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ABSTRACT The passive electrical properties of glycerol-treated muscle fibers, 
which have virtually no transverse tubules, were determined. Current was 
passed through one intracellular microelectrode and the time course and spatial 
distribution of the resulting potential displacement measured with another. 
The results were analyzed by using conventional cable equations. The mem- 
brane resistance of fibers without tubules was 3759 4- 331 ohm-cm 2 and the 
internal resistivity 192 ohm-cm. Both these figures are essentially the same 
as those found in normal muscle fibers. The capacitance of the fibers without 
tubules is strikingly smaller than normal, being 2.24 4- 0.14/~F/cm 2. Measure- 
ments were also made of the passive electrical properties of fibers in a Ringer 
solution containing 400 mM glycerol (which is used in the preparation of 
glycerol-treated fibers). The membrane resistance and capacitance are essen- 
tially normal, but the internal resistivity is somewhat reduced. These results 
show that glycerol in this concentration does not directly affect the membrane 
capacitance. Thus, the figure for the capacitance of glycerol-treated fibers, 
which agrees well with previous estimates made by different techniques, repre- 
sents the capacitance of the outer membrane of the fiber. Estimates of the 
capacitance per unit area of the tubular membrane are made and the signifi- 
cance of the difference between the figures for the capacitance of the surface 
and tubular membrane is discussed. 

T h e  capaci tance  of cell membranes  has often been measured  and  interpreted 
in terms of the dielectric constant  and  thickness of the m e m b r a n e  substance. 
In  nerve, the m e m b r a n e  capaci tance has been found to be about  1 # F / c m  ~ 
(Cole and  Curtis, 1950) which seems a reasonable value for a m e m b r a n e  
abou t  80 A thick and  composed most ly of lipid. However ,  muscle m e m b r a n e  
has a m u c h  higher  capaci tance  (Katz,  1948; Fa t t  and  Katz ,  1951) a l though  
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the thickness of the membrane  appears much the same and there is no reason 
to believe the lipid is different. The  estimates of capacitance in both nerve 
and muscle fibers have generally been based on the assumption that the 
membrane  area of 1 cm length of such fibers is ~- d cm 2 (where d is the diameter 
of the fiber in centimeters). If  the surface area were greater than this, the 
above assumption would give an overestimate of the capacitance per unit 
area. Muscle fibers have, in fact, a system of invaginations of the surface 
membrane,  the transverse tubular  system (Andersson-Cedergren, 1959; 
Peachey, 1965), which increases the membrane area severalfold, whereas 
nerve fibers do not. Falk and Fat t  (1964) have separated the capacitance of 
frog sartorius muscle fibers into two components by measuring the impedance 
of muscle fibers over a range of frequencies. The  capacitance attr ibuted to 
the transverse tubular  system was 4.1 t~F/cm". The  other capacitance, of 
2.6 t~F/cm ~, was assigned to the surface membrane.  Although the distribution 
of the capacitances seems very reasonable (see also Freygang et al., 1967), 
it has been difficult to test and to reconcile with the estimates of the areas 
of the surface and transverse tubular  membranes. The  ratio of the area of 
the transverse tubular  membrane  to surface membrane  (in a 50 t~ fiber) 
has been estimated to be 4.5 (Peachey and Schild, 1968) whereas the ratio 
of respective capacitances is less than 2. 

A method has recently been described (Howell and Jenden,  1967) which 
causes selective disruption of the transverse tubular  system. The  number  
of transverse tubules left in these preparations has been measured using 
horseradish peroxidase as an extracellular marker and found to be 1.6% 
(Eisenberg and Eisenberg, 1968). This technique therefore offers the op- 
portunity to determine the separate capacitances of the surface and trans- 
verse tubular  membranes.  In this paper the capacitance of muscle fibers with 
and without transverse tubules has been measured: the average capacitances 
were found to be 2.1 # F / c m  ~ for the surface membrane  and 4.0 ~ F / c m  ~ 
for the transverse tubular  system. Some of these results have been reported 
briefly elsewhere (Eisenberg and Gage, 1967). 

