armstrong, 1975b) and is illustrated
in Fig. 1. Oy, of glycerol-treated fibres (and Cy of normal fibres) is ex-
pressed in terms of 1 cm? of apparent fibre surface; thus, values for C; can
be calculated by dividing the C,, at a particular sarcomere length by M
for that sarcomere length. The calculation assumes that all elements of the
exterior membrane are electrically continuous. Cy has been calculated
for normal and glycerol-treated fibres (see Table 1). Less weight must be
given to the Cg calculated for normal fibres because the calculation
assumes that the exterior membrane capacity depends on sarcomere length
and a significant dependence on sarcomere length has only been shown
with glycerol-treated fibres. C'y can also be calculated assuming that C, is
independent of sarcomere length. The average of C, values given in Table 1
is 1-26 uF[cm? and this divided by M for sarcomere length of 2-4 um gives
Cg of 0-63 uF[cm?. In either case C'y for normal fibres is lower than Cpg
for glycerol-treated fibres and this is consistent with a T-tubule remnant
remaining connected to the fibre surface after glycerol-treatment. If the
true exterior and T-tubule capacity is taken to be 0-71 xF/cm? the area
of T-tubule remnant can be calculated from equations given in the
Working hypothesis section. If the fibre radius at a sarcomere length of
2-5 pum is assumed to be 50 um then the difference between Cy for normal
and glycerol-treated fibres, 0-09 xF/cm?, must be due to 3:59, of the
normal T-tubule membrane area.

Internal resistivity as a function of sarcomere length

The internal resistance, r,, was determined for fibres at each sarcomere
length and the specific resistivity, R,, was calculated using the cross-
sectional area measured directly from optical sections. The average R, at
each sarcomere length is shown in Fig. 6 (filled circles). The vertical bars
represent +S.E. of mean. R, increases steeply between sarcomere lengths
of 2 and 3 sm, and maintains a constant value with further stretch uptoa
sarcomere length of 4 um. At a sarcomere length of 2-1 um R, is 122
+3-:0 ohm.cm (mean + 5.E. of mean) and at a sarcomere length of 2-8 ym
R, is equal to 207+ 14 ohm.cm (mean +s.E. of mean). The difference
between these two values of R, is statistically significant (¢ test; 0-02 < P
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Fig. 6. A graph of the internal resistivity, R, (fcm) against sarcomere
length, S. Average results for all normal fibres are shown (filled circles) and
the vertical bars represent + 1 8.E. of mean. The curve has been drawn
through the points by eye.

> 0-05). The average values of R; remained between 190 and 210 Q.cm
for all longer sarcomere lengths up to 41 ym.

DISCUSSION

The results show that the lumped surface membrane capacity, related
to the apparent fibre surface area, is a function of sarcomere length as well
as fibre cross-section. It is suggested that the dependence on sarcomere
length follows changes in the geometry of the exterior and T-tubule mem-
branes. The capacity of the exterior membrane measured in glycerol-
treated fibres is also a function of sarcomere length and presumably follows
changes in exterior membrane geometry. Structural analysis of the exterior
membrane (Dulhunty & Franzini-Armstrong, 1975b) has shown that the
geometrical changes in normal fibres are a flattening of folds at sarcomere
lengths less than 3-2 um and opening and flattening of caveolae at longer
lengths. The caveolae are open at short lengths after glycerol treatment
and so changes in the geometry of the exterior membrane are probably
simply flattening of folded caveolar and non-caveolar membrane. Hodgkin
& Nakajima (19724, b) have shown that membrane capacity is related to
fibre size because of the dependence of T-tubule geometry on fibre size.

One assumption made in the Working hypothesis is that all areas of the
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exterior membrane are electrically continuous. Continuity is obvious in
glycerol-treated fibres where the caveolae are opened into ‘dome’ struc-
tures. Normally the caveolar ‘neck’ could provide an ‘access’ resistance
to the lumen. The fact that glycerol-treated fibres have a higher Cp, than
the C; from normal fibres (see Table 1) could result from isolation of the
caveolar membrane in normal fibres. However, previous investigations
(Eisenberg & Eisenberg, 1968; Franzini-Armstrong et al. 1973; Nakajima
et al. 1973) suggest that detubulation is never 100 9, complete. A T-tubule
remnant provides an adequate and simple explanation for the measured
value of C,, after glycerol-treatment.

