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ABSTRACT A Vaseline gap potentiometric recording and voltage clamp method is 
developed for frog skeletal muscle fibers. The method is based on the Franken- 
haeuser-Dodge voltage clamp for myelinated nerve with modifications to improve 
the frequency response, to compensate for external series resistance, and to com- 
pensate for the complex impedance of the current-passing pathway. Fragments of 
single muscle fibers are plucked from the semitendinosus muscle and mounted 
while depolarized by a solution like CsF. After Vaseline seals are formed between 
fluid pools, the fiber ends are cut once again, the central region is rinsed with 
Ringer solution, and the feedback amplifiers are turned on. Errors in the potential 
and current  records are assessed by direct measurements with microelectrodes. 
The passive properties of the preparation are simulated by the "disk" equivalent 
circuit for the transverse tubular system and the derived parameters are similar to 
previous measurements with microelectrodes. Action potentials at 5°C are long 
because of the absence of delayed rectification. Their  shape is approximately 
simulated by solving the disk model with sodium permeability in the surface and 
tubular membranes.  Voltage clamp currents consist primarily of capacity currents 
and sodium currents. The peak inward sodium current  density at 5°C is 3.7 mA/ 
cmz. At 5°C the sodium currents are smoothly graded with increasing depolariza- 
tion and free of notches suggesting good control of the surface membrane.  At 
higher temperatures a small, late extra inward current  appears for small depolari- 
zations that has the properties expected for excitation in the transverse tubular  
system. Comparison of recorded currents with simulations shows that while the 
transverse tubular system has regenerative sodium currents,  they are too small to 
make important  errors in the total current  recorded at the surface under  voltage 
clamp at low temperature.  The tubules are definitely not under  voltage clamp 
control. 

I N T R O D U C T I O N  

This paper describes a potential recording and voltage clamp method rapid 
enough to give good control of  transient sodium currents in frog skeletal muscle 
fibers. Previous work has already led to four technically different approaches to 
this problem: two- and three-microelectrode clamps (Kao and Stanfield, 1968; 
Adrian et al., 1970 a), double sucrose gap clamps (Ildefonse and Rougier, 1972; 
Nakajima and Bastian, 1974), internal axial wire clamps (Davies, 1974), and triple 
Vaseline gap clamps with potentiometric recording (Frankenhaeuser et al., 1966; 
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Moore ,  1972). O u r  m e t h o d  is a p o t e n t i o m e t r i c  Vasel ine  gap m e t h o d ,  very s imilar  
to its p redecessors ,  bu t  with n u m e r o u s  small  changes  m a k i n g  it s igni f icant ly  
m o r e  fa i thful  as a voltage c lamp.  T h e  m e t h o d  is descr ibed  here .  T h e  fo l lowing 
two papers  c o n c e r n  the ionic selectivity, kinetic p roper t i e s ,  a n d  some p h a r m a c o -  
logical p rope r t i e s  o f  s o d i u m  c h a n n e l s  in muscle .  

M E T H O D S  

Problems 

The reader is referred to the original papers from Frankenhaeuser 's  laboratory for an 
introduction to the principles of his potentiometric method. Frankenhaeuser (1957) 
developed the fast potentiometric recording technique for single myelinated nerve fibers 
using a chamber with four compartments,  three Vaseline seals, and one feedback 
amplifier. Dodge and Frankenhaeuser (1958) added a second feedback amplifier to 
obtain a voltage clamp. The arrangement  of electrodes around the fiber and the feedback 
circuit were in most respects like those of Fig. 1. When they applied this technique 
without further modification to single muscle fibers, Frankenhaeuser et al. (1966) noted 
advantages of longevity and ability to polarize the membrane potential away from rest 
compared With microelectrode work. There  were still, however, severe electrical disad- 
vantages compared with the results on myelinated fibers. They found a large DC error in 
attempts to measure absolute membrane potential and a significant dynamic error in 
measurements of voltage changes. Current  could easily be applied to the fiber but its 
magnitude and time-course could not be determined. Finally the dissection of single 
muscle fibers is more tedious than the dissection of a single myelinated nerve fiber. We 
have identified and corrected sources of many of these difficulties. 

Preparation 

Fibers are dissected from the semitendinosus muscles of very large (8-11 cm) specimens 
of the frog Rana pipiens. The muscle is mounted in a dissection dish under  Ringer 
solution and the ventral head cut away. Then  half the dorsal head is also cut away 
lengthwise leaving the remaining fibers in a thin layer. Fibers are not dissected from end 
to end. Instead, watchmaker's forceps are used to pinch off and pull away approximately 
10-mm lengths of one or several fibers from the edge of the muscle. If several fibers are 
taken, single fibers are then peeled apart with forceps. Fibers are plucked off the edge of 
the muscle until one with a diameter of 80-130/~m and an undamaged length of about 6 
mm is obtained. Only fibers that twitch when pinched by the forceps are used. The 
selected piece of fiber is transferred quickly with forceps to the acrylic chamber contain- 
ing a depolarizing solution like 120 mM CsF covering all pools and partitions. The fiber 
shortens and typically attains a major diameter of 150-180 ~m. Seventeen measurements 
on six such fibers in CsF gave a sarcomere length of 1.6 ± 0.2 p,m (mean _+ SD). This 
highly simplified dissection has the advantages of taking only a few minutes and of 
permitting many fibers to be prepared from one muscle. 

The recording chamber with three partitions and four pools is the same as those used 
in our studies of myelinated nerve (Hille, 1971). Throughout  these papers we use the 
notations given in Fig. 1, e.g., pools A, B, C, and E, point D, amplifiers A1, A2, etc. In 
addition the voltages appearing at A, C, D, and E are referred to as VA, VO VD, and VE. 
Typical dimensions of the chamber (in micrometers) are: BC partition, 500; B pool, 250; 
AB partition, 200; A pool, 80-150; and EA partition, 200. 

The shortened muscle fiber fragment is mounted by positioning the undamaged 
region across the three partitions that have previously been covered with strings of 
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Vaseline. Three Vaseline seals are then applied over the fiber and both ends of the fiber 
are cut once again, this time with fine scissors, leaving an attached stump of only 300-500 
/zm in the E pool and of ca. 250/zm in the C pool. This second cut, done within 5 min 
after the fiber is obtained, removes the damaged ends of the fiber fragment and also a 
considerable length of apparently healthy material. The new cut end remains square and 
healthy looking without any clotting or shrinkage through the rest of the experiment.  

The fluid level is lowered until all compartments become electrically isolated, and 
finally the solution in pool A only is replaced by Ringer. The standard frog Ringer 
solutions used in this paper contains 115 mM NaC1, 2 mM KCI, 2 mM CaCl2, 4 mM 
tris(hydroxymethyl)aminomethane-HC1 buffer, pH = 7.4. Pools B, C, and E remain 
filled with CsF throughout  the experiment.  One reason for depolarizing the fiber before 
applying seals is that the transient contracture upon applying depolarizing solution can 
dislodge seals. Efforts to stretch fiber fragments to more normal sarcomere lengths 
before applying seals led to problems as the fiber slowly shortened again over the next 30 
min. 

The procedure described so far has several advantages over the previous method 
(Frankenhaeuser et al., 1966; Moore, 1972). Cutting the fiber ends lowers the impedances 
Zoc and ZEO from the inside of the artificial "node" in A to the recording pool C and 
current-delivering pool E possibly fourfold. This significantly increases the fidelity of the 
signal reaching amplifier AI and reduces the gain needed in A2 to achieve good voltage 
clamp control of the fiber. The new impedance ZED is not only smaller but has much 
simpler AC properties, making it possible, as is shown later, to record the membrane 
current  more faithfully. The use of larger fibers and a narrower A pool than before 
decreases spatial nonuniformities of potential inside the fiber in A. Fluoride-containing 
solutions in the end pools help to keep the ionized calcium activity low in the myoplasm. 
With a solubility product of 3.4 × 10 -11 M 3 at 18°C for CaF~, the free calcium is 2.4 x 10 -9 
M in solutions containing 120 mM free F-. These fluoride-treated fibers show no 
contraction when the membrane in pool A is subsequently depolarized by applied current  
pulses. Placing the depolarizing solution in the B pool as well as the C pool is an essential 
improvement that eliminates a large demarcation current that prevented Frankenhaeu-  
ser et al. (1966) from measuring absolute membrane potentials. Moore (1972) also used a 
depolarizing solution in pool B but then surrounded the entire fiber in pool B with 
Vaseline. We did not attempt to place Vaseline in pool B. Frankenhaeuser  et al. (1966) 
observed large potential deviations inside the fiber dur ing  excitation, a dynamic error 
they attributed to unwanted membrane activity under  the Vaseline seals. We did not 
encounter  this problem with depolarizing solutions in E, B, and C perhaps because most 
of the fluid under  the seals was not suitable for maintaining excitability. 

Control Circuit 

The principles of the voltage clamp circuit shown in Fig. 1 are the same as those of the 
original Dodge-Frankenhaeuser (1958) method. Amplifier A1 keeps point D and pool C 
at virtual ground to achieve the potentiometric recording condition. Ideally with A1 
operating and correctly balanced, no current  flows down the fiber to the left of point D. 
In practice we assume that the resting potential of the muscle membrane is - 90  mV and 
simply adjust the DC balance of A1 until the potential in the A pool is 90 mV. Therefore 
we have not actually measured the zero current  potential in these experiments. When 
voltages are applied to the E pool, current  flows via the impedance ZrD across the muscle 
membrane in the A pool. If  the voltage in E is applied from a waveform generator we say 
the fiber is under  "current clamp" although no feedback is applied to hold the current  to 
the desired waveform. Voltage clamp is achieved by switching in the voltage control 



268 THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 67 • 1976  

A 8LOCK DIAGRAM OF CLAMP ,,,Commend 

, .v - -  A,01ied ~ . . . . .  , | 

I '~ "\ 
Cut end Internal Cut end 

virtual ground 

B MUSCLE VOLTAGE CLAMP CIRCUIT 
m,~ i ~ Command 

I . . . .  K I ' , ~  o ,~  o~ - 00 ~e,,n 
I ~ l . . . ~ - I . q  " ~ V E / I 

y ~SK "t~V I ~2OK ~ clamp{ I clamp 

--- i,oo, 
- ~SK T I ~  'SK " R , . , . " ~ ' ~ . L - L - ~  ~ -, 

C.F R,.er 
PoolC PoolB : PoolA Pool E 

C FREQUENCY RESPONSE OF FEEDBACK AMPLIFIERS 

1poe. 

400- 

2 0 0 -  

100-: 

40" 

20- 

10 
I0 

I I I t ~ f l l  I t ~ t ~ t l l j  I j ~ J ) J j J I  I I I I l l l l ]  I I I I L I I ~ i  I I 

I I I l l l l l  [ I I I l lml l  I I I ff l , ' t l  f I / l~/~1 t t i i i i i J ] ~  l 
1 O O  1K 1OK lOOK 1M 

Frequency (Hz) 

F I G U R E  I .  