M E T H O D S  

Measurements were made on the surface fibers of frog sartorius muscles (Rana pipiens) 
from June to September, 1967. Two mieroelectrodes filled with 3 M KC1 (resistance 
10-20 megohms) were inserted into a fiber, 30-100 # apart, and the exact electrode 
separation measured. A rectangular current pulse was passed through one electrode 
and the resulting displacement of membrane potential measured with the other. The 
current electrode was then reinserted into the fiber at a more distant point, and the 
procedure repeated. Measurements were taken at several different electrode separa- 
tions. The diameter of a fiber was measured optically using a Wild (Wild Heerburg 
Instruments, Farmingdale, N. Y.) stereomicroscope. These measurements were aided 
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by the use of oblique illumination of the muscle and high magnification. I t  was often 
found that moving a fiber with a microelectrode helped to define its edges. 

All solutions used in these experiments contained curare (10 -5 g/ml) to block 
possible synaptic effects and tetrodotoxin (10 -7 g/ml) to stop spontaneous twitching 
(see Results). The  composition of the Ringer solution was ( n ~ )  Na + 120, K + 2.5, 
Ca ++ 1.8, CI- 121, HPO4--  2.15, and H2PO4- 0.85 (pH = 7.2). The  glycerol- 
Ringer solution contained 400 mM glycerol in addition to the above ions. Muscles 
were either transferred from solution to solution in beakers or were mounted in a 
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FIOUR~ 1. A diagram of the recording apparatus. The operational amplifier (P25AU) 
in the upper left corner is connected as a constant current generator. The operational 
amplifier in the middle of the diagram (P25AHU) is connected as a follower with gain. 
The amplifier in the lower right corner (P25AU) is connected as a current monitor. 
A shield is placed between the electrodes to decrease capacitive artifact. 

bath at approximately ~ rest length and the solutions changed by draining the bath 
and adding a new solution. Room temperature was maintained at 18-21 °C. 

Three electronic systems, constructed with operational amplifiers (Philbrick, 
Dedham, Mass.), were used in these experiments. 

A constant current generator, suggested by Dr. E. A. Johnson, was used for passing 
current (Fig. 1). Tha t  is, the output current was constant no matter what the resist- 
ance of the microelectrode and was proportional to the voltage applied to the cur- 
rent generator. The  circuit is described elsewhere (Philbrick, 1966, p. 66). This 
system was particularly helpful since it allowed the use of higher resistance electrodes 
which produced less damage in fibers subjected to multiple penetrations. The  use 
of such microelectrodes is often limited by their poor current-passing characteristics. 
The  current passed was initially measured with an operational amplifier connected 
in an ammeter configuration (Moore, 1963) (Fig. 1). Use of a 1 megohm feedback 
resistor conveniently gave a 1 mv output for 1 namp input. The system for measuring 
potential consisted of a high input impedance operational amplifier connected as 
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a "follower with gain" (Philbrick, 1966, p. 81) as shown in Fig. 1. The output of this 
amplifier was displayed on an oscilloscope with two time bases. Thus, the signal could 
be displayed simultaneously at fast and slow sweep speeds, which greatly improved 
the accuracy of time course measurements while still giving information about steady- 
state values. 

R E S U L T S  

Surface muscle fibers without transverse tubules were obtained by soaking 
a sartorius muscle in glycerol-Ringer solution for 1 hr and then transferring 
the muscle into a Ringer solution containing no glycerol (Howell and J e n d e n  
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FIoum~ 2. A plot of resting potential against time in the appropriate solutions. Each 
small point represents one measurement. The larger points represent the mean mem- 
brane potentials in the different solutions. The bars represent 4- 1 SEM. Condition (1) 
represents a muscle in normal Ringer; condition (2), a muscle in Ringer to which 400 
n~ glycerol had been added; condition (3), a muscle after return to Ringer. The tubular 
system is virtually absent in condition (3) but intact in (2) 

1967). 5 or 10 min after return to the Ringer solution, muscles became cloudy 
and opaque and sometimes twitched spontaneously for up to 1 hr. This twitch- 
ing could not be prevented by adding curare (10 -~ g/ml)  to solutions but  
was blocked by tetrodotoxin (10 .7 g/ml) .  Intracellular recording when suc- 
cessful, revealed action potentials accompanying these twitches. Thus, it seems 
likely that  these spontaneous twitches were produced by action potentials 
which perhaps were associated with transient leaks produced by the disruption 
of the transverse tubules. To prevent such movement during the first hour, 
tetrodotoxin (10 -v g /ml)  was often added to the Ringer solutions. 

