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Introduction 

Voltage-dependent conductances play a fundamen- 
tal role in the generation and propagation of the 
action potential. Hodgkin and Huxley (1952c) made 
a complete description of the membrane currents 
underlying the generation of the impulse. Their de- 
scription introduced the concepts of separate path- 
ways for sodium and potassium (today called Na 
and K channels) and the idea of conductances mod- 
ulated by the membrane potential. 

Our present view of the sodium and potassium 
conductances are based on the idea that the mem- 
brane has discrete conducting units called channels. 
These units are macromolecules highly specialized 
for ion conduction and embedded in the lipid matrix 
where they can sense the electrical field across the 
membrane and respond to its changes. 

This article is concerned with the mechanisms 
by which ion conductances depend on membrane 
potential, a process called voltage gating. Our 
knowledge of voltage gating is based on measure- 
ments of macroscopic currents, analysis of current 
noise, single channel recordings and gating cur- 
rents. We will first examine the relationship be- 
tween macroscopic and microscopic determinations 
and their relation to gating currents and then results 
of the different measurements will be analyzed in 
terms of models. 

There are many recent reviews on voltage gat- 
ing with varying emphasis on the different types of 
experimental results (Cahalan, 1980; Armstrong, 
1981; French & Horn, 1983). This review will em- 
phasize results on gating currents, which are a di- 
rect expression of the voltage-dependent process. 
These currents are small and their detection re- 
quires subtraction of large currents. Consequently, 

K e y  W o r d s  N a - c h a n n e l  �9 K - c h a n n e l  �9 v o l t a g e - d e p e n d e n c e  �9 

charge movement �9 single channel �9 excitability �9 axon �9 squid 

the literature on gating current has not been without 
controversy. Most of the results and interpretations 
presented here will be obviously biased towards the 
results obtained in our laboratory and my personal 
view of the gating process. 

The Voltage-Dependent Channel 

The sodium channel is a glycoprotein of mol wt 
260 kilodaltons (Agnew et al., 1978; Barchi, 1983). 
The voltage-dependent, delayed-rectifier potassium 
channel has not been isolated but presumably is also 
a large protein. The most widely accepted view of 
these channels is based on the separation of the two 
main functions, permeation and gating. In this 
view, the channel is pictured as having an hydro- 
philic region, or pore, where ion conduction occurs, 
and it is in this region where the selection of ions 
that can traverse the channel occurs. This means 
that there should be differences in the molecular 
structures of the sodium and potassium pores to 
explain their different selectivities. The gating is as- 
sumed to be some type of blocking and unblocking 
of the pore to the passage of ions, although the ex- 
act mechanism of this process is unknown at the 
moment. Regardless of the actual mechanism of the 
gating process, it is clear that a conformational 
change of the macromolecule is involved. This con- 
formational change may occur spontaneously with a 
frequency which depends on the magnitude of the 
energy barriers encountered in the transition be- 
tween the different conformations. In the case of 
the voltage-dependent channel, the frequency of 
transitions is regulated by the membrane voltage, 
and this is most likely achieved by a change induced 
by the membrane field in the energy profile encoun- 
tered by the gating structure. In what follows, we 
will concentrate our attention on th e gating proper- 
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Fig. 1. Time course of currents for the two-state model. (a) Volt- 
age step applied to the membrane. (b) A single-channel current 
record. (c) The average current produced by a large number of 
channels. (d) The current expected from the gating current sen- 
sor as it moves between the two states. This current corresponds 
to the sensor of the channel pictured, in part b. (e) The average 
current (gating current) produced by a large number of gating 
sensors 

ties of the channels and in particular on the gating 
process controlled by the membrane voltage. 

Macroscopic, Microscopic and Gating Currents 

We call macroscopic the currents recorded from a 
large area of membrane such as a segment of a squid 
giant axon or a node of Ranvier or a whole cell 
recording with a patch pipette from a GH3 cell. In 
all these cases the current recorded, under condi- 
tions of controlled membrane potential (voltage 
clamp), corresponds to the sum of a large number of 
individual conducting units called channels. The un- 
derstanding of the mechanisms underlying the gen- 
eration of the macroscopic current will only be pos- 
sible after the behavior of the individual channels is 
described along with the function that relates the 
individual current (microscopic current) with the 
macroscopic current. 
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THE T w o - S T A T E  MODEL 

A simplified model of a channel can illustrate the 
connection between macroscopic and microscopic 
currents. Consider a channel that can only exist in 
two possible physical states: closed (state C) or 
open (active state, A). When in state C, no ions can 
pass through the pore of the channel and in state A 
ions selected by the selectivity filter can pass read- 
ily through the pore producing a single channel or 
unitary current. The two states of the channel are 
represented in the following reaction scheme 

c~ 
C ~-- A (I) 

t~ 

in which a and 13 are rate constants governing the 
transition between the states. These rate constants 
depend on the physical structures of the macromol- 
ecule responsible for the closed and open conforma- 
tions. In our case, as we are dealing with voltage- 
dependent gating, the membrane voltage will also 
affect the magnitude of the rate constants. The ex- 
act mechanism by which the membrane potential 
affects the rate constants is not known, but it is 
clear that a voltage sensor must be present in the 
channel molecule to sense the membrane potential 
and modify the probability that the molecule will 
undergo a conformational change. The sensor is 
most likely an electric charge or a dipole that is free 
to change its orientation in the membrane field. In a 
simple model in which the charge encounters only 
one energy barrier the expressions for a and 13 are 
given by 

kT [ Wc zedV] 
a = -h-- exp + --k-g-J 

kT ze(l ~Td)V 1 f l = ~ - e x p [  WakT (2) 

where z represents the valence of the charged sen- 
sor, V the membrane voltage, e the electronic 
charge, Wc and WA the energy differences between 
the peak of the barrier and the well for the transition 
between C and A and A and C, respectively, in the 
absence of electric field, d the fraction of the dis- 
tance through the field where the peak of the barrier 
is located, and T, k and h are absolute temperature 
and the Boltzmann and Planck constants, respec- 
tively. These expressions hold when the electric 
field is considered constant across the membrane; 
this may not be the case, in general. The effect of 
the membrane potential is to increase the probabil- 
ity that the channel will be in the open (A) state as V 
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becomes more positive: although the channel will 
still make transitions between the two states, it will 
spend most of its time in the A state. 

