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SUMMARY

1. Squid giant axons internally perfused with CsF have their Na conductance
inactivated due to the low value of the resting potential. When hyperpolarized with
voltage clamp to normal values of resting potential, the Na conductance recovers
with an exponential time course. The time constant of recovery is of the order of
30 sec at a membrane potential of -70 mV and at 5 'C. The recovery from slow in-
activation has a Q10 of about 3.

2. The development of inactivation during depolarization is also slow. The time
constant varies between 10 and 20 see at 5 TC, depending upon the value of the
membrane potential.

3. Slow inactivation is also observed in NaF perfused axons and in intact axons
with a low resting potential.

4. Although internal perfusion with pronase (or a purified fraction of this enzy-
mic complex) blocks the fast (h) inactivation of the Na conductance, the slow
inactivation remains. The recovery is similar before and after the proteolytic treat-
ment. However, slow inactivation appears to develop faster after enzymic perfusion.

5. Slow inactivation develops without any apparent change in distributed or local
membrane surface charge.

6. The experiments suggest that slow inactivation is a general property of the Na
conductance as in many other conductance channels in excitable membranes. The
experiments can be interpreted by proposing that slow inactivation is a phenomenon
independent of fast inactivation, and that pronase somehow accelerates the onset of
slow inactivation.

7. An alternative model, in which slow inactivation is coupled to fast inactivation,
is proposed. This model is consistent with the results presented here and is very
similar to one proposed to explain the frequency response of the sodium currents in
Myxicola giant axons (Rudy, 1975, 1978).

INTRODUCTION

During depolarization of a nerve membrane the voltage dependent Na conductance
behaves differently from the voltage dependent K conductance. While theK conduct-
ance is maintained at a constant level during a depolarization of several milliseconds,
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the increase in Na conductance is transient. The process by which Na conductance
decays to a very low value is known as inactivation. The inactivation process is
partly responsible for the decline of the action potential and for the refractory period
(Hodgkin & Huxley, 1952a, b).
Ehrenstein & Gilbert (1966) have shown that the K conductance in squid giant

axons also decreases if the depolarization is maintained for very long periods of time
(several seconds). This slow decay is known as 'slow inactivation.' Other voltage-
dependent conductances in excitable tissues also exhibit slow inactivation (Baker,
Meves & Ridgway, 1973; Baker & Rink, 1975; Beeler & Reuter, 1970; Weight &
Vatava, 1970; Standen, 1974; Nakajima, Iwasaki & Obata, 1962; Luttgau, 1960;
Schwarz & Vogel, 1971). Slow inactivation of the Na conductance has also been
demonstrated by Chandler & Meves (1970b) in squid axons internally perfused with
NaF. It is not clear, however, whether the phenomenon was induced by the perfusate
or whether it is a normal property of the membrane. Armstrong & Bezanilla (1974)
have reported the presence of a slow inactivation of the Na conductance in squid
giant axons, but the characteristics of such inactivation were not studied. Therefore
it is not possible to compare the observations of Armstrong & Bezanilla with those
reported by Chandler & Meves or those described by Ehrenstein & Gilbert.
The purpose of this work is to explore further the characteristics of the slow inacti-

vation in squid giant axons. In particular, we study the effect of internal perfusion
with pronase, which is known to block fast inactivation (Armstrong, Bezanilla &
Rojas, 1973). We examine the possibility that slow inactivation is produced by a
change in membrane surface charge due to phospholipid transmembrane movements.

METHODS
Material

Giant axons with diameters between 600 and 1000 psm were dissected from the hindmost stellar
nerve in mantles of Loligo forbeei and occasionally, Loligo vulgari8. Most of the experiments were
done with mantles obtained from freshly killed squid, but some were performed with refrigerated
mantles. The axons were cleaned of surrounding small fibres.

Experimental procedure
Most of the axons were perfused intracellularly by a modification of the Tasaki technique

(Tasaki, Watanabe & Takenaka, 1962), as described by Rojas & Ehrenstein (1965). The chamber
arrangement, including temperature measurement and control, was similar to that described by
Armstrong et al. (1973) and by Rojas, Taylor, Atwater & Bezanilla (1969). The 'piggyback'
assembly described by Chandler & Meves (1965) was used as an internal current-supplying and
potential-recording electrode. For intact axons the same procedure was used, except for the
perfusion procedures. Both the external and the internal solutions were perfused continuously
throughout the experiment. Solutions could be changed during perfusion.

