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Abstract

In a neural model of olfactory bulb processing, we demonstrate the putative role of the modulation of two types of inhibition,
inspired by electrophysiological data on the effect of acetylcholine and noradrenaline on olfactory bulb synaptic transmission.
Feedback regulation of modulation based on bulbar activity serves to ‘normalize’ the activity of output neurons in response to
different levels of input activities. This mechanism also decreases the overlap between pairs of output patterns (Mitral cell activities),
enhancing the discrimination between overlapping olfactory input patterns. The effect of the modulation at the two levels of
interneurons is complementary: while an increase in periglomerular inhibition decreases the number of responding output neurons,
a decrease in granule cell inhibition increases the firing frequencies of these neurons.
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1. Introduction

The olfactory bulb is the first relay structure of
olfactory processing in vertebrates. The information
received from the olfactory epithelium is conveyed to
higher brain structures, more particularly the olfactory
(piriform) cortex, by two categories of relay neurons:
mitral and tufted cells. Most experimental data suggest
that the olfactory bulb (OB) plays a critical role in
feature extraction, noise reduction and contrast enhance-
ment (for reviews see [16,38]), whereas more cognitive
functions such as the associative storage of olfactory
information would be located in the olfactory cortex
[10]. Olfactory bulb processing relies on interactions of
mitral/tufted cells with two main classes of local
interneurons: periglomerular cells and granule cells
which mediate inhibition at two levels of processing in
the olfactory bulb: periglomerular cells cause inhibitory
potentials on the mitral cell primary dendrites in the
outer glomerular layer, whereas granule cells induce
inhibitory potentials on mitral cell secondary dendrites
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in the deeper external plexiform layer. The olfactory
bulb neurons integrate information not only from intra-
bulbar neurons, but also from numerous centrifugal
structures, including piriform cortex, telencephalic basal
forebrain and the brain stem locus coerulus. More
particularly, a noradrenergic (NA) input from the locus
coerulus (LC) synapses mainly in the mitral cell and
granule cell layers, whereas cholinergic (ACh) input from
the horizontal limb of the diagonal band of Brocca
(HDB) innervates all layers of the olfactory bulb, but
mainly the glomerular layer (for review see [11,28]).
Behavioral investigations on the role of centrifugal input
have shown that noradrenergic bulbar modulation is
critical for long term storage of information in mice in
the accessory olfactory bulb [1], in the main olfactory
bulb in sheep [21,32] and in new born rats [39]. Bulbar
cholinergic modulation could be associated with short-
term olfactory memory [35].

NA modulation has been shown to suppress inhibition
of mitral cells by granule cells, at least partly through
suppression of the excitation of granule cells by mitral
cells [ 16,35]; ACh has been shown to suppress inhibition
of mitral cells by granule cells [5] while it appears to
increase periglomerular cell firing [31] when applied to
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the glomerular layer. Here, we will show how the modu-
lation of inhibition at the two levels of interneurons
could contribute to the filtering and feature extraction
role of the olfactory bulb.

Recent models of piriform cortex processing have
demonstrated that this structure could mediate associa-
tive storage of olfactory information [13,14].
Experimental and modeling data have shown the impor-
tance of ACh modulation for the regulation of cortical
dynamics between storage of new information and recall
of previously experienced information [15]. The prob-
lem of deciding between recall and storage states can be
solved by a feedback regulation mechanism based on
cortical activity [12,15]. In a recently developed neural
model of the olfactory bulb [25,26], we have analyzed
the putative role of the two layers of inhibition for
information processing in the olfactory bulb. In this
paper, we extend these results. We show how regulation
of the modulation of both types of inhibition by mitral
cell activity can serve to ‘normalize’ olfactory input and
to reduce the overlap between patterns of activity.

2. Methods

A more extensive description of the model architecture
has been given elsewhere [25] and the equations we
used for neurons and synaptic transmission are those
presented before [27]. A detailed description of the
relevant parameters is given in Appendix A

The model includes four categories of neurons (Fig. 1):
receptor cells, mitral cells, periglomerular cells and gran-
ule cells. All categories of neurons are represented as
single-compartments, except for mitral cells, for which
primary and secondary dendrites are represented as
separate compartments. Each neuron is characterized
by its specific time constant, which can be regarded as
the mean product of the membrane resistance and
capacitance. The output of the neurons are discrete
spikes, computed according to the instantaneous spiking
probability (which is a continuous, bounded function of
the membrane potential).