B. HILL~ AND D. T. CAMPBELL Voltage Clamp of Skeletal Muscle 269 

amplifier A2. It applies membrane current ,  again through ZED, tO keep --VM equal to the 
command pulses. 

As in Nonner 's  (1969) method and in our standard method (Hille, 1971) for myelinated 
fibers, we have used single electrodes to connect to pools A, B, and E rather than the 
pairs used by Dodge and Frankenhaeuser  (1958). We later discovered that with the 100- 
fold lower impedances of muscle preparations relative to myelinated nerve fibers, the 
external fluid resistance R8 in the A pool leads to a significant error in membrane  
potential dur ing  current  flow. Therefore if the apparatus were built again we would 
prefer to include a separate potential-measuring electrode in A. We estimate that 
reverting to two electrodes in A and making no effort to bring the recording electrode 
very close to the fiber might reduce the series resistance problem by 30-50%. Instead we 
added electronic compensation for the effective external series resistance R~. A variable 
fraction of the current  signal selected at the "Rs potentiometer" (Fig. 1 B) is summed with 
the potential signal to reconstruct the potential on the muscle side of Rs, as has been done 
in other systems (Hodgkin et al., 1952). The method for setting the potentiometer is 
described later. The  "corrected" potential is also brought  out to the oscilloscope as the 
signal labeled --VM. This feature allows the effects of the correction to be observed even 
under  current  clamp where there is no danger of positive feedback from overcompensa- 
tion. 

Nonner  (1969) has given an excellent illustration of how, with knowledge of phase lags 
and leads in the preparation,  the voltage clamp amplifier can be tailored to extend its 
useful gain to very high frequencies. In particular the often used method of limiting the 
high frequency response of a good amplifier by a single time constant roll-off severe 
enough to eliminate oscillations in the voltage clamp probably makes the least use of the 
possibilities of the amplifier. This is because most kinds of preparations have input- 
output relations with phase lags exceeding 90 ° at frequencies well within the range of 
physiological importance. Adding to this an amplifier introducing 90 ° of additional phase 
lag at the same frequencies would necessarily give oscillations as the gain is increased. 
When the amplifiers used in our  myelinated nerve work were applied to muscle, tu rn ing  

FIGURE l. Simplified circuit of  voltage clamp and current  clamp and frequency- 
gain characteristics of amplifiers. (A) Block diagram of voltage clamp. Amplifier A1 
keeps the inside of the fiber at virtual ground for potentiometric recording of 
membrane voltage. A2 is the voltage clamp amplifier. (B) Equivalent circuit of 
preparation showing four fluid-filled pools connected via electrodes (circles) to 
control circuit. Capacitance and electrogenic properties of the muscle fiber are not 
represented. Stippled areas represent Vaseline-covered partitions separating the 
fluid pools. Amplifiers A1, A2, and A3 are differential, high input  impedance 
amplifiers with gain of × 1,000 at low frequencies and high frequency characteristics 
as shown in part B. The other two amplifiers are conventional operational ampli- 
fiers. The variable DC potential source at the input  of AI makes up for junct ion 
potentials and offsets in the C pool and its calomel electrode. The variable DC 
potential source in series with the A electrode offsets the resting or holding 
potential to keep the output of A1 and the input of A2 near ground (Nonner, 1969). 
(C) Bode plot of the frequency response of amplifiers A1 and A2. Dashed line 
shows the slope of a one-time constant roll-off. Amplifier A3 has a roll-off of this 
slope starting at 25 kHz. The responses are shaped by feedback elements within the 
amplifiers that do not compromise the differential input  impedance of the ampli- 
fiers. In  each amplifier the input  includes a dual FET transistor AD3954A (Analog 
Devices, Inc.,  Norwood, Mass.). 
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up the gain of amplif ier  AI gave oscillations in the range of  2-5 MHz and amplif ier  A2 
gave "ringing" in the range 5-10 kHz. Therefi)re ,  the different  phase characteristics of 
the muscle preparat ion were measured roughly and the frequency responses of the 
amplifiers were altered by using internal feedback elements with numerous  fixed capaci- 
tors and resistors. Both amplifiers AI and A2 are based on a discrete design by D. 
Weymann kindly described to us by Drs. W. Nonner  and R. St/impfli. The  available high 
frequency gain is higher  than in ordinary  commercial operat ional  amplifiers.  The  open- 
loop frequency response of  each amplif ier  after t r imming with the chosen internal 
networks is given in Fig. 1 C. The  significant point is that the frequency response is either 
flat or  falling with only a very shallow slope to keep phase lags well below 90 ° at all 
fi'equencies of  physiological interest. As indicated in the circuit of  Fig. 1 B, there are no 
capacitors outside of  the amplifiers in the voltage clamp circuit to limit the frequency 
response of  the system. Of  course the preparat ion itself has stray and membrane  
capacitative elements.  

Leak Subtraction 

To study the propert ies  of  one ionic channel under  voltage clamp, methods must be 
found to block or subtract currents in other  channels and to substract capacity currents.  
In muscle fibers cut in CsF both the delayed rectifying and the inwardly rectifying 
potassium channels seem to be inoperative.  Further  t reatment  of fibers with high 
external  concentrations of  tetrodotoxin blocks sodium channels,  leaving membrane  
currents that are nearly perfectly symmetrical for positive and negative voltage steps. 
This linear capacity transient and "leakage current"  can readily be subtracted automati-  
cally from the current  record dur ing  the exper iment  as is done in our studies of 
myelinated nerve (Armstrong and Hille, 1972). The  "leak subtractor" circuit in Fig. 2 A 
sums a step current  with three exponentially decaying currents to imitate leakage and a 
three-time constant capacity transient dur ing  step voltage changes. As is shown in Fig. 2 
C, the membrane  current  signal and the output  of  the leak and capacity circuit are fed 
into the differential  amplif ier  of  the oscilloscope and suitably adjusted to cancel capacity 
and leakage current  from the displayed current  record.  In practice the adjustment  of the 
capacity subtractor is done with small hyperpolar izing or depolar izing voltage steps. 
Particularly in muscle where charging of  the tubules takes significant time, this capacity 
subtraction facilitates study of  the rapid  transient sodium currents from the surface 
membrane.  However,  use of  the technique in fibers not poisoned with tetrodotoxin 
inherently assumes that the charging transient of  tubules remains symmetrical even 
though there are active sodium channels in the tubules. This assumption is definitely 
wrong, and the inherent  e r ror  is considered later. The  Z~) compensator  circuit shown in 
Fig. 2 B is also discussed later. 

R E S U L T S  

T h e  f i rs t  p a r t  o f  Resul t s  consis ts  p r i m a r i l y  in e lec t r ica l  tests  to a sce r t a in  how well 
the  r e c o r d e d  p o t e n t i a l  a n d  c u r r e n t  s ignals  re f l ec t  the  ac tua l  p o t e n t i a l  a n d  
c u r r e n t  f l owing  in the  musc l e  f ibe r .  T h e  e r r o r s  c o n s i d e r e d  i n c l u d e  (a) d e v i a t i o n  
o f  the  i n t e r n a l  po t en t i a l  VD t h r o u g h  i m p e r f e c t  o p e r a t i o n  o f  the  f e e d b a c k  l o o p  
c o n t a i n i n g  a m p l i f i e r  A1,  (b) d e v i a t i o n  o f  the  i n t e r n a l  a n d  e x t e r n a l  po t e n t i a l s  
f r o m  the i r  e x p e c t e d  va lues  d u e  to local  IR d r o p s  o f  c u r r e n t s  f l owing  to the  
m e m b r a n e ,  a n d  (c) d i s t o r t i o n  o f  t he  c u r r e n t  r e c o r d  by the  i m p e d a n c e  o f  the  e n d  
o f  the  f ibe r  t h r o u g h  which  the  c u r r e n t  is d e l i v e r e d .  
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FIGURE 2. Simplified circuit diagrams of compensating and correcting circuits for 
record and block diagram of signal flow. The leak and capacity circuit and the ZEo 
compensating circuit are basically similar and sum a fraction of an incoming signal 
with selected high frequency components of the signal giving the waveforms shown 
at the right. The part of circuit in A surrounded by a dashed box is repeated three 
times to produce three independent time constants in response to a step input. The 
position of the compensating circuits in the signal pathway is shown in C. The parts 
labeled fiber and clamp are detailed in Fig. 1 B. 

Potential Record with no Membrane Current 

In the Frankenhaeuser  (1957) potentiometric  recording  method,  the inside o f  
the fiber (point D) is supposed to be held at virtual g r o u n d  by negative feedback 
f rom the first amplifier AI  (see Fig. 1 A). With the inside at g round ,  the 
membrane  potential EM of  the segment  of  fiber in pool A can be measured  
simply by recording  the potential VA in the A pool, but  with a minus sign to 
conform with the usual inside-minus-outside convention.  However ,  the identifi- 
cation of  -VA with EM is incorrect if D deviates f rom g round ,  which can happen  
if the feedback amplifier A1 has too little gain, if the e r ro r  signal f rom point  D is 
too severely a t tenuated before reaching the amplifier at pool C, or if currents  
f rom electrical activity unde r  seals BC or AB or in pools B or  C are added  to the 
er ror  signal. These  errors were investigated by recording  the potential at D with 
a glass micropipette electrode as described in the next paragraph .  The  fibers 
were easy to impale in the chamber  and gave stable records for up to an hour .  

The  six frames in Fig. 3 show simultaneous recordings of  the potential VD on a 
microelectrode at point D and the inverted potential on the A calomel electrode 
(--VA). The  sum of  the traces in each case is the membrane  potential Eu.  
Capacity neutralization of  the microelectrode amplifier is adjusted to square up 
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FIGURE 3. Test of the control of VD by amplifier A 1. The fiber is impaled by a 5- 
MI'~ recording microelectrode in pool A. The internal signal recorded with a 
capacity-neutralized follower is VD and the inverted external signal in A is --VA. The 
VD trace has been lowered by 90 mV for the illustration and is more properly a 
positive signal starting with a base line at 0 mV. The switch in Fig. 1 B is in the "I 
clamp" position. In A, amplifier A1 is off entirely. In the successive frames, A1 is 
connected and its effective gain gradually increased to the values given by adjusting 
the 5-kl'/potentiometer at its output. The values given are the low frequency gain. 
Frame F has a different time scale and the gain on VD is much higher. The 
maximum rate of rise of the action potential was 200 V/s. The fiber was cut in 80 
mM K2SO4. Temperature 18°C. 

the response to square currents injected th rough  a tiny capacitor at the input  
while the electrode is just  outside the fiber in pool A. Action potentials are 
elicited by short pulses applied to the E pool. In successive frames the feedback 
applied from C to A is gradually increased by turn ing  up the 5-k£/potent iometer  
at the output  o f  A 1 to achieve control of  VD. The  stimulus voltage in pool E is also 
reduced in each successive frame. With no feedback (DC gain = 0), Vo shows a 
membrane  action potential and --VA is steady at - 9 0  mV. The  action potential is 
small and short since the active membrane  in pool A is electrically loaded by low 
impedance connections to pools E and B. As the feedback gain is increased, the 
signal at VD is reduced and --VA takes on the shape of  the action potential. 
Summing the signals to calculate Eu shows that the action potential peak 
(marked by horizontal bars) and the dura t ion both increase as the loading effect 
of  E and B is removed by feedback. In the last frame the small dynamic er ror  
remaining in VD is seen to be less than 1 mV, showing that - V  A faithfully 
portrays the full membrane  potential change.  For comparison Frankenhaeuser  
et al. (1966) show a 50-mV negative change in VD dur ing  the stimulus and a 10- 
mV positive change near the peak of  the action potential. Three  factors may 
contribute to the improvement  here.  Cutting the fiber in pool C improves the 
transmission of  the e r ror  signal to pool C. Replacing the Ringer in pools B and C 
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reduces contributions from excitability outside the A pool. Finally our amplifier 
AI may have had more high frequency gain than that used by Frankenhaeuser 
et al. 