Proteolytic treatment
For the experiments presented in section 7 of Results the proteolytic enzymes were always

internally perfused. The 1974-75 experiments were done with purified alkaline proteinase b
prepared by a modification of the procedure reported by Narahashi (1970) (see Rojas & Rudy,
1976). The 1975-76 experiments were done with pronase that had been dialysed for 48 hr against
perfusion solution containing 10 mM-EGTA. After dialysis only three enzymatic activities
remain (out of eleven present in the mixture), one of which is the alkaline proteinase b. Before
use, the solution is diluted 10 times, so that the concentration of EGTA in the perfusate is only
1 mm, and the total concentration of protein 0-5 mg/ml. This solution must be 'used shortly
after preparation, since the alkaline proteinase b is unstable at pH above 5.
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SLOW INACTIVATION OF THE Na CONDUCTANCE

Voltage clamp

The point control system for voltage clamping developed by Moore & Cole (1963) was used to
control the membrane potential. Current measurement, current supply and voltage measurement
across the membrane employed the electrode arrangement described by Keynes & Rojas (1974).
Compensatedfeed-backwasused. In general, 65-70% ofthe series resistance couldbe compensated.
Junction potentials between the electrodes or imbalance between the external and internal

potential recording amplifiers were corrected at the beginning of each experiment by placing
the internal electrode in the external solution and subtracting any difference at the difference
amplifier. Drifts were checked at the end of each experiment by the same procedure; none
greater than 5 mV occurred in the experiments presented in this paper, and are therefore neg-
lected. The values of membrane potential reported throughout the paper were corrected for
junction potentials between external and internal solutions. The pulse timing was controlled by
a Digitimer Type 3290. Membrane potential and current were measured with a Tektronix 502-A
oscilloscope, and records were stored on film.
When explicitly mentioned in the text, Na currents were corrected by subtracting leak current.

Leak currents were obtained by (1) repeating the pulse sequence used during the experiment in
the presence of 300 nM-tetrodotoxin (TTX), or (2) from values obtained from hyperpolarizing
pulses, assuming that the voltage dependence of the leak current is linear.

Potentials are referred to the external solution as ground, so that the resting potential is
negative. Potential changes in the positive direction are referred to as depolarizations; negative
changes are referred to as hyperpolarizations. Inward currents are shown as downward
deflexions upward deflexions represent outward currents.

Solution8

The compositions of the solutions used are given in Table 1. All were prepared with distilled
water and stored at 4 'C.

TABLE 1. Composition of solutions

A, Internal F solutions (m-mole 1.-i)
NaF CsF Tris-Cl Sucrose pH

HighCs - 550 5 10 7.3
Low Cs 350 5 400 7-3
Na 350 5 400 7-3

B, External Cl solutions (m-mole 1.-i)
K Na Ca Mg Tris-Cl pH

K free
ASW 430 10 50 10 7-2-7*5

In addition, enzymes or inhibitors were added to the corresponding solution. Na permeability
was inhibited with 300 nM-TTX in the bathing solution.

RESULTS
1. Na current in C8 perfused axons
Before the main results are presented, it may be useful to outline the most important

features of a voltage-clamped Cs perfused axon. A detailed description can be found
in Chandler & Meves (1965, 1970a) and in Adelman & Senft (1966).
When a squid giant axon is perfused with Cs, the resting potential decays from its

initial value of about -70 mV to a very low value, between -15 and 0 mV in my
experiments. The rate of decay of the resting potential can be varied by changing
the rate of perfusion. After several minutes, at standard rates, the resting potential

1-2
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has reached its low value, and the membrane remains in a depolarized state. If the
membrane potential is restored by voltage clamp to normal values (holding potential,
VH) and depolarizing pulses are then applied to the membrane (Ip), inward Na
currents can be recorded. Except for a small effect on the Na inactivation, character-
ized by the presence of a small fraction of inward current that does not inactivate
during a pulse of standard length (several milliseconds), the inward Na currents are
similar to those recorded in an intact axon or in an axon perfused with K. Since Cs
is partly permeable through the Na conductance pathway (Na channel), small out-
ward Cs currents are observed. These are similar to the early outward K currents
(through the Na channel) in a K perfused axon. The early outward current can be
increased by adding Na to the perfusate. The Na channel is probably not greatly
altered in a Cs perfused axon. Cs is impermeant through the late K channel, so
late outward currents are absent in a Cs perfused axon.

2. Slow inactivation of the Na conductance in CsF perfumed axons
The work presented here originated in the observation shown in Fig. 1 A. In this

experiment, a CsF internally perfused axon was clamped at a membrane potential of
- 73 mV from a resting potential of - 8 mV; 5 see later, depolarizing pulses of 93 mV
were applied to the membrane at 5 see intervals. The recorded Na currents increase
from a low initial value for the first depolarization to a steady value as the pulse is
repeated several times. There is no apparent change in the time course of the Na
currents.
In some records it appears that the time required for the inward current to peak becomes

progressively greater as slow inactivation is removed. The effect is small and varies from one
axon to another depending on the current density; it is therefore very probably related to un-
compensated series resistance.

The final record in the series (Fig. 1 A) is the same as that obtained when the same
axon had been under clamp for 15 min and is then pulsed to the same depolarization.
This means that the final value obtained in the series shown in Fig. 1A corresponds
to a steady value for that axon when the membrane was hyperpolarized for a suffi-
ciently long time. In fact, the series of Fig. 1 A can be repeated several times with
identical results by switching off the voltage clamp and allowing the membrane to sit
at its resting potential for a few minutes and then hyperpolarizing again. Fig. 1B
compares the recovery of the peak Na current obtained from the experiment shown
in Fig. 1 A (filled symbols) with that obtained from another experiment. In the second
experiment, the length of the interval at the hyperpolarizing VH was increased, and
the Na current was tested at the end of this interval with a single depolarizing test
pulse. Only small differences are observed, supporting the hypothesis that the increase
in the magnitude of the sodium currents observed in Fig. 1A is produced by the
increase in the length of time that the membrane spends at VH.

