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Abstract

Olfaction was long considered to belong more to the realm of art than to that of science. As a result, how the brain perceives,
discriminates, and recognizes odorant molecules is still a mystery. Recent progress has nonetheless been made at early stages of the
olfactory pathway when olfactory studies entered into the molecular era to elucidate the first contact of an odor molecule with a
receptor. Our group focuses on the analysis of odor information in the olfactory bulb, the first processing relay in the mammalian
brain. Using this model, we are attempting to decipher the code for odorant information. Furthermore, the olfactory bulb also
provides an attractive model to investigate neuronal proliferation, differentiation, migration, and neuronal death, processes invol-
ving an interplay between genetic and epigenetic influences. Finally, our goal is to explore the possible consequences of the olfactory
bulb plasticity, in olfactory performance. For these purposes, we aim to combine morphological, electrophysiological and beha-
vioral approaches to investigate: (1) how the olfactory bulb processes odor molecule information, (2) how neural precursors dif-
ferentiate into olfactory bulb interneurons, (3) how these newly-generated neurons integrate into an operational neural network, (4)
what role they play in the adult olfactory bulb, and (5) how are basic olfactory functions maintained in such a sensory system
subjected to continuous renewal of a large percentage of its neuronal population. These questions should provide new fuel for the
molecular and cellular bases of sensory perception and shed light onto cellular bases of learning and memory. © 2002 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Animals can recognize and discriminate chemical sig-
nals in the environment, which provide essential infor-
mation for survival and profoundly influence their
behavior. Chemical cues are not only necessary to detect
and assess food, prey, predators and mating partners
but also for intraspecific communication. In higher
organisms, while chemosensation involves both taste
and smell, most animals rely on olfaction as the princi-
pal chemosensory modality. Olfaction plays a critical
role in food selection, as the perception of flavors results
from the integration of olfactory and gustatory signals.
This can have important consequences for the survival
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of the organism, in as much as rotten food is easily
perceived by the olfactory system and unpleasant sen-
sations are memorized and associated with bad food-
related experiences. Moreover, the mammalian olfac-
tory system has been shown to regulate multiple com-
plex functions such as sexual behavior (i.e. reproductive
and/or maternal functions), neuroendocrine regulation,
recognition of conspecifics, emotional states (i.e. atten-
tion, enthusiasm, aggression), and social information
concerning the family, the clan or outsiders. Further-
more, while the power of olfactory stimuli in memory
and the control of animal behavior have long been
recognized, the neural mechanisms underlying this phe-
nomenon are poorly understood. Basic to the investiga-
tion of these and other olfactory functions is an
understanding of the anatomical and neurochemical
organization of the olfactory system and its links to
other parts of the brain. Before embarking on a sys-
tematic account of olfactory neuroanatomy and phy-
siology, an overview of the principal neural circuitry is
presented below.
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2. Organization of the vertebrate olfactory system

The basic anatomy of the olfactory system is well
known [1-3]. In mammals, initial odor detection takes
place in the olfactory epithelium of the nasal cavity at
the posterior end of the nose (Fig. 1). This area is
exquisitely tuned to discriminate an immense variety of
odor molecules of differing shapes and sizes which are
often present in minuscule quantities in the environ-
ment. The discriminatory capacity of this system arises
from a series of information-processing steps that occur
in anatomically distinct structures. The first step takes
place at the olfactory epithelium of the nose. This tissue
is comprised of olfactory sensory neurons which detect
odor molecules (odorants). Odor molecules activate
receptors and a well-characterized signal transduction
cascade in the olfactory neurons located in the epithelial
surface of the nasal cavity. Odorant-evoked action
potentials propagate along the axons of these sensory
neurons to the central nervous system where the signals
are relayed by projecting neurons (Fig. 1). Hence, the
second step for olfactory processing occurs in the main
olfactory bulb which receives sensory neuron projec-
tions to encode these sensory informations. The final
processing occurs in higher-order brain structures com-
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prising the primary and accessory olfactory cortex that
correspond to the piriform and the entorhinal cortex,
respectively. It is noteworthy that the preponderance of
evidence indicates that the outputs from the olfactory
bulb do not have the kind of point-to-point topo-
graphical projections to their target structures char-
acteristic of all other sensory systems. As a result, odor
information seems to be encoded by activity across the
entire neuronal network.

