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In adult rodents, neurons are continually generated in the subventricular zone of the forebrain, from where they migrate tangentially toward the olfactory bulb, the only known target for these
neuronal precursors. Within the main olfactory bulb, they ascend
radially into the granule and periglomerular cell layers, where they
differentiate mainly into local interneurons. The functional consequences of this permanent generation and integration of new
neurons into existing circuits are unknown. To address this question, we used neural cell adhesion molecule-deficient mice that
have documented deficits in the migration of olfactory-bulb neuron precursors, leading to about 40% size reduction of this structure. Our anatomical study reveals that this reduction is restricted
to the granule cell layer, a structure that contains exclusively
␥-aminobutyric acid (GABA)ergic interneurons. Furthermore, mutant mice were subjected to experiments designed to examine the
behavioral consequences of such anatomical alteration. We found
that the specific reduction in the newly generated interneuron
population resulted in an impairment of discrimination between
odors. In contrast, both the detection thresholds for odors and
short-term olfactory memory were unaltered, demonstrating that
a critical number of bulbar granule cells is crucial only for odor
discrimination but not for general olfactory functions.
cell adhesion molecules 兩 neurogenesis 兩 interneurons 兩 ␥-aminobutyric
acid (GABA)

T

he olfactory bulb is one of the few structures in the mammalian central nervous system in which there is a continued
supplied of newly generated neurons (1–4). These progenitor
cells originate from the subventricular zone of the lateral
ventricle, which produces a proliferative population of stem cells
throughout the life of the animal (5). Their progeny can undergo
cell death (6) or give rise to neuronal progenitors that migrate
through a tangential pathway, called the rostral migratory
stream, into the core of the main olfactory bulb (7, 8). Here, the
precursor cells turn radially to invade the granule and periglomerular layers, where they differentiate mainly into local interneurons (2, 9). Although this ongoing neurogenesis, as well as the
migration process, has been extensively characterized, its functional consequences remain unknown.
The tangential migration of precursors from the cells in the
subventricular zone into the olfactory bulb is associated with the
expression of the neural cell adhesion molecule (NCAM) in its
highly polysialylated form (10). Hence, NCAM-knockout mice,
which also have been shown to be almost totally devoid of
polysialic acid, show a defect in the rostral migration of subventricular zone precursors, resulting in an accumulation of precursors along the pathway and finally in a size reduction of the
olfactory bulb (11, 12). A similar defect is observed in neonatal
animals treated with an enzyme that specifically cleaves off the
polysialic acid moiety from NCAM (13). From these findings, it
was inferred that these alterations concern two classes of local
inhibitory interneurons in the main olfactory bulb: (i) granule
cells that impinge onto mitral or tufted cell secondary dendrites
and that constitute, by far, the main target for the newly arriving