In another experiment, the time at resting potential was varied, and we recorded
the currents produced by a depolarizing pulse at a fixed time after a -73 mV holding
pulse. The magnitude of the current decreased with increased time at the depolarized
resting potential. This indicates that the inhibition of the currents is induced by the
depolarized resting potential. Also, in two experiments the membrane was clamped
at -10 mV for 2 min; then the membrane potential was changed to -70 mV, and
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Fig. 1. A, current growth with subsequent pulses at intervals of 5 sec. The membrane
was held at resting potential (-8 mV) for several minutes and then clamped to a VE of
-73 mV. 5 sec later, pulses which took the membrane potential to + 20 mV were

applied at 5 see intervals. Temp. 5 'C. B, recovery from slow inactivation. Ordinates:
ratio of peak current for the pulse n, t see after the clamp had been started (Ij), over the
final value ... Abscissa: time in sec. Filled symbols obtained from the experiment in
Fig. 1A. Open symbols obtained in the same axon as explained in the text. Currents
corrected for leakage. C, semilogarithmic plot of the recovery from the filled symbols
in Fig. 1B. Ordinates: steady peak current (I.o) minus current for pulse n, t sec after
starting the clamp (It). Abscissa: time in sec.
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the current produced by a 100 mV depolarizing pulse was recorded. In these two
experiments we observed the same current inhibition.
The phenomenon just described has, therefore, the characteristics of slow inacti-

vation. It is induced by a long-lasting depolarization and recovers after a long-last-
ing hyperpolarization.
The following results suggest that the slow inactivation is a general property of

squid giant axons, whether perfused or not. (A) It usually takes several minutes
between the initiation of the perfusion with CsF and the drop in the resting potential.
The phenomenon described in Fig. 1 was checked during this period. There is no
appreciable inactivation until the resting potential depolarizes beyond -40 mV.
(B) The phenomenon (Fig. 1) is also observed in intact axons with low values
of resting potential. (C) The phenomenon was not observed in KF perfused axons
with high resting potentials, or in mixtures ofKF and Na or CsF that produce resting
potentials below -60 mV.
The phenomenon can be observed under very different conditions, provided only

that the resting potential is low. This suggests that the process might be a normal
property of the Na channel. Also in support is the possibility that slow inactivation
could explain adaptation of firing rate with time as proposed later in the Discussion.

3. Recovery from slow inactivation
Preliminary experiments indicated that slow inactivation developed completely

after a 2 min depolarization. In the following experiments, 3 min depolarizations were
used. Thus we were certain that we were measuring recovery from a condition of full
steady-state inactivation.
We obtained the time course of recovery from experiments such as the one illus-

trated in Fig. 1 A. The difference between the steady value of the peak current (I.)
and the value at any time (It) after the clamp had started, plotted against time, shows
that recovery follows an exponential time course. This is illustrated in Fig. 1 C. The
points do not seem to diverge significantly from a straight line. Assuming slow inacti-
vation recovers with a single exponential time course we can estimate a time constant
for recovery. For the experiment in Fig. 1, the time constant was 28 sec, measured
at a VHq of -73 mV and a temperature of 5 'C. The recovery was tested in the same
way for VH between - 100 and -60 mV. In one experiment, at 5 TC, the time constants
obtained were: 11 sec at - 100, 18 sec at -83 and 31 sec at - 63 mV.
The first point in Fig. 1C is clearly off the straight line. Fox (1976) reported two time constants

for slow inactivation in the frog node of Ranvier. It was therefore of interest to explore in more
detail the early part of the time course of slow inactivation. Experiments in which points were
obtained at 2 or 3/sec were used. The problem was explored in a total of five experiments. In
three of these a single exponential was a good fit; in the rest, the early points were off the single
exponential straight line for a semilogarithmic plot. The dala could be fitted well by the function
erf Vt/r. A good fit is also provided by the sum of two exponential. It is clear that very precise
data, particularly at earlier times, are required to obtain the time course of slow inactivation
with precision. This seems worthwhile. Since slow inactivation is so much slower than other
channel transitions it is reasonable to assume that the time course of the process reflects in a
more direct fashion the molecular transitions responsible for it, independent of, for example,
the transitions from closed to open states. Neumcke, Fox, Drouin & Schwarz (1976) have
developed an electrodiffusion model to explain slow inactivation. The model derived predicts
an erf (error function) of ,Vt/r for the time course of slow inactivation. These authors also
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demonstrated that the non-exponential time course of slow inactivation could be fitted by such a
function.
A model for inactivation of the monazomycin-induced conductance in black lipid films has

been proposed by Heyer, Mueller & Finkelstein (1976). Such a model applied to slow inactivation
would be consistent with an electrodiffusion process, in which the channel (or parts of it) moved
to the opposite side of the membrane from the one in which they are located at rest, if the
axon is depolarized for a long time. The return of these inactivated portions of the channel
could correspond to the 'reversed gating currents' observed by Keynes, Rojas & Rudy (1974).
This model could also explain why Zn, when internally applied to the squid giant axon, blocks
the Na and the Na-gating currents, but not the reversed gating currents (Meves, 1976).