One microelectrode was inserted into a surface fiber of treated preparations 
and the membrane potential recorded. Many  fibers had low resting potentials 
and the fraction of such fibers increased with time (Fig. 2). However, many  



P. W. GAGE AND R. S. EISENBERO Capacitance of Tubular Membranes 269 

fibers had resting potentials greater in magni tude than - 7 0  mv (inside 
potential with respect to outside) for more than 2 hr. I t  will be shown later 
(Eisenberg and Gage, 1969) that fibers with low resting potentials are often 
" leaky"  whereas fibers with high resting potentials are not. In those fibers 
with resting potentials greater in magnitude than - 7 0  mv another micro- 
electrode was inserted within 100/~ of the first and the separation of the elec- 
trodes measured. A small hyperpolarizing rectangular pulse of current  
was passed into the fiber and the voltage displacement recorded. The  current  
electrode was then withdrawn and inserted in the same fiber several times, 
at accurately measured separations of up to 2 mm. The  current, the steady- 
state potential, and the time to reach half this potential (7"i/2) were recorded 
at each separation. In each fiber the transfer resistance R(x) (the ratio of 
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Fmup.~ 3. (A) plot of time to 
haft-maximum against distance. 
The y intercept of this curve 
determines the over-all time 
constant of the membrane. (B) 
A plot of transfer resistance 
against potential. Note the log- 
arithmic scale of the ordinate. 
The length constant of the fi- 
ber is determined from this plot. 

the potential at electrode separation x to the current  applied) was plotted 
against electrode separation. One  of these graphs is illustrated in Fig. 3 B 
(Note the logarithmic scale on the ordinate.) The  "y intercept" of the line 
drawn gives the input resistance (Ro) of the fiber. If  it is assumed that the 
muscle fiber behaves like a uniform cylindrical cable, the equations of one 
dimensional cable theory (Hodgkin and Rushton, 1946) can be used to 
determine membrane  resistance and capacitance. In the steady state, 

v ( x )  _ R ( x )  = ½ = ( 1 ) 
Io 

Where r,, is the resistance of 1 cm length of fiber membrane,  r~ is the resist- 
ance of 1 cm length of the intracellular fluid. 
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~/~/r~ = the length constant X 

a/~ ~ = the input resistance Ro ; i.e. V/Io at zero electrode separation 

Io is the current applied (at the point x = 0) 

The  meaning of the space constant can be made  clear by rewriting equa- 
tion (1). When  the electrode separation equals the space constant; i.e., when 
x ---~k 

V ( x  = X)  1 - -  -1  
Io = 1~%/r , .  r le  --  0 . 3 7 R 0  

In  other words the length constant is the distance at which the observed 
resistance has dropped to 370-/0 of its value at zero electrode separation. Simi- 
larly, it is useful to describe the input resistance in physical terms: the input  
resistance is the ratio of voltage recorded (at a very close electrode separation) 
to the current applied. 

I t  is possible to derive the parameters of the system (r,,, r~) from measure- 
ments of the space constant and input resistance. Thus, the resistance per 
unit length is given by 

r, = 2 " %/r-~iJ  X 

and the resistance of a unit length of membrane  is 

r,, -- 21%/r~J[~%/r-~ . ]  = 2XRo ( s )  

The  lower case parameters (r~, r~) refer to the properties of a unit length of 
fiber, bu t  it is often more useful to refer the properties to 1 cm* area of the 
structure in which they arise. The  resistivity of the intracellular fluid can 
be determined from r~ if the fiber is assumed to be a circular cylinder of 
radius a: 

Ri = r~ (~-a 2) (4 )  

Similarly, the specific resistance of the membrane  is 

R~ = r~ (2,~a) ( 5 )  

