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ABSTRACT
The olfactory bulb (OB) retains a remarkable capacity to
renew its interneuronal populations throughout the lifespan of animals. Neuronal precursors giving rise to the
bulbar interneurons are generated in the subventricular
zone and have to migrate long distances before reaching
the OB. In the adult OB these neuronal precursors differentiate into distinct neuronal types, including GABAergic
cells located in the granule cell layer and a diverse set of
neurons in the glomerular layer comprising GABAergic and
dopaminergic interneurons, as well as other neuronal subtypes expressing calretinin and calbindin. While the role of
sensory activity in the integration and/or survival of newly
generated cells in the olfactory system is well established,
very little is known about how odorant-induced activity
affects fate speciﬁcation of newborn cells as well as sur-

vival and fate maintenance of preexisting neuronal populations generated in adulthood. The present study demonstrates that sensory deprivation diminishes not only the
number of newborn cells in the OB, but also reduces the
density of granule and periglomerular cells generated before nostril occlusion. It also shows that sensory activity
has an important inﬂuence on the development and expression of dopaminergic, but not GABAergic, calretinin or
calbindin phenotypes. Our data reveal that odorantinduced activity is important for the survival of both newborn and preexisting OB interneurons generated at adulthood and suggests that these chemospeciﬁc populations
are differentially affected by sensory deprivation. J. Comp.
Neurol. 518:1847–1861, 2010.
© 2009 Wiley-Liss, Inc.
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The olfactory system is characterized by constantly renewing cell populations both in the sensory epithelium and
in the olfactory bulb (OB). The olfactory sensory neurons
(OSN) located in the olfactory epithelium are in direct contact with the environment and, therefore, are subjected to
various chemical and physical injuries. To compensate for
the loss of mature OSNs that have a typical lifespan of
30 – 60 days (Murray and Calof, 1999), the olfactory epithelium regenerates its neuronal population throughout
the life of animals. Neuronal precursors are derived from
the stem cells located in the basal compartment of the
epithelium that via slow and rapid phases of mitosis give
rise to the OSNs (Leung et al., 2007). The mature OSNs,
expressing olfactory marker protein (OMP), send their axons toward the OB where they make synaptic contacts
with the mitral cells, the principal output neurons in
the OB, in the specialized compartment called glomeruli
(Firestein, 2001; Mombaerts, 2001).
Interestingly, the OB also renews its interneuronal populations, the granule and periglomerular cells. Neuronal
© 2009 Wiley-Liss, Inc.

