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ABSTRACT Giant axons were voltage-clamped in solutions of constant sodium
concentration (230 mm) and variable potassium concentrations (from 0 to
210 mm). The values of the peak initial transient current, I,, were measured as
a function of conditioning prepulse duration over the range from less than 1
msec to over 3 min. Prepulse amplitudes were varied from E, = —20 mv to
E, = —160 mv. The attenuation of the I, values in high [K,] was found to
vary as a function of time when long duration conditioning potentials were
applied. In both high and low [K,], I, values which had reached a quasi-
steady-state level within a few milliseconds following a few milliseconds of
hyperpolarization were found to increase following longer hyperpolarization. A
second plateau was reached with a time constant of about 100-500 msec and a
third with a time constant in the range of 30 to 200 sec. The intermediate
quasi-steady—state level was absent in K-free ASW solutions. Sodium inactiva-
tion curves, normalized to I,.,., values obtained at either the first or second
plateaus, were significantly different in different [K,]. The inactivation curves,
however, tended to superpose after about 1 min of hyperpolarizing condition-
ing. The time courses and magnitudes of the intermediate and very slow sodium
conductance restorations induced by long hyperpolarizing pulses are in agree-
ment with those predicted from the calculated rates and magnitudes of [K+]
depletion in the space between the axoleama and the Schwann layer.

INTRODUCTION

In 1952, Hodgkin and Huxley (1952 @) demonstrated that the inward tran-
sient current in the voltage-clamped squid giant axon is normally carried by
sodium ions. Recently, it has been shown that the peak amplitude of this in-
ward transient current, I,, is inversely related to the external potassium con-
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centration, [K,] (Adelman and Senft, 1968; Adelman and Palti, 1969). Fur-
thermore, external potassium was shown by Adelman and Palti (1969) to
affect the time and voltage dependency of the transient sodium current. In
the Hodgkin and Huxley formalism (1952 ¢), a parameter, /, was included to
account for the phenomenon of the voltage- and time-dependent inactivation
of sodium currents with membrane depolarization. Adelman and Palti (1969)
found that the value of % reaches different steady-state levels within 30 msec
in external solutions having constant sodium concentrations and variable
potassium concentrations. The inhibitory effect of external potassium on the
sodium current was attributed by Adelman and Palti to an effect of [K,] on
sodium conductance represented by the 4 and perhaps gna parameters.

However, Narahashi (1964) described an effect of [K,] on the transient
sodium current which has a time constant approaching the 1 sec range. Slow
sodium inactivation also has been suggested by Cole (1958). The object of
this paper is to describe the effects of external potassium ions on long time
constant sodium conductance mechanisms. Such mechanisms have been sug-
gested (Baker, Hodgkin, and Meves, 1964; Adelman, Dyro, and Senft, 1965
a, b) as being responsible for the long duration action potentials seen in
axons perfused internally with low ionic strength media and externally with
potassium-free seawater solutions (Narahashi, 1963).

METHODS

Experiments were performed upon single giant axons obtained from Loligo peale
at the Marine Biological Laboratory, Woods Hole, Mass. All methods have been
described previously (Adelman and Palti, 1969).

Membrane currents were measured in the voltage clamp as a function of external
potassium ion concentration. External sodium concentration was kept constant at
230 mm. Tris chloride was added to the solutions to maintain the osmolarity and
specific conductivity approximately equal to those of the 430 mm sodium seawater
(Adelman and Palti, 1969). Potassium was substituted for given fractions of the
Trist concentration to make up the experimental solutions. These solutions have
been described by Adelman and Palti (1969, Table I).

All axons were voltage-clamped at holding potentials, Egp, equal to the resting
potential, Egp, obtained for each of the test solutions. Prepulses and test pulses were
made from Egp and are given in the Results in absolute potential units, E,, and E,
respectively.

