Biological oscillators with autocatalytic steps:
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Short Abstract — The auditory system is exquisitely
frequency selective and is able to maintain temporal synchrony
through early processing. We investigate ribbon synapses of
auditory hair cells by means of a minimal model comprising a
cycle of N-1 monomolecular steps and one autocatalytic step.
Coöperativity pushes the system toward a Hopf bifurcation,
enhancing frequency selectivity and synchronization. We
demonstrate the basis of this improvement in the mass action
limit, valid for large numbers of vesicles. We further compute
the correction due to intrinsic fluctuations and show the
phenomenon to be robust in the stochastic regime.
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I. INTRODUCTION

REQUENCY selectivity and temporal synchronization
are important in many dynamic biological systems. The
auditory system in particular is exquisitely frequency
selective and is able to maintain temporal synchrony through
early processing [1]. Selectivity and fidelity come at great
metabolic expense [2] and are supported by baroque
morphological specializations. An instance of such a
specialization is the ribbon synapse of the hair cell, essential
for synchronous signaling [3].
II. RESULTS
We investigate ribbon synapses of auditory hair cells by
means of a minimal model. We show that in certain regimes
coöperativity in the exocytotic release of neurotransmitter
induces frequency selectivity and synchronization.
First, we characterize vesicle release at the synapse as an
N step cycle; N=4 corresponds to a biologically plausible
model of vesicle release. Although this cyclic process itself
has some degree of resonance, we then show that
coöperativity enhances resonance by pushing the
eigenvalues toward the imaginary axis. Going through the
resulting Hopf bifurcation brings with it the benefits of being
near a dynamical critical point [4-6].
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In the deterministic framework of the mass action limit,
valid when the number of vesicle docking sites is large, we
demonstrate the basis of this improvement. Intrinsic
fluctuations due to the finite size of the more physiologically
realistic stochastic regime bring corrections. Using an exact
time-dependent Gillespie algorithm, we show that the
phenomenon persists in the stochastic regime.
III. CONCLUSION
An oscillator based on a chain of monomolecular steps can
be made arbitrarily resonant by the addition of a single
autocatalytic feedback step. Using such an oscillator, we
model the ribbon synapse. There is tantalizing evidence of
frequency selectivity at the level of the hair-cell ribbon
synapse [7]. We predict that coöperative vesicle release
could therefore contribute to both frequency selectivity and
synchronization at such synapses.
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