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ABSTRACT Potassium current inactiva-
tion and reactivation in squid axons
were measured from tail current ampli-
tudes after voltage clamp prepulses to
the potassium equilibrium potential, EK,
in seawater containing elevated levels
of potassium ion concentration, Ko Lit-
tle or no inactivation resulted with pre-
pulses lasting <100 ms. Longer pulses
caused the current to inactivate in two
phases, one between 0.1 and 1 s, and

a second phase between 5 and 100 s.
Inactivation was incomplete. The time
constant of the tail current after a pre-
pulse to EK was independent of pulse
duration (0.1-120 s). Inactivation was
independent of Ko (10 < K. < 300
mM), and it was independent of mem-
brane potential, V, for -40 < V s 0
mV. Reactivation was measured with a
three-pulse protocol. The reactivation
time course was sigmoidal with a delay

of - 100 ms before significant reactiva-
tion occurred. These results were
described by a model consisting of
three inactivated states arranged in a
linear sequence. The rate constants of
the model are of the form (A + B
exp (CV)), or 1/(A + B exp (CV)),
which are required to describe the non-
inactivating conductance component.

INTRODUCTION

The delayed rectifier potassium channel in squid axons

inactivates during sustained depolarizing voltage clamp
pulses. This effect was originally reported by Ehrenstein
and Gilbert (1966), who found that inactivation occurred
with a single, voltage-dependent time constant in the
10-30-s range. Surprisingly, no additional results were
reported on this effect in squid axons until the work of
Chabala (1984), who found that the inactivation kinetics
were second order. Both reports lack information con-
cerning the onset of inactivation and reactivation during
the initial 1-2 s of each process. I have filled in these gaps
using a technique similar to that of Ehrenstein and
Gilbert (1966). These results demonstrate that inactiva-
tion and reactivation both occur after a delay of -100 ms.
The delay in reactivation is particularly significant,
because it can be used to distinguish between models of
the inactivation process. In particular, these results are
suggestive of a model consisting of multiple inactivated
states, rather than a model consisting of multiple open
states proposed by Chabala (1984).

METHODS

Experiments were performed on voltage-clamped, internally perfused
squid giant axons using methods that have been previously described

Address correspondence to John R. Clay, Laboratory of Biophysics,
National Institutes of Health, Building 9, Room lE127, Bethesda, MD
20892.

(Clay and Shlesinger, 1983). The temperature ranged between 7 and
10°C. It was maintained constant to within ±0.10C during any single
experiment. The internal perfusate consisted of 250 mM K glutamate,
25 mM K2HPO4, and 370 mM sucrose. The external artificial seawater
(ASW) contained either 10, 50, 100, 150, or 300 mM KCI with,
respectively, 430, 390, 340, 290, or 140 mM NaCl. The ASW also
contained 50 mM MgCI2, 10 mM CaC12, 10 mM Tris-HCI, and 0.5 &M
tetrodotoxin. Liquid junction potentials were <3 mV. The results in this
study have not been corrected for these relatively small voltage offsets.
The tail current amplitudes in the experiments with K. ; 100mM were
measured 100 gs after return of the membrane potential to the holding
level.

RESULTS

The basic inactivation effect with normal ionic conditions
(K. = 10 mM) is illustrated in Fig. 1. In this experiment
the membrane potential was held either at -90 or -60
mV for several minutes before a step to + 50 mV. The step
to + 50 from -90 mV elicited a significantly greater
outward current than the step from -60 mV. Approxi-
mately 30% of the conductance was inactivated in steady
state at -60 mV. Appreciably more inactivation occurred
at -50 mV. The kinetics of this effect were measured as
described in Fig. 2. In this experiment the potential was
stepped from a holding level of -90 to -50 mV for
various different times between 0.1 and 350 s, followed by
a step to 0 mV. The maximum outward current elicited by
the step to 0 mV is plotted in Fig. 2 as a function of the
duration of the step to -50 mV. These results are
consistent with a second order inactivation process. The
time constants of inactivation were, approximately, 0.3
and 30 s. The onset of inactivation cannot be clearly
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FIGURE 1 Steady-state inactivation of IK at -60 mV. Membrane
potential was held either at -90 or -60 mV for 3 min. The potential
was then stepped to +50 mV. K. = 10 mM.

