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SUMMARY

1. Voltage-clamp studies were carried out on single rabbit myelinated nerve fibres
at 14 00 with the method of Dodge & Frankenhaeuser (1958).

2. A method was developed to allow the ionic currents through the nodal membrane
to be calibrated exactly under voltage-clamp conditions by measuring the resistance
of the internode through which the current was injected.

3. The ionic currents in a rabbit node of Ranvier can be resolved into two com-
ponents, a sodium current and a leak current. Potassium current is almost entirely
absent.

4. The sodium currents in rabbit nodes were fitted by the Hodgkin-Huxley model
using m2h kinetics. The kinetics of sodium currents in a rabbit node differ from that
in a frog node under similar experimental conditions in two respects: (a) inactivation
is faster, Th for rabbit being 2-3 times smaller around -50 mV; (b) the PNa (E)
curve for mammal is shifted 10-15 mV in the hyperpolarizing direction.

5. From the kinetics of sodium current, the non-propagating rabbit action
potential was reconstructed at 14 0C. The transient inward sodium current is respon-
sible for the fast initial depolarization phase of the action potential, while the
repolarizing phase is accounted for by leak alone. The computed shape of the action
potential was in good agreement with the experimentally obtained action potential.

6. At 14 0, frog and rabbit nodes with similar diameters have similar measured
gNa values.

INTRODUCTION

The ionic basis for nerve excitation was first elucidated in the squid giant axon by
Hodgkin & Huxley (1952) who made the key observation that two separate, voltage-
dependent, permeability changes underly the action potential: an early transient
increase in permeability to sodium ions underlies the depolarization of the nerve
membrane, and a delayed increase in permeability to potassium ions is largely
responsible for repolarization. These permeability changes under voltage-clamp
conditions were described by a set of empirical equations which were used to recon-
struct the squid axon action potential. Subsequently, similar equations have been
shown to apply to a variety of nerve fibres (Julian, Moore & Goldman, 1962; Dodge,
1961; Frankenhaeuser & Huxley, 1964; Goldman & Schauf, 1973; Shrager, 1974).
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The present study reports a detailed voltage-clamp analysis of the ionic currents
in single rabbit myelinated nerve fibres. Mammalian fibres were first successfully
voltage-clamped by Horackova, Nonner & StAmpfli (1968) and by Nonner &
Stimpfli (1969). Although no detailed analysis was made, their results clearly showed
the need for further study. For example, the potassium currents seemed to be entirely
lacking. The present analysis shows that the currents in the rabbit node are indeed
well described by the Hodgkin-Huxley formulation, except that voltage-dependent
potassium currents are almost absent in these fibres (Horackova et al. 1968; Nonner
& StAmpfli, 1969). Furthermore, the kinetics of sodium currents in rabbit nerve
differ from those of frog in two ways: at the same temperature (14 'C), sodium
currents in rabbit inactivate 2-3 times faster at about -50 mV than in frog; and
the PNa (E) curve in rabbit fibre is shifted 10-15 mV in the hyperpolarizing direction
along the voltage axis when compared with the corresponding curve in the frog.

METHODS

The voltage-clamp studies were conducted by the method of Dodge & Frankenhaeuser (1958)
as modified by Hille (1971a).

Rabbits of either sex, weighing about 5 kg, were killed by air injection into an ear vein. The
sciatic nerves from both hind legs were removed, cleaned of fat, and desheathed. A side branch
that seemed undamaged was gently pulled and a length of 2-4 cm cut from the main nerve
bundle. This detached side branch was immersed in a pool of Locke solution and spread with two
fine needles into a fan of interwoven fibres (see Stampffi & Hille, 1976). A single fibre with three
nodes visible was isolated by cutting away surrounding fibres leaving it attached at its two ends to
the undissected portions of the trunk. It was transferred under Locke to a nerve chamber with
four pools, A, B, C, E, separated by partitions (see Fig. 1). The node was positioned to lie in the
A pool and Vaseline seals were applied to the surface of the three partitions. The fluid level was
then lowered to expose the seals and remove conducting pathways between pools. The prep-
aration was allowed to stabilize at 14 0C for 15-20 min before kinetic measurements were begun
Single fibres from the frog Rana pipien3 were similarly dissected and mounted. No effort was
made to distinguish between motor and sensory fibres.
In the present experiments we assumed that for both frog and rabbit nodes the value of h,, is