neurons; and (ii) periglomerular neurons that make synapses
onto the primary dendrites of mitral or tufted cells (see review
in ref. 14).
Inhibitory synapses of such local interneurons from the olfactory bulb and the antennal lobe in insects (the analogue of the
vertebrate olfactory bulb) shape the temporal patterns of output
neurons, namely, the mitral cells in vertebrates and the projection neurons in insects (15–17). This temporal coding is thought
to be responsible for the synchronization of output neurons, and
it has been demonstrated that synchronization is crucial for odor
processing (refs. 18 and 19; see review in ref. 20). Thus, if granule
cells produced 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 behavioral responses. We have tested this hypothesis, first, by quantifying the level of migration and the size
of interneuron populations in NCAM-mutant mice and, second,
by investigating their olfactory performance. We found that the
dramatic reduction in granule cells in knockout mice was
accompanied by impaired odor discrimination but not by impairments in olfactory detection level or memory, indicating a
specific role for this cell population for downstream coding of
odorant information.
Materials and Methods
Animals. Male NCAM-mutant mice used in this study were
generated by Cremer et al. (12). All experiments were performed
‘‘blind’’ to genotype on mice (C57BL兾6J) between 10 and 14
months of age. Adult mice were kept under a 12-h light–dark
cycle with lights on at 08:00 and with food and water ad libitum.
A week before the start of behavioral experiments, mice were
housed singly in 60 ⫻ 40 ⫻ 20 cm polycarbonate cages. All of the
experiments were performed according to the principles of
laboratory animal care published by the French Regulation (51).
Cytological and Immunohistological Analyses. Control and mutant
mice were deeply anesthetized with xylazine兾ketamine and
intracardially perfused with a solution of 4% paraformaldehyde
in phosphate buffer (PB). The brain was dissected out and
immersed overnight in the same fixative at 4°C. Coronal and
sagittal sections were serially cut at 40 m using a Vibratome
1000 (TPI, St. Louis, MO). Immunohistochemistry was performed on floating Vibratome sections as described previously
(21, 22). Briefly, sections were first incubated overnight at 4°C
with anti-glutamic acid decarboxylase (GAD)67 or anti-␥aminobutyric acid (GABA) mAb (Sigma) before incubation
with the corresponding fluorescent-labeled or biotinylated sec-
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ondary antibody (Vector Laboratories). Sections were analyzed
by using a standard Leitz confocal microscope and the complementary software package. To estimate the total number of cells
in olfactory bulbs, the number of cell bodies in Nissl-stained
(0.5% cresyl violet) or immuno-stained sections was determined
within a defined grid area (100 ⫻ 100 m).
BrdUrd Labeling and Detection. To determine the quantity of
adult-generated cells, 5-bromo-2⬘-deoxyuridine (BrdUrd, 10
mg兾ml; Sigma), a marker of DNA synthesis, was administered
intraperitoneally in mice with ages between postnatal days 60
and 120 (50 mg兾kg of body weight in 0.07 M NaOH in 0.9%
NaCl). Four injections were given over 2 days and animals were
perfused 12 h after the last injection. Vibratome sections of the
brains were processed for immunohistochemistry as described
above. To denature DNA, sections were treated for 30 min at
37°C with 2 M HCl in PB containing 0.5% Triton X-100, then
rinsed three times in sodium tetraborate buffer (0.1 M, pH 8.5)
before incubation with anti-BrdUrd antibody (1:100; Dako). The
anti-BrdUrd antibody was then revealed with a corresponding
fluorescent-labeled secondary antibody, and only immunostained nuclei were numbered.
Olfactory Discrimination. Odors were presented by placing a glass
plate on the floor of the animal’s home cage. Twenty-five
microliters of a solution of paprika (or cinnamon) and sterilized
water were placed onto a filter paper (Whatman no. 1) on the
glass plate. Odorant solutions (10⫺4) were freshly prepared
before each experiment. We used a habituation-dishabituation
task in which each mouse was presented with the first odor
(paprika or cinnamon) on one side of the plate and with water
(as control) on the other side for five successive 5-min trials
separated by 15-min intervals. On the sixth trial, the mouse was
exposed for 5 min to a different odor (cinnamon or paprika,
respectively) on one side of the plate and water on the other side
(23). The mouse was considered to be sniffing whenever it had
its nose 1 cm or less from the surface of the glass plate.
Olfactory Sensitivity. Mice were exposed to a glass plate on which
an odor (paprika) was put on one side and water on the other
one. The amounts of time that mice spent investigating the odor
or the water were recorded. Four different concentrations of
paprika were used (10⫺4, 10⫺5, 10⫺6, and 10⫺8) in a descending
order and in separate sessions. Lack of detection of the odorant
stimulus was considered to be when mice spent as much time
investigating the odor as the water control stimulus.
Olfactory Memory and Specificity. To assess the time during which
mice are able to recognize an odor, mice were exposed twice to
the same odor with a 20-, 40-, 60-, 80-, or 100-min interval. These
different intervals were tested in separate sessions spaced 2 days
apart in a random order. Different odors were used in each test.
In each 5-min session, we recorded the time spent by the animals
investigating the odor to which they were exposed. A significant
decrease in investigation time during the second presentation
indicates that mice were able to recognize an odor that had been
previously presented. Finally, to assess the specificity of odor
recognition, mice were presented with odor, followed 40 min
later by exposure to a different one.
Statistics. Results are expressed as means ⫾ SEM unless other-