RESULTS

Fig. 1 illustrates the relationship between [K,] and the efficacy of a given pre-
pulse in overcoming resting sodium inactivation. The data shown in Fig. 1 A
were obtained from a typical axon when it was externally perfused with K-free
artificial seawater having a sodium concentration of 230 mm. In Fig. I B the
same axon was externally perfused with 50 mm K, 230 mm Na ASW. In Fig.
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1 the peak value of the initial transient current, I,,, was obtained at the end of
a prepulse of variable amplitude and duration by test pulsing to a membrane
potential of zero (Hodgkin and Huxley, 1952 b, cf. Fig. 3). However, the thin
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Figure 1. Time course of typical variations in the peak value of the initial transient
membrane current, I, in ma/cm? as a function of the duration of a conditioning pre-
pulse potential step. The values of the prepulse step potential, E,,, are given at the
right of each curve. I, was always measured upon stepping from the prepulse potential
to the test potential of zero millivolts. Axon 68-20. A, axon in K-free, 230 mm Na ASW;
between pulses the membrane was held at the resting potential, Egp = Egpp = —78 mv.
B, axon in 50 mm K, 230 mm Na ASW, Egp = Ezp = —44 mv.

1

°r(

line in Fig. 1 A and the line for E,, = Ez, in 1 B refer to the values of I, ob-
tained without prepulse conditioning. Recently, it has been shown (Adelman
and Palti, 1969) that I, values reach a steady state in a variety of K, solutions
as prepulse durations approach 30 msec. The values of I, at the left of each
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curve were obtained immediately following prepulse durations of 30 msec.
The initial values given to the far left of the curves in Fig. 1 thus represent
this quasi-steady state achieved for each E,,. Notice that these values are
much smaller for given E,, values in 50 mm K (Fig. 1 B) than for comparable
values of E,, in zero K (Fig. 1 A).

Fig. 1 A demonstrates that for zero [K,] and any prepulse potential the
values of I, remain constant as the duration of the prepulse becomes greater
than 30 msec. Such behavior is predicted by the Hodgkin and Huxley theory
(1952 ¢). When external potassium is added, there is a great decrease in I,
values even following 30 msec hyperpolarizing prepulses. However, as illus-
trated in Fig. 1 B, there is a gradual restoration of the peak values of the
sodium current as the duration of the hyperpolarizing prepulses is increased
beyond 30 msec. Notice that another set of I, plateau values is reached within
600 msec. However, the restoration of I, values in Fig. 1 B does not result in
values comparable to those obtained in K-free 230 mm Na ASW for the same
E,, values. It is apparent from Fig. 1 B that the time constant of this restora-
tion process varies between 50 and 200 msec. These values are roughly 10-100
times those obtained by Hodgkin and Huxley (1952 &) for 7,, and should be
compared with Narahashi’s values (1964).

An increase in the prepulse duration, ¢,,, from 500 msec to 5 sec results in
no significant change in the amplitude of I,. This indicates that the restora-
tion process has achieved a second plateau or steady state. Fig. 2 illustrates
typical curves showing the relation between the peak amplitude of the initial
transient current, I,, and the conditioning voltage, E,,. In Fig. 2 prepulse
durations were 3 sec, and the curves are plotted for a variety of [K,].

Notice in Fig. 2 that the E,, value at which I,/I,_ .. = 14 shifts to the left
as [K,] increases. This shift is roughly proportional to log [K,]. Also notice
that the slope of this relation is less steep for high [K,] than it is for low [K,].

Fig. 3 illustrates the effect of prepulse durations from 3 sec to 3 min on sub-
sequent I, values in 230 mm Na ASW solutions containing zero (A), 50 (B),
and 100 mm K(C). It is apparent that the I, values which had reached a
plateau for prepulses of 1 sec duration change again as the prepulse duration
is increased from 3 sec to 3 min. Fig. 3 suggests that a new plateau is estab-
lished as prepulse durations approach 2 min. The thin line in Fig. 3 A is for
E,, = resting potential (—60 mv); i.e., I, is obtained upon stepping the mem-
bran potential from Ez, = —60 to zero with no prepulse. Figs. 3 B and 3 C
illustrate the effect of increasing [K,]. The primary result is that the over-all
level of sodium current is decreased when prepulses of only a few seconds are
used. However, as prepulse durations are increased, restoration of 7, values is
achieved.