0 75 at a holding potential of -80 mV (see Tflbricht & Wagner, 1975; Conti, Hille, Neumcke,
Nonner & Stfimpfli, 1976; Campbell & Hille, 1976). This procedure was adopted because of the
uncertainties of the absolute membrane potential because of junction potentials. The junction
potential, VD, is intrinsically indeterminate; indeed, as Campbell & Hille (1976) point out 'in
the node of Ranvier the potential VD has never been measured'. In practice the setting of the
holding potential control for ha, = 0-75 was not significantly different for the two kinds of
fibre, being -86±1±8mV (n = 16) for the frog node and -84±2 4mV (n = 10) for the
mammalian node (which implies a junction potential of 4-6 mV). On two occasions, when we
estimated the absolute membrane potential (at about h,, = 0.75) from an estimate of the
potential VD inside the node made by measuring the values for resistors and determining directly
the electrode and amplifier offset potentials, we obtained values of -80 and -84 mV for the
absolute holding potential for two mammalian fibres and a value of -80 mV for one frog fibre.
We believe, therefore, that the absolute holding potentials for the two types of fibres were similar.
The solution bathing the frog node was composed of (mM): NaCl, 115; CaCl2, 2; KCl, 2-5;

and morpholinopropane sulphonate (MOPS) buffer (pH 7.4), 10. Rabbit Locke solution con-
tained (mM): NaCl, 154; CaCl2, 2-2; KCl, 5-6; and MOPS buffer (pH 7.4), 10. In experiments
involving TEA, NaCl was substituted by an equimolar amount of tetraethylammonium chloride
(TEA-Cl). The ends of the nerve fibre were cut in 160 mM-KCl and 120 mM-KCl for rabbit and
frog, respectively. Experiments were also done on fibres attached to the undissected nerve
trunks.
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Unless otherwise mentioned, potentials are reported as absolute membrane potential, E
(inside minus outside).

All experiments were done at about 14 'C. Whenever possible the mean + S.E. is given.

Resistance measurements and current calibration
In voltage-clamp experiments of myelinated nerves, the time course of the ionic currents is

determined by measuring the voltage output of the voltage-clamp amplifier in the E-pool, VE.
The ionic current flowing into the nodal membrane is produced by applying a voltage across the
internode ED, and is equal to VEIRDE. The value RDE is usually estimated from geometrical

ERCD D RED

BB A 1)C

Fig. 1. Schematic representation of the voltage-clamp arrangement, illustrating a
single myelinated nerve fibre lying over three insulating gaps separating four fluid-
ifilled pools A, B, C and E. D represents the inside of the fibre at the node of Ranvier.
The DC equivalent circuit for the fibre, with the four resistors REC, RCD, RDE and RAD,
is illustrated. BAD represents the nodal membrane resistance. The amplifier output is
ordinarily connected to the A-pool in the voltage-clamp arrangement, and is the
membrane potential measuring amplifier. Also shown is the 100 MQl feed-back resistor
for measuring current in the C-pool (see Methods).

measurements and from assumed values of the resistivity of the internode. This involves un-
certainties arising from inaccuracies in geometrical measurements of the internodes and from
the unknown properties of the cut end of the fibre. In the present experiments, where go,
values for rabbit and frog nerve fibres are compared, a series of measurements was devised to
determine directly the internode resistances RDE, RCD and the resting nodal resistance, BAD,
for each fibre, as illustrated in Fig. 1.
To determine the three resistances, three independent measurements involving only these

three quantities were made. Two of these measurements were: (1) current clamp measurement
of the passive steady state voltage drop across the nodal membrane, VAD, in response to a voltage
applied to the E pool, VE. This measurement involves the ratio of internodal resistance RDE to
nodal resistance BAD; and (2) measurement of the current in the C pool, IC, produced by a
voltage VE, applied between the E pool and the grounded A pool. At the end of the experiment
the node of Ranvier was 'blown ' with a sustained hyperpolarizing pulse to -350 mV. The final
measurement was then made by: (3) application of a voltage to the A pool and measurement of
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the current, IC, in the C pool. This measurement involves only the resistance RCD, since the
nodal resistance, RAD, is now close to zero. The three equations obtained are