This simple model can be used to predict the 
currents that are experimentally measurable. As- 
sume that the membrane potential has been main- 
tained at a negative level, so that most of the chan- 
nels are in state C, and then a sudden step of voltage 
is applied towards a positive value (Fig. In). Figure 
lb shows the current expected through a represen- 
tative single channel, and Fig. Ic shows the total 
macroscopic current representing the addition of a 
large number of independent single-channel cur- 
rents. The current shown in Fig. ld represents the 
current produced by the movement of the charged 
sensor in the particular channel in Fig. lb. In this 
idealized case they are infinitesimally short and of 
infinite amplitude (i.e., delta functions in current). 
This is because the charged sensor has been as- 
sumed to exist in only two possible states and the 
actual transition is instantaneous. The membrane 
potential modulates the times spent in each of the 
conformations, but it has no influence on the actual 
charge transition time across the barrier. When the 
current produced by the movement of the charged 
sensors of all channels contributing to Fig. lc are 
considered, a transient current is obtained called a 
gating current (Fig. le). 

In a real experiment, these three types of 
current recordings, single-channel current, total 
ionic current, and gating current could be used to 
derive the ~ and fl for reaction (1), and a set of 
measurements made at several voltages could be 
used to derive the voltage dependence of the rate 
constants. In this particular case (the two-state 
model) the values can be derived with any of the 
three measurements: that is, the measurements are 
redundant. If single-channel recordings are avail- 
able, a and/3 can be obtained from close and open 
dwell times. From gating current records a and/3 
can be obtained from the time constant of the tran- 
sient and the maximum value recorded when step- 
ping from a voltage at which all channels are closed. 
Using macroscopic currents, a and /3 can be ob- 
tained from the transient time constant and the 
maximum value of the fraction of open channels 
which requires knowledge of the voltage depen- 
dence of the open channel. This last value can be 
estimated from an instantaneous I-V curve 
(Hodgkin & Huxley, 1952a). The values obtained 
will only have meaning if the channel investigated 
has two states, which is rarely the case. 

The steady-state properties of the two-state 
model are summarized in Fig. 2a where the gating 
charge moved (time integral of the gating current) as 
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Fig. 2. Voltage dependence of the gating charge (Q(V) curve) 
and fraction of open channels (a(V) curve) for a two-state model 
(a) and for a seven-state model (6 closed and 1 open state) that 
simulates sodium activation (b). Notice that in the two-state 
model the Q(V) and a(V) curves superimpose and in the multi- 
ple-step model the Q(V) curve is shifted to the left of the a(V) 
curve 

a function of the membrane potential (Q(V) curve) 
is shown together with the voltage dependence of 
the fraction of open channels (a(V) curve). In this 
case both curves are superimposable and the func- 
tion, Eq. (4), will be discussed below. 

MORE THAN Two STATES 

When there are more than two states the three types 
of measurements are required to derive the values 
of the many a 's  and/3's involved and, in general, in 
a multistep model the values derived are not 
unique. The reason is that in the multistep situation 
the rate constants are given by very complicated 
expressions in the eigenvalues of the solution. 
These eigenvalues are the reciprocals of the time 
constants of the macroscopic and gating currents 
and their values are often very similar, making their 
separation difficult or impossible. Furthermore, the 
distribution of dwell times of single-channel records 
are no longer single exponentials, and their separa- 
tion also becomes difficult or impossible. 
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Fig. 3. Sodium and gating current in the squid axon. These rec- 
ords were obtained in internally perfused squid giant axons with 
solutions containing impermeant cations and bathed in a solution 
containing ~ of the normal sodium concentration. Linear leakage 
and linear capacitive currents were subtracted off using subtract- 

ing pulses starting at -150 mV using the p/4 procedure, The 
beginning of the pulse is aligned for all the traces. (a) Diagram of 
the depolarizing pulse from - 70  to 0 mV. (b) Current recorded 
for the pulse in a. The small transient outward (positive) current 
corresponds to the gating current, and at the end of the pulse the 
inward (negative) tail is the sum of the off gating current and the 
turn-off of the remaining sodium conductance. (c) Gating current 
recorded with higher time resolution. The sample rate is 2/zsec 
per point, and the external solution contained no sodium and 300 
nM tetrodotoxin (TTX). (d) Sodium current at higher resolution 
obtained by subtracting the current in TTX from the current " in g 
sodium 

An example of the use of two types of measure- 
ments is in the case of channels that have several 
closed states: 

t~o 1~i ~n 

Co ~o C1 " " " Ci ~ Ci+l . . . . . .  C, ~-8~ a .  (3) 

These channels show a characteristic relation- 
ship between gating current and macroscopic cur- 
rent: the voltage dependence of the integral of the 
gating current (Q(V)  or Q-V curve) is shifted to the 
left of the voltage dependence of the fraction of 
open channels (a(V) o r f - V  curve (see Fig. 2b). The 
magnitude of the shift depends on the number of 
closed states preceding an open state. 

In the case of the sodium and potassium chan- 
nels, the experimental evidence shows that there 
are several states involved; the three types of re- 
cordings will therefore be required to estimate the 
multiple a 's  and/3's involved in the gating reaction. 
The biological preparations available differ in their 
advantages to record the three types of currents: for 
example, the best recordings of single sodium chan- 
nel events have been obtained from cultured mam- 
malian cells and the best macroscopic and gating 
current recordings have been made on the squid gi- 
ant axon. Some differences have been found be- 
tween preparations, which prevents the meaningful 
integration of the data into a unique model, and 
detailed modelling will have to be made with cau- 
tion when using data from different cell types or will 
have to wait until all the information is available 
from the same preparation. 

The Activation of the Sodium Channel 

When a squid axon, with no potassium ions either 
inside or outside and held at a membrane potential 
of -70 mV, is suddenly depolarized to 0 mV (Fig. 
3a), a transient inward current develops. Figure 3b 
shows the current recorded from an axon bathed in 

of the normal sodium concentration; a small out- 
ward current is seen at the beginning of the pulse, 
corresponding to the gating current. By increasing 
the sampling rate to 500 kHz it is possible to resolve 
the currents with more detail. The current shown in 
Fig. 3c corresponds to the gating current recorded 
with the P/4 procedure (Bezanilla & Armstrong, 
1977) and in presence of tetrodotoxin. Figure 3d 
shows the current recorded in -~ sodium after the 
gating current has been subtracted. The macro- 
scopic sodium current differs from the two-state 
model in two important ways: (i) the current starts 
with zero slope (Fig. 3d), and (ii) as the potential is 
maintained the current declines (Fig. 3b). Both dif- 
ferences are the result of a multistep process, i.e., 
the lag in the turn-on can be explained by the pres- 
ence of several closed states as will be discussed 
below, and the decay is due to the inactivation pro- 
cess which is discussed in detail later. 

