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The perception of odorant molecules provides the essential infor-
mation that allows animals to explore their surrounding. We de-
scribe here how the external word of scents may sculpt the
activity of the first central relay of the olfactory system, i.e., the
olfactory bulb. This structure is one of the few brain areas to con-
tinuously replace one of its neuronal populations: the local GA-
BAergic interneurons. How the newly generated neurons
integrate into a pre-existing neural network and how basic olfac-
tory functions are maintained when a large percentage of neurons
are subjected to continuous renewal, are important questions that
have recently received new insights. Furthermore, we shall see
how the adult neurogenesis is specifically subjected to experi-
ence-dependent modulation. In particular, we shall describe the
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sensitivity of the bulbar neurogenesis to the activity level of sen-
sory inputs from the olfactory epithelium and, in turn, how this
neurogenesis may adjust the neural network functioning to opti-
mize odor information processing. Finally, we shall discuss the be-
havioral consequences of the bulbar neurogenesis and how it may
be appropriate for the sense of smell. By maintaining a constitutive
turnover of bulbar interneurons subjected to modulation by envir-
onmental cues, we propose that adult ongoing neurogenesis in the
olfactory bulb is associated with improved olfactory memory.
These recent findings not only provide new fuel for the molecular
and cellular bases of sensory perception but should also shed light
onto cellular bases of learning and memory. NeuroReport 14:000—
000 © 2003 Lippincott Williams & Wilkins.

INTRODUCTION

Progress in recent years in the field of sensory function has
risen from the combined application of genetic, biochemical,
cellular, and neurophysiological methods to understanding
how external signals are processed as they move from the
periphery to the higher areas of the brain. In the last decade
the sensory system that has received the most insight from
these research activities is the sense of smell. This recent
interest has led several researchers to highlight the parallels
in processing of odor information with other sensory
modalities [1-4]. However, contrasts rather than similarities
should be researched since several characteristics make
olfaction unique compared to other sensory systems. First,
odorant molecules must be recognized against a back-
ground of confounding chemical compounds always pre-
sent in the natural environment, and this perception is
context dependent, varying with the time of the day, the
developmental stage or the motivational state [5]. Second, in
contrast to other senses, odorant molecules produce
immediate recall of the emotional valence and personal
experiences related to the source of the smell [6,7]. Third,
olfactory memories are of longer duration than memories
involving other sensory modalities [8-10]. Finally, the first
central relay of the olfactory system, named the main
olfactory bulb, is one of the few structures in the
mammalian CNS in which there is a continuous supply of
newly generated interneurons [11], which make the extreme

stability of olfactory recognition and memory an exciting
issue.

All these features allow the mammalian olfactory system
to discriminate, memorize and recognize odorant chemicals
that bring information from the external world. Odor
molecules are processed by two anatomically and function-
ally distinct sensory organs in mammals, the olfactory
epithelium and the vomeronasal organ [12,13]. The former is
connected with the main olfactory bulb (referred to below as
the olfactory bulb) and is thought to respond to more than a
thousand odor molecules (called odorants). In contrast, the
latter has traditionally been implicated in the recognition of
a smaller number of odorants (called pheromones) that
provide information about the social and sexual status of
other individuals within the species. The vomeronasal organ
projects to the accessory olfactory bulb [14] where conver-
gence of sensory entry is less strict than the olfactory bulb,
as similar vomeronasal receptor neurons converge onto
multiple neighboring glomeruli (Fig. 1).