The membrane capacity reported for simple cells, e.g. the squid axon is
about 1 xF[em? (Cole, 1940), and biological membranes are thought to
generally have a higher capacity than artificial lipid bilayers. The capacity
of artificial membranes is about 0-6 uF/cm? (Fettiplace, Andrews &
Hayden, 1971; Coster & Simons, 1970). If it is assumed that the lipid in
biological membranes is in a bilayer (Singer, 1971) then one possible
explanation for the higher specific capacity of the biological membrane is
that the width of the lipid bilayer is less than that of the artificial mem-
brane (Fettiplace ef al. 1971). The results presented in this paper indicate
that the capacity of the exterior membrane of skeletal muscle is about
0-7 uF/em? and is not sufficiently different from the capacity of the lipid
bilayer to suspect a difference in thickness. It is also possible that the
surface membrane of the squid axon is not perfectly smooth and that the
reported value of 1 uF/cm? is an overestimate of the true capacity. A
specific exterior membrane capacity of 0-7 uF/cm? can be related to the
dielectric constant of the plasmalemma. If the plasmalemma thickness is
5 nm, then the dielectric constant is 4-6, which is reasonable.

There is a lot of variation in reported values for internal resistivity
and it is becoming apparent that this parameter is sensitive to a number of
variables including temperature (Hodgkin & Nakajima, 1972a), season
(Dulhunty & Gage, 1973a) and sarcomere length (this paper). Recently
reported values for R, are listed in Table 2 and the sarcomere length and
the temperature at which the measurement was made are also listed. The
list is short because it is confined to normal amphibian sartorius and semi-
tendinosus fibres. Muscle length reported in each paper has been converted
to sarcomere length.

Normally experiments are done on fibres that have been stretched to a specified
percentage of either their slack length or their rest length. We found that the slack
sarcomere length for frog sartorius fibres is 1-8 um and the rest sarcomere length,
measured in situ, is 2-4 pm. For frog semitendinosus fibres the slack length is 2-1 yum
and the rest length is 2-6 um. The sarcomere lengths at which measurements were

made, S, can be calculated by multiplying either the slack length or the rest length
by the percentage stretch. All results can thus be standardized to a sarcomere length
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of, for example, 2-4 yum by multiplying the reported value of S, or G, by ,/(S[2-4)
(using the assumption that the fibre has a constant volume).

All results have been converted to R; at 26°C using a @,y of 1-37
(Hodgkin & Nakajima, 1972a). In the last column of Table 2 values for R,
have been taken from Fig. 6.

TABLE 2. Internal resistivity reported for normal fibres in normal
Ringer solution

) S T R, *R, Our R,
Author Muscle (pm) (°C) (Q.cm) (Q.cm) (Q.cm)
Hodgkin & Sartorius 2-07 18 177 139 130
Nakajima (1972a) Semitendi- 2-30 18 203 156 150
nosus
Dulhunty & Sartorius 2-34 20 194 159 155
Gage (1973 a) (W)
Bastian & Sartorius 2-08 20 148 121 130
Nakajima (1974)
Schneidert (1970) Sartorius (S) 2:65 20 130 106 170
Dalhunty & Sartorius (S) 2-34 20 147 121 150

Gage (1973a)

(S) measurements made in Summer.

(W) measurements made in Winter

* to convert R, to *R; (at 26° C) a Q10 of 1-37, as determined by Hodgkin &
Nakajima (1972a), was used.

1 Schneider (1970) reported R, = 102 Q.cm in 7-5 mM-K+ at 24° C. Hodgkin &
Nakajima (1972) mention that this is equivalent to 130 Q.cm in normal Ringer at
20° C.

There is good agreement between our data and data reported in the
first three papers for both sartorius and semitendinosus fibres (Hodgkin &
Nakajima, 1972a; Dulhunty & Gage, 1973a; Bastian & Nakajima, 1974).
When the same measurements are made in summer the results are sig-
nificantly different (Schneider, 1970; Dulhunty & Gage 1973a).

Part of the error in calculation of R, comes from the use of a geometrical
outline and some authors have preferred to use a standard R,. The results
presented in Table 2 show that use of a standard R; may bring in larger
errors than those arising from geometrical assumptions unless the con-
ditions of measurement of the standard R, are identically reproduced.
For example, the value reported by Schneider (1970) for summer R, is
60 % less than the corresponding R, in this paper and is 30 %, less than the
average R, reported by Hodgkin & Nakajima (1972a). By comparison,
the measurement of one dimension of the fibre and assumption of a circular
cross-section can result in errors of about 25 9, in cross-sectional area and
hence R, (Blinks, 1965; Dulhunty & Gage, 1973a). The measurement of
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two dimensions and assumption of an elliptical cross-section reduces the
error to between 4 and 10 %, (Gordon, Huxley & Julian, 1966; Hodgkin &
Nakajima, 1972a; Appendix to this paper).