Thus, by plotting the decrement of potential with distance, the input resist- 
ance and space constant can be directly determined, and then, from these 
parameters, the specific membrane  resistance and internal resistivity. 
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There  are several methods for determining the specific capacitance of 
the membrane,  all depending on measurements of the time course of potential 
changes following application of a step of current. The  method used here 
consists of measuring the time the electrotonic potential took to reach half 
its steady-state value. This time to half-maximum (T1/2) depends on the 
electrode separation. Hodgkin and Rushton (1946) have shown empirically 
that in nerve axons a plot of 7"1 n against x approximates a straight line, with 
a slope of r / 2 .  The  time constant, r, is an abbreviation for the product  
R,,C, ,  = r,~c,~. W e  have made  such plots of TI/2 against electrode separation 
bu t  four or five measurements did not  permit a reliable estimate of slope. 
One  of these graphs is shown in Fig. 3 A. Fortunately,  however, the "y  

intercept" of the curve, that is to say the time to half-maximum at zero elec- 
trode separation, T0~n, is also a measure of the membrane  time constant. 
This can be seen by writing the solution (Hodgkin and Rushton, 1946) 
of the full t ime-dependent cable equation for the case where x = 0: 

V ( t , x  = O) = V(t = oo, x = O) e r f % / ~  (6) 

where V(t  --- oo, x = 0) is the steady-state potential at x = 0 and err is an 
error function (defined and tabulated in Abramowitz  and Stegun, 1964). 
Now, when t = T°ln 

V(I---- T°1/2) l 1 
V(t = oo) - 2 ; s ° ~  = c r f ~ / T 0 1 / 2 / r  (7) 

From the tables we find that erf (0.4769) = 0.50 and thus 

and 

T°l]2 - (0.4769) 2 = 0.2274 ( 8 ) 
T 

T = RmC,. = 4.398 T°l/2 (9) 

The  time constant was sometimes also determined by measuring (at small 
electrode separation) the time the voltage took to reach 84~0 of its final value 
(Hodgkin and Rushton, 1946). The  method of extrapolation had the ad- 
vantage over this latter method in that it combined data  taken at a variety 
of electrode separations. 

Analyses of both capacitance and resistance were done in many glycerol- 
treated fibers in which the transverse tubular  system was disrupted; the 
results are shown in Table  I. The  steady-state parameters (space constant 
and input resistance) lie within the range found in normal muscle fibers. 
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The  derived values of membrane resistance and internal resistivity are normal  
also. The  t ime-dependent  properties, however, differ strikingly from those 
of normal fibers. The  membrane  time constant is about  one-third of normal 
and the mean value of the membrane capacitance (2.24 # F / c m  ~) is similarly 
reduced. 

The  largest source of error in these results is in the measurement  of fiber 
diameter  and the assumption that the fiber is a cylinder of circular cross 
section. In order to avoid these errors it has been common practice to assume 

T A B L E  I 

C A B L E  A N A L Y S I S  IN G L Y C E R O L - T R E A T E D  F I B E R S  

Fiber 
code Vm Diameter Rinput ~ Rm Ri Cra 

my # ~hraf mm ohm cm~ ~ m  cm I.~'/cm* 

3-8  - -82  55 553 1.71 3266 154 2 .0  
3-9 - -82  64 530 1.46 3110 233 2 .3  
8 -4  --81 63 460 1.72 3150 169 2 .0  
8-9 - -86  55 600 1.35 2808 213 1.9 
8-10 --93 64 960 1.90 7376 329 1.9 
8--11 --93 59 870 1.86 6057 261 2 .3  
8-12 - -83  54 570 1.42 2780 188 2 .3  
8-13 - -86  55 830 1.36 3899 290 2 .8  
8-14 - -89  59 390 2 .18  3188 100 1.5 
8-15 - -79  73 455 1.80 3755 211 1.7 
8-16 - -89  36 910 2 .20  4614 88 2 .7  
8--17 - -89  68 590 1.65 4212 267 2.1 
8-18 --93 55 520 1.77 3179 140 2 .3  

15--18 --71 78 370 1.48 2682 239 1.9 
15--19 - -82  50 390 1.40 1731 112 3 .9  
15-20 - -74  55 650 2 .18  4903 142 1.6 
15-21 - -89  50 560 1.80 3200 125 2 .9  

M e a n  3759 192 2 .24  
SEM 331 17 0 .14  

a value for internal resistivity and then calculate fiber diameters from equa-  
tions (2--4) above. If  an internal resistivity of 200 ohm-cm is assumed for each 
fiber (Fatt, 1964), and the data  recalculated, the mean fiber properties are 
not significantly changed. If  the internal resistivity is taken as 250 ohm-cm 
(Katz, 1948) the data  are changed somewhat, Rm is raised and C,~ decreased 
12%. These differences tend to exaggerate the difference between the ca- 
pacitance of glycerol-treated fibers and normal fibers. 