RDE/RAD = /@, (1)
IC = VE.RAD/(RCD.RDE+RDE.RAD+RCD*RAD), (2)

I c = AI/RCD- (3)

Since this method for measuring the resistances depends on 'blowing' the fibre, no corrections
could be made for any changes in the internodal resistances during the experiment. However,
on several occasions, RCD was measured at various times up to 6 hr after the experiment and
was found to be practically constant.

Data acquisition and analysis
Current and voltage recordings from the voltage-clamp were stored directly in a digital

computer (Digital Equipment PDP 11/70). The analogue signal was low-pass filtered (4-pole
Bessel characteristic filter, corner frequency 33 kHz) and then sampled with a high-speed
sample-and-hold amplifier (Datel SHM5). Individual digital records consisting of 1000 readings
at 12 s4sec intervals were produced by a 12-bit analogue-to-digital converter (Datel EH12B3).
The filter, sample-and-hold amplifier and analogue-to-digital converter were built into a special
interface and the digital data were fed into the computer using direct memory access.
Computer programmes were developed in BASIC to perform leak subtraction, to extract

kinetic parameters from sodium currents, and to find peak current values.
Three measurements were made to characterize the kinetics of the ionic currents in each fibre.

First, the leak currents in response to hyperpolarizing steps, of 15, 30 and 45 mV were deter-
mined. Secondly, the current-voltage relation was obtained by measuring the ionic currents in
response to a series of depolarizing pulses (increasing in steps of 7-5 mV) of 12 msec duration
preceded by a 40 msec hyperpolarizing prepulse to - 110 mV to remove resting inactivation.
Finally, the h (E) curve was measured with the standard procedure (see for instance Chiu, 1977).

Leak current subtraction
In principle the leak and capacitative currents could be subtracted from the total ionic

current by scaling the current record obtained in response to a single hyperpolarizing step of
45 mV (from a holding potential of -80 mV) on the assumption that the leak current is pro-
portional to the size of the voltage step. In practice, to reduce the effect of noise, the time
course of the leak and capacitative currents associated with the -45 mV step was fitted by the
equation:

IL = FO + F1 exp (-t/Tl) + F2exp (-t/r2),
which was then scaled to the individual records.

Peak current measurement
A programme was written to calculate the running average of each current record using a

variable averaging width, typically 120 Itsec. After the filtered record was compared visually
with the original record, the absolute maximum or minimum of the filtered record was taken to
be the peak inward or outward current.

Calculation of T,, and Th
The sodium current at a given potential after leak subtraction was fitted by the equation:

1, = ( 1-exp (-t/tm)) p(A exp (-t/Th)+ B),

where A is an amplitude factor and B is the value of the current remaining at the end of a 12 msec
test pulse because of incomplete sodium inactivation at small depolarizations. The values of A
and Th were found from a least-squares fit of the logarithm of the decay portion of the sodium
current (with the value of B subtracted) in the range 0-8-0-5 of the peak current value. The
sodium current record was then divided point-by-point by the function A exp (- t/lr,) +B.
The result of this division was fitted by the function (1 - exp {(- t - At)/r })V using both
p = 2 and p = 3. At was insignificant in comparison with Tm and was ignored. Sodium currents
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reconstructed from these calculated values of -Th' Tm, A and B were found to give a good fit to
the experimentally observed currents with a value of p = 2 for rabbit and a value of p = 3
for the frog.