Fig. 4 shows the absolute value of I, following a prepulse of —120 mv
plotted as a function of prepulse duration, ¢,,. In this figure [K,] = 50 mm.
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The figure demonstrates that three plateaus are obtained. Each succeeding
plateau is achieved at ¢,, values which are roughly 100-fold longer than those
of the preceding plateau.

By assigning the value of unity to the I, maxima obtained in K-free ASW
for each of the three plateaus, it is possible to compare the effects of £,, on the
shape of these three plateaus. Fig. 5 illustrates typical plots of these relations
obtained for a variety of [K,]. It is apparent that the attenuated values of I,

Pmax
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-160 -120 -80 -40
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Ficure 2. Typical relations between normalized values of the peak amplitudes of
initial transient currents (initiated with a standard test pulse) plotted as a
function of [K,] and the voltage of an immediately preceding 3 sec prepulse. The
ordinate plots the ratio, Ip,/Ipnax, Where I,,., is set to unity for each curve
obtained when E,, = —180 mv. Values of prepulse potential, E,,, are given on
the abscissa, and [K,] values are indicated adjacent to the curves. The test pulse
stepped from the prepulse potential to =zero millivolts in each case. Axon
68-11.

obtained following 30 msec prepulses in high [K,] increase as the prepulse
duration is increased. For ¢,, = 2 min, the three curves, obtained in ASW
solutions having zero, 50, and 100 mm K, almost superpose. However, the
curves converge only for E,, values of —120 mv or above. At E,, values of
about —80 mv they reflect quite different current values at different [K,].
It is thus apparent that long duration anodic hyperpolarization tends to
restore sodium conductance in high [K,] solutions. However, only the com-
bination of very long duration and very large hyperpolarizing potentials is
sufficient to completely overcome the depressant effect of high [K,].

Fig. 6 (upper trace) shows that, when an axon is externally perfused with
K-free, 230 mm Na ASW, a resting potential of —76 mv is achieved (cf.
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Goldman, 1943; Hodgkin and Katz, 1949). When the external solution is
changed from K-free to 25 mm K, 230 mm Na ASW, the resting potential
declines. The lower curve reflects I, values obtained in a manner revealing
some of the combined effects of membrane potential, time, and [K,]. The
protocol required that the axon be clamped every 30 sec to a holding potential
of —76 mv for 3 sec after which a brief test pulse of zero millivolts was applied

A B c
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[o] 4 8 12 16 [¢) 0.4 0.8 1.2 1.6 2.0 o1l 2 3
msec sec min
Duration of prepulse

Ficure 4. Typical I, values in ma/cm? plotted as a function of the duration of a
prepulse having a constant E,, of —120 mv. Axon 68-17 exposed to 50 mm K, 230
mM Na ASW. A, prepulse durations varied between 0 and 16 msec. B, prepulse dura-
tions varied between 30 msec and 2 sec. C, prepulse durations varied between 1 sec
and 3 min.

so as to determine I,. Initially, the value of I, obtained in K-free 230 mm
Na ASW was set to one (I,,). All other subsequent 7, values were plotted as a
ratio of I,/I, . ‘The values of I,,/I,, obtained from a depolarized axon mem-
brane in 25 mm K decrease despite the 3 sec repolarizing prepulses to
— 76 mv. This inability of a 3 sec prepulse to completely restore I, is predicted
from the results illustrated in Fig. 5. Notice that the decline in I, values is not
a mirror image of the change in E,. (upper curve) and thus must reflect both
voltage- and time-dependent effects. It is apparent that the decline in I,
values continues for a number of minutes after E,, has reached its new plateau
value. This time is related to the third time constant shown in Figs. 3 and 4 C.
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Even continuously voltage-clamping the membrane to ~76 mv (E,, in K-free
ASW) results in only partial restoration of I, values when compared to those
values obtained in K-free ASW. This partial restoration is again predicted by

