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New interneurons are continually added to the olfactory bulb (OB), the first central relay for processing olfactory information, through-
out life. It remains unknown how these adult-generated interneurons integrate into preexisting networks or die. We used immunohis-
tochemical approaches to quantify adult neurogenesis in mice subjected to olfactory training. We identified a critical period in the life of
an adult-generated OB interneuron, during which learning triggers distinct consequences. Using a discrimination learning task per-
formed at various times after the birth of new interneurons, we found that olfactory training could increase, decrease, or have no effect on
the number of surviving newly generated neurons. Cell survival and elimination depend on both the age of the cell and its location within
the granule cell layer. This study provides new insight into the contribution of the newly generated interneurons to OB function. It
demonstrates that neuronal elimination is an active process, rather than a simple consequence of nonuse.
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Introduction
The olfactory bulb (OB) receives newly generated interneurons
throughout life in rodents (Altman and Das, 1965), at an esti-
mated rate of several thousand new neurons per day (Lledo et al.,
2006). These newcomers originate from a periventricular region
called the subventricular zone (SVZ), migrate along the rostral
migratory stream (RMS), and differentiate principally into peri-
glomerular cells and granule cells (GCs), the two main local in-
terneuron populations of the OB circuit (Lledo et al., 2008).

At first glance, adult neurogenesis seems to have no purpose,
because only a subset of newly generated interneurons survive, a
substantial proportion of the new cells having only a short exis-
tence (Petreanu and Alvarez-Buylla, 2002; Winner et al., 2002;
Lagace et al., 2007; Ninkovic et al., 2007). Experiments based on
use of bromodeoxyuridine (BrdU) and 3 H-thymidine have
shown that almost one-half of the new GCs produced are elimi-
nated within a few weeks in adult rodent OBs (Petreanu and
Alvarez-Buylla, 2002; Winner et al., 2002). This high turnover
contrasts with the situation in early postnatal periods, in which
new neurons are continually added to the developing OB as long-
lasting building blocks (Lemasson et al., 2005). Adult-generated

OB neurons are more labile, replaceable functional units, subject
to unknown selective events. Their survival rate may depend on
the experience of the animal, because adult circuits can modify
the morphological and functional properties of newborn neu-
rons through activity-dependent processes. For instance, the de-
privation of olfactory sensory inputs delays maturation and im-
pairs the survival of new OB interneurons (Petreanu and Alvarez-
Buylla, 2002; Winner et al., 2002). In contrast, long-term
exposure to a rich range of odors increases the survival of newly
generated interneurons (Rochefort et al., 2002) and transiently
improves odor memory (Rochefort and Lledo, 2005), suggesting
a potential role for adult neurogenesis in olfactory memory.

The nature of the neuronal activity required to regulate adult
neurogenesis was recently investigated. More 30-d-old GCs sur-
vived in mice that had learned to discriminate odorants than in
the control mice (Alonso et al., 2006). Because olfactory depriva-
tion dramatically decreases the survival rate of 14- to 28-d-old
neurons (Yamaguchi and Mori, 2005), it has been suggested that
sensory inputs in a learning context may play a key role in con-
trolling the survival of newcomers (Alonso et al., 2006). However,
it remains debated whether the benefit of discrimination learning
could be extended to younger and older interneurons generated
during adulthood. Learning to discriminate between two odor-
ants was shown to decrease the survival of 45-d-old neurons in
one study (Mandairon et al., 2006), in sharp contrast to our pre-
vious study (Alonso et al., 2006). Given the difference in the age
of newly generated neurons analyzed in the two studies, it is
possible that learning affects new neurons differently as a func-
tion of their maturation status. We tested this hypothesis in this
study. We analyzed the effects of learning on the lifespan of newly
generated neurons of different ages and found that learning pro-
moted the survival of immature new neurons and the elimination
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of more mature neurons. In contrast, learning had no effect on
the new neurons just reaching the OB circuit and those that were
fully mature. Surprisingly, changes in neuronal survival con-
cerned only a subset of the entire population of GCs. We con-
clude that olfactory learning induces cascades of stabilization/
elimination events that lead to complex regulation of the number
of surviving newly generated neurons in the adult OB circuit.