THE VOLTAGE DEPENDENCE 

OF THE CONDUCTANCE 

The first property to be explained is the voltage 
dependence of the fraction of open channels. This is 
a steady-state property and consequently it should 
not have kinetic complications. Unfortunately, this 
determination is difficult to make because the inac- 
tivation process masks the actual steady-state value 
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of the activation. The simple measurement of peak 
sodium current divided by the driving force does 
not reveal the fraction of open channels, because (i) 
one must consider the nonlinearity of the open 
channel characteristics which can be obtained from 
an instantaneous I-V curve (Hodgkin & Huxley, 
1952a), and (ii) the measurement at the peak current 
only gives the fraction of channels conducting at 
time of peak; this fraction is equal to the fraction of 
open channels that have not been inactivated. To 
obtain the actual value of the fraction of open chan- 
nels, inactivation must be subtracted correctly or, 
better, removed. Stimers, Bezanilla and Taylor 
(1985) studied the voltage dependence of the frac- 
tion of open sodium channels treating the axon with 
pronase (Armstrong, Bezanilla & Rojas, 1973). The 
results show that the voltage dependence of activa- 
tion of the channel measured in absence of inactiva- 
tion is less steep than estimated previously, because 
the conductance changes e-fold in 7 inV. A similar 
result was found by Vandenberg and Horn (1984) 
using whole cell recording in GH3 cells treated with 
trypsin to remove inactivation. The steepness of the 
fraction of open channels has important theoretical 
consequences because it gives a lower bound to the 
amount of charge required to gate the channels. In 
the two-state model, the fraction of open channels a 
= A/(A + C) is given by (see Fig. 2a) 

1 
a(V) = (4) 

1 + e x p l  w c -  W A - z e V ]  
kT 

and the steepness of a with voltage depends on z 
(the valence of the gating particle times the fraction 
of the field). In a multistep model, the fraction of 
open channels a (see Fig. 2b) may be given by (cf. 
Bezanilla & Taylor, 1982) 

exp - [-[W 
+ zeW] 

a = r (5) 
exp - [Wi + zieW] 

with 

i 

wi-- 
k=0 

and 

w--Ewi 
i 

where zie is the accumulated charge moved from Co 
to Ci; ze is the total charge transported and wi are 
the differences of the energy wells of the individual 
transitions. In this case, the steepness measured at 

very negative potentials can be used to estimate ze 
(Almers, 1978). The experimental results of Stimers 
et al. (1985) give a minimum of four charges/chan- 
nel. The total gating charge measured is about 1800 
e/~m 2, and using a total of about 360 channels//zm 2 
(Levinson & Meves, 1975; Strichartz, Rogart & 
Richie, 1979) one finds that there is enough gating 
charge to explain the steepness of the f-V curve. 

SEVERAL CLOSED STATES PRODUCE A LAG 

IN THE SODIUM CONDUCTANCE T U R N - O N  

The lag in the activation of the sodium conduc- 
tance is one of the main pieces of evidence for the 
existence of several closed states. In the micro- 
scopic interpretation of the Hodgkin and Huxley 
(HH) model (Hodgkin & Huxley, 1952c) the activa- 
tion sequence (the m process) contains only one 
open state and three closed states (see, e.g., Fig. 1 
of French & Horn, 1983). The activation process in 
the HH model can be interpreted in terms of three 
independent identical gating charges that must all 
be properly located if the channel is to be open. This 
model is a special case of a four-state sequential 
model in which the forward rate constants evolving 
from the most closed to the open state are 3a, 2a, 
and a and the backward rate constants from open to 
closed are 3/3, 2/3, and/3. Supporting the presence of 
multiple closed states is the observed shift to the 
left of the Q-V curve with respect to the f-V curve 
(Armstrong & Gilly, 1979; Stimers et al., 1985). As 
explained in the previous section, the determination 
of the fraction of open channels vs. voltage (f-V) 
curve can only be determined accurately in absence 
of inactivation as was done in Stimers et al. (1985) 
using pronase. These authors found that the Q-V 
curve is shifted by tens of millivolts to the left of the 
f-V curve and this shift includes a prominent 'bump' 
of extra charge in the Q-V curve at potentials more 
negative than -70  mV (Bezanilla & Armstrong, 
1976). The origin of this bump of extra charge was 
investigated by Taylor and Bezanilla (1983) in a 
study of the time shift of the sodium and gating 
currents as a function of initial conditions. The ef- 
fect of initial conditions on the time course of the 
potassium conductance was first described by Cole 
and Moore (1960) who found that a negative pre- 
pulse delays the turn-on of the potassium current. 
The same phenomenon was found for the sodium 
current by Armstrong and Bezanilla (1974) and 
Keynes and Rojas (1976) in the squid and by Hahin 
and Goldman (1978) in Myxicola. Taylor and Be- 
zanilla (1983) found that a negative prepulse delays 
both the sodium and the gating currents by the same 
amount and that the delay of the gating current is 
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accompanied by an increase in the charge moved 
during the transient. Furthermore, the voltage de- 
pendence of this charge corresponds to the extra 
charge observed at V < -70 mV in the Q-V curve. 
These results support the idea that the bump of ex- 
tra charge is associated with the sodium channel 
gating and corresponds to the voltage-dependent 
transitions between closed states, which are fa- 
vored by negative potentials. As the prepulse is 
made more negative, most of the channels are 
shifted towards the most closed states and upon 
depolarization it will take longer to activate the cur- 
rent because the channels have to evolve through 
many closed states before they can open. A sequen- 
tial model with six states (only one being open) ac- 
counts for the results of both sodium and gating 
current. 

SEVERAL IDENTICAL GATING UNITS 
NOT POSSIBLE 

The HH model can, in principle, reproduce the time 
lag of the sodium current activation, but more states 
must be added to account for the shift of the sodium 
and gating current by the prepulse. However, this 
model fails completely to describe the behavior ob- 
served at end of the pulse. If after a depolarization 
the membrane is repolarized to -70 mV a tail of 
sodium current is recorded (Hodgkin & Huxley, 
1952a) which corresponds to the deactivation of the 
conductance or the evolution from the open to the 
closed states. Gating currents (Ig) recorded for the 
same pulse pattern shows a decaying transient with 
a time constant 1.2 times slower than the sodium 
current (INa) transient (Bezanilla & Armstrong, 
1975; Armstrong & Bezanilla, 1977). The prediction 
of the HH model is that Ig decays as dm/dt does, 
i.e., as exp(-t/Tm) and that INa decays as m 3 which is 
of the form exp(-3t/Tm). This means that the gating 
current should be three times slower than the so- 
dium current at pulse turn-off and if there were 
more states, as is required by the results described 
in the previous paragraph, the ratio of the time con- 
stants should be even larger. The experimental 
results show that as the returning potential is made 
more negative after the pulse the ratio goes from 1 
(at -60 mV) to a maximum of 1.7 (at -110 mV) 
(Armstrong & Bezanilla, 1977). This result rules out 
any model of activation that considers an identical 
number of independent gating particles. This means 
that in the general sequential model we cannot as- 
sign the 3, 2, 1 relationship between the different 
a 's  and fl's a priori and their individual values will 
have to be fitted from the experimental data. A 
unique fit is not likely because there are too many 
parameters involved; for this reason different types 

of experiments are required to obtain the values of 
the rate constants. 

