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Olfaction in Drosophila

Obaid Siddig

Molecular Biology Unit Teta institute of Fundamental Research
' Bombay, india

l. INTRODUCTION

Some years ago Veronica Rodriques and I described a set of X-linked olfactory
(olf) genes in Drosophila melanogaster whose mutations cause specific anos-
mias (Rodrigues and Siddiqi, 1978). It was known that Drasophila has a well-
developed olfactory sense and a rich repertoire of chemosensory behavior
(Barrows, 1907; Thorpe, 1939; Begg and Hogben, 1946). We wished to take
advantage of the highly developed genetics and molecular biology of Droso-
phila to gain some insight into odor perception. In particular, it seemed 1o
us that the study of clectrophysiologic and biochemical defects in anosmic
mutants was likely to throw light oa the vexing problem of olfactory receptors
and on the mechanism of odor discrimination,

To detect lesions in olfactory mutants it was necessary Lo obtain a suffi-
ciently detailed account of the wild type. Toward this end, our group has
studied the Canton special strain from which most of the mutants are derived.
1 first describe the salient features of olfaction in normal flies before discus-
sing mutanis, In several respects Drosophila combines richness of chemo-
sensory behavior with an underlying simplicity of structure and physiology
that makes it eminently suitable as a model animal for the study of olfactory
perception,

80 SIDDIG)

Il. OLFACTORY BEHAVIOR OF DROSOPHILA

The reactions of Drosophila to volatiles are not indiscriminate. At the be-
ginning of our studies, we examined the olfactory responses of Drosophila
{0 a set of about 50 odorants that were known to be either potent attractants
or repellents to other insects or constituents of Drosophila food sources. The
fly responds selectively to a small subset of these (Figure 1) (Rodrigues, 1980;
Siddiqi, 1983). Chemicals of the same group often elicit very unequal re-
sponses. Ethyl acetate, isoamyl acetate, and butanol are strong attractants,
but citronellyl acetate and geraniol are relatively ineffective. Benzaldehyde
is a strong repellent but other aldehydes are only weakly so (Figure 2).

We then investigated the chemical specificity of the presumptive receptors
by studying mutual interactions between odors. 1f the response to an odor is
measured with increasing concentrations of a second odor in the background,
the background is expected 10 inhibit the response when the two chemicals
compete for a common receptor. If the two odors are detected by independent
receplors, there should be no interference.’ Such odor ‘‘masking’’ or ‘*jam-
ming’’ experiments were carried out using larval behavior (Figure 3) or the
adult electroantennogram (Figure 4). Strong interferences were encountered
only when the odors belonged to the same chemical group. We inferred that
Drosophila employs a small number of odor receptors corresponding to the
functional groups of the volatiles in which the fly is most interested, namely
acctates, alcohols, ketones, aldehydes, and certain fawty acids. For some
groups, such as acctates and alcohols, there seem to be morse than one receptor
{Siddiqi, 1983; Borst, 1983) so that the functional group is not the only factor
determining receptor specificity. Nevertheless, the range of specificity of the
olfactory receptors is broad and accommodates considerable variation in
size and shape. We have chosen a set of six chemicals representing the chief
receptor classes to study the olfactory behavior of Drosaphila, This canonical
set of six odors does not exhaust the olfactory world of the fly. There clearly
remain other molecules, for instance the sex pheromones, which are impor-
tant to Drosophila. The role of olfaction in courtship has been extensively
studicd by Hall, Tompkins, and Jallon (Jalion, 1984; Tompkins, 1984; Gailey
et al., §986). The odors we investigated provide an overview of the {ly's olfac-
tory system and the strategy for detecting odors that it employs.

The larvae of Drosophila do not show any repulsion at lower concentra-
tions of odors. They are attracted by all volatiles, including such noxious
substances as pyridine. In the case of some chemicals, on reaching the source
the larvae do not run into the source but form a ring around it. The diameter
of the ring is directly proportional to the concentration at the source (Rodri-
gues, 1980). It is not known how the larvag orients toward the odor. At cle-
valed concentrations it makes a beeline toward the source, but with decreas-
ing strength of the cue its track assumes the character of biased wanderine

*‘r‘s-.; R
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LARVAL COMPETITION TESTS
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FIGURE 3 Effect of background odor on larval taxis. The response curves for
¢thy] acctste and salicylaldchyde against increasing concentrations of the background
odors: (A) isoamyl acetate (JAA); (B), benzakiehyde (B); (C) salicylaldehyde (S);
(D) ethyl acetate (EA). (From Rodrigues, 1980.) .

The adult fly discriminates between attraciants and repellents. Benzalde-
hyde, the sirongest among repellents, is avoided at extremely low concentra-
tions. Many of the attractants elicit a mixed response. At higher concenira-
tion the response changes from altractant to repulsion. Even the most potent
attractants, such as cthyl acetate and isoamyl acetate, lurn into repelients at
concentrations higher than a 1000-fold dilution at source. In this sense it is
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FIGURE 4 -lnhibilory effect of background on the amplitude of clectroantennogram
(EAG). Abccissa, negative Jogarithm of dilution of the background stimulus. Ordi-
nate, response (0 the test stimulus. (From Siddigi, 1983.)
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nmewhat misleading to describe the chemicals as attractants or repellents
thout specifying the concentration. The volatiles used in olfactometric ex-
riments are lipophilic, and one must bear in mind the possibility that the
ponse at nonphysiologic concentrations may involve mechanisms different
'm those that underlic normal responses at lower concentrations. This is
rticularly important in choosing methods for screening of mutants.

The sensitivity to a particular odorant is measured by the threshold for
 response and the maximal response that can be obtained. The exact mea-
ements of these indices dependfupon the design of the olfactometer and
*“state’* or “disposition”* of the fly. Y mazes, which introduce odors in
airstream, give low detection thresholds compared to mazes without airflow.
¢ optimal conditions for measuring attraction and repulsion are not the
1. Repulsion is best measured in rapid tests when alarmed flies are forced
nake a quick binary choice. On the other hand, attraction is stronger when
 fies are allowed to explore the maze relatively at ease.

Borst and Heisenberg (1982) have shown that a concentration of attrac-
t odor on one antenna 1.67 times the concentration on the other antenna
»kes a positive turning response. It is doubtful whether, in nature, the two
ennae encounter & concentration difference as large as this. The exact
chanism of this osmotropotaxis thus remains to be understood.

SENSORY PHYSIOLOGY

e third antennal segment of Drosophila carries the three types of sensory
rs usually found in insects. The sensilla basiconica and sensilla coeloconica
pond to odors. The sensilla trichoidea-are probably also olfactory, but
ir function remains to be determined.
The structure of the olfactory sensilla and their distribution on the funic-
r surface have been described by Singh ang his associates, who have also
orted a group of olfactory hairs on the maxillary palp (Venkatesh and
gh, 1983; Singh and Nayak, 1985). The larva possesses well-developed
actory organs (Singh and Singh, 1984), but their physiology has not been
died.
\nil Gupta and | have examined the electrophysiologic responses of sen-
1 basiconica, the principie sensors of general odors in adult flies. The sin-
unit responses of over a hundred neurons in a sample of more than half
basiconica on the funiculus is summarized in Figure 7. The hairs can be
isified into recognizable response types. Neglecting types ¥V and VII, which
represented by a small number of units, at least six major types of response
terns are distinguishable. Type I hairs respond to all six test odors. Type
cspond to the four attractants. Type 1 and type 11 hairs are highly sensi-
', three or four orders of magnitude more sensitive than the other hairs.
ty also exhibit a high rate of background firing. 1t is possible that these

Cu
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FIGURE 6 Sensory hairs on the funiculus. Top: Sensilla basiconica on the three
faces of the antenna. The hairs have been impregnated with silver. Bottom: Map of
the antennal surface showing the pattern of distribution in basicomica.
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FIGURE 7 Response spectra of sensilla basiconica: Top: Responses of 10} single
units. Diameter of circle denotes sensitivity on a logarithmic scale. Bottom: Map show-
ing topographic distribwtion of six different response types.

88 SIDDIGH

hairs constitute a high-sensitivity-Jow-acuity system of detection and the other
hairs mediate the recognition of odors at higher concentrations. The remaining
hair types 111, 1V, VI, and VIII respond sclectively to other subsets of odors:
four, three, iwo, or one. The responses are not distributed in random com-
binations. There is an orderly organization of receptor specificity, and only
a small subset of all possible combinations of sensitivity is actually present,

The orderliness of the receptor system is also seen in the spatial distribu-
tion of the response types (Figure 7). Each hair type occupies a continuous
patch on the antennal surface. These patches overlap, giving rise 10 areas that
contain different combinations of sensillary types. The pattern of distribu-
tion of basiconica is fairly invariant. One can recognize hairs of known re-
sponse characteristics from their positions and record from a given type of
hair repeatedly. This makes the Drosophila antenna particularly suitable for
clectrophysiologic investigations on mutants. Another convenient feature
of the olfactory neurons of Drosophila is the absence of peripheral inhibition.
The neurons, as a rule, respond to odors with an increased firing. The clas-
sification of response spectra is therefore comparatively easy.

IV. CENTRAL PROJECTIONS OF ODORS

The neurons of the antennal sensilla project (o the antennal lobes; some 1100
axons converge 10 22 glomeruli of each lobe (Pinto et al., 1983)?1111: connec-
tions of the antennal neurons to the glomeruli are very simple. Each neuron
is connected to a specific glomerulus. Some project only ipsilaterally, but
others send a branch along the antennal commissure to the same glomerulus
on the contralateral side (Stocker ¢t al., 1983). The antennal glomeruli can
be recognized by their position, shape, and size. The three types of olfactory
sensilla are conacected to different subsets of glomeruli (Figure 8).