Despite the progress made at the early stages of the first
contact between odor molecules and receptor proteins
[15,16], how the brain ‘smells’ is still a mystery. To address
this question, a better understanding of the cellular process
that occur at the first relay of sensory-information proces-
sing (i.e. the olfactory bulb) is critical [17-22]. Nevertheless,
studying how the mammalian olfactory system processes a
large variety of odorant chemicals first requires asking
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Fig. . Principles underlying the initial processing of odor information in olfactory systems. The main olfactory bulb (MOB) and the accessory olfactory
bulb (AOB) diverge regarding the synaptic organization of their afferent inputs from the olfactory sensory neurons (OSN) and mitral cell connections
with glomeruli. In the MOB (left), OSNs express only one type of olfactory receptor that recognize several odorant molecules and the sensory neurons,
while scattered in the olfactory epithelium (colored code), project axons that converge onto few glomeruli. In the AOB (right), OSNs express one type of
receptor belonging to one of three families (VIR, V2R or V3R) that recognize specifically one molecule (pheromone). Individual glomeruli receive projec-
tions from multiple types of sensory neurons and a mitral cell is always connected to more than one glomerulus.

specific questions about the nature of the coding that
underlie information processing.

INSIGHTS INTO THE VERTEBRATE OLFACTORY
SYSTEM

The olfactory system encodes information through various
process that take place in anatomically distinct structures.
The first one occurs at the interaction between odorant
molecules and their respective receptors in sensory neuron
dendrites [12,13,20]. Here, odorant molecule receptors can
bind a number of compounds with rather moderate affinity
despite the overall high sensitivity of the system [23,24].
Since each individual receptor is substantially cross-reactive
for different ligands, the receptor repertoire may evolve
according to the concentration and the mixture of odorants
[25]. Thus, the odor image manifests itself as combinatorial
activation of odorant receptors, providing a practically
unlimited coding capacity for the olfactory system.

The second important step occurs in the olfactory bulb
that receives sensory neuron projections. At this level, the
olfactory nerve contacts bulbar output neurons and, at least
in mammals, makes the olfactory bulb the major site of
integration for the olfactory information. The ten million, or
more, olfactory sensory neurons project to discrete spherical
modules (i.e. glomeruli) that lie in the superficial region of
the olfactory bulb (Fig. 2). It is worth noting that axonal
termini of olfactory sensory neurons synapse directly onto

second-order neurons within the forebrain [26,27]. They
form glutamatergic synapses impinging onto both output
neurons and local interneurons [28].

The topography of the sensory entry into the olfactory
bulb has been the subject of extensive studies [29-33]. Odor-
specific spatial activation patterns have been reported in
mammals by analyzing immediate early gene expression
such as c-fos, c-jun, zif268 and Arc [34-41], 2-deoxyglucose
mapping [42-52], and fMRI [53-55]. More recently, optical
imaging based on intrinsic signals [56-60], calcium signaling
[61,62] or voltage-sensitive dye [63,64] have been success-
fully applied to map individual glomeruli. These ap-
proaches revealed that the spatial pattern of activity in the
olfactory bulb was extremely dynamic thus providing a
picture of how odor identity and concentration could be
represented by a combination of temporal and spatial
coding.

ODOR INFORMATION PROCESSING IN THE OL-
FACTORY BULB

To address how sensory information is processed, the
rationality of the synaptic organization of the first relay in
olfactory information processing has to be taken into
consideration (Fig. 2). The intrabulbar circuit includes two
classes of interneurons that participate in olfactory informa-
tion processing: periglomerular and granule cells. Briefly, a
principal neuron of the olfactory bulb (e.g. mitral or tufted
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cell) receives glomerular synaptic input via the distal tuft of
a primary (or apical) dendrite extending vertically from its
soma. At this level, most of the periglomerular cells
(GABAergic or dopaminergic interneurons) have dendrites
restricted to one glomerulus and impinge onto olfactory
nerve terminals or primary dendrites. The mitral soma also
radiates secondary (or basal or lateral) dendrites which
extend horizontally up to 1000pm across the external
plexiform layer underlying the glomeruli [65,66]. These
dendrites form reciprocal dendro-dendritic synapses with
the dendrites of the larger population of bulbar interneur-
ons: the granule cells [67-70]. Glutamate released by lateral
dendrites of mitral (and tufted) cells, excites the dendrites of
granule cells [71-73] which in turn, release GABA directly
back onto mitral cells [72-75]. The extensive lateral
dendrites of mitral cells and the possible spread of
excitation through granule cell dendrites provide a mechan-
ism for lateral inhibition between mitral cells that innervate
different glomeruli [72,73,76-79] (Fig. 2).

