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Neurons have remarkable numbers of shapes, sizes, and functions, and therefore also 
exhibit many different types of dynamics. The simplest is called “integrate and fire:”  The 
neuron's membrane potential rises as the result of stimulation from other neurons until it 
reaches a threshold. Once it crosses the threshold, the membrane potential forms a brief 
but intense “spike” and then gets reset to its initial value from which it begins rising 
again.  The spike, also known as the “action potential” provides a stimulus to neighboring 
neurons via a complicated electro-chemical process called synaptic transmission. 
 
Simple models of neurons do exactly what is described in the previous paragraph.  Their 
voltage (membrane potential) follows a simple forced ordinary differential equation until 
it reaches a threshold value.  The time when this happens (spike time) is recorded, and the 
voltage is returned to its “reset” value.  Currents of appropriate shapes are injected into 
neighboring neurons beginning at the spike time.  The actual voltage spike is not 
modeled.  There are two types of neurons: excitatory and inhibitory, distinguished by the 
nature of the currents that they generate in other neurons via synaptic transmission.  The 
currents generated by the excitatory neurons increase the target neurons' membrane 
potentials and thus bring these neurons closer to spiking. The currents generated by the 
inhibitory neurons decrease the target neurons' membrane potentials and so move them 
away from spiking. 
 

 
 



The reality is, of course, much more complicated.  The membrane potential is controlled 
by a number of ionic currents flowing across the neuron's membrane, as well as the 
synaptic currents that are the result of the stimuli from other neurons.  The resulting 
description is a complicated set of nonlinear ordinary differential equations, known as the 
Hodgkin-Huxley equations.  They describe the voltage spikes and other dynamics in 
detail. 

 
Visually, neurons vaguely resemble trees.  Stimuli enter them through root-like dendrites, 
and spikes (action potentials) leave them through branch-like axons.  The complete 
description of a neuron is a set of nonlinear partial differential equations that describe the 
propagation of electro-chemical signals.  This is too complicated for our purpose, but an 
intermediate description is sometimes useful.  In this description, the neuron is divided 
into compartments, which are described by coupled ordinary differential equations.  A 
typical example is a neuron with two compartments, one describing all its dendrites, and 
the other all its axons. 
 

 
 
Stimuli from other neurons are perceived by the given neuron as currents, or, more 
precisely, currents caused by the membrane electrical conductance (=1/resistance) 
changes induced by the stimuli.  Since a given neuron receives stimuli from many 
neighbors, the arrival times of these stimuli can be taken as random (Poisson distributed).  
Other sources of randomness are thermal fluctuations, randomness in ion channels, and 
more. 
 
The overall task of this project is the following: consider a one- or two-compartment 
Hodgkin-Huxley model of a neuron.  What types of dynamics does it exhibit under 
different types of stimulation?  How does randomness affect its dynamics?  What types of 
simplified models can adequately describe the dynamics and in which parameter 
regimes?  
 



POSSIBLE SENIOR THESIS PROBLEMS: 
 
- Implement a “conductance-driven integrate-and-fire” neuron with 
external and inhibitory forcing.  Compare it with the analogous “exponential integrate-
and-fire” neuron, which you should also implement.  How do firing rates, spike times, 
neuronal membrane potentials, and conductances compare? (Shelley&Tao01, Fourcaud-
Trocme&al03) 
 
- Implement two coupled “conductance-driven integrate-and-fire” and “exponential 
integrate-and-fire” neurons with external excitatory (and inhibitory) drive.  Consider the 
cases in which both neurons are excitatory or inhibitory, and when one is of 
either kind. The coupling should be realistic synaptic coupling.  Then increase the 
number of neurons to 3, 4, 5, … (Shelley&Tao01, Fourcaud-Trocme&al03) 
 
- Download the matlab tutorial program from Prof. Izhikevich's web page (see below) 
and test the various types of neuronal dynamics. Then implement an “exponential 
integrate-and-fire” neuron model and compare it with Prof. Izhikevich's results for the 
same parameter values.   Can you change the parameters on the “exponential integrate-
and-fire” model to best fit Prof. Izhikevich's results? (Izhikevich04, Fourcaud-
Trocme&al03) 
 
- Implement a Hodgkin-Huxley model with synaptic current forcing, and various ion 
currents, including possibly an adaptation current.  Play with parameters and observe 
various types of dynamics.  Compare with the “conductance-driven integrate-and-fire” 
and “exponential integrate-and-fire” dynamics.  Choose the parameters on these 
simplified models to ensure the best fit. (Brette&Gerstner05, Fourcaud-Trocme&al03, 
Geisler&al04, Jolivet&al04, Jolivet&Gerstner04) 
 
 
NOTES AND WEB SITES: 
 
- Prof. Peskin's notes, in particular part II: 
 
http://www.math.nyu.edu/faculty/peskin/neuronotes/ 
 
- Prof. Izhikevich's compendium of neuronal models: 
 
http://vesicle.nsi.edu/users/izhikevich/publications/whichmod.htm 
 
- Prof. Ermentrout's web page 
 
http://www.pitt.edu/~phase/ 
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