Rodrigues, in collaboration with Buchner, used the deoxyglucose (DOG)
uptake method to map the activity pattern in the antennal lobe generated by
clementary odors. (Rodrigues 1988; Rodrigues and Buchner, 1984; Rodri-
gues and Bulthofl, 1985). They have shown that odor quality is represented
by a discrete spatial patiern of excitation in the antennal lobe (Figure 9). Four
of the six test odors project to different but overlapping subsets of a set of
12 glomeruli (Figure 10). '

An unexpected finding of the DOG experiments is the striking difference in
the pattern of activity gencrated by the repellent benzaldehyde compared to
other odorants. Other odors cause mainly ipsilateral excitation, but unilat-
eral stimulation with benzaldehyde excites the lobes on both sides. This obser-
valion provides a neurologic correlate of the finding by Borst and Heisenberg
(1982) that benxaldehyde fails to evoke an orientation response. Al present
the DOG results are of a somewhat qualitative nature. The technique needs
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" OLFACTION IN DROSOPHILA 89

FIGURE 8 Projection of different sensilla to antennal glomeruli. The site of cobalt
imjection is indicated by arrows. A total of 19 glomeruli are shown in two seclions.
The upper section shows 8 dorsal glomeruli; the lower section shows 11 ventral glom-
cruli. Altogether, 22 glomeruli can be identified. (From Stocker et al., 1983: Pinto et
al., 198¢))
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FIGURE 8 Deoxyglucose labeling of glomeruli. Top: Ipsilateral excitation by
acctate. The contralateral branch of the axon is labeled, but not the glomerulus. Bottom:
Bilateral excitation by benzaldehyde. Notice labeling on both sides. The left antenna
was removed. The output axons are also labeled.

to be improved and made quantitative before a confident assessment of the
invariance of activity patterns can be made.

Our knowlcdge of the circuitry of antennat lobes and the attendant pro-
cessing of sensory signals is still very inadequate. Golgi preparations reveal
a variety of interneurons (unpublished work by Fischbach, Borst, and Singh).
These must integrate the incoming signals, but in the absence of detailed in-
formation about the network of relay neurons, not much can be said regarding
the output signals that go to the mushroom body and dorsal protocerebrum.
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FIGURE 1.0 The pattern of projection of odors om a subset of 12 glomeruli (data rrgm
V. Rodrigues). Symbols D, V, A, and P refer 10 dorsal, ventral, anterior, and posterior
locations,

The input into glomeruli is convergent, but the output from the lobes diverges
to a few thousand Kenyon cells in the mushroom body. A major step forward
in understanding odor perception will come from understanding the nature
of mapping between the glomeruli and the Kenyon cells. In principle it should
be possible 1o extend functional mapping beyond the antennal glomeruli.

V. OLFACTORY NEUROGENETICS

Mutations can alter the olfaclory behavior of the fly in a vafie!y of ways,
Peripheral lesions may affect specific receptors, cellular signal_mg Palhways;
or clectrical excitability of the membrane. In each case the mutation is expecied

Ops 1.3 1w
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to change the firing response of the neuron. Mutations affecting the central
connections of the olfactory pathway are likely to change the osmotactic re-
sponscs of the fly without changing the electrical output of the sensory neu-
rons. One can use a number of diagnostic tests that should serve to distin-
guish peripheral from central defects.

In 1978 we described a set of four olfactory genes on the X chromosome
of Drosophila (Rodrigues and Siddiqi, 1978). More mulants were subsequently
isolated by Padhye and Ayyub. The olf mutants in our laboratory were in-
duced by cthylmethanesulfonate and screened by testing mutagenized lines
in the olfactory Y maze. John Carlson and his group al Yale have developed
other methods of screening for olfatory mutants.

The six X-linked genes we studied are shown in Figure 11. Four of these,
olfA, olfB, olfE, and olfF, reduce the response to aldehydes; olfC mutants
are defective in the response to acetate esters. The gene olfD blocks responses
to all odors that have been tested. Experiments in Carlson’s laboratory show
that olfD mutants are allelic 1o smell blind, a gene previously isolated by
Aceves-Pina and Quinn (1979).

All the olfactory mutants examined so far are partial; absolute odor blocks
have not been found. Some of the genes increase the threshold concentration
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of the response without reducing the maximal response; others cause a re-
duction in the maximal response (Figure 12). Mutations at all six loci affect
the adults as well as the larvae, although the effect on the larval response is
somewhat weaker. ‘ n

The genes olfA, olfC, and olfE are closely linked to the genes cur and singed
and have been investigated in some detail. Hasan and Ayyub have found

Benzoidehyde
N ci/'/*
/

7l ;/{ 4’|4

‘/
e oHAXI

[ n-Bumnol/‘ : -to
ost
cs :

A
/

oltDX9

04

RESPONSE INDEX

Q2F l

{ +/
[ is0 Amyl
[ Acetate | -

0o2F /
olICX 14

+ i
R
[oDoR]

FIGURE 12  The larval responses of olfactory mutants to odors, (Siddigi, 1987.)
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that a fraction of P-induced mutations in the singed locus cause olfactory
blocks. Several of these sn olf isolates fail (o complement olfA and offE alleles.
The P clement in thesc strains is inserted in the singed locus in only one of
the two possible orientations. Hasan and Ayyub (1988 ascribe this to a polar
cffect of insertions on the neighboring olf loci. A chromosome walk to map
the olf genes in this region has been carried out.

So far little is known about the primary functions of the olf genes. The
most striking feature of the phenotype of these genes is the chemical specifi-
city of the odor block. The six alleles of the olfC locus, for instance, belong
to two sub groups. X2, X3, and X10 are defective in response to ethyl acetate
as well as isoamyl acetate; XS, X14, and X17 are blocked to isoamyl acetate
alone. This suggests that these mutations affect some step in reception. Venard
and Pichon (1984) have reported that some of the olfC alleles have a defective
clectroantennogram (EAG) response to acetales. We are comefiily examining
the single-unit responses of olfactory mutants. ' .-

It has been found that the ofD mutants are also defective in taste response
(Mary Lilly, unpublished). Some of the new mutants isolated in Carlson’s
laboratory also show alterations in visual physiology. These results imply
that there are common steps in the pathways of chemd®ensory and visual
reception, :

VI.. SUMMARY

The most attractive feature of the olfactory pathway of Drosophila s its rel-
ative simplicity. Odorants are detected by an apparently small number of
specific receptor sites. The presumptive receptors correspond to the func-
tional groups in the volatiles of interest to the fly. The receptor sites are dis-
tributed on the sensory neurons in an overlapping fashion so that odors excite
specific subsets of neuron types, each with a characteristic spectrum of sen-
sitivity. The excitation patterns of the sensory neurons mapy on the glomeruli
in the antennal lobes, where each odor is represented by a pattern of glom-
erular activity. The simplicity of glomerular organization in Drosophila makes
this pattern recognizable.

A number of olfactory genes have been identified. Some of these give rise
to odor-specific anosmias; others produce multiple blocks or smell blindness.
The primary lesions in the olfactory mulaats remain to be identified, but
some of the oif mutations affect electrophysiologic responses, suggesting a
defect in reception. There are mutations that simultaneously affect the sen-
sory responses Lo olfactory, gustatory, and visual stimuli, showing that some
of the steps in cellular signaling are common to the three modalities.
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to use uterine chemical cues to locate and attach 10
their mother's nipple for the first time®. Indeed, the
fact that such a critical behavior should depend on
learning suggests that the mechanism underlying early
olfactory leamning must be very reliable.

Rat pups will also learn to attach to their mother's
nipples in the presence of a non-maternal odor.
Fetuses exposed to citral both in ufere and postnatally
will attach to washed nipples scented with citral. They
- will even attach to a citral-scented nipple in preference
to a naturally scented one,

While the first nipple attachment is facilitated by
uterine odors that have been deposited on the nipple,
suckling alters the olfactory characteristics of nipples.
Subsequent attachments are directed by odors derived
from the saliva that pups left on the nipples during their
previous suckling episodes. Pups deprived of their
sense of smell or given washed nipples do not attach®.
When washed nipples are painted with material swab-
bed from pup mouths, the pups are again able to attach
to the nipples>.

Postnatal olfactory experience produces a prefer-
ence only if it is accompanied by the kind of tactile
stimulation that mimics maternal contact®. This ability
to mimic a normal learning situation provides a power-
ful tool for studying the neurcbiology of learning.

As Norway rats grow and become mobile, they
continue to reunite periodically with their mother to
nurse. At that time, another maternal attractant,
produced by entenic microorganisms, is used to facili-
tate these reunions!. The microorganisms produce

PRI o EESEETS Sl

different odors with different maternal diets, naturaily
exposing litters to different dominant maternal odors’.
Rat pups subsequently approach the specific maternal
odor that they experienced early in life. They can also
develop attractions to non-maternal odors experienced
postnatally'. Y

Neural responses to learmmed odors
Accessory bulb

The vomeronasal organ, which sends its sensory
information to the accessory bulb, is specialized to
respond to chemical cues in fluids. The fetus is
surrounded by uterine fluids and the accessory system
may be involved in prenatal chemosensory learning.
The accessory olfactory system of fetal rats appears to
be chronically activated, as reflected by the uptake of
the labelled glucose analogue 2-deoxyglucose (2-DG)*.
This high activity in the accessory bulb may be due toa
chronic activation of the system by uterine odorants
sensed by the vomeronasal organ. 2-DG activity is not
seen in the rat accessory bulb after birth.

Modified glomerular complex

After birth, nipple oder (which is now modified by
pup saliva) provokes an increased uptake of 2-DG ina
modified glomerular complex located in the dorsome-
dial aspect of the main olfactory bulb near the accessory
bulb?. This complex is composed of several glomendi
that may function as a unit to process nipple odor.
Some other areas of the glomerular layer show
increased 2-DG uptake in response to nipple odor, but

clfactory receptor neyrons

PERIGLOMERULAR
CELL

8ox 1.