determined with this protocol because of ion accumula-
tion. That is, potassium ions accumulate with outward
current in the space between the axonal membrane and
the Schwann cell surrounding the axon, thereby reducing
the current during a single pulse. This mechanism is
responsible for the slight decline in the records in Fig. 1

(Clay, 1984, 1986). However, these results alone cannot
distinguish between inactivation and ion accumulation.
Moreover, inactivation for potentials positive to -50 mV
cannot be readily measured with the protocol in Fig. 2,
because a significant fraction of the conductance is acti-
vated by prepulses positive to -50 mV. An alternative
method is required for these results.
The procedure I have used is to elevate the external

potassium ion concentration so that EK, the equilibrium
potential, lies within the range of activation of the con-

ductance. The activation kinetics are not altered by this
procedure (Clay, 1984; Armstrong and Matteson, 1986).
A prepulse to EK under these conditions will activate the
conductance without producing significant, net current
flow. An inward current will flow through the activated
conductance immediately after return of the membrane
potential to the holding level, which deactivates with a

time constant appropriate to the holding potential. An
example of results obtained with this protocol are shown
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FIGURE 3 IK activation kinetics as determined from tail current ampli-
tudes. The inset at the top illustrates the basic protocol. The external
potassium ion concentration was elevated so that EK was within the
activation range of the conductance. In this case K. = 150 mM and
EK - -15 mV. The membrane potential was stepped to -15 mV and
then back to the holding level, -100 mV. (A) Superimposed records of
tail currents after a prepulse to - 15 mV of duration indicated on the
abscissa. (B) Amplitude of the tail currents in A normalized by the
amplitude of the 30-ms prepulse result. The solid line is a best fit, by eye,
to these results of (1 - exp (-t/r)), with r = 5.5 ms.

in Fig. 3 A for an axon with 150 K. (prepulse potential
of -15 mV) for various different prepulse durations. The
relative tail current amplitudes are shown in Fig. 3 B
along with the best fit (by eye) to these results of the
Hodgkin and Huxley (1952) model of K' conductance,
(1 - exp (-t/r))4, with r = 5.5 ms. These and other
results (Clay, 1984) show almost no inactivation for pulse
durations up to 100 ms. At most, the conductance (tail
current amplitude) declined by 3% (10 axons).
The logical continuation of the experiment in Fig. 3 A

with significantly longer prepulse durations is illustrated
in Fig. 4 for an axon in 100 K. and a prepulse potential
of -25 mV. The prepulse duration is indicated on the
abscissa in Fig. 4. A 15-s rest interval between each
prepulse was used to allow full reactivation to occur (see
below). The tail currents show a clear reduction in
amplitude (inactivation at -25 mV) from 0.1 to 1.0 s,

and a second phase of inactivation from 4 to 100 s. (Note
the change of time scale in Fig. 4 at the 4 s mark). The
inset at the bottom right of Fig. 4 illustrates the tail
current with a 0.3-s prepulse before (record a) and after
(record b) the results in Fig. 4 were obtained. These
results are approximately the same, which indicates a

lack of significant rundown of the conductance during the
experiment.
The relative tail current amplitudes with 100 K. and a

prepulse of -25 mV from four different axons as a

function of time on a logarithmic time scale are shown in
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FIGURE 2 Kinetics of inactivation at -50 mV. The membrane poten-
tial was held at -90 mV for 3 min followed by a step of variable
duration, t, to -50 mV, and then a 20 ms duration step to 0 mV. The
maximum outward current elicited by the step to 0 mV is shown as a
function of t. Ko - 10 (*) or 50 mM (-).
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FIGURE 4 Tail currents for a prepulse to -25 mV (K. = 100 mM) of
duration indicated on the abscissa. Note change of scale at 4 s. The
horizontal bar above the 1 s time mark indicates 10 ms, which is the
scale for each record shown. The inset at the lower right shows the tail
current for a 0.3-s prepulse before (a) and after (b) this experiment.
The vertical bar alongside record b indicates 5 mA * cm-2.
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FIGURE 6 Semilogarithmic plot of the tail currents in Fig. 3 for, top to
bottom, 0.1, 0.7, 5, and 80 s. The best single exponential fits to these
records had time constants of 3.24, 2.97, 3.47, and 3.17 ms, respec-
tively.