A number of studies have suggested that the lateral
inhibition may sharpen odor tuning in a glomerulus as
happens in the retina when a light shines on both the center
and the surround. For instance, examination of the
responses of individual mitral cells to inhalation of aliphatic
aldehydes reveals that many individual cells are excited by
one subset of these odorants, inhibited by another subset,

to the forebrain
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Fig. 2. The synaptic organization of the main olfactory bulb. The olfac-
tory bulb receives sensory inputs from the olfactory sensory neurons
(OSN) located in the olfactory epithelium. Both mitral (M) and tufted
(T) cells represent the principal neurons of the olfactory bulb that receive
glomerular (GL) inputs. Principal cells form reciprocal dendro-dendritic
synapses with two classes of bulbar interneurons: periglomerular neurons
(PG) and granule cells (Gr). Modified with permission from [I9].

and unaffected by yet a third subset. Agents that block
reciprocal synapses between mitral and granule cells
suppress these inhibitory responses [19]. Thus, at the level
of the olfactory bulb, the quality of the odor stimulus is
encoded by a specific combination of activated mitral cells
that depends on GABAergic inhibition. Finally, because a
single granule cell is believed to contact a large number of
mitral cells [21], this reciprocal inhibitory synaptic connec-
tion also contributes to synchronizing the mitral cell activity
[80-82]. As a result, feedback inhibition has been proposed
to be crucial for the complex dynamics of olfactory network
responses [83,84] and for controlling action potential
initiation either at the soma or the primary dendrite [85].

In addition to inhibitory inputs arising from granule cells,
it has been reported that mitral cell lateral dendrites also
receive large excitatory inputs when either inhibition was
antagonized or magnesium was removed from the external
medium [86-89]. In mammals, excitatory synapses onto
mitral cells have been localized exclusively to the apical
dendritic tufts that receive primary sensory afferents
[69,70,90,91]. The origin of the excitatory inputs to the
mitral cell lateral dendrites was therefore debated. It has
been proposed that glutamate released from mitral cells also
activates glutamate autoreceptors which can modulate burst
firing [87,89,92]. However, it is unknown how the specificity
for odor processing can be conserved if glutamate spillover
alone governs excitatory transmission within the olfactory
bulb. Using a combination of in vitro whole-cell recordings
and immunogold detection of glutamate, we also demon-
strated that ionotropic glutamate receptors on mitral cells
could be activated by interneurons located in the granule
cell layer [93]. Such feedback excitation would provide an
effective mechanism for temporal and spatial coding in
olfactory information processing.

Another important feature is the generation of synchro-
nized network oscillations that emerge from activity of
different parts of the olfactory pathway [94,95]. Synchro-
nized oscillations of neuronal populations occur in diverse
brain structures and are subjected to modulation by
behavioral state and sensory inputs. Physiological studies
have revealed large-scale synchronous and oscillatory
activities in the gamma frequency band (30-80Hz) in
mammalian brains [96-98]. These fast oscillations that
emerge from coordinated electrical activity across large
groups of neurons [99] are thought to play an important role
in sensory perception, information processing and memory
formation [100,101] (recently reviewed in [102,103]). In the
olfactory system, the inhalation of odor molecules has been
reported to trigger oscillations with different frequency
ranges. Whereas y-waves are induced by odor inputs, the 0-
frequency band (3-12Hz) is phase-locked with respiration
[94,104-108]. It is remarkable that both rhythms have been
observed in the olfactory bulb of mammals as well as in its
functional equivalent in invertebrates and are thought to
encode stimuli [109] as well as participate in the fine
discrimination of close stimuli [110].