4. Time course of onset of sloW inactivation
The onset of slow inactivation was studied by letting the membrane depolarize at

its resting potential for different lengths of time. After this period the axon was
clamped at a potential between -70 and -80 mV. Five sec later, a depolarizing
pulse was applied and the peak Na current recorded. The time course of onset of slow
inactivation was obtained from plots of the peak Na current against the duration of
the initial depolarization. This could be fitted to a single exponential; the time con-
stant varied between 10 and 20 sec, depending on the resting potential, at 5-7 'C.

Fig. 3 collects various values for the time constants both for recovery and onset of
slow inactivation.

5. Temperature dependence of the slow inactivation
The effect of temperature on the slow inactivation was tested in three axons with

an experiment similar to that shown in Fig. 1 A and following the treatment of the
data shown in Fig. 1C. Two of the axons were perfused with CsF and one with NaF.
The main effect of temperature was to change the time constant of the recovery

process, without any appreciable effect on either the time course or on the value of
the ratio of peak current at 0 time to steady peak value. The temperature coefficient
of the rate constant is positive. The Q10 was estimated over a temperature range of
4-13 0C. In three experiments in which it was determined, the Q10 was: 3 3, 3-5
and 2-9.

6. Steady and time-dependent characteristics of the slow inactivation. Comparison with
the slow inactivation observed by Chandler & Meves (1970b) on NaF perfumed axons
The currents recorded in a Na perfused axon show similar features to those

recorded in a Cs perfused axon (Chandler & Meves, 1965, 1970a). Late outward
current through the K conductance channel is absent, and there is a maintained
component in the early current; thus the fast inactivation is incomplete. The main-
tained component of the early current is larger in a NaF perfumed axon than in a CsF
perfused axon. Most of the quantitative studies on slow inactivation reported by
Chandler & Meves (1970b) were done on the maintained component. However, they
showed that the inactivating component ofthe current had a similar slow inactivation.
Chandler & Meves induced slow inactivation by applying long depolarizing pulses and found

that the fibres deteriorated rapidly. I had the same experience; therefore most of the quantitative
studies were done by leaving the fibre depolarized at its own resting potential. This increased
the survival of the axon, allowing several measurements to be done on a single fibre. Even under
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these circumstances, the axon did not last as long as a perfused axon maintained under clamp.
Therefore, the values reported here were collected from several fibres. This may be responsible
for some of the scatter. Measurements in a few axons gave quantitative values similar to those
reported by Chandler & Meves (1970 b). Since these are difficult measurements, only a few points
were taken at the beginning of experiments dedicated to exploring other problems.
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Fig. 2. Voltage dependence of the steady value of slow inactivation. Open symbols:
values obtained from experiments like that illustrated in Fig. 1 clamping from various
resting potentials. Several axons from 74-75 and 75-76 series perfused with either
high or low CsF. Filled symbols: experimental values from Chandler & Meves (1970b).
For the open symbols: ordinates: Io/1I =88.. 1 was obtained from the extrapolated
value obtained in a semilogarithmic trace of the type illustrated in Fig. 1 C. Abscissa:
resting potential in mV. Curve fitted to the equation

1

800 =o {-( V))
=lexp ( kV-g)

kg = 13-5 mV
V = - 33-2 mV (potential at which 8, = 0.5)

One of the quantitative measurements of interest is the voltage dependence of the
steady value of inactivation. For the fast inactivation Hodgkin & Huxley (1952b)
introduced the variable h, with (1-h) being the fraction of Na conductance pathways
that are inactivated. Similarly, Chandler & Meves (1970b) used s for the slow inacti-
vation variable; in this paper I will use the same convention.

Fig. 2 contains the values of s.o (steady value of slow inactivation, I0/10) at different
membrane potentials. Open symbols are my own experimental measurements, and
filled symbols are Chandler & Meves' experimental values. My own values were
obtained as follows. The membrane was left at its resting potential for 3 min, then
clamped to -83 mV and pulsed at a rate of once every 3 sec, starting 3 sec after the
membrane had been clamped, until full recovery was obtained. After correcting for
leakage, the values of I,,,-It were then plotted against time on semilogarithmic paper
and the straight line extrapolated to zero time. This value was considered as Io. The
points were collected from various experiments at different resting potentials. I. is,
as before, the peak Na current after full recovery.
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Fig. 2 shows that the few points obtained correspond rather well with those of
Chandler & Meves.