The main offactory buib reacts to stimuli activating the olfactory receptor neurons that are

worogmmcrcml/\m.. '

=+ EXTERNAL -
TUFTED CELL

MITRAL nm_-_-/

Ibv/ centrifugol

fibers

GRANULE nm.._./
)

| External Plexiform
Layer

| Internal Plexiform
Loyer

receptor neurons receive chemical cues in the olfactory mucosa, situated in the nasal turbinates. The chemical signal is transduced to a
neural signal and enters the clfactory bulb via the axons of the receptor neurons. These axons synapse with mitral, tufted and periglomerular
cells in large synaptic structures called glomeruli. Mitral cells are the dominant oulput neurons of the bulb. Tufted cells are composed of
subpopulations that project both from and within the bulb. Periglomerular cells appear to mediate interglomerular inhibition. The granule
cells are inhibitory interneurons, The external plexiform layer (EPL) is between the glomerular and mitral cell layers and contains the
secondary dendrites of mitral and tufted cells, as well as some tufted cell bodies. The internal plexiform layer (IPL contains granule cell

dendrites and mitral and tufted cell axons.

The accessory olfactory bulb (AOB) is located in the dorsomedial aspect of the main olfactory bulb, although it is entirely separate from
the main bulb. The AOB receives projections from receptor neurons in the vomeronasal organ, which is located in the palate, The laminae of
the accessory bulb are less distinct than in the main bulb and there are no tufted cells in this structure. Otherwise, the cell
of the accessory bulb are similar to the main olfactory bulb. {Modified from Ref. 5.)

TINS, Vol. 10, No. 10, 1987
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of the giomerular region underiving the enhanced 2-DG
uptake. This increase is apparently due 1o an increase
in both the size of the glomerular neuropil and associ-
ated cell bodies™, Ultrastructural changes in these
glomeruli follfowing early learning have not yet been
documented.

Neurophysiological plasticity

To determine whether the signal emanating from the
bulbis altered by early learning. the response of output
neurons was recorded from the subpopulation of mitral
cells (the major cutput neurons of the bulb) associated
with the responsive glomerular areas'®*. The output
cells of peppermint-learning pups have significantly
fewer excitatory and significantly more suppressive
responses to peppermint than the output cells of
controls. No differences in response pattern of these
cells is evoked by orange odor, an odor that activates a
different part of the bulb. Peppermint odor learning
neither decreases the number of cells that are respon-
sive {either suppressive or excitatory), nor changes
the magnitude of the response to either peppermint or
orange odor. The altered response pattern in
peppermint-learning pups to peppermint odor is res-
tnicted to those areas of the bulb associated with
peppermint-activated glomerular areas®’,

The increase in 2-DG uptake in the glomerular
region that contains mitral cell dendrites is interesting
in light of the fact that their cell bodies have suppressed
activity. It seems likely, then, that the increased
glomerular layer activity is not due 1o mitral cell
activity, but to the activity of another class of neurons.
Indeed. it has been suggested that 2-DG activity in the
glomerular laver of the bulb is produced by juxta-
glomerular tufted cells®!. An increase in the activity of
tufted cells could suppress local mitral cell activity by
activating eranule cells in the ipsilateral internal plexi-
form laver. These inhibitory interneurons would
then suppress local mitrad cell acuvity.

If this hypothesis has some valdity. one might
expect increased activity of granule cells in the internal
plexiform and/or granule cell layers. deep to the
enlarged glomerular clusters of odor-learning pups. To
address this possibility we stained olfactory bulbs for
glvcogen phosphorvlase, another activity-dependent
enzyme, to increase the spatial resolution of activity
measurement in the bulb. Only in peppermint-learning
pups is there a restricted line of increased activity in
the internal plexiform layer, deep to the modified
glomerular clusters_in response to peppermint odor
(Fig. 3)®. The increase in activity is likely to be due to
tufted cell activation of granule cells, which would
suppress the response of iocal mitral cells.

How could increased tufted cell activity develop in
odor-learning pups? Activation of tufted cells by early
olfactory leamning might prevent their death, or
increase the size of their dendritic arbors. The
increased number and/or size of tufted cells would
produce the observed enlargement of the glomerular
region. The increased response by these tufted cells to
the learned odor may increase the activation of granule
cells in the internal plexiform layer, thereby inhibiting
:mmm._..von:m mitral cells.

Relation to development
Similarities between this work and other research
raise the fascinating possibility that there may be

TINS, Vol. 10, No. 10, 1987

Fig. 2. (A) Sample autoradiograph and (8) adjacent section stained for succinic
dehydrogenase (SDH) from a pup that bas acquired a preference for peppermint
odor. Arrow in {A) paints to a focus of 2-DG uptake, arrow in (B) points to
corresponding glomerular cluster, determined by the alignment of adjacent
sections. The enlarged glomerular cluster can be seen at bigher magnification in
{C). Scale bar in (A) and (8} is 400 pm; in (C), 100 pm. (Taken, with permission,
from Ref. 18.)

mechanisms of neural organization during development
that are shared throughout the brain. Specifically,
there are parallels emerging between the development
of olfactory leaming and the establishment of ocular
dominance within the visual system in cats. Visual
stimulation, which is necessary to maintain binocularity
of striate cortex neurons, is unable to influence cortical
organization if the NMDA-type glutamate receptors
are blocked?), Such treatment also blocks the

neurobehavioral consequences of early olfactory:

leamning®. Ocular dominance plasticity can be
maintained only if visual stimulation is accompanied by
arousing stimulation from the thalamus or reticular
formation®®, These data are reminiscent of the finding
that arousing tactile stimulation is needed for early
olfactory learning'¥. Finally, visual, olfactory and
somatosensory developmental plasticity appear to

involve noradrenergic stimulation® >,

Olfactory learning in adults -

The activation of the noradrenergic pathway to the
olfactory bulb also appears to modulate adult olfactory
learning. At least 40% of noradrenergic neurons
emanating from the locus coeruleus project to the
olfactory bulb and these fibers synapse onto granule
celis®. Noradrenergic modulatipn of several types of
olfactory learning has been reported. For example,
female mice learn the odor of their sexual partner, and
abort their pregnancy if the odor of a strange male is
subsequently sensed by her accessory olfactory

437
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Olfactory cortex: model circuit for study of associative
memory? |

Lewis B. Haberly and James M. Bower

The piriform {olfactory) cortex is a phylogenehically old
type of cerebral cortex with parallels in its organization

Anatomy, University \ 1o the architecture of certain ‘neural network” models for
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University Avenue,
Madisen, W153706,
USA and James M.
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- distributed pattern recognition and association. These
features, in combination with unique structural charac-
teristics that facililate experimental study, make the

piriform cortex a polentially good model for analysis of

associative (content-addressable) memory processes.

One of the fundamental questions in neurobiology is
* how the CNS is able to store, retrieve and associate
| complex patterns of neuronal activity. Over the past
several years significant progress in addressing this
question has been made on two fronts. First, with the
aid of increasingly powerful experimental tools,
neurobiologists have derived considerable structural,
physiological and biochemical information that may
assist in understanding higher order functions. Of
particular significance are new insights concerning
jong-lasting, activity-dependent changes in synaptic
efficacies'. Second, the question of how brain-like
networks behave dynamically and, in particular, how
they might store and retrieve information has become
a focus of many mathematicians and physical scientists
interested in building devices with pattern recognition
abilities. The ideas being generated by these theoreti-
cal efforts are having a significant influence on the
work of an increasing number of neurobiologists.

In this article we attempt to relate the parallel
endeavors of biologists and theorists in the context of
the mammalian olfactory cortex, which we believe to
be a particularly good model system for study of the
neural w:amﬁ.wwn for learmed pattern recogniticn and
association. ‘First, howevér, we will provide an
overview of models with brain-like abilities that have
been developed by mathematicians and physical scien-
tists. ‘We will then introduce the circuitry of the
olfactory cortex and point out parallels in architecture
with the theoretical constructs. ‘Finally, we will
describe the initial attempts to model the olfactory
cortex within the framework of these constructs.

Neural networks and associative memory

In recent years there has been a rediscovery and
rapid development of models and artificial devices for
recognition and association of complex patterns that
rely on large numbers of relatively simple processing
elements that are highly interconnected and operate
in parallel. Because of certain similarities between
these models and general features of the CNS, they
have come to be known as ‘neural networks’. The
basic design of such neural network models contrasts
‘sharply with conventional digital computers where a

2 1909, Fluswner Scence Publisherg Ltd 7160) 0156 - 2736/89:802 OO

highly complex ‘central processing unit’ carries out
computations in a_step-by-step serial fashion. For
both non-technical and rigorous descriptions of the
many forms of artificial neural networks, as well as
accounts of the history of their development, the
reader is referved to the recent volumes by Anderson
and Rosenfeld? and Rumelhart and McClelland®.

One of the principal reasons for interest in neural
network models is the fact that many perform
associative functions as a direct consequence of their
architecture (and are therefore sometimes termed
‘associative memory’ models). These associative
functions include the ability to reconstruct onginal
learned patterns from inputs that are fragmented or
distorted versions of these patterns, the related
ability for novel input patterns to elicit outputs of
related patterns that were previously stored in

| memory, and the ability to link two or more unrelated

'patterns, especially when they occur at the same
time, so that subsequent input of one elicits the others
from memory.’

Key features of artificial neural networks that are
related to their ability to perform such associative
functions are the direct distribution of inputs across
the processing array and memory storage via
alterations in the strengths of connections between
the processing elements (hence the term ‘con-
nectionist models). Memories are coded in a
‘distributed’ fashion with individual connections par-
ticipating in the storage of many different patterns.
Another key feature of some neural networks is the
ability to self-organize by altering strengths of
connections based exclusively on local conditions such
as the degree of synchrony of inputs converging on to
individual processing elements. This allows these
networks to develop their own intemnal represent-
ations for stored data. Neural network models of this
form can be said to be ‘content-addressable’ since
retrieval occurs when inputs directly elicit output from
the array of interconnected processing elements. This
form of retrieval contrasts with that of digital
computers where information is accessed by a code
that is unrelated to content (termed ‘location-
addressable’ memory).