RESULTS

The action potential in a rabbit fibre
Fig. 2A shows a membrane action potential in a rabbit node at 14 0C in response to

a rectangular pulse of current injected between E and A (Fig. 1). The action potential
has a threshold of about 30 mV, lasts 3 msec, and reaches a height of 110 mV. For
comparison, a frog action potential at 14 0C is shown in Fig. 2B; the duration, of
about 3 msec, is similar to that calculated by Frankenhaeuser (1965) for toad node
at 10 0C. It is apparent that at the same temperature, a rabbit and a frog action
potential have similar shapes; the rabbit action potential, however, has a slightly
faster upstroke and a slightly shorter duration.

A B
20 Rabbit Frog

0
E

-20
CD
0

-40
0

< -60

-80

E 0. K

0 5 0 5
Time (msec)

Fig. 2. Recorded membrane action potentials in a rabbit and a frog node of Ranvier.
A, membrane action potential in a rabbit node and B, in a frog node at 14 'C. The shape
of the stimulus current is shown below the action potential trace. Note the kink in
the falling phase of the rabbit action potential corresponding to the termination of
the stimulus current.

Ionic current in a rabbit node under voltage clamp
Under a maintained depolarization, the ionic current through the rabbit nodal

membrane consists of an early inward current superimposed on an outward current

(Fig. 3).
This early inward current, which is completely blocked by 500 nM-TTX (Fig. 3),

becomes outward at about + 15 mV to + 50 mV (Table 1), shows kinetics similar to
sodium currents in other excitable axons and has been assumed to be sodium current.
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There was a large scatter in the individual values of ENa (Table 1), which may
indicate that rabbit fibres are more susceptible to stretch than frog fibres. It is
interesting, however, that the average value of ENa in the rabbit node was 27 mV,
which is close to the theoretical value of 33 mV calculated on the basis of an intra-
cellular sodium concentration of fresh cat nerve of 41 mm (Krnjevic, 1955). The
remaining outward current after treatment with 500 nM-TTX is characteristic of

5 A c

-5 - | / Normal < Normal

50 B 2g D

- TTX 2 -D TEA

5 msec

Fig. 3. Effect of TTX and TEA on the total ionic current in a rabbit node of Ranvier.
A, the nodal membrane is hyperpolarized for 40 msec to -110 mV then depolarized
to -35 mV. Only the last msec of the current trace corresponding to the hyperpolarizing
prepulse is shown. Note the early inward current is superimposed on an outward current.
B, complete blockade of the early current by 500 nM-TTX. C, the depolarization is to
+ 60 mV. The early sodium current becomes outward and is superimposed on a huge
outward current, which is almost insensitive to 17 mM-TEA-Cl, as shown in D.
Temperature 14 0C.

passive leak. For example, its amplitude is linearly related to potential in the range
- 125-0 mV and it is not appreciably affected by TEA (Fig. 3C and D). In contrast,
the ionic currents in a frog node after blocking all sodium currents with TTX show,
besides a passive leak, a potential - and time-dependent rectifying late outward
component, namely, the potassium current. In the rabbit node this latter current
seems to be almost completely absent (Fig. 4), at least under the present experimental
conditions, as seen also by Horackova et al. (1968) and Nonner & Stimpfli (1969).
The nodal ionic currents in rabbit can be written simply as: I = INa + IL, with

the usual notation. In the subsequent analysis, IL was subtracted from the total
current (see Methods). The resulting currents resemble those obtained from a frog
node treated with TEA (Fig. 4D).

I-E relation for sodium current in a rabbit node of Ranvier
Fig. 5 shows the current-voltage relation for sodium current for a rabbit node at

14 0C (see Methods). The 9Na (E) relation, calculated by assuming an ohmic relation
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Fig. 4. Comparison of the ionic currents in rabbit and in frog nodes after leak sub-
traction at 14 00. A, a family of ionic currents in a rabbit node generated by a series
of equally spaced depolarization steps starting from the holding potential. -80 mY.
and ending at +55 mV. B, the corresponding family of ionic currents in a frog node
generated by a similar series of depolarizations. C7, a family of sodium currents calcu-
lated on the basis of the Hodgkin-Huxley parameters for sodium current in rabbit
node (Fig. 7, 10), with values of E~5 and j>, from the fibre in A. D, addition of
12 mM-TEA-Cl to the Ringer bathing the frog node. Note that delayed rectification
(potassium current) is present in the frog node but absent in the rabbit node. Ends of
rabbit and frog fibres cut in 160 and 120 mM-KCl respectively. B and D are from two
different frog fibres.

