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Abstract:

Chemical synapses enable information transmission
between neurons throughout the brain and are generally
considered fundamental to learning and memory. We
propose a novel model designed to efficiently reproduce
their short-term dynamics. In biological synapses, action
potentials trigger an influx of calcium ions through
voltage-gated channels. These ions stochastically bind
with the vesicular release machinery with some delay,

causing probabilistic release of neurotransmitter that
occurs asynchronously with incoming spikes. Nonlinear
calcium binding and unbinding kinetics both determine
the timing of neurotransmitter release and enable
facilitation of release probability between spikes, while
depletion of the finite vesicle pool in the presynaptic
space depresses the release probability. Although many
synaptic models implement probabilistic release and
some form of short-term plasticity, most of them do not
take asynchronous release into account. Detailed
molecular models of the presynaptic machinery, on the
other hand, achieve all these features but with huge cost
in computational efficiency. To investigate the
significance of these dynamics in the context of larger
networks, we designed our presynaptic model to capture
the phenomenology of the molecular models while
maintaining the speed and efficiency of the simpler
models. The model achieves both probabilistic,
asynchronous release and facilitation by matching the
release profiles from detailed molecular simulations in
MCell, and the time course for depression is
implemented with exchanges between vesicle pools. The
model treats spikes, releases, and vesicle exchanges as
point events, allowing it to skip over intervening time
without computational overhead by asynchronously
calculating the timing of future events. It thus has
significant advantages in biological realism, efficiency,
and scalability.
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