There are intriguing similarities in architecture,
operation and other features of certain artificial neural
networks and the cerebral cortex. In addition to the
brain-ike self-organizing associative abilities de-
scribed above, these models display a relative immun-
ity to the effects of damage to individual processing
elements that is charactenstic of association areas of
the cerebral cortex. Requirements for processing
elements are also within the capabilities of cortical

TiNS. Vol 12. No 7. 1989
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As in other types of cerebral cortex, a large number
of classes of non-pyramidal cell can be distinguished
on the basis of location, morphology, connections and
neurotransmitters. However, in contrast to the
neocortex, these different types tend to be lamina-
and position-specific - a feature that greatly facilitates
experimental analysis and modeling'*-'®.” As in other
types of cerebral cortex, a large percentage of non-
pyramidal cells in the piriform cortex appear to use
GABA as their neurotransmitter and therefore prob-
ably mediate an inhibitory effect’®".

Afferent fiber systems. Afferent fibers from the
olfactory bulb, which carry incoming olfactory infor-
mation, terminate in the sharply delimited layer la
(Ref. 13). It is of special significance, as discussed
below, that this fiber system is highly distributed in
the horizontal dimension (parallel to the cortical

surface): small areas in the olfactory bulb project to

the entire extent of the piriform cortex and, con-
versely, small areas in the piriform cortex receive
inputs from cells in all parts of the olfactory bulb®
(Fig. 5). There is a non-uniformity in this projection

but any patterns present are broad and overlapping

with no indication of a topographically organized,

!. point-to-point mapping.

In addition to the afferent input from the olfactory
bulb, the piriform cortex and other olfactory cortical
areas that include the entorhinal cortex, receive
inputs from the amy hippocampal formation and

neocortical areas*!?. These inputs could allow.
a convergence of olfactory mformation with that
derived from other sensory systems as well as limhic

(emotional, visceral) and motor systems.
B

Response surlaces

Amyl acelate (Low)

Heptanal

Inhalation cycles

PRI

Association fiber systems. Within the piriform cortex
there are intrinsic association fiber systems that, in
common with the afferent input, are precisely ordered
in the vertical dimension but highly distributed in the
horizontal dimension®#* (Fig. 3). These association!
fibers both originate from, and tertninate on pyramidal
cells'”?'. As illustrated in Fig. 3, at least three
different intrinsic fiber systems can be distinguished
that synapse on_different dendritic segments of
pyramidal cells'4%. Physiological data from intra-
cellular recording!>'*** and current source-density
experiments®? (Fig. 6) suggest that following acti-
vation of afferent fibers, four different EPSPs occur in
different dendritic segments of pyramidal cells consis-
tent with expectations from the morphological data: a
monosynaptic EPSP mediated by afferent fibers in
distal apical segments is followed successively by
disynaptic EPSPs at the level of basal dendrites in
layer IIl, middle apical segments in superficial layer
Ib, and proxmal apical segments in deep layer
Ib. ‘Recent studies?” suggest that this sequence may
recur during each cycle of the 40-60Hz oscillation
that accompanies odor responses (see below).

Inhibitory systems. A variety of inhibitory systems
have been demonstrated in the piriform cortex as
in other types of cerebral cortex. Afferent fibers
directly synapse on inhibitory interneurons which
project to pyramidal no,w_n._. thereby producing a
feedforward inhibition'®. "Qutputs of pyramidal cells
contact inhibitory interneurons which project back
fo pyramidal cells producing feedback inhibition®.
Physiological study has revealed fast and slow
synaptically mediated inhibitory processes mediated

Fig. 2. Nature of the olfactory code. {A) Broad spatial
pattems in summed receptor potentials in the olfactory
mucosa of the tiger salamander in response to different
odorants. Sizes of dots denote relative amplitudes of
potentials. (B) Temporal response pattems in the olfactory
buib evoked by two different odorants. Plots are response
rasters showing changes in single unit firing patterns in
relationship to the inhalation cycle (bottom) during
presentation of odors (white bars at left; C = cineole, A =
amyl acetate). {C) Specificity in responses of single units in
the piriform cortex and adjacent amygdaloid cortex in
relationship to eight odorants. Results are arranged in
order from greatest specificity (response to one odorant)
at left to least specificity (response to seven odorants) at
right. Note that while there is a tendency for specific
response, the pattem is essentially an ensemble code:
cach odorant excites or inhibits the firing of tens of
thousands of cells in all parts of the cortex (also see
Ref. 53). {A, B, C reproduced, with permission, from
Refs 31, 34 and 54, respectively.)

TIELLLLLA

A

T LTI LTS [ Il J1LLY .ﬂ.

Cm

ot
ubL |
(1% |
"

R ;I R O 105
R R T

"60

[ Facilitatory Response
£) inhibitory Response

B £ Type
@ * Type
[] No Response

Mixed Rasponses

TINS, Vol 12, No. 7, 1989



192

(‘Buas) Suey
-onry Aq papmoid ainSid) ‘(sassasosd dupuap sy Fuowe pasisdsiain
sassaoud uiyy) sipiRiE)02 duy Auew o asu SamS LOXP dy) APOQ (32 Y WOl
SICIPE! JRY} 994) JGUPUIP [BSPG B PUB 2IBLINS [PXLOD 3y} PIEMO] SPUIIX3 JBY]
221) 2nupuap eade ue 0] dsu aaid sy sy X203 (£1q3I1ID JO SN} 23470 Ut
sy ‘wonalur aAp seinyaenur AQ paurBls Xapi0d uuouid ui 193 [epiweify 814

ajLipuap
[eseg

ajlipusp
jeatdy V-

Nl

94| [EIQI0D 2)OUIP SPIWNY UBWIOY "Sfa3 [epiuesAd
daap ‘@ ’s|jd fepiwreiAd eoyuadng ‘dS ISaqy (Uasaye) qing AIOpEjl0 ‘GO [SUOBAIGQY
Sjj93 (epiesAd jo SpusuiTas dQUPUSP JuIAIP U0 UOIYSE) JYDITS-BUILIE| B Ul 5dRUAS SWRYSAS 19q)
[PUOTIRIDOSSE JSULRUI JUIYIP PUP JUILP “Ix31 ay] i paquasap sy AJojoydiow yad pepuwesAd

6861 'L 'ON 'TL JOA 'SNIL

103 WIIFP Ay -syifuans ondeuds Aojepxa
m safueyd Juapuadap-Alwnoe amnbar  syIiomisu
eLONIE 3531 jo Auew ‘Afeul °,Xauod AJoidejo
3yl W aseY 3 3q 01 APYTY OS[e S Yomm ‘ploysany)
INdIno 03 IANE[S1 yeam AgendAy are syndun fenptarpn
S[2powW AI0WIW JANEIDOSSE Ul ‘PIY ], " ndun Jualage
PANQLIST 3 9419232 181 Siuawidas oy 03 Juadelpe
A[jEpaurmn ale jef SUAWBIS JNUPUIP 01 YOrQpPaII]
aanisod painginsp e 21ePIW (SWAASAS 19qQ [euone
-DOSSE) S[32 [EpiuelAd Uaam]aq SUONIIULOIIAI Y]
xo1100 wuopnd ayy uf ndul pINLOSIP A AL
e} syun Buissadosd Iyl UIIMISG SUOHIIDUUOIIIIN
21A Yoeqpas) aantsod Aq paoueyua AN1eas st $YIOMIU
DANEOSSE AUBW JO Jamod ARBUTUIIDSIP S ‘pUOIBG
xouos unopnd 3y o) uondaloid qmq K1ooejo
S} W uIas J|p Iy waasAs ndur painqunsp
Aeneds e vodn spuadap s}10MI9U IATBIOSSE [BIDYTLE
Jo uomduny 3 WANXI 23re B 01 “sAg ° S[Rpow
AJOWw J|qESSIIPPE-1UAIUOCD “SANBDOSSE UTELIID JO
3IMPRINore A pue xsu0d uopnd s jo aimonns
I uUIIMIAq sjofered Buppns [eraAls are 2IYJ
Burjapow K1owapy

“pado[aaap flam S1 sjuasodwod snmums
TENPIATPUT SUTUIEXD 01 AIME AN SJ9YM UOHEUTURIISIP
wiayied [EnstA 0] ISENRUOD payJeW W SPURIS Ing
‘WNSAS [ERSIA SR W SI0[OI JO UONBUIRIISID
SAAqQUIASAT sl I ‘(6E TPY "2-9) swaned ndino
Arelmm o SIS Ananoe pardddn-indun araym
sjapoul AIOWSW IANEDOSSE UTEWID JO JUIISTUMLIAL
ameq) v — sjusuoduwiod [ENPAIPI O UOMIISSIP
Jj0] Lipedes padopasp Apood e Qim  SUONESUSS
Jopo-offurs Se pasledlad aq 01 SIURIOPC JO SIMPMU
J0} S[EPUNUE JOMO| puv . uew ui £oudpu3y Buons
ayl 51 Sumepow AOWIW O} IdURAIRL [enusiod
s 5u9s Aopejic ay Jo Pwadse Bumdumm uy
S[eATIWN Sw ()7 A[ereumxordde je Ajanoe
K101eoso STy Jo $3dojRAUS S0AI L Louanbagy-g
03 pon st 1) Bugyus oAyl ‘sjuapol Uy ©,Xau0d
Pue qmq A0EJ0 AP POG W MO0 SUORETLISO
ZHOoOv Ipmqdure ydry sasuodsar sopo Buumng
(G2 B1d) go-yg1559001d UONBUTUILIISTY AIOIOBJIO 3
0} anqLIuod pmod ey Lande jo swaned reiodws;
UIISISUDD PAMEIAAT Ay qmq AI0ERC Yy W1 pue
[Pas{103danar a1 e sapnls “Burpod feneds ayy o3 uonmp
-Pe U] ‘g, 2BHMS 2ANd333r 2
uc pajefaidas Ajpeolq 3q 01 SaNY
-wads IeUNS it S[90 203da01
Joj A>uapuay e jo duanbasuod e
se sajeurBLIo Juauodwod [eneds snn