That most longitudinal current must flow through areas occupied by
myofibrils has been discussed in the Introduction. It is tempting to try
to fit the observed changes in R, to some length dependent characteristic
of the myofilaments. Two such characteristics are the area of fibre cross-
section occupied by the myofilaments and the area of overlap between
thick and thin filaments. X-ray diffraction data have shown that the volume
of the sarcomere is independent of sarcomere length (Huxley, 1953) and
therefore as the centre to centre spacing decreases the fraction of a sar-
comere occupied by a thick or a thin filament in the area of overlap in-
creases. However, the volume of conducting material remains approxi-
mately constant because the decrease in volume as the filaments are forced
together is almost exactly matched by an increase in conducting volume
as the area of myofilament overlap is reduced. If current is actually con-
ducted along the myofilaments then conduction from thick to thin
filaments could depend on the area of overlap. There is overlap of myo-
filaments to sarcomere lengths of 3-6 um. The increase in R, reaches a
maximum at a sarcomere length of about 3 xm and this is not consistent
with the idea of R, depending on myofilament overlap. The final possibility
is that the measured R, is influenced by the geometry of the sarcoplasmic
reticulum. It is difficult to assess this possibility since there is little infor-
mation available on the behaviour of the sarcoplasmic reticulum during
stretch.

APPENDIX
The geometrical outline of muscle fibres

The Appendix provides a detailed description of the optical procedures
used to measure fibre outline for analyses described in the main paper.
The optical set-up is illustrated in Fig. 2 of the Methods section.

(1) Preparation for optical measurements

Experimental fibres were fixed so that there was no chance of their
being damaged during measurement of optical cross-section. The effect of
fixation on the cross-sectional area was determined by following the
fixation of single living fibres mounted in the optical chamber. Photo-
graphs were taken in normal Ringer solution and during fixation in Ringer
solution containing 0-1%, 029, or 0-59, glutaraldehyde and records
were obtained up to 12 hr after the solution change. The concentra-
tions of glutaraldehyde are much lower than those normally used for
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electron-microscopy (2:6 %), but they are sufficient to turn the fibres
into rigid structures. The fibres did not contract during fixation.

The average area of three to five optical sections photographed before
fixation, are expressed as a percentage of the control value in Table 3.
0-1 and 0-29, glutaraldehyde do not cause measurable changes in the
cross-sectional area, but 0-5 9%, glutaraldehyde causes a small but significant
shrinkage, from 4 to 8 9, of the control. Examples are illustrated in Fig. 7.
The fibres did not change shape Fibres used for electrical measurements
were fixed in 0-1 9, glutaraldehyde

TaBLE 3. Effect of fixation on fibre cross-section

A, of fixed fibre
Glutaraldehyde No. of (% control) mean
concen. (%) No. of fibres cross-sections +8.E. of mean
0-1 2 12 102+ 6
0-2 1 5 99+5
05 4 17 92+5
L g

019%

0:2'%,

0:5'%

Control Fixation 15 min Fixation 50 min
Fig. 7. The effect of fixation in different concentrations of glutaraldehyde on
fibre cross-section. Three concentrations of glutaraldehyde were used,
0-1, 0-2 and 0-5 9% (made up in normal Ringer solution). The unfixed fibres
were first photographed in normal Ringer (first column) and then 15 min

(second column) and 50 min (third column) after fixation. The calibration
bar is 100 xm.
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(2) Estimates of errors in optical outlines

There are four sources of error in obtaining accurate images of fibre
outline

(a) The orientation of the slit image, the fibre and the image forming
microscope were critical. The slit image had to be set at 90° to the long axis
of the fibre and the fibre had to be oriented at 90° to the image forming
surface in order to focus the whole cross-section on one plane. Fibres with
uneven illumination were rejected.

(6) The sharpness of the edges depends on precise focusing of the slit
image on the fibre as well as focusing the illuminated cross-section by the
image forming microscope.

(¢) Connective tissue could often not be distinguished from the sarco-
lemma. Areas with a clean outline could be located under the dissecting
microscope, and those areas illuminated with the slit image. Fixed fibres
could be cleaned more carefully and measurements on these preparations
were more accurate.

(@) Tracing the photographed sections and subsequent measurements
with the planimeter and map measuring devices were subject to error
which could only be reduced by repeating measurements and taking
average values.

