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Outline

In this final session we will examine the Hodgkin 
Huxley model of the squid giant axon, which was 
one of the earliest models of a biological system, and 
has proved to be extremely influential. We will 
cover:

 Experimental work on the squid giant axon;

 How the Na+ channel and K+ channel kinetics 
were described and parameterised based on 
experimental data;

 Properties of the Hodgkin Huxley model;

 Insights into the squid giant axon from the model;

 Legacy of the Hodgkin Huxley model;



Ion channels

Ion channels in the cell membrane are 

protein lined pores that provide a 

mechanism for passive transport.

Ion channels are remarkably selective, so 

they only admit ions of a particular species 

(e.g. sodium Na+). 

Image of K+ channel from

http://www.bio.brandeis.edu/faculty01/grigorieff.html

As we will see, ion channels are important 

for many aspects of cell function, especially 

of nerves and muscle.



Hodgkin, Huxley and the squid giant axon

(not the giant squid axon)

Squid axons (and all nerve fibres) are excitable.

If an electrical stimulus above some threshold 

is applied, the membrane voltage undergoes 

an excursion called an action potential.

An action potential is an all or nothing event.



Hodgkin, Huxley and the squid giant axon

The axon is a long nerve 0.5-1mm in diameter.

In the late 1940s technology for space clamp and voltage clamp was developed.

Extracellular fluid (conductor).

Squid giant axon

Silver wire (eliminates voltage gradient)
V

The voltage V between the extracellular and intracellular electrodes is held at a 

constant value by injecting a current I.

This injected current must be equal to the current that flows through the cell 

membrane.

I
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Hodgkin, Huxley and the squid giant axon
 Series of experiments conducted in the late 1940s 

established the principles underlying electrical activity of 

nerves.

 Experimental work in Plymouth (Devon), and modelling in 

Cambridge.

 Numerical solutions to equations hand cranked on 

calculating machines, often wearing mittens in unheated 

buildings ð1947 was an exceptionally cold winter.

 The origin of electrical activity in nerve cells was not understood.

 Hodgkin and Huxley developed a model of current flow through membranes that correctly 

predicted several features which were only observed later.

 The model principles are widely used in current generation of cardiac and neural models, 

and sparked a whole area of research in applied mathematics.

 Hodgkin and Huxley were awarded a Nobel prize in 1963.
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Hodgkin Huxley model assumptions
 Current flow through the membrane is composed of an Na+ current, a K+ current, 

and a leak current.

 The instantaneous value of each current is a linear function. If gX is the conductance 

(1/resistance) of the membrane to ion X, and VX is the Nernst potential for the ion, 

the current is given by 

 The three current components are independent, so that the membrane can be 

modelled by an electric circuit.

)( XXX VVgI

Membrane 

capacitance C

VNa VLVK

gNa gK gL
V

Outside

Inside



Ion channel conductance
 Changing voltage from a resting value of ð60mV (inside of the cell negative 

with respect to the outside, resulted in an inward current (inward flow of 

positive charge), followed by an outward current.

 Hodgkin and Huxley were able to separate out the Na+ current from the K+

current by making the extracellular concentration of Na+ equal the 

intracellular concentration.



Hodgkin and Huxley proposed that conductance of K+ channels could be described by a 

differential equation.

To fit the model to the sigmoidal increase and exponential decrease in the experimental 

data, they wrote

Which can also be written as

 At steady state dn/dt=0 and n=nÐ, so n 

returns to nÐwith a time constant of Űn. 

 Different values of nÐ for different 

voltages.

The quantity gk is the maximum conductance, n varies between 

0 and 1, and is the activation of the K+ channel, n4 is the 

proportion of channels that are open.

K+ channel conductance



Na+ conductance
Time dependence of Na+ current suggested more than one process at work, a fast increase 

in inward INa, and then a slow decrease ðactivation and inactivation.

Hodgkin and Huxley proposed an activation variable m and an inactivation variable h, both 

varying between 0 and 1; m3h gives the proportion of open channels, so 

Fast activation Slow inactivation



Hodgkin, Huxley and the squid giant axon

From Häusser Nature Neuroscience 3, 1165 - 1165 (2000) 



http://www.thevirtualheart.org/



Example output from Java applet implementing the 

Hodgkin Huxley model



First model of a heart cell

VNa VLVK

gNa gL

V

Outside

Inside

gK2gK1

Developed by Denis Noble in 1962.

K channels modified, and two parts proposed that turn on and off. 

see http://www.thevirtualheart.org/ for a Java applet

http://www.thevirtualheart.org/


Example output from Java applet 

implementing the Noble model



Action potential is all or 
nothing event.

Influx of Ca2+ ions triggers 
release of Ca2+ from 
stores, and initiates 
contraction.

Action potential 
propagates from cell to 
cell, and is the signalling 
mechanism for contraction 
to occur.

Outward K+

current.

Inward Na+

and Ca2+

current. 

Figure from Bers. Nature 2002;415:198

Cardiac action potential
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Model of a heart cell
 Cardiac cells are more complex than squid giant axon.

 Several channels for K+ and Ca2+, as well as many pumps and exchangers.

 These can be described with voltage and time dependent conductance using 

Hodgkin-Huxley formalism, or with fixed conductance.

Figure from Luo and Rudy. Circ Res 1993 
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Model of a heart cell
 Cardiac cells are more complex 

than squid giant axon.

 Several channels for K+ and Ca2+, as 
well as many pumps and exchangers.

 All can be described using Hodgkin-
Huxley formalism.
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Cell models
The following manuscript does not contain errors (as far as I know!), 
but illustrates the problem 
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Cell models
Equations for just one (out of eight) ion channel current ðL- type Ca 2+

channel
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www.cellml.org
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http://models.cellml.org/
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Ten Tusscher 2006 model
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Mathematics rendered from CellML
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OpenCell

(http://www.cellml.org/tools/opencell)