10§ ¢ ‘514 29§ xap0d wuosud gy ut sij2d feprURIAd Jo suogIIuL) L10je)axa jo Arewwng g "8y 1B 15983ns senualed 103d3d31

ouaisod
XD Jue
" WOy UOXE "DOSSE
Xou0d 150d
WOs UoKE "J0SSE |

-pawwns jo sapmg (vZ B

JOUBIUY mn_...._“%:u:anou feneds paingquisp

m e SIpnpul Ipod boﬁa_om
2y yewn edpun sayoeoadde ejuaw
-uadxa [eI2A9S WOZ SUNSIY

uondadiad

" pue Suiped L101dej[0
(1 "3d)
||||||||| oe-z1 11 UOTIERLIO} reduresoddy
W pue eqfues feseq ‘snurerenodiy
||||||||| ‘SUrefeyl ‘X3110009U Y] 01 SEa

Qi [eorod AI01DBJj0 Y10 puE X3IU0D

uuuuuuuuu uuopnd an woy sindino AP

©  are Y] CSwasds jussdffF

uoxe go

soeuns ‘glnIssel0d pue IpUORYd iq



S T

ithms for implementing such changes are employed in
different models, many can be thought of as variations
of the ‘Hebb rule™’. These aigorithms allow simul-
taneous activation of multiple inputs, or inputs and
outputs, to trigger alterations in the strengths of input
connections. While there has been comparatively little
study of synaptic plasticity in the piriform cortex,
excitatory synapses on to pyramidal cells in the
closely related hippocampus display Hebb-like
activity-dependent alterations in strength, termed
long term potentiation {LTP). It has recently been
demonstrated that interactions between inputs to
different portions of, dendritic tree can trigger
such alterations*"*2, 1f pyramidal cells in the piriform
cortex have similar properties, then activation of
either afferent or associational fibers with the proper
temporal pattern could trigger changes in symaptic
strengths. Such changes could also be triggered by
coincidence in activation of different dendritic seg-
ments by afferent and associational inputs (see Ref.
43 for theoretical implications of this possibility). A
recent study® has revealed substantial increases m
the strengths of excitatory synapses in the piriform
cortex when animals are trained to respond to

synchronous shock stimuli as if they were odors, but
further study will be required to determine whether
properties of this process are similar to LTP in

hippocampal pyramidal cells.

Fig. 5. Both the afferent input to the piriform cortex from
the olfactory bulb and the associational connections
within the piriform cortex are highly distributed in the
horizontal dimension (parallel to the cortical surface).
(A) Projection neurons (black dots) in the olfactory bulb of
the rat labeled by retrograde transport of horseradish
peroxidase (HRP) from small injections into the anterior
piriform cortex (left) and olfactory tubercle (right). Note
that labeled cells are distributed throughout the perimeter
of the olfactory bulb from both sites with only broad,
overlapping spatial patterns. (B) Neurons (dots and small
circles) in the anterior piriform cortex and underlying
endopiriform nucleus (En) of the rat labeled by retrograde
transport of HRP from an injection into the posterior
piriform cortex. Note that despite the restricted nature of
the injection, cells are found throughout the medial to
lateral extent of layer Il and the endopinform nudleus.

e ‘..wkuvs.

e

.. A T -

An important question is whether highly distributed
intrinsic connections like those in associative memory
models are unique to the olfactory cortex or if they
are also present in other types of cerebral cortex —
i.e. is there potential for the olfactory cortex to serve
as a general model for analysis of associative memory
processes? While studies of the intrinsic circuitry in
the neocortex have concentrated on the vertical,
columnar organization of the receiving areas, recent
studies have demonstrated the presence of horizontal
intrinsic connections*> that may be especially well-
developed in higher order ‘association’ areas. Even in
area 7 of the cat, however, which appears to have the
most extensive intrinsic associational connections yet
demonstrated in the neocortex, the horizontal organ-
ization is not of a continuous nature as in the olfactory
cortex, but is ‘fractured’ into irregular interconnected
patches*®. Nevertheless, the high degree of conver-
mm._.snn and divergence of connections between pyTami-
dal cells that is required for most associative, content-
addressable memory_ schemes does appear to be
present.

Computer simulation models for piriform
cortex

Wilson and Bower'’~* have developed a network
simulation for the piriform cortex that replicates basic
features of responses to natural and artificial stimuli.

(C) Locations of sections in (A) and (B) (arrows). Abbreviations: aPC, anterior piriform cortex; lot, lateral offactory tract
(afferent fibers to piriform cortex from the olfactory bulb); N, neocortex; OT, olfactory tubercle; pPC, postenor piriform
cortex. (A, B, C reproduced, with permission, from Refs 20, 21 and 55, respectively.)

TINS, Vol. 12, No. 7, 1989
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although the exact formulation of the algorithm differs
from that of Wilson and Bowet. Several types of
inhibitory process are assumed in the model including
a strong local feedback process that imparts a ‘winner-
takes-all’ response mode on sets of 8-12 pyramidal
cells. While there are excitatory interconnections
between pyramidal cells as in the Wilson and Bower
model, in simulations presented thus far, parameters
have been adjusted so that these interconnections
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synaptic efficacy. The excitatory refractoriness sup-
presses initial strong responses that result from
convergence of many input lines so that more
selective responses can emerge during continued
presentation of input patterns. Test stimuli consist of
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! lines. Simulations with this model have demonstrated
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j categorization of simulated odors (grouping of similar
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responses to partially overlapping stimulus patterns
with repeated presentations.

Concluding remarks
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simulated neurons, and both simplifying assumptions
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required, they offer encouragement that the theoreti-
cal framework provided by associative, content-
addressable memory models will be a useful one for
study of the nervous system.
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Fig. 2. Neuronal elements of the mammalian oifactory bulb.
Inputs: olfactory nerves (above) from the receptors; central fibers
{C. AON and AC] from the higher centers. Neurons: mitral cell
(M), with primary (1°) and secondary dendrites (2°}and recurrent
axon collaterals (rc); tufted cell (T), a smaller version of mitral
cells; granule cell (Gr); inhibitory cell (PG) in the input layer;
deep short axon cells (SA) which are small in number. Outputs:
LOT to olfactory cortex. Taken from Shephard {1979)

2 Anatomical and Physiological Background

The olfactory bulb has clearly differentiated types of
ncurons located on different parallel lamina. These
lamina lic on a surface which is roughly a segment of a
spbere or ellipsoid. Each receptor sends a single
unbranched axon to the topmost layer, terminating in
one of the spherical regions of neuropil termed glomer-
uli (Fig. 2; Shepherd 1979). The receptor axons ramify
inside it and synapse on the dendrites of the excitatory
mitral cells and on dendrites of inhibitory short axon
cells. The short axon cells make local dendrodendritic
contacts with mitral cells. A few axons from the
diagonal band also synapse on the mitral dendrites in
this layer (Shepherd 1979). ’

The main cell types of the bulb are the (excitatory)
mitral cells, whose cell bodies lie below the input layer,
and the (inhibitory) granule cells lying deep below the
layer of mitral cell bodies (Shepherd 1979). Each mitral
cell sends an unbranched primary dendrite to one
glomerulus. The granule cell upper dendrites receive
excitation from the mitral cell secondary dendrites and
send inhibition back to them by local dendrodendritic
interaction on their dendritic connections. Most of
these dendrodendritic connections are reciprocal and
extend locally to other cells within a few hundred
microns, the space below several glomeruli (Shepherd
1979)in the input layer. The mitral cell axons also send
collaterals to the local granule cell lower dendrites. The
granule cells do not have a morphological axon. While

i B e ‘...wkwl .

0 2 4 5 8
Wave amplitude
Cell input-output function
3.51
B
30
B 25
2
W 2.0 For granule calt
315¢%
8 14} For mitral celi
0.5
0.0

0 1 5 6 7 8

2 3 4

Cell internal state
Fig. 3A aed B. Cell non-linear input-output functions. A Three
examples of experimentally measured functions in a mass of
mitral and granule cells, relating the pulse probability of single or
small groups of mitral cells to the EEG wave amplitude
originated from the granule cells, Taken from Freeman and
Skarda (1985). B The model functions for mitral and granule cells
respectively

they can produce action potentials (Mori and Kishi
1982), their outputs are dominantly via granule-to-
mitral dendrodendritic synapses activated by graded
presynaptic depolarization (Shepherd 1979; Jahr and
Nicoll 1980). There are aiso smaller excitatory cells
called tufted cells, and inhibitory interneural short
axon cells which are very few compared with the
interneural granule cells. .
Most inputs from higher olfactory centers and
other parts of the brain are directed to the dendrites of
the granule cells. The outputs of the bulb are carried by
the mitral cell axons. There are ~ 1000 receptor axons
and dendrites from 25 mitral cells in each glomerulus,
while there are ~ 200 granule cells for each mitral cell.
A rabbit has about 50,000 mitral cells (Shepherd 1979).
Both the mitral and granule cells have a non-linear
input-output relationship, which can be qualitatively
seen in physiological measurement done on a mitral-
granule cell mass (Freeman 1975, 1979a: Fig. 3). Both
the mitral and granule cells have a membrane time
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number reductions are used in the computer simula-
tion because of the limited computer capability. The

group of mitral cells connecting to the same glomer-

ufus is simplified into one cell by assuming that the
activity level changes little locally. Similarly, the ratio
M : N is taken to be much less than the 200: 1 in the real
bulb. Excitation and inhibition are kept in balance by
correspondingly increasing the strength of the granule

cell {(inhibitory) synapses.

3.2 Inpuis to the Bulb Model

The inputs from outside bulb to a mitral cell i is
described by the components I, for 1 £i S N. This input
vector I is a superposition of a true odor signal and a
background input, i.e., I =140 + Ipscground- Tbackground
is the sum of the receptor background input and the
central inputs to the mitral cell dendrites in the input
layer. I, ranges from zero to 10 or 20 times of
Dyackgrounes determined by odor pattern P, with
components P, ; for 1<i<N, characterizing the
odor concentration and the receptor cells’ sensitivity
pattern to the odor. Each sniff cycle lasts for
200-500 ms as that of a rabbit. All these inputs are
taken to be excitatory. The odor concentration on the
mucesa will rise rapidly at the initiation of inhale, and
correspondingly drop at initial exhale because of
absorption by the lungs. Odorant diffusion through
the mucous to the receptors should delay the increase
in receptor activitics. Thus we model the I, to
increase in time during inhale, as observed in experi-
ment (Getchell and Shepherd 1978). Exhalation is
modeled as an exponential return toward the ambient.
Then for any mitral cell i exposed to odor,

Pogor.i- (1= 101%) 4 [ ., {7%2),
if nmawln <1< nnnru_-“
Hﬂ_nn _.muonrhpnw eTl- 228l e ahate ,

:. > nouuh_- .

