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Gating Currents of the Sodium Channels:

Three Ways to Block Them

Abstract. Preceding the opening of the sodium channels of axon membrane
there is a small outward current, gating current, that is probably associated with
the molecular rearrangements that open the channels. Gating current is reversibly
blocked by three procedures that block the sodium current: (i) internal perfusion
with zinc ions, (ii) inactivation of sodium conductance by brief depolarization,

and (iii) prolonged depolarization.

The sodium and potassium channels
of nerve membrane open and close in
response to electric field changes within
the membrane. This almost certainly
means that charged gating structures
change conformation in response to the
field changes, and in theory the charge
movement or “gating current” as-
sociated with these changes should
be measurable. Currents with many
of the properties expected of Na
channel gating current have been re-
ported by Armstrong and Bezanilla (7),
and their measurements have since been
repeated by Keynes and Rojas (2).
Though quite suggestive, none of the
previously reported evidence conclu-
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sively links the observed currents with
the gating structures. Perhaps the
strongest evidence of such a linkage
would be the discovery of a way to
block both sodium current (Iy,) and
the presumed gating current simultane-
ously. Rather disappointingly, tetrodo-
toxin (TTX), which selectively blocks
I, does not affect the presumed gating
currents: apparently it blocks the chan-
nels without significantly altering the
gating process. We report here three
procedures that reversibly suppress
both Iy, and gating current, greatly
strengthening the evidence for associa-
tion of the two.

In order to see gating current, it is

necessary to suppress ionic current and
subtract from the records the linear
component of capacitative current, both
of which are large compared to gating
current. Our procedure for doing this
has been described (/), and we repeat
here only its essential features. Most of
our experiments were performed on
axons perfused internally with CsF,
which is essentially impermeant, and
bathed in a medium in which the
impermeant tris(hydroxymethyl) methyl
ammonium ion (trist) was substituted
for all or most of the Na+. The ionic
current with Cs* inside and no exter-
nal Na¥t is a time-invariant “leakage”
current, which can easily be subtracted
from the transient gating current. Ionic
current through the sodium channels
was further suppressed in some experi-
ments by addition of 3 X 10—7M TTX
to the external medium. To eliminate
the linear portion of membrane capac-
itative current we algebraically summed
the current produced by successive posi-
tive and negative pulses of exactly
equal magnitude. Summation and av-
eraging were performed by a digital
averager of new design, which will be
described elsewhere (3). The new av-
erager made it possible to measure
gating current with a small number of
pulses.

Using these procedures, we recorded
a transient current from axon mem-
brane which from the electrical point
of view is a slow and nonlinear com-
ponent of capacitative current, and
from the physiological point of view is,
we think, gating current. The first way
of blocking gating current is by inter-
nal perfusion with Zn2+. Begenisich and
Lynch (4) have reported that 10 mM
ZnCl, in the internal medium sup-
presses both I, and Iy (potassium cur-
rent) and, surprisingly, the effect is
reversible. Figure 1 shows that ZnCl,
also suppresses gating current. In this
experiment, Iy, was completely elimi-
nated by adding TTX to the external
medium, and there was no Na+ inside
or out. The control record shows an
outward current that continues until the
termination of the pulses. This is what
we have interpreted as the charge
movement associated with the opening
of the Na channel activation gates.
When the pulses end, there is a tail
of inward current which we associate
with the return of the gating charge
from “open” to “closed” position (I).
Both inward and outward gating cur-
rent were suppressed almost completely
when 10 mM ZnCl, was added to the
medium (Fig. 1b) and both recovered
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Fig. 1 (left). Suppression of gating cur-
rent by internal perfusion with 10 mM
ZnCl: at 2°C. (a) and (c) Gating cur-
rent before and after perfusion with
ZnCl.. (b) Gating current when ZnCl:
was added to the medium. Fig. 2

(right). Inactivation of gating current (I;)
and Ix. at 2°C. (a) The pulse sequence,

on a compressed time scale. The test pulses were preceded by a conditioning pulse
(Cond.) to 410 mv. Current during the positive and the negative test pulses were
summed to eliminate the linear portion of capacitative current. (b) No conditioning
pulse. (¢) to (e) Conditioning pulse to 4-10 mv precedes each test pulse by T msec.

almost completely after it was washed
away (Fig. lc).

