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Action Potential and Spike Trains

The conception that information is conveyed by sequences of action
potentials (spike trains) has resulted from more than 100 years of
neurophysiological investigation.

It involves both the relation of action potentials to behavior, and an explicit,
detailed understanding of how action potentials work. The latter is the
triumph of the Hodgkin-Huxley model. I have broken the basic argument
into 6 historical steps, of which the Hodgkin-Huxley model is the last.

Main References: Hille (1992) Ionic Channels of Excitable Membranes;
Piccolino, M. (1998) Animal electricity and the birth of electrophysiology:
The legacy of Luigi Galvani, Brain Res. Bull., 46: 381-407.
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Neuronal representation of information: Timeline relative to Statistics.
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Minimum Background on Circuits

Q=Charge
C=Capacitance
V=Voltage=E
I=Current
g=Conductance=1/Resistance=1/R

Q(t) = CV (t)

I(t) =
dQ

dt

C
dV

dt
= I(t)(1)

I =
V

R

I(t) = g(t)V (t)(2)
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1. Signals are transmitted electrically (Galvani, 1791).
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1. Signals are transmitted electrically.

Volterra disputed Galvani’s interpretation and, in trying to prove him
wrong, invented the battery (the “Voltaic pile”).

In the mid-1800s Matteucci, and then Du Bois-Reymond, reported an
increase in current in a pile of frog thighs in proportion to the number
of thighs in the pile.

In the mid-1800s von Helmholtz, then Bernstein measured the speed
of propagation of the nervous impulse. Bernstein also carefully
matched the speed of the impulse with the speed of the electrical
field and showed the duration of the field at any location to be roughly
1 millisecond.

But a puzzle emerged: why was the propagation of “animal
electricity” many orders of magnitude slower than that of other
electrical fields?
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2. Nerves are made up of individual neurons (the “neuron doctrine”; Cajal,
1886).
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3. Signals are transmitted from one neuron to another across synapses
(Sherrington, 1897).

4. Action potentials are not graded in intensity; they are “all or nothing”
(Adrian, 1926).

5. Substantial information is contained in the neuronal firing rate (Adrian,
1926; Hubel and Wiesel, 1962; Evarts, 1966).

Textbook depiction: A neuron responds to a relevant stimulus, or
contributes to the production of an action, by increasing its firing rate.
(next slide)
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6. Action potentials result from the flow of ions across excitable
membranes.

Membranes can be electrically excitable (Bernstein, 1902; based on
Nernst, 1888).

Ion channels gate the flow of ions across membranes (Cole and
Curtis, 1939).

Sodium ions (in addition to potassium ions) are involved in action
potential generation (Hodgkin and Katz, 1949).

Hodgkin and Huxley (1952): Action potential generation may be
described quantitatively using

voltage-current-capacitance relationships, and
voltage-dependent conductances of distinct ions.

. – p.12



6A. The “membrane hypothesis.”

Nernst Equation:

∆V =
RT

ZF
log

[ion]o
[ion]i
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φ(x) = Concentration

Consider current flowing from x to x + dx

current due to concentration gradient ∝ dφ = dφ

dx
dx

current due to electrical potential gradient ∝ φ(x)dV = φ(x) dV
dx

dx

Equating these, dividing by φ(x), and integrating gives

V (x2) − V (x1) ∝ log
φ(x2)

φ(x1)
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dV

dt
= −

V

CR

. – p.17



. – p.18



6B. Ion channels
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6B. Ion channel gating
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6C. Sodium ions are involved in action potential generation.
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6. Action potentials result from the flow of ions across excitable
membranes.
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Nernst, 1888).
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potential generation (Hodgkin and Katz, 1949).
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voltage-current-capacitance relationships, and
voltage-dependent conductances of distinct ions.
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6D. Hodgkin-Huxley Model (1)
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6D. Hodgkin-Huxley Model (2)
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6D. Hodgkin-Huxley Model (3)
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Potassium Channel Kinetics

For each “gate,” consider transition from time t to time t + dt

P (open at time t) = n(t)
P (transition open → closed) = βdt

P (transition closed → open) = αdt

These imply
dn = (1 − n(t))αdt − n(t)βdt

And if 4 gates operate independently,
P (all gates open at time t) = n(t)4
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6D. Hodgkin-Huxley conductance measurements
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6E. Successes of Hodgkin-Huxley Model

150-year-old problem of “animal electricity” solved; correct predictions of

conductances (shown above);

form of action potential (obtained by laborious solution of equations;
8 hours per 5 milliseconds), including “undershoot”;

change in action potentials with varying concentrations of sodium;

number of sodium ions involved in inward flux;

speed of action potential propagation;

voltage curves for sodium and potassium separately.
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