PANEL 11–3: Some Classical Experiments on the Squid Giant Axon

679

1. Action potentials are recorded with an intracellular electrode
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The squid giant axon is about 0.5–1 mm in diameter and several centimeters long. An electrode in the form of a glass capillary tube containing
40
a conducting solution can be thrust down the axis of the axon so that its
tip lies deep in the cytoplasm. With its help, one can measure the voltage
0
difference between the inside and the outside of the axon—that is, the
membrane potential—as an action potential sweeps past the electrode.
The action potential is triggered by a brief electrical stimulus to one end
of the axon. It does not matter which end, because the excitation can
–40
travel in either direction; and it does not matter how big the stimulus is,
as long as it exceeds a certain threshold: the action potential is all or none.

2. Action potentials depend only on the neuronal plasma
membrane and on gradients of Na+ and K+ across it
The three most plentiful ions, both inside and outside the axon,
are Na+, K+, and Cl–. As in other cells, the Na+-K+ pump maintains
a concentration gradient: the concentration of Na+ is about 9 times
lower inside the axon than outside, while the concentration of K+
is about 20 times higher inside than outside. Which ions are
important for the action potential?
The squid giant axon is so large and robust that it is possible to
extrude the gel-like cytoplasm from it, like toothpaste from a tube,
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and then to perfuse it internally with pure artificial solutions
of Na+, K+, and Cl– or SO42–. Remarkably, if (and only if) the
concentrations of Na+ and K+ inside and outside approximate
those found naturally, the axon will still propagate action
potentials of the normal form. The important part of the cell
for electrical signaling, therefore, must be the plasma
membrane; the important ions are Na+ and K+; and a sufficient
source of free energy to power the action potential must be
provided by the concentration gradients of these ions across
the membrane, because all other sources of metabolic energy
have presumably been removed by the perfusion.
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membrane potential reverts to a negative value that depends
on the external concentration of K+ and is even closer to
the K+ equilibrium potential than the resting potential is: the
At rest the membrane potential is close to the equilibrium potential membrane has lost most of its permeability to Na+ and has
for K+. When the external concentration of K+ is changed, the
become even more permeable to K+ than before—that is, Na+
resting potential changes roughly in accordance with the Nernst
channels have closed, and additional K+ channels have opened.
equation for K+ (see Panel 11–2). At rest, therefore, the membrane
40
100%
is chiefly permeable to K+: K+ leak channels provide the main ion
pathway through the membrane.
The form of the action
50%
potential when the
If the external concentration of Na+ is varied, there is no effect
0
33%
external medium contains
on the resting potential. However, the height of the peak of the
100%, 50%, or 33% of the
action potential varies roughly in accordance with the Nernst
normal concentration
+
–40
equation for Na . During the action potential, therefore, the
of Na+.
+: Na+ channels
membrane appears to be chiefly permeable to Na
have opened. In the aftermath of the action potential, the
mV

3. At rest, the membrane is chiefly permeable to K+; during the
action potential, it becomes transiently permeable to Na+
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relatively long time—about 10 milliseconds—spent at the
repolarized (resting) membrane potential.
In a normal unclamped axon, an inrush of Na+ through the
opened Na+ channels produces the spike of the action potential;
inactivation of Na+ channels and opening of K+ channels bring
the membrane rapidly back down to the resting potential.
+20
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The membrane potential can be held constant (“voltage
clamped”) throughout the axon by passing a suitable current
through a bare metal wire inserted along the axis of the axon
while monitoring the membrane potential with another
intracellular electrode. When the membrane is abruptly shifted
from the resting potential and held in a depolarized state (A),
(A)
Na+ channels rapidly open until the Na+ permeability of the
membrane is much greater than the K+ permeability; they then
close again spontaneously, even though the membrane potential
is clamped and unchanging. K+ channels also open but with a
delay, so that the K+ permeability increases as the Na+ permeability
falls (B). If the experiment is now very promptly repeated, by
returning the membrane briefly to the resting potential and then
(B)
quickly depolarizing it again, the response is different: prolonged
+
depolarization has caused the Na channels to enter an inactivated
state, so that the second depolarization fails to cause a rise and
fall similar to the first. Recovery from this state requires a
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4. Voltage clamping reveals how the membrane potential
controls opening and closing of ion channels
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