wise indicated. Comparisons of anatomical data between wildtype and transgenic mice were performed by using a Student’s t
test, whereas all other data were compared by ANOVA. Significant effects were further analyzed with the post hoc Newman–
Keuls test. Levels of significance were set at 0.05.
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Fig. 1. Histologic (Nissl) appearance of normal and mutant main olfactory
bulbs in adult mice. Comparison of 40-m thick Vibratome coronal (A) and
sagittal (B) sections of olfactory bulbs from wild-type (NCAM⫹/⫹) and knockout (NCAM⫺/⫺) mice, showing the decreased size of the granule cell layer in
the mutants. Arrows indicate the mitral cell layer. (C) Details of cresyl violetstained granule cell layer showing the presence of striated aggregates of cells
only in control animals (arrows). (Scale bars ⫽ 150 m in A and B and 200 m
in C.)

Results
Laminar Width in Main Olfactory Bulbs. All mice bulb slices showed

the six well-described olfactory bulb layers: nerve, glomerular,
external plexiform, mitral, internal plexiform, and granular. The
most obvious difference in the overall size and structure of the
central nervous system from adult NCAM-deficient animals was
a decrease in the size of the olfactory bulb (Fig. 1 A and B) as
reported previously for young mice (11, 12). From Nissl-stained
sections, it appeared that this anatomical modification results
predominantly from a marked decrease in the width of the
granule cell layer, leading to a reduction of the bulbar diameter
from transgenic animals as illustrated in Fig. 1 A. This is shown
strikingly both in photomicrographs of coronal (Fig. 1 A) and
sagittal (Fig. 1B) sections through the olfactory bulbs of homozygous and wild-type littermates and in measurements of the
width of different layers: the glomerular (GL), external plexiform (EPL), internal plexiform (IPL), and granule cell (GCL)
layers given in Table 1. Altogether, these data indicate that in
transgenic mice, laminar width was significantly reduced for the
GCL only (35% reduction; P ⬍ 10⫺5; n ⫽ 4 wild-type mice and
n ⫽ 5 mutant mice).
Cytoarchitecture of Olfactory Bulbs. To discriminate as closely as
possible putative differences in cell density between the two
groups, we focused our numeration on the main olfactory bulb
Gheusi et al.

Table 1. Laminar structures and cellular density in control and mutant olfactory bulbs
Layer width, m

WT
KO
P

Cell density, cells per 100 ⫻ 100 m

GL*

EPL

IPL

GCL

Periglom.

Periglom.
BrdUrd⫹

Mitral

Granule

Granule
BrdUrd⫹

155.2 ⫾ 4.8
147.0 ⫾ 2.8
0.14

162.8 ⫾ 6.4
161.9 ⫾ 2.4
0.95

45.3 ⫾ 2.1
43.4 ⫾ 1.0
0.35

235.9 ⫾ 12.5
153.6 ⫾ 4.9
⬍10⫺5

104.7 ⫾ 3.2
110.9 ⫾ 6.8
0.42

5.7 ⫾ 0.4
6.6 ⫾ 0.4
0.10

10.7 ⫾ 0.4
11.5 ⫾ 0.6
0.26

192.2 ⫾ 11.3
205.3 ⫾ 7.8
0.34

4.2 ⫾ 0.1
4.8 ⫾ 0.2
0.12

Values represent mean ⫾ SEM and comparisons were analyzed by unpaired Student’s t test from sagittal sections [n ⫽ 33 and 63 slices from 4 control (WT)
and 5 mutant (KO) mice, respectively]. For counts of newly generated cells, three animals of each genotype were analyzed (45 sections per animal). EPL, external
plexiform layer; GCL, granule cell layer; GL, glomerular layer; IPL, internal plexiform layer; Mitral, mitral cells; Granule, interneurons from the granule cell layer;
Periglom., interneurons from the glomerular layer. These data were obtained from 12-month-old mice.
*The mean diameter of glomeruli was not significantly different between both groups (77.1 ⫾ 1.2 m and 83.6 ⫾ 2.7 m for normal and mutant olfactory bulbs,
respectively; P ⫽ 0.11).