3. Sensory transduction in the olfactory epithelium

Mature sensory neurons of the mammalian olfactory
epithelium are the primary transducers of odorant sig-
nals from the external world to the central nervous sys-
tem. Hence, the initial events in olfactory perception
take place in these neurons that are embedded in a
pseudo-stratified columnar epithelium that, in mam-
mals, lines the posterior nasal cavity. This epithelium
contains three major cell types: sensory neurons, sup-
port cells and olfactory stem cells. Sensory neurons are
unusual in that they are short-lived cells that exist for
only 30-60 days and are continually replaced by the
stem cells. These small bipolar cells extend a single

Lateral olfactory
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Fig. 1. The olfactory neural pathway. Coronal view of the nasal fossae shows about 2 cm? olfactory sensory epithelium projecting directly to the
olfactory bulb of the central nervous system. Odor molecules and environmental substances enter through the nostrils and interact with sensory
neurons located in olfactory epithelium. The axons of mitral and tufted cells form the lateral olfactory tract and synapse on neurons in the olfactory
cortex. This cortex then project to other olfactory cortical regions and to the medial dorsal nucleus of the thalamus (green). Together, these cortical
and thalamic regions are thought to be involved in conscious perception of odors. (adapted with permission from [33]).
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dendrite to the epithelial surface from the apical pole.
Numerous cilia protrude from this dendrite and exten-
sively invade the mucus lining of the nasal cavity. Odor
molecules that dissolve in the nasal mucus bind to spe-
cific receptors on the cilia of olfactory sensory neurons.
These receptors, which have been cloned recently, are
members of the G protein-coupled seven-transmem-
brane proteins [4]. Their activation induces a cascade of
intracellular events culminating in the generation of a
receptor potential in the soma of the sensory neuron.
From its basal pole, the neuron sends a single axon to
the olfactory bulb. The unmyelinated sensory neuron
axons merge to form the olfactory nerve, which trans-
mits the electrical signals to the main olfactory bulb.
Each olfactory neuron achieves receptive specificity by
expressing only one of about 1000 odorant receptor
genes. Additionally, olfactory neurons expressing the
same odorant receptor, which are randomly dispersed in
one of the four zones of the olfactory epithelium, con-
verge axons into a small number of topographically
fixed glomeruli within the bulb (Fig. 2). Olfactory neu-
rons are replaced continuously throughout life, but the
neuronal population maintains a conserved connection
pattern to the olfactory bulb.

4. Sensory information inputs to the bulb

The olfactory nerve projects to the primary output
neurons of the olfactory bulb, the mitral/tufted (M/T)
cells. Axonal termini of olfactory sensory neurons,
unlike those of other sensory neurons, synapse directly

onto second-order neurons within the forebrain [5-7].
Here, the olfactory nerve forms excitatory synapses in
regions of the main olfactory bulb known as glomeruli
[8] and recent evidence shows that these synapses are
glutamatergic [9]. The topography of these connections
has been the subject of extensive studies (for review see
[10]), which reveal that sensory neurons expressing a
given receptor project to a given subset of glomeruli
(Fig. 3). These data suggest that the processing of
olfactory information adheres to a certain spatial dis-
tribution, at least between sensory neurons and the
olfactory bulb itself.

Since the olfactory system can detect extremely faint
signals [11], it is reasonable to suppose that synaptic
transmission between the olfactory nerve and mitral
cells should be extremely reliable. Indeed, we have
found that at the first level of sensory processing in the
olfactory system, the distal dendrites of M/T cells
receive highly reliable excitatory synaptic inputs from
the olfactory nerve. We and others have shown that
these synaptic events are comprised of both AMPA/
kainate and NMDA receptor-mediated components
[9,12] (Fig. 4A). The NMDA component is particularly
prolonged and may play an important role in the output
from the olfactory bulb by maintaining a pattern of
sustained discharge in mitral cells. We have also found
that glutamate release from olfactory sensory axons can
be down- but not up-regulated, suggesting a high prob-
ability of glutamate release from sensory neurons
(Fig. 4B). Taken together these data suggest that the
olfactory bulb amplifies sensory signals coming from
olfactory sensory cells.
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Fig. 2. Patterns of neurons can help the brain interpret a smell. Neurons that contain a particular type of receptor (indicated here by color) are
arranged randomly throughout the epithelium, but their axons converge on localized regions of the olfactory bulb known as glomeruli. An odor can
therefore be identified by a characteristic pattern of activity in the glomeruli.
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5. Sensory information processing in the main olfac-
tory bulb

Sensory information received by the olfactory bulb is
likely to be processed and refined prior to its transmis-
sion to the olfactory cortex. This transmission is
accomplished by intrabulbar circuits involving two
classes of interneurons; periglomerular cells and granule
cells. In addition, centrifugal inputs to the olfactory
bulb from several other brain regions may modulate
intrabulbar circuits and thereby influence signal trans-
mission from the olfactory bulb [13,14].