How might neural synchronization function in encoding
olfactory information? It has been proposed that neural
synchronization across glomerular outputs may enhance the
representation of a complex olfactory stimulus by integrat-
ing the different signal streams activated by the odor into a
unified olfactory image at the level of the sensory cortex
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[19,82]. Despite evidence supporting the use of time as a
coding dimension in olfaction, much of the current thought
on mammalian olfactory coding focuses on the importance
of spatial patterns of activity (reviewed in [20,29,111]).
However, it seems probable that olfactory information is
coded both spatially and in time. The combination of spatial
coding and correlated spike activity may, during odor
stimulation, synchronize spike responses in the mitral cells
associated with glomeruli tuned to the odorant.

In the mammalian brain, synchronizing mechanisms can
depend in part on the ability of populations of GABAergic
neurons to entrain the firing of principal neurons [112-114].
Theoretical models have proposed that oscillatory synchro-
nization in the mammalian olfactory cortex [115] and the
olfactory bulb [21,116-118] depends on fast synaptic
inhibitory interactions, but experimental data in support
of this were still lacking until very recently.

We have addressed the question of whether a specific
bulbar neuronal population generates coherent inhibitory
interplay with mitral cells, thereby providing a synaptic
substrate to induce gamma frequency oscillations. Using an
in vitro preparation, we found that olfactory nerve stimula-
tion triggered fast local field potential (LFP) oscillations in
the mitral cell body layer (Fig. 3). We took advantage of the
segregated distribution of the bulbar interneuron popula-
tions to ascertain the identity of the local neurons
responsible for generating these rhythms. We found that
granule cells mediate synaptic inputs onto secondary
dendrites and provide rhythmic feedback that generates
gamma frequency oscillations of output neurons in the
olfactory bulb. Thus, evidence from both intracellular and
neural-ensemble recording studies indicate that the chemi-
cal identity of an odor is encoded spatially, according to
which glomeruli are activated by the stimulus. Other key
features of the stimulus including odor intensity, dynamics
and the quality of specific odorant blends, are encoded in
specific temporal patterns of activity superimposed on the
spatial ensemble.

Two lessons can thus be learned from examination of
information processes in the olfactory bulb. First, coding
strategies may be much more dynamic than previously
assumed. Second, even paleocortical structures such as the
olfactory bulb may play an integral part in higher cognitive
processes rather than acting simply as relay stations whose
sole functions are the improvement of signal-to-noise ratio
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and contrast enhancement. The olfactory bulb neurons that
relay activity from the odor receptors to the brain interact
extensively with each other, both directly and through a
network of coupled inhibitory and excitatory interneurons.
As above described, these relay neurons can engage in
highly synchronous oscillatory activity, thereby forming
assemblies that, as a whole, convey information about a
particular odor blend.

CHALLENGING THE RECRUITMENT OF BULBAR
INTERNEURONS

Neurogenesis persists in two regions of the adult mamma-
lian brain: the hippocampus and the olfactory bulb [119-
123]. In the hippocampus, several factors including age,
genetic background, hormonal and activity levels influence
the proliferation, differentiation and survival of progeny of
adult stem cells [121,124-126]. In contrast, the molecular
mechanisms regulating neurogenesis and the survival of
progeny cells in the olfactory bulb have been poorly
investigated and the physiological contexts in which such
a regulation may occur remain to be settled. Though adult
olfactory bulb neurogenesis has been mostly investigated in
the rodent, there is evidence suggesting that it may also
occur in humans [127-133].

The adult-generated neurons of the olfactory bulb are
born in the subventricular zone and migrate along an
intricate path of migration to reach their final position
[134,135]. To populate the core of the olfactory bulb, the
neuroblasts first undergo a tangential chain migration
through the rostral migratory stream. Once in the bulb,
the precursor cells turn radially away from the migratory
stream to invade different layers, where they differentiate
into local interneurons [136]. Importantly, most of the bulbar
granule cells are generated postnatally and continue to be
added in adulthood [120,137].