familiar odor (fifth trial) and the novel odor (sixth trial) differed
between wild-type and transgenic mice [ANOVA, genotype ⫻
presentations, F(1, 21) ⫽ 4.48; P ⬍ 0.05; Fig. 4]. In contrast to
wild-type mice (P ⬍ 0.001), knockout mice did not significantly
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functional levels, i.e., the glomerular, the mitral, and the granular cells. From Table 1, it is apparent that the reduction of the
GCL was not accompanied by a change in the average cell
density measured in all layers. Between mutants and normal
mice, measurements of the glomerular diameter also revealed no
significant difference in the mean diameter (P ⫽ 0.11; see Table
1). As shown in Fig. 1C, analysis of the GCL demonstrated that
granule cells were irregularly organized in the mutant bulbs
rather than being aligned in regular rows as they are in normal
animals (arrows). This latter observation was also reported from
GABA immuno-staining (data not shown).
Neurogenesis in the Olfactory Bulbs. We used BrdUrd injections to
investigate whether, in addition to the well described deficits in
migration of olfactory bulb precursors in the rostral migratory
stream, cellular addition to adult bulbs was also affected in the
absence of polysialylated NCAM. After four injections of BrdUrd over 48 h, immuno-stained cells were found in the wildtype and in the mutant olfactory bulbs. BrdUrd immunostaining
was characteristically associated with the nuclei of labeled cells.
In all cases, this staining was closely linked to the expression of
GAD67, another marker for GABAergic interneurons (Fig. 2).
In mutants and controls, the majority of these newly generated
neurons were located within the GCL (Fig. 2 A–D) and around
glomeruli, suggesting that these neurons are periglomerular
neurons (Fig. 2 E and F). Cell counts revealed no significant
difference in the proportion of BrdUrd-positive cells relative to
the total number of granule (wild type, 2.2%; mutant, 2.3%) or
periglomular (wild type, 5.4%; mutant, 6.0%; see also Table 1)
cells. Considering the smaller size of the mutant GCL in the
absence of any change, either in the granule cell diameter (mean
diameter of 6.55 ⫾ 0.11 m and 6.97 ⫾ 0.13 m for control and
mutant mice, respectively; P ⬎ 0.05) or in the density of
BrdUrd-positive cells, we inferred that the total number of newly
generated cells in mutant olfactory bulbs should be reduced by
a maximum of 35%.
Behavioral Olfactory Responses. In the first behavioral experiment,

both animal groups (10 wild-type and 13 transgenic mice)
showed a significant decline in investigation time between the
first and subsequent presentations (Newman–Keuls, P ⬍ 0.001;
Fig. 3). This change in sniffing behavior indicates that both
animal types habituated to the repeated presentation of the first
odor. However, during the course of this habituation, the
animals spent a greater time investigating odors than water
[ANOVA, F(1, 21) ⫽ 102.14; P ⬍ 0.001], indicating that the
familiar odor was still detected and elicited more interest than
control water (Fig. 3). Interestingly, knockout mice spent less
time in odor investigation than wild-type animals [ANOVA,
genotype ⫻ odors, F(1, 21) ⫽ 5.61; P ⬍ 0.05]. Most importantly,
during the discrimination task, the time spent investigating the
Gheusi et al.

Fig. 2. Proliferation in the olfactory bulb. BrdUrd immunohistochemistry on
sagittal sections revealed the presence of dividing cells in the granule cell layer
(gcl) (a–d) and the glomerular layer (e and f ) of the olfactory bulb. Labeled
cells in the granule cell layer (arrows) were more or less evenly distributed in
mutant (a) and control (b). Double labeling and confocal microscopy demonstrated that BrdUrd-positive (red) cells were in all cases embedded in structures expressing GAD67 (green), a marker for GABAergic neurons. In the
glomerular layer, which shows the most intense labeling for GAD67, newly
generated cells (arrows) were located around glomeruli (gl), suggesting that
they represent interneurons of the periglomerular type. (Scale bars ⫽ 25 m
in a and b, 10 m in c and d, and 20 m in e and f.)
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Fig. 3. Performance in a habituation task in wild-type and NCAM-deficient
mice. Values represent the mean time (⫾SEM) that wild-type (NCAM⫹/⫹, n ⫽
10) and transgenic (NCAM⫺/⫺, n ⫽ 13) mice spent investigating the side of a
glass plate scented with an odor (black columns) diluted at 10⫺4 (wt兾wt) and
the other side containing sterilized water (white columns).