precursors for these interneurons are generated from neural stem cells in the subventricular zone (SVZ) bordering
the lateral ventricle (Doetsch et al., 1999). The stem cells
give rise to the fast transit-amplifying neural progenitors
that further divide and give rise to neuroblasts (Doetsch et
al., 1999; Alvarez-Buylla and Garcia-Verdugo, 2002). The
neuroblasts migrate a long distance ﬁrst tangentially in the
rostral migratory stream (RMS) and then radially in the OB
where they populate the granule cell layer (GCL) or glomerular layer (GL) (Alvarez-Buylla and Garcia-Verdugo, 2002;
Lledo and Saghatelyan, 2005). Recently, it has been also
shown that neuronal precursors labeled in the SVZ during
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early postnatal life can give rise to the interneurons in the
external plexiform layer (EPL) (Yang, 2008). Upon their
arrival to the OB newborn neurons undergo important maturational changes, develop dendrites, and establish dendrodendritic synapses with the principal output cells in the
OB (Petreanu and Alvarez-Buylla, 2002; Belluzzi et al.,
2003; Carleton et al., 2003). Granule cells (GC) are a
GABAergic population of interneurons that can be subdivided into deep, superﬁcial, and calretinin⫹ cells (Lemasson et al., 2005; Kelsch et al., 2007; Merkle et al., 2007),
whereas periglomerular cells (PGC) can be dopaminergic
and/or GABAergic, and can also express calbindin, calretinin, or parvalbumin (Kosaka et al., 1998; Bagley et al.,
2007; Whitman and Greer, 2007). It has been recently
shown that these chemospeciﬁc interneuronal populations are constantly renewed in the OB (Bagley et al., 2007;
Whitman and Greer, 2007). The fate of PGC is controlled by
different transcription factors, including Sp8, which is important for calretinin-positive (⫹) PGCs (Waclaw et al.,
2006), Dlx1/2, and Pax6 for dopaminergic fate determination (Dellovade et al., 1998; Hack et al., 2005; Kohwi et al.,
2005; Brill et al., 2008) and Dlx for calbindin fate acquisition (Allen et al., 2007).
While all these reports provided strong evidence for the
role of intrinsic factors in regulating fate determination of
newborn cells in the OB, the inﬂuence of extrinsic signals,
such as odorant-induced activity, on the integration, fate
determination, and maintenance of these cells is not fully
understood. In adults, sensory deprivation via unilateral
nostril occlusion results in 27% atrophy of the ipsilateral
bulb after 6 months of occlusion (Maruniak et al., 1989).
This effect is at least partially due to the reduced radial
migration of adult neuronal precursors into the OB
(Saghatelyan et al., 2004), as well as to their decreased
survival in the bulbar circuitry (Corotto et al., 1994; Fiske
and Brunjes, 2001; Petreanu and Alvarez-Buylla, 2002;
Yamaguchi and Mori, 2005; Mandairon et al., 2006). Conversely, environmental enrichment increases the number
of newly integrated GCs in the OB without affecting the
rate of proliferation (Rochefort et al., 2002). It is not yet
clear, however, how odor-induced activity affects the survival and fate maintenance of cells generated at adulthood
and already differentiated into the particular neuronal subtype in the OB at the moment of sensory deprivation. Additionally, the role of sensory activity in the fate determination of newborn cells remains sparse and except for the
well-documented downregulation of tyrosine hydroxylase
(TH) expression following nostril occlusion (Stone et al.,
1991; Baker et al., 1993; Brunjes, 1994; Mandairon et al.,
2006), little is known of how odor-induced activity inﬂuences the acquisition and maintenance of calbindin⫹, calretinin⫹, and/or GAD⫹ phenotypes.
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For this purpose, we designed a series of experiments
that allows discriminating the effect of unilateral nostril
occlusion on both the survival and the fate determination
of newborn neurons arriving in the odor-deprived OB, as
well as on the survival and fate maintenance of neurons
generated at adulthood and already differentiated into the
particular neuronal phenotype before sensory deprivation.
We report that sensory activity is important not only for the
integration and/or survival of cells born after the sensory
deprivation, but also for the survival of cells that are already present in the OB neuronal network. In addition, we
demonstrate that odorant-induced activity is essential for
the development and expression of dopaminergic, but not
GABAergic, calretinin⫹ or calbindin⫹ phenotypes. Our
data reveal the role of sensory activity in the survival of not
only newborn but also preexisting interneuronal populations in the OB and suggest that acquisition and maintenance of chemospeciﬁc phenotype by different PG cells
can be differentially affected by the odor-induced activity.

MATERIAL AND METHODS
Animals
Adult male C56BL/6 (Charles River, Portage, MI) or
GAD67-GFP (⌬neo) (Tamamaki et al., 2003) mice 2–3
months old were used for these experiments. Animals
were kept on a 12-hour light/dark cycle at constant temperature (22°C) with food and water ad libitum. The edges
of the one nostril were sutured prior to heat occlusion
under ketamine/xylazine anesthesia. Nostrils were
checked every day to assure that they were well occluded.
The work was performed in accordance with the Canadian
Guide for the Care and Use of Laboratory Animals and all
surgical and animal care procedures were approved by the
Institutional Animal Care Committee of Laval University.

Bromodeoxyuridine (BrdU) injections and
treatments
All mice were injected intraperitoneally with a DNA replication marker, BrdU (Sigma, St. Louis, MO; 50 mg/kg in
saline). To investigate the role of sensory input in the
integration/survival and fate determination of newborn
neurons, sensory deprivation was performed 21 days before BrdU injection (four injections every 2 hours). By contrast, to access the implication of odor-induced activity in
the survival and fate maintenance of neurons already
present in the OB neuronal network, BrdU (four injections
every 2 hours) was injected either 21 or 60 days before
sensory deprivation. To assess the proliferation of neuronal precursors, a pulse of BrdU was given to 21-day odordeprived animals 1 hour before their perfusion. To evaluate
the migration of neuronal precursors, BrdU-labeled proﬁles, with BrdU (two injections spaced by 2 hours) being
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injected 5 days before the sacriﬁce of animals, were
counted in the RMS and SVZ of 21-day odor-deprived animals.

