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Computational analysis of olfactory neural

networks by an activity-dependent

self-organization model
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The olfactory sensory neuron (OSN) is the primary néuron of the olfactory system.
It expresses odorant receptors (ORs) which catch odorant molecules. There are about 1000
types of ORs. An OSN expresses only one type of ORs, and therefore there are about 1000
types of OSNs. OSNs project to mitral cells in the olfactory bulb, which are the secondary
neurons of the olfactory system. The cell bodies of the same type of OSNs scatter on the
olfactory epithelium, but the axons from the same types of OSNs converge to a small
number of mitral cells, and dendrites of the mitral cells and axon terminals of the OSNs
collectively construct a mass called the glomerulus. There are more than 1800 glomeruli in
an olfactory bulb. A single type of OSNs construct about 1~4 glomeruli per the bulb. How do
the same types of OSN axons converge? A theory which is supported by many molecular
biologists is that OSN axons are guided by guidance molecules. Certainly, guidance
moiecules are very importaht for the OSN axon guidance. ltis experimentally revealed that a
few guidance molecules and their receptors are expressed in the olfactory system, but
guidance molecules enough to guide about 1000 types of OSN axons to their precise
targets are not discovered. The guidance molecules which have been discovered by now
only have simple functions attracting or repulsing axons which express their receptors. If
OSN axons were completely guided to their precise targets only by these guidance
molecules, several hundred guidance molecules or a completely new mechanism to
efficiently guide OSN axons would be necessary.

Here | suggest that the OSN axon convergence is governed by an
activity-dependent mechanism. The activity-dependent mechanism is often used to explain
for the formation of the ocular dominance column. The mechanism is based on the Hebb’s
rule. When presynaptic and postsynaptic neurons are activated at the same time, the
synapses between them are strengthened. In other words, when a postsynaptic neuron
receives inputs from multiple presynaptic neurons, and if many presynaptic neurons make

action potentials at the same time, the postsynaptic neuron will be easily beyond the
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threshold and activated together. As a result, the synapses made by the presynaptic
neurons which are similarly activated and project in the vicinity are strengthened, and
therefore presynaptic neurons which show similar activities converge their axons. This rule
is applicable to the convergence of the same types of OSN axons. In the present paper |
used Tanaka's activity-dependent self-organization model. This model is constructed by
adopting the thermodynamic theory in the Hebb’s rule. This model compares the state of
combinations between presynaptic and postsynaptic neurons to energy. In high energy,
presynaptic neurons randomly project to postsynaptic neurons, but as the energy decreases,
the same types of presynaptic neurons converge according to the Hebb’s rule. In the case of
ocular dominance column, this model faithfully reproduced that two types of presynaptic
neurons are segregated into stripes.

When | adopted this model for the olfactory system and simulated, the same types
of OSN axons converged and constructed glomeruli. In living animals, glomerulus
positioning between individuals of the same genetic backgrounds is slightly different. |
reproduced this phenomenon reasonably by the activity-dependent model. The biggest
difficulty for an activity-dependent mechanism to explain the OSN targeting was the results
of the knockout mice for Olfactory Cyclic nucleotide Gated Channel 1. | reproduced the
glomerulus map, assuming a very weak activity correlation of OSNs of the mutant animals.
Furthermore, the activity-dependent model explained the results of OR transgenic and
knockout mice, and double glomeruli although it is difficult that guidance molecules explain
all of these results reasonably.

| also examined how the postsynaptic interaction function and the activity
correlation of OSNs influenced the glomerular size. In the olfactory system, OSNs have
complicated activity correlations unlike the neurons in the ocular dominance column
because of complicated overlaps between receptive ranges of different types of ORs.
Postsynaptic interaction function was expressed by sum of two Gausian functions. One

expressed exciting input and the other expressed inhibiting input. The sum of the two
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functions made the curve like a Mexican hat, and | examined how glomerulus size was
altered with the change of the curve. Basically, the glomerular size increased in proportion to
widing of the positive interactions in the curve. The glomerular size in the simple OSN
correlation where crosstalk between ORs was not considered was larger than in the
complicated OSN correlation where many different types of ORs showed overlapping
reactions to the same odorants. | also suggest that this activity dependent model can
explain the targeting of the vomeronasal receptor neurons to the accessory olfactory bulb
(AOB). Glomeruli in the AOB are smaller than those in the olfactory bulb. | assumed that this
was because mitral cells in the AOB project multiple dendrites to several glomeruli, and the
distance of excitatory postsynaptic interactions was small, and with this assumption,
reproduced the glomerular map in the AOB. Furthermore, | explained other experimental
results of the AOB by this model.

In the olfactory system, an activity-dependent mechanism has been denied by
many experimental researchers. However, much argument was not devoted to an
activity-dependent mechanism. The present paper showed thai an activity-dependent

mechanism could support many experimental results.
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