increase their level of investigation when a novel, unreinforced
odor was presented on the sixth trial (P ⬎ 0.05; Fig. 4). In both
groups, there was no significant increase in the investigation time
for water (P ⬎ 0.05).
These results suggest that NCAM-deficient mice were impaired in discriminating between familiar and novel, unreinforced odorants. However, it could be argued that wild-type and
knockout mice differ only by their olfactory detection thresholds.
Therefore, we examined the performance of both groups (n ⫽
13 mice in each group) in a spontaneous olfactory detection task
by submitting the animals to a four-step, descendingconcentration series (10⫺4, 10⫺5, 10⫺6, and 10⫺8) of a given odor
(paprika) versus water (Fig. 5). At the highest concentration of
paprika (10⫺4), mice of both groups investigated the scented side
of the plate more than the water side (Newman–Keuls; wild type,
P ⬍ 0.001; knockout, P ⬍ 0.01), indicating detection of the
odorant solution. However, as illustrated in Fig. 5, when the
concentration of paprika was set at 10⫺5, 10⫺6, or 10⫺8, no
difference was observed between groups in the time spent
sniffing the scented side and the clean side of the plate (Newman–Keuls; wild type and knockout, P ⬎ 0.05 for the three
concentrations used). Thus, wild-type and knockout mice do not
differ in their olfactory behavioral thresholds. Therefore, the
lack of change in sniffing behavior when NCAM-deficient mice
were exposed to a novel, unreinforced odor was not caused by
different levels of olfactory sensitivity.
To assess the time interval in which wild-type and knockout

Fig. 4.
Performance in a discrimination task in wild-type and NCAMdeficient mice. Time (in sec) spent investigating a familiar odor (fifth trial)
before the novel one (sixth trial) by individual animals in wild-type (filled
circles, n ⫽ 10) and NCAM-mutant (open circles, n ⫽ 13) mice.
1826 兩 www.pnas.org

Fig. 5. Detection threshold in wild-type and NCAM-deficient mice. Normalized values are expressed as the mean ratio (⫾SEM) between the time spent
investigating the odor and the total sniffing time (i.e., odor ⫹ water). NCAMdeficient (n ⫽ 13) and wild-type (n ⫽ 13) mice submitted to a four-step,
descending-concentration series (10⫺4, 10⫺5, 10⫺6, and 10⫺8) of a given odor
(paprika) versus water. Note that only odor at 10⫺4 is discriminated from water
for both groups.

mice are still able to recognize a previously encountered odor,
animals were exposed twice to the same odor with 20-, 40-, 60-,
80-, or 100-min intertrial intervals (Fig. 6). A three-way ANOVA
(two groups ⫻ five intervals ⫻ two exposures) for the investigation time of the odor revealed a significant effect of all factors
[F(1, 18) ⫽ 70.54, P ⬍ 0.001; F(4, 72) ⫽ 8.64, P ⬍ 0.001; and F(1,
18) ⫽ 101.56, P ⬍ 0.001, respectively; n ⫽ 10], interaction
between groups and exposures [F(1, 18) ⫽ 15.32, P ⬍ 0.01], and
between intervals and exposures [F(4, 72) ⫽ 6.14, P ⬍ 0.001]. As
in the first experiment, wild-type mice spent more time investigating the odor stimulus than knockout mice. The mean overall
investigation time in wild-type mice was significantly lower when
the second exposure to the odor took place after 20, 40, 60, or
80 min (Newman–Keuls, P ⬍ 0.001 for delays ranging from 20
to 60 min, and P ⬍ 0.05 for 80 min), but not 100 min after the
first exposure (P ⬎ 0.05). In NCAM-deficient mice, odor
recognition seems to hold to a lesser extent because investigation
times significantly decreased on the second exposure, only 20, 40,
and 60 min after the first presentation (Newman–Keuls, P ⬍