Logor A1) = (3.1)

as illustrated in Fig. 4, where 7,,,,,.=33 ms and ¢i"he!¢
and ="' are the on-set times for inhale and exhale
respectively.

The central input to the granule cells are described
by the vector [, with components I, ;for 1 SjS M. For
now, it is assumed that I, and Iy,;,4/0uee 0 DOt change
during a sniff cycle. The scales of /y,.xgrovns =0-243 and
I.=0.1 are set such that when [, =0, most of the
mitral and granule cells have their cell internal state
just below maximum slope points on their input-
output function curves (Freeman 1979a). So there will
be weak incoherent oscillatory activity when there is
no odor input, as often observed (Freeman and
Schneider 1982).

P

R S

3.3 The Model Cell Property

Each cell is modeled as one unit since typical (dendro-
dendritic) interactions take place locally on the den-
drites with electrotonic length less than one (Shepherd
1979). The internal state level of a neuron is described
by a single variable resembling the cell membrane
potential. Those of the mitral cells and granule
cells are respectively X={x,,x,,...,xy} and
Y={y:,¥2-.., ¥a}- The cell output is described as a
continuous function of the cell’s internal state, and can
be thought of as proportional to the cell firing
frequency. They are G {X)={g,(x,), gLx3), ..., 8{xn}}
and G(Y)={g,(y,).8,(¥2} ..., ,(yw)} for the mitral and
granule cells respectively, where g, and g, are the
neurons’ output functions which have the following
properties modeled after a real cell:

1) gdg,)20, g:g)) 20, i.c., the output firing rate is
non-negative and non-decreasing with increasing cell
membrane potential.

2) g, and g, are non-linear, the strongest non-
linear region occurs around the firing threshold region
of the cell, and the outputs also saturate at high
internal state level.

Figure 3 shows the form of input-output relation
used for mitral and granule cells. The complicated
mathematical form was chosen for convenience, and is
inessential to the behavior as long as the shapes are
qualitatively preserved.

The fuaction formulae are:

"

ﬁ+mp.§uqm5v. if x<th; 5.=014,
g:dx)=1 x—th
mp+m,.§um . v if x2th. S,=14.
( ] .VIH‘— : "
S,+35, -tanh v ) if y<th; §,=0.29,
y
N\c\v"A

y—th
S

y

.&+m~.8=~.A v. if yzth; §,=29,

where th=1. The granule cells were modeled with a
larger linear range, reflecting the fact that granule cells
do not have axons, and thus have a less strong non-
linear threshold effect. The non-linear and threshold
functions are essential for the bulbar oscillation dy-
namics (Freeman 1979a; Freeman and Skarda 198S5;
Baird 1986) to be studied.

3.4 The Synaptic Connections and System Dynamics

The geometry of bulbar structure, namely with cells
sitting on two dimensional sheets shaped like a seg-

-
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Fig. 5. A Simulation result of bulbar response in several sniff
cycles. B Experimentally measured EEG waves with odor inputs,
taken from Freeman and Schoeider {1982). Both the simulated
and measured EEG waves are surface negative waves

These simulation results show that the model bulb
can capture the major known effects of the real bulb.
Furthermore, the model shows the capability of a
pattern classifier. For a sniff cycle lasting £,=370 ms in
simulation with fixed inhale and exhale time, some
input patterns P4, induce oscillation, while others do
not, and different P, induce different oscillation
patterns (Fig. 7). Zero odor input Pu,.=0 induces
little activity above background, which is the case
observed when the nasal airflow is blocked (Freeman
and Schneider 1982). What patterns drive the bulb well
is as yet arbitrary in our model, for there is no relation
between the particular connections and the odors
which are used.

Some measures have been defined to describe the
difference between different patterns. The mitral out-
put G, (X(r)) were band-pass filtered above 20 Hz to
obtain the oscillatory signal S,(¢), and low-pass below
20 Hz for baseline shift S{t). The oscillation period T is
the time lag =5ms which gives the largest auto-
correlation for S, {r). Similarly, oscillation phase dif-
ferences of the different mitral cells are calculated by
cross-correlating the different components of §,(r) after
the higher frequency components (f >1.3/T) are re-

i%%%%

mitral ool ouiput o..H
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Fig. 6. A Simulated mitral ceil output pattern in one sniff cycle
with one odor input example. B Segment of a simulated surface
EEG wave pattern during the oscillatory bursts with the same
odor input as in A. C Multichaonel recorded bulbar surface
EEG wave pattern during 100 ms of bursts, taken irom Freeman
(1978). Both signals in B and C are band-pass filtered

moved. The phasc differences are measured with
respect to the first cell. The oscillation amplitude of i**
cell is the root-mean-square of S, () averaged in time.
The results show that for each response, cells with
substantial oscillation amplitudes have m_.nn_cnun_ou
within 1 Hz of each other. Define

O,..i: an N-dimensional complex vector describing
the dominant frequency oscillation amplitudes and
phases averaged over the sniff cycle;

O nesa’ a0 N-dimensional real vector describing the
baseline activities above the background level (S{1)
=S4y, =o) averaged over the sniff cycle;

O nean and O,,;: scatars describing the root-mean-
square average of the components of O,,,, and 0,
respectively.

We can use these quantities to define the similarity
or difference between response patterns. For two



P14~ (x)'8 - m={
QN+ X0~ (A8 -y~ =3

uaq} ‘Aj2anaedsai (1)1 pue
(M sindut gam ‘29110 oea 0) Pa3oOaULOD a1k [[30 Inuesd
B PUE [[30 [eX31W € ] 1ueIsuod uonedissip o) st » a1aym

{€5)

‘(p+imms,, 3%=x
S3W039q uonnfos YL

£o—-xm=4

LY

: $3WOo3q
(1's) ‘vonedissip qum opId B S L1owefen ()4
(2)x Iy "sueIsuod [eas A1ENIqIE 218 ¢ puE O 1agm

) o=x(;p+m)+x07+x 0

(P +10)500%— =4 (¢p+1m)uIs%u=x

:uonnjos gium

xm={

(1) 0=X@+x 30 (e

suonenbs [enuasayp
341 Aq paquIdsap aq wed @ K>uanbaxy Y Jore|noso oy

S401011105 () 4D2UrT-UuON paydno) fo
dnosn) v sv qing K10100fi0 1§

sIsAfeny peonvmagivyy §

swaed oneqso Ay Jo axmvans gy 1oj
[elnd jou are sapnindure astou oy £|quBiSau 1a1p
sojdures as10U JUAIYIP QM JOPO Jues 0 sasuodsay
241 Jyma {7p pue 'p i p aredwos) "™g pue ¥
$101934 Indino 918 03 "™ g 103334 Indur Uy sa0ULIYIP
oG sayndwe qinq o e smoys | IqeyL (fp o)
Surpuodsar10o Sp 10§ suop st uoneNoEs IRjNLIS) | 710}
(Fp) 1 *%g qua ™0 Suejda £q parenojes st =Py
swaned yndu aq) jo (spmindure Jou) wioj u uasap
3 jo aanEdipui 51 PoNa ‘Jp ‘wvosuedmos'iog
'sapnindare asuodsas o) wr
SOUAIIP A8 *p pue fp aTya ‘suuio) wianed sswodsal
AP W sPUNIMP B Tp pue 'p Apandadsas snpea
njosqe pue 1onpoad Jop 243 2j0Uap | [ pue { > asogm

0 0 €I#0°0 05000 09500 L0000 ©Omidnoin
L5910 LST00 OPBTO £OKPI'0 £pZ¥O LIZEO 260 dnoany

L r '?

SUONENIINY WIISAs
10213p Jnq Ind0y 10po Jures ) sy sred yows vl swisned om)
241 ;043 dnosn) syndo Jopo juassmp sarey Jred yoes ur susayyed
oMl 2] 00 dnoiny wwaped jo sired I jo afesaar ay)
st dnozf yowa m w1 swIed om; UM SIOUIANT T MqSL

$8¢

0+50
1980 “0— 1350
. IIUdblfﬂﬂﬂﬂhb - c

(1) =*p

ey = F
Lol
[(eptagy] 1= P
N T B
ﬂ.ﬂﬂ‘—OﬂlUgv ﬂ w

‘318 SUNSBIW IdURISIP d|qIssod
‘ssoipuuadns £q palousp ¢ pue p suraned ssuodsar

findut Jopo ou 10) asuodsay
ndur we Joj asuodsa K10jE[[IDs0-voN ) 'sindun wuazaytp om) 10]
sasuodsas JIOERasQ g “¥ 'sw oz f Bunse| 33k s auo jo *°Pep
sindul Juasaprp 10) swrayed asuodsas jndino BN "Q-vL By




386

This is the scalar version of (3.3) with each upper case
letter representing a vector or matrix replaced by a
lower case letter representing a scalar. It is assumed
that i(r) has a much slower time course than x or y,
because the frequency of snifls is considerably lower
than the characteristic neural oscillation frequency,
and that . input from higher centers, will be kept fixed.
We can then use the adiabatic approximation, and
define the equilibrium point (x4, y,) as

Xox0=—h-g,(yo)—a,xo+i,
yRO=w-g{xo)=a,y5+i,.

Define x'=x—xq, ¥’ =y—y,. Then
X' = —hig,(y) - gyo)) —ax’,

Y =wlglx)—gdxo))—a,y .