The last two errors (c and d) were estimated as the percentage variation
of cross-sectional areas of each fibre. For thirty-five optical sections from
seven fibres, the standard error of the mean cross-section was 1459, and
the standard error of the mean perimeter was 0-57 9.

(3) Variation in cross-sectional area along a single fibre

Cross-sections were normally photographed at one point only. Varia-
tions in cross-section were estimated in two fibres by tracking along their
length and photographing cross-sections every 1 mm. Two or three photo-
graphs were taken at each position. The results from one fibre are illus-
trated in Fig. 8. The fibres changed shape along their length and appeared
to rotate around their long axis. The cross-sectional area, perimeter and
ratio of cross-sectional area to perimeter do not show gross variations.
The average cross-sectional areas have standard errors of + 2:69%, and
+1-1% (for fibres 1 and 2 respectively), the average perimeters have
standard errors of +1:6 and + 0-72 %, (fibres 1 and 2 respectively), and the
average ratio of cross-sectional area to perimeter has standard errors of
1-8 and 0-68 %, (fibres 1 and 2 respectively).
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A Ay/P
(#m)

5000

c \%4000
< 3000
2000

-

Millimetres

Fig. 8. Variation in cross-section along the length of a fibre. The cross-
sections shown in B were taken at various intervals along the fibre which
had a total length of 14 mm. C is a graph of cross-sectional area, 4, (in gm?)
against distance along the fibre from one tendon (in mm). Some of the cross-
sections are shown in B and the areas to which they correspond are indi-
cated by the dashed lines going to C. The ratio A,/ P, (in #m) is shown above
each cross-section in 4.
The calibration bar in B is equal to 100 um.

—l

Fig. 9. Examples of the variety of shapes and sizes of stretched fibres.
The fibres were fixed at a sarcomere length of 3-4 to 3-8 #m and were photo-
graphed within 4 hr of fixation. Calibration bar is 100 gm.
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(4) Vartations in shape and cross-section with stretch

The fact that skeletal muscle fibres vary in both size and shape (Blinks,
1965) presents problems in defining the specific electrical properties of
muscle fibres (Blinks, 1965; Schneider, 1970; Hodgkin & Nakajima, 1972a;
Dulhunty & Gage, 1973b). The variation in size and shape of fibres from
muscles fixed at sarcomere lengths of 3-4-3-8 um is illustrated in Fig. 9.
The percentage deviation of the fibres from a circular cross-section is given
in Table 4. In addition, it was of interest to see whether fibres become more
circular when they are stretched.

The fibres used in these calculations were all fixed and optical sections
could only be obtained at one sarcomere length.

The fibres are divided into five groups of increasing sarcomere lengths
(Table 4, column 1), and containing approximately the same number of
fibres (21-27). An equivalent radius, ', was calculated from the measured
cross-sectional area, d,, i.e. r' = \/(d,/m). An equivalent perimeter, P,
was calculated from the equivalent radius, again assuming that the fibre
has a circular cross-section, i.e. P, = 2mr’. The true perimeter, measured
from optical sections, P,, was then compared with the perimeter calculated
from assumptions of circular cross-section, P,. The ratio P,/P, is 1 when
the cross-section is circular. Departure from a circular cross-section will
increase the ratio, i.e. P,/P, > 1. On average, the ratio of P,/P, = 1-06
so that the calculated perimeter is 6 %, smaller than the measured peri-
meter and thus the error involved in assuming a circular cross-section is
6 %, for the perimeter.

TaBLE 4. Ratio of measured over calculated perimeters at different
sarcomere lengths

Sarcomere length *P|P,
range (#m) No. of fibres Mean + s.D.
2-1-2-25 22 106+ 3
2-5-2-9 27 106+ 3
3-1-3-45 25 106 +3
3-5-3-8 21 105+3
3-85-4-25 18 104+ 4

* P, is the true measured perimeter of the fibre. P, is the perimeter calculated
from assumption of a circular outline.

The fibres do not become more circular as they are stretched from 2-1 to
4-1 ym. There is an apparent decrease in P,[P, at the longest sarcomere
length, but this is not statistically significant. The decrease seems to be
due to a group of fibres from one muscle fixed at 4-1 #m,that have unusually
circular cross-sections.
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In conclusion fibres do not increase their suface area by becoming more
round as length increases to 4-1 um and estimates of cross-sectional area
and perimeter, from assumptions of circular cross-section, are not more
accurate at long sarcomere lengths.
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