The first potential site of signal processing in the
olfactory bulb is the glomerulus. Here, periglomerular
cells, which receive excitatory input from sensory axons

and form dendro-dendritic synapses with M/T neurons,
may exert two types of inhibition. First, GABAergic
periglomerular cells inhibit M/T cells via dendro-den-
dritic synapses. This type of inhibition is mediated by
postsynaptic GABA 4 receptors. Second, the presence of
dopamine in other periglomerular cells and the expres-
sion of D, receptors on olfactory sensory axons lead us
to propose a modulatory role for dopamine at this
synapse.

We indeed found that dopamine receptor activation
in the olfactory bulb significantly depresses synaptic
transmission at the first relay between olfactory receptor
neurons and mitral cells [15]. This depression results
from the activation of the D, subtype of the dopamine
receptor. A change in paired-pulse modulation during
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Fig. 3. Synaptic organization of the main olfactory bulb. Diagram of a possible arrangement of neurons in the olfactory pathway for representing
odor molecules in neural space. Top, different types of receptor neurons each express a different member of the olfactory receptor family. Middle,
olfactory glomeruli primarily receive converging input from neurons expressing one receptor molecule type (indicated by a color code). Bottom,
mitral and tufted cells (deutoneurons) send the output of the olfactory bulb to the olfactory cortex after having received inhibitory inputs from

granule cells. (adapted with permission from [35]).
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the depression suggests a presynaptic locus for this
dopamine action. This synaptic depression, which is
independent of synaptic activity, provides the first evi-
dence for dopaminergic control of olfactory inputs to
the main olfactory bulb.

A second potential site for signal modulation lies
deeper within the bulb. In addition to their primary
dendrites which are confined to a single glomerulus (at
least in mammals), individual M/T cells extend long
basal dendrites laterally within the external plexiform
layer underlying the glomeruli. These basal dendrites
form reciprocal dendro-dendritic synapses with the
dendrites of granule cells, the main group of bulbar
interneurons. Granule cell dendrites are depolarized by
glutamate released from mitral cells, and, in turn, inhi-
bit M/T cells mediated by the release of GABA. Thus
the interaction between M/T cells and granule cells at
the reciprocal synapse regulates mitral cell firing activity
by negative feedback. Because each granule cell contacts
the dendrites of numerous M/T cells, it has been pro-
posed that these connections might mediate lateral
inhibition between M/T cells that innervate different
glomeruli [16,17].

Both anatomical and functional analyses support the
existence of lateral inhibitory mechanisms by which
activity in M/T cells innervating one glomerulus may
lead to suppression of activity in M/T cells innervating
neighboring glomeruli [1,3,16]. Interestingly, these
studies also suggest a role for these interactions in the
refinement of sensory information. Examination of
responses of individual M/T cells to inhalation of ali-
phatic aldehydes reveals that many individual cells are
excited by one subset of these odorants, inhibited by
another subset, and unaffected by yet a third subset [18].
The inhibitory responses were shown to be suppressed
by agents that block reciprocal synapses between M/T
cells and granule cells. Remarkably, the odorants that
excited any given M/T cell were found to have numeri-
cally consecutive carbon chain lengths whereas those
that inhibited the cell differed by one to several carbons.
On the basis of these observations, it was postulated
that each glomerular unit has the potential to respond
to a wide range of related odorants but also receives
inhibitory inputs from neighboring glomerular units
through lateral inhibition. Weak responses to a given
odorant in one glomerular unit may be thereby sup-
pressed by strong responses in another unit. The pre-
dicted outcome is that although the glomerular unit
receives signals pertaining to many related odorants, it
relays information to the cortex concerning only a sub-
set of these odorants. Thus, at the level of the main
olfactory bulb, the quality of the odor stimulus is enco-
ded by a specific combination of activated glomerular
modules.

Another important feature which seems to play a key
role in olfaction is the generation of synchronized net-

work oscillations which emerge in the olfactory bulb
[19,20]. We have recently shown that this coordinated
activity may result from interactions between the
intrinsic properties of mitral cells and feedback inhibi-
tion exerted by granule cells at dendro-dendritic synap-
ses [12]. These data provide a new role for inhibition as
an efficient propagator of synchronous activity within
the olfactory bulb (Fig. 5).