In the model, 15 types of receptor cells with overlap-
ping molecular response properties are represented
which can be differentially activated by 15 different
odorant components. The receptor cells project onto 15
glomeruli; each of these glomeruli represents a glomeru-
lar population receiving converging input from one type
of receptor cell. Receptor cells synapse onto primary
dendrites of mitral cells as well as onto periglomerular
cell dendrites (Fig. 1). Mitral cell primary dendrites
excite periglomerular cells which in turn inhibit mitral
cells. Periglomerular cells send lateral connections onto
neighboring glomeruli (these lateral interactions span a
radius of 2 neighboring glomeruli) where they inhibit
mitral cell primary dendrites. The available electrophysi-

ological data shows that periglomerular cells generate
action potentials in response to odorant stimuli [44].

Mitral cell primary dendrites integrate all sources of
excitation and inhibition transmitted to them inside their
glomerulus and transmit this continuous value to their
site of integration (cell body) where signals on secondary
dendrites undergo spatial and temporal summation and
where action potentials can be triggered.

Mitral cell secondary dendrites locally interact with
granule cells; each mitral cell interacts, via granule cells,
with the secondary dendrites of mitral cells connected
to ten neighboring glomeruli. The degree to which one
mitral cell produces lateral inhibition in another by way
of granule cell activation depends on the mitral cells
activity, on the number of common granule cells that
both cells contact and on the decline of mitral cell
activity along the secondary dendrites. The decline of
strength of connections to granule cells at different
points along the mitral cell secondary dendrites approxi-
mately takes into account the cumulative inhibitory
influences of numerous granule cell contacts to these
dendrites. Granule cells can locally interact with each
other through inhibitory connections [43].

2.1. Modulatory neuron

Feedback regulation of modulation necessitates a
modulator neuron (mo) with a relatively long time
constant (50 ms) as compared to other time constants
in the model, and a higher activation threshold. The
modulator neuron receives input from all mitral cells,
and computes its output according to: mo(t)=
flv(t)]where mo(t) is the modulator neuron output and
v(t) its membrane potential.

The membrane potential is described by:

du(1) .
T —— +v(t)=2mi(t)
dt

where t is the time constant and mi(t) are the mitral
cell outputs.
fis a linear threshold function with:

f(x)=0for x <Opn;
f(X) = (X - Hmin)/(emax - 6min) for 6min <x< Bmax
and

f(x)=1for x>0,,, where 0, 6., are the activation

and saturation thresholds.

The modulator neuron feeds back directly onto perig-
lomerular cells with a connection weight which is the
variable parameter M ,. Its output activity also modu-
lates the inhibitory connection strength (wf™) between
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Fig. 1. Schematic representation of the model architecture and the connections. 15 Receptor cells have broad, overlapping sensitivities to 15 odorant
components (normalized gaussian function with standard deviation 2). Each receptor cell (ON) projects into one of the 15 glomeruli (GLOM),
where it synapses with mitral cell primary dendrites (Mil_) and periglomerular cells. Reciprocal interactions exist between Mil_ and periglomerular
cells in the glomeruli, in addition, periglomerular cells send inhibitory connections into S neighboring glomeruli (to mitral cells and periglomerular
cells). The signal resulting from glomerular interactions are conveyed to mitral cell bodies and secondary dendrites (Mi2_) in the deeper layer, where
Mi2_ interact with numerous granule cells at long distances through reciprocal connections, the strength of the interactions decays with distance
and the transmission delays increase with distance. Neighboring granule cells also interact with each other through a reciprocal feedback connection.
The amplitude of the modulatory signal (Modulation) fed back to the OB is a function of the sum of all mitral cell output activity. The modulation
acts directly on PG cells and on the connection strengths between mitral cells and granule cells. All parameter values are chosen randomly in a

uniform distribution (+/10%) around the given mean values.

granule cells and mitral cells:
wE(1)=(1.0— M, )mo(t)wE™(max)

where M,,, is the variable modulation parameter.
2.2. Input and output space

In the following, we consider a 15 dimensional input
space of odorant components. Each stimulus represents
a point in this space. Odor stimuli are classified accord-
ing to the percentages of active components that they
comprise. The output space comprises the average
instantaneous spiking probabilities of mitral cells con-
nected to each of the 15 glomeruli. These spiking proba-
bilities are classified into 3 types: non-response,
suppression or activation. The baseline activity is the
average of all mitral cell activity during 2 s of simulation
time in the absence of input stimulus. Responses to
stimuli are then classified with respect to this average
baseline: mitral cell activities are averaged over the
duration of the input stimulus (one sniff cycle usually
lasts 120 ms), and all values are normalized between —1
and +1. A neuron with activity >0.15 is considered
active, and a neuron with activity < —0.15 is considered
suppressed.