Fig. 3 is a comparison of the time constants of development and recovery of slow
inactivation; my own values were obtained as described earlier. Chandler & Meves'
values are the inverse of their rate constants. Since in their experiments these were

A

^sec

30

Ts

20

A

VH

Fig. 3. Voltage dependence of the time constants of slow inactivation. Filled symbols:
values from Chandler & Meves (1970 b). Open symbols: points to the left of -50 mV
represent time constant of recovery obtained from experiments of the type illustrated
in Fig. IA as obtained in Fig. 1C; different holding potentials ( VH). Points to the right,
time constants for the onset of slow inactivation, at various resting potentials (VR).
Line fitted to the equation

1
r=

Ot.+ A8
where

f8l = 0l 125 exp (0*03WV),
as==0-000016 exp (-0-097V).

The equation for a. and fi, were obtained by fitting values obtained from:
Gas= 8X/7x,

obtained at 16-16-5 0C, the values were calculated for a temperature of 5 TC assuming
a QLO of 3. Again the correspondence with values obtained in different experimental
conditions is striking.
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7. Pronase resistance of the 8low inactivation
Rojas & Armstrong (1971) reported that perfusion of squid giant axons with the

proteolytic enzyme mixture pronase blocked the fast inactivation of the Na conduc-
tance (see also Armstrong, Bezanilla & Rojas, 1973). The Na currents are maintained
during a normal depolarizing pulse. Later Rojas and Rudy (1976) demonstrated that
one of the fractions of the mixture, alkaline proteinase b, was capable of producing

A 8
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1-25 mA | 0-625 mA
cm21 cm2

1 msec 2 msec

Fig. 4. Na currents after partial treatment with alkaline proteinase b. Expt. 13-D-74 II
(74-75 series). A, superimposed membrane currents from a high Cs perfused axon.
VH = -70 mV. Membrane potential during the pulse shown in the Figure. Currents
obtained after 10 min perfusion with alkaline proteinase b, followed by 5 mirn perfusion
with high Cs solution. B, double pulse experiment. Two pulses were applied to the mem-
brane. Same axon as A. Both pulses, separated by 500 pssec, depolarized the membrane
froma V. of-70 to +20 mV.

the effect by itself. Alkaline proteinase b was found to be much less damaging to the
axons than pronase. Detailed quantitative studies were made on the behaviour of the
Na conductance under such conditions showing that, except for the complete absence
of fast inactivation and a variable decrease in the value of the maximum Na conduct-
ance, the Na conductance pathway behaves identically before and after the treatment.

Fig. 4A illustrates the effect of partial treatment with alkaline proteinase b on the
Na currents recorded in a CsF perfused axon. At all the membrane potentials tested,
the current rises to a peak value and decays to a level which is maintained during the
depolarization. Fig. 4B shows that the partial block ofinactivation can also be demon-
strated with a double pulse experiment. A prepulse does not affect the maintained
Na currents in a subsequent test pulse.

In the experiment illustrated in Fig. 5, slow inactivation was tested as in Fig. 1 A,
before and after the axon had been perfused with alkaline proteinase b. It is apparent
that maintained Na currents, in which the fast inactivation is blocked, do exhibit
slow inactivation.
The recovery from slow inactivation appears to follow the same time course both

before and after the application of pronase. This is illustrated in Figs. 5 and 6. In the
case of the experiment illustrated in Fig. 6, when the perfusion with dialysed pronase
was stopped before full inactivation blockage had been reached, the current consists
of an inactivating and a maintained component. The same experiment as that of

10



SLOTT INACTIVATION OF THE Na CONDUCTANCE
Figs. 1 and 5 was repeated under these conditions. The figure demonstrates that
both the peak and the steady component recover together. The plot that accompanies
the experimental records shows that the SW and the recovery are similar for both
components.

In other experiments, the same result was obtained if the recovery was compared,
before and after full proteolytic treatment, at a VH of - 100, - 80, and -70 mV
(see Table 2).
The onset of slow inactivation after pronase was studied as described before for the
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Fig. 5. Slow inactivation in the presence and absence of fast inactivation. Expt. 29-J-75
II (74-75 series). A, before enzymic treatment. The membrane was held at its resting
potential (- 8 mV) for three minutes and then clamped to -73 mV. Records obtained
with pulses to + 20 mV repeated at a frequency of 2 sec-. First pulse obtained 4 see
after the clamp was started. Temp. 8 'C. B, same experiment as in A, obtained after
enzymatic treatment, and at 2 sec-. First pulse 2 see after hyperpolarizing. Temp. 8 'C.
C, recovery from slow inactivation before and after pronase. The ratio of the peak
sodium current for the pulse n, t see after the clamp had been started (It), over the final
value IOD is plotted against time in sec. Currents corrected for leak. Filled symbols before
pronase, open symbols after pronase. Time constants of recovery were calculated from
semilogarithmic plots as 14-4 see before pronase and 12-7 sec after pronase.



normal case. The results indicated that slow inactivation appeared to develop about
twice as fast in the pronase treated axon than in the same axon before the treatment.
This is best illustrated by the experiment shown in Fig. 7. This corresponds to the
same experiment described earlier in reference to Fig. 6. Since both components are

I
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015mA
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1 msec

1 0

/t 0-5
/CO

0

B

0 30 60 90
Time (sec)