Materials and Methods
Mice. Two-month-old male C57BL/6J mice (Janvier) were used through-
out this study. For behavioral experiments, all animals (trained and con-
trols) were given restricted access to water. Control animals were sub-
jected to the same protocol as the trained group, except for odorant
exposure (see supplemental Methods, available at www.jneurosci.org as
supplemental material). All experimental procedures were performed in
accordance with the Charter of Fundamental Rights of the European
Union (2000/C 364/01), the European Communities Council Directive
of 24 November 1986 (86/609/EEC), and European Union guidelines,
and were reviewed and approved by our Institutional Animal Welfare
Committee. In particular, all efforts were made to minimize animal suf-
fering and the number of animals used.

BrdU injections. Mice were injected intraperitoneally with BrdU (75
mg/kg, Sigma-Aldrich). For neuronal survival studies, mice received four
injections, 2 h apart, on the same day, and were systematically perfused
2 d after the last training session. To study neuronal proliferation, mice
were injected once with BrdU and killed 2 h later.

Immunohistochemistry. Immunostaining was performed on 40 �m
coronal or sagittal free-floating sections, and slices were processed for
BrdU, BrdU/NeuN, and doublecortin (DCX) labeling (see supplemental
Methods, available at www.jneurosci.org as supplemental material).

Image acquisition. For light microscopy (BrdU staining), a 20� objec-
tive was used to reconstruct images of each section (Compix Imaging;
Hamamatsu Photonics). For the acquisition of fluorescence images (BrdU/
NeuN and DCX/DAPI staining), a microscope (Zeiss) equipped with an
Apotome and Axiovision 4.6 software was used (25� objective or 63� ob-
jective) (see supplemental Methods, available at www.jneurosci.org as
supplemental material). Sections were coded blind until the completion
of data analysis.

Analysis of BrdU� and DCX� cells. BrdU � cells were counted auto-
matically with a specific computer program (see supplemental Methods,
available at www.jneurosci.org as supplemental material). For each ani-
mal, counts were made for one in every three coronal sections of the OB.
The internal and external borders of the glomerular (GL), external plex-
iform (EPL), and granule cell (GCL) layers and the border of the rostral
migratory stream of the OB (RMSOB) were drawn. For sagittal sections,
all consecutive slices containing a clear SVZ and RMS were counted.
Interactive drawings of the SVZ, the vertical RMS (RMSv), and the hor-
izontal RMS (RMSh) were produced. The program then counted the cells
detected in the various zones. Values were given as BrdU � cell density
(number of positive cells per square millimeter). For DCX staining, the
same software was used to quantify the area covered by DCX � cells.

Behavioral apparatus, training, and odorants. Partially water-deprived
mice were trained using an operant conditioning go/no-go paradigm in
home-made computer-controlled olfactometers. They were trained to
respond to the presence of an odor (positive stimulus: S�) by licking the
water delivery tube (located within the odor sampling port) and to re-
frain from responding to the presence of another odor (or of clean air)
(negative stimulus: S�). In each trial, a single stimulus (S� or S�) was
presented, and the percentage of correct responses was determined for
each block of 20 trials. All mice underwent a session of 10 blocks (200
trials) per day, during the training period. All the odorants used were
diluted in odorless mineral oil, and the odorant concentrations are given
as the dilution of the odorant in the saturator tubes (see supplemental
Methods, available at www.jneurosci.org as supplemental material). To
check that the reported effects are attributed to olfactory learning only,
we ensured that the olfactometer training procedures did not per se alter
neuronal survival (see supplemental Data 1 and Fig. S1, available at
www.jneurosci.org as supplemental material).

Data analysis. For each zone studied, mean BrdU � cell density was
calculated and averaged for each group. In some experiments, a normal-
ized cell density was calculated for groups of trained animals with respect
to their own control group (see supplemental Methods, available at
www.jneurosci.org as supplemental material).