Tissue preparation
At different timepoints after BrdU administration, animals were anesthetized with an overdose of pentobarbital
and perfused transcardially with 0.9% NaCl followed by
perfusion with paraformaldehyde (PFA; 4% in phosphatebuffered saline [PBS], pH 7.4). The brains were removed
and postﬁxed in the same ﬁxative overnight at 4°C. To
distinguish occluded bulbs, the brains were embedded in a
gelatin block (30% ovalbumin, 0.5% gelatin, 1.25% glutaraldehyde, in PBS pH 6 –7) and a small cut was made on the
gelatin block at the level of the occluded bulb. Serial coronal sections (40 m) were cut using a vibratome (Leica
VT1000S).

BrdU immunocytochemistry
Immunolabeling was performed as described elsewhere
(Saghatelyan et al., 2004). Brieﬂy, sections were incubated
in 0.2% Triton followed by incubation in 2% HCl for 40
minutes at 37°C to denature DNA. The slices were then
extensively washed in PBS three times, 10 minutes each,
and were incubated overnight at 4°C in rat anti-BrdU antibody (Serotech, Raleigh, NC; catalog #MCA2060; clone
#BU1/75; 1:200) raised against synthetic BrdU. The speciﬁcity of immunostaining was veriﬁed on the control sections derived from the animals not injected with BrdU. The
incubation with primary antibodies was followed by a
3-hour incubation at room temperature with biotinylated
antirat IgG antibodies (Pierce, Rockford, IL; catalog
#31830; lot #JF1147794; 1:200) and 1-hour incubation in
the avidin– biotin complex (ABC) (Pierce). To reveal BrdU
staining, the sections were reacted in 0.05% 3,3diaminobenzidine tetrahydrochloride (DAB) and 0.027%
H2O2 in Tris-HCl buffer 1 M, pH 7.6, dehydrated in graded
ethanol baths, mounted, and coverslipped in DePeX (VWR,
Chicago, IL).

Immunohistochemistry
All immunohistochemical procedures were performed
on 40-m-thick sections embedded in a gelatin block and
containing control and occluded bulbs in the same section.
For double- and triple-labeling immunoﬂuorescence sections were pretreated with 0.2% Triton and 4% bovine serum albumin (BSA) for 2 hours followed by overnight incubation in the same solution containing the primary
antibodies. For calbindin D-28K immunostaining a polyclonal rabbit IgG antibody (Millipore, Billerica, MA; catalog
#AB1778; lot #0603024559; 1:1,000) raised against recombinant calbindin was used. This antibody shows no
crossreactivity to calretinin by Western blot (manufactur-

er’s datasheet) and produces speciﬁc staining in the OB in
the pattern reported elsewhere (Bagley et al., 2007; De
Marchis et al., 2007; Whitman and Greer, 2007). For calretinin immunostaining a polyclonal goat IgG antibody (Millipore; catalog #AB1550; lot #0603024584; 1:1,000)
raised against puriﬁed guinea pig calretinin was used. This
antibody recognized a speciﬁc band of about 31 kDa in the
extracts of mouse brain (data not shown; Bubser et al.,
2000) and produces speciﬁc staining in the OB in the pattern reported elsewhere (Bagley et al., 2007; De Marchis et
al., 2007; Whitman and Greer, 2007). For Pax6 immunostaining a polyclonal rabbit IgG antibody (Covance, Princeton, NJ; catalog #PRB-278P, lot #14942001; 1:3,000)
raised against the peptide (QVPGSEPDMSQYWPRLQ) derived from the C-terminus of the mouse Pax6 protein was
used. This antibody is effective in immunoblotting and immunohistochemistry (manufacturer’s datasheet) and produces speciﬁc staining in the OB in the pattern reported
elsewhere (Hack et al., 2005). For TH immunostaining a
monoclonal mouse IgG antibody (ImmunoStar, Hudson,
WI; catalog #22941; lot #635001; 1:1,000) raised against
TH puriﬁed from rat PC12 cells was used. This antibody is
believed to have wide species crossreactivity (manufacturer’s datasheet) and produces speciﬁc staining in the OB in
the pattern reported elsewhere (Hack et al., 2005; Bagley
et al., 2007; De Marchis et al., 2007; Whitman and Greer,
2007). Secondary antibodies were used as follows: goat
antirabbit Alexa Fluor 488, 568, 633, goat antimouse Alexa
Fluor 488, 546, 633, donkey antimouse Alexa Fluor 488,
donkey antigoat Alexa Fluor 568, goat antirat Alexa Fluor
568, and donkey antirat Alexa Fluor 488, 594, all from
Invitrogen (Burlington, ON) at a dilution of 1:1,000. Slices
were then mounted on glass slides and coverslipped in
Dako ﬂuorescent mounting media (Dako, Carpinteria, CA).