In order to insure that  glycerol itself does not have a direct effect on the 
membrane,  perhaps by changing the thickness, dielectric constant, or re- 
sistivity of the muscle membrane,  similar cable analyses were done in fibers 
while they were still in glycerol-Ringer when the transverse tubular  system, 
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in electron micrographs, is still intact (Howell and Jenden,  1967; Eisenberg 
and Eisenberg, 1968). Table  I I  shows the results from nine of these fibers. 
Most of these results were taken from fibers that had been immersed in 
glycerol-Ringer for more than 20 rain. The  mean membrane  potential was 
higher (inside more negative) than in Ringer solution and the internal 
resistivity significantly lower. These observations suggest that glycerol acts, 
at least to some extent, like an impermeant  solute and thus causes shrinkage 
of the fibers and consequent concentration of the intracellular contents. 1 
Although we saw no change in fiber diameter,  the intracellular volume could 
still have decreased. Blinks (1965) has shown that frog muscle fibers have a 
cross section in the shape of an indented triangle, so that changes in volume 

T A B L E  I I  

CABLE ANALYSIS IN GLYCEROL 

Fiber 
code Vm Diameter Rinput ~, Rra Ri Cn; 

my ~ kohms mm ohm cn~ ~m an ~/cnO 

4 --98 59 448 1.98 3326 127 4.9 
5 --90 45 730 1.97 4146 123 4.8 
6 --95 43 520 1.74 2443 87 7.3 
7 --88 55 510 1.92 3383 126 6.2 

11 --96 41 430 1.68 1874 69 11.7 
12 --98 55 700 2.07 5014 161 4.2 
13 --99 59 580 2.42 5262 134 6.1 
14 --92 68 640 1.98 5483 241 4.0 
15 --96 59 480 2.13 3793 126 6.0 

Mean  3858 133 6.1 
sE~ 416 16 0.8 

may cause little change in apparent  diameter. Thus, the increase in membrane  
potential in the fibers in glycerol-Ringer could be caused by an increase 
in intracellular potassium concentration and the decrease in internal re- 
sistivity by an increase in the total concentration of electrolytes in the intra- 
cellular medium. Since the membrane  resistance and capacitance are within 
the normal range for fibers of 50-60 # diameter, it seems clear that glycerol 
does not change the resistive or capacitive properties of the membrane.  If  
fiber diameters are calculated assuming that  the mean  internal resistivity 
(133 ohm-cm) applies to all the fibers, the membrane  resistance and capaci- 
tance are not significantly changed. 

The  striking difference in the time course of electrotonic potentials in 
fibers with, in contrast to those without, tubules provides an easy method of 

x Freygang et al. (1967) have shown, however, that hypertonic sucrose solutions raise the internal 
resistivity. 
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qualitatively determining whether  disruption of the tubular system has 
occurred and has been so used in other experiments (Eisenberg and Gage, 
1969; Gage and Eisenberg, 1969). 

D I S C U S S I O N  

It  has been suggested previously that  the apparently large capacitance per 
unit length of muscle can be explained by the large amount  of membrane  
area included in the transverse tubular system (Falk and Fatt, 1964). Since 
it has been clearly demonstrated that  only a very small fracdon of the trans- 
verse tubular system is intact in glycerol-treated fibers (Eisenberg and Eisen- 
berg, 1968), it is very likely that  the smaller capaci tance of glycerol-treated 
fibers reflects the disruption of the transverse tubules. The  capacitance of 
the remaining surface membrane  is 2.2 ~ F / c m  2 giving a capacitance for 
the tubular membrane  of 3.9 ~F /cm ~. These figures are referred to l cm ~ 
of a simple cylinder of membrane,  without tubular infoldings or invaginations; 
the figures will be further discussed in order to refer them to the area of the 
structures in which they are presumed to arise. 

I t  is interesting to compare our figures with those reported earlier. Falk 
and Fat t  (1964) investigated the capacitance of frog sartorius fibers by analyz- 
ing the potential changes produced by sinusoidal currents of different fre- 
quencies and reported a figure of 2.6 ~F /cm 2 for the capacitance of the sur- 
face membrane  and 4. l ~F / cm 2 for the tubular membrane.  The  agreement  
between the results of the two different types of experiment is quite striking. 

