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Summary. A combination voltage clamp and admittance analy- 
sis of single skeletal muscle fibers showed that moderate depo- 
larizations activated a steady-state negative sodium conduc- 
tance in both the surface and transverse tubular membranes. 
The density of the voltage-dependent channels was similar for 
the surface and tubular conductances. The relaxation times as- 
sociated with the negative conductance were in the millisecond 
range and markedly potential dependent. The negative tubular 
conductance has the consequence of increasing the apparent 
steady-state radial space constant to large values. This occurs 
because the positive conductance is counterbalanced by the 
maintained inward-going sodium current. The enhancement of 
the space constant by a negative conductance provides a means 
for the nearly simultaneous activation of excitation-contraction 
coupling. 
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Introduction 

The analysis of the electrical properties of skeletal 
muscles has been done with many different tech- 
niques, ranging from resting potential (Hodgkin 
& Horowicz, 1960) and voltage-clamp experiments 
(Adrian, Chandler & Hodgkin, 1969) to inferences 
about radial propagation of action potentials 
based on myofibrillar contractions (Adrian, Cos- 
tantin & Peachey, 1969; Gonzallez-Serratos, 1971; 
Costantin, 1975). The unique feature of excitability 
in skeletal muscle, compared to the more exhaus- 
tively investigated axonal membranes, is the pres- 
ence of the transverse tubular membrane system 
which serves the key function of excitation-con- 
traction coupling. Falk and Fatt (1964), using 
small signal alternating current methods, were 
among the first to clearly point out the conse- 
quences of the tubular membrane in an equivalent 
circuit analysis in which the apparent high capaci- 
tance of muscle was shown to be accounted for 
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by the infolding of the surface membrane to form 
the transverse tubular system. The nature of the 
electrical continuity between the surface and interi- 
or of the fiber has been investigated by a variety 
of optical and electrical methods (Bastian & Naka- 
jima, 1974; Bezanilla & Horowicz, 1975; Oetliker, 
Baylor & Chandler, 1975; Vergara, Bezanilla & 
Salzberg, 1978; Nakajima & Gilai, 1980), leading 
to the general hypothesis that the transverse 
tubular membrane is excitable and normally prop- 
agates an action potential from the surface mem- 
brane to the interior of the fiber (Costantin, 1975 ; 
Nakajima & Bastian, 1976). 

The purpose of this paper is to measure the 
voltage-dependent properties of these two mem- 
brane regions using a combination of the voltage- 
clamp and frequency domain white noise tech- 
niques (Fishman, Poussart, Moore & Siebenga, 
1977). The previous voltage-clamp analyses of 
muscle have generally assumed either that the con- 
tribution of currents from an uncontrolled tubular 
membrane is relatively small compared to the total 
current or that the radial space constant is suffi- 
ciently large that the tubules are essentially equipo- 
tential with the surface membrane (Adrian, Chand- 
ler & Hodgkin, 1970; Moore, 1972; Hille & Camp- 
bell, 1976). The validity of these assumptions is 
critical for the voltage-clamp analysis of skeletal 
muscle; otherwise uncontrolled currents distort the 
measured responses and very likely invalidate the 
kinetic analysis. 

The white noise admittance technique allows 
an estimation of the tubular properties and thus 
provides a means to analyze both the surface and 
tubular membrane parameters at different steady- 
state membrane potentials (Moore, 1981). These 
experiments show that both the surface and 
tubular membranes have a steady-state negative 
conductance which is sensitive to tetrodotoxin. The 
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nega t ive  c o n d u c t a n c e  o f  the t r a n s v e r s e - t u b u l a r  sys- 
t em c o u n t e r b a l a n c e s  the re la t ively low pos i t ive  
c o n d u c t a n c e  o f  the tubu les  which  has the effect 
o f  i nc reas ing  the a p p a r e n t  t u b u l a r  m e m b r a n e  resis- 
tance .  These  resul ts  lead to the  c o n c l u s i o n  t h a t  for  
m o d e r a t e  d e p o l a r i z a t i o n s  the  s t eady-s t a t e  rad ia I  

space c o n s t a n t  increases  to  large va lues  thus  p ro -  
v id ing  a n  eff icient  m e c h a n i s m  for  the r ap id  p r o p a -  
g a t i o n  o f  the surface  po t en t i a l  t h r o u g h o u t  the 
b r a n c h e d  t u b u l a r  system. The  increase  o f  the  r ad ia l  
space c o n s t a n t  by  a nega t ive  c o n d u c t a n c e  e n h a n c e s  
the n o r m a l  r ad ia l  p r o p a g a t i o n  o f  a n  ac t i on  p o t e n -  
t ial  to  a l low n e a r l y  s i m u l t a n e o u s  a c t i v a t i o n  o f  exci- 
t a t i o n - c o n t r a c t i o n  m e c h a n i s m s  t h r o u g h o u t  the 
fiber.  This  ana lys i s  fu r the r  shows t h a t  the dens i ty  
of  the v o l t a g e - d e p e n d e n t  c h a n n e l s  is s imi la r  for  
the sur face  a n d  t u b u l a r  m e m b r a n e s .  The  r e l a x a t i o n  
t ime  c o n s t a n t  for  the nega t ive  c o n d u c t a n c e  was  
p o t e n t i a l  d e p e n d e n t  w i th  va lues  in  the mi l l i s e c ond  
range .  A pos i t ive  c o n d u c t a n c e  was  obse rved  at  
m o d e r a t e  to large d e p o l a r i z a t i o n s  h a v i n g  a t ime  
c o n s t a n t  a n  o rde r  o f  m a g n i t u d e  larger  t h a n  ob-  
served for  the nega t ive  c o n d u c t a n c e .  