Fig. 5 along with the activation kinetics from Fig. 3 A.
These results in 100 K. are similar to the results obtained
in 10 and 50 K. in Fig. 2. The solid line in Fig. 5 is a best
fit (by eye) to these data of the model described below.
The inset in the upper right corner of Fig. 5 illustrates the
tail currents with a prepulse of 0.1, 120, 140, and 0.1 s

again, labeled a, b, c, and d, respectively. These results,
and similar results with 400-s prepulse durations (Fig. 5),
show that the inactivation process reaches a steady state
at - 120 s leaving a relative, noninactivating conductance
of -20%.
The tail currents for prepulse durations of 0.1, 0.7, 5,

and 80 s from the experiment in Fig. 5 are shown on a

semilogarithmic scale in Fig. 6. These records are well
described by a single exponential function of time with a

time constant which is not appreciably altered by the
prepulse duration (Fig. 6 legend).

The effect of membrane potential on inactivation kinet-
ics was tested with 150 K. and prepulse potentials of -30,
-20, and -10 mV (Fig. 7). The tail current amplitudes
increased with the depolarizing level (Fig. 7 A), although
the kinetics of inactivation were not affected, as shown in
Fig. 7 B, which contains the results in Fig. 7 A, scaled so

as to produce maximum overlap, by eye, of the data points
from the three different potentials. No discernible effect
of membrane potential was apparent.
The effect of K. on inactivation was tested with a

prepulse to -10 mV with K. = 100 and 300 mM. This
change in K. has been shown to alter the tail current time
course (Swenson and Armstrong, 1981; Matteson and
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FIGURE 5 Potassium channel activation and inactivation kinetics on a
logarithmic time scale. The symbols for times <0.1 s were taken from
Fig. 3B. The results for times .0.1 s are the average ±SD from four
axons with a prepulse to -25 mV (KO - 100 mM). Holding potential -
-100 mV. All results were normalized to the 20 ms data point. The solid
line is a description of these data by n4(t)p(t), where n(t) - (1 -
exp (-t/T)) with r - 5.5 ms, and p(t) is the probability that the
conductance is not inactivated, based on the three inactivated state
model given in the text. Inset at the upper right shows records from an
axon with a prepulse duration of 0.1, 120, 140, and 0.1 s, labeled a, b, c,
and d, respectively.
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FIGURE 7 Lack of effect of membrane potential on inactivation in
the -30 to -10 mV range. (A) Tail current amplitudes with 150 mM
K. and prepulses to -10 (U), -20 (*), and -30 mV (0). Holding
potential was -100 mV. (B) Same results as in A with the -10, -20,
and -30 mV results scaled by 0.8, 1.0, and 1.45, respectively.
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Swenson, 1986; Clay, 1986), although the activation rate
is unaffected (Clay, 1984; Armstrong and Matteson,
1986). I have found that the effect of Ko on tail current
kinetics does not always occur, and that it is independent
of voltage in axons in which it does occur, which suggests
that the effect is not related to the permeation pathway
(Clay, 1986; 1988). Consequently, there is no reason, a
priori, to expect that K. would alter inactivation kinetics.
The results in Fig. 8 demonstrate that an increase of K,
from 100 to 300 mM does not alter inactivation kinetics,
even in preparations in which tail kinetics are affected.
The records in the top panel in Fig. 8 demonstrate
inactivation for prepulse durations in the 0.1-0.7-s range
with 100 and 300 K.. Approximately the same degree of
inactivation occurred with both potassium levels even

though the tail current time constant was increased by a

factor of 1.7. The results in the bottom panel of Fig. 8
from another preparation in which the tail current time
constant was also increased further show a lack of effect
of K. on inactivation. These results were scaled so that
they overlapped, by eye, as much as possible.
The similarity of inactivation results throughout this

study with 10 < K_ < 300 mM suggests that inactivation
is independent of K.. A similar observation was reported
by Ehrenstein and Gilbert (1966) in their original work.
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FIGURE 8 Lack of effect of external potassium on inactivation. The top
panels show tail currents on a semilogarithmic scale for prepulses
to -10 mV of duration 0.1 and 0.7 s (left) and 0.1 and 0.5 s (right)
showing reduction of tail current amplitude (inactivation). The lines are
the best single exponential fits to these records with time constants of
2.32 (top) and 2.40 ms (bottom) for the top left panel, and 4.45 (top)
and 4.35 ms (bottom) for the right hand panel. Shown below are similar
results from another preparation with the 100 and 300 K. results scaled
so that they overlap as much as possible.