The  value of 2.2 # F / c m  ~ for the surface membrane  is more than double 
that  for nerve membrane.  I t  occurred to us therefore that a sufficient number  
of transverse tubules might be left intact in glycerol-treated fibers to give 
an overestimate of the " t rue"  membrane  capacitance. The  results of an 
examination of the fine structure of similar fibers sim~arly treated (Eisen- 
berg and Eisenberg, 1968) give some estimate of the percentage of tubules 
which might be left, though it should be pointed out that  the fibers used 
in the present experiments were selected for high membrane  potential whereas 
those used in the structural studies were not. I f  the figure of 1.6% is used 
as the best esdmate of the fraction of the tubular system left in glycerol- 
treated fibers and the figure of 4 as the area of the transverse tubules relative 
to the surface, the true membrane  area may  calculated to be about 6°7o 
of the apparent  surface area. This figure can be used to determine the capaci- 
tance of the surface membrane:  C~ • = 2.2 × (I - 0 . 0 6 )  = 2.1 # F / c m  ~. 

I t  is interesting to note the difference between Falk and Fatt 's figure of 
2.6 ~F /cm 2 and ours of 2. l ~F/cmL If both these figures are taken as correct, 
the difference between the two enables a speculative estimate to be made  
of the depth to which high frequency current  penetrates the sarcotubular 
system. If  at the frequencies used by Falk and Fat t  (from 3-10 kc/sec), 
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some of the tubular system is still contributing to the observed capacitance, 
a high figure for the surface capacitance would be obtained and the discrep- 
ancy would give some measure of the amount  of tubular system through which 
current was still flowing. If  the difference in the two figures is interpreted 
in this manner, it seems that the tubular system is contributing 0.5 ~F/cm" 
of capacitance at these high frequencies. This 0.5 ~F /cm 2 represents about 
10% of the total tubular capacitance. In order to estimate the space constant 
of the tubules it is only then necessary to determine what depth of the tubular 
system includes 10% of the tubular area. I f  the tubular system is treated as 
a disc, the annulus which would contain 10% of the tubular system turns 
out to be very small, only a few micra deep. This suggests that rapid potential 
changes are greatly attenuated deep in the muscle fiber (see Falk, 1968). 
However, if there is any active conductance change which "propagates" 
down the tubules, the above argument  would lose most of its usefulness. 

The figure for the capacitance of the surface membrane of 2.1 ~F /cm 2 
is significantly higher than that for nerve (about 1.0 uF /cm 2, Taylor, 1965). 
A discussion of the difference may not be very meaningful since the experi- 
mental situations in the two cases are so different. The major source of un- 
certainty in our figure is the actual amount  of membrane in 1 cm length 
of fiber. This figure is subject to systematic error due to such factors as wrink- 
ling of the surface membrane, deviation from circular cross section of the fiber, 
and to random error in the measurements involved. The figure for the ca- 
pacitance of nerve is subject to a different source of error, namely that caused 
by the apparent frequency dependence of the measured capacitance (Cole 
and Curtis, 1950; Taylor, 1965). These factors probably do not account for 
all of the difference between the capacitance of the two membranes and thus 
the possibility remains that the membrane of muscle has a higher specific 
capacitance than that of nerve. 

The specific capacitance of biological membranes depends on their aver- 
age thickness and dielectric constant. If  the membrane of the sarcolemma 
were thinner than that of nerve, or if the average dielectric constant greater, 
the higher value of the specific capacitance of muscle membrane would be 
explained. The average dielectric constant could be greater than that  of 
nerve for two reasons: either the lipid composition of the membranes might 
differ, the lipid of the sarcolemma being more polar or more polarizable, or 
the muscle membrane might have a higher fraction of very high dielectric 
constant regions, like those which would constitute aqueous channels for the 
flow of ions. Given the present state of knowledge of the molecular structure 
of membranes it is impossible to decide between these hypotheses. 