mv
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Ficure 6. Demonstration that the effect of external potassium ion on sodium con-
ductance is not solely a potential phenomenon. For a detailed description of the figure
see text. Upper figure, membrane potential, Em, plotted as a function of time. Lower
figure, ratio, I/I,..., of the peak value of the initial transient current to the maximum
value, I, .., obtained initially in K-free, 230 mm K, ASW, plotted against time. Axon
68-25. The two long unbroken vertical linesindicate solution changes, and the two shorter
vertical lines indicate the period during which the membrane was clamped contin-
uously at a holding potential of —76 mv (except for the brief test pulses used to deter-
mine the I, values).

Fig. 5. The time course of the partial restoration achieved by steady potential
conditioning is again similar to the time course illustrated in Figs. 3 and 4 C.
The right-hand part of Fig. 6 illustrates the reversibility of the process.

DISCUSSION

It has been demonstrated that the amplitude of the initial transient sodium
current initiated upon membrane depolarization is decreased when [K,] is
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increased. This attenuation can be at least partly reversed by voltage condi-
tioning of long duration. The degree of restoration is a function of the duration
and the potential value of the conditioning prepulses used. Within the Hodg-
kin and Huxley (1952 ¢) framework, the observed changes in sodium current
induced by high [K,] must be attributed either to a change in the effective
membrane conductance to sodium ions, or to a change in the actual sodium
driving force across the axon membrane. Let us assume, for the moment, that
the changes in [K,], which do not involve significant changes in the ionic
strength, Ey. and conductivity of the medium (Adelman and Palti, 1969),

fop

ASwW 2 msec

Epp ==l20 mv
[0 msec

50 msec

2 sec
S sec .
Ficure 7. Oscilloscope traces
1 min of axon membrane currents
generated upon stepping En to
zero at the end of —120 mv
conditioning prepulses of var-
ious durations, f,,. Values of
I, in ma/cm? are given above

the troughs of the curves. Values
I 0.5 masem®  of ¢,, are given to the right
— of each curve. Axon 68-28 in
0.5 msec ASW.

do not introduce a considerable error in the measurement of E,. or the ability
of the voltage clamp system to clamp the membrane to this E,. The changes in
membrane sodium current obtained upon voltage-clamping the axon mem-
brane to the same E, in different [K,] solutions must therefore be due to
changes in the membrane sodium conductance, namely the Zy., m, or &
parameters.

Obviously, the slow changes in I, as a function of prepulses of long duration,
which range from hundreds of milliseconds up to minutes, do not fall within
the 7, and 7, ranges (<1-10 msec) considered by Hodgkin and Huxley
(1952 &) and by Adelman and Palti (1969). Therefore, these slow changes
must be regarded as resulting from some mechanisms which affect the ap-
parent sodium conductance with completely different kinetics. Fig. 7 illus-
trates initial transient currents recorded from a typical axon in ASW upon
stepping E.. to zero potential (E,) at the end of a prepulse of variable duration
(tpp = from 2 msec to 5 min) and having an E,, value of —120 mv. Fig. 7
demonstrates that while the amplitude of 7, increases with ¢,,, as predicted
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by Figs. 1 A and 3 A, the time course is hardly affected. In other words, these
long duration processes do not seem to affect the voltage- and time-dependent
parameters m and & as described by the Hodgkin and Huxley (1952) frame-
work. In principle, the changes in sodium conductance described in this work
should be ascribed to changes in a parameter with the same properties as
Zwa since such changes should not result in alterations in the voltage de-
pendency and time course of Iy.. However, Figs. 2 and 5 illustrate that the
voltage dependency of the peak amplitude of the sodium conductance varies
with long duration conditioning. Figs. 3 and 4 illustrate that conductance
changes are also a function of time.