The second procedure for blocking
I, and gating current is to inactivate
them by depolarizing the fiber for a
short period. In the description by
Hodgkin and Huxley (5), each Na
channel is governed by two factors or
gates: an activation gate that opens on
depolarization, and an inactivation gate
that closes on depolarization. After a
few milliseconds of depolarization most
of the channels are inactivated, and the
membrane potential V,, must be re-
turned to a negative value for some mil-
liseconds to restore their ability to con-
duct. Figure 2 shows that depolariza-
tion inactivates gating current as well
as Iy,. The fiber was perfused with
CsF, and 95 percent of the external
Na+ was replaced by tris+ (no TTX).
In this medium, I, is greatly reduced
but not absent, and it is possible to
record both gating current and Iy, at
the same time. The control record
(Fig. 2b) shows the sum of current for
five positive and five negative steps
with an amplitude of 90 mv. There is
_a distinct initial peak of outward cur-
rent, the gating current, which is fol-
lowed and partially obscured by in-
ward sodium current. In Fig. 2, ¢ to e,
the test pulses were preceded by a
5-msec depolarization to + 10 mv, fol-
lowed by a recovery interval of 2 to
25 msec at V,,=— 70 mv (see Fig.
2a). After a 2-msec recovery interval
(Fig. 2¢) both gating current and Iy,
are almost completely absent. The next
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two records show partial and complete
recovery after longer intervals at — 70
mv, and it is clear that gating current
and Iy, recover together. After re-
moval of inactivation by Pronase (6)
neither Iy, nor gating currents are de-
pressed by a conditioning depolariza-
tion.

The third method involves prolonged
depolarization of an axon, a procedure
that reversibly decreases Iy,. In order
to follow Iy, and gating current simul-
taneously, we left a small concentra-
tion of Nat in the external medium,
as in the experiment just described. We
found that Iy, and gating current were
almost completely eliminated by hold-
ing V, at + 56 mv for 2 minutes
(2°C), and they recovered together,
with a half-time of roughly 50 seconds.

The experimental findings just de-
scribed show that Iy, and what we call
gating current are closely related. A
fourth series of findings makes the case
for calling them gating currents still
stronger. There is no simple Kkinetic
relation between outward gating current
and the turn-on of Iy, but there is a
simple relation at turn-off. We find
that the inward gating currents at the
end of a pulse decay with the same
or almost the same time course as Iy,.
Further, the time course of both varies
in the same way with membrane po-
tential, becoming faster at more nega-
tive voltages.

It is remarkable that Hodgkin and
Huxley (5) predicted gating currents 20
years before they were discovered; and

their equations give good qualitative
predictions of some properties of gating
currents. There are, however, two
significant points of difference between
their predictions and our results. In the
particle interpretation of the Hodgkin
and Huxley equations, each Na activa-
tion gate is governed by three charged
mutually independent activation parti-
cles. The fraction of these particles
that are in the open position is given
by the variable m. Gating current is
produced by the movement of the ac-
tivation particles, and is proportional to
dm/dt. All three of the activation par-
ticles must be in the open position in
order for the channel to conduct, and
return of any of the three particles to
the closed position closes the channel.
The result is that Iy, should decay
three times faster than gating current,
but we find instead that they decay
with almost the same time course. We
conclude that, when closing, a channel
does not behave as though it were gov-
erned by several independent particles.
The second difference from the

Hodgkin and Huxley predictions is that
activation and inactivation seem to be
coupled rather than independent (7). In
the Hodgkin and Huxley equations the
activation process is completely inde-
pendent of inactivation;” or in para-
phrase, the activation gate opens and
closes with complete disregard for the
state of the inactivation gate. Our re-
sults show that inactivation reduces
gating current, which must ‘mean that
the gating charge of an inactivated
channel is immobilized, either in “gate
open” or “gate closed” position.
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