Finally, to obtain the specific capacitance of the tubular membrane, esti- 
mates of the ratio of tubular to surface membrane area can be used. The  best 
figure for the capacitance of the tubular system is given by the difference 
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between  the total  capac i t ance  of a normal  fiber and  the figure ob ta ined  here  
for the capac i t ance  of the sarcolemma.  Thus ,  the capac i t ance  of the tubu la r  
system is 6.1 - 2.1 = 4.0 ~ F / c m  2. T h e  area implici t  in this m e a s u r e m e n t  
is the area  of the ou te r  membrane .  T h e  da ta  of Peachey  (1965) and of Peachey  
and  Schild (1968) suggest tha t  the app ropr i a t e  figure for the rat io  of  areas 
in a 50 ~ d i ame te r  fiber is 4.5. I f  this represents  an overes t imate  of the a rea  
of tubu la r  m e m b r a n e  (Eisenberg and  Eisenberg,  1968), the rat io could be 
somewhat  less than  this. W h e n  the rat io  is taken as app rox ima te ly  4 the ca- 
pac i tance  of the tubu la r  m e m b r a n e  becomes 1.0 ~ F / c m  ~. I f  this figure is 
correct ,  it suggests tha t  the tubu la r  m e m b r a n e  has a di f ferent  thickness 

FIGURE 4. Longitudinal section of frog sartorius muscle: The triadic elements are 
shown cut in cross-section. The arrow points to the zone of the transverse tubule (T) 
which is not covered by terminal cistena (tc). Z line (Z) and glycogen granules (gly) 
are shown. Prepared for examination in the electron microscope as described by Peachey 
(1965). The micrograph was graciously supplied by Brenda Eisenberg. 

or dielectric cons tant  t han  the outer  m e m b r a n e .  This  is not  total ly implausible  
since the two membranes  have  different  permeabil i t ies  to ions (Eisenberg 
and  Gage,  1969). Ano the r  exp lana t ion  for the a p p a r e n t  di f ference be tween 
the specific capac i t ance  of the tubu la r  m e m b r a n e  and the surface m e m b r a n e  
is possible, however .  Fig. 4 shows a mic rog raph  of a tr iad,  tha t  is to say of 
the character is t ic  s t ruc ture  found where  the transverse tubule  forms an in- 
t imate  re la t ion wi th  the m e m b r a n e s  of the sarcoplasmic re t iculum.  I t  should 
be noted  tha t  in the t r iad there  are real ly  two types of  tubu la r  m e m b r a n e :  
tha t  which  is " c o v e r e d "  by re t icular  m e m b r a n e  and tha t  which  is bare.  I f  
it is assumed tha t  the j unc t ion  be tween  the two membranes  is wha t  has 
been called a capac i ty -coup led  t ight  j unc t ion  (Mar t in  and Pilar, 1964), 
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then the specific capac i t ance  of tha t  region of m e m b r a n e  would  be less than  

tha t  elsewhere. Physically, this is because the junc t ion  is behaving,  in such 

a case, like a single m e m b r a n e  of abou t  double  or triple no rma l  thickness. 

Peachey  (1965) estimates tha t  2 7 %  of the tubule  is uncovered  and  73% 

in close apposi t ion to the ret icular  membrane .  I f  the specific capac i tance  of 

the lat ter  is assumed to be one- th i rd  tha t  of  the rest of the m e m b r a n e ,  the 

figure of 1 # F / c m  2 for the capac i tance  of the tubu la r  m e m b r a n e  becomes 

compat ib le  with the 2.1 ~ F / c m  2 for the surface. T h e  730-/o of the m e m b r a n e  

would cont r ibute  1/6 X (0.73 K) to the capac i tance  where  K is the specific 

capac i tance  of  the tubula r  membrane .  T h e  bare  m e m b r a n e  would  con t r ibu te  

0.27 K to the capaci tance.  I f  these two terms are added  and the sum set 

equal  to the figure of 1.03 ~ F / c m  2, the specific capac i tance  of the tubu la r  

m e m b r a n e  becomes 2.0 # F / c m  2, a figure which  is in reasonable  agreement  

with our  figure for the specific capac i tance  of the surface membrane .  I n  

this m a n n e r  the difference between the figures for the capac i t ance  of  the 

tubu la r  m e m b r a n e  and  surface m e m b r a n e  can be explained wi thout  invoking 

hypothe t ica l  differences in molecular  structure.  

Note Added in Proof I t  has recently been brought to our attention that Dr. S. A. 
Krolenko has published several papers on glycerol-treated muscle fibers. The most 
recent paper is in Tsitologiya. 1968. 10: 803. 

It is a pleasure to thank Dr. P. Horowicz for his helpful discussions and suggestions. 
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