Bulbar neurogenesis in adulthood implies three different
processes that could be independently regulated: (i) cell
proliferation, (ii) neuroblast migration from the subventri-
cular zone to the olfactory bulb, and (iii) neuronal
differentiation and survival. As recent examples for pro-
liferation, Ephrin molecules were shown to specifically
control cell proliferation of neuroblasts in the subventricular
zone [138] and mCD24, a glycosylated molecule expressed
in the subventricular zone, to negatively regulate cell

BMIW“”i
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Fig. 3. Local field potential (LFP) oscillations are reversibly blocked by GABA 5 receptor (bicuculline) and ionotropic glutamate receptors (kynurenate)

antagonists. Bath application of bicuculline and kynurenate abolished LFP gamma frequency oscillations triggered by olfactory nerve stimulation (arrow-
head). The four traces illustrate LFP recorded in standard medium (STD), in the presence of 20 M bicuculline methiodide (BMI), after 5 minutes of drug
washout (Wash), and in the presence of 5 mM kynurenate (Kyn). Application of kynurenate demonstrates that oscillation depend only on olfactory nerve
stimulation. Vertical bar =100 mV; horizontal bar =100 ms.
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proliferation [139]. With respect to migration, two members
from the Slit family of soluble proteins are good candidates
for guiding neuroblasts towards the olfactory bulb [140,141].
In vitro experiments have shown that caudal septum
explants secrete a diffusible factor, possibly the molecule
Slit [142] that repels olfactory bulb neural precursors [143].
The polysialylated form of neural cell-adhesion molecules
(PSA-NCAM) has also been identified as a key factor in
assuring efficient migration of neuroblasts in the rostral
migratory stream [144-148]. Finally, it has been shown that
reelin acts on tangential migrating neuroblasts as a detach-
ment signal [149].

Modulation of the adult neurogenesis may have impor-
tant consequences for the bulbar activity. Indeed, using
NCAM-mutant mice, we found that a reduction in the
number of adult-generated granule cells was correlated with
impaired odor discrimination, without changing odor
detection or memory [150]. This suggests that a critical
level of inhibition mediated by the activation of GABA
receptors localized on the secondary dendrites of mitral cells
is crucial for olfactory processes [151].

Regarding survival of newborn neurons, it has been
demonstrated that target structures are the major source for
providing attractive and/or survival factors [152,153]. The
maturation and survival of subventricular zone-generated
neurons is partly under the control of neurotrophic factor
(for instance, see [154]). Although the sources of these
factors in wivo are not precisely known, olfactory bulb-
derived factors are likely to influence the proliferation and/
or survival of subventricular zone neuroblasts in the adult
brain. In mice, neural activity may be important in
regulating neuroblast survival since closure of one nostril
affects the dynamics of neuronal death in the corresponding
olfactory bulb [155]. Nevertheless, it has been reported that
subventricular zone cells continue to divide and migrate
after transection of the olfactory peduncle [156], following
olfactory bulb removal [157] or unilateral nostril occlusion
([158] but see also [159]). This suggests that activity within
the olfactory bulb is not essential for proliferation or the
directional migration of newly generated interneurons
although it is crucial for their survival.

It is widely accepted that the brain can respond to
environmental and/or internal challenges inducing signifi-
cant functional and anatomical modifications. These re-
sponses mainly occur at early stages, before the maturation
of the developing brain is complete. However, the self-
renewing capacity of the olfactory bulb inhibitory neuronal
network leaves open the possibility that such a process may
never end in the adult olfactory system. In fact, odor
experiences have been reported to modulate adult olfactory
bulb functions [160,161]. If activity-dependent recruitment
of neurons is related to odor exposure, the question, then, is
whether change in the number of newborn interneurons
might be related to changes in olfactory behavioral function.
We have recently reported that an odor-enriched environ-
ment enhances the bulbar interneuron population and
improves olfactory memory [162]. Since bulbar neurogen-
esis is sensitive to sensory input, we propose that a
production of newborn neurons may adjust the neuronal
network activity to optimize the process of odor molecule
information in the olfactory bulb.