Fig. 6. Performance in a short-term memory task in wild-type and NCAMdeficient mice. Effect of different intertrial intervals on odor recognition in
NCAM-deficient (n ⫽ 10) and wild-type (n ⫽ 10) mice. Each bar represents the
mean percentage (⫾SEM) of time investigating a given odor on the second
exposure compared with the time spent investigating the same odor during
the first presentation.
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Discussion
The persistence of a high level of neuron production within the
olfactory bulb throughout adulthood and its conservation
throughout evolution (24) suggest that this process is of fundamental biological significance. Our study has directly addressed
the functional consequence of constant interneuron recruitment
within the main olfactory bulb of adult animals. In this region,
and in contrast to the selective elimination of some neurons that
characterizes late stages of development in other systems, the
adult olfactory bulb shows, indeed, both cell addition and cell
elimination events. We propose that the combination of these
two phenomena may create conditions under which the odor
discrimination level may be regulated.
Behavioral Odor Responses. The present set of behavioral studies
shows that NCAM-deficient mice deviate substantially from
wild-type mice in their persistence in investigating odors and
their ability to spontaneously discriminate between odors. The
lack of spontaneous discrimination between odors in transgenic
mice cannot be attributed to a differential sensitivity to odors,
because both mutant and wild-type mice present the same
detection threshold. The major difference found in the cytoarchitecture of the olfactory bulb between NCAM-deficient and
wild-type mice suggests that granule cells play a key role in
olfactory discrimination. This local interneuron population constitutes the main target of centrifugal fibers, which originate
from multiple sources and play important roles in regulating
neural excitability in the bulb (see reviews in refs. 25–27). The
substantial reduction in granule cell number in NCAM-deficient
mice may reduce the sensitivity of the olfactory bulb to these
neuromodulators, which in turn could contribute to the reduced
odor-discrimination capabilities seen in transgenic mice. Furthermore, our results also indicate that deletion of the NCAM
gene does not interfere with odor recognition. Mutant mice, like
wild-type mice, recognize odors to which they had been previously exposed for 5 min, although the duration of that form of
memory seems slightly shorter in knockout than in wild-type
mice. This finding is in agreement with previous studies showing
that mice can form a short-term memory of a specific odor and
that this memory can last at least 60 min (28).
Regulation of Neuron Production and Migration in Adulthood. Neu-

rogenesis in the adult brain was first described in the high vocal
center of the adult canary neostriatum (29), and has since
remained best characterized among songbirds. This neurogenesis, however, differs somewhat from that reported in mammalian vertebrates. First, in contrast to the widespread neurogenesis in birds, the mammalian forebrain uses its resident progenitors to generate new neurons destined for only a few regions: the
neocortex, the hippocampal dentate gyrus, and the olfactory
bulb. Second, neurogenesis in the avian brain is usually tied to
reproductive cycles, whereas in the mammal olfactory system, it
is continuous throughout life. Finally, neurogenesis in birds
concerns relay neurons, whereas in mammals it is only related to
interneurons.
The signals that regulate the differentiation and survival of the
young neurons constantly arriving in the olfactory bulb are not
known. Mice living in so-called enriched environments show an
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increase in the number of surviving granule cells in the hippocampus (30). Recently, it was also found that training in
hippocampal-dependent learning tasks increases the number of
new granule cells (31). In the olfactory bulb, it remains undetermined whether the migration of neuroblasts requires bulbar
activity. In fact, conflicting results exist as to whether the
proliferation of neuroblasts destined for the bulb can be influenced by exogenous factors such as afferent activity levels.
Permanent naris closure does not reduce proliferation levels in
early postnatal rats (32), however, it decreases proliferation in
adult mice (33). Perhaps the regulation of subventricular-zone
cell proliferation changes from a preprogrammed state during
bulb growth to an activity-dependent state during bulb maintenance. Regardless of whether proliferation can be regulated,
substantial evidence from many brain regions indicates that
activity is important for cell survival (see reviews in refs. 34
and 35).
A Role for Adult-Generated Neurons in the Olfactory Bulb? The