3. Results

The model described here is inspired by and repro-
duces many of the features previously described in neural
models of the olfactory bulb implementing various levels
of detail [4,6,23,24,29,33,45]; the parameters have been
adjusted until a single parameter set was found which
could match single cell data as well as population
dynamics described in the literature. The model gener-
ates spiking frequencies in the range of those observed
experimentally (Fig. 2A and B) [2,3,31,43], as well as
responses to simulated olfactory electrical stimulation
close to those described by Wellis and Scott [43]
(Fig. 2C and D). On the level of population responses,
the model simulates field potential recordings in response
to electrical stimulation of the olfactory nerve and the
lateral olfactory tract (Fig. 2D and E) [5,33] and EEG
recordings in response to odor stimulation [8].

3.1. Odor processing

Due to the overlapping odorant spectra of the receptor
cells, any particular stimulus activates a large population
of glomeruli. Periglomerular cells are activated by recep-
tor cell input and by mitral cell input. The lateral
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Fig. 2. Individual and population activities in the model in response to odor and electrical stimulation. (A) Membrane potentials and action
potentials of Mi cells (M1-M5) in response to odor stimulation. Mi cells respond with changes in their pattern of discharge to stimulation. Mi cell
spiking frequencies range from 2 spikes/s in absence of stimulation to 24 spikes/s in the presence of stimulation. This is in the range of observed
spiking activities in response to odors in awake rabbits [2,3] and rats [28]. The dotted lines represent a low amplitude, noise input mimicking
respiration to which olfactory input (solid line) is added. Stimuli rise towards maximal amplitude during 60 ms, stay at maximal amplitude during
20 ms and fall towards zero during 40 ms. (B) Membrane potentials and action potentials of Gr cells (GR1-GR3) in response to odor stimulation
(O). Spiking frequencies for individual Gr cells ranged from 0.2 spikes/s in the absence of odor input to 20 spikes/s in response to odor input; this
is comparable to Gr cell activities observed in response to odors in the rat [38]. The dotted lines represent a low amplitude, noise input mimicking
respiration to which olfactory input (solid line) is added. (C) Electrical stimulation in the olfactory nerve was simulated by a brief (2 ms) input to
all afferent synapses. Gr cells in the model respond with a depolarization of the membrane potential, eliciting one or two spikes, followed by a
prolonged inhibition to olfactory nerve stimulation (see [38]). (D) Pg cells respond with a large depolarization, during which one or two spikes
can occur in response to olfactory nerve stimulation (see [38] for comparison). (E) Odor-induced evoked field potentials (EFP) computed at 15
locations (corresponding to the columns under each glomerulus) of the model. EFP are computed as the average variations of membrane potentials
of GR cells (80%) and of Mi cells (20%). A given olfactory stimulus triggers bursts of oscillatory activity across the model, where different spatial
locations oscillate with the same average frequency but with different amplitudes. Fast oscillations (around 60 Hz) are riding on a slow (8 Hz) wave
corresponding to stimulus frequency (compare to [7]). (F) Electrically-induced EFP in response to a paired-pulse stimulation. Two brief pulses (2
ms) were delivered to the output fibers of the Mi cells in an 40 ms interval. The positive response to the second pulse is significantly diminished
(20%) as compared to the response to the first pulse as a consequence of the long lasting hyperpolarization of the Mi cells in response to the first
pulse, as has been described in in vivo experiments in rats [5].

inhibition mediated by periglomerular cells triggers a to 15 different glomeruli in the model is shown in Fig. 3.
competition between activated glomeruli which sup- In response to three different input stimuli (each compris-
presses weakly activated mitral cells. Due to the subse- ing a single active component), mitral cells can be either
quent effects of granule cell inhibition, weak activation activated (with varying temporal patterns of activity) or
of mitral cell dendrites is further suppressed. The result- inhibited, or can maintain its spontaneous activity

ing across fiber pattern of mitral cell activities connected pattern. As can be expected due to the lateral inhibition
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Fig. 3. Activities of 5 mitral cells (M1-MS5) connected to 5 of the 15
glomeruli in response to three stimuli (O1-03) (each comprising a
single active component). For each stimulus, a particular mitral cell
responds with either an increase, a decrease (arrow) firing frequencies
or change in its spontaneous firing. Input stimuli (solid lines) are super-
imposed on an input noise of low concentration modulated by 8 Hz
and mimicking the respiratory input (dashed line).

action among the glomeruli, activated mitral cells are
often surrounded by inhibited mitral cells; thus, spots of
activation appear. As will be shown below, the radius of
the active spots depends on the strength of the lateral
inhibition.