THE FIRST STEP OF ACTIVATION 

The time course of the macroscopic conductance is 
somewhat insensitive to the relative position of the 
different alphas and betas in the activation se- 
quence. In contrast, the gating current is extremely 
sensitive to the order of fast and slow steps in the 
activation sequence as was clearly illustrated by 
Armstrong (1981). Therefore, the time of Ig is cru- 
cial in assigning values to the alphas and betas be- 
tween closed states. The presence of a rising phase 
in the gating current is indicative of a first step 
slower than the second and the complete absence of 
a rising phase indicates a first step faster than the 
second. If Ig starts with zero slope before decaying, 
it is an indication that the first few steps are equally 
fast. The original observations of the sodium chan- 
nel gating current showed the presence of a rising 
phasing of the order of 60 txsec (Armstrong & Be- 
zanilla, 1974; Armstrong & Gilly, 1979), but more 
recent experiments show either that there is no ris- 
ing phase or at least that is faster than 10 txsec (Sti- 
mers, Bezanilla & Taylor, 1984). This latter study 
showed that when a rising phase was observed it was 
associated with a slow component in the capacitive 
current indicating that a region of membrane did not 
follow the command potential accurately. This 
membrane is most likely located in the region be- 
tween clefts between adjacent Schwann cells be- 
cause the use of hypertonic medium outside or hy- 
potonic medium inside eliminates the rising phase 
together with the slow component of the capacitive 
transient. The effect of the change in tonicity can be 
explained by an expansion of the periaxonal space 
produced by the water flow decreasing the access 
resistance to the membrane region in between clefts 
(Stimers et al., 1984). The conclusion from these 
results is that the first step of the activation se- 
quence is faster than the subsequent ones. Horn 
and Vandenberg (1984) have found the same result 
using single-channel recording. Interestingly, we 
can add that in the subsequent early steps there 
cannot be a step, carrying a sizeable amount of 
charge, which is slower than a subsequent one be- 
cause it would produce a shoulder in the gating cur- 
rent time course which is not observed since Ig de- 
creases monotonically. A slower step than the 
subsequent one does not produce a noticeable 
shoulder in Ig if it is closer to the open state: it is 
therefore not necessary that the steps become pro- 
gressively slower as the open state is approached, 
and the possibility of a faster step near the open 
state is not excluded. In fact, as explained in the 
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next section, it appears that the transition just be- 
fore opening may be faster than the previous one. 

N o  RATE-LIMITING STEP 

The next question is whether there is a rate-limiting 
step in the activation sequence which governs the 
overall kinetics of activation. It is clear from the 
results of the previous section that the rate-limiting 
step, if it exists, must be very close to the open state 
if it is not the last in the sequence. The protocol of 
two pulses separated by a variable interval can be 
used to test for rate-limiting characteristics of the 
last step (Oxford, 1981). As the interval between 
pulses is made shorter, fewer channels are allowed 
to return to the most closed states, and the second 
pulse tests the activation kinetics starting with most 
of the channels in the last closed state. If the last 
step is rate limiting, the main time constant of the 
sodium current will be unaffected by the pulse inter- 
val. Experimentally it was found that the time con- 
stant gets smaller as the pulse interval is made 
shorter, indicating that the last transition is not rate 
limiting (Stimers, Bezanilla & Taylor, 1983). The 
actual rate constants of the last steps are not obtain- 
able from these measurements because, as was ex- 
plained above, the time constants of the gating and 
sodium currents are the reciprocals of the eigen- 
values of the solution to the system of equations 
and are complicated functions of the original rate 
constants. The only case in which the measured 
time constant is close to the reciprocal of the sum of 
alpha plus beta of one particular step is when that 
step is rate limiting, meaning that the rate constant 
has to be many times smaller than any other in the 
sequence. The longer the sequence is, the larger the 
required ratio between the rate-limiting step rate 
constant and all of the others. Single-channel mea- 
surements of closed time distributions using the 
protocol of variable interval between pulses may 
help in separating the last rate constant. The closing 
rate constant (beta) of the last step can be obtained 
from open time distributions in absence of inactiva- 
tion (Patlak & Horn, 1982; Horn, Vandenberg & 
Lange, 1984). 

UNCHARGED STEPS 

Uncharged steps in a sequential activation process 
corresponds to transitions without charge move- 
ment, and they would not contribute directly to the 
gating current. As a general rule, uncharged steps 
must not be slower than the fastest activation time 
constant because they become rate limiting when 
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the membrane is highly depolarized or hyperpolar- 
ized as the voltage-dependent rate constants take 
their maximum values. The transition between the 
most closed state and the next one cannot be un- 
charged because it would produce a rising phase in 
the gating current (see Bezanilla & Taylor, 1982). 
The effect of an uncharged step in the middle of the 
sequence is to produce a shoulder or even a second 
peak in the gating current. This effect is less impor- 
tant as the uncharged step gets closer to the open 
state and is completely unnoticeable if it is faster 
than any of the charged steps. The last step, how- 
ever, could be uncharged and not too fast because 
the sequence may have slower steps as it gets closer 
to the open state. Conti et al. (1984) have deter- 
mined the activation volume of the gating reaction 
by measuring gating currents and ionic currents at 
high hydrostatic pressures. They found that the 
activation volume determined from the gating cur- 
rent is less than the volume measured from the so- 
dium current. This result is consistent with the exis- 
tence of an important conformational change which 
does not involve charge movement and conse- 
quently is electrically silent. This transition would 
most likely correspond to the last transition before 
the open state. However, Horn and Vandenberg 
(1984) have estimated that the last transition is rea- 
sonably voltage dependent in mammalian cells. 

In summary, the activation of the sodium con- 
ductance can be explained by a sequence of six 
closed states and one open state with voltage-de- 
pendent transitions. At depolarizing potentials, dur- 
ing the opening sequence, the transition from the 
most closed state to the next one is faster than any 
of the others and the progression towards the open 
state is made by transitions of the same magnitude 
or slower. 