I I I I I I
WI I I I

-80 -40

Voltage (mV)
I I I

I I I I
0

0

0
S

1 a
I I 1 1

40

. 0

80

.
0

0

0

.

.

Fig. 5. Current-voltage relation for the sodium currents in a rabbit node. Ordinate:
peak sodium current in nA. Abscissa: absolute membrane potential in mY. Tempera-
ture 14 0C.
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Fig. 6. Normalized Pa. (E) relation for a rabbit node (0): a comparison with that of
frog (@). The normalized P.. (E) relations for both fibres are calculated using the
Goldman-Hodgkin-Katz constant field equation. Abscissa: absolute membrane
potentials in mV. Ordinate: P.. (E)/PN.' (E.). The E,.. values used to normalize
the curves are - 10 mV and + 30 mV for rabbit and frog, respectively. Temperature
14 0C.
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Fig. 7. Hodgkin-Huxley parameters for sodium currents in rabbit node at 14 'C. This
Figure shows data from nine different rabbit fibres (O. M8; 4), M17; A, M19; +, M21;
CD, M23; O. M25; O. M29; O.1 M51; A, M52). A, rh (E); B. ham (E); C, 'rm (E);
D, m. (E). The continuous lines in B and D are fitted to the experimental points and
are of the form (1 + exp (AE+ B))-1 where A and B are constants. The continuous
lines in A and C are derived from the fitted equations for flh and a. (in Fig. 10)
together with the fitted equations for h.,, and m.,, (curves B and D). Note that this
Figure and Fig. 9 contain results only from experiments designed to determine
explicitly all the Hodgkin-Huxley kinetic parameters. They do not include experi-
ments (such as some of those in Fig. 8) where the value of O.. was determined simply
by extrapolation (see legend to Fig. 8).
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between sodium current and potential, showed a dip toward higher depolarizations.
Thus, the Goldman-Hodgkin-Katz constant field equation (see Dodge & Franken-
haeuser, 1959) was used to calculate the peak permeabilities. Fig. 6 shows a typical
normalized PNa (E) curve for a rabbit fibre (normalized with respect to the PN& value
at - 10 mV). A corresponding normalized curve for PNa (E) for a frog fibre at the
same temperature is shown for comparison. The two curves are clearly different:
in the rabbit, the 1Na (E) curve is shifted 10-15 mV in the hyperpolarizing direction
along the potential axis (see also Fig. 9).

Kinetics of the sodium currents in a rabbit node
From the following equation for the sodium current

INa = PN.. mah. [Na]O (F2 E/RT) (1-exp {(E-ENa) F/RT})/{l -exp (EF/RT)}
the following parameters were determined by the standard methods (Hodgkin &
Huxley, 1952; Frankenhaeuser, 1960): Th (E) (Fig. 7A), h. (E) (Fig. 7B), Tm (E)
(Fig. 7C), ma (E) (Fig. 7D) and PNay
The values for pNa were converted to conductance units at 0 mV by the following

equation:
9Na PNa F[Na]o {exp [(E - ENa) F/RT] - 1}/(E - Ena)

When plotted against fibre diameter (Fig. 8), gal per node for rabbit fibre increases
with fibre diameter. gNa similarly depends on fibre diameter for frog node (Fig. 8).
From Fig. 8, the average value for gNa for rabbit node is 2-2 x 10-7 + 0-6 S (fibre
diameter, 14-4 + 1 0 #sm, n = 7), whereas for frog node the average value for gNa
is 4.4 x 107 ± 0.5 S (fibre diameter, 17*5 + 0'9 jm, n = 6). Assuming that gNa is
linearly related to fibre diameter, the value of YN& would be about the same in both
rabbit and frog nodes of equivalent fibre diameter at 14 0C (i.e. the ratio gNB/fibre
diameter, is 0 15 x 10-7S #um-1 and 0 25 x 10-7 S ,Um-1 for rabbit and frog nodes
respectively).