A systematic variation of the total amount of lateral
inhibition provided by periglomerular cells has shown
that there seems to be an optimal range depending on
the complexity of the input pattern (we define low
complexity input patterns as patterns with few active
components, high complexity input patterns as patterns
with high percentages of active components). Fig. 4
shows the average percentages of active mitral cells as a
function of the total amount of lateral inhibition in the
model for three values of input complexity. One can see
that if few (10%) odor components are active, only at
very low values of lateral inhibition is the total activity
strong enough to have active mitral cells emerge. For
high input complexity (80% of active components), all
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Fig. 4. Percentages of active mitral cells as a function of lateral inhibi-
tion strength and input pattern complexity. For each value of input
pattern complexity, 100 random input patterns were created and the
percentages of active mitral cells in response to these input patterns
were averaged (see Section 2: Methods). For each simulation, a different
set of parameter values was used, within the distributions described in
the appendix. If only a few (10%) odor components are active, the total
activity is only strong enough to have active mitral cells emerge at very
low values of lateral inhibition. For high input complexity (80% of
active components), all mitral cells are activated for all input patterns
at low values of lateral inhibition.

mitral cells are activated for all input patterns at low
values of lateral inhibition. Thus, for low values of lateral
inhibition, no differentiation among input patterns with
high complexity is possible at the output.

As a consequence, in order to guarantee optimal
information processing, the amount of lateral inhibition
should be variable as a function of the amount of activity
conveyed by the receptor cells. This is what the feedback
regulation via the modulator neuron is supposed to
provide. In the following, we first demonstrate (i) the
effect of feedback regulation of the modulation of perig-
lomerular cells; (ii) the effect of feedback regulation of
the modulation of granule cell inhibition; and (iii) the
effect of combined feedback regulation of the modulation
of periglomerular cells and of granule cell inhibition.

3.2. Modulation of periglomerular cell activity

The initial parameters are set to low values of lateral
inhibition optimal for processing of low complexity input
patterns. In addition, the activation threshold of the Mo
neuron is set such that it is not activated for low levels
of total mitral cell activity in response to low complexity
input patterns. If more mitral cells are recruited, the
feedback regulation increases periglomerular cell activa-
tion and in return decreases the number of active mitral
cells. Fig. 5 shows the average percentages of activated
mitral cells as a function of input pattern complexity for
varying levels of feedback modulation of periglomerular
cells (M,,) in the absence of modulation of granule cell
inhibition (M, =0.0). At the maximum level (M, =3),

% of active mitral cells

10 3 D)
% of active components

Fig. 5. Percentage of active mitral cells as a function of input pattern
complexity for different values of feedback modulation of periglomeru-
lar cells. For each value of input pattern complexity, 100 random input
patterns were created, and the percentages of active mitral cells in
response to these inputs were averaged. Average numbers of non-
responsive mitral cells stay relatively constant for all My values used
(not shown). The curves show the average percentages of activated
mitral cells as a function of input pattern complexity for varying levels
of feedback modulation of periglomerular cells (M) in the absence of
modulation of granule cell inhibition (M, =0.0). At the maximum
level (M, =3), the number of active mitral cells stays almost constant
over input pattern space.
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the number of active mitral cells stays almost constant
over input pattern space.

3.3. Modulation of granule cell inhibition

The activity pattern conveyed to the deeper cell layers
from the glomeruli is regulated by a second, much more
broadly distributed, inhibition from the granule cells.

The model shows that for a very large range of granule
cell inhibition, the proportion of mitral cells responding
to a large set of odorants remains unchanged; however,
a decrease of granule cell inhibition almost linearly
increases the spiking frequencies of those cells which are
activated by the stimulus. Thus, for a given number of
activated mitral cells (determined by the processing in
the glomerular layer), the amplitude of the mitral cell
responses is influenced by the strength of granule
cell inhibition. Furthermore, with low levels of inhibition,
the response probability to low concentration stimuli
can be enhanced.

Fig. 6 shows the effect of regulation of the modulation
of granule cell inhibition (in the absence of modulation
of periglomerular cell activity) on the firing frequencies of
activated mitral cells as a function of input pattern
complexity. While the average number of activated
mitral cells does not change (for M, =0 as compared
to My, =0.9, Fig. 6A), the average firing probabilities of
these mitral cells increase considerably for higher input
pattern complexity (Fig. 6B).