Additional information is required to know how adult
bulbar neurogenesis is regulated by physiological and
pharmacological factors. A growing effort has already
provided a list of some of the factors known to affect
neurogenesis within the adult dentate gyrus. Hormones,
neurotransmitters, growth factors and exogenous sub-
stances, such as drugs of abuse (opiates, nicotine, metham-
phetamine and alcohol) have demonstrated an influence on
the rate of proliferation and/or survival of neural stem cells
within the subgranular zone of the hippocampus. Unfortu-
nately, at present, the regulation of adult bulbar neurogen-
esis by such treatments has not received the same attention.
Several neurotransmitters (as well as drugs influencing their
expression and release) may play a substantial role in
affecting bulbar neurogenesis since the olfactory bulb is the
target of massive cholinergic, serotoninergic and catechola-
minergic centrifugal projections.

BEHAVIORAL CONSEQUENCES OF THE BUL-
BAR NEUROGENESIS

Although recent estimates suggest that the quantity of new
neurons produced in adulthood is much greater than
previously thought, the rate of neuronal production in
adulthood still remains lower than during development. As
a result, if the adult-generated neurons bring similar
functional properties as those brought by neurons generated
early in life, then the adult neurogenesis should simply be
considered as a neotenic process [163]. In contrast, if adult-
generated neurons have unique properties that increase
their impact relative to more mature neurons, then their
constant integration into a functional circuitry would bring
unique features. Recent investigations both in the adult
hippocampus and the olfactory bulb support the second
inference. Young granule cells in the adult dentate gyrus
appear to exhibit robust plasticity that, in contrast to mature
granule cells, cannot be inhibited by GABA [164,165]. These
newborn neurons may respond preferentially to the
modulation of stress hormones [166-168] and learning has
been shown to increase the number of new neurons in the
hippocampus [169]. Exercise increases both the number of
new dentate gyrus cells and performance on a hippocam-
pal-dependent task [170] whereas decreasing the number of
new granule neurons was correlated with impairment on
such a task [171]. Since new neurons are structurally plastic,
they may be highly susceptible to changes according to
different life experiences.

THE OLFACTORY BULB: A LOCUS FOR MEM-
ORY?

The olfactory bulb has been implicated in several types of
olfactory learning and memory [172]. One theory proposes
that the olfactory bulb plays a transient role in memory
storage [173,174]. Support for the idea of temporary storage
comes from electrophysiological studies [175,176]. The
naturally occurring replacement of bulbar interneurons
provides a rationale for the transfer of memories out of
the olfactory bulb [174]. The loss of interneurons may be
programmed to occur after the transfer of the memories
held by these neurons to other parts of the brain.
Alternatively, if the olfactory bulb is necessary for the
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temporary processing of information that is sent elsewhere
for storage, then a rejuvenating population of neurons
capable of rapidly forming synaptic connections may be
well suited to participate in such a function. It will be
interesting to determine how learning, which leads to
changes in the meaning of an odor, correlates with variation
in the adult-generated interneuron population. In line with
this, it is of interest to examine the electrophysiological
properties of the newly generated neurons to know whether
these neurons possess unusual characteristics supporting
novel functions [177].

ARE NEWBORN NEURONS FUNCTIONAL?