Materials and Methods 

Voltage-Clamp System 

The vaseline gapped voltage clamp for single skeletal muscIe 
fibers, developed by Frankenhaeuser, Lindley and Smith 
(1966), Moore (1972) and Hille and Campbell (1976) was rede- 
signed to provide significantly incleased stability and frequency 
response. The current was determined differentially by measur- 
ing the potential across a 10 k~ resistor in series with the output 
of the clamp amplifier. The method relies on a Vaseline coat 
of the fiber in the reference pool, which simulates a myelin 
sheath, thus preventing current flow through the membrane 
in this pool. The additional seal appears preferable since it 
effectively prevents a current path through the membrane to 
ground from within the fiber. Without the seal this pathway 
is in the feedback loop of the potentiometric amplifier, and 
could lead to distortion in the measurement of the membrane 
potential. 

The voltage-clamp system consists of four independent 
wideband amplifier sections each of which has greater than 
10 MHz bandwidth. When a passive R/C model (resistance and 
capacitance in parallel) is used, there was no need to provide 
a compensation for feedback loop stabilization because each 
section has a very wide bandwidth. The phase shifts that occur 
in these sections are very small; therefore, the R/C time con- 
stant dominates in the decline of the open loop gain with in- 
creasing frequency. However, when an actual membrane is in 
the loop, the phase shift in the membrane often approaches 
180 ~ at very high frequencies, and oscillations may occur at 
several megahertz. The system was stabilized by inserting a 
capacitor in the clamp amplifier to provide the desired roll-off. 
A 6 riB/octave low pass filter at l0 kHz ensured stability for 
most muscle membranes. It should be noted that even with 
such filtering the feedback loop has a gain of 1,000 at 100 kHz. 

Single fibers were carefully dissected fiom the semitendino- 
sus muscle of the bullfrog Rana catesbeiana and mounted in 

the Vaseline gap chamber containing potassium phosphate so- 
lution (67 mM KzPO ,,  33 mM KH2PO,) buffered at pH 7.2. 
The fibers were mounted in a sodium-free solution to prevent 
excitability under the seals. After the seals were firmly applied, 
the solution in the recording pool was changed to normal 
Ringer's solution. The Ebers were maintained at a slightly 
stretched length and were cut at each end, 300 to 400 gm from 
the seal edge. The holding potential was set at - 9 0  inV. 

The external solutions were as follows: normal Ringer's 
(mM) 120 NaC1, 2.5 KC1, 2.0 CaC12, 2 5 NaHCO 3. The pH 
of all solutions was adjusted to 7.2. All measurements were 
made at 12 ~ 

Admittance Measurement 

A combination of a "white noise" control signal with the volt- 
age-clamp technique was used to make an admittance analysis 
at different membrane potentials. The step voltage-clamp meth- 
od has proven itself as a powerful tool in the analysis of highly 
nonlinear excitable membranes. It is bascially a measurement 
of a transient response to a step perturbation. On the other 
hand, admittance measurements are usually made under steady- 
state conditions, which in the past required long periods of 
time, because responses to single sine waves had to be mea- 
sured. The utility of "white noise" methods is that the prepara- 
tion can be stimulated at all frequencies w~thin the time period 
of the lowest frequency of interest and a response measured 
simultaneously. This procedure reduces the measurement time 
to an arbitrarily small value dependent only on the lowest fre- 
quency analyzed. In these experiments, a 400-line frequency 
spectrum from 2.5 Hz to 1 kHz required 400 ms of data. 

The combination method requires that the response of the 
membrane to a large voltage-clamp step reach a quasi-steady 
state and then the small signal admittance measurement can 
be done. Thus, for each steady-state condition, defined by a 
mean membrane potential, a small-signal white noise voltage 
perturbation (~  1 mV rms) superimposed on the step potential 
was applied to the clamp and the admittance measured. Linear- 
ity was assured by doubling the perturbation and observing 
the same transfer function (Moore, Fishman & Poussart, 1980). 
The step preceded the analysis period by 200 ms and thus had 
a total duration of 600 ms. For large step depolarizations, such 
an admittance measurement is subject to the effects of tubular 
depletion or accumulation typical of any voltage-clamp mea- 
surement. Apart from changes in the driving forces these phe- 
nomena should not affect admittance above I Hz (Barry, 1977). 