3.4. Overlap between input and output patterns

Limiting the number of mitral cells responding to
complex input patterns is not useful by itself for the
filtering function of the olfactory bulb unless it leads to
less overlap between pairs of output patterns. Especially
for complex input patterns, a separation of these patterns
in the output space can be crucial for successful storage
and recall in higher brain centers.

In order to address this problem, we have computed
the normalized scalar-products between pairs of input
patterns and the resulting pairs of output patterns
(Fig. 7) for varying levels of M, Without feedback
modulation, the amount of overlap between output
patterns increases almost linearly with the amount of
overlap between input patterns (M, =0.0). With increas-
ing modulation however, the overlap between output
patterns is significantly lower than the overlap between
input patterns. Thus, feedback modulation of lateral
inhibition not only normalizes the total amount of
activity in the mitral cell output, but also considerably
decreases the overlap between pairs of output patterns.

As an illustration, Fig. 8 shows the activity patterns
in the network with no feedback modulation (M, =0.0
and M, =0.0) and with maximal feedback modulation
(Mg =3.0and M, =0.9) for two pairs of input patterns
with low complexity (6%, Fig. 8A) and high complexity

A

% of active mitral cells

20 t t— t + t t t 1 1 1 t

10 24 36 50 64 76 9%

% of active components

08+

firing probabilities

0.2 t—t—ttt—t—t
10 24 36 50 64 76 90

% of active components

Fig. 6. Effect of modulation of granule cell inhibition on mitral cell
activity. (A) Minimal (M,,, =0) and maximal (M, =0.9) modulation
values are shown. The average number of active mitral cells as a func-
tion of input complexity is nor influenced by the modulation (M,).
(B) In absence of modulation (M, =0) the average firing probabilities
of active mitral cells decreases as a function of input complexity. In
contrast, maximal modulation (Mg, =0.9) leads to constant firing
probabilities over input space.

(60%, Fig. 8B). In Fig. 8A, one odorant component is
activated in each stimulus. In both cases, due to the
broad sensitivity spectra of receptor cells, a population
of glomeruli receives input (Glom). A comparison
between the figures shows that there is no difference in
the activity patterns of periglomerular cells (periglomeru-
lar) and mitral cells (mitral) with or without modulation.
In contrast, in Fig. 8B, the modulation is activated, and
the periglomerular cells exhibit much higher activation
levels with modulation than without modulation. This
results in more lateral inhibition exerted onto mitral
cells, and in a considerable decrease of activated mitral
cells. In this example the overlap between the input
patterns is 0.63. The overlap between the output patterns
is even greater (0.66) without modulation, and consider-
ably decreased with maximum modulation (0.26). The
few activated mitral cells exhibit high spiking probabili-
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Fig. 7. Overlap of mitral cell activity patterns as a function of input
pattern overlap and increasing periglomerular cell modulation M,,.
Overlap between pairs of input patterns and between the corresponding
output patterns is computed as normalized scalar products (scalar pro-
ducts divided by the number of active components). The curves show
the overlap between pairs of output patterns as a function of the overlap
between the corresponding input patterns for increasing feedback mod-
ulation of periglomerular cells (M,). Without feedback modulation,
the amount of overlap between output patterns increases almost lin-
early with the amount of overlap between input patterns (Mp,=0.0).
With increasing modulation however, the overlap between output pat-
terns is significantly lower than the overlap between input patterns.

ties due to reduced granule cell inhibition through the
feedback regulation.

Fig. 9 illustrates the temporal responses of individual
cells and field potentials in response to a periodic
stimulus mimicking the 8 Hz sniff cycle. The membrane
potentials and action potentials of four mitral cells
(M1-M4) are shown along with the membrane potential
of the modulator neuron (Mod) and the average mem-
brane potentials of all granule cells (EFP). The simula-
tion begins with no modulation, and modulation
conditions are changed abruptly while the simulation is
running and while a periodic stimulus is present. The
activation of periglomerular cells by the Mo neuron
completely suppresses mitral cell M1 and almost com-
pletely suppresses mitral cell M2, except for a brief burst
at the beginning of each stimulus. Adding a decrease of
granule cell inhibition leads to temporal change in
spiking of activated neurons and an increasing spiking
frequency. Note that the activity of mitral cell M3 is
decreasing through subsequent stimulus cycles; this can
be attributed to the long time constant of the
modulation.