Fig. 6. Recovery from slow inactivation after pronase in a partially treated axon.
Expt. 10-0-75 III (75-76 series). Low Cs perfused axon. A, the membrane was de-
polarized at resting potential (-5 mV) for 2 min and then clamped to -70 mV. Pulses
to + 30 mV applied at 3 sec intervals. Temp. 5-6 'C. B, It/Icc for the value of current at
the peak (filled circles) and at the end of the pulse (open circles). Currents corrected for
leakage.
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present (maintained and rapidly inactivating) they can be compared directly. It is
shown in the figure that indeed the slow inactivation develops faster for the maintained
component, the rate constant being about 2-5 times larger for this component than
for the rapidly inactivating component. Similar differences are observed if the com-
parison is made before and after full proteolytic treatment (Table 2).

TABLE 2. Rates of slow inactivation before and after proteolytic treatment*

I Time constants of onset
(Sec)

Membrane , Temperature
Experiment potential (mV) Before After (0C)
9-0-75 I - 10 22-09 10-82 5
6-0-75 I -15 20-12 8-0 5

0 14-1 7*0 5

II Time constants of recovery
29-J-75 III -80 16-74 13-5 8.5
10-0-75 III -70 23-81 18-5 8
9-0-75 III -70 20*5 21-6 9

- 100 12-0 10-6 8
29-J-75 II -73 21-65 19*5 8

- 83 15-0 13*2 8

* In the experiments reported in the Table the measurements after proteolytic treatment refer
to axons in which the inactivation had been fully removed. So in these cases, maintained sodium
current was considered in obtaining the time constants. Peak Na currents were used for
measurements before proteolytic treatment.

Current dependent processes (electrode polarization or ion accumulation) could
affect this measurement. However, similar differences in the development of slow
inactivation were found in several axons with rather different current densities.
In one of the axons in which this difference had been recorded, the rate of onset
of slow inactivation after pronase was checked for two different current densities
by adding a small amount of TTX to the axon. The rate was the same as before the
addition of TTX.

8. Slow inactivation is not the result of a change in surface charge
The long term changes in transmembrane potential that produce slow inactivation

could result in changes in the membrane surface charge by, for example, a phospho-
lipid flip-flop mechanism (McNammee & McConnell, 1973; McLaughlin & Harari,
1974). A long term depolarization could produce an increase in the negative charge
density of the internal surface of the membrane, and, since the parameters which
control the Na conductance are voltage dependent (Hodgkin & Huxley, 1952b) and
they are affected by changes in surface potential (Chandler, Hodgkin & Meves, 1965),
such a change in surface charge could be the cause of slow inactivation.

If such a change in charge density had ocurred during the time that the axon is
depolarized to produce slow inactivation, the voltage-dependent parameters
controlling the sodium permeability would shift to more positive potentials. However,
no indication of a shift was observed.
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There are some qualitative predictions of the previous hypothesis which are not
met by experimental results.
The hypothesis could be specified as follows: during a long depolarization, the

surface charge changes to a final value which depends on the value of the trans-
membrane potential; when the membrane is repolarized the surface charge relaxes to
its original value. The time constants of those processes should somehow be propor-
tional to the rates of development and recovery of slow inactivation. During the

A
60 39 sec
918

0*10

0-5
mA

1msec

001 _ L I
0 9 18 27 36 45

Time (sec)

Fig. 7. Development of slow inactivation before and after pronase. A, the top four
traces represent the Na current recorded for a pulse to + 20 mV, applied 3 see after
clamping to -70 mV from a resting potential of -5 mV. The values on the right
indicate the time in see that the membrane was held at rest before being clamped. I,
is the current recorded for the same pulse after being held 3 min at -70 mV. Expt.
10-0-75 III (75-76 series). Low Cs perfused axon. B, semilogarithmic plot of 1/I1.
against time under depolarization at rest for the records shown in A. I1 peak current
(filled symbols) or maintained current (open symbols) for the pulse at t sec. 4, peak or
maintained current for the 4, trace in A.

recovery period the surface charge is changing continuously, and since not only the
magnitude but also the time course of the Na currents depends on potential, the time
course of the recorded Na currents will be changing during the recovery period. This
is not observed in any of the records shown earlier. Fig. 8 I shows recovering Na
currents obtained at different potentials for the test pulse and therefore different time
courses. In no case is such a change observed. The expected change can be estimated
from the conductance voltage relationship for that particular axon, which is shown
in Fig. 8 II.

In the experiment shown in Fig. 8 the long lasting depolarization was to -4 mV.
At this potential the Na conductance is almost 90 % in slow inactivated state. The
shift in surface charge would have to be such that when a depolarizing test pulse is
applied, the actual membrane potential is below -40 mV, so the Na conductance
will be activated less than 10 %. Since the magnitude of the shift depends on the
value of the potential during the long lasting depolarization, it ought to be the same
for all the cases shown in Fig. 8 (-4 mV). The minimum shift is defined by the
experiment with the highest test pulse, that is to + 30 mV (Fig. 8 IE); hence it must

B. RUDY14
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Fig. 8. I, recovery from slow inactivation for various test potentials. Expt. 2-0-75 I
(75-76 series). V. = -70 mV. Temp. 4 'C. Axon perfused with low Cs and bathed in
K-free ASW. The axon was depolarized each time for 2 min at resting potential
(-4 mV), then clamped to and test pulses applied at a frequency of 3 sec-1. Potential
during pulse: A, -20; B, -10; C, 0; D, +10; E, +30 mV. Scales: vertical: 10
mA/cm6; horizontal: 1 msec. Records after correction for leakage.