Quantitative comparison of --VA and VD in Fig. 3 indicates that low frequency 
signals at VD are transmitted to the input of  amplifier A1 in pool C with very little 
decrement,  unlike the situation with myelinated nerve. Between 80 and 90% of  
VD is recorded at pool C. This is determined by noting that for waveforms as slow 
as the falling phase of the action potential, --VA is about 0.8-0.9 times the 
product of the amplifier gain times VD in each of the frames of  Fig. 3. An obvious 
exception occurs when the amplifier is driven to saturation by signals exceeding 
+-13 mV at the input, as is seen from the flattening of --VA during the action 
potential in frames B and C of Fig. 3. For faster waveforms like those of  the 
rising phase of the action potential, the "error  signal" VD is not as effectively 
amplified by A1 (see --VA in frames D and F) probably because of  some 
attenuation before the signal reaches the amplifier input in C and also because 
the amplifier has less gain at high frequencies (see Bode plot in Fig. 1 C). 

The good transmission of low frequency signals from D to C means that the 
seal resistance RBc is much higher than the myoplasmic resistance RDC. The  
resistance to ground through the membrane in the B pool must also be higher 
than RDC. Geometrical considerations suggest that RDC is 100-150 kF/in a 140-/~m 
diameter muscle fiber or possibly two orders of magnitude lower than in a large 
myelinated nerve fiber. All of these factors in muscle mean that small errors in 
junction potentials and amplifier unbalance will give only small DC offsets in VD 
and hence equally small errors in the externally measured membrane potential. 
In the node of  Ranvier the potential VD has never been measured, but there are 
reasons to suppose that it may be mistakenly held 10-15 mV off  of ground in 
many experiments. By contrast, in the experiment of Fig. 3, the potential 
change recorded on transferring the microelectrode from point D to the 
grounded B pool was less than 3 inV. In the node of Ranvier, recorded potential 
changes are thought to he less than the full value because of an "attenuation 
artifact" (see Dodge and Frankenhaeuser,  1958, 1959). In the simplest case, this 
artifact would show up during action potentials as a positive-going deflection of 
VD with a shape exactly similar to the time-course of --VA. Any such effect is so 
small in frame F of Fig. 3 as to be negligible. In conclusion, the favorable 
impedances of the muscle preparation allow membrane potentials to be re- 
corded potentiometrically with little offset, dynamic error ,  or attenuation arti- 
fact when the density of membrane current  is low. 

IntraceUular Potential with Membrane Current Flowing 

When the membrane current  density becomes appreciable, two more errors 
appear in the potential record arising from new potential drops in fluid resist- 
ances of the preparation. One is the well-known extracellular potential drop 
between the recording point on calomel electrode A and the fiber surface in pool 
A. The other is the intracellular longitudinal potential drop across the width of 
the artificial node in pool A leading to deviation from the "space clamp" 
condition. Both errors can be understood by relatively simple models and both 
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may be measured  with a glass microelect rode.  T h e  space c lamp prob lem is 
considered first. 

T h e  magn i tude  of  the intracellular  potential  d rop  within the artificial node  
may be est imated by a simple f i rs t -order  theory based on l inear one-dimensional  
cable theory.  Making re fe rence  to Fig. 1 B, take x as the distance coordinate  with 
x = 0 at the AB seal. Call the width of  the A pool l, the intracellular specific 
resistance R~, the m e m b r a n e  cu r ren t  density IM, and the fiber radius a. We 
calculate the intracellular potential  profi le VD(X) by making  the approx ima t ion  
that the potential  deviations are too small to affect  the cur ren t  density in any 
patch o f  m e m b r a n e .  This app rox ima t ion  holds to any desired accuracy for  
l inear and  nonl inear  cases provided  the potential  deviations are small enough .  
T h e n  f rom cable theory 

d2Vo 2RiIM 
- -  - - -  (I) 
dx 2 a 

In tegra t ing  with IM constant  and not ing that  the point  at x = 0 is still main ta ined  
at a virtual g r o u n d  by feedback f rom ampli f ier  A1 gives 

VD(X ) = RilMxz/a. (2) 

And finally the ex t reme  deviation at x = 1 is 

VD(I) = RilMF/a (3) 

From the area u n d e r  a parabola ,  the mean  voltage deviation over  the entire 
node  is one- th i rd  of  the value Vo(l). 

For a given fiber radius the e r ro r  goes up as 1 z, and  for  fibers of  d i f fe ren t  
radius m o u n t e d  in chambers  with a constant  l/a ratio, the e r ro r  increases as the 
radius.  Moore et al. (1975 a, b) have calculated VD(X) for  nearly the same 
p rob lem,  an axon in a double  sucrose gap,  again using one-dimensional  cable 
theory  but solving the H o d g k i n - H u x l e y  equations explicitly at each m e m b r a n e  
patch.  T h e  values of  VD(1) calculated by our  simple fo rmula  agrees well with 
those obta ined by Moore  et al. in each o f  their  numerical  examples ,  showing that  
for  small voltage deviations (<15 mV) the assumpt ion  o f  constant  cur ren t  
density over  the entire nodal  m e m b r a n e  is adequate  for  o rde r  of  magn i tude  
calculations of  the voltage e r ror .  A footnote  and  some of  the discussion in Moore  
et al. (1975 b) leave the incorrect  impress ion that deviations of  Vo might  be 
propor t iona l  to the ratios l/a or l/x/-a instead of  IZ/a. For example  it is stated that  
er rors  are small p rov ided  the artificial node  is shor ter  than  the axon d iameter .  A 
simple way to explain the 12/a factor  is to note that the e r r o r  is p ropor t iona l  to the 
total m e m b r a n e  cur ren t  t h rough  the node  times the total longitudinal  resistance 
of  the node .  T h e  first factor  varies as la and the second as l/a 2. 

To calculate VD(I) it is not necessary to de t e rmine  Rz, Ira, and  a if the more  
readily measured  potential  VE in the E pool and length k of  the fiber segment  
f rom x = l to the cut end in pool E are known. T h e  axial resistance RED of  this 
f iber segment  is R~k/cra 2 and the axial cu r ren t  is 2¢rallm. I f  all the cur ren t  enters  
t h rough  the cut end ,  the potential  d r o p  in the fiber segment  is 2kllMRi/a. Adding  
this to Vo(l) (Eq. 3) gives VE, and solving for  Vn 

vo(t) = vJ/(l + 2~). (4) 
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Typical values o f  I and k in our  experiments  are 100 and 700 ~m making the 
estimated Vo(l) equal to VE/15. 

The  estimate of  VD errors may be compared  with micropipette recordings.  
The  time-courses o f  VE and of  VD near the AE seal are shown in Fig. 4 for a fiber 
under  voltage clamp. The  three super imposed sweeps show the responses to no 
pulse, to a modest  depolarizing pulse giving maximum inward sodium current ,  
and to a large depolarization beyond the sodium reversal potential. As expected,  
the time-courses of  VD and VE are similar, and VD is 25 times smaller than Vs. The  
peak voltage deviation near x = I is 5 mV in this fiber, and therefore  the mean  of  
the peak value over the whole node is 1.7 inV. Reimpaling the fiber near the AB 
seal showed deviations of  VD well unde r  1 mV at the end of  the clamped fiber. 
This kind of  exper iment  was repeated on six fibers with similar results. We also 
verified that the errors become much more  severe when the A pool is deliber- 
ately made wider. 

Our  simple formula  and the calculations o f  Moore et al. (1975 a, b) may be 
criticized for using one-dimensional  cable analysis for cases where the diameter  
of  the cable is comparable  to its length. Indeed  as the depth o f  penetrat ion was 
varied, the signal on the micropipette changed both in magni tude  and in the 
apparen t  relative contributions o f  sodium,  capacity, and leakage currents  to its 
shape. This variation was not explored systematically but suggests an interesting 
principle for sorting out the relative contributions o f  surface membrane  and 
transverse tubular  membranes  to the total membrane  currents:  Longitudinal  
cur rent  flowing along the per iphery  of  the fiber should have a t ime-course closer 
to that of  the surface membrane  cur ren t  while longitudinal cur ren t  in the center  
of  the fiber should have a t ime-course closer to that o f  tubular membrane  
currents.  However  a variable leak a round  the site o f  membrane  penetrat ion 
might make practical exploitation of  this idea difficult. 

[ tEM 

...................... I, oo v 
v D 

~ "  . . . .  " ~ " ' -  1 
/ 1 4mV l 
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I0 ms 

FIGURE 4. Measurement of the internal voltage error due to current flow. The 
membrane is stepped to voltages on both sides of the sodium reversal potential 
under voltage clamp and the resulting current signal IM recorded without correc- 
tions for ZEta, leak, or capacity. The fiber is also impaled by a recording microelec- 
trode in the A pool segment, very close to the EA seal. The internal signal VD 
recorded with a capacity-neutralized follower shows the extreme value of the 
internal potential deviation during current flow. The external series resistance 
compensation was off but turning it on did not change the VD error signal except 
insofar as IM was changed. Width of the A pool 100 p,m. RED = 144 kl]. Fiber ends 
cut in 115 mM CsF + 5 mM NaF. Temperature 5°C. 
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ExtraceUular Potential during Current Flow 

A second source o f  errors  in the membrane  potential record is f rom voltage 
drops outside the fiber dur ing  current  flow. The  effective external resistance Rs 
in Fig. 1 A lies primarily in the bathing medium near the fiber and also includes 
a small contribution f rom the connect ing salt bridge and calomel electrode. 
Under  cur rent  clamp the problems of  series resistance are seen as instantaneous 
steps in the potential record VM when step currents IM are turned on and off  (Fig. 
5 A). Under  voltage clamp comparable  errors in the voltage record may be de- 
tected by placing a recording micropipette immediately outside the fiber. Fig. 
5 C shows the er ror  voltage &V defined as the difference between the micro- 
pipette signal and the signal labeled --VM in Fig. 1. The  voltage clamp brings VM 
from --90 to --15 mV, but by the peak of  the sodium current  the actual mem- 
brane potential deviates by 20 mV in the positive direction. The  ratio of  the 
er ror  AV to the voltage Vr in the E pool should be equal to the resistance ratio 
R s/R ED. In the fiber of  Fig. 5 A the ratio is 0.12 and in the fiber of  Fig. 5 C, 0.066. 
The  value o f  RED was found  to be 97 kl~ in the second fiber making the estimated 
Ra 6.4 kl-I or,  when referred to the surface area of  fiber in the A pool, 4.2 l'~cm 2. 