Comparison of the kinetics of sodium currents in rabbit and frog nodes
Similar procedures were used to measure the kinetic parameters for the frog node.

Plots of the four parameters 'Tm (E), Th (E), ha,, (E), PNa (E)/P~n for the ten frog
nodes of the present study are shown in Fig. 9. The continuous lines in this Figure
are the values of these parameters calculated for the sodium currents in the rabbit
node on the basis of a standard Hodgkin-Huxley model (with m2h kinetics). A com-
parison of the sodium current kinetics in frog and rabbit nodes reveals the following
features: Th (E) for rabbit was smaller than for frog, by a factor of 2-3 around
-50 mV, and was less voltage-dependent over the potential range -50 to + 20 mV.
The value of Th (E) for frog varied much more from fibre to fibre than the corre-
sponding value in the rabbit. However, the variability of Tm (E) was about the same
in both preparations.

Reconstruction of the action potential
The four rate constants for the sodium current (ah, ibh alm, fim) are derived from

the values ofTm (E), 'Th (E), he (E) and m,,0 (E) on the basis ofthe standard Hodgkin-
Huxley equations (Hodgkin & Huxley, 1952).
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Fig. 8. The relationship between 9j; per node and fibre diameter in frog (0) and
rabbit nodes (0). Ordinate: gNs values in 10-7 S. Abscissa: fibre diameter in psm. Tem-
perature 14 'C. Note that this Figure contains results from some experiments that were
not included in Table 1 because they were too incomplete (both AEm1/2 and p missing).
In these experiments the calculations of PN, (and hence gw.) were based on the value
of the sodium current obtained by extrapolating its decay phase back to zero time
(in a linear, least-squares, fit to a logarithmic plot of the decay phase between 85%
and 45% of its peak value). This procedure assumed that the hyperpolarizing pre-
pulse was large enough so that there was no initial inactivation (i.e. ho = 1) and that
the depolarization was large enough so that mo3 = 1.
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Fig. 9. Comparison of the kinetics of sodium currents in rabbit and frog nodes at
14 0C. The data for the h.n (E), 7m (E), Pwa (E), P'. and rh (E) plots have been obtained
from ten different frog fibres. The continuous lines in this Figure represent the
Hodgkin-Huxley parameters for the rabbit node at 14 'C (from Fig. 7). Note that
Th (E) for frog is 2-3 times bigger than that of rabbit, around -50 mV, and that
m' (E) for rabbit (from Fig. 7 D) is shifted 10-15 mV in the hyperpolarizing direction,
with respect to the Pw. (E) curve of frog.
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Since we did not study tail currents or use multiple pulse experiments to charac-
terize Tm and Th (and thus, ah and 8lm) over the hyperpolarizaing and low de-
polarizing potential range, we have chosen to fit only the fib and am curves and use
them together with the fitted curves for m. (E) and ha) (E) to derive the corre-
sponding values for ah (E) and 8m (E). Fig. 10 shows the values obtained for 8lh (E)
and am (E) at 14 C.

15 A

0

5 F10

Ve

0

-80 -40 0

2 -B
a

0 * C

-80 -40 0

Fig. 10. Rate constants for sodium currents in rabbit node. Data are from eight
different nodes. The continuous lines in A (a.) and B (flh) are calculated from the
expressions

(0-029E+ 10.1)/(1+exp [- 019(E+49)]) and 1.25/(1+exp [- 01(E+56)]),
respectively. These expressions are similar to those used by Frankenhaeuser & Huxley
(1964). Note that the curves for aZm and j8h are extrapolated to somewhat more negative
membrane potentials than those used experimentally.