Image acquisition and data analysis
Fluorescent images were captured with a FluoView
1000 confocal microscope (Olympus, Center Valley, PA)
equipped with lasers Ar 488, HeNe1 543, and HeNe2 633.
Images were acquired in the sequential mode with the
1-m z-step and analyzed with FluoView 6.0 software
(Olympus). The percentage of double-immunostained cells
were obtained by analyzing 3D images in the x–z and y–z
orthogonal projections. To analyze the density and total
number of BrdU, TH, and Pax6 immunopositive cells, images were captured with a BX-51 microscope (Olympus)
equipped with a motorized stage (Prior; MediaCybernetics,
Bethesda, MD) that allows tile acquisition of entire OB
sections with 20⫻ and 40⫻ objectives. Immunostained
cells were quantiﬁed in every third 40-m-thick coronal
section of the OB starting from the tip of the OB and ending
with the apparition of the accessory OB. To assess the
density of newborn neurons in the OB, the numbers of

The Journal of Comparative Neurology 円 Research in Systems Neuroscience

1849

Bastien-Dionne et al. --------------------------------------------------------------------------------------------------------------------------------------------------------------------------

BrdU⫹ proﬁles were related to the surface of granule cell
(including mitral cell and internal plexiform layers) and glomerular layers. Analysis of BrdU density and Pax6 density
was made with Image-Pro Plus 6.0 software (MediaCybernetics), using an automatic counting method in which immunopositive cells were identiﬁed according to the intensity and nuclear size thresholds. For this, intensity and
nuclear size thresholds were set manually using a segmentation tools algorithm in the Image-Pro Plus 6.0 software.
First, the intensity threshold range was set manually on the
slices in order to pick up immunopositive cells and avoid
background immunolabeling. Then nuclear size threshold
was applied. Since slices derived from control and odordeprived OBs were present in the same gelatin-embedded
sections, and thus were treated simultaneously for all immunohistochemical procedures and image acquisition, we
used the same intensity and nuclear size settings for the
slices of the same animal. In total, 14 –15 sections per OB
were used to determine the mean surface density of
BrdU⫹ and Pax6⫹ cells. The densities of immunopositive
proﬁles per OB were then averaged across the animals.
To derive total numbers of BrdU- and Pax6-labeled cells,
a cell splitting correction factor based on the Abercrombie
method (Guillery and Herrup, 1997) was used. The total
number of BrdU cells was calculated using the formula T ⫽
(N ⫻ V)/(t ⫹ D), where T is the total number of cells, N is
the number of granule cell nuclei per unit area, V is the
volume of the granule cell layer, t is the section thickness,
and D is the average diameter of BrdU-labeled nuclei. No
difference in cell diameter was found between control and
occluded bulbs (2.4 ⫾ 0.07 m for Ctrl and 2.3 ⫾ 0.6 m
for Occl, n ⫽ 400 –500 cells per animal, n ⫽ 3 animals, P ⬎
0.05). The volumes of the granule and periglomerular cell
layers were calculated with the equation:

冘 Ad
n

i

i⫽0

where A is the area of the i-th section, d is the distance
between analyzed sections, and n is the total number of
measured sections. All photomicrographs were acquired
and stored using the FluoView 6.0 (Olympus) and Image
pro 6.0 (MediaCybernetics) software. Final manipulations
for the construction of ﬁgures were done using Abode Photoshop and Adobe Illustrator software (San Jose, CA).