Moreover, inactivation is independent of membrane
potential for -40 < V < 0 mV. Inactivation is incomplete
and it occurs in two kinetic phases. Similar results were
observed in all experiments (n = 24).
The protocol used to measure reactivation is illustrated

in Fig. 9. The membrane potential was held at EK (O mV
in Fig. 9 with K. = 300 mM) for 3 min to allow inactiva-
tion to reach steady state. It was then stepped to a
hyperpolarized level (-100 mV) which elicited the tail
current of the noninactivating component. The potential
was held at the hyperpolarized level for a variable period
of time to allow reactivation to occur. It was then stepped
back to EK for 20 ms to activate the conductance without
significant net current flow. The potential was then
stepped again to the hyperpolarized level to elicit the tail
current. Finally, the potential was returned to EK for 3
min before repeating the three-step sequence. This proto-
col is illustrated in Fig. 9 for durations of the initial step
to -100 mV of 40 and 60 ms. The tail currents elicited by
the second step to -100 mV from another preparation
with K. = 100 mM (EK = -25 mV) are shown in Fig. 10

as a function of the duration of the first step to -100 mV.
These results describe a sigmoidal time dependence of
reactivation, and they show that reactivation is complete
(at -100 mV) within 4 s. One possible explanation for the
sigmoidal kinetics could be that the 20-ms pulse to EK is
inactivating the reactivated component, thereby compli-
cating interpretation of the reactivation kinetics. This
effect appears to be unlikely, based on the results in Fig.
3, which show essentially no inactivation for pulse dura-
tions at EK of up to 100 ms. Nevertheless, I tested this
point directly by measuring reactivation kinetics with
both a 20- and a 40-ms prepulse. These results (not

3min
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40 ms

FIGURE 9 Protocol for measuring reactivation kinetics. The membrane
potential was held at EK (O mV in this case with 300 K.) for 3 min to
allow inactivation to reach steady state. The potential was then stepped
to -100 mV for 40 ms in the top panel and 60 ms in the bottom panel.
The tail current of the noninactivating component was elicited by this
first step. The potential was then stepped back to EK for 20 ms, followed
by a second step to -100 mV.
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FIGURE 10 Tail currents as a function of the duration of the first step
to -100 mV in the protocol illustrated in Fig. 9 for an axon in 100 mM
K. with a prepulse to -25 mV. The voltage steps above the records
illustrate the protocol for the 525 ms record. The symbol (0) represents
the amplitude of the tail current elicited by the first step to -100 mV.
The line below the records was drawn by eye to illustrate the sigmoidal
time dependence of these results.

shown) indicate that the delay in reactivation is indepen-
dent of pulse duration. This kinetic feature was observed
in all measurements of reactivation (n = 7).

Reactivation kinetics as a function of potential are
shown in another preparation (Fig. 11) for -55, -65,
-75, and -85 mV, along with a theoretical description
from the model given below (Discussion). The experimen-
tal results at each potential were scaled by the amplitude
of the steady-state level of the reactivated tail current.
The latter result was compared with the steady-state,
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FIGURE 11 Voltage dependence of reactivation kinetics. These results
were obtained from a holding potential of -25 mV (K. - 100 mM) with
hyperpolarizing pulses in the protocol of Fig. 9 to the potentials
indicated. The curves were derived from the three state inactivation
model described in the text with a - 0.36, 0.3, 0, 0; b - 1.05, 1.5, 4.0, 12;
c - 1.6, 2, 5, 10; d -4.8, 6, 7, 15; e -3.25, 4, 15, 30; andf-0.8, 1, 9, 18
s-' for, respectively, -55, -65, -75, and -85 mV.

reactivated tail current at -100 mV, which was assumed
to represent full reactivation of the conductance. Appro-
priate corrections for the changes in driving force were
made at each potential in this analysis. These results
demonstrate that full reactivation occurred at -75
and -85 mV, but not at -55 and -65 mV. The relative
steady-state reactivation and inactivation results from
five different preparations are shown in Fig. 12 along with
a theoretical description from the model given below. Also
shown in Fig. 12 are results from experiments in 10 mM
K. (o) in which inactivation was measured at -60
and -50 mV from a holding potential of -90 mV, as
described in Fig. 1.