Inactivation of the Sodium Channel 

The decay of the sodium current during a main- 
tained depolarization has been ascribed to a process 
called inactivation. Hodgkin and Huxley (1952b) 
found that the membrane potential has a dual effect 
on the sodium conductance: upon depolarization a 
fast process (activation) increases the conductance 
and a slower process (inactivation) decreases it. 
They proposed mainly as a mathematical conven- 
ience that both processes are independent. Before 
gating current measurements were available several 
authors had proposed a coupling between activation 
and inactivation (Goldman & Schauf, 1972), and 
some experimental evidence was consistent with 
this idea. 
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Fig. 4. Inactivation of the gating current. (a) Traces correspond to gating currents obtained with (thin trace) and without (thick trace) 
prepulse. The pulse protocol is indicated in the upper inset. (b) Traces correspond to the gating current tails recorded for a 0.7-msec 
pulse (thick trace) and a 20-msec pulse (thin trace). Lower inset indicates the pulse protocol. Notice that the traces were overlayed at 
long times because the prepulse was not completely over in a, and in b there was a sizable gating current at the end o fa  0.7-msec pulse 

T H E  SAME GATING C H A R G E  IS R E S P O N S I B L E  FOR 

ACTIVATION AND INACTIVATION 

Inactivation is also voltage dependent, although 
with much less dependence than the activation pro- 
cess. A small and slow gating current produced by 
the movement of the inactivation gating particle is 
therefore expected to be present together with the 
activation gating current. Although the gating cur- 
rent shows at least two exponential components 
during the ON transition (Armstrong & Bezanilla, 
1977), both phases are much faster than the inacti- 
vation time course and no component with the ki- 
netics of the inactivation was detected. It was quite 
surprising to find instead that the activation gating 
current was decreased by a prepulse that produces 
inactivation of the sodium current (Bezanilla & 
Armstrong, 1974). This finding is illustrated in Fig. 
4a. The thick trace is a gating current recorded for a 
pulse to 0 mV from a holding potential of -70 mV. 
If the pulse is preceded by a prepulse of 20 msec 
duration to 0 mV and separated by an interval of 0.7 
msec, the gating current recorded is smaller and 
carries less charge (thin trace of Fig. 4a). A pre- 
pulse of this length and amplitude also decreases 
the sodium conductance during the test pulse 

(Hodgkin & Huxley, 1952b), indicating some con- 
nection between the charge decrease and the inacti- 
vation of the conductance. This connection be- 
comes stronger if the charge returned at the end of a 
short pulse, when inactivation has not been devel- 
oped, is compared with the charge returned after a 
pulse of 20 msec, when inactivation is established. 
The result is shown in Fig. 4b in which the tail after 
a 0.7-msec pulse (thick trace) spans much more area 
(i.e., more charge) than the tail for a 20-msec pulse 
(thin trace). 

Armstrong and Bezanilla (1977) found that 
though the conductance inactivation can be as 
much as 85-90%, the corresponding charge de- 
crease is to 60-70%. These authors studied the cor- 
relation between this charge decrease or charge 
immobilization and the inactivation of the con- 
ductance. The results can be summarized as fol- 
lows: (i) The time course of the charge immobiliza- 
tion with pulse duration is the same as that for the 
inactivation of the conductance. (ii) The voltage de- 
pendence of the charge immobilization is the same 
as that for the inactivation of the conductance. (iii) 
The time course of the recovery of the charge im- 
mobilization is the same as for the recovery of the 
inactivation of the conductance. These results 
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showed a strong correlation between charge immo- 
bilization and sodium inactivation, and the authors 
proposed that the inactivation process is the result 
of the immobilization of the charge. The charge im- 
mobilization is actually due to a change in the 
charge movement process that splits the charge re- 
distribution kinetics into two components, one of 
them too slow to be detected in the 2 to 3 msec 
integration period. For example, the tail of gating 
current recorded after a 20-msec pulse (thin trace, 
Fig. 4b) has a component of about the same speed 
of the tail after 0.7 msec but also contains a very 
slow component that is not easily detected in the 
record. Armstrong and Bezanilla (1977) showed the 
presence of this slower component by returning the 
membrane potential to -150 mV. At this potential 
the inactivation recovery process has a time con- 
stant of about 0.6 msec, and they found that the 
gating current tail for a 20-msec pulse shows a sec- 
ond component with 0.6 msec time constant. The 
slow component of the tail can be visualized at -70 
mV when the experiment is done at a higher tem- 
perature. 

Similar results were found by Nonner (1980) in 
the node of Ranvier, though Meves and Vogel 
(1977) did not find a strict correlation between gat- 
ing current immobilization and sodium current inac- 
tivation in the squid axon. 

The conclusion of these experiments is that the 
inactivation process is produced by the same gating 
charge responsible for the activation, when a large 
fraction of this charge changes to a different set of 
kinetic states. With these results there is no need 
for a separate inactivation gating charge because 
the voltage dependence of the inactivation would be 
governed by the voltage dependence of the charge 
which gates the activation process. 

SLIGHT VOLTAGE DEPENDENCE 
OF THE INACTIVATION STEP 

Recent work using pronase-treated axons to com- 
pare the sodium and gating currents with and with- 
out inactivation has shown that the inactivation pro- 
cess must have a voltage dependence of its own to 
explain the time course of the inactivation at large 
depolarizations (Stimers et al., 1985). This voltage 
dependence amounts to less than one electronic 
charge moving across the total membrane field and 
is expected to produce a gating current. It is not 
surprising that this component of gating current has 
not been detected in the squid axon because it is 
expected to be very small and slow. Swenson has 
reported a gating current component with the time 
course of inactivation in crayfish axons (Swenson, 
1983), indicating that the amount of charge involved 
in the inactivation process in that preparation is 

probably larger than in the squid axon. It is interest- 
ing to note that even in the case of a totally voltage- 
independent step one expects to find a component 
of gating current that has the time course of inacti- 
vation because the eigenvalues of the solution for 
the gating current are the same as the eigenvalues 
for the solution of the conductance. It is presum- 
ably not apparent because the coefficient of the ex- 
ponential bearing the eigenvalue is much smaller 
than the others, making it difficult to detect. 