The  effects of  series resistance may be reduced by electronic compensat ion.  

EM 

I I I M 

150F-s C . . . .  " . . . . . . .  --~---~'---- ~ T2OOm v 

A V  

_ VE ~ - " ~ ' " - - "  I 2 0  mV 

• - I M 

• /xV 

5ms 
B / / / ' " ' " ~  EM'~"- [ 40mY E I M 

A V  

FIGURE 5. Effect of series resistance compensation on the current and voltage 
records. (A, B) Fiber under current clamp with 40-mV stimulus pulse (VE) applied 
in E. (A) Without Rs correction EM rises first in a step and then with a slower time- 
course appropriate for charging the membrane. (B) Setting the R~ compensator to 
0.12 eliminates the quick step on the record. (C-E) A different fiber under voltage 
clamp stepped from -90 to - 15 inV. The membrane current record IM is corrected 
for leak and capacity. The record AV is difference between the potential recorded 
by a microelectrode in pool A immediately outside the fiber and the output signal 
--VM from the clamp circuit (Fig. 1 A). Settings of the Rs compensator are 0.0 (C), 
0.067 (D), and 0.11 (g), where the system is on the verge of oscillation. Note that the 
shape of the current record is different in each case. RrD in this fiber was 97.3 kl~ 
and the membrane area 6.2 x 10 .4 cm 2 so 200 mV OflM signal is equivalent to 3.4 
mA/cm 2 of current. Both fibers are.cut in 115 mM CsF + 5 mM NaF. Temperature 
5°C. 
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T u r n i n g  up the po ten t iometer  labeled "Rs pot." in Fig. 1 B allows compensat ion  
of  e r rors  up  to the equivalent of Rs/REo values of  0.2. We re fe r  to the max imum 
setting on the po ten t iometer  as 0.2. Fig. 5 B shows that a setting o f  0.12 removes 
the step f rom the voltage record in the first fiber u n d e r  cur ren t  clamp, and Fig. 
5 D shows that a setting 0.07 nulls the e r ro r  signal ~V in the second fiber u n d e r  
voltage clamp. Both values are reasonable f rom the calculations presented .  
However ,  in practice the two methods  illustrated give d i f ferent  results on the 
same fiber. In the fiber of  Fig. 5 A and B a setting o f  only 0.100 compensated  the 
measured  external  f~V unde r  voltage clamp, and at a setting of  0.105 the system 
became unstable f rom positive feedback.  In the fiber of  Fig. 5 C-E the dial could 
be tu rned  to 0.11 (Fig. 5 E) u n d e r  voltage clamp where the system became 
unstable, but  a setting of  0.128 was needed  to eliminate the voltage step u n d e r  
cur ren t  clamp. One impor tan t  reason for  these discrepancies will become clearer  
later where it is shown that high f requency components  o f  the m em b ran e  
cur ren t  are a t tenuated in the signal IM used to obtain the compensat ing  wave- 
form.  A second less quantitatively significant reason is that the internal  current -  
dependen t  voltage deviations VD(X), though small, are in a direction to cancel 
deviations caused by external  series resistance (Ram6n et al., 1975). Our  inability 
to find a rout ine ,  practical way to de te rmine  the correct  setting o f  the compensa-  
tion dial is unfor tuna te ,  since, as is seen in Fig. 5 C-E,  the t ime-course o f  the 
sodium cur ren t  varies significantly with the setting. 

In summary  three  sources of  e r ro r  in the membrane  potential  record have 
been examined.  Feedback amplif ier  A1 successfully keeps VD(0) close to g r o u n d  
potential with only small dynamic er rors  and DC offset.  Cur ren t  flow causes 
dynamic deviations f rom the internal  space clamp condi ton that can be kept  
quite small by using a narrow A pool. Cur ren t  flow causes a large dynamic 
voltage d rop  in the extracellular medium,  but this e r ro r  can be compensa ted  
electronically. Unfor tunate ly ,  there  is no exact cri terion for  correct  setting of  the 
compensat ion.  We thus have conf idence that the m em b ran e  potential  of  the 
surface membrane  o f  the fiber can be measured  with fair fidelity by the potenti- 
ometr ic  method.  However ,  as in o ther  known methods,  the luminal potential  of  
the transverse tubular  system is definitely not held u n d e r  space clamp so parts of' 
the prepara t ion  will not be un d e r  voltage clamp control .  Errors  in t roduced  by 
the problems of  tubular  control  are considered later. 

Fidelity and Corrections of the Current Record 

In the Dodge-Frankenhaeuser  (1958) potent iometr ic  voltage clamp of  nerve,  the 
cur ren t  is measured  as the voltage d rop  VE - VD in the natural  impedance  ZED of  
the prepara t ion .  In practice, only the signal VE is requi red ,  as VD is at g ro u n d  
potential,  and with nerve the impedance  ZEt) is assumed to be a pure  and 
constant resistance RED at all frequencies.  In previous work with an intact end  o f  
a muscle fiber in pool E the impedance  ZED was shown to be too complicated by 
the rectifying and complex capacitative propert ies  o f  the E pool m em b ran e  for 
this method  to be useful (Frankenhaeuser  et al., 1966; Moore,  1972). In ou r  
prepara t ion  CsF stops the mem b ran e  rectification, and cutt ing the fiber vastly 
extends the f requency  range over  which ZEo behaves as a simple resistor. 
Nevertheless the assumption that ZEo is simple at all physiologically interest ing 
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frequencies is poor  enough  that an independent  measure of  membrane  current  
is desirable. 

As is shown in Fig. 1 B, the absolute current  I r  flowing to the E electrode was 
measured as the voltage d rop  across a 1-kfl (sometimes 10 kfl) resistor by the 
differential high impedance amplifier A3. The  current  I E flows by two pathways 
towards the A pool and is given by 

V E  - -  V D  V E  - V A 
1E - - -  + -  (5) 

ZED REA 

The  first term in Eq. 5 is the membrane  current  Iu and the second term is leak 
th rough  the EA seal. For the momen t  we consider ZED to be a simple resistor RED. 
With myelinated nerve more  cur rent  flows th rough  the 2-10-M~ EA seal than 
th rough  the 10-30-Mf~ axoplasmic resistance RED SO that IE neither has the time- 
course nor  the ampli tude oflM. However,  with a cut muscle fiber, RED is several 
orders of  magni tude  lower than with a myelinated nerve fiber, and the signal I E 
more accurately reflects the current  flowing down the fiber axis to the mem- 
brane under  study. 

The  method for measuring REA and RED using Eq. 4 is shown in Fig. 6 A on a 
preparat ion with an unusually poor  seal. A 56-mV stimulus pulse lasting 0.5 ms 
is applied to the E electrode giving rise to an action potential (EM) in the A pool. 
The  current  trace I E is recorded on two super imposed sweeps differing by a 
factor of  25 in gain. The  low gain trace reveals an 800-nA current  flowing dur ing  
the 0.5-ms stimulus indicating that the parallel combinat ion of  RED and REA 
provides a 70.0-kfl pathway from the E pool. The  high gain trace reveals current  
leaking th rough  the EA seal with the time-course of  the action potential in the A 
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FmURE 6. Measurement of the impedances RrA and Z E D  in current clamp condi- 
tions to permit calibration of the current record. (A) A 500-/~s 56-mV stimulus pulse 
(VE) is applied to the E pool and triggers an action potential (E~). The current signal 
(IE) recorded across a 10-kl-I resistor by amplifier A3 is given at two gains. (B) A 400- 
/~s 35-mV pulse (VE) is applied to the E pool and the current (IE) recorded by 
amplifier A3 across a 1.0-kl~ resistor. The lower trace (I~) is the output of the ZED 
compensating circuit before and after it is adjusted to match the time-course Of/E. 
The signals VE I~;, and IM are all recorded with a single time constant cutoff at 25 
kHz. Both fibers are cut in 115 mM CsF + 5 mM NaF. Temperature 5°C. 
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pool.  T h e  80-nA cur ren t  at the 145-mV peak of  the action potential  co r r e sponds  
to a RV.A leak of  1.8 Mfl .  T h u s  in this p repa ra t ion  RED was 72.8 kfl  and  REA 1.8 
MI'I and  IE was very closely equal to the m e m b r a n e  cur ren t .  In  all o the r  
p repara t ions  where  REA and RED were measured ,  their  ratio was even larger  than  
the 25:1 value in the example  in Fig. 6 A'so the leak cu r r en t  p ropor t iona l  to the 
action potent ial  was barely resolved.  F rom now on we ignore  the mino r  contami-  
nat ion of  I r  by seal currents  and  assume that  Ie faithfully represen ts  the 
magn i tude  and t ime-course  o f  m e m b r a n e  cur ren t .  

Once a reliable m e t hod  to measure  cur ren t  is available, the na ture  o f  the 
impedance  ZrD can be investigated.  Fig. 6 B shows how this is done  and  how the 
cu r ren t  record  IM can be i m p r o v e d  by a f i rs t -order  correct ion.  T h e  top trace VE 
shows a 500-/zs 36-mV pulse appl ied  to the E pool. I f  ZED were a pu re  resistor,  
the cu r ren t  trace would be a s io i l a r  square  pulse,  but  the measured  cu r r en t  IE 
shown below actually overshoots .  T h e  t ime-course  is roughly  expla ined  by a ZED 
of  60 k£1 in series with the parallel combinat ion  o f  52 kl~ and  a 2-nF capaci tor  
which makes  the low f requency  RED 112 kft .  This  means  that  high f requency  
cu r r en t  c o m p o n e n t s  are unde re s t ima ted  if VE is used as a measure  o f  m e m b r a n e  
cur ren t .  Gain,  stability, and  noise characteristics o f  the appa ra tu s  at ou r  disposal 
led us to p r e f e r  to cont inue  to use the VE signal for  no rma l  voltage c lamp work 
ra the r  than the potentially more  fai thful  I E signal. T h e r e f o r e  we devised a first- 
o rde r  electronic correct ion p r o c e d u r e  to res tore  the missing high f requency  
componen t s  in the recorded  trace.  T h e  signal IM f rom Fig. 1 was run  into a single 
adjustable circuit (Fig. 2 B) analogous  to that  used in the leak and  capacity 
circuit. An overshoot  could be added  with adjustable ampl i tude  and  t ime con- 
stant.  T h e  result ,  shown as the bo t tom trace in Fig. 6 B, closely resembles  the IE 
signal f rom ampl i f ie r  A3. In  each e x p e r i m e n t  the IM signal with a square  pulse in 
E was first adjusted to resemble  the IE signal and  f rom then  on only the Iu  signal 
was recorded .  T h e  setting o f  the two controls  was very similar f r o m  fiber  to 
fiber, except  in some expe r imen t s  where  we a t t emp ted  to avoid the p rob l em by 
cover ing the ent i re  f iber up  to the cut end  with Vaseline. This  m a n e u v e r  did 
el iminate the overshoo t  but  also led to p rob lems  of  activity u n d e r  the very long 
seal. I f  the appa ra tus  were to be redes igned  it might  be p re fe rab le  to aim for  
using the more  faithful IE signal at all t imes. This  would mean  that  the absolute 
size of  cur rents  would always be known and would pe rmi t  the correct  cu r r en t  
waveform to be used in compensa t ing  for  the effects o f  series resistance. This  
section concludes the analysis o f  the p e r f o r m a n c e  o f  the me thod  and we tu rn  
now to consider  electrical p roper t i es  of  the muscle fiber p repa ra t ions  obta ined.  