DISCUSSION

The experimental results given above, in particular the
reactivation kinetics, suggest that the slow kinetics of the
potassium conductance can be described by a linear
sequence of some number of inactivated states. A reason-
able fit to the data was found with three inactivated
states, which appears to be the minimum number
required. The model is given by

a c e
NI II-I2 133

b d f

where NI refers to the noninactivated state of the channel,
which could be either the open state, or any one of the
closed states. The channel does not necessarily have to
open before inactivating. It could go, with equal probabil-
ity, from any closed state to the inactivated state, II. The
results in this study cannot distinguish between these two
possibilities, essentially because the activation kinetics
are so much more rapid than the inactivation kinetics. I
have assumed that inactivation is independent of activa-
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FIGURE 12 Steady-state inactivation, as determined from inactivation
and reactivation experiments. Each symbol represents a different axon.
The curve represents p. as given in Eq. 1 with a - (1 + exp
[-(V + 55)/5]1-', b - 1.75 + exp [-(V + 70)/10]; c - 1 + exp
[-(V + 62)/10]; d - 2 + exp [-(V + 55)/15]; e - 0.2 + exp
[-(V + 40)/8]; andf- 0.015 + exp [-(V + 45)/5] s-'.
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tion, so that the probability that the channel is open is
given by n4(t)p(t), where n4(t) represents the relative
activation kinetics, with n(t) = (1 - exp (t/lr)), and r =

5.5 ms for the results in Fig. 3, and p(t) is the probability
that the channel is not inactivated. The latter quantity
can be determined analytically from the model. In partic-
ular, the probability p0 that the channel is not inactivated
in the steady state is given by

p. = [1 + a/b + (ac)/(bd) + (ace)/(bdf)]-' (1)

The solid line in Fig. 12 was calculated from Eq. 1 with
the empirically derived equations for the rate constants
given in the legend of Fig. 12. The kinetics of the model
were determined from numerical iteration. This proce-
dure was used to fit the results in Fig. 5. The rate
constants a, b, .. were chosen by trial and error so as to
produce the best fit, by eye, to the data. The result of this
analysis is shown by the solid line in Fig. 5 with a = c = 1

s-', b = d = 2 s-, and e = 0.2 s-' andf= 0.015' s. The
model provides a good overall description to the data in
Fig. 5, although it predicts 7% inactivation at 100 ms,
whereas no more than 3% inactivation was ever observed
for pulses of this duration. A comparable fit to these
results could also be obtained with only two inactivated
states. The third state, 13, was required to produce a

reasonable fit to the reactivation kinetics. This analysis is
illustrated in Fig. 11. (The various rate constants of the
fits are given in the legend of Fig. 11.) The model provides
a good overall description of these results, although it fails
to completely describe the sigmoidal time dependence of
the data.
The above analysis is to be contrasted with that of

Chabala (1984), who assumed that the rate constants
were necessarily of the form exp (AV + B). This assump-
tion explicitly excludes the model given above, because it
predicts p0 = 0 at depolarized potentials with rate con-

stants of the form exp (AV + B) whereas p. > 0, that is, a
noninactivating component, is observed in this potential
range. Rate constants of the form [A + B exp (CV)]
are required in this model to give p. > 0 as V- oc. That is,
a, b, . . . f must all be finite at depolarized potentials.
Chabala (1984) concluded that the only model based on a

homogeneous population of channels which could explain
this result was one in which the channel had multiple open
states with a different conductance for each state. How-
ever, his model does not predict sigmoidal reactivation, as

illustrated in Fig. 13. The data points in Fig. 13 were
taken from Fig. 10. Curve a in Fig. 13 is a description of
these results by the Chabala (1984) model, which has
three open states and no inactivating states. Curve b is
taken from the model given above, which contains three
inactivated states. As noted, this model underestimates
the degree of sigmoidicity in the data. However, it is at