For control purposes, all output parameters (spike
rates, oscillation frequencies, EEG frequencies etc.) have
been checked after the modulation was added: although
the dynamics of the individual neural responses change,
the average population dynamics are not altered, as
shown in Fig. 9B (FFT of average mitral cell and granule
cell activities with and without modulation).

4. Discussion

We have demonstrated the putative role of modulation
of two types of inhibition for olfactory bulb processing
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Fig. 8. Illustration of modulation effect on average periglomerular and
mitral cell activities. Activity patterns in the network in response to
olfactory stimuli with no (M, =0.0 and M, =0.0) modulation and
with maximal (M, = 3.0 and M, =0.9) modulation in response to two
stimuli (O1 and O2). The first row of graphs show the total input to
each of the 15 glomeruli (GLOM) (averaged over stimuli duration),
the second row of graphs shows the average periglomerular cell firing
probabilities (PG) and the third row the averaged mitral cell firing
probabilities (Mi). (A) Two low complexity stimuli O1 and O2 (one
component active) with no overlap. Due to the low number of activated
mitral cells, the feedback regulation of modulation is not activated and
the resulting mitral cell activity patterns is comparable with
(M, =3.0 and M, =0.9) and without (M, =0.0 and M, =0.0) mod-
ulation. (B) Two high complexity (910 active components) input stim-
uli O1 and O2 with large overlap (0.63). In this example, the activity
of periglomerular cells (PG) is increased by the feedback regulation of
modulation (M, =3.0) as compared to the activity in the absence of
modulation (M, =0.0). As a consequence, the number of active mitral
cells is decreased by the feedback regulation. The overlap between the
output patterns is considerably lower if feedback regulation is activated
(0.26) than in absence of feedback regulation (0.66).

of olfactory stimuli: (i) feedback regulation of lateral
inhibition in the glomerular layer ensures a constant
average number of active mitral cells over the total input
pattern space; (ii) feedback regulation of the modulation
of inhibition mediated by granule cells in the deeper
bulbar layers ensures constant average spiking probabili-
ties of active mitral cells over the total input pattern
space; and (iii) the combined effect of the modulation of
both types of inhibition considerably decreases the over-



124 C. Linster, M. Hasselmo/Behavioural Brain Research 84 ( 1997) 117127

A

v e e b .
vz DULALAALIDNOA SN | AL AL A e | e e b A
Mguwumww'wuuw
me _RAMLAL wL Ly !
Mod AM;&IMM

B Lt
A 120, ms

=00 =30 M, =30
ﬁ” =00 M 00 Moy =

B
Mi ﬂ
I‘SHZ M | 8 Hz

Mpg = 0.0 *68 Hz Mpg= 3. 0 68 Hz
Mgm =0.0 Mgm =0.9

Fig. 9. Neural activity and population activity in the model for different
modulation levels. (A) Membrane potentials and action potentials of
four mitral cells (M1-M4) are shown along with the membrane poten-
tial of the modulator neuron (Mod) and the average membrane poten-
tials of all granule cells (EFP). No modulation (M, =M, =0.0),
modulation of inhibition mediated by periglomerular cells
(M, =3.0; M, =0.0) and modulation of both perigiomerular cells and
of granule cell inhibition (M, =3.0; M, =0.9) is shown subsequently.
(B) Frequency spectra (FFT) of average mitral (Mi) and granule cell
{Gr) responses in the absence of modulation (M, =0.0; M, =0.0) and
for maximal modulation values (M, =3.0; M, =0.9).

lap between pairs of output patterns, thus enhancing the
discrimination between highly overlapping olfactory
input patterns.

The implemented modulation is inspired by experi-
mental data. ACh modulation in the glomerular layer
has been shown to increase periglomerular cell activity
and to decrease mitral cell responsiveness [ 34]. NA and
ACh modulation in the granule cell layer has been
shown to suppress the inhibition of mitral cells by
granule cells [5,17,40]. Even though there have been
some differences in the action of NA observed during in
vivo experiments [ 30], most studies suggest a disinhibi-
tory effect on mitral cells [18,46].

The model relies on the regulation of the activity of
cholinergic and noradrenergic neurons by the activity in
the olfactory bulb. Although there is no evidence for
direct connections from the olfactory bulb to the HDB
or the LC, relatively direct pathways exist through the
medial optic area and the Medial amygdaloid area (to
LC) (see [36] for review) and there appears to be at
least some input via the olfactory cortex and also via
the anterior cortical nucleus of the amygdala to the
HDB (see [ 37] for review). An electrophysiological study
has shown that firing rates of neurons in the horizontal
limb are affected by stimulation of the olfactory bulb
and of the prepiriform cortex [ 7].