6. Granule cells neurogenesis

The olfactory bulb is one of the few structures in the
mammalian central nervous system in which there is a
continuous supply of newly generated neurons [21,22].
These progenitor cells originate from the subventricular
zone (SVZ) of the lateral ventricle which produces a
proliferative population of stem cells throughout the life
of the organism (for a recent review [23]). Their progeny
can either die or give rise to neuronal progenitors that
migrate along a tangential pathway, called the rostral
migratory stream, into the core of the main olfactory
bulb [24,25] (Fig. 6). Once in the bulb, the precursor
cells turn radially to invade the granule and periglomerular
layers, where they differentiate primarily into local inter-
neurons [21,26]. Although this ongoing neurogenesis and

A

Fig. 4. Olfactory nerve stimulation activates mitral cells via NMDA
and non-NMDA receptors. A, Excitatory synaptic currents recorded
at two membrane potentials from the same mitral cell. Trace obtained
at —70 mV revealed the non-NMDA component while at +30 mV,
two components were clearly observed (e.g. NMDA and non-NMDA
currents). B, A train of four stimulations indicated a strong depression
indicating a high glutamate release from olfactory nerve terminals.
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migration has been extensively documented, its function
remains unknown.

The tangential migration of precursors from the SVZ
cells into the olfactory bulb is associated with the
expression of the neural cell adhesion molecule
(NCAM) in its highly polysialylated form (PSA-
NCAM). Hence, NCAM-knockout mice, which have
been shown to be also almost totally devoid of PSA,
show a defect in the rostral migration of SVZ pre-
cursors. This defect is manifest by both an accumulation
of precursors along the pathway and a reduction in the
size of the olfactory bulb [27,28]. A similar defect is
observed in neonatal animals treated with an enzyme
that specifically cleaves the polysialic acid moiety from
NCAM [29]. Based on these findings we suggest that
interneuron populations are modulated at different
stages of cell development.

As described earlier, inhibitory synapses from granule
cells shape the temporal discharge patterns of olfactory
bulb output neurons [12]. This temporal coding is
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thought to be responsible for synchronization of these
principal neurons, which, at least in insects is crucial for
odor processing [30,31; for review see 32]. Thus, if
granule cells generated in adulthood are necessary for
olfactory bulb function, then a defect in the rostral
migration leading to a reduction of the recruitment of
new bulbar interneurons should alter olfactory beha-
vioral responses. We tested this hypothesis by quantify-
ing the level of migration and the size of interneuron
populations in NCAM-mutant mice. We found that the
dramatic reduction in granule cells in knockout mice
was accompanied by impaired odor discrimination, with
no change in odor detection or olfactory memory [34].
This suggests a specific role for this interneuron popu-
lation in downstream coding of olfactory information.
We propose that a critical level of inhibition mediated
by the activation of GABA receptors localized on the
secondary dendrites of M/T cells, is crucial to olfactory
processes, at least at the first relay of the system. Since
the olfactory bulb is also involved in consolidation
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Fig. 5. Models for synchronization of mitral cells involving intrinsic subthreshold oscillations of the membrane potential with inhibitory synaptic
inputs. A, Synchronization of subthreshold oscillations resulting from two IPSPs in distinct mitral cells coming from the same granule cell. B, For
lower membrane potential values, IPSPs can trigger ‘rebound’ spikes with similar timing in the two distinct mitral cells.
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Fig. 6. Parasagittal section of the rodent forebrain. Newly-generated
neurons (dots) originate from the subventricular zone (SVZ) located in
the wall of the lateral ventricle. Here, steadily dividing stem cells and
progenitors produce neuroblasts. These neuronal progenitors then
migrate through the so-called rostral migratory stream (RMS) to
populate the main olfactory bulb, where they differentiate into local
inhibitory interneurons and establish connections with their neuronal
targets.

processes associated with long-term odor memory, we
propose that a modulation in the number of GABAer-
gic interneurons by continual neurogenesis may partici-
pate in certain forms of olfactory learning, for example,
the memorization of the odor of a lamb by it’s mother.

7. Concluding remarks

The basic circuit underlying excitatory and inhibitory
interactions in the olfactory bulb reveals a wide range of
synaptic connections. This diversity amplifies the possi-
bilities for differential pathways through the relay neu-
rons and for the number and variety of microcircuit
interactions with periglomerular and granule cells. In
the olfactory bulb, information is thought to be encoded
across neuron assemblies that cannot be extracted by
averaging the firing frequency. GABAergic inhibition is
therefore important for olfactory coding, but within a
framework that differs from conventional inhibition
rules described for other sensory systems. The persis-
tence of a high level of inhibitory interneuron produc-
tion within the olfactory bulb, throughout adulthood
and its conservation throughout evolution suggest that
this process is of fundamental biological significance.
We propose that a combination of both cell addition
and cell elimination events may create conditions under
which the odor discrimination level may be regulated.
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