Since g, is defined within the Hodgkin-Huxley framework as being inde-
pendent of voltage and time, one seems to be left with only one alternative,
namely, that a new function or process should be incorporated within the
equational framework to account for the observed changes in sodium con-
ductance. In the Hodgkin-Huxley framework, sodium conductance is repre-
sented by:

Zxa = Ena-m*-h. (1)

The new process may be described by multiplying the conductance by a time-
and voltage-dependent factor, f, so that:

gva = fr&wa-m®-h (2)

The f factor appears to vary slowly with time in a double sigmoidal manner
as reflected by the changes of I, as a function of ¢,, and E,, shown in Figs. 3
and 4. Inasmuch as I, as a function of ¢,, develops three plateaus, we may
readily assume that we are dealing with two processes in addition to the &
process. Thus the f factor appears to represent two processes, which will be
referred to as p and ¢. Both the new processes, p and ¢, rise in a sigmoidal
fashion with increasing prepulse duration in a manner similar to the & process.
As the p process does not affect I, values in K-free ASW, it seems that this
process specifically counteracts the inactivation effect of [K,] on sodium con-
ductance.

Further restoration of sodium conductance begins to appear when the
duration of conditioning prepulses exceeds the | sec range. This effect is de-
scribed by the ¢ process. This process does not seem to be closely related to
[K,] as a similar activation of sodium conductance occurs in K-free ASW.
The very slow ¢ process becomes complete only when sufficiently intense
hyperpolarizing prepulses in the minute range are used. One might, therefore,
assume that the magnitude of the ¢ process depends, at least in part, on the
quantity of charge transported through the membrane. External potassium,
therefore, seems to have a significant effect on the % and p processes, but no
significant effect on the very slow ¢ process. However, the last conclusion may
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be wrong if [K] at the external surface of the axon membrane is not zero when
[K,] = 0. The [K,] effect on the % process has been discussed in detail by
Adelman and Palti (1969). Therefore, we shall limit this discussion mainly to
the p and ¢ processes. The [K,] effect on the apparent sodium conductance
may be the result of one or more different types of mechanisms of which we
shall consider the following: (¢) an inhibitory or competitive effect of potas-
sium ions on a properly sensitive element in the sodium conductance system,
(b) a modification of the sodium-carrying system by the persistent membrane
depolarization in high [K,], () a change in Ey., (d) a change in the actual
potential difference across the membrane with no change in measured E,,
and (¢) changes in electrode polarization, and /or electrode-solution interface
impedance.

Let us now consider the first possible mechanism. The attenuation of Iya.
by high [K,] may be the result of association of K+ with a site which as a
result of this process cannot accept Na+ for transfer across the cell membrane
(direct competitive inhibition) or the result of a reaction of K+ with a mem-
brane site which by an allosteric mechanism interferes with Na* transfer (see
Adelman and Palti, 1969). It has been demonstrated in this paper that condi-
tioning by hyperpolarizing prepulses of 100 msec or longer removes a sub-
stantial fraction of the attenuation of sodium conductance brought about by
high [K,]. Within this framework such a restoration process may result from
depletion of the [K,] in the Frankenhaeuser-Hodgkin space.