An alternative mechanism for regulation of NA modu-
lation is given by the now growing evidence for gluta-
matergic  neurotransmitters  directly  stimulating

noradrenaline release in many brain areas, including the
olfactory bulb [42]. As a consequence, the feedback of
the modulation would be related to local levels of mitral
cell activity rather than being a function of their com-
bined activity. In this case, the equation for the modula-
tion in the granule cell layer (page 6) reads:

wER (1) =(1.0— M) x; (£) (t) wF"(max)

where x;() is the output of the presynaptic mitral cell,
and Mg, is the variable modulation parameter. This
results in a disinhibition of active mitral cells only, thus
enhancing the effect resulting from a global modulation
as we have described it.

NA modulation has been shown to be crucial for
long-term storage of olfactory stimuli in various behav-
ioral experiments [ 1,22,32,39] and olfactory learning in
the olfactory bulb has been proposed to be localized in
the interactions between mitral and granule cells [19].
The model would predict that disinhibition of mitral
cells, as suggested for NA modulation [17,40] would
increase mitral cell firing without decreasing mitral cell
selectivity to odor stimuli. Increased neural activity in
response to novel stimuli might be important for synaptic
changes mediating olfactory memory. In addition, NA
modulation has been shown to influence the dynamics
of bulbar responses to olfactory stimuli, decreasing the
habituation to familiar stimuli [9].

In the context of olfactory learning, mitral cell respon-
siveness to odors seems to depend strongly on the level
of periglomerular inhibition Interneurons in the glomer-
ular layer appear to use both GABA and dopamine as
the inhibitory transmitter in the glomerular layer [41].
In rat pups, olfactory learning results in a decrease of
the proportion of mitral cells responding by excitation
and in an increase in the proportion of cells responding
by inhibition to the conditioned odor [39]. A recent
experiment showed, in anesthetized rat, that suppression
of dopaminergic action increases the proportion of mitral
cells which do not to discriminate between two odorants
[47]. In sheep, monitoring dopamine (DA) release in
the olfactory bulb revealed that levels of DA increased
pre-partum and in the early post-partum period. Basal
release is significantly higher in multiparous ewes when
compared to primiparous ewes [21]. Thus, an increase
in periglomerular cell activity could facilitate discrimina-
tion between different very similar and complex lamb
odors and this increase in periglomerular inhibition
could also partly explain spectacular changes in the
proportion of mitral cells responding to lamb and non-
lamb odors observed in sheep following parturition
[20]. As suggested by the model, these behavioral results
indicate that inhibition mediated by periglomerular cells
in the glomerular layer is crucial for the separation of
olfactory stimuli and that a suppression of inhibition
results in higher proportions of active mitral cells as
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well as in an ‘over-generalization’ between different
stimuli.
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Appendix : Implementation and simulation parameters
Neurons

In continuous time, the fluctuation of the membrane
potential v(t) around the resting potential, due to input
e(t) at its postsynaptic sites, is expressed as:

do(t)
T—— +o(t)=e(t)
dt

In discrete time, this equation becomes:

At At
v(t)= (1— — )U(t—At)+ — e(t)
z

T

where 7 is the membrane time constant, and At is the
sampling interval, and e(t) is the total input to neuron i
at time .

The firing probability P[ x;(t)=1] that the state x;(t)
of neuron i at time ¢ is 1 is given by a quasi-linear
function of the neuron membrane potential v,(t) at time
t, where the lower threshold ©,,,, determines the amount
of noise, and the upper threshold 6,,,, determines the
value of the membrane potential for which the maximal
firing probability is reached:

P (x(t)=1)
1

The value of the transmission delay associated with
each synapse is chosen randomly around a given average
value; it is meant to model all sources of delay, transduc-
tion and deformation of the transmitted signal from the
cell body or dendro-dendritic terminal of neuron j to
the receptor site of neuron i.

Updating of the difference equations is synchronous,
with a sampling step of 2 ms.

Molecule arrays and receptor cells

Odorant components are represented in a
15-dimensional, discrete odorant space; each stimulus
corresponds to a particular point in this space. R recep-
tor cells are differentially sensitive to all M components:
each receptor cell has a maximal (1) sensitivity to one
molecule (center of the gaussian sensitivity curve), its
sensitivity to surrounding molecules is given by a
gaussian function with width 2. Each receptor cell pro-
jects onto a subset of N neighboring glomeruli with an
afferent weight wyg.