This is already similar to (5.2). If we omitted the
dissipation, a, =x,=0, then, when x and y are small,
they oscillate along the solution orbit

(5.4)

xo+x' Yo+y’

R= | w(gs)-gdxolds+ | hig,(s)
*o Yo
—g,(¥o)}ds =constant

which is a closed curve in the original (x,y) space
surrounding the point (x,, o). This means (x, y} will
oscillate around the point (xg, yo). The oscillation
becomes strictly sinusoidal if g's are linear functions.
When the dissipation is included, the orbit in {x,y)
space will spiral into the point {x,, y,):

dR/dr = — x,wig,(x)— g.(xo)) (x — x¢)
—2,h(g,(y)— g,y (¥ = ¥o) -

Therefore, a connected pair of mitral and granule cells
behaves as a damped non-linear oscillator, whose
oscillation center (x,, yo) is determined by the external
inputs { and i.. If the oscillation amplitude is small, then
the system can be approximated by a damped sinus-
oidal oscillator via linearization around the point

(X0, ¥o):
X=—h gly)y—ax,
y=w-glixo)x —a,

where (x, y) are now the deviation from (x,, yo). The
solution is

(3.5)

x=roe” "sin(wt + ¢),

where a=(a,+a,)/2 and
w =)/ hwgl(xolgyo} +(a, —a,)?/4. H &, =a, which is
about right in the bulb, then a=a,=a,
w=)/hwg {x5)g,(¥o). Using the bulbar cell time con-
stant and the oscillation frequency from the previous
section, a30.3w. The scale of synaptic connections

R % S8

strength was chosen so that the model bulb oscillation
frequency agrees with the biological data (Sect. 3.4).
The effect of the input controlled equilibrium point
(xp, ¥o) on the frequency implies that the oscillation
frequency is modulated by the receptor and central
input in the real system. The equilibrium point (x, y,)
is always stable, i.c., the non-linear oscillation is always
damped, and no sustained oscillation will exist unless
driven by an external oscillating input.

N such mitral-granule pairs without interconnec-
tions between the pairs, represent a group of N
independent damped non-linear oscillators. If the cells
in one oscillator also connect to cells in the neighbor-
ing oscillators, then these oscillators are no longer
independent. This is exactly the situation in the
olfactory bulb. A granule cell receiving inputs from a
certain mitral cell gives outputs to other mitral cells as
well. Similarly, a mitral cell has outputs also to granule
cells which do not give outputs to this mitral cell. The
locality of synaptic connections in the bulb implies that
the oscillator coupling is also local. (That there are
many more granule cells than mitral cells only means
that there is more than one granule cell in each
oscillator.) This situation can be quantitatively treated
by including many neurons in the mathematical
analysis.

Proceeding as in the single oscillator case,
X=—HyGY)—a X +I(), 56)
Y=W,GAX)—a,Y+1(1), .

fcf. (5.3)). Use the adiabatic approximation and define
the equilibdum point (X, ¥;) as

Xox0=—HoGY)~a,Xo+],

. (5.7)
%-OHQ" %OQL*OVIH&*O*: N«.-
linearize around (X, Y,),
X=—H,G(Yp)Y~a X,
oG Yo) Y—a (5.8)

Y=W,GiXo)X -a,Y,

where (X, Y) are now deviations from (X, Y,) and
G.(X,)and G(Y,) are diagonal matrices with elements:
[GAX o))ii=g:(x; ok [GY{Yo)];;=g)(¥,.0). for all i, j. De-
fine H=H,G(Y,), W=W,G(X,), so

X=—-HY~2 X,

. 59
Y=WX-2aY. 59
Eliminating Y,

X+(a,+2)X +(A+a,a)X=0, (5.10)

where A = HW = H,G (o) W,G'{X ;). This is the equa-
tion for the system of N coupled oscillators [cf. (5.2)].
The sccond term (a,+a,)X describes the dissipa-
tion, while the third term (4 +2,2,)X includes also

IO X
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equilibrium point (X, ) of a group of oscillators is no
longer always stable with the possibility of growing
oscillation modes.

In order that some mode X, can be both a growing
and oscillatory mode, 4, must be complex. For this, a
necessary (but not sufficient) condition is that matrix A
is non-Hermitian. It follows that systems of less than
three oscillators will not have growing modes, since if 4
is real and is of dimension 1 or 2, it will only have real

eigenvalues,
For illustration, for the symmetric matrix
‘a b 0O 0 b
b adb O 00
A=10 b a b 0 0 ... 0 0 {517
b 0 0 b a
The N oscillation modes will be
/sin(k1) cos(k1)
sin(k2) cos(k2)

: e @ tiViu : ez T 518
sin(ki) costki) | (5:13)
in(kN cos(kN)

where »uﬁ'k. K is an integer, oMHAW. A=a

+2bcos(k). For b<a/2, 4,>0, all the modes will be
damped oscillations with similar frequencies close to
eu_\m. Notice that in each mode, all the oscillators
have the same oscillation phase, but with different
amplitudes. If we have a non-symmetric matrix

a b ¢ 0 0 0
0 a b ¢ 00
0 0 e b ¢ 0 ... 00
A= | ) . (5.19)
c O 0 a b
b ¢ 0 0 a
then the oscillation modes will be
e?
e B=21K/N,
.m R K is an integer, (5.20)
e~ 0<K<N,
: Ay=a+be? +ce?,
OmZH

Notice that in this case 1,’s are non-real complex
numbers. It is possible to have growing modes if for

e sl X o w...il-v.v.

some §, Re(—a+i}/2,)>0. Also notice that the indi-
vidual oscillators in most modes have different oscil-
lation phases.

5.3 Explanation of Olfactory Bulb Activities

One prediction of this model is that the local mitrat
cells’ oscillation phase jeads that of the local granule
cells by a quarter cycle, as is clear already from the
single oscillator analysis. This is confirmed in experi-
ments (Freeman 1975) in which the local mitral cell
unit activity was compared with the granule cell
generated surface EEG waves for phase difference.
[Note that the orientation of the granule ceil dipole
field gives the surface EEG wave an opposite sign to
that of granule cell activities (Freeman 1975). There-
fore the sign of the EEG oscillation is to be reversed
before comparing it with the local mitral cell oscill-
ation for phase difference.]

A second property of the model is that for any
particular stimulus, oscillatory activity should have
the same dominant frequency everywhere on the bulb.
This is also true in experiments (Freeman 1978;
Freeman and Schneider 1982). Furthermore, the range
of oscillation frequencies possibie should be narrow.
The observed range covers 35-90 Hz. A damped
oscillator will not have high amplitude response unless
the frequency of the external driving force is close to the
oscillator resonant frequency. Therefore, an oscillation
mode will not be non-damping unless its frequency,
which is the frequency of the driving force for the
oscillators in the system, is close to the oscillator
resonant frequencies.

A third feature of the model is the non-zero phase
gradient field across the bulb, as suggested by the
cxamples in Sect. (5.2), which is also present in the
physiologically observable oscillations. In order that
the i** damping oscillator with frequency w sustains its
oscillation amplitude, the external driving foree
Fi= —A;x; should be relatively in phase with the
velocity X; of the oscillator, so that the “energy” inflow
from external force is no less than the dissipation. If all
the coupling oscillators x; are in phase with x,, such
“energy” transfer can not occur since F, is per-
pendicular to %, An excited oscillator in a growing
mode requires coupling to neighbors oscillating with
phases different from its own. Only those oscillations
with non-zero phase gradient field can be stable or
grow. This will not be necessarily true if the excitatory-
to-excitatory connections or other synaptic connec-
tion types are present, since the nature of oscillator
coupling will be different [see (5.13)].

The fourth consequence of the model is that the
oscillation activity will rise during the inhale and fall at
exhale, and that the oscillatory wave rides on a slow
wave of background baseline shift phase locked with




‘M0 0 0 0
00 " 0 0 0~ 0 0]=%
00 : 0 0 » ¢
00 : 0 0 0 ~
Yy 4 0 0 i
0 0 0 0 ¥ ¥ Y4 o [="H
0 0 0 4 ¥
Y0 0 0 ¥ y

siwauodutos ay1 aaey apdwexs 10y yyduw (f 1¢) ur y
xurew 3y swaned ndus uiensso o3 (puodsas yusaop
J0) spuodsas £]2A1315s QInq Y1 moy avexsn( im
sajdwexs om] ‘7' 1995 Ul pandse se ‘sapows Buimosd
ULINS3J 10U (M P SPwwWAs v sapow Suidwep-uou
Jo 30USIX2 Y1 AINSUI 30U S30p Juoje ured Yy

981948 DI @ w seaddesip o1 spuay
PU® ‘paIpnis JJe S[[3O [eNIW [ERPIAIPUl Jo sasuodsal
M uaym juszedde Apaig> st sig] siopo sayissepd
UONE{{SO jo uraned Y1 “31 ‘siuelea Jounu sy
pue wraned yndut ue o3 sywads st A1Ande (20 fenmw jo
wianed rejnoiaed ) ‘uone[so ue s3onpod 1opo a2y
udgM ‘puOIIG (L84 UBWAI ] PUB BpIEYS) Jopo ue Jo
U 3y s 5133190 urssasoud 1ayBiy £q parsadisim
9Q UBd UONE[[IIS0 JO DUISQE G ‘(sI0po JaBuols Ien
-onted 2wos 10) siopo Yesm 10§ A[qewardde e|joso
01 s{Iej )1 “1s11 "safeis om1 Aq sindur Jopo oy sas
-se]2 indino qjnq oy “WONBULIOJUI JOPO 10} PIYIEI
§3121S UOISLOIP Y3 sk Jo 1 Enoyl aq ues indut Jopo yum
Ananse Jeqng sy woyj 2319WI YO S3pow uONE]
{050 Y] Y XIBW JO SIN[BAUSTIS pUR §10309AUIB1S
Y3 JO SULI3} Ur IpOW UONE[SO Y} pue Indul Jopo
) UI2m13q uone[aI AY) smoys walsks 158se 1
(6L61 piaydays
*1261 TIO9IN) qQinq AI0ISRJ[0 A1 U1 JUQE 10 Neam
3B YOIYm SUONIIUUD) A1orenoxs-o1-Kioreidxs 3w
-2nbas oy Jo gua suoneanpq jdoy {s1o1e[80
N) sidnnuz 3q) smoys [9pow InQ sI01E|[150 pajdnod
NIy weq) ssf Yia swasds m sfqissodwy s1MIGI0
e OIYM ‘SIPLD 3jqers o) Jo Kupiqissod a3 21nsud 0)
S[I3 [e113W 2) BI SUOHIPUUOD £101BIIDX-0)-K101EI19X2
pasn piteg anooo s34 (Fumidwep-uou) sqers sxew
UED SJOJE[[1250 0M) JO U0 Ui woneNjIq JdoK sjquop
10 J[3uls moy pamoys sey (986]) pareg ‘Buissanozd
K1019BJ|0 10§ (L86] UBWA3I] PUE BPIEXS !986] pieg
-6861 EPIEXS pue UBWAIL ) 1910 AQ p21saB3ns usaq
sey (17°¢) ‘b woneqso ay 10j (% “x) wiod wnu
-quinba 243 jo (vonesinjiq) aBuryo Aypiqers Wl
- ndut Jopo sy
Jo UONIBLIEA WM YEIM Y] PUE 510U AqQ UIAUP ‘Ind00
suone[Ioso spnyjdwe jrews A[uo pue ‘padwep aie