Such a mechanism would be the inverse of the K+ accumulation process
associated with excitation and described by Frankenhaeuser and Hodgkin
(1956). Indeed, by using the same model and the assumptions of Franken-
haeuser and Hodgkin (1956) the change in potassium concentration in the
Schwann space, [K,], during hyperpolarization can be calculated (see Ap-
pendix). Fig. 8 plots [K,] as a function of time during a hyperpolarizing
pulse of —120 mv. The figure illustrates that within 50-500 msec [K,] is re-
duced from 100 mm to about 30-60 mMm, depending on the permeability
values of the membrane and Schwann cell parameters chosen for the calcula-
tion. The calculated values of the time constants for [K,] changes are very
similar to the observed time dependency of the p process. The magnitudes of
the calculated (K,) changes are also in agreement with those predicted from
the experimental results shown in Fig. 5. In Fig. 5 the I, values obtained after
3 sec of hyperpolarization in 100 mum [K,] ASW are seen to correspond roughly
to I, values that would be obtained in an ASW solution containing about
40 mM K+ after 30 msec hyperpolarization. This finding indicates that the
restorative effect of long lasting (hundreds of milliseconds) hyperpolarizing
currents roughly corresponds to the effect of lowering [K,] by 60 mm. There-
fore, assuming that the values of the parameters chosen for the calculation
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(see Appendix) are correct, one can ascribe the sodium current restorative
effect to (K,) depletion by means of hyperpolarization.

The slow, K+-independent, restoration of sodium conductance brought
about by long duration hyperpolarizations (the ¢ process) may be related to
alterations in the sodium inactivation curve caused by changes in other ions
such as Ca*+ in the Schwann space.

It was suggested earlier in this paper that a second possible mechanism for
[K.,] effects on sodium conductance might involve slow changes in membrane
dipole orientations associated with the long term membrane depolarization
resulting directly from membrane exposure to increased [K,]. Ordinarily, on a
time average basis, a substantial fraction of the membrane dipoles (natural or
induced) presumably are oriented to some degree by the very high electric
field (10° v/cm) within the membrane (Goldman, 1964; Berg, 1968). Mem-
brane depolarization or hyperpolarization obviously alters this field and thus
varies the degree of dipole orientation. Such a transition of states is very rapid
(within microseconds). However, a fraction of the dipoles may reorient very
slowly as is the case with wax electrets (Eguchi, 1925; Berg, 1968), for
example. Such slow changes may give rise to the slow membrane conductance
changes associated with high [K,] and long duration conditioning potentials.
However, the fraction of slowly reorienting dipoles must be very small as no
significant changes in membrane capacity were observed upon increasing
[K,] from 10 to 100 mm (Palti and Adelman. J. Membrane Biol. Accepted for
publication.)

The third mechanism suggested for the [K,] effect on sodium currents con-
sidered the possibility that the effect was the direct result of changes in the
sodium reversal potential, Ex.. However, it has already been shown by
Adelman and Palti (1969) that the changes in Eya are small in high external
potassium (4 mv in 50 mm K ASW). Therefore, the changes in Ey, in high
[K.,] solutions can be responsible for only a small fraction of the observed
changes in Iy. amplitudes reported in this work.

The fourth possible mechanism mentioned above considered that in high
[K.] or during long duration potential conditioning the actual potential
difference across the axon membrane might not be equal to the potential
difference measured between microtip and reference electrodes. Changes in
the Gouy-Chapman double layer (Abramson, Moyer, and Gorin, 1964) or in
the resistance in series with the membrane (Hodgkin, Huxley, and Katz,
1952) could bring about such errors. If high [K,] produced lower actual po-
tential differences across the membrane than the values measured, obviously
one would need higher apparent membrane polarizations to obtain currents
of the same amplitude as in low [K,]. However, significant changes in the
double layer in high [K,] ASW solutions are highly unlikely, primarily be-
cause the ionic strength of all solutions used was kept reasonably constant.
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Changes to be expected in the series resistance in high [K,] or during long
duration conditioning pulses are also small. The resistance changes due to
ionic alteration in the space between axolemma and Schwann cells were
calculated to be considerably less than 19, of the total resistance in series with
the membrane.