Glomerular layer

Mitral cells are represented by their primary and
secondary dendrites in the model.

Inside the glomerulus, mitral cell primary dendrites
(M1_) receive input from receptor cells, from periglomer-
ular cells located in the same glomerulus and from
periglomerular cells located in neighboring glomeruli.

it/-2
mli(t)=wRmR(1) + wPP(t—dP)+ 3 wEPp (¢ —di™
B#i

where m1(t) is the total input to the mitral cell connected
to glomerulus i at time ¢, R; is the output of the receptor
cell type projecting to glomerulus i; wk™ its connection
strength; P; is the output of the periglomerular cell
connected to glomerulus i, w*™ its connection strength
and d° it connection delay; P, are the outputs of
periglomerular cells connected to glomeruli g, wig" their
connection strength and df;" their connection delays.

Inside their glomerulus, periglomerular cells receive
input from receptor cells, from mitral cell primary den-
drites located in the same glomerulus and from periglom-
erular cells located in neighboring glomeruli.

i+/-2

Y WiEpg(t—df)

g#i

pEi(£)=wRPER (1) + wmoml (t —d™) +

where pg;(¢) is the total input to the periglomerular cell
connected to glomerulus i at time ¢, R, is the output of
the receptor cell type projecting to glomerulus i; wRPE its
connection strength; vml; is the membrane potential of
the mitral cell primary dendrite connected to glomerulus
i, w* its connection strength and 4™ its connection
delay; p, are the outputs of periglomerular cells con-
nected to glomeruli g, wf} their connection strength and
df? their connection delays.

Deeper layer
Mitral cell secondary dendrites represent the integ-

ration site for all mitral cell input; they receive input
from mitral cell primary dendrites and from granule
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cells:

G
m(t)=avml(t—4)+ ) Wi G, (1 —dF)

£
where m;(t) is the total input to a mitral cell connected
to glomerulus i; vm1; is the membrane potential resulting
from synaptic interactions in the glomerulus, « a decay
constant, 4¢ the sampling step; G, is the output of the
granule cell population close to glomerulus g (to each
glomerulus is associated one population of granule cells
represented by G,), wi" its weight and 4} its connection
delay. The effect of granule cells onto mitral cells takes
place over long distances, but does not decrease as a
function of the distance between glomerulus i and glo-
merulus j; the effect of the distance is taken into account
only in the connection strength and connection delays
describing the excitatory effect of mitral cells onto gran-
ule cells.

Granule cells receive input from mitral cells as well

as from close granule cells:

i=g+j-5
gil)=" Y WiEM(t—d%E)
g
i=g+/-3
+ Y WEG(t—d)
gFi

where g; is the total input to granule cell close to
glomerulus i, M, is the output of a mitral cell connected

to glomerulus g, wi® its connection strength (which

decreases as the distance between i and g increases),
dig® its connection delay (which increases as the distance
between i and g increases); G, is the output of a granule
cell close to glomerulus g, w¥ its connection strength
and df§ its connection delay.

Parameter values

Mil: t=10 ms; O, = —0.1; 6,,,, = 1.0.
PG:1=25ms; 0, = —0.1; 0,,,, =6.0.
Mi2: =10 ms; O, = —0.1; 0,,,, = 1.0
GR:17=4ms; O,;, = —0.1;0,,,, =0.5
Mot=50 ms; 0,,;, =0.5; 6., = 1.0

Afferent connections:
wh™ =4.0(+/—10%)
WRPE=1.0(+/—10%)

Intra-glomerular connections:
wP=—0.5(+/—10%); d° =2ms
w?=1.0(+/—10%); d™ =2ms
inter-glomerular connections:
wh' = —2.0(+/—10%); d¥%" =2 — — 6ms,
wif = —0.2(+/—10%); dfy" =2 — —6ms,

each periglomerular cell connects to four surrounding
glomeruli.
Deeper layer:

Wi = —0.2(+/—10%), dff' = 12ms(+ /- 10%);

wigt (max)=0.5 between neighboring cells, w§" decreases
linearly towards O (maximal distance between two con-
nected cells is 5 columns), df (min)=2 ms, increases
linearly towards 10 ms;w#¢ (max) = -0.3, decreases linearly
towards -0.1 (maximal distance between two connected
cells is 3 columns), d¥§ =6 ms.
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