The implementation of the "white noise" admittance 
(Poussart, Moore & Fishman, 1977) was done on an LSI-11/I 
computer system. A ~ white noise" stimulus was computed by 
summing 400 sine waves with random phases and amplitudes 
of unity for each frequency increment (1 to 400). A total of 
1,024 time values were computed and sequentially output with 
a crystal clock via a 12-bit digital to analog (D/A) converter. 
The response of the preparation was digitized with a 12-bit 
analog to digital converter (A/D). The same clock signal was 
used to synchronize the D/A and A/D conversion. In order 
to ensure a steady-state response to white noise, the 1024 point 
sequence was applied twice for a total of 2048 clock pulses 
with a total duration of 800 ms. The pulse was applied at the 
midpoint of the first 1024 point sequence and the data was 
sampled during the second 1024 point sequence with the A/D 
converter. Before the A/D conversion, the analog response was 
low-pass filtered with a 96 db/octave roll-off Butterworth filter 
(Rockland 852). The stimulus was also low-pass filtered with 
a six-pole active filter (Frequency Devices). All low-pass filters 
were set at 1 kHz. In order to remove the direct current the 
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output of the current amplifier of the voltage-clamp system 
was high-pass filtered at 2 Hz with a single pole R/C filter. 

In order to remove any filter responses or other coherent 
trends in the data a procedure called coherence elimination 
was used. In this procedure two identical step-clamp pulses 
were given as voltage-clamp commands; however, the small 
noise signal was inverted during the second pulse. The responses 
of the two perturbations were subtracted, thus eliminating co- 
herent signals and adding the responses to the noise stimulus. 

An improvement in the dynamic range of measurement 
was made by modifying the white noise stimulus to partially 
match the inverse of the response. A Lorentzian function with 
the corner frequency at the 67th line of  the 400-line spectrum 
was used to change the sine wave amplitudes. The response 
of the fiber to this source was relatively flat providing a much 
improved dynamic range. 

The system was calibrated by measuring the transfer func- 
tion of a model system with a membrane resistance of 6 MfL 
The data for all fibers were scaled to give an admittance per 
cm 2 by using an estimated surface area of 3.4 • 1 0 - 4 c m  2. More 
than sixty fibers were investigated showing a range in the esti- 
mated surface membrane capacitance of 0.7 to 1.3 gF per cm 2. 

The procedure for measuring the transfer function is as 
follows: (1) determine the complex spectrum of the source, 
filters and measurement system; (2) store the spectrum in a 
reference buffer; (3) measure the response of the preparation; 
(4) compute the ratio of the magnitude of the response and 
the reference; and (5) subtract the phases of the response and 
reference. 

The magnitude and phase of the admittance are displayed 
and stored in a data file for subsequent plotting and analysis. 
All complex spectra are computed using a Fast Fourier Analysis 
(FFT) routine (Bendat & Piersol, 1971). The results of the FFT  
have been compared with hardwired spectrum analyzers and 
expected responses from known sources. 

Analysis 

The data were collected and stored as complex admittances 
with 400 real and 400 imaginary numerical values. The excitable 
membrane element was modeled as a collection of three parallel 
paths consisting of a membrane capacitance, a frequency inde- 
pendent conductance, and frequency dependent conductances 
(Chandler, Fitz Hugh & Cole, 1962). The formulation of the 
model is shown in Eq. (1): 

ys=j2~fC,~+G, ,+E Gi 
' 1 + j 2 n f v  i (1) 

where Ys is the complex surface membrane admittance, G,~ is 
the frequency independent steady-state conductance, C,, is the 
membrane capacitance, G~ is a frequency dependent conduc- 
tance, r~ is the time constant associated with G.,j is 1 / -  1, and 
f i s  the frequency in hertz. This formulation is perfectly general 
and is completely equivalent to the linearized Hodgkin-Huxley 
(HH) formalism (Hodgkin & Huxley, 1952) where the conduc- 
tances are complicated functions of steady-state parameters 
(Mauro, Conti, Dodge & Schor, 1970). The time constants in 
the two formulations are identical. In the HH formalism a nega- 
tive G~ would reflect the activation or m process of the sodium 
system and positive G[s would be equivalent to either the inacti- 
vation h process of the negative sodium conductance or the 
activation n process of the potassium system. 