Results
Olfactory discrimination learning increases neuronal survival
in the OB
We investigated the consequences of learning on adult neurogen-
esis, by labeling newly generated neurons with BrdU and count-
ing labeled cells in the OB 24 d later (Fig. 1A). Eight days after
BrdU injection, mice underwent 2 weeks of training in go/no-go
odor discrimination tasks, in which a correct response to one
odorant (S�) was rewarded by water (Fig. 1B). When a new
odorant (or pair of odorants) was presented, animals initially had
a performance similar to that expected based on chance (i.e., 50%
correct responses), but gradually improved to attain levels of
�85%. In subsequent sessions, mice more rapidly achieved this
performance criterion (Fig. 1C). All mice learned the different
tasks and achieved the performance criterion during the first few
sessions. By quantifying BrdU� cells in the OB, we investigated
whether adult neurogenesis might be affected by this training
(Fig. 1D). Consistent with previous reports, new cell density was
highest in the GCL (Alonso et al., 2006). Interestingly, the num-
ber of newly generated cells in this layer increased with learning
(t(10) � 3.55, p � 0.005) (Fig. 1E,F). In contrast, the density of
BrdU� cells remained constant in both the GL (t(10) � 0.74, p �
0.475) and EPL (t(10) � 1.51, p � 0.161). We investigated whether
the newly generated cells had a neuronal phenotype, by analyzing
the coexpression of BrdU with the neuronal marker NeuN. The
percentage of BrdU� cells also labeled with NeuN was high in the
control group (�90%; n � 6) and was not affected by training
(t(10) � 0.06, p � 0.952) (Fig. 1G). Thus, the increase in BrdU�

cell density in the GCL of trained mice mainly concerned a neu-
ronal population.

Learning increases both the survival rate and elimination of
newborn neurons
We characterized the time course of neuronal survival in the
GCL, by quantifying BrdU� cells at various time points after
BrdU injections. The density of BrdU� cells differed consider-
ably between days (Fig. 2A). It rapidly decreased between day 14
(D14) and D30 (t(12) � 13.34, p � 0.001) and then decreased
more slowly between D30 and D65 (t(12) � 5.15, p � 0.001) (Fig.
2A). Thus, there was an early, dramatic wave of cell elimination
between 2 and 4 weeks after cell generation.

Then, we investigated whether training affected this survival
rate. At different time points after BrdU administration, mice
were trained to recognize a single odorant (e.g., linalool) during a
1 week training (Fig. 2B). The concentration of this odorant was
decreased every day (Fig. 2C). We found that olfactory learning
affected neuronal survival (Fig. 2D). The number of 11-d-old
neurons and of fully mature neurons (65 d old) was not affected
by learning (t(12) � 0.26, p � 0.79 and t(12) � 0.17, p � 0.86,
respectively), whereas the survival rate of 18-, 23-, and 30-d-old
neurons was significantly enhanced by learning (t(10) � 4.31, p �
0.001; t(12) � 4.12, p � 0.001; and t(10) � 8.31, p � 0.001, respec-
tively). In contrast, the population of 38-d-old neurons was dra-
matically decreased by learning (t(12) � 4.47, p � 0.001). We
detected no change in apoptosis in the OB with training (data not
shown), possibly because of the opposing effects of learning on
neuronal survival, and because of differences in the kinetics of the
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two phenomena. We checked also that the changes in newly gen-
erated cell numbers were independent of the odorant quality and
could be observed all along the rostrocaudal axis of the OB (see
also supplemental Data 2 and Fig. S2, available at www.
jneurosci.org as supplemental material).

