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• Biological background
• The conductance-based membrane model 
• Spatially extended models

Overview



The neuron

Action potentials        
(short electrical spikes)



The contacts of the axon to 
target neurons are either 
located on the dendritic tree 
or directly on the soma, and 
are known as synapses

Ionic gates are embedded in the cell 
membrane and control the passage 
of ions

Differences in the ionic concentrations of 
the intra/extracellular fluids create a 
potential difference across the cell

Neuron.mov



Action potential



Experimental setup in vitro



Single-compartment models
The Nernst potential



Diffusion of K+ ions down the concentration gradient through the 
membrane (a) creates an electric potential force directed at the opposite 
direction (b) until the diffusion and electrical forces counter each other (c) 
resulting in the Nernst equilibrium potential for K+



Passive redistribution and active transport 
support the concentration asymmetry

Reversal potentials



The membrane model

Ohm’s law:

- conductance

1. the phospholipid bilayer, which is analogous to a capacitor in that it 
accumulates ionic charge

2. the ionic permeabilities of the membrane, which are analogous to
resistors

3. the electrochemical driving forces, which are analogous to batteries 
driving the ionic currents



the current flow through a single  K+ channel

- the conductance of the K+ channel

- the K+ driving force across the membrane

the capacitive current across the membrane



The ODE of the membrane model

The Hodgkin-Huxley model

1949, Plymouth



They established experimentally the voltage dependence of ion 
conductances in the electrically excitable membrane of the squid
giant axon

A gated ionic channel

the transition from state C to state O
the transition from state O to state C



rate of change = inflow rate - outflow rate

Voltage-gated channel



The great insight of Hodgkin and Huxley was to realise that gK
depend upon four activation gates:

gNa depends upon three activation gates and one inactivation gate:



The Hodgkin-Huxley model



Spatially extended models
Linear cable theory

from current balance



space constant

membrane time constant



Infinite cable and constant current Io at X=0

Input resistance 



The Green’s function method

Initial value 

The Green’s function                        is the solution of

and BC 



Infinite cable and delta-pulse stimulus

Boundary conditions 
closed end at x=0 

open end at x=0 



Semi-infinite cable, closed end at x=0

Semi-infinite cable, open end at x=0



The Rall model

Equivalent cable

3/2 law



The Green’s function for an 
arbitrary tree

Node

Terminal
continuity of potentials & 
conservation of current

‘Sum-over-paths’ approach 
(L.F. Abbott,1992)

Trips



Coefficients 



Compartmental models



Simulation software tools
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