Passive Electrical Properties of Muscle Preparations 

We were not pr imari ly  interested in the passive proper t ies  of  ou r  p repa ra t ions  
but  they seemed worth  de t e rmin ing  both to check that  the new me thod  gives 
reasonable  values and  to establish an equivalent  circuit to use to calculate e r ro r s  
f rom activity in t ransverse  tubules u n d e r  voltage c lamp.  In  all over  a h u n d r e d  
good muscle p repa ra t ions  were studied at various stages in the evolution o f  the 
new me thod .  An equal  n u m b e r  were  rejected because they were very leaky or 
because they were des t royed by oscillations of  the first ampl i f ie r  before  they 
could be s tudied.  T h e  passive electrical proper t ies  of  the p repara t ions  using the 
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Vasel ine  gap  t e c h n i q u e  a re  in acco rd  with p r e v i o u s  m i c r o e l e c t r o d e  s tudies  o f  

f r o g  musc le .  M e a s u r e m e n t s  on  a g r o u p  o f  f ibers  s tud ied  at 5°C are  g iven  in 

T a b l e  I. Like the  res t  o f  o u r  p r e p a r a t i o n s ,  these  f ibers  have  unusua l ly  shor t  

s a r c o m e r e  l eng ths  o f  r o u g h l y  1.6 f tm.  W h e r e  cross sect ions  a n d  su r face  a reas  o f  

the  f iber  were  n e e d e d ,  they  were  ca lcu la ted  by t r e a t i n g  the  cross sec t ion  as an 

el l ipse with semiaxes  a a n d  b e s t i m a t e d  u n d e r  the  d i ssec t ing  m i c r o s c o p e .  T h e  

res is tance  RED was ca lcu la ted  f r o m  rat ios  o f  VE to IE w h e n  a vo l tage  s tep was 

a p p l i e d  to pool  E and  m e a s u r e d  a f t e r  the  t r ans i en t  phase  o f  IE. I n t e r n a l  

resist ivity Ri was t h e n  ca lcu la ted  f r o m  RED by the  e q u a t i o n  

a b  
R i  = RED ( k  + 0 .5 / )  ' (6) 

which is d e r i v e d  f r o m  the  s a m e  c o n s i d e r a t i o n s  as Eq.  4. T h e  m e t h o d  assumes  

tha t  all the  c u r r e n t  en t e r s  at the  cut  e n d  o f  the  f iber  in E and  tha t  it leaves 

t h r o u g h  the  m e m b r a n e  in the  A poo l  with u n i f o r m  c u r r e n t  dens i ty .  T h e  values  

fo r  series res i s tance  in T a b l e  I w e r e  also ca lcu la ted  f r o m  RED as a l r eady  d e s c r i b e d  

bu t  t ak ing  the  se t t ing  on  the  R s  dial tha t  was actual ly used  in the  vo l tage  c l a m p  

s tudy  o f  tha t  f iber .  

T h e  specif ic  passive m e m b r a n e  p r o p e r t i e s  o f  musc le  f ibers  c a n n o t  be meas-  

u r e d  d i rec t ly .  I n s t ead  o n e  m e a s u r e s  the  e f fec t ive  res i s tance  and  capac i t ance  o f  

the  sur face  m e m b r a n e  with the  d i s t r i bu t ed  t r ansve r se  t u b u l a r  system in para l le l  

and  uses some  add i t i ona l  t e m p o r a l  i n f o r m a t i o n  to a t t e m p t  to sort  ou t  the  
con t r i bu t i ons  o f  each  type  o f  m e m b r a n e .  We f i t ted an  e q u i v a l e n t  c i rcui t  fo r  the  

f iber  by analysis o f  the  m e m b r a n e  c u r r e n t  f lowing  u n d e r  vo l tage  c l a m p  in 

T A B L E  I 

ELECTRICAL PROPERTIES OF MUSCLE PREPARATIONS AT 5°C 

Property Value N o . . f  fibers Experiment series 

RzD 131 -+ 14 kfl 19 L 
R~ 204 --- 20 D.cm 9 L 
Rs/RED 0.060 - 0.006 14 L 
R8 5.9 +- 1.5 D.cm z 6 L 
Reff 1.7 + 0.3 kD.cm 2 9 L 

C,niUa, 2.2 +-- 0.3 #,F/cm 2 7 I. 
C~ff 11.3 ± 1.2 I, LF /cm  2 7 L 

"Gtf 19.5 ± 2.4 ms 16 L 
/charging 5.2 -+ 0.6 ms 16 L 
Ethreshold --50.5 + 0.5 mV 29 S 
EAP peak 59 -+ 3 mV 13 S 
Ereversal 64 --+ 2 mV 25 S 
lNa.max 4.7 -+ 0.7 mA/cm 2 5 L 
gNa.max 75 ± 9 mmho/cm z 5 L 

+ M  

+ M  

+ M  
+ M  

Values expressed as mean -+ SEM. All fibers with a nominal resting or holding potential of -90 mV 
and bathed in standard isotonic frog Ringer. The fibers in experiment series S are those studied for 
ionic selectivity in the following paper (Campbell, 1976) with ends cut in 120 mM CsF. All other fibers 
were cut in 115 mM CsF + 5 mM NaF. In experiment series L the A pool was deliberately widened to 
200-300 p,m to improve the accuracy of measuring the membrane area. The A pool had the standard 
width in series M and S. 



B. HILLE AND D. T. CAMPBELL Voltage Clamp of Skeletal Muscle 281 

response to a step change in membrane  potential. The  membrane  was hyperpo-  
larized by a step VM of  - 3 0  to - 5 0  mV from the holding potential o f  - 9 0  mV, 
and the step and capacity transient on re turn  to - 9 0  mV studied. The  transient  
shown in Fig. 7 A and B as the cur ren t  signal IM corrected for ZED has a large 
initial capacity cur ren t  lasting less than 20 tzs followed by a much slower phase 
lasting many milliseconds. This signal was integrated by an analog integrator  to 
determine the quantity of  charge flowing (Fig. 8 A and B). In tegrat ion o f  the 
signal IE was also tried with similar but more noisy results. The  method  of  
analyzing the integrated record is shown in Fig. 8 B and is similar to that given by 
Adrian and Almers (1974). Before the step and later after the capacity transient 
is over, the integral follows straight lines with slopes differ ing by VM/Reff, where 
Reff is the effective membrane  resistance. These lines are drawn and extrapo-  
lated back until they cross. The  time of  crossing precedes the step by a time ~er~ 
that is equal to the produc t  o f  Ceff Reff where Eer~ is the effective membrane  
capacitance. At time zero the two extrapolated lines are separated by a vertical 
distance Q~fr equal to the produc t  Ce~f VM. Similarly the initial step of  the charge 
record (Fig. 8 A) corresponds  t o  Cinitla I V M where Ciniual is the capacity charged  in 
the initial br ief  transient. Finally we also measured a quantity tcharging defined as 
the time to charge 63% of  the slowly charging capacity represented by C~fr-Ci,itial. 
Table I gives the values of  Clntual , Ctotal, le f t ,  teharglng, and Reii de termined on fibers 
with mean diameters (calculated as [2a 2 + 2b2] 1/2) averaging 167 ta.m and ranging  
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FIGURE 7. Observed and calculated current transients for a potential step from 
- 122.5 to -90 inV. (A, B) Current and voltage records for a fiber cut in 5 mM NaF 
+ 115 mM CsF and bathed in standard Ringer solution. The current in B was fil- 
tered by a 10-kHz low pass filter. (C, D) Response calculated from a 150-section disk 
model integrated in 0.1-~s steps and drawn on the same scales as A and B. In the 
calculation the membrane potential was assumed to approach its new steady level 
with a 5-/~s exponential time constant. The fit in C would have been better had a 
time constant of 3.5 /zs been used. In addition the calculated current has been 
drawn as it would appear if recorded by an amplifier with the 2-/.is time constant 
actually measured in a test of our apparatus. The amplified trace in D has been cut 
off for the drawing. The calculation used the parameter values given in Table I I. 
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FIGURE 8. Observed and calculated integrated capacity currents dur ing  a voltage 
clamp step from - 135 to - 9 0  inV. (A, B) Current  integral recorded from a fiber in 
exper iment  series L shown at two different  sweep speeds and gains. The  graphical 
method for measuring the parameters  in Table I is indicated. The  area of  the fiber 
was unfortunately not de termined so the charge record is not normalized to unit 
area. The  calibration bar is 0.5 nC for A and 1 nC for B. (C) Calculated current  
integral (smooth curve) from the same simulation as in Fig. 7 C, D but expressed in 
units of capacity (Q/V). The circles are experimental  values read from the records in 
parts A and B and scaled to give the same value of Q/V at 20 nls. The  dashed line is 
an exponential  curve rising from 2.2 /zF/cm ~ with a time constant equal to 4.0 ms, 
which is the same as the calculated /charging. The inset shows the early part of  the 
integrated current  on an expanded  scale. Tempera tu re  5°C. 

f r o m  153 to 190 /~m. O n  two s m a l l e r  f ibers  o f  d i a m e t e r s  92 a n d  125 p,m, Cinma~ 
a v e r a g e d  1.5 /zF/cm 2 a n d  Ctotal was 8.5 /zF/cm 2. 