consequences of ongoing neurogenesis have long been the
subject of speculation. New neurons in the dentate gyrus of the
hippocampus seem to be added throughout juvenile and adult
life, suggesting that they do not replace neurons that die (36).
Alternatively, work in the song-control system of birds has shown
that neuronal replacement occurs in some nuclei, perhaps to play
a role in song learning (37). Concerning olfaction, one possibility
is that new interneurons are simply added to the bulbs, as they
are in the hippocampus. Yet, although increases in the number
of interneurons have been reported in the adult, substantial
granule cell death has also been observed, suggesting that newly
generated neurons may replace dying ones (38).
This ongoing recruitment of interneurons may also open new
opportunities to investigate the cellular basis for olfactory
processing and its functional plasticity. The presence of a pool of
new neurons accompanied by the emergence of new synapses
could play a role in synchronizing temporal patterns. Indeed,
odors are represented by temporally distributed ensembles of
coherently firing mitral cells whose firing activity is under the
control of local interneurons (see reviews in refs. 14, 20, and 39).
In the antennal lobe of the honeybee, pharmacological blockade
of GABAergic inhibition, although sparing the general odor
selectivity, impairs discrimination between close odorants (19).
We thus propose not only that granule cell activity enhances,
through lateral inhibition, the refinement of odor-molecule tuning (40), but also that it is crucial for olfactory discrimination,
through reciprocal inhibition, in facilitating the synchronization
of individual members of mitral cell subpopulations that may be
widely distributed in the bulb.
The existence of adult neurogenesis suggests that remodeling
occurs continually within the local synaptic circuits of the bulb.
Thus, the adult olfactory bulb should comprise neurons with a
wide range of maturity levels, given the continual arrival of new
cells. Interestingly, granule cells have been reported to be
heterogeneous in terms of location and morphology (41–43) as
well as physiological characteristics (A. Carleton, P. E. Castillo,
and P.-M.L., unpublished data). A classification of these interneurons can thus be proposed that distinguishes mature from
immature granule cells; the latter could be particularly important in olfactory discrimination. Adult-generated, immature
granule cells might have unusual structural characteristics that
induce a proportionately larger effect on olfactory bulb physiology than mature interneurons. Future studies are needed to
determine the extent to which neurons produced in adulthood
differ from those produced during development.
The olfactory bulb has been implicated in certain types of
olfactory learning and memory (see review in ref. 44). One
theory proposes that the olfactory bulb plays a transient role in
memory storage (see reviews in refs. 45 and 46). Support for the
PNAS 兩 February 15, 2000 兩 vol. 97 兩 no. 4 兩 1827
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0.01, P ⬍ 0.01, and P ⬍ 0.05, respectively), but not after 80 and
100 min (P ⬎ 0.05). To determine in both groups whether the
decrease in investigation time is specific to the previously
presented odor, mice were exposed to a different odor 40 min
after the initial exposure. No significant decrease in investigation
time was observed in either group (Newman–Keuls, P ⬎ 0.05;
n ⫽ 12 wild-type mice and n ⫽ 10 knockout mice), demonstrating
that data from Fig. 6 were related to short-term memory rather
than to a nonspecific process (data not shown).

determine how learning, which leads to changes in the meaning
of an odor, correlates with variation in the adult-generated
granule cell population. Finally, although NCAM-deficient mice
display a strong impairment in olfactory discrimination as tested
in the present conditions, they could nevertheless be operantly
conditioned to distinguish odors that they cannot normally
discriminate without intensive training (50).

idea of temporary storage comes from electrophysiological
studies (47, 48). The naturally occurring replacement of bulbar
interneurons provides a rationale for the transferal of memories
out of the olfactory bulb (see review in ref. 46). The loss of
interneurons may be programmed to occur after the transferal
of the memories held by these neurons to other parts of the brain.
Alternatively, if the olfactory bulb is necessary for temporary
processing of the 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. Further evidence for a possible role of adultgenerated cells in learning comes from studies of mice demonstrating that early environmental complexity enhances the number of newly generated neurons (49). It will be interesting to
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