The total admittance Y is the sum of the surface Y, and 
tubular Yt admittance. The tubular admitance was evaluated 
by the numerical model described by Peachy and Adrian (i 973) 
consisting of 16 shells each of which was scaled according to 

their surface area by the factor k 2 - ( k - 1 )  2, where k is the 
shell number. Each shell contained the parallel paths of Eq. 
(1). The tubular admittance was determined iteratively by first 
computing the innermost shell admittance and then subse- 
quently adding the next shells individually. Initially estimates 
were given each parameter in the model and the real and im- 
aginary components were computed and compared with the 
data points for calculation of a chi square value. The chi square 
was minimized by two curveofitting routines, the grid and chi 
square gradient search methods (Bevington, 1969). All of the 
curve fitting was done on a PDP 11/70 with complex numbers 
using a slight modification of the Fortran subroutines of Bev- 
ington (1969). 

Results 

Conventional step-voltage clamp measurements 
were done to assure the presence of transient 
inward and steady-state outward currents. All 
measurements on properly mounted, well-dissected 
fibers showed uncontrolled, presumably tubular 
currents (Mandrino, 1977). Fibers which were 
poorly dissected, mounted in a contracted or short- 
ened state, or inactivated, generally provided mem- 
brane currents which appeared to be graded and 
properly controlled. Comparison of the admittance 
functions, in Fig. 1, of these two types of fibers 
suggests that the transverse tubular system is less 
accessible in the latter. The curves labeled F1 are 
magnitude and phase functions from a carefully 
dissected fiber. Note the initial peak in the phase 
around 30 Hz and a slight inflection in the magni- 
tude at somewhat higher frequencies. The smooth 
curve drawn through the data is the best least- 
square fit of the surface and tubular membrane 
model discussed above. The theoretical curves 
labeled R/C are from the same model without the 
transverse tubular system. These curves show the 
admittance of the passive surface membrane con- 
taining only a resistance and capacitance in paral- 
lel. The curves labeled F2 are from the second type 
of fiber which does not show a pronounced hump 
in the phase. Note that the magnitude and phase 
functions of this fiber are intermediate between the 
normal fiber with an intact T-system, and a simple 
R/C equivalent circuit with no T-system. This sug- 
gests that certain types of procedures may partially 
disrupt the tubules and thereby appear to allow 
an adequate voltage clamp on the surface mem- 
brane. The experiments reported here are only 
from fibers which clearly demonstrate an intact 
transverse tubular system. 

The superimposed curves of Fig. 2 show the 
general behavior of the total admittance for a fiber 
bathed in normal Ringer's solution. The data 
points and model fits are expressed as magnitude 
and phase functions versus frequency. The curves 
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Fig. 1. Magnitude and phase functions of resting muscle fibers. 
Four complex admittance functions are shown. Each function 
consists of a magnitude and a phase versus frequency. The 
upper portion of the Figure is the magnitude in millisiemens 
per cm 2 versus frequency in hertz. The lower portion is the 
phase in degrees. The magnitude and phase plots labeled FI  
are data from a fiber in good condition. A model fit based 
on Eq. (1) with a 16 shell transverse tubular system is superim- 
posed on this data. The model without the transverse tubular 
system is superimposed on this data. The model without the 
transverse tubular system is shown as R/C. The values of the 
surface resistance and capacitance are identical to the model 
of F1. Note that the T-system influences the admittance func- 
tion over a wide frequency range. The plots labeled F2 are 
from a contracted muscle fiber which produced good voltage- 
clamp currents, The admittance of the fiber is not a simple 
R/C function; however, the T-system is considerably different 
from the normal fiber of F1. In this and subsequent Figures 
the model fits are smooth lines superimposed on the connected 
data points 

labeled O illustrate the typical behavior of the 
resting surface and tubular membranes similar to 
that shown in Fig. 1. 

The step depolarizations used in Fig. 2 show 
the principle phenomena elicited by an activation 
of the voltage-dependent conductances. The 
30-mV depolarization shows three prominent fea- 
tures: (1) a decrease in the low frequency magni- 
tude, (2) an increase in the initial phase peak at 

20 Hz, and (3) an enhancement of the inflection 
of the magnitude seen at ~ 50 Hz. The finding of 
a decrease in the low frequency admittance magni- 
tude is opposite to the generally expected conduc- 
tance increases seen with depolarizations. The ad- 
mittance is a measure of the frequency dependence 
of a slope conductance and can therefore be posi- 

Phase 30 

- 3 0  I , , , , , , , ' ,  ' , , , , ,  . . . . . . . .  , , , ~  

3 10 20 40 100 200 400 

Hertz 

Fig. 2. Complex admittance in normal Ringer's solution. Data 
and model fits are superimposed for admittances measured at 
the resting potential of - 9 0  mV, labeled O, and depolarizations 
of 30, 50 and 60 mV 

five or negative. These phenomena are adequately 
described by negative conductances in the surface 
and tubular membranes. Attempts to model the 
data with decreasing positive conductances were 
unsuccessful. 