FIGURE 13 Comparison of the Chabala (1984) model of inactivation
and the model given in the text with the reactivation kinetics from Fig.
10 (U). Curve a is the prediction of the three open state model of
Chabala (1984), his model 5, with ao, - exp (0.091 V + 2.61);
a,2- exp. (0.002 V + 2.35); a10 - exp (-0.044 V - 4.81); and
a2, -exp (-0.103 V - 8.25) s-'(V- -100 mV) with relativeconduc-
tances of the three states given by 1, 0.73, and 0.23 for state 0, 1, and 2,
respectively. Curve b is the prediction of the three inactivated state
modelwitha - b 1s-';c-d-2s';e 0.2 s',andf-0.015 s-'.

least qualitatively consistent with the data. The Chabala
(1984) model predicts no sigmoidicity.
An alternative explanation for the noninactivating

component, suggested by Chabala (1984), is that it may
be attributable to a second type of channel. The results in
this study cannot exclude this model, although the tail
current kinetics in Fig. 6 are consistent with a homoge-
neous channel population. Preparations in which more

than a single type of channel have been reported usually
show a dependence of the tail current time constant on the
duration of a voltage prepulse, especially relatively long
lasting prepulses (Dubois, 1981). The results in Fig. 6 do
not clearly show this effect. These and other results (Clay,
1984) suggest that a second component, if present, con-

tributes a relatively small amount of the total potassium
ion current. Single channel recordings from cut-open
axons are not inconsistent with this view (Llano et al.,
1988). Moreover, the noninactivating component does not
necessarily require a second type of channel. The assump-

tion by Chabala (1984) which leads to this conclusion is
based on the analysis of Stevens (1978), who demon-
strated that the rate constants are, in general, of the form
exp (- U(V)/kT), where k is the Boltzmann constant, T
is the temperature, and U is the free energy difference
between two conformational states of the channel. The
simplest assumption for U(V) is U = AV + B. However,
other possibilities cannot be excluded, because essentially
nothing is known from first principles about the voltage
dependence of this quantity. For example, consider a

model with a single inactivated state with the energy

profile governing transitions of the gating charge as

described in Fig. 14. The energy wells labeled 0 and 1
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FIGURE 14 Free energy diagrams for the model of inactivation
described in the text. (A) Free energy profile for V - -60 mV. The
energy well labeled 0 represents the noninactivated state. The well
labeled 1 represents the inactivated state. The energy barrier between
the two states is approximately at the midpoint of the electrical field of
the membrane. The locations of the states are assumed to be indepen-
dent of membrane potential for V < -60 mV. The arrows pointing to
infinity on either side of the membrane represent barriers which
constrain the inactivation gating charge to the membrane. (B) Free
energy profile for V> -40 mV. Under these conditions, the locations of
the states are assumed to be changed so that they are very close to the
inner edge of the membrane. The right hand constraining barrier has
also been shifted.

represent the noninactivating and inactivated states,
respectively. The positions of these wells are assumed to
be independent of membrane potential for V < -60 mV.
The arrows pointing toward Xo on either side of the profile
represent barriers which constrain the gating charge to
the membrane. The barrier which separates the two states
lies well within the electric field of the membrane. Conse-
quently, the transitions between the states are voltage
dependent for V < -60 mV. For potentials positive
to -60 mV, especially V> -40 mV, the energy profile is
assumed to be constrained near the inner surface of the
membrane. The energy barrier between the two states
now lies nearly outside of the electric field of the mem-
brane. Consequently, transitions between the two states
will be weakly voltage dependent in this potential range.
This hypothetical scheme is one way in which the model I
have used might be physically realized.

Incomplete inactivation in two kinetic phases occurs in
squid axons, as noted here and by Chabala (1984), in
pufferfish supramedullary neurons (Nakajima and Kusa-
no, 1966), frog myelinated nerve (Schwarz and Vogel,
1971), and cultured neuroblastoma cells (Moolenaar and
Spector, 1978). A delay in reactivation has not been
previously reported. Perhaps the best known example of
an inactivating potassium current is the rapidly inactivat-
ing IA component first reported in molluscan neurons by
Connor and Stevens (1971). However, the time constant

of inactivation of 'A is two or three orders of magnitude
less than that of the delayed rectifier, IK. The slower
phase of 'K inactivation in squid is -30 s, as noted above
and by Ehrenstein and Gilbert (1966). The maximum
time constant reported by Chabala (1984) is 11 s, which
would appear to be at odds with Ehrenstein and Gilbert
(1966) and my results. The reason for this difference is
not readily apparent.
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