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Introduction

The brain receives sensory inputs, processes them and finally
produces outputs in the form of behavior. In olfaction, many excel-
lent studies have clarified the initial step of neural processing.
However, the next step, i.e. how the meaning of the odor is added to
the recognized quality of the chemical odor, is poorly understood.
This is a critical problem in brain science, because the meaning of a
stimulus finally determines the behavior of the animal. In this paper,
we first review the characteristics of the olfactory CNS of the land
slug Limax marginatus and related species, focusing on the synchron-
ized network oscillation of membrane potentials of the neurons and
then report our recent study on a neural mechanism for determining
the aversive meaning of odors in the mollusk.

Odor-aversion conditioning in the Limax

The land slug Limax has a highly developed ability to discriminate
and identify odors and can be conditioned aversively (Sahley et al.,
1981). If a slug is subjected to a paired presentation of the odor of a
favorite food and a noxious stimulus such as electrical shock to the
head, or quinidine to the lips, the slug learns the relationship between
the two stimuli and starts to avoid the previously attractive odor.

Oscillatory activity of the neural network in the
Limax olfactory center

The procerebrum (PC) is an olfactory center of the gastropod
mollusks (Chase, 1985). The Limax PC is a highly developed neural
network consisting of ~103 neurons that are classified into two types,
bursting (B) and nonbursting (NB) neurons (Gelperin et al., 1989;
Kleinfeld et al., 1994). B neurons have projections within the cell
body layer of the PC while NB neurons have projections extending
to the neuropil layers (Watanabe et al., 1998). The NB neurons
receive direct input from the afferent fibers from the tentacle
ganglion, the primary olfactory center (Inoue et al., 2000). The
projection pattern of NB neurons is topographically organized,
potentially enabling the mapping of information onto a spatial
pattern (Kawahara et al, 1997). Furthermore, we have recently
studied odor-evoked activity in individual NB neurons using perfor-
ated patch recordings (Murakami et al., 2004) and the result suggest
that activity of NB neurons may encode odor identity.

The PC shows regular oscillatory activity at ~0.7 Hz (Gelperin and
Tank, 1990; Kleinfeld ez al., 1994; Kawahara et al., 1997; Kimura et
al., 1998) with a slight phase difference along the PC, which produces
waves propagating from the apical to basal region (Kleinfeld et al.,
1994; Kawahara et al., 1997; Inoue et al., 1998). Perforated-patch
recording revealed that B neurons have Cl-dependent excitatory
and K*-dependent inhibitory glutamate receptors (Watanabe et al.,
1999). On the other hand, NB neurons only have the latter ones. Our
recent study revealed a spatial difference in the Cl--dependent peri-
odic depolarizations in B neurons, which can account for the uni-
directional propagation of waves (Watanabe ef al., 2003).

Neuronal interactions producing the oscillatory activity are medi-
ated by various putative transmitters including glutamate, acetyl-
choline (Watanabe et al., 2001), serotonin and NO (Gelperin et al.,
1993; Inoue et al., 2001). The activity level of the bursting neurons
determines the oscillation frequency, which can be increased by
action of acetylcholine on B neurons (Watanabe et al., 2001).

What is the role of the oscillation in the PC in
information processing?

One of the major issues with the neural oscillation is what role the
oscillation could have in information processing. There are reports
that the PC oscillation is involved in odor discrimination (Teyke and
Gelperin, 1999). We also proposed a phase-dependent filtering of
olfactory information (Inoue et al, 2000). However, one way to
answer this question more clearly is to identify the neural pathway
from the PC to behavioral output and to analyze the causal relation-
ship between oscillatory dynamics in olfactory processing networks
and odor-guided behavior. Since such attempts remain elusive in the
mammalian brain, an in vitro nervous system of the Limax may lead
to an answer. An advantage of using Limax is that molluscan
nervous systems retain their function in the isolated brain, which can
survive for a long period of time in physiological saline. However,
there have been so far few studies focusing on the regions outside the
PC, which may lead to identification of pathways from the PC to a
motor output.

In vitro index of odor-guided behavior

We identified the odor-evoked motor output pathway (Inoue et al,
2004). We observed the behavior of the slug in response to odorants
very carefully and found that when the animal approached an aver-
sive odorant (innately or conditioned), it showed shortening of the
mantle, before turning away from the repellant. In contrast, attrac-
tive odorants did not induce mantle shortening. Therefore, contrac-
tion of the mantle muscle can be used as an index of an aversive
response. We identified a motoneuron that projects to the mantle
and innervates the mantle muscle and named it posterior visceral
neuron, p-VN. Electrical stimulation of the superior tentacle nerve or
application of innately aversive odor induced the action potentials in
the p-VN. On the other hand, the attractive odors hardly induced
firing of the p-VN.

These results indicate that aversive odors selectively increase the
number of p-VN spikes, namely, that odor-elicited muscle contrac-
tion in vivo can be reproduced in vitro, in terms of the activity of the
p-VN.

Neural correlate of the aversive meaning of the odor

The isolated nose-brain preparation was conditioned by simul-
taneous application of an odor of attractive food to the tentacle and
electrical stimulation of the lip nerve. In the test of the learning, the
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conditioned (now aversive) and unconditioned (attractive) odors
were applied to the nose while monitoring the activity of the p-VN
and LFP of the PC. Application of the conditioned odor elicited
discharges of the motoneuron. However, application of an uncon-
ditioned odor did not induce the discharges of the motoneuron.
These results were obtained repeatedly, indicating that the isolated
brains can acquire the odor memory. Thus an in vitro conditioning
system has been established.