The 50-mV depolarization shows the additional 
feature of a slight minimum in the magnitude (anti- 
resonance) around 10 Hz accompanied by shift to 
higher frequencies of the transition region of the 
phase function. The transition region begins at 
small or negative values and shifts to positive 
values within a few Hertz. The shift and enhance- 
ment of the phase function along with the anti- 
resonance of the magnitude are indicative of ionic 
conductance relaxations (Fishman, Poussart & 
Moore, 1979; Mathias, Ebihara, Lieberman & 
Johnson, 1981). In addition, the 50-mV depolariza- 
tion led to a decrease in the magnitude over a wide 
frequency range, consistent with the activation of 
a high frequency negative sodium conductance. 

Finally, the 60-mV depolarization shows a pro- 
nounced anti-resonance and a negative phase 
which shows a sharp transition to positive values 
at ~20 Hz. The frequency location of the anti- 
resonance minimum and the phase transition are 
shifted to higher frequencies the greater the depo- 
larization, indicative of shorter relaxation times 
seen at these potentials. 

The admittance functions of Fig. 2 are c o r n -  
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Fig. 3. Complex admittance in 10 . 6  m M  TTX Ringer's solution. 
The magnitude and phase plots for the three depolarizations 
of 20, 40 and 50 mV are virtually identical. The plots for a 
60-mV depolarization show slight anti-resonances in the data 
arid fitted curves 
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Fig. 4. Admittance of activated tubular membrane. These mea- 
suements were made soon after the TTX blockage of  the surface 
sodium conductances. The three superimposed functions and 
model fits are shown for 0-, 30- and 50-mV depolarizations 

posed of active surface and tubular conductances 
which are not easily separated. The sensitivity of 
these phenomena to 1 0 - 6 M  tetrodotoxin (TTX) 
is shown in Fig. 3. The admittances for 20-, 40- 
and 50-mV depolarizations are essentially identi- 
cal; however, the 60-mV depolarization shows a 
slight anti-resonance probably related to the potas- 
sium conductance system. Thus, depolarizations 
up to 50 mV induce mainly TTX sensitive admit- 
tances which can be identified with a negative 
steady-state sodium ion conductance system. The 
steady-state potassium admittance was not ob- 
served for membrane potentials less negative than 
- 4 0  mV. The lack of a significant steady-state po- 
tassium conductance at - 4 0  mV was confirmed 
by voltage-clamp currents observed during the ad- 
mittance measurement interval which began 
200 ms after the step change in membrane poten- 
tial. This result is consistent with the earlier obser- 
vations (Adrian et al., 1970; Moore, :t972) which 
generally show the late ionic currents beginning 
to activate at - 4 0  mV (~50 mV depolarization). 
This is also the potential at which the peak inward 
current appears. Although the long voltage-clamp 
pulses partially inactivate the sodium conductance, 
the large driving force for the sodium current maxi- 

mizes the negative slope conductance in the poten- 
tial range investigated. 

The method used to separate the surface and 
tubular conductance relied on the diffusion time 
for TTX to equilibrate with the T-tubule sodium 
conductance sites. In the experiment of Fig. 4 the 
normal Ringer's external solution was changed to 
one containing 10 .6 M TTX within 10 s. The ad- 
mittance measurements were made within 1 min 
approximately 30 s after the solution change. A 
separate experiment confirmed that the action po- 
tential was completely blocked within 30 s. Since 
the equilibration time for the T-tubule is 5 rain 
or longer (Bastian & Nakajima, 1974; Almers & 
Levinson, 1975), these measurements were made 
with TTX principally blocking the surface mem- 
brane. Under these conditions a step depolariza- 
tion mainly activated a negative tubular sodium 
conductance. In Fig. 4, the admittance at a 30-mV 
depolarization compared to that observed at the 
resting potential shows a decrease in magnitude 
at low frequencies. This result is qualitatively simi- 
lar to that observed without TTX in Fig. 2; how- 
ever, the changes with potential are significantly 
less. This finding is consistent with the hypothesis 
that a depolarization applied immediately after 
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blockage of the surface sites by TTX will preferen- 
tially activate the tubular sodium conductance. 
The model used for curve fits of the admittance 
at the depolarizations shown in Fig. 4 were made 
with a negative conductance only in the tubules. 

The 50-mV depolarization of Fig. 4 shows an 
anti-resonance in the magnitude of the admittance 
which is most likely due to the sodium inactivation 
process in the tubules since TTX at long times and 
moderate depolarizations blocks the anti-reso- 
nance of both the surface and tubular membranes. 
Furthermore, unpublished experiments in which 
the potassium conductance was blocked by 50 mM 
tetraethylamonium-chloride (TEA) and 2.5 mM 
RbC1 showed an anti-resonance for a 50-mV depo- 
larization. Therefore, the data of Fig. 4 were ana- 
lyzed with a model containing positive and nega- 
tive conductance relaxation components in the 
tubules. The two conductances are analogous to 
the activation m and inactivation h processes of 
the Hodgkin-Huxley formalism. 