Learning does not alter proliferation or migration but does
modify the spatial distribution of adult-generated interneurons
The larger number of new interneurons in the OB after learning
may be associated with an increase in the rate of cell proliferation
or neuroblast migration. We investigated these possibilities by
administrating a BrdU injection to mice after a week of training
(identical to the one described in Fig. 2C), and killing them 2 h
later. In trained and control mice, BrdU labeling revealed the
presence of dividing precursor cells along the entire SVZ–OB
pathway (Fig. 3A). However, no difference in BrdU� cell density
within the SVZ (t(8) � 0.55, p � 0.60), the RMSv (t(8) � 1.07, p �
0.32), and the RMSh (t(8) � 1.49, p � 0.17) was found between

control and trained groups (Fig. 3B). Migrating neuroblasts with
classic bipolar shapes were also visualized by DCX immunostain-
ing in the RMS (Fig. 3C). Control and trained groups did not
differ in the size of the SVZ (t(8) � 0.398, p � 0.7), the RMSv (t(8)

� 1.70, p � 0.126), or the RMSh (t(8) � 0.45, p � 0.45) (Fig. 3D).
GCs generated during adulthood may be subdivided into dis-

tinct populations. Superficial GCs, the dendrites of which target
primarily the superficial lamina of the EPL, are thought to estab-
lish synapses with tufted cells (Shepherd et al., 2004), whereas
deep GCs mostly contact the dendrites of mitral cells in the deep
lamina of the EPL (Mori et al., 1983) (Fig. 4A). We investigated
whether the changes induced by learning were homogeneous
throughout the GCL, by focusing on 30- and 38-d-old neurons
(Fig. 4B). We analyzed the distribution of these newly generated
cells, using a precise counting methodology (Fig. 4C). As previ-
ously reported (Lemasson et al., 2005), the density of new neu-
rons was higher in deeper portions of the GCL (ring effect: Fig.
4D, F(9,108) � 290.83, p � 0.001; Fig. 4E, F(9,108) � 111.625, p �

Figure 1. Two weeks of olfactory discrimination learning increases neuronal survival in the GCL but not in the EPL and GL. A, New cells were labeled with BrdU, and their survival was evaluated
24 d later. Trained mice underwent discrimination learning when BrdU � cells were between 8 and 22 d old (n � 6). B, Go/no-go procedure. C, Mean percentage of correct responses in each block
of the first 2 d (T1 and T2) of training (n � 6). S� was amyl acetate, and S� was mineral oil. The dashed line represents chance level (50%), and the dotted line represents performance criterion
(85%). D, A coronal section of the left OB stained with the nuclear dye TOTO3 to visualize the different layers. E, BrdU � cell density in the GL, EPL, and GCL after training. *p � 0.005 (n � 6). F,
Representative images showing BrdU � cells in the GCL of control and trained animals 24 d after BrdU administration. G, Double-labeled cells in the GCL 24 d after BrdU administration, showing the
colocalization of BrdU (red) with NeuN (green). Scale bars: D, 100 �m; F, G, 15 �m. Error bars indicate the SEM.
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0.001). We also confirmed that the distri-
bution of the entire population of BrdU�

cells showed a pronounced effect of learn-
ing both on cell survival (group effect: Fig.
4D, F(2,12) � 6.22, p � 0.014) and cell
elimination (group effect: Fig. 4E, F(2,12) �
11.51, p � 0.002). This effect depended on
the position of the cells in the GCL (inter-
action ring � group: Fig. 4D, F(18,108) �
6.30, p � 0.001; Fig. 4E, F(18,108) � 8.06,
p � 0.001). It was more marked in the
deeper parts of the GCL (group effect for
deep cells: Fig. 4D, F(2,12) � 11.01, p �
0.001; Fig. 4E, F(2,12) � 17.27, p � 0.001)
than close to the mitral cell layer (group
effect for superficial cells: Fig. 4D, F(2,12) �
1.70, p � 0.22; Fig. 4E, F(2,12) � 1.92, p �
0.18). Thus, we conclude that newly gen-
erated GCs sensitive to olfactory learning
are preferentially located in the internal
portion of the GCL.

Discussion
Active neurogenesis occurs in the adult
OB, but only a small percentage of new-
born interneurons survive. This turnover of interneurons allows
for a unique opportunity to get insight into neurogenesis as it
relates to behavior. Here, we have analyzed adult neurogenesis in
relation to the learning of an odor discrimination task. We report

successive periods of no effect, increased survival, decreased sur-
vival, and no change with regard to the maturation of newborn
interneurons. Remarkably, only newly generated interneurons
from the deep portion of the GCL are sensitive to learning.