INACTIVATION IN SINGLE-CHANNEL RECORDINGS 

Since the introduction of the patch recording tech- 
nique (e.g., Hamill et al., 1981) it has been possible 
to observe single sodium channel events (Sigworth 
& Neher, 1980) and to test some of the possible 
models of sodium inactivation which were put for- 
ward with the results from macroscopic and gating 
currents. It must be pointed out that all the mea- 
surements available have been made in mammalian 
cells and are not directly comparable to the results 
in the squid axon discussed above. The results of 
Aldrich, Corey, and Stevens (1983) show that the 
mean open time of the sodium channel in neuroblas- 
toma cells is quite short (about 0.5 msec) and inde- 
pendent of voltage. This result along with the fact 
that they rarely see reopenings (i.e., the inactiva- 
tion state is absorbing) indicate that the inactivation 
time constant is essentially voltage independent and 
much faster than the decay of the current (the 'mac- 
roscopic' inactivation). Their results are consistent 
with the idea that the activation process has a slow 
component that is responsible for the time course of 
the average current and as the current is decay- 
ing, some channels are still opening for the first 
time. The results of Patlak and Horn (1982) in 
N-bromoacetamide (NBA)-treated patches of rat 
myotubes are consistent with the existence of slow 
components of activation. NBA-treated patches do 
not show inactivationl and they show a probability 
of opening which keeps rising after the peak of the 
opening probability of untreated patches. This is 
quite different from the results in pronase-treated 
squid axons, which show that the activation phase 
is essentially over by the time of the peak of the 
sodium current recorded with intact inactivation 
(Armstrong et al., 1973; Stimers, et al., 1985). Van- 
denberg and Horn (1984) recorded both total cur- 
rent and single channels from GH3 cells, a pituitary 
cell line. They treated the cells with trypsin to re- 
move inactivation and found a similar result as in 
the squid axon. In contrast to the results of Aldrich 
et al. (1983), their single-channel recordings show 
reopenings of the channel during the depolarization, 
and the mean open time is a function of voltage. The 
discrepancies between these two groups have not 
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been explained, but the differences between the 
results with trypsin and NBA could be the result of 
a change in the activation kinetics produced by 
NBA. Neither pronase in squid axon (Armstrong et 
al., 1973; Stimers et al., 1985) nor trypsin treatment 
in GH3 cells (Vandenberg & Horn, 1984) appear to 
affect activation properties. 

A MODEL FOR THE SODIUM CHANNEL 

The results of gating charge immobilization have 
suggested a kinetic model for sodium inactivation 
consisting of an inactivating particle that could fit in 
the inside mouth of the channel and block the current 
when located in position (Armstrong & Bezanilla, 
1977). There are several substances that simulate 
inactivation in axons with normal inactivation re- 
moved (see Brodwick & Eaton, 1982; Armstrong, 
1981; Yeh, 1982), and their mode of action can be 
explained also as a blocking effect by fitting in the 
mouth of the channel, lending some support to this 
view. 

A physical model of inactivation can be pro- 
posed if one allows interaction between the activat- 
ing and inactivating particle (Bezanilla et al., 
1982a). In this model, the inactivating particle is 
assumed to have two stable positions: in the mouth 
(blocking) and out of the mouth (unblocking) and 
the transition between the two positions is sepa- 
rated by a large energy barrier. The interaction with 
the activating (gating) particle makes the well of 
energy deeper for both the activating and inactivat- 
ing particles when they are close together, stabiliz- 
ing this conformation (open and inactivated). The 
model will multiply by two the number of states 
proposed for the activation alone. In the original 
formulation, only the last transition of the activa- 
tion sequence was considered, making the treat- 
ment of only four states quite possible. However, 
any realistic model of the sodium channel (Arm- 
strong & Bezanilla, 1977; Armstrong & Gilly, 1979; 
Greeff, Keynes & van Helden 1982; Keynes, 1983; 
Horn & Vandenberg, 1984) will have to consider 
more states to account for all the features of activa- 
tion (see above). This view of the inactivation pro- 
cess multiplies by two the number of states consid- 
ered for activation alone, and there is no a priori 
reason to discard any of the resultant states. An 
attempt to use several activating states combined 
with the interaction of the inactivating particle was 
made by Bezanilla and Taylor (1982), but the curve 
fitting becomes unwieldy. 

The recent evidence for a gating charge associ- 
ated with the inactivating step (Vandenberg & 
Horn, 1984; Stimers et al., 1985) makes it necessary 

to assign some charge to the inactivating particle, 
and this charge must move some distance in the 
membrane field. This charge may be the way the 
inactivating particle interacts with the charge of 
the activation gating particle. For example, in the 
model proposed by Armstrong (1981) when the 
channel opens the exposed charge on the inside of 
the membrane produced by the shift of the macro- 
molecular chains might interact electrically with the 
charge of the inactivating particle, producing a stable 
open-inactivated state. The sequence of activation 
steps and the charged inactivated step with interac- 
tion was used by Stimers et al. (1985) in the model 
proposed to explain the results obtained with and 
without pronase. 

The identification of the actual chemical groups 
responsible for the charge movement recorded as 
gating currents is not too distant in the future since 
the primary structure of the macromolecule has 
recently been described (Noda et al., 1984) and the 
reconstitution in bilayers has been achieved (Rosen- 
berg, Tomiko & Agnew, 1984). The description of 
the three-dimensional structure will require exten- 
sive modelling and information derived from crystal 
structure (yet to be produced) and the time and fre- 
quency domain recording of the charge movement 
responsible for the channel gating. Pharmacological 
modifications and targeted modifications of the ami- 
noacid sequence of the protein will help in the iden- 
tification of the gating groups. 

An example of the type of information provided 
by pharmacological agents has been provided by 
the effect of chloroform. The movement of tet- 
raphenylboron and dipicrylamine in a lipid bilayer 
has usually been considered as a model of gating 
current (Andersen & Fuchs, 1975). Fernandez, Be- 
zanilla and Taylor (1982) found that the effect of 
chloroform on the movement of dipicrylamine in 
the squid axon is to change its rate of translocation. 
This is in contrast with the effect of chloroform on 
the gating current of the sodium channel, which is 
to completely block the fast component without 
changing the kinetics. This implies that the charges 
responsible for channel gating do not move in the 
bilayer the way dipicrylamine does, being buried in 
the macromolecule and surrounded by a different 
environment. These charges most likely correspond 
to several charged residues found in the protein se- 
quence that move a small distance, effectively 
translocating charge from one side to the other of 
the membrane by neutralizing charges in one side 
and exposing it at the opposite side. This exposed 
gating activating charge may in turn interact with 
the movable region of the protein that acts as the 
inactivating particle, which blocks conduction re- 
sulting in inactivation. 
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Activation of the Delayed Rectifier (K Channel) 

There are many kinds of potassium channels and 
different types are found in many preparations (see,  
e.g., Hille, 1984). In this section we wilt refer only 
to the voltage-dependent potassium conductance, 
or delayed rectifier, described by Hodgkin and Hux- 
ley (1952c). 