The net membrane current, IM, through a rabbit node can now be completely
characterized as a function of time and voltage by the following equation:

IM = INa + IL + C dE/dt. (4)
The passive nodal parameters for axon 17 (Table 1), together with a value of 2pF

for the membrane capacitance determined in the same fibre from the measured
membrane time constant, were used to calculate a non-propagating rabbit action
potential to compare with the observed action potential obtained from the same
axon as shown in Fig. 11. Except that it has a slightly smaller amplitude and a
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broader duration, the computed action potential is essentially similar to the observed
potential at 14 'C.

Fig. 12 illustrates the computed ionic currents underlying a rabbit action potential
and the similar currents computed for frog, using our own kinetics for frog sodium
current and using those for potassium currents taken from Hille (1971 b).

Observed Predicted
20

- 0 Rabbit
E

C- -20

0
0.

-40

-o

E
-60

-80

0 5 0 5
Time (msec)

Fig. 11. Reconstruction of a rabbit membrane action potential at 14 'C. The action
potential on the left is recorded from axon M17 (also represented by ( in Figs. 7 and
10). The action potential on the right is calculated by integrating eqn. (4) (see p. 159)
numerically over time with the initial conditions that E(t = 0) = -80 mV and
Ix = 0-25 nA for 0 < t < 2-1 msec, I. = 0 for t > 2l1 msec. The effect of the pro-
longed stimulus is shown by the kink in the falling phase of the calculated potential.
Note that the calculation of the tail end of the action potential is based on the extra-
polated portions of the am and h curves in Fig. 10.

Comparison of the time courses of ionic currents underlying the frog and rabbit
action potential at 14 'C reveals the following features: (a) The outward current
responsible for repolarization in rabbit is entirely leak, whereas in frog, it is leak
plus potassium current, (b) the computed time course of INa for a frog fibre has two
peaks (see Fig. 8, Hodgkin & Huxley, 1952; Frankenhaueser & Huxley, 1964), the
first one occurring at the peak of the action potential and the second one occurring
during activation of the late potassium current; this is in contrast to the existence
of only the initial hump in the computed time course of INa underlying a rabbit
action potential.

DISCUSSION

One purpose of this investigation has been to examine quantitatively the appli-
cability of the ionic hypothesis of Hodgkin & Huxley (1952) to excitation in the
rabbit myelinated fibre. Our results show that, as in squid and frog nerve, a transient
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inward sodium current is responsible for the initial fast depolarization during the
rabbit action potential. However, unlike that in squid and frog nerve, the outward
current responsible for repolarizing the membrane in rabbit nerve at 14 0C consists
of only one ionic component, the passive leak: potassium currents are virtually
absent. A family of voltage-clamp current records for a rat node at 37 0C published
by Nonner & StAmpfli (1969) also shows the absence of potassium current (see also

Rabbit
20

0

-20

-40

-60

-80

0

a

-1

-2

m

0-5 L

0 1 2 3 4

Frog

m
1.0

0 1 2 3 4
Time (msec)

Fig. 12. Comparison of the computed time courses of the ionic currents underlying
rabbit and frog action potential at 14 'C. Note the existence of two peaks in the time
course of I., during the frog membrane action potential and the existence of only the
initial peak for I,. in the rabbit. Note also that the repolarizing current is leak plus
potassium current in the frog whereas it is only leak current in the rabbit node.
Temperature 14 'C.

Burg, 1970). Three possibilities could account for our failure to detect potassium
currents in the rabbit fibre: damage to the nerve fibre during dissection; a lack of
Hodgkin-Huxley type potassium channels; or shifted voltage-dependent kinetics for
potassium channels. The first possibility seems unlikely, since even our best fibres
(which had a small leak current, a large sodium current and a sodium reversal
potential of + 20 to + 50 mV) show little or no potassium current. Unfortunately,
our present experiments cannot distinguish between the remaining alternatives,
namely that of shifted voltage-dependent kinetics of existing potassium channels so

that they are never activated over the voltage range or at the temperature (14 'C)
used experimentally, and the alternative of complete lack of potassium channels.