68t

Spows 1 ‘mof 124 81 (Y Cx) usym (% ‘Ox) sime
-wesed wss ayy Jur[jo13uos a1e yorm suzayed indur
J0PO Jua13IIP Y1 jo danEdIpUl 31e 389uI2 1RY) Sapoty
UONE[[IIS0 JUAI3YIP ‘sases 382l U] 'sising Kloje|jaso
a4 $3315W2 dpow siyy pue JqEISUN SIW002q (% *C x)
wiod wnuqmbs oy ‘awn yim mois ues sapow
31 JO 2UO 1BY) JUMNXS UEB Yous 01 pasiel §i (Y “Cy)
J1'y xunew y3noay (17°¢) *b3 uoneisse sy) Suidueys
Alremdnns £q sspow uoneso oyl saBueyd A|mojs
OS[® Inq ‘[PAS] ANATIOR UBIWE 3y Sastel £Juo jou *°P°f Sur
~5B210U] ‘padWEp S8 SIPOW UOIB[[IISO ISNBIIG SINIIO
1sinq uoneoso apmidure ydiy ou pue sqers s
st(°A ‘©x}urod a1 “°P°; andur aopo sy Jo ou sl 3193
uyM (%R Y.0 (°X)i0) 1utod uied saySy € 01 (% Ox)
sasied uonejeyut o3 anp Indut Jopo jo adins y
(4 “°x) y8noay
Anoanpur sindino wianed wone[sO IULP a1
osfe J sindut 103da0a1 U1 (X V0 (U DOl = ¥
xew  ginoiyl  (jz'g) jo  suonnos uon
~B[[12S0 Y1 saunuialdp ospe (% ‘Cx) wiod vonesado
43 souts “Apuenodwr aropy ‘asuodsaz jndino qinq
Y1 Jo sayel FuLly Ueat JURYIP 3A13 | SIOPO 1UIAYJIC]

qing L40130fj0 ay1 w1
UONIODAIXT pUD UOISSIUSUD] UONDWIOfU] ['Q

qing A1013}10 ) wi suoneIndwo)) 9

'ABME SABO3P UONEB[[IISO 3y Sny)
UONIALIP ST $3819431 $53001d ) pue saseau59p indu
13013031 o “afeyxs o) Buungg -estou woij sBrows
[lim SpoW UONE[[IOSO AU} Y Jpowl JWIOS JOJ Paysies
s oAAN\:Hulom wrod swos 1B usyp ‘swutod
ured 1oy3ry spremoy (% “Ox) sestes 7 indur 10ydasar
Burseasour ayy sjequr ay1 Suung reuss ooy st ured a3
pue aa1nd indino-jndui ay3 uo moy si (%4 ©y) ‘Bureyur
a1o5eg "a1ef (°X )0 (% V0O = ¥ aews o1 yBnoud
Y8ty 3q (% F9(°x)5H ured sy sannbas sigy yInous
a31e| ST ¥ J0 *r anjeauaBia 3y Jey) suesw Yorgm ‘y Swos
10) cAAN\_.-.._..aiom J1 A[uo spow uonejfsso ur
-MoI3 2aeY (1w (17°6) "bg uonepaso A ‘wrouldyLIn g
"$3)245 Jius 3y qum payoo| aseyd st 1o gim sfe)
PUE S5 3ABA YTYs Jurfaseq ay) Jo (9 Ox) 129us0 uon
“E[[I9SO 31 sny ] ueISUL Sfeyxs pue BYUI [ENIUI dY)
18 1d2oxa 21qidySau are suny P 341 1BY) 100 suim 1

P -HE—IPMY _(HM + %) =% p

(IP+1p%), _(MH+ %)=°xPp
:$mojjoj se | indui Joydasas ayy uo
spuadap (%4 *0x) {(¢'§) woa g (% °x) yutod uonesado
) uo spusdap wim ur Yym X0 (% Kooy =y
XUleW Yy uo puadap YMyYm SUONN|OS ABY
1149 0=XGE+y)+XET+ X

suonienbs uornie|so ay | ‘s34 yrus an

zg)



- 2

390

1.e., cach mitral cell gives oulput to its nearest granule
cell neighbor only, while each granule cell connects to
three nearest mitral cells. The connections are sym-
metric and uniform. If the receptor input J and central
input I, are also uniform across the bulb, then the
matrix A =H,G(Yo) WG {X,) will be symmetric, and
there will be no growing oscillatory response in the
bulb output. Such a bulb however, can respond to
some non-uniform inputs I, which induce a non-
uniform (X4, Yy) and, if g, and g, are non-linear, a non-
symmetric matrix 4. A decision state oscillatory
output may be reached if the input I is sufficiently non-
uniform, {i.e, the odor selectively excites different
mitral cells.}
On the other band, if

‘h K 0 O 0
0 h K 0
Ho=| 0 0 h ¥ 0 ¢

[ = =
(=R = I

K 0 0 0 h
w

(=4
Qo o

w0 0 0 w

the synaptic connection is uniform but non-symmetric
across the bulb. If everything else stays the same as in
the previous example, matrix A will have the form in
(5.19) with uniform receptor input /. A bulb with this
connection structure can be responsive to a uniform
receptor input pattern [ if it is strong enough. These
two examples demonstrate that the pattern of the
synaptic connections in the bulb determines the input
patterns to which the bulb selectively responds.

In the real olfactory bulb, the dendrodendritic
connections between the mitral and granule cells are
mostly reciprocal, suggesting that W, ~ H} (the trans-
pose of Hy) if we ignore other connections and presume
roughly equal connection strengths. This implies a
near symmetric matrix A for uniform inputs if the
synaptic connection structure is approximately uni-
form across the bulb. But mitral cells also send axon
collaterals to the granule cells, suggesting Wy~ H}
+extra connections, which have less reason to be
thought symmetric.

6.2 Performance Optimization in the Olfactory Bulb

An active mammalian olfactory system samples the
inputs by sniffs, each lasting 200 ms to 1 s in rabbits.
The olfactory system should make itself ready for the

L B

EEE

next sniff which may contain different odor informa-
tion from the previous sniff. If (X, ¥) is the initial
deviation of the system from the equilibrium point
(X g Yo) then the degree to which the k™ oscillation
mode gets excited is proportional to (XX,). X=0
corresponds to no excitation of any modes, while a
random X corresponds to equal chances of excitation
for all the modes. Terminating the oscillation during
the exhale leaves only random noise and minimum
information contamination in the system and helps the
bulb to reach an unbiased decision on the odor
information for the next sniff. Furthermore, exhaling
also changes the operation point (X, ¥;) back to the
original value before the inhale (Sect. 5.3), making the
system ready for the next sniff.

The initial operation point (X, ¥;) before a sniff
input should be controlled by the motivation level of
the animal. If (X,, Y,) is very low initially, a strong
input I, is needed to raise the bias (X, ¥) high
enough for an oscillation burst output. Less strong
input I, would be required for an initially higher
bias. Since the initial bias (X,, Yy) is determined by
Iyackgrousa and the central input I, by (5.7), it scems
likely that the motivation level of the animal will be
controlled through inputs from higher centers. Our
simulation value for I,y gounq a0d I, are set such that
the (X, Y,) with I 4, =0 is just below the maximum
gain point oo the non-linear input-output curves
(Sect. 3.2). This corresponds to a motivated state; a
small amount of odor input can raise the gain to
maximum values. Physiologically, the bulbar oscilla-
tory bursts are observed to occur only in motivated
animals (Freeman 1978; Freeman and Schneider
1982). And the experimentally measured gain (defined
as the change in the mitral firing rate with respect to the
change in EEG amplitude) for bulb ncural mass is
shown to be higher in the motivated states (Freeman
1979a), which can be achieved by raising fy,cygrouna
through central inputs. Experiments even show the
existence of oscillations without odor input with nasal
breathing in motivated animals (Freeman and
Schneider 1982). .

The central input I, is also likely to participate in
other olfactory functions as odor masking or sensitiv-
ity enhancing for particular odors {sce also Freeman
and Schneider 1982). These issues will be studied in a
further paper.

.\q Discussion

Our model of the olfactory bulb is a simplification of
the known aratomy and physiology. The net of the
mitral and granule cells simulates a group of coupled
non-lincar oscillators which are the sources of the
rhythmic activities in the bulb. The coupling makes the
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EEG wave is clearly osciilatory since it is from the
averaged activities of many local granuie celis.

Qur simulation has been done on a one-
dimensional ring of mitral and granule cells, while the
real bulb has cells sitting on two-dimensional segments
of a sphere. The dimension of the cell arrangement is
not crucial in the model. One simulation wasdone ona
two-dimensional surface of the cells to mimic the real
bulb, and the basic oscillation phenomena were very
stmilar to those of the one dimensional rings.
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