The analysis procedure consisted of initially es- 
timating the passive membrane parameters where 
the G~'s of Eq. (1) are zero The parameters which 
could be uniquely determined were three: the sur- 
face membrane capacitance, the tubular membrane 
capacitance, and the resistance between the indi- 
vidual shells. The total tubular capacitance was 
estimated to be fivefold greater than the surface 
value, consistent with a larger membrane area in 
the T system than that estimated as surface area. 
The representative curve fit shown in Fig. I gave 
a surface membrane capacitance of 0.9 gF/cm 2 and 
a total tubular capacitance of 5.3 gF/cm 2. Al- 
though the passive surface and tubular membrane 
resistances cannot be uniquely determined it was 
possible to find a chi square minimum consistent 
with previous estimates of the radial space constant 
(Adrian et al., 1969). The curve fit of the resting 
fiber of Fig. 2 led to a passive radial space constant 
of three fiber diameters and a membrane resistance 
of 1 kf~ 2 for both the surface and tubular mem- 
brane. These values are in good agreement with 
the previous analyses of the passive equivalent 
circuit of frog skeletal muscle (Falk & Fatt, 1964; 
Adrian et al., 1969; Schneider, 1970; Valdiosera, 
Clausen & Eisenberg, 1974b). For the frequency- 
range of the present measurements, the passive 
shell model has been shown to agree satisfactorily 
with the exact solution of the appropriate cable 
equations (Peachy & Adrian, 1973). 

The analysis at depolarized potentials was done 
by using the previously determined resting values 
of the surface and tubular capacitances as con- 
stants in the model. The number of relaxation ele- 
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Fig. 5. Cole-Cole plot of complex impedance in normal Ringer's 
solution. The data and model fits are identical to Fig. 2. The 
triangles show the 10 and 100 hertz frequency points of the 
model. The numbers adjacent to each curve are the levels of 
depolarization from the resting level 

ments for the admittances was determined by the 
experimental condition. In Fig. 4 the active con- 
ductances were added to the tubules and a best 
fit obtained. A negative conductance was required 
to fit the data which had relaxation times of 2 
and 1 ms for depolarizations of 30 and 50 mV, re- 
spectively. The anti-resonance seen for the 50-mV 
depolarization of Fig. 4 was fitted with an addi- 
tional positive conductance having a time constant 
of 13 ms probably reflecting a slow sodium inacti- 
vation time constant. The observed decrease in the 
admittance could be due to three different conduc- 
tance changes: (1) a decrease in the potassium con- 
ductance of the anomalous rectifier, (2) an activa- 
tion of a negative calcium conductance, or (3) the 
activation of a negative sodium conductance. The 
anomalous rectifier is essentially turned off a these 
potential levels (Hodgkin & Horowicz, 1959). The 
calcium conductance is probably activated; how- 
ever, the frequency range and membrane potential 
levels are not optimal for observing the calcium 
currents (Siri, Sanchez & Stefani, 1980; Almers & 
Palade, 1981). Since the major observed effects are 
TTX sensitive the most likely source of the admit- 
tance change is an activation of steady-state nega- 
tive sodium conductance. 

The admittance measurements of Fig. 2 and 
Fig. 5 in normal Ringer's solution can only be ana- 
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lyzed if the tubular contribution is known. For 
a limited range of potentials this was done by fixing 
the parameters of the negative tubular conduc- 
tance relaxation term (G~ and % of Eq. 1) to the 
values determined in Fig. 4 and fitting the data 
with a voltage-dependent conductance in the sur- 
face membrane. For the 30-mV depolarization of 
Fig. 2 the fitted data for the two negative conduc- 
tances had a surface time constant of  1 ms and 
a tubular value of 2 ms. The ratio of the two relax- 
ation conductances (Gi) per unit area at zero fre- 
quency was essentially unity, consistent with the 
hypothesis that the channel density is similar for 
the surface and tubular membranes. The 50-mV 
depolarization of Fig. 2 was fitted with a positive 
surface conductance and a negative tubular con- 
ductance. The model fits the data well but cannot- 
separate surface and tubular components. Since 
the analysis suggests a similarity for surface and 
tubular active conductances a different model was 
used in which the active conductances per unit area 
of both membrane systems were identical. This 
model fits the data extremely well and probably 
is the best estimate of the membrane properties 
for fibers in Ringer's solution. Using this model, 
time constants for the negative conductance were 
6.9, 6.1, 2.7, 1.0 and 0.9 ms for 20-, 30-, 40-, 50-, 
and 60-mV depolarizations, respectively. The anti- 
resonance required an additional positive conduc- 
tance for the 40-, 50-, and 60-mV depolarization 
which had time constants of  50, 52, and 22 ms, 
respectively. 

The data of Fig. 2 were replotted in Fig. 5 as 
a Cole-Cole plot (Cole, 1941) in order to illustrate 
the effect of  the ionic conuctances on the impe- 
dance function. The two triangles seen on each 
curve mark the frequencies, 10 and 100 Hz, reading 
from right to left. The curve labeled 0 is the resting 
impedance showing the characteristic double dis- 
persion seen as the sum of  two semi-circles (Cole, 
1968). Note that the high frequency points extrap- 
olate to the origin which indicates that there is 
no significant series resistance in the preparation. 