T h e  o b s e r v a t i o n s  on  capac i ty  t r a n s i e n t s  were  i n t e r p r e t e d  in t e r m s  o f  a m o d e l  
g iven  by Falk  a n d  Fat t  (1964) a n d  a p p l i e d  by A d r i a n  et  al .  (1969), S c h n e i d e r  
(1970), a n d  o t h e r s  to the  pass ive  e lec t r ica l  p r o p e r t i e s  o f  t he  t r a n s v e r s e  t u b u l a r  
sys tem o f  musc le .  T h e  e q u a t i o n s  a r e  e q u i v a l e n t  to r e p r e s e n t i n g  the  t u b u l a r  
n e t w o r k  as a d i sk  e x t e n d i n g  across  the  f ibe r  cross  sec t ion .  Fo l l owing  A d r i a n  et  al.  
(1969), the  basic  cons t an t s  in the  t h e o r y  a r e  Cw a n d  Gw capac i ty  a n d  c o n d u c t a n c e  
p e r  un i t  a r e a  o f  t u b u l a r  wall ,  Cs a n d  Gs capac i ty  a n d  c o n d u c t a n c e  p e r  un i t  a r e a  
o f  f ibe r  su r f ace ,  a n d  GL c o n d u c t i v i t y  o f  the  f lu id  in t he  t u b u l a r  l u m e n .  F o r  
ca lcu la t ions  the  t u b u l a r  eons t an t s  a r e  c o n v e r t e d  in to  p rac t i ca l  cons t an t s  (2w a n d  
(-w capac i ty  a n d  c o n d u c t a n c e  o f  t u b u l e s  p e r  un i t  f i be r  v o l u m e  a n d  C'L e f fec t ive  
r ad i a l  c o n d u c t i v i t y  o f  l u m e n  by the  g e o m e t r i c  fac to rs  p t u b u l a r  v o l u m e  p e r  f i be r  
v o l u m e  (0.003), g v o l u m e - t o - s u r f a c e  ra t io  o f  t ubu l e s  (10 -6 cm) ,  a n d  o- the  n e t w o r k  
f ac to r  usua l ly  set at  0.5. 

Cw = Cwpl~ = 3,000 Cw, (7) 

(3w = Gwp/~ = 3,000 Gw, (8) 
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(~L = GLptr = 1.5 X 10 -3 GL. (9) 

In order  to calculate both passive and active electrical properties f rom this 
model,  we simulated a patch o f  fiber surface and the tubular  network connected  
to it on a digital compute r  as a taper ing cable of  a finite number  o f  sections 
following the method of  Adrian and Peachey (1973) and using their Eqs. 19-22, 
The  surface membrane  was assumed to be isopotential and the potential changes  
at the surface unde r  voltage clamp were assumed to approach  their final value 
with an exponential  time constant o f  5/xs. To  obtain a fairly correct  simulation 
of  the early part  o f  the capacity transient the tubular cable had to be represented 
by more  than the 16 sections used by Adrian and Peachey (1973) for o ther  
purposes.  We used 150 sections and integrated by the simple Euler method  in 
time steps o f  0.1 /zs. 

Constants can be chosen in the "disk" equivalent circuit to make capacity 
transients agreeing with the observations. The  parameters  were chosen by trial 
and er ror  compar ing  simulations to observations in the following order .  Tubu-  
lar wall capacity Cw was assumed to be 0.9/xF/cm z (Hodgkin  and Nakajima, 1972 
b) and a combination o f  luminal conductivity G L and wall conductance Gw was 
found that gave an appropr ia te  effective tubular capacity and charging time in 
the simulation. Finally, surface conductance  Gs and capacity Cs were added  to 
give appropr ia te  values of  Reff and Clnitiax. The  simulations in Figs. 7 C, D and 8 
C, D used the constants given in Table II  and a diameter  of  167 /zm giving the 
following calculated values: Cinltial 2.2 /zF/cm z, Ceft 11.9 g,F/cm z, Rett 1,7 kflcm z, 
~'~ff 20.2 ms, and teharglng 4.0 ms. The  value determined for Cinitia I includes 0.45 
/xF/cm z from the outermost  sections o f  the tubular cable that charge du r ing  the 
first 25/xs. More than half the fibers studied had values of  tcnarging longer  than 4 
ms. These longer  times could be simulated by decreasing GL and Gw in parallel, 
a l though the value of  GL would then fall well below the range previously 
encountered  in the literature. An alternative approach  is to add an external 
"access resistance" in series with the outermost  cable section o f  the tubules 
(Adrian and Peachey, 1973). In the extreme this approach  returns to the classical 
two-time constant equivalent circuit o f  Falk and Fatt (1964) and predicts a single 

T A B L E  I I  

CONDUCTANCE AND CAPACITANCE IN MUSCLE EQUIVALENT CIRCUIT 
AT LOW TEMPERATURE 

Hodgkin and Naka- 
jima (1972 b) This paper uncorrected Correction factor Corrected fi)r shrinkage 

Cs (la.F/cm 2) 0.9 1.75 8 -v~ 1.37 
Cw (pd~'/cm 2) 0.9 0.9 1 0.9 
Gs (mmho[cm ~) 0.062 0.410 6 -u2 0.322 
Gw (mmho/cm 2) 0.0155 0.0155 1 0.0155 
G L (mmho/cm) 3.9 3.12 8 -1 1.9 
~-T (btm) 112.2 100.4 6 -xt2 78.8 
PNa.S (cm/s) -- 20.0 X 10 -4 8 -v2 15.7 × 10 -4 
PNa,W ( c m / s )  - -  0.2 X 10 -4 1 0.2 × 10 -4 

Values from Hodgkin and Nakajima are those given for 3.3-3.9"C except Gs which was scaled from 
their value at room temperature using their Qto of 1.49. Values from this paper are for 5°C. 
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exponent ia l  charg ing  transient  u n d e r  voltage c lamp like the dashed line in Fig. 8 
C. Add ing  access resistance does not improve  the fit for  the fiber o f  Fig. 8 but  
would improve  the fit for  the fiber o f  Fig. 7 which was studied at a d i f fe ren t  t ime 
of  year.  We have done  too few exper iments  to c o m m e n t  on whether  access 
resistance appea r s  systematically in certain types of  frogs.  

Before  the constants labeled "uncor rec ted"  in Table  I I  are c o m p a r e d  with 
values f rom o ther  p repara t ions ,  we a t t empt  to take into account  the effect  o f  
fiber shor ten ing  to calculate the constants that would have been found  had the 
fiber r emained  at normal  sa rcomere  length.  We define the sarcomere  length 
ratio 8 as the ratio of  sa rcomere  length in the test f iber (1.6 ~tm) to that  in a 
s tandard f iber (2.6 t~m). I f  a fiber shortens at constant  volume,  then the surface 
m e m b r a n e  will wrinkle and bunch up  so that I cm z o f  the shor tened  f iber surface 
has 8 -1/2 cm 2 o f  the surface m e m b r a n e  material  o f  the reference  fiber. Accord- 
ingly in the co lumn labeled "corrected for  shr inkage" in Table  II  the fitted 
values of  Gs and Cs have been scaled by 8 -l/z. In our  fibers a fine wrinkling of  the 
surface was obvious on microscopic inspection. T h e  me thod  for  scaling the 
tubular  pa rame te r s  Cw, Gw, and  GL was suggested to us by Dr. Wolfhard  Almers .  
Both Cw and Gw are unchanged  since they are de t e rmined  f rom practical 
constants def ined  per  unit volume (Eqs. 7 and 8), and  volume is p reserved .  
However ,  GL should change on fiber shortening.  How much  depends  on unde-  
t e rmined  geometr ical  changes of  the tubular  system as it stretches to span the 
b roade r  d i ame te r  o f  a shor tened  fiber. We assume that in addit ion to the 
tortuosity implied by the geometr ic  ne twork  factor or, the tubular  system of  a 
normal  fiber is wavy and slack. When  the fiber shortens,  the t ransverse waves of  
the tubules are assumed simply to s t ra ighten without affect ing the volume of  the 
tubules or  l engthening  the total distance that  luminal  cur ren t  actually flows in 
going f rom,  for  example ,  the center  o f  the fiber to the surface.  Upon  shor ten-  
ing, both the f iber radius and  the quanti ty of  surface m e m b r a n e  per  surface area  
increase by 8 -1~2, so the effective radial conductivity GL and hence the deduced  
luminal  conductivity GL increase by 8 -1. Using this assumpt ion ,  the corrected 
luminal  conductivity of  2.0 m m h o / c m  is 26% of  the value calculated for Ringer  
solution at 5°C. In the r e m a i n d e r  o f  this paper ,  corrected values o f  surface and 
luminal  conductances  are used. Dependence  of  electrical pa ramete r s  on sarco- 
mere  length has been repor ted  before  (e.g., Valdiosera et al., 1974), but  availa- 
ble measu remen t s  are not sufficient to test the scaling rules. T h e  geometr ical  
assumptions  made  above could be tested directly by m o r p h o m e t r i c  measure-  
ments .  

Action Potentials of Muscle Preparation 

M em brane  action potentials could be elicited by apply ing  short  stimuli to the E 
pool  (Figs. 3 E, 6, and  9 A). In  intact muscle, action potentials measu red  by 
conventional  microelect rode methods  last about  10 ms near  5°C, and  their  
repolar izing phase  ends fairly abrupt ly  in an appreciable  depolar iz ing af te rpo-  
tential (Adrian et al., 1970 a,b; Hodgk in  and  Nakaj ima,  1972 a,b). In  ou r  
p repara t ions  cut in CsF the action potentials are usually several times longer  with 
a slow repolar iz ing phase that merges  much more  gradual ly  with the a f t e rpo ten-  
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FIGURE 9. Observed and calculated action potentials at 5°C. (A) Action potential 
elicited by a brief stimulus applied to the E pool. Fiber from experiment series S cut 
in 120 mM CsF and bathed in standard Ringer solution. (B) Action potentials 
calculated from a 20-section disk model integrated in 5p.s steps. Traces Es are the 
surface membrane potential using standard values (Campbell and Hiile, 1976) for 
the parameters except that for the more quickly repolarizing trace, the surface and 
tubular membrane leakage conductances were doubled. The trace ET is the tubular 
membrane potential in the most central cable section for standard parameters./SNa.S 
= 14.7 × 10 -4 cm/s. PNa,W = 0.2 × 10 -4 cm/s. ENa = 64 mV. Stimulus 400 or 440/~A 
for 0.4 ms. 