To date there are two lines of evidence showing that newly
generated neurons which populate the adult olfactory bulb
are functional. Huang and Bittman [178] reported that in
male hamsters adult newborn cells localized in the
accessory olfactory bulb and in the main olfactory bulb
express c-fos in response to different stimuli, especially
socio-sexual cues. In the olfactory bulb of estrous females,
vaginal secretion as well as exposure to a male, elicited c-fos
expression in BrdU-labeled cells and the higher percentage
of immunoreactive c-fos newborn cells were localized into
the mitral and periglomerular layers. Similarly, Carlén et al.
[179] recently showed that neurons generated within the
subventricular zone not only synapse into the olfactory
bulb, establishing connections within the glomerular and
granule cell layers, but also respond to a cocktail of odors.
Furthermore, it has also been shown that new neurons
generated in the dentate gyrus of the adult hippocampus
displayed similar electrophysiological properties as mature
dentate granule cells [180]. Altogether, these results demon-
strate that newly generated neurons integrate functionally
into the adult brain. Although showing that newborn
neurons are functional is a critical step this does not
indicate why and when adult neurogenesis has fundamen-
tal consequences for the animal.

THE ADULT NEUROGENESIS AS AN ADAPTA-
TIVE FUNCTION

It still remains necessary to assess adult bulbar neurogenesis
in different ethologically relevant contexts. Because the

Activity patterns

Neurotransmitters

main events occurring during olfactory learning seem to
occur at the mitral cell-granule cell synapses, this stresses
the importance of investigating the plausible contribution of
the permanent supply of interneurons to memory. It has
been shown that a general physiological mechanism seems
to operate within the olfactory bulb during olfactory
learning in different contexts and different species [181].
Among the different neural modifications, change in the
ratio of excitatory to inhibitory neurotransmitters has been
extensively documented in the olfactory bulb as well as in
the accessory olfactory bulb (memory of the mating male’s
pheromone, olfactory learning in neonatal rats, olfactory
conditioning in adult mice; Fig. 4. Again, these neural
changes emphasized the critical contribution of inhibition
provided by granule cells. Because most newly generated
neurons born in the subventricular zone differentiate into
local interneurons, it is tempting to speculate that adult
bulbar neurogenesis might contribute to regulate distinct
olfactory processing [150,182].

Only very recent studies have brought new insights about
the possibility of changes in bulbar neurogenesis following
ethologically relevant events in rodents. Prairie voles are
monogamous, and pair bond formation between partners
occurs following mating. Since social affiliation in prairie
voles involves olfactory learning (mate recognition), it is
appealing to consider that an increase in the permanent
supply of newly generated neurons within the olfactory
bulb could partly support social attachment. Female prairie
voles exposed to a male behind a wire mesh for 48 h show
an increase of newly generated neurons in the subventri-
cular zone and in the rostral migratory stream [183].
Because ovariectomized female prairie voles exposed to a
male do not show an increase in cellular proliferation and
estrogen treatment partly reinstates such a process, it seems
likely that estrogen mediate the increase of neuronal
proliferation following male exposure in this species. Since
there is a gradual development of neuroblasts into mature
neurons and because BrdU-labeled cells have been assessed
in this study within the first 2 days following male
exposure, it remains to define whether the increase in the
newly generated neurons persists several weeks later. This
was examined in a subsequent study in which the authors
analyzed the survival rate of newborn neurons in female
prairie voles housed with a male for 2 days or 3 weeks [184].

Neural and cognitive correlates
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Fig. 4. Inhibition and odor information processing. Three main neural correlates that emphasize the contribution of interneurons and their permanent
supply in the main olfactory bulb, at different levels during olfactory processing. Left, a critical level of inhibition mediated by GABA receptor activity,
through the reciprocal synapse, has been shown to be necessary for odor coding at this first central relay. Middle, among different neural changes that
occur during olfactory learning, changes in the ratio of excitatory to inhibitory neurotransmitters has been largely reported. Right, increasing the num-
ber of newly formed neurons in the adult olfactory bulb following enriched-odor exposure is associated with improved olfactory memory.
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In contrast to previous experiment [183], they did not find
any significant increase of newly generated neurons in
females mated for 48h with a male (a period sufficient to
induce social attachment). Similarly, following 3 weeks of
cohabitation, gestation, and 3 days of lactation, female
prairie voles do not display significant change in the
number of BrdU-labeled cells within the olfactory bulb
[184]. The number of BrdU-positive cells increases both in
the amygdala and the hypothalamus of the females but no
quantification of double-labeled cells was reported and their
origin remains unknown. Since in this study females have
undergone mating, pregnancy and parturition, the contri-
bution of different hormones other than estrogen [185], and
the stimulation elicited by the pups during the first days
postpartum cannot be ruled out in the regulation of
neurogenesis.