In the squid axon, potassium currents develop 
with a pronounced delay, and they do not decay 
significantly during a depolarization maintained for 
a few tens of milliseconds. These characteristics 
should make the study of the conductance simpler, 
but there are several complicating factors that have 
made the understanding of the activation more diffi- 
cult than the sodium channel. The actual time 
course of the fraction of open channels cannot be 
derived directly from the time course of the current 
during a depolarization. This is because the main- 
tained current accumulates potassium in the periax- 
onal space and the driving force changes as the cur- 
rent develops (Frankenhaeuser & Hodgkin, 1956). 
It is then necessary to obtain instantaneous I - V  
curves for each depolarization and as a function of 
time. This experimental procedure is rarely done 
and instead the available estimates of the fraction of 
open channel vs.  time are obtained from the cur- 
rents corrected for the K accumulation in the pe- 
riaxonal space. The gating currents of the potas- 
sium channel have only been recently recorded; 
they do not yet have the signal-to-noise ratio of the 
sodium gating currents and are contaminated by the 
latter, making the quantitative study less accurate. 
Single-channel recordings from the K channel in the 
squid axon have been obtained (Conti & Neher, 
1980; Llano & Bezanilla, 1983, 1985), making it now 
possible to record the three basic electric expres- 
sions in the same preparation. 

GATING CURRENT OF THE POTASSIUM CHANNEL 

The difficulties in recording the potassium gating 
current are (i) the charge expected from the voltage 
dependence and number of channels is small; (ii) 
the expected kinetics is significantly slower than the 
sodium gating, making them hard to resolve; (iii) as 
the sodium gating currents are much larger they will 
make the separation of both currents difficult; (iv) at 
present there is no blocking toxin for the potassium 
channel with mode of action similar to tetrodotoxin 
in sodium channels, and elimination of potassium 
for a prolonged period abolishes the potassium con- 
ductance irreversibly. 

Gilly and Armstrong (1980) described a compo- 
nent of the total gating current in the squid that 

disappeared after removal of the potassium bathing 
the membrane. As mentioned above, the removal of 
potassium in both sides of the membrane eliminates 
irreversibly the potassium conductance in perfused 
squid axon (Chandler & Meves, 1970; Almers & 
Armstrong, 1980); it is therefore attractive to think 
that the gating current component eliminated might 
be responsible for the potassium activation. This 
component, however, is faster than the main com- 
ponent of the ionic current activation, and as it is 
difficult to study it has only been done at a single 
potential. 

The first two difficulties in recording the K gat- 
ing current were overcome by increasing the tem- 
perature to speed up the kinetics and resolve the 
charge movement above the background noise (Be- 
zaniUa, White & Taylor, 1982b). The contamination 
by sodium gating current was minimized, producing 
slow inactivation of the sodium channel by holding 
at - 60  mV and blocking part of the sodium gating 
current with dibucaine (Gilly & Armstrong, 1980). 
More recently, a further improvement was obtained 
by replacing chloride by nitrate which partially 
blocks sodium gating (White & Bezanilla, 1985). 
Figure 5 shows recordings of gating currents made 
at high temperature. It is clear that a new slower 
component of the gating current appears (Fig. 5a) 
and that it becomes more obvious when a large frac- 
tion of the sodium gating is blocked by dibucaine 
(Fig. 5b). In Fig. 5c a potassium current recorded in 
the same axon before potassium was removed is 
shown for comparison. The new slow component of 
the gating current has the same time course of the 
potassium current after its initial lag. 

IDENTICAL SUBUNITS 
ARE INCONSISTENT WITH DEACTIVATION 

The turn-off of the K conductance and gating cur- 
rent have similar time courses (Bezanilla et al., 
1982b; White & Bezanilla, 1985). This result rules 
out models with a number of identical independent 
activating particles for the same reasons discussed 
in connection with the deactivation of the Na con- 
ductance. 

LARGE NUMBER OF CLOSED STATES 

The results of Cole and Moore (1960), showing an 
increase in the turn-on delay when the initial poten- 
tial is made more negative, provided a clear indica- 
tion that the K channel has a large number of closed 
states. They proposed that the parameter n of 
Hodgkin and Huxley (1952c) had to be raised to the 
25th power to adjust the data properly, but the 
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Fig. 5, Gating current of the potassium channel. (a) The total 
gating current recorded at 20~ at a holding potential of -70  mV. 
Addition of dibucaine (b) decreases the first fast component of 
the current (sodium gating current) and shows with more detail 
the time course of the slow component of the current (potassium 
gating current), which can be compared with the time course of 
the potassium current (c) recorded under the same conditions in 
the same axon before the removal of potassium 

results mentioned in the previous paragraph dis- 
cards this type of model. The gating current results 
confirm the existence of many closed states. Figure 
6 shows the results of an experiment to reproduce 
the Cole-Moore shift (1960) in the potassium cur- 
rent. In the same axon the potassium gating cur- 
rents were also recorded under the same pulse pro- 
tocol and a shift in the gating current is observed. In 
addition, the charge moved in the presence of the 
negative prepulse is larger than without a prepulse, 
indicating that at negative potentials there is charge 
movement associated with the potassium channel 

activation. White and Bezanilla (1985) showed a 
large separation between the Q-V and the f-V 
curves: the center points of both distributions were 
separated by about 40 mV. There are some uncer- 
tainties with regard to the actual shape of the Q-V 
curve due to the remaining contamination of the K 
gating currents by Na gating current, but it is clear 
that the Q-V curve is displaced a few tens of mV to 
the left of the f-V curve, showing that a large 
amount of charge must move before the K channel 
opens. It is possible to predict, for specific sequen- 
tial models, the number of states required to pro- 
duce a given separation between the Q-V and f-V 
curves (Bezanilla, 1982), and in this case it gives 
about 16 states. White and Bezanilla (1985) fitted 
the conductance and gating currents with a 16-state 
sequential model that reasonably reproduced the 
experimental observations. The sharpness in the 
ionic current rise after the delay was not appropri- 
ately reproduced, and this point will be discussed in 
detail below. 

FIRST AND LAST TRANSITIONS 

If the test pulse is preceded by a negative potential, 
the K gating current shows a definitive rising phase 
(White & Bezanilla, 1985). This result demonstrates 
that the first step of the sequential activation of the 
K channel is slower and/or less voltage dependent 
than the subsequent ones. 

The result of the experiment with two depolar- 
izing pulses separated by a variable interval reveals, 
as it is in the case of the sodium current, that the 
last step is not rate limiting in the activation se- 
quence (White & Bezanilla, 1985). The results ob- 
tained with single-channel recording (Conti & Ne- 
her, 1980) show significant flicker during the open 
period of the K channel and this result is also con- 
sistent with a fast last step. 