Western blot analysis
Twenty-one days after the sensory deprivation, deeply
anesthetized animals were transcardially perfused with
modiﬁed oxygenated artiﬁcial cerebrospinal ﬂuid (ACSF)
containing (in mM): 250 sucrose, 3 KCl, 0.5 CaCl2, 3
MgCl2, 25 NaHCO3, 1.25 NaHPO4, and 10 glucose. Hori-
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zontal slices (250 m thick) of the OB were obtained using
a vibratome (VT1000S, Leica) and the glomerular layer of
the control and odor-deprived bulbs were extracted under
a dissecting microscope. The extracts were homogenized
in 50 mM HCl, pH 7.5, 1 mM EDTA, 1 mM EGTA, 1 mM
sodium orthovanadate, 50 mM sodium ﬂuoride, 5 mM sodium pyrophosphate, 10 mM sodium beta-glycerophosphate, 0.1% 2-mercaptoethanol, and 1% Triton X-100
lysis buffer containing Protease Inhibitor Cocktail Set III
(Calbiochem, La Jolla, CA). The homogenates were sonicated and centrifuged at 13,000g at 4°C for 20 minutes to
remove insoluble fraction. Protein samples (60 g) were
separated on NuPage 4-12% Bis-Tris Gel (Invitrogen) and
transferred to nitrocellulose membranes (Amersham Bioscience, Arlington Heights, IL). Pax6 and actin immunoreactive bands were detected using mouse monoclonal antibodies raised against the N-terminal 206 amino acids of
Pax6 of human origin (Santa Cruz Biotechnology, Santa
Cruz, CA; catalog #sc-32766, lot #10105; 1:1,000) and
mouse monoclonal IgG antibodies raised against chicken
gizzard muscle actin (Cedarlane Laboratories, Burlington,
ON; catalog #CLT9001, lot #0125; 1:2,000), respectively.
According to the manufacturer’s description Pax6 monoclonal antibody recognizes two bands, one at about 47 kDa
and a slightly lower band at about 34 kDa, whereas actin
antibody recognized a single speciﬁc band at 42 kDa in the
extract of the mouse brain. The same bands were found in
our experiments using the extract of glomerular layer of
the adult mouse OB. Secondary antibody (goat antirabbit
HRP 1:5,000; Millipore, and goat antimouse HRP 1:1,000;
Bio-Rad, Hercules, CA) and a chemiluminescence substrate mixture (ECL, Amersham Biosciences) were then
used to detect the bands. The expression level of Pax6 in
control and occluded OBs were normalized to the level of
actin. One slice per control and odor-deprived OBs was
used for TH immunohistochemistry to ensure the efﬁciency of nostril occlusion.

Polymerase chain reaction (PCR) analysis
The glomerular layer for the control and occluded OBs was
extracted as for Western blot analysis. Immediately after tissue extraction, the total RNA was isolated using RNeasy Micro Kit (Qiagen, Chatsworth, CA), according to the manufacturer’s instructions. First-strand cDNA synthesis reaction was
performed with RevertAid H Minus First Strandc DNA Synthesis Kit (Fermentas Life Sciences, Burlington, ON, Canada)
with oligo(dT) primers. Obtained cDNA were ampliﬁed using
following primers: for Pax6 5⬘-TAGCGAAAAGCAACAGATGG-3⬘ and 5⬘-CAGCTGAAGTCGCATCTGAG-3⬘; and for b-actin
5⬘-CACCACTTTCTACAATGAGC-3⬘ and 5⬘-CGGTCAGGATCTTCATGAGG-3⬘.
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Statistical analysis
Data are presented as mean ⫾ SEM. Statistical signiﬁcance was tested by using paired Student’s t-test (with
*P ⬍ 0.05 and **P ⬍ 0.01).