The curves labeled 30 and 50 show the marked 
effect of  activating a negative conductance which 
is seen here as an increasing low frequency re- 
istance. The depolarizations of 50 and 60 mV have 
curves which cross the abscissa indicative of an 
anti-resonance and modeled by a positive conduc- 
tance. 

Discussion 

The results of  these experiments strongly support 
the hypothesis that the transverse tubular mem- 

brane of skeletal muscle has voltage-dependent 
conductances which are similar in kinetic behavior 
and density to those found on the surface mem- 
brane. This conclusion is consistent with the high 
density of  TTX binding sites in the tubules (Jaimo- 
vich, Venosa, Shrager & Horowicz, 1976) and sug- 
gests a need to revise the action potential model 
of Adrian and Peachey (1973) which is based on 
extremely low channel densities. 

The presence of a normal tubular system in 
skeletal muscle essentially prevents an adequate 
voltage-clamp analysis of  large transient conduc- 
tance changes. The apparent success of  previous 
voltage-clamp measurements is probably the con- 
sequence of an altered tubular membrane system, 
which, under ideal conditions, could lead to a 
minimal distortion of the surface membrane cur- 
rents. However, the results of  Fig. 1 show that 
fibers which show graded currents may possess an 
altered tubular system which could produce uncon- 
trolled responses. These conclusions are further 
supported by optical probe experiments which 
show uncontrolled tubular potentials despite an 
adequately clamped surface membrane (Heiny & 
Vergara, 1982). 

The instability of the tubular system in the cut 
fibers was a generally observed phenomenon. Con- 
tracted or shortened fibers could remain excitable 
for hours but showed no prominent inflections in 
the phase function characteristic of  a normal trans- 
verse tubular system. However, fibers which main- 
tained a normal striation pattern invariably pos- 
sessed a normal tubular system. Marked effects 
on the phase function also occurred in solutions 
of different osmolarity as would be expected by 
alterations in the tubular dimensions (unpublished). 
These observations, coupled with the well-known 
sensitivity of excitation-contraction coupling and 
the T-system to osmotic shocks (Fujino, Yamagu- 
chi & Szuki, 1961; Eisenberg & Gage, 1969; 
Howell, 1969), lead to the general conclusion that 
an adequate voltage-clamp analysis requires a 
knowledge of  the state of the T-system in order 
to evaluate the total current measured from the 
preparation. 

The advantage of the admittance method is 
that it provides a good characterization of the T- 
system and a means to evaluate its properties. Al- 
though the measurements are restricted to linear 
responses it is possible to obtain time constants 
and steady-state conductances for both the surface 
and tubular membranes. The principle difficulties 
in this analysis are similar to those of the conven- 
tional voltage clamp, namely, the separation of  
ionic currents. In skeletal muscle the extra mem- 
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brahe system requires procedures which differen- 
tially block the surface versus tubular membrane 
in order to uniquely characterize the conductances. 
Proper separation procedures are also critical for 
active versus passive membrane parameters. The 
detailed impedance experiments of Schneider 
(1970) and Valdiosera, Clausen and Eisenberg 
(1974a-c) have been interpreted on the basis of 
a passive surface and tubular membrane whose 
voltage-dependent conductances are insignificant 
under the conditions of the measurement. Unfortu- 
nately many of the reported impedance measure- 
ments have been made at somewhat depolarized 
membrane potentials where it can be expected that 
voltage-dependent ion conductance processes are 
present. The measurements of Schneider (1970) 
were done in 7.5 mM potassium ion concentration 
at an estimated membrane potential of - 6 6  mV. 
Experiments discussed in this paper clearly indicate 
sodium conductance contributions to the admit- 
tance at these potentials. Also some of the mea- 
surements of Valdiosera, Clausen and Eisenberg 
(1974c) were done at depolarized potentials. For 
example, the perplexing results of a concomitant 
increase of the radial resistance and the tubular 
capacitance was based on data taken at a mem- 
brane potential of  - 65 mV. The presence of volt- 
age-dependent ion conductances alters the equiva- 
lent circuit to a sufficient degree that passive and 
active (voltage-dependent) phenomena have simi- 
lar circuits and may be indistinguishable in a given 
experiment. 

The question of spatial control of  the tubular 
potential can be considered from the analysis. At 
rest the radial space constant 2 t cannot be uniquely 
determined because of the equivalence at zero fre- 
quency of the surface or tubular resistances. How- 
ever, for depolarizations which active a tubular 
conductance (see Fig. 4) an estimate of 2 t is possi- 
ble. 