MODELLING OF THE POTASSIUM CHANNEL 

The present data available from macroscopic cur- 
rents, gating currents, and single-channel record- 
ings give us no information about the steps in the 
middle of the sequence, and any modelling can be 
only tentative because there are too many possibili- 
ties for the intermediate steps. The simple assump- 
tion that all these unknown transitions are equal 
was used by White and Bezanilla (1985) to model 
the results of ionic and gating currents and 
single-channel recordings. The agreement is good 
except for the detailed time course of the K current, 
which rises sharper in the experimental recording 
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than in the predicted current. It is clear that a per- 
fect agreement may not be expected if one con- 
siders that all the intermediate transitions were as- 
sumed the same instead of being fitted to the 
experimental curves, but this disagreement may be 
very useful in the search for the details of K channel 
activation. One possible explanation could be the 
accumulation of K in the periaxonal space, which 
distorts the time course of the current and prevents 
observation of the time course of the fraction of 
open channels. This hypothesis was explored by 
White and Bezanilla (1985) and found not to ac- 
count for the differences. Another possibility, not 
explored in detail, is an influence of the speeding up 
of the kinetics when the external potassium concen- 
tration is increased (Stuhmer, 1980). As a conse- 
quence of potassium accumulation during a de- 
polarizing pulse, changes in the opening rate 
constants may affect the time course of the K cur- 
rent. In fact, Llano and Bezanilla (1985) found that 
the time course of the average current recorded 
with only eight channels in the patch rises more 
slowly and less abruptly; under the conditions used 
there was no K accumulation, and presumably the 
time course of the average current reveals the ac- 
tual time course of the fraction of open channels. 
Still another possibility is that the macroscopic cur- 
rent is produced by the contribution of more than 
one type of channel, as will be discussed below. 

MORE THAN ONE TYPE 

OF DELAYED RECTIFIER CHANNEL 

Using the cut-open axon technique, Llano and Be- 
zanilla (1985) have found at least two types of potas- 
sium channels, in the squid axon. One of the chan- 
nels shows the properties of the channel described 
by Conti and Neher (1980) and has open times ex- 
pected from the main features of the macroscopic 
currents. The second type of channel shows longer 
open times, and it does not open for every depolar- 
izing pulse. Furthermore, this second type of chan- 
nel has about twice the single-channel conductance 
as the other channel. There is not enough data to 
decide the relative proportion of the two types of 
channel, but presumably the slow channel will have 
a smaller contribution than the fast channel in the 
total current because it opens infrequently. The ex- 
istence of two kinds of K channels may explain 
some of the difficulties in the model prediction as 
explained in the previous paragraph because that 
model considered an homogeneous population of 
channels (White & Bezanilla, 1985). 
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Fig. 6. Cole-Moore shift of ionic and gating currents. (a) Traces 
show superimposed the currents obtained without (leftmost 
trace) and with a negative prepulse (rightmost trace). V1 is the 
value of the prepulse. (b) Traces are gating currents recorded 
with the same pulse protocol after potassium removal. Notice 
that the prepulse produced a time shift and at the same time an 
increase in the total charge (area under the gating current) trans- 
ported 

ATP MODULATES 
THE K CONDUCTANCE IN SQUID 

Recently it has been reported that ATP changes the 
K conductance in the squid axon. The effect of ATP 
seems to be in both the resting K conductance 
(Gadsby, DeWeer & Rakowski, 1985) and the de- 
layed rectifier (Bezanilla et al., 1985). 

If a squid axon is dialyzed with a solution free 
of ATP, the potassium currents decline as the ATP 
is washed out from the inside of the axon. The cur- 
rents can be recovered by dialyzing with ATP and 
Mg++; both are required. Non hydrolyzable ATP 
analogs do not recover the current (Bezanilla et al., 
1985). These results suggest that the effect of ATP 
is mediated through a phosphorylating step. Several 
other channels have been found to be phosphory- 
lated (see Levitan, Lemos & Novak-Hofer, 1983), 
and it is not surprising that this effect has not been 
found in squid before since most of the experiments 
designed to study K conductance are normally done 
in absence of ATP. 

The effect of ATP is to increase the total con- 
ductance for depolarizations above -35 mV and de- 
crease it for depolarizations smaller than -35 mV. 
Furthermore, the ON kinetics is slowed down by 
ATP while the OFF kinetics is speeded up (Be- 
zanilla et al., 1985). These results are not consistent 
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with an increase in the K channel population or an 
increase in the single-channel conductance. Recent 
experiments (F. Bezanilla, C. Caputo and R. Di- 
Polo, unpublished) have revealed that the effect of 
ATP is to shift the voltage dependence of both the 
activation and the slow inactivation of the potassium 
conductance to more positive potentials. The shift 
of the inactivation explains the apparent increase of 
the maximum conductance when the holding poten- 
tial is -60 mV because at this potential there is slow 
inactivation in absence of ATP, and when the phos- 
phorylation removes it the maximum conductance 
increases. The decrease of the conductance at po- 
tentials more negative than -35 mV is explained by 
the shift of the activation process bt ATP. The shifts 
are specific to the potassium channel because no 
effect was detected on the sodium conductance. 
The effects of ATP on the potassium channel may 
be part of a regulatory mechanism for the K con- 
ductance in the axon and it may provide an opportu- 
nity for the isolation and purification of the delayed 
rectifier channel. 

Concluding Remarks 

The activation of voltage-dependent channels ap- 
pears to be the result of conformational changes of 
the channels modulated by the membrane potential 
controlling the position of charged groups in the 
macromolecule. As a result of a membrane poten- 
tial change, the rearrangement of charged groups 
presumably changes the physical state of the chan- 
nel, which transitions from a closed to an open 
state. During this rearrangement the movement of 
the charged groups will produce a current detected 
as gating current, and the channel will evolve 
through several closed states before it opens. When 
it opens, several million ions will pass per second 
and a small current of a few picoamperes will be 
detected as a single channel current. The contribu- 
tion of several thousands or millions of these chan- 
nels will be recorded as a macroscopic current. We 
have reviewed briefly the properties of these three 
type of currents for the sodium and potassium chan- 
nels. The general picture that emerges is a large 
number of physical states, most of them in closed 
conformation, with transitions between states mod- 
elled as first order using energy profiles modulated 
by the membrane field. The number of physical 
states that are required to account for the currents 
may seem overwhelming, but it is not surprising 
from a proteic structure with molecular weight of 
more than 200,000 such as the sodium channel. The 
new techniques of molecular biology, high resolu- 
tion microscopy, and biochemistry are providing 

more details of the structure of the channel. These 
results, combined with the electrical measurements 
of channels in vivo and reconstituted in bilayers and 
aided by molecular dynamics simulations will make 
possible the correlation of the movement of the 
charge, as detected by the gating current, with the 
actual molecular groups and the subsequent molec- 
ular changes that lead to channel opening. Only 
then will we have a better understanding of voltage 
gating. 
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