Simultaneous recording of the LFP oscillation of the PC lobe and
p-VN activity has revealed strong correlation between discharges of
the p-VN and the frequency increase in the LFP oscillation, both of
which are induced selectively by aversive odors, the frequency
increase preceding the p-VN discharge.

We examined the effect of the acetylcholine application, which
increases LFP oscillation frequency, on the discharges of the p-VN.
Selective application of acetylcholine to the PC greatly increases the
LFP oscillation frequency, but has little effect to the motoneuronal
discharges. However, application of odor, not only aversive but also
attractive, could elicit discharges of the p-VN while the PC oscilla-
tion frequency was increased by ACh application. This result
suggests that the increase in the oscillation frequency in the PC does
not activate the p-VN directly, but has a modulatory effect on the
odor recognition, which results in the discharges of the p-VN and the
subsequent contraction of the mantle muscle.

The conclusion of the present study is that the oscillation
frequency in the olfactory CNS is a regulatory element for deter-
mining the aversive meaning of odors. In other words, the present
study revealed how the meaning of the odor is added to the recog-
nized quality of the chemical odor and how it leads to behavior.

Acknowledgements

This work was supported by grants from the Ministry of Education,
Culture, Sports, Science and Technology of Japan.

References

Chase, R. (1985) Responses to odors mapped in snail tentacle and brain by
[14C]-2-deoxyglucose autoradiography. J. Neurosci., 5, 2930-2939.

Gelperin, A. and Tank, D.W. (1990) Odour-modulated collective network
oscillations of olfactory interneurons in a terrestrial mollusc. Nature, 345,
437-440.

Gelperin, A., Tank, D.W. and Tesauro, G. (1989) Olfactory processing and
associative memory: cellular and modeling studies. In Byrne, J.W. and Berry,
W.O. (eds), Neural Models of Plasticity. Academic Press, New York, pp.
133-159.

Physiological Role of Oscillatory Activity of the Slug Olfactory Center i155

Gelperin, A., Rhines, L.D., Flores, J. and Tank, D.W. (1993) Coherent net-
work oscillations by olfactory interneurons: modulation by endogenous
amines. J. Neurophysiol., 69, 1930-1939.

Inoue, T., Kawahara, S., Toda, S., Watanabe, S. and Kirino, Y. (1998)
Selective optical recording of the neural activity in the olfactory center of
land slug using a calcium indicator dye. Bioimages, 6, 59-67.

Inoue, T., Watanabe, S., Kawahara, S. and Kirino, Y. (2000) Phase-
dependent filtering of sensory information in the oscillating olfactory center
of a terrestrial mollusk. J. Neurophysiol., 84, 1112-1115.

Inoue, T., Watanabe, S. and Kirino, Y. (2001) Serotonin and NO comple-
mentarily regulate generation of oscillatory activity in the olfactory CNS of a
terrestrial mollusk. J. Neurophysiol., 85, 2634-2638.

Inoue, T., Inokuma, Y., Watanabe, S. and Kirino, Y. (2004) In vitro study
of odor-evoked behavior in a terrestrial mollusk. J. Neurophysiol., 91,
372-381.

Kawahara, S., Toda, S., Suzuki, Y., Watanabe, S. and Kirino, Y. (1997).
Comparative study on neural oscillation in the procerebrum of the terres-
trial slugs Incilaria bilineata and Limax marginatus. J. Exp. Biol., 200,
1851-1861.

Kimura, T., Toda, S., Sekiguchi, T., Kawahara, S. and Kirino, Y. (1998)
Optical recording analysis of olfactory response of the PC lobe in the slug
brain. Learn. Mem., 4, 389-400.

Kleinfeld, D., Delaney, K.R., Fee, M.S., Flores, J.A., Tank, D.W. and
Gelperin, A. (1994) Dynamics of propagating waves in the olfactory
network of a terrestrial mollusk: an electrical and optical study. J. Neuro-
physiol., 72, 1402-1419.

Murakami, M., Watanabe, S., Inoue, T. and Kirino, Y. (2004) Odor-evoked
responses in the olfactory center neurons in the terrestrial slug. J. Neuro-
biol., 58, 369-378.

Sahley, C., Gelperin, A. and Rudy, J.W. (1981) One-trial associative learning
modifies food odor preferences of a terrestrial mollusk. Proc. Natl Acad. Sci.
USA, 78, 640-642.

Teyke, T. and Gelperin, A. (1999) Olfactory oscillations augment odor discrim-
ination not odor identification by Limax CNS. Neuroreport, 10, 1061-1068.

Watanabe, S., Kawahara, S. and Kirino, Y. (1998) Morphological character-
ization of the bursting and nonbursting neurones in the olfactory centre of
the terrestrial slug Limax marginatus. J. Exp. Biol., 201, 925-930.

Watanabe, S., Kawahara, S. and Kirino, Y. (1999) Glutamate induces CI-
and K* currents in the olfactory interneurons of a terrestrial slug. J. Comp.
Physiol. A, 184, 553-562.

Watanabe, S., Inoue, T., Murakami, M., Inokuma, Y., Kawahara, S. and
Kirino, Y. (2001) Modulation of oscillatory neural activities by cholinergic
activation of interneurons in the olfactory center of a terrestrial slug. Brain
Res., 896, 30-35.

Watanabe, S., Inoue, T. and Kirino, Y. (2003) Contribution of excitatory
chloride conductance in the determination of the direction of traveling
waves in an olfactory center. J. Neurosci., 23, 2932-2938.

2T0Z ‘s J8go100 uo 138nb Aq /Blo'seulnolploxo-aswiayo//:dny woij papeojumoq


http://chemse.oxfordjournals.org/