6-2

20

0

> -20
E

-40

-60

-80

-o

0

C

-1

-2



164 S. Y. CHIU, J. M. RITCHIE, R. B. ROGART AND D. STAGG
Despite the lack of potassium currents, the rabbit action potential at 14 0C has a

duration similar to that of the frog (Fig. 2). The reason for this is that the sodium
currents in the rabbit node inactivates 2-3 times faster than those in the frog node.
The value Of 9L in rabbit is about the same as in the frog (Table 1). Thus, potassium
currents are unnecessary in repolarizing a rabbit nodal membrane. The relative roles
played by leak and potassium currents in repolarizing the membrane clearly varies
among different types of axons. In the squid, the potassium current plays an
important role in repolarization, as revealed by the low gL/g ratio of 0x008
(Hodgkin & Huxley, 1952), and by the experimental observation that blocking the
potassium current with TEA significantly prolongs the action potential (Armstrong,
1966). In the frog node, where 9L/9E is 0-19 (Hille, 1971b), i.e. about 30 times
higher than in squid, the potassium current plays only a secondary role in repolariz-
ation: TEA treatment in frog nerves seldom lengthens the action potential by more
than 50 %, motor nerves being affected more than sensory nerves (Stampfli & Hille,
1976). Furthermore, in experiments with extracellular recording from single myelin-
ated fibres in the rat ventral roots, Bostock, Sherratt & Sears (1978) have recently
shown that TEA is quite ineffective, even in concentrations as high as 60 mm, in
prolonging the action potential.
The observation that the PNa (E) curve in rabbit is shifted 10-15 mV in the hyper-

polarizing direction along the voltage axis relative to that of frog (when their h.
curves are superimposed) is interesting in the light of a similar shift reported by
Adrian & Marshall (1977) for mammalian muscle compared with amphibian skeletal
muscle. The negative shift of 10-15 mV described here may reflect either a difference
in the kinetics of the sodium current or a difference in the nodal series resistance. An
increased series resistance will shift the m. (E) curve in the hyperpolarizing direction
and make it steeper (Chandler & Meves, 1970): to produce a shift of 10-15 mV, a
series resistance of 1-2 MQ would be required. This would have predictable con-
sequences on the performance of the clamp around threshold potential. For example,
a stable sodium current would be difficult to obtain when the depolarization is
around threshold, which is -50 to -60 mV and corresponds to the mid-point
potential of the m0 (E) curve (Fig. 7 D). However, in 'good' experiments we obtained
reasonably stable sodium currents around the mid-point potential of the m. (E)
curve (stable in the sense that successive tests gave similar currents). More experi-
ments should be done to determine the effect of a series resistance on the measurable
kinetics of sodium channel in the rabbit by decreasing inward current strengths
either by TTX or lowering the external sodium concentration.
The exact value of the resting potential in these fibres is slightly uncertain (see

Methods); and it has been assumed in this paper that the value of h, is 0'75 at a
membrane potential of -80 mV in order to compare the kinetic properties of the
rabbit and frog fibres. This, however, would not differentially affect the analysis ofthe
results for rabbit and frog fibres. Thus, in the rabbit the mid-point of the PN&. (E)
curve is 24 mV more positive than the potential at which h,, = 0'75, whereas it is
41 mV more positive in the frog (Table 1). This difference, which is highly significant
statistically, is independent of any assumption on the exact placing of the h. curve.

It is interesting to note that Ritchie (1978) found that the maximum binding
capacity of saxitoxin to myelinated nerve is 5 times higher in rabbit than that in
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frog nodes. However, the present voltage-clamp data (at 14 TC) do not seem to support
a fivefold difference in sodium channel density of rabbit and frog nodes: for 9Na is
comparable in both types of fibre of equivalent diameter (Fig. 8). This discrepancy
remains to be resolved.

We wish to thank Dr Fred Sigworth for his valuable advice throughout the investigation and
particularly for suggesting a method for measuring the fibre resistance. This work was sup-
ported by a grant NS-12327 from the U.S.P.H.S. and by a grant RG 1162 from the National
Multiple Sclerosis Society.
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