The value of 22 was calculated from the ratio 
of the total transverse resistance within one tubular 
element and the resistance between the individual 
shells. Thus, 2{ is equivalent to the transverse 
membrane resistance divided by the luminal resis- 
tance. The reciprocal of  the membrane resistance 
was determined by algebraically adding the zero 
frequency conductances of a tubular element. 
Using curve fits with finite values for the tubular 
membrane resistance, the 2~ of resting or hyperpo- 
larized fibers ranged from 2 to 10 fiber radii. 

The value of 2t for fibers at rest is consistent 
with earlier estimates; however, the steady-state 
negative conductance activated at moderate depo- 
larizations led to an extremely large or slightly neg- 

ative value for )t 2. Under these conditions the usual 
definition of 2t breaks down and the boundary 
conditions for cable equations used to derive the 
space constant are incorrect. One difficulty in as- 
sessing the meaning of a negative 2t 2 is that the 
effect is due to a counterbalancing of the total posi- 
tive conductance by the negative conductance. At 
the null point this leads to an apparent infinite 
tubular membrane resistance. A similar result has 
been observed in the squid axon when the positive 
potassium conductance is blocked by internal 
cesium ions (Fishman et al., 1979). The discontinu- 
ity at the null point can be approached from either 
a diminishing net positive or negative conductance. 
Whether or not the tubular conductance in fact 
has a net negative steady-state value is model de- 
pendent; however, the analysis clearly indicates 
that the activation of the negative tubular conduc- 
tance has the effect of  greatly increasing the appar- 
ent tubular membrane resistance. This conclusion 
means that for 600-ms depolarizing pulses the 
tubular membrane was essentially more equipoten- 
tial with the surface than would be predicted from 
the resting radial space constant. 

The negative tubular conductance thus en- 
hances the propagation of any potential waveform 
by increasing the radial space constant despite the 
fact that the absolute value of the membrane resis- 
tance decreases. This mechanism enhances the 
propagation of action potentials and allows for 
a nearly simultaneous activation of the entire 
branched tubular structure.The negative tubular 
conductance also improves the voltage clamp 
which may account for the reason graded currents 
are often observed under conditions in which po- 
tential control of the tubules would generally not 
be possible. 

The negative conductance due to tubular calci- 
um currents would further enhance the above 
effects. In general, the steady-state negative con- 
ductance enhancement of the space constant of 
narrow tubes or processes probably plays an im- 
portant role in the propagation of potentials in 
a variety of branched excitable structures. The 
presence of noninactivating sodium and calcium 
conductances in dendritic membranes provides a 
way to propagate synaptic potentials to the cell 
body even if the density of channels is insufficient 
to generate an action potential. In addition, this 
mechanism could provide a method for incremen- 
tal propagation in small processes. 

The enhancement of the space constant by a 
negative conductance is probably unique to small 
structures which have large longitudinal resistances 
that tend to decrease the value of the space con- 
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s t an t .  L a r g e  a x o n s  h a v e  c o r r e s p o n d i n g l y  l o w e r  
l o n g i t u d i n a l  r e s i s t ances  a n d  g e n e r a l l y  pos se s s  a sig- 
n i f i can t  p o t a s s i u m  c o n d u c t a n c e  w h i c h  c a n n o t  be  
o v e r c o m e  in the  s t e a d y  s t a t e  b y  a n e g a t i v e  s o d i u m  
c o n d u c t a n c e .  H o w e v e r ,  a t  r es t  the  s q u i d  a x o n  d o e s  
posses s  a s t e a d y - s t a t e  n e g a t i v e  s o d i u m  c o n d u c -  
t a n c e  w h i c h  c a n  be  o b s e r v e d  b y  b l o c k i n g  the  c o n -  
d u c t a n c e  w i t h  T T X  ( F i s h m a n  et  al . ,  1979). 

I n  ske l e t a l  m u s c l e  the  r e s t i ng  p o t e n t i a l  is suff i-  
c i en t ly  h igh  t h a t  t he  n e g a t i v e  c o n d u c t a n c e s  a r e  ex- 
t r e m e l y  low.  I n  n e r v e  cel ls  the  r e s t i ng  p o t e n t a l  is 
20 to  30 m V  m o r e  d e p o l a r i z e d  w h i c h  m a y  p r o v i d e  
a c o n t i n u o u s l y  ac t ive  s o d i u m  o r  c a l c i u m  c o n d u c -  
t ance .  I n  cel ls  w i t h  a l o w  p o s i t i v e  c o n d u c t a n c e  the  
n e g a t i v e  c o n d u c t a n c e  p r o v i d e s  a f u n c t i o n a l l y  h i g h  
m e m b r a n e  r e s i s t ance  s o m e w h a t  a n a l o g o u s  to  
mye l i n ,  e n h a n c i n g  the  p r o p a g a t i o n  o f  al l  t y p e s  o f  
p o t e n t i a l s .  

We wish to thank Dr. T. Iwazumi for designing and construct- 
ing the voltage clamp used in these experiments. This work 
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