tial. T h e  shape  o f  the action potent ia l  is like that  of  intact fibers with delayed 
rectification blocked by ex te rna l  zinc or  t e t r a e t h y l a m m o n i u m  ions (Stanfield,  
1973), and  indeed ,  as is shown later,  ou r  fibers have  lost their  delayed rectifica- 
tion. Mean values of  the f ir ing threshold  potential  Ethreshola and the peak  o f  the 
action potent ial  Epeak are  given in Tab le  I for  fibers cut in CsF. T h e  threshold  
potential  was m eas u red  by app ly ing  jus t - threshold  shor t  shocks as in Fig. 3 F and  
measur ing  the most  negative value o f  the m e m b r a n e  potent ial  in the per iod  
between the shock and the rapid  rising phase  of  the action potential .  T h e  mean  
value -50 .5  mV was a few millivohs less negative than  r epo r t ed  in intact fibers 
using long shocks,  h igher  t e m p e r a t u r e s ,  and  d i f fe ren t  cri teria (Costantin,  1968; 
Kao and  Stanfield,  1968). T h e  peak  o f  the action potent ia l  59 mV was far  m o r e  
positive than in intact muscle because fibers cut in p u r e  CsF have little in ternal  
sodium or potass ium and little de layed rectification. Fig. 9 B shows a c o m p u t e r  
simulation o f  action potentials us ing the disk model  for  passive p roper t i e s  and  
the ionic cu r r en t  model  deve loped  in the th i rd  p a p e r  (Campbel l  and  Hille, 
1976). Calculated surface action potentials  are given for  two values o f  leakage 
conductance .  T h e  f ir ing thresholds  are  -53 .3  and  - 5 1 . 0  mV and the action 
potential  peaks  are 58 and  57 inV. T h e  calculated action potential  with the 
s tandard  leakage conductance  in Fig. 9 B falls m o r e  slowly than the m e a s u r e d  
one in Fig. 9 A. Unfor tuna te ly  we ne i ther  have action potent ia l  records  f r o m  the 
series o f  fibers used for  deve lop ing  the ionic cu r r en t  model  nor  f r o m  the series 
used for  passive proper t ies .  T h e r e f o r e  we are not sure  if  the d i f fe rence  in action 
potential  dura t ion  is impor tan t .  Fig. 9 B also shows the calculated action poten-  
tial in the tubu la r  system at the center  of  the fiber.  I t  reaches a peak  of  37 mV.  
T h e  5.7-ms conduc t ion  delay f r o m  surface to center  (measured  f r o m  0-mV 
crossing) co r r e sponds  to a radial  conduct ion  velocity o f  1.46 cm/s unco r rec t ed ,  



286 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  " V O L U M E  67 - 1 9 7 6  

and  1.15 cm/s cor rec ted  for  shr inkage .  The  measu remen t s  o f  Gonz~iles-Serratos 
(1971) give 2.5 cm/s when ad jus ted  to 5°C. 

Ionic Currents under Voltage Clamp 

U n d e r  voltage c lamp with la rge  depo la r i z ing  steps, the m e m b r a n e  cu r ren t s  are  
domina t ed  by cur ren t s  in sod ium channels .  Fig. 10 A shows a family o f  total 
m e m b r a n e  cur ren t s  for  a f iber  depo la r i zed  to voltages r ang ing  f rom - 9 0  to + 50 
mV in steps o f  15 mV. T h e  same steps are r epea ted  in Fig. 10 B but  now with the 
leak and  capaci ty  subt rac tor  connec ted .  These  cu r ren t s  are  ca r r i ed  almost  
exclusively in sod ium channels  as de f ined  by sensitivity to block by t e t rodo tox in .  
Fig. l0 C shows the res idual  cu r ren t s  in 500 nM te t rodo tox in  r e c o r d e d  at h ighe r  
gain with the same 11 voltage steps in ano the r  f iber.  The  fast capacity t rans ien t  
has been p r o l o n g e d  in the p ic ture  by a 3-kHz low pass f i l ter  at the oscil loscope 
but  otherwise no t ime-var iant  cu r r en t s  are  seen. T h e  peak  of  the largest  inward  
sodium cu r r en t  in Fig. l0 B is 4.0 mA/cm 2. Table  I gives mean  values o f  4.7 mA/  
cm 2 for  the m a x i m u m  inward  sod ium cu r r en t  and  75 m m h o / c m  2 for  the peak 
observed sodium conduc tance  (measured  near  +40 mV) for  a g r o u p  of  fibers 
ba thed  in Ringer ' s  solution at 5°C. T h e  mean  reversal  potent ia l  for  c u r r e n t  in 
sod ium channels  was 64 mV for  fibers cut in 120 mM CsF and  ba thed  in Ringer .  
As expec ted  the reversal  potent ia l  is h ighe r  than the 59-mV peak o f  the action 
potent ia l  in the same g r o u p  of  f ibers.  

In t e t rodo tox in - t r ea t ed  fibers several  o ther  tiny cur ren t s  can be seen.  They  
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FIGURE 10. Membrane currents recorded from muscle fibers under voltage clamp 
at 5°C and compensated fi)r series resistance and ZVD. Each frame shows currents 
for voltage clamp steps to 11 potentials spaced at 16-mV intervals from -90 mV to 
+70 mV. (A, B) Six-ms depolarizations of a fiber cut in 5 mM NaF + 115 mM CsF 
and bathed in standard Ringer solution. Same fiber as in the experiment of Fig. 7. 
The currents were recorded with (A) and without (B) the leak and capacity 
subtracting circuit. Low pass filter 30 kHz. (C) Six-ms depolarizations of a different 
fiber treated with 500 nM tetrodotoxin showing block of sodium current. Note 
higher gain. Low pass filter 3 kHz. (D) 300-ms depolarizations of a third fiber 
treated with 500 nM tetrodotoxin showing typical tiny delayed outward currents. 
Low pass filter 1 kHz. Muscle fiber cut in 5 mM 115 mM KF + 5 mM sodium 
phosphate buffer, pH 7.4. 
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are so small, however ,  that  their  a p p a r e n t  ampl i tude  or t ime-course can be 
changed  by small ad jus tments  o f  the leak and  capacity circuit,  and  t he re fo re  we 
have not given them much  at tent ion.  At high sweep speeds and  with large 
depolar izat ions a br ie f  t ransient  ou tward  cur ren t  flows with an ampl i tude  and  
t ime-course relative to sodium cur ren ts  that  closely resembles  the cur ren ts  
ascribed to sod ium channel  "gat ing"  in squid giant  axons (Arms t rong  and  
Bezanilla, 1974; Keynes and  Rojas, 1974). In addi t ion,  with very long and  large 
depolar izat ions there  are small de layed ou tward  cur ren ts  (Fig. 10 D) possibly 
arising in the delayed and  the very delayed potass ium channels  (Adrian et al., 
1970 a,b). This  signal should be r eexamined  using the more  faithful cu r r en t  
signal I s  to gua rd  against  some slow rectification in the impedance  ZED. T h e  
delayed cur ren t s  were followed by a p r o n o u n c e d  inward  "tail" cu r ren t  when  the 
m e m b r a n e  was repolar ized.  T h e  tail cu r ren t  increased when the depolar iza t ion  
was leng thened .  T o  ou r  considerable  surprise,  the delayed currents  were  tiny 
whether  the fibers were cut in CsF, or  KF, or  K2SO4, and  we were not  able to 
find conditions giving delayed ou tward  currents  o f  the 1-mA/cm 2 size expec ted  
f r o m  previous  work  on intact f ibers (Adrian et al., 1970 a,b). T h e  fiber in Fig. 10 
D cut in 115 mM KF + 5 mM NaF did not give more  ou tward  currents  than  that  
o f  Fig. 10 C cut in 115 mM CsF + 5 mM NaF. 

Al though the t ransverse  tubula r  system o f  skeletal muscle is known to be 
electrically excitable (Costantin,  1970; Bastian and  Nakaj ima,  1974), the magni-  
tude of  the tubular  sod ium conductance  is not yet known.  For tunate ly  the t ime- 
course o f  the total sodium cu r r en t  observed u n d e r  voltage c lamp offers  some 
clues, if the passive p roper t i es  o f  the f iber are known.  T h e  cont r ibut ion  of  
tubular  Na channels  can be s imulated on a c o m p u t e r  mak ing  the un tes ted  
assumpt ion  that  the tubular  channels  have the same kinetic p roper t ies  as surface  
channels  and  have a un i fo rm  density t h r o u g h o u t  the tubular  ne twork  d i f fe ren t  
f rom the surface  density. Simulat ion with the disk equivalent  circuit shows that  
tubular  sodium cur ren t  should stand out  most  p rominan t ly  in voltage c lamp 
steps to nea r  the f ir ing threshold  fo r  action potentials ,  as in the calculated 
currents  in Fig. 11 A. H e r e  the model  is s tepped  f r o m  - 9 0  to - 5 0  m V  and ,  to 
imitate the expe r imen ta l  si tuation,  m e m b r a n e  cur ren t s  are calculated with leak 
and  capacity cur ren ts  a p p r o p r i a t e  to an inexcitable f iber  subtracted.  Various 
values of  m a x i m u m  sodium permeabi l i ty  PNa are assigned to the tubular  m e m -  
brane .  At least for  values of/SNa grea te r  than 0.2 × 10 -4 cm/s,  the tubula r  system 
ult imately fires an action potent ia l  that  p ropaga tes  to the middle  of  the fiber.  
T h e  extra  c u r r e n t  d rawn by the tubules  appea r s  e i ther  as a secondary  peak  or  a 
sha rpe r  peak  on the calculated total cu r ren t  record .  Adr ian  and  Peachey (1973) 
give similar calculations. 

Muscle f ibers s tudied at 12-15°C do show anomalous  inward  cu r r en t  shapes  in 
the potential  r ange  f r o m  - 7 0  to - 3 0  mV (Fig. 11 B) with p roper t i es  like those 
expected  for  tubula r  sodium cur ren t .  T h e  extra  cu r r en t  is blocked by external ly  
appl ied te t rodotox in ,  but  only very much  more  slowly than  the major  sod ium 
cur ren t  is. As the extra  cu r r en t  is slowly blocked,  its t ime to peak  lengthens  
considerably in a way reminiscent  o f  the simulation in Fig. 11 A. In  several  
exper imen t s  with long exposure  to te t rodotoxin  fol lowed by aTinse in tox in- f ree  
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FIGURE 11. Calculated and observed tubular sodium currents superimposed on 
surface sodium currents. (A) Simulation from the disk equivalent circuit for step 
depolarizations from -90 mV to -50 mV with/SNa of the surface 14.7 × 10 -4 cm/s. 
PNa of the tubules set at 0.1, 0.2, 0.4, 0.8, 2.0, and 5 × 10 -4 cm/s. ENa = 45 mV. 
Standard rate constants for 5°C from Campbell and Hille (1976) integrated in 4-/~s 
steps using 20 cable sections. (B) Recorded membrane current (given as Vw) minus 
leak and capacity for nine voltage clamp steps at 3-mV intervals ranging from -87 
to -63 mV. Fiber cut in 5 mM NaF + 115 mM CsF and bathed in Ringer solution at 
12°C. The traces at -69, -66, and -63 mV show an extra inward sodium current 
attributed to tubular excitation. (C) Membrane currents recorded 25 min later from 
the same fiber cooled to 5°C and depolarized in 10 steps ranging from -87 to -60 
mV. The bump in the traces near 4 ms is artifact from a bump in the base-line trace 
recorded by the computer. 