II, voltage dependence of the peak Na conductance for the same axon. The Na
conductance was calculated from the equation

g9q = IN./(( Vs.N)
III, superimposed Na currents for depolarizations to the values indicated in the

Figure. Same axon as in I. VH = -70 mV. Temp. 4 'C.
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TABiE 3. Recovery of slow inactivation at various test potentials

Records
(Fig.8)

A
B
C

D
E

Im

-20
-10

0

10
30

A

-50

Il/Ioo3

0-25
0*25
0-27
0*32
0*27

mV

,r (see)
20'79
25*98
20*79
22*50

50

mA. cm-2
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I I

Tm
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f-0-25

-60 -40 -20 0 20 40
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Fig. 9. A, peak Na current-voltage curve during and at the end of recovery from slow
inactivation. Same experiment as that illustrated in Fig. 8. Squares are the peak Na
current at 15 see after the start of recovery. Circles are the points obtained when full
recovery was reached. B, time constant of activation of the Na conductance (tm) during
and at the end ofrecovery from slow inactivation. rTm was calculated by the method used
by Hodgkin & Huxley (1952 b). Filled symbols are the time constant for the Na currents
at full recovery and open symbols those obtained at 15 see after the start of the recovery
period.
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be of at least 70 mV. The series of sodium currents shown in Fig. 8 III illustrates
just how much the time course of the Na currents ought to change if the membrane
potential changes from any value below - 40 mV toward any of the values of the
test potentials used in the experiments in Fig. 8. The change is considerable.
A more quantitative analysis is shown in Fig. 9. This demonstrates that there is no

change in surface charge sensed by the Na conductance during the periods of time
relevant for slow inactivation. The Figure illustrates the peak Na currents vs. voltage
curve and the relaxation time vs. voltage curve obtained at the time of full recovery
and one obtained after only 15 see of recovery. There is no evidence for a shift.

Ehrenstein, Gilbert & Lipicky (1975) were unable to see a shift in membrane
potential sensed by the K conductance even with 30 min depolarizations.

It is possible, however, that the change in surface charge is not homogeneous all
over the membrane surface, but localized near the Na channels. The behaviour is 'all
or none'. Na channels with such transition do not open at all due to the localized shift
in surface charge, but the ones that open, and hence are responsible for the measured
current, behave normally. If this were the case, one would predict that as the clamp
imposed membrane potential is increased, one would overcome the shift in surface
charge. Hence the /1. values would increase as the test depolarization is increased;
where I, is the magnitude of the peak currents in the first pulse of each series, and Jlo,
as before, the steady value for each series. Table 3 contains the values of I/I11.. deter-
mined from the experiment illustrated in Fig. 8. There is not a consistent increase in

as the test potential is increased. Of course, it is still possible that the localized
shift is larger than the potentials imposed in the last experiment.

DISCUSSION

Kinetic schemes for slow inactivation
To my knowledge, every excitable tissue whose slow behaviour has been studied

exhibits slow inactivation. It thus seems that slow inactivation is a general property
of excitable channels. It could be proposed that it is an inherent property of these
molecules. This contrasts with the apparent specificity of the sodium fast inactivation
(h), which, although probably not exclusive of the Na channel, seems to be present
in fewer systems. The results presented here suggest that, in the case of the Na
channel, at least~two distinct inactivation states exist.

Since recovery from slow inactivation is similar, at various potentials, before or
after the proteolytic treatment, it is fair to propose that the same state (s) is reached
in both conditions. The faster development of s after proteolysis could be related to
a direct effect of the enzymatic treatment or to the absence of fast inactivation (h).
The fact that similar differences in the rates of development of s are found when
maintained and peak currents are compared in NaF perfused axons (Chandler &
Meves, 1970b) suggests that the faster development of s is related to the absence of
h. The maintained component of the Na currents in those axons represents a fraction
of the sodium which does not inactivate (fast inactivation).

It could be argued that the faster development of s is only apparent and that the
inactivation measured is h slowed down by pronase; again the similarities between
the enzymatic results and those of Chandler & Meves (1970b) support the notion that
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the effect is real. It seems unlikely that fast inactivation will be equally slowed down
by both treatments.