The fifth and final mechanism considered to be responsible for the effects
of high [K,] or of long duration potential conditioning suggested that such
effects might be due to changes in electrode polarization and/or in electrode-
solution impedances. In the voltage-clamping system used in the experiments
reported in this paper, the current electrodes were completely separated,
electronically and geometrically, from the potential-measuring electrodes.
Therefore, it is unlikely that any polarization or impedance changes of the
current electrodes (resulting from the long duration pulses) could affect the
E.. electrodes. Thus, errors resulting from current-sensitive E. feedback con-
trol seem unlikely. In addition, there was never any indication of instability
of the clamp system during a test pulse following long duration conditioning.
Fig. 7 illustrates typical initial transient currents initiated by depolarizing test
pulses following a variety of short and long duration conditioning pulses (up
to 5 min). These currents show no signs of notching or oscillations and are
taken as evidence for voltage clamp stability (cf. Taylor, Moore, and Cole,
1960).

The currents associated with the slow buildup of electrode polarization at
the current electrodes can be considered as a pc bias. Since such processes
decay at the end of the prepulses with the same slow rates as those with which
they buildup, they cannot be expected to affect the values of the initial
transient currents associated with the depolarizing test pulses used to measure
I,

The slow changes in sodium conductance associated with high [K,] and
long duration conditioning potentials, as described above, may provide an
insight into the mechanisms underlying some slow or long duration bioelectric
phenomena such as long duration action potentials. In this example, the rate
of decline of the plateau of long duration action potentials obtained in per-
fused axons (Narahashi, 1963; Baker et al., 1964; Adelman et al., 1965) corre-
sponds roughly to the time course of the p process. Therefore, these phenomena
might be considered as resulting from slow changes in sodium conductance
corresponding to those described in this work.

APPENDIX

The effects of long duration hyperpolarizing, conditioning potentials on [K] in the
space between the axon membrane and the Schwann cells can be calculated with
the use of the Frankenhaeuser and Hodgkin model (1956). We will use their basic
assumptions (hypothesis 1): (¢) Diffusion of K* away from the axon is restricted by
a thin outer layer separated from the excitable membrane by an aqueous space most
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probably a few hundred A thick. (5) The potassium ion concentration (mole/cm?)
in this space, [K,], at any time depends on the initial steady-state concentration,
[K. ], and the integral, over time, of the K+ fluxes into and out of the space.

The increase or decrease, 8[K,], of K* concentration in the space from [K, ], re-
sulting from a difference between inflow and outflow of K* from the space, can be
calculated from:

dd[K.})/dt = (Mg,, — Mx,,)/0 (3)

where 0 is the space thickness (in cm), Mg,, and Mx,, are the net fluxes (mole cm™2-
sec™!) of K ions from the space into the axon and from the space through the outer
layer into the Schwann cells and external solution, respectively (flow into the space
and K+ accumulation in the space are taken as positive).

The net flux of ions driven by diffusion and electrical forces operating around the
axon membrane is given by (Hodgkin and Huxley, 1952 a):

Myg,, = Gx(E — Ex)/F (4)

where Gx is the axon membrane K+ conductivity in ohm™!, E is the potential dif-
ference across the axon membrane (v), Ex is the reversal potential of the potassium
current, and F = 96,500 coul/mole. Note that the apparent Gx is a function of
[Ko] (see equation 8). However, for a given [K,] and hyperpolarizing potentials,
n tends to zero so that potassium current is carried mainly through the leakage con-
ductance. Therefore, under these conditions, Gg is practically independent of time.

The diffusion of K ions from the space to the outer layer is given by (Franken-
haeuser and Hodgkin, 1956):

MK,, = "5[K:]'PK, (5)

where Py, is the outer layer K+ permeability in cm-sec™. If it is assumed that the
values of the resistances in series with the axon membrane are small as compared with
the membrane resistance then the potential difference between internal and external
current electrodes approaches E. Thus, the K+ flux carried to the space by an electric
current flowing from an external electrode is given by:

MK, = '—Gt‘E'tK/F (6)

where G, is the axon membrane conductance, and #x is the transport number of K+
in the solution used. Note again that G, is a function of [K,] and also that for hyper-
polarizing currents My, signifies an influx of K ions into the space.