Figure 3. Olfactory learning has no effect on the first steps of neurogenesis. A, A sagittal section of the forebrain showing the
different neurogenic zones labeled with BrdU. Inset, Higher magnification of BrdU staining. B, BrdU � cell density in the SVZ,
RMSv, and RMSh after training (n � 5). C, A sagittal section of the forebrain showing the SVZ–OB pathway labeled with DCX (red)
and DAPI (blue) (left) and a higher magnification of the DCX/DAPI staining (right). D, Area of the SVZ, RMSv, and RMSh after
training (n � 5). Scale bars: A, 250 �m; A, inset, 20 �m; C (left), 1 mm; C (right), 10 �m. Error bars indicate the SEM. LV, Lateral
ventricle, Ctx, cortex.

Figure 2. Opposite effects of olfactory learning on neuronal survival. A, Changes in BrdU � cell density over time in naive animals after BrdU administration (day 0) (n � 6 –7). B, New cells were
labeled with BrdU, and their survival was evaluated 11, 18, 23, 30, 38, and 65 d later. Nine days before perfusion, trained mice were subjected to 1 week of olfactory training with a single odorant
(n � 6 –7). C, Mean percentage of correct responses in each block of the 7 d (T1–T7) of training (n � 6 –7). S� was linalool (decreasing concentrations), and S� was mineral oil. The dashed line
represents chance level (50%), and the dotted line represents performance criterion (85%). D, BrdU � cell density in the GCL after training. Values were normalized with respect to controls. C, Control
mice, T, trained mice. **p � 0.001 (n � 6 –7). Error bars indicate the SEM.
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Recently, the impact of olfactory learning on newborn GCs
survival has been investigated (Alonso et al., 2006; Mandairon et
al., 2006). The two studies demonstrated that it was olfactory
learning, and not the mere exposure to odorants, that changed
OB neurogenesis. More 30-d-old newborn interneurons survived
in the OB of mice that had learned to discriminate between two
odorants (Alonso et al., 2006), whereas the opposite effect was
seen in 45-d-old newborn GCs (Mandairon et al., 2006). Not only
does the present study bring together these findings, but it also
demonstrates that olfactory learning may distinctively modulate
newborn neurons depending on their entire maturation status,
from arrival to the bulb to complete synaptic integration.

Adult neurogenesis involves the proliferation, migration, differ-
entiation, and survival or death of the newly generated cells (Zhao et
al., 2008). Our behavioral task was performed at different times,
between 2 and 56 d after BrdU administration. Theoretically, learn-
ing could have affected any of these processes. However, results
based on short-term exposure to BrdU or DCX immunostaining
indicated that neither cell proliferation nor migration was affected.
This conclusion was supported by the lack of effect of learning on the
cohort of 11-d-old cells, indicating that the major impact of olfactory
learning resulted from changes in survival rate.

Studies of survival (from several days to weeks) showed that
learning had a complex influence on neuronal turnover. Spatial

learning has been shown to increase or decrease the survival of
newborn hippocampal cells as a function of their age (Döbrössy
et al., 2003; Leuner et al., 2004; Olariu et al., 2005). It has been
suggested that cells of “inappropriate ages” (the youngest and
least mature) tend to die during learning (Dupret et al., 2007) and
that the enhancement of apoptosis may accentuate the survival-
promoting effect by eliminating newborn neurons that are not
yet functional. This situation contrasts with OB neurogenesis, in
which only cells aged between 18 and 30 d tended to survive
longer after learning, with the older cells (38 d old) dying. It has
been shown that mitogen-activated protein kinase (MAPK) in
the GCs of the OB induces the production of Bcl-2, an anti-
apoptotic protein (Miwa and Storm, 2005). Further studies are
required to determine whether the learning-specific modification
of cell survival requires MAPK activation and, if so, how the
production of this protein can be so precisely regulated over time.