I propose the following kinetic scheme which accommodates both the results
presented here and those of Chandler & Meves (1970b).

c a p owlh± If Y=f (V)
a-1/L,«l-<< a-,

S

The channel undergoes transitions over four main states: closed (c), open (o), h (fast
inactivated), and s (slow inactivated). The forward rate constants dominate during
a depolarization, while the backward rate constants dominate during hyperpolariza-
tion. The s state can be reached either from the o or from the h state. ft is, in squid,
about 2 5 y, and ft/ac + ft= 1 x 10-2; thus under normal conditions in a short depolariz-
ation most of the channels enter the h rather than the 8 state from the open state. The
extremely small number of channels which enter s from the open state only becomes
apparent after long and repetitive stimulations, thus explaining the adaptation in the
firing rate with time. However, if the o --> h reaction is blocked either by proteolysis
or by NaF, slow inactivation proceeds from the open state and its rate is 2-5 times
faster than if it was reached from h.

Further support for the model proposed comes from studies of slow inactivation in
Myxicola (Rudy, 1975, 1978, in preparation). In this preparation, during a short
depolarization (less than 10 msec) 15 % of the Na channels enter an inactivated
state from which recovery is slow. A state with similar recovery rates is reached
by almost 100 % of the channels if the axon is depolarized for 1 or 2 min. The model
proposed above can be applied to Myxicola except that ft/a + ft = - 0- 15 and ft is
much larger than y. According to this model, the main difference between Myxicola
and squid is in the rate constant ft.

C. M. Armstrong & F. Bezanilla (personal communication) have demonstrated that
most of the voltage dependence of the fast inactivation process can be explained if it
is proposed that the open-to-fast inactivated rates are not voltage-dependent, but
that the voltage dependence of the process is due to the variations with potential in
the availability of various open states. Although in the model proposed here, slow
inactivation is also coupled to the open states of the channel, it seems necessary to
propose that the changes toward the slow inactivated state are voltage-dependent
themselves. Differences in the order of seconds are observed in the time constants for
the onset of slow inactivation at different potentials. This is much too slow compared
to the rates of the previous processes.

Comparison with other reports on slow inactivation
As mentioned earlier, the phenomenon of slow inactivation seems to be a general

property of voltage-dependent channels. Reports on slow inactivation of the sodium
conductance in three different species are compared in Table 4.
There is good agreement, both in steady-state parameters as well as in the rates,

between reports on squid giant axon, the node of Ranvier in frog nerve, and the
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SLOW INACTIVATION OF THE Na CONDUCTANCE 1
Myxicola giant axon. In the three species, the Na conductance enters a slow inacti-
vated state with a rate on the order of tens of seconds.
An inactivated state with rates intermediate between the one considered here and

the fast h inactivation has been described in the Na system in squid giant axons
(Adelman & Palti, 1969a, b). A similar state has been described in the K system by
Schwarz & Vogel (1971) in frog nerve. In both cases the slower inactivated state was
observed. It will be interesting to test the effect of pronase on this intermediate state
to establish its possible relation to the faster and to the slower inactivated states.

TABLE 4. Slow inactivation of the Na conductance in squid, Myxicola and frog

ke(2) VOV'2) Temp.(3)
Preparation Time constant(') (mV) (mV) (OC) Reference

Squid 20-100 see - 5-7 Adelman & Palti (1969b)
10-30 sec 14 -35 5-7 Chandler & Meves (1970b)
10-40 sece(4 13.5 - 33.2 5 This paper

Myxicola 10-20 see 20 - 30 5-7 Rudy (1978, in preparation)
10 see - -40 5 Schauf et al. (1976)

Frog node 200 sec5) 1157 -50 -7 Fox (1976)
of ranvier 80 eec 20

(1) Approximate values at a membrane potential around -80 mV.
(2) See legend to Fig. 2.
(3) A Q10 of 3 was used to normalize values.
(4) A second time constant, in the range of 2 see was obtained in some experiments.
(5) A second time constant of about 3 see at 20 0C is reported.

The papers of Adelman & Palti (1969a, b) require further discussion. Adelman &
Palti used external K to depolarize the nerve fibre and proposed that the slow in-
activation phenomena were produced by the interaction ofK with certain sites in the
membrane. In particular, they proposed that the recovery from inactivation induced
in high K solutions, observed when long lasting hyperpolarizations are applied to the
membrane, is due to the depletion ofK from the Frankenhauser-Hodgkin space. This
explanation was also applied to the phenomena ofinactivation described by Narahashi
(1964) in lobster axons bathed in K solutions. The experiments described here, as well
as those reported by Chandler & Meves, were performed in K-free solution. It was
originally thought, therefore, that the inactivation reported here was of a different
nature, in that it was not produced by K but by depolarization of the membrane.
However, Schauf et al. (1976) have demonstrated that in Myxicola, the slow inacti-
vation phenomena produced by K are very probably due to the depolarization
induced by this ion, rather than to any direct effect on the membrane.

Since similar tests as those performed by Schauf et al. (1976) have not been done
on squid, it is difficult to make a final conclusion on this species. However, if an s,
curve is plotted from the data shown by Adelman & Palti (1969a, Fig. 3A) and
compared to the curve shown in this paper and shifted 17 mV (the same shift observed
on the h, curves), both are very similar. A tentative conclusion is that squid is
similar to Myxicola and that the effects of K are produced by depolarization. It is
clear, however, that further tests must be performed to confirm this hypothesis.
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