Ringer the extra inward current  was no longer evident. Cooling the fiber has a 
similar effect, delaying the time to peak and decreasing the size of  the resolvable 
extra current ,  until at 5°C (Figs. 10 B and 11 C) the cur ren t  is no longer obvious. 
Nevertheless, by raising the gain, filtering the cur rent  record and lengthening 
the clamp pulse, the extra cur ren t  can usually be found  even in the cold. For 
example with the fiber of  Fig. 10 A,B an 8-t~A/cm 2 secondary bump was found  at 
6 ms with a depolarization to - 3 0  mV. Therefore  on the basis of  the small size of  
the extra cur ren t  we conclude that a reasonable value for PNa of  the tubular  
membrane  is 0.2 x 10 -4  cm/s which is 1.3% of PNa for the surface membrane .  
The  present estimate is probably inaccurate, but  a more  systematic study com- 
paring measurement  of  passive propert ies and sodium currents  with simulations 
might well be the best available way to determine/~'Na in the tubular membrane .  

How much current  is attributable to tubular activity with larger depolariza- 
tions? Fig. 12 shows a simulation of  a complete voltage clamp series with and 
without tubular Na channels. With a tubular Psa of  0.2 × 10 -4 cm/s and for 
depolarizations beyond - 4 5  mV, the tubular sodium current  is too small relative 
to the surface cur ren t  to disturb experimental  conclusions concerning ampli- 
tudes or time-courses of  sodium permeability changes. This might seem surpris- 
ing since with almost 10 times as much tubular membrane  as surface membrane ,  
roughly 12% of  the Na channels of  the simulated fiber are in tubules. These 
channels contribute disproport ionately little because of  the luminal resistance in 
series with them. The  statement can be made more quantitative by convert ing 
f rom permeability to conductance  units and using linear cable theory.  At 0 mV, 
chord  conductance  gNa can be calculated f rom PNa by 
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FIGURE 12. Simulation of a complete family of voltage clamp currents for a fiber 
held at -90 mV and depolarized to eight different levels ranging in 15-mV steps 
from -45 to +60 mV. Thick lines are the total membrane current minus the leak 
and capacity currents calculated from the passive circuit without sodium permeabil- 
ity. Thin lines are the sodium current contributed by the surface alone. For all steps 
from -45 to +45 mV, the excess current contributed by tubules is inward, and even 
at +60 mV the excess current is inward for the first 10.6 ms. Same integration and 
parameter values as in Fig. 11 A with/SNa of tubules set at 0.2 × 10 -4 cm/s. 

e ~ - ~ f m r  - 1 
gNa = PNaF[Na]o E - ENa (10) 

At 5°C, with [Na]0 = 115 nM and  ENa = 45 mV, the entire conversion factor 
becomes 208.8 mho/cm 3 and the assumed/3Na of  the tubules becomes equivalent 
to a gNa of  4.2 m m h o / c m  2. I f  t h r o u g h o u t  the tubular  system 50% of  the channels 
are active at one momen t  then there is a total of  21 m m h o / c m  2 of  active sodium 
conductance re fe r red  to fiber surface. However ,  the space constant ?'T o f  the 
tubular system, given by (GLcr~/Gw) 112, is then only 6.9 Izm and the input  
conductance  o f  the tubular  system, well approx imated  by p(GwGLO'/g) va, is only 
4.3 m mho /cm 2. Thus  in this case only 21% of  the active channels arc sccn at the 
surface. Raising PNa in the tubules tends to lower this fraction fur ther ,  as the 
input  conductance  rises only with the square root  o f  the tubular  wall conduct-  
ance. 

D I S C U S S I O N  

Comparison with Other Methods 

This paper  is almost exclusively about  the development  and evaluation o f  a new 
voltage clamp method.  For certain purposes  the new voltage clamp seems to be 
superior to those previously used on muscle fibers. Compared  with the earlier 
applications o f  Vaseline gap or  sucrose gap potent iomctr ic  methods  (Frankcn-  
hacuscr  et al., 1966; I ldcfonsc and Rougicr ,  1972; Moore,  1972) our  me thod  has 
more  faithful cur ren t  and voltage records and a p rocedure  for absolute calibra- 
tion of  cur ren t  density. C o m p a r e d  with microelectrodc methods,  our  me thod  
achieves step changes of  potential more  rapidly, can control  the surface mcm- 
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brane  even du r i ng  the rising phase  of  sodium currents ,  and  allows easy and 
quick change  of  external  ba th ing  solutions. T h e  me thod  can be appl ied to a 
n u m b e r  of  questions.  We have been able to apply it to s tudying passive electrical 
p roper t ies  and  record ing  ionic cur ren ts  in Na channels  with step changes  of  
potential.  T h e  p repa ra t ion  might  also be an i m p r o v e m e n t  for  sine wave or white 
noise analysis o f  equivalent  circuits. Because the resolut ion of  ou r  me thod  
extends  to fairly high frequencies ,  the question of  access resistance to the 
t ransverse  tubula r  system would be easier to study. At tempts  to sort  out the 
componen t s  of  conductance  cont r ibu ted  by surface and  tubular  m e m b r a n e s  
using rapid solution changes would also be easier. I t  should be possible to look 
for  dielectric cur ren ts  related to gat ing or contractile activation by ou r  voltage 
clamp.  Dr. Joe  Henry  Steinbach working  in this labora tory  has r ecorded  minia- 
ture end-pla te  currents  f rom fiber  f r agments  with a neu romuscu la r  junc t ion  in 
the A pool.  T h e  me thod  is p robab ly  not suited to studies of  evoked end-pla te  
potentials where  an at tached conduc t ing  nerve f iber is also needed .  

On the o the r  hand  the new me thod  has some definite disadvantages.  T h e  
major  ones are  that  f iber f r agmen t s  shor tened  by being depolar ized and  cut may 
have abnorma l  electrical p roper t i es  and  that  Vaseline gaps are inherent ly  incom- 
patible with mechanical  studies. T h e  most  obvious electrical abnormal i ty  is the 
absence of  de layed rectification in the cur ren t  record .  T h e  delayed rectif ier  is 
thought  to be somewhat  labile in dissected muscle p repara t ions .  Whe the r  it is 
missing in ours  because of  the per iod  of  depolar izat ion,  because o f  the shor ten-  
ing, or  because of  the presence  or absence of  a special ingredien t  in the cut t ing 
solution we cannot  say at present .  A second area of  possible abnormal i ty  is the 
geomet ry  o f  the t ransverse  tubular  system. Since the tubules are forced to span a 
b roade r  f iber cross section in shor t ened  fibers, they may be dis torted in un- 
known ways f rom their  no rmal  morpho logy .  Ano the r  d isadvantage  of  the 
me thod  is that  it might  be ha rd  to use on small muscle fibers. Finally, as in all gap 
methods ,  the exact area of  the f iber  being studied can be uncer ta in  since the 
effective posit ion of  the insulat ing Vaseline bounda ry  may be difficult to iden- 
tify. T h e  fractional  e r ro r  increases as the central  pool is made  nar rower ,  

Comparison of Fiber Properties 

O u r  m e a s u r e m e n t s  of  passive p roper t i es  (Tables I and  I I )  are sufficient to show 
fair a g r e e m e n t  with previous studies.  However ,  o u r  m e a s u r e m e n t s  are nei ther  
as extensive nor  as careful  as those of  o ther  au thors  (e.g., Schneider ,  1970; 
Hodgk in  and  Nakaj ima,  1972 a,b; Valdiosera et al., 1974). We take ou r  values 
only to indicate that  the p r epa ra t i on  is fairly no rma l  and that  a m o r e  careful  
study of  its passive proper t ies  could be fruitful .  For example ,  Hodgk in  and 
Nakaj ima (1972 a) found  an effective capacity of  8.5-10/. tF/cm 2 for  semi tendino-  
sus fibers of  155-170-/~m d i ame te r  at r oom t e m p e r a t u r e ,  c o m p a r e d  with ou r  
11.3 /~.F/cm 2 at 5°C. O u r  204-1-1 cm value for  internal  resistivity R~ of  the f iber  is 
in te rmedia te  between the values of  272 12cm for intact fibers ex t rapola ted  to 5°C 
(Hodgkin  and  Nakaj ima,  1972 a,b) and 119 ~ c m  calculated f rom tables in 
Robinson and  Stokes (1965) for  115 mM CsF + 5 mM NaF at 5°C. T h e  compensa-  
ble 5.9 f l cm z of  external  series resistance is similar to the 6.4 l )cm 2 found  in squid 
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g i an t  a x o n s  ( H o d g k i n  et  a l . ,  1952). T h e  d e r i v e d  s u r f a c e  c a p a c i t a n c e  Cs is 52% 
h i g h e r  a n d  the  l u m i n a l  c o n d u c t i v i t y  GL, 51% lower  in o u r  m e a s u r e m e n t s  t h a n  in 
those  o f  H o d g k i n  a n d  N a k a j i m a  (1972 a,b). O u r  f ibe r s  cons i s t en t ly  have  h i g h e r  
p e a k  s o d i u m  c u r r e n t  dens i t i e s  t h a n  r e p o r t e d  by  o t h e r  a u t h o r s  u s i n g  musc l e .  
A d r i a n  et  al .  (1970 a) g ive  f i gu re s  o f  0 .6 -2  m A / c m  2 at  2°C a n d  I l d e f o n s e  a n d  Roy  
(1972) give 1 m A / c m  2 at  20°C. W e  o b s e r v e  an  a v e r a g e  va lue  o f  4.7 m A / c m  2, o r  3.7 
m A / c m  2 at  5°C a f t e r  c o r r e c t i n g  fo r  s h r i n k a g e  a n d  fit  this  in o u r  k ine t ic  m o d e l  
( C a m p b e l l  a n d  Hi l l e ,  1976) wi th  a Pr~a o f  15.7 cm/s ,  e q u i v a l e n t  to a l i m i t i n g  gNa o f  
328 m m h o / c m  ~ c o m p a r e d  with  va lues  o f  55-70 m m h o / c m  z f o u n d  by  A d r i a n  et  al .  
1970 a) .  A l m o s t  n o n e  o f  t he  m e a s u r a b l e  s o d i u m  p e r m e a b i l i t y  is a t t r i b u t a b l e  to 
t u b u l a r  m e m b r a n e s .  O u r  va lue  fo r  Pr~, in t he  t u b u l e s  is e q u i v a l e n t  to  a l i m i t i n g  
c o n d u c t a n c e  gN~ o f  4.2 m m h o / c m  2. U s i n g  a Q~0 o f  1.35 this  b e c o m e s  6.7 m m h o /  
cm 2 at  20°C, c lose  to the  9.0 m m h o / c m  2 va lue  a s s u m e d  by A d r i a n  a n d  P e a c h e y  
(1973). M o r e  c o m p a r i s o n s  wi th  t he  p r o p e r t i e s  o f  s o d i u m  c h a n n e l s  in  o t h e r  
exc i t ab le  cells  a r e  g iven  in t he  f o l l o w i n g  two p a p e r s  ( C a m p b e l l ,  1976; C a m p b e l l  
a n d  Hi l le ,  1976). 
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