In adult life, the survival of newly generated neurons is criti-
cally regulated by the degree of sensory input, occurring only
during a precise time window. Yamaguchi and Mori (2005) iden-
tified a sensitive period during which sensory experience strongly
influences the survival of new GCs. This period (14 –28 d after the
formation of the cells) is consistent with our findings, in which
enhanced survival was observed for 18- to 30-d-old neurons.
Interestingly, at this time, the new cells begin to receive glutama-

Figure 4. Newly generated deep GCs are more sensitive to olfactory learning than superficial GCs. A, A schematic diagram of the wiring of the OB, showing two populations of GCs as a function
of location within the GCL. B, New cells were labeled with BrdU, and their survival was evaluated 30 and 38 d later. Nine days before perfusion, trained mice underwent olfactory training (n � 5).
S� was linalool, �-ionone, or amyl acetate, and S� was mineral oil. C, Quantification of BrdU � cell distribution along the entire internal– external axis of the GCL (D, dorsal; L, lateral; V, ventral;
M, medial). D, Distribution of BrdU � cell density along the internal– external axis of the GCL, after training, for animals perfused 30 d after BrdU administration. Inset, Comparison of BrdU � cell
density for deep (rings 1–5) and superficial (rings 6 –10) GCs. **p � 0.001 (n � 5). E, Distribution of BrdU � cell density along the internal– external axis of the GCL, after training, for animals
perfused 38 d after BrdU administration. Inset, Comparison of BrdU cell density for deep and superficial GCs. **p � 0.001 (n � 5). Scale bars, 100 �m. Error bars indicate the SEM. MCL, Mitral cell
layer.
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tergic synaptic contacts. This suggests that the survival of new
GCs is experience dependent during the period of synapse for-
mation. Once rescued from death by learning, they may remain
for extended periods of time, perhaps even permanently. Further
investigations are required to determine how long the learning-
induced increase in neuronal survival lasts.

Evidence is accumulating for the existence of a relationship
between adult neurogenesis and learning, but the precise role in
learning of OB interneurons generated during adulthood re-
mains a matter of debate. It has been suggested that newly gener-
ated neurons in the adult hippocampus must achieve full matu-
ration before becoming functional and influencing behavior
(Kempermann, 2008). However, the relative immaturity of the
newly generated cells may be their most important feature, qual-
ifying them for functions that more mature cells cannot achieve.
Consistent with this hypothesis, it has been demonstrated that
adult-born GCs are most responsive to new odors shortly after
their synaptic integration (Magavi et al., 2005). As olfactory in-
terneurons are continually generated, there is always a cohort of
highly sensitive newcomers, providing a constant source of plas-
ticity in the olfactory circuitry.

The functional implications of changes in the number and
spatial distribution of newborn cells may be important for olfac-
tory coding and learning. It has been suggested that olfactory
coding is based on the temporal coherence of spatially distributed
activity in the OB, largely under the control of GCs (Lledo et al.,
2005), and the spatiotemporal output of the OB is known to be
affected by learning (Fletcher and Wilson, 2003; Martin et al.,
2004). The segregation of the GCs population into deep or super-
ficial interneurons may indicate parallel, yet different inhibitory
effects on projection neurons. The dendritic arbors of deep GCs
are restricted to the deep EPL, in which they form synapses prin-
cipally with mitral cell secondary dendrites (Fig. 4A). In contrast,
the dendritic arbors of most superficial GCs are present in the
superficial EPL, in which they synapse with tufted cell dendrites.
Mitral and tufted cells project into different regions of the olfac-
tory cortex, so these two populations of GCs may belong to sep-
arate OB microcircuits. The tufted-GCs synapses may mediate
the low-threshold perception of odorants (Nagayama et al., 2004)
through intrabulbar association. In contrast, mitral-GCs syn-
apses may be important for odorant discrimination (Lledo and
Lagier, 2006). Here, we demonstrate that adult-generated GCs
sensitive to olfactory experience are located deep in the GCL.
Therefore, we suggest that olfactory learning specifically fine
tunes the survival of GABAergic interneurons dedicated to dis-
crimination tasks. The bidirectional learning-induced neuro-
genic changes provide a means of adjusting odorant information
processing, and support for the idea that new neurons make a
unique contribution to the functioning of the adult OB network.
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