Whatever the functional consequences of adult neurogen-
esis are, it is important to note that the functional benefit
from bulbar neurogenesis should not be considered to be
acute since it takes several weeks to generate a functionally
integrated new interneuron. Thus, neurogenesis should
rather be considered as a long-term adjustment of the
olfactory bulb circuit to an experienced level of higher
complexity governed by the sense of smell. Although there
is to date no clear argument for the involvement of bulbar
neurogenesis in the adult, social attachment constitutes a
valuable context in which morphological and physiological
events related to synaptic integration of new neurons
should be more precisely examined. For instance, the
selective maternal care of sheep toward their own lamb
represents a suitable model to investigate the functional
consequences of the adult neurogenesis. Once the bond
between an ewe and its lamb has been established, infusion
of an antagonist of GABA 4 receptors, in the olfactory bulb,
prevents recognition of the lamb [186]. One can hypothesize
that ablation of newborn neurons by injecting an antimitotic
drug within the subventricular zone [171], after the bond
has been established, should also impair the lamb recogni-
tion. In line with this, the neurobiology of attachment in
ewes has largely progressed in identifying the role of
different neurochemical systems. Investigating the contribu-
tion of bulbar neurogenesis in this attachment will also
require specifying the role of neurotransmitters in regulat-
ing neurogenesis.

Even in non-selective mothers such as female rats, there is
a clear behavioral shift associated with late pregnancy and
delivery. At this time, female rats become progressively
more attentive towards pups and initiate nurturing re-
sponses to them. As initiated by Weiss and colleagues [185],
more studies are required to explore the adaptive con-
sequences of adult bulbar neurogenesis across different life
stages (e.g. weaning, mate choice, parental behavior, social
status, aging).

We recently investigated the effects of an odor-enriched
environment on the regulation of bulbar neurogenesis in
adult male mice [162]. According to a probabilistic epigen-
esis of behavior [187], we assumed that bulbar activity may
have an inductive, facilitative and /or maintenance function
in the neurogenesis of interneurons which in turn may affect
behavioral functions. In this respect, adult mice were daily
exposure for 24h to different aromatic fragrances for 40
days. No significant differences were found in the pro-

liferative activity of progenitor cells located in the subven-
tricular zone but their survival in the olfactory bulb was
dramatically increased. In parallel, behavioral analyses
revealed that when submitted to different olfactory tasks
odor-enriched mice displayed a longer and stronger (i.e.
resistant to retroactive interference) short-term olfactory
memory. Although there is no proof of causality, these
results strongly support a correlation between the up-
regulating effects of odor-enrichment on adult bulbar
neurogenesis and the improvement of olfactory memory
(Fig. 4).

As in the vision system, previous studies dedicated to
investigating olfactory processing have postulated the
convergence of information from deconstructed patterns in
the olfactory bulb to ‘cardinal cell assemblies” located at the
top of a hierarchical perceptual system in higher brain
centers. However, this notion of grandmother cells [188] has
been revisited today by temporal coding of neural assem-
blies [189]. According to this latter view, oscillations and
synchrony are attributes as relevant to neural identity and
odor quality as the location of activated neurons. For this
spatio-temporal coding, bulbar interneurons are known to
be the key players since they extensively shape relay neuron
responses to odor and they maximize differences in odor
representations. The size modulation of their population by
adult neurogenesis offers a unique way for the olfactory
bulb circuit to optimize olfactory information processing in
a changing environment.
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