As My, = Mx, + Mx,, from equations 3 through 6 we get:

8K, = f [Gk-(E — Ex) — G,-E-tx — 8[K,]-Pk,-F)/F-6]-dt (7)

The values of Gx , G., and Ex were experimentally determined as functions of [K,].
The conductances were evaluated by measuring the voltage clamp currents gener-
ated, upon step membrane hyperpolarizations, by axons placed in 230 mm Na ASW
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Ficure 8. Potassium ion concentration, mu/liter, in the space between the axolemma
and Schwann cell layer, [K,], calculated by means of a digital computer from equation
7 as a function of time after onset of a —120 mv hyperpolarizing pulse. Note [K,]
depletion which reaches a plateau level with time constants in the order of 50-250 msec.
A, [K,] values plotted as a function of space thickness, f. The value of nerve conductance
factor, f, used in the computation was 2.112. The outer layer K permeability, Pk,,
was 2.1075 cm sec™! for the upper plateau and 1.1075 cm sec™ for the lower plateau.
The lower plateau level illustrates the steady state [K,] obtained for any 8 with a smaller
Py, value. B, [K.] values as a function of outer layer K permeability, Pg,. § = 300 A
and f = 2.112. C, [K,] values plotted as a function of nerve conductance factor f (see
equation 8). 6 = 300 A, Px, = 1.1075 cm sec™®. D, [K,] values plotted as a function
of time for the four different initial [K,] used experimentally: 100 mm, 50 mm, 25 mm,
and 10 mM.

solutions containing from zeroto 200 mum [K]. The osmolarity of solutions containing
less than 200 mm [K] was maintained by adding proper amounts of Trist. The ex-
perimental relationship found between G, (and thus also Gx)' and [K,] was:

G, = 10-%(0.094 + 0.336 log [K,])f (8)

1For E = —120 mv, within a few milliseconds, G, can be considered equal to the membrane leak-
age conductance, Gy. Gx is then the fraction of G; carried by K ions as given by the [K]-dependent
term in equation 8.
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where 200.0 > [K,] > 5.0; f is a conductance factor (ohm™) specific to any axon
(the experimental values of f varied between 0.5 and 2). In solving equation 7, the
conductance values were varied in accord with equation 8 as [K,] varied with time.
The values of Px, taken were in the range 1 to 5.4-10~5% cm sec™ (see Frankenhaeuser
and Hodgkin, 1956) and the space thickness 100 to 2000 A. When these values were
used, the integral of equation 7 was numerically solved by the finite increment
method using an IBM 360/44 digital computer. As [K,] = [K,] — &[K.], from
solution of equation 7 one can easily determine the [K] in the Schwann space.

Fig. 8 A illustrates the change in [K,] as a function of time after the onset of a hy-
perpolarizing conditioning potential (£ = — 120 mv) for different values of Schwann
space thickness, 0. It may be seen that the calculated [K,] values decrease exponen-
tially to about 50% of the original values with time constants usually ranging be-
tween 40 and 250 msec, depending on the values of § and Pg, used. The wider the
space, the longer the time constant, 7. The steady-state value of [K,] is little affected,
however. The magnitude and the rate of decline of [K,] in a 300 A space are in
good agreement with the observed sodium conductance restoration (see Fig. 1).

Fig. 8 B plots [K,] as a function of conditioning pulse duration for different Pk,
values? (0.5-107% to 5.4-10~° cm-sec™) when § = 300 A. It is seen in Fig. 8 B that
when Pg, values are 1-2:107% cm-sec™ both the magnitude and rate of decline of
[K.] are again in agreement with the experimental values of sodium conductance
restoration.

Fig. 8 C plots [K,] during hyperpolarization as a function of the conductance
factor, f, which expresses the relative over-all level of axon conductance. When f > 1
the computed changes in [K,] correspond well with the sodium restoration process
during hyperpolarization.

Fig. 8 D, which plots the change of [K,] as a function of time for different initial
values of [K,], illustrates that the predicted change in [K,] is a direct function of
[K,] as is the restoration of experimental sodium conductance during hyperpolariza-
tion.
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