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We introduce a biophysical model of a neuron that can accurately replicate many classical plasticity
experiments including work by Golding et al demonstrating the importance of dendritic spikes for the
induction of LTP. The model uses Hodgkin and Huxley channel dynamics across multiple compartments.
It includes the familiar sodium and potassium channels, as well as AMPA, NMDA, and VGCC channels
which follow the kinetic equations presented in Destexhe et al (AMPA, NMDA) and Abarbanel et al
(VGCC). Along with voltage, calcium concentration is a primary state variable and it is responsible for
signaling plasticity changes following the simple calcium control hypothesis presented by Shouval et al,
which describes two thresholds for plasticity: one that induces LTD and a higher one that induces LTP.
Results from Markram et al, Bi & Poo and Sjostrom et al were also replicated using the model showing
the different effects relative spike-timing, stimulation frequency, and cooperativity have on plasticity
can be implemented using biophysically known mechanisms and a simple calcium-based learning rule.

Golding et al demonstrate that dendritic spiking is strongly correlated with the induction of LTP even
when somatic action potentials were locally blocked using TTX. Like what was reported in the Golding
experiments, only strong or cooperative stimulations were able to elicit LTP in our model when the
somatic action potential was blocked. A low-density distribution of sodium and potassium channels in
the dendrites most accurately explains the findings of Golding’s experiment, and shows how the spatial
distribution of proteins can be used to alter the properties of a neuron. Plasticity was only induced when
excitation was strong enough to elicit a dendritic spike by these channels, showing the necessity for the
existence of active channels in the dendrites. However, too high of a channel density (especially
potassium channels) resulted in large, but skinny dendritic spikes — both factors reducing the magnitude
of the plasticity signal. Shouval et al report a similar problem with action potentials being too fast to
effectively induce plasticity using NMDA channel kinetics as the primary mechanism; this is reconciled by
this model through the use of low-density channels to make the dendritic spike broader. These
experiments demonstrate how the circuit can manipulate a neuron’s properties using the spatial
extension of the dendritic tree. Further, this model shows that the localization and density of active
channels determines how activity in the circuit influences the properties of the neuron.

This model can easily be expanded to include more details of the molecular events underlying plasticity
and action potential generation, which may lead to a more complete understanding of the affect of
these details on the properties of the neuron. More usefully though, a detailed model such as this one
can be used to help illuminate the abstract functional goal these processes are implementing. Finding
the simplifying rules that can explain the characteristics of neurons is a first step towards understanding
the how neurons are performing computation.
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