RESULTS
Diminution of TH expression following nostril
occlusion
It is well established that sensory deprivation results in a
drastic reduction in TH immunoreactivity (Baker et al.,
1984, 1993; Mandairon et al., 2006). Therefore, we tested
the effectiveness of the nostril occlusion by performing TH
immunostaining. As expected, sensory deprivation induces a signiﬁcant decrease in the TH immunoreactivity in
the glomerular layer of the occluded OB (Occl) as compared to the control (Ctrl), contralateral OB (Fig. 1A,C).
Interestingly, the intensity of TH immunoreactivity was
similarly reduced 21 and 42 days after sensory deprivation
(67.0 ⫾ 2.5% of reduction 21 days after sensory deprivation, n ⫽ 7 animals, P ⬍ 0.001; and 65.7 ⫾ 6.9% of reduction 42 days after sensory deprivation, n ⫽ 8 animals, P ⬍
0.001; Fig. 1B,D). These data suggest that increasing the
time of odor deprivation does not cause a further decrease
in the TH expression.

Sensory deprivation decreased the survival of
OB interneurons generated before and after
the occlusion
To investigate the role of sensory activity on the fate of
interneurons born before or after sensory deprivation, we
created two groups of animals. The ﬁrst group had its OB
occluded 21 days before the BrdU injection (Fig. 2),
whereas the second group was injected with BrdU 21 days
prior to occlusion (Fig. 3). The animals were then sacriﬁced
after an additional 21 days.
In agreement with previous reports (Fiske and Brunjes,
2001; Saghatelyan et al., 2005; Yamaguchi and Mori,
2005; Mandairon et al., 2006), the number of GCs and
PGCs cells born 21 days after sensory deprivation and
analyzed 21 days later (i.e., 42 days of nostril occlusion)
was reduced (Fig. 2A). Since sensory deprivation also decreased the mean surface of both the granule cell layer
(GCL) and the glomerular layer (GL) (for GCL: 0.88 ⫾ 0.02
mm2 for Ctrl and 0.80 ⫾ 0.04 mm2 for Occl, n ⫽ 13–15
slices per animal, n ⫽ 5 animals, P ⬍ 0.05; for GL: 0.56 ⫾
0.01 mm2 for Ctrl and 0.48 ⫾ 0.01 mm2 for Occl, n ⫽
13–15 slices per animal, n ⫽ 5 animals, P ⬍ 0.05; Fig. 2B)
we calculated the density of BrdU⫹ cells to compare control and occluded sides. Our results show that the mean
surface density of cells generated after sensory deprivation in the OB was lower in the occluded side, in both the
GCL and GL (for GCL: 268.4 ⫾ 18.0 cells/mm2 for Ctrl and

Figure 1. Decreased expression of TH in the odor-deprived bulb.
Photomicrographs of coronal sections showing TH immunoreactivity
(magenta) in control (left) and occluded (right) OB, 21 (A) and 42 days
(C) following nostril closure. There is a decrease in the expression of
TH in the odor-deprived bulb at both 21 (B) and 42 days (D) after the
initiation of sensory deprivation. **P ⬍ 0.001 with Student’s t-test.
Ctrl, control side; Occl, occluded side. Scale bars ⫽ 1 mm.

210.2 ⫾ 18.7 cells/mm2 for Occl, n ⫽ 7 animals, P ⬍
0.001; for GL: 34.6 ⫾ 3.2 cells/mm2 for Ctrl and 27.1 ⫾
3.2 cells/mm2 for Occl, n ⫽ 7 animals, P ⬍ 0.05; Fig.
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Figure 2. Effect of odor-induced activity on the integration and/or survival of newborn bulbar interneurons. A: Photomicrographs of coronal
sections of control (A1) and occluded (A2) sides of the OB showing BrdU immunoreactivity. The experimental design is explained above the
photomicrographs. B: Histograms showing the decrease in the surface of the granule cell (GCL) and glomerular (GL) layers that occurred on the
occluded side, as seen in coronal sections. *P ⬍ 0.05 with Student’s t-test. C,E: High-magniﬁcation photomicrographs of BrdU⫹ proﬁles in GCL
(C1–C2) and GL (E1–E2) in control (C1,E1) and occluded (C2,E2) bulbs. D,F: Histograms depicting the density of BrdU⫹ cells in the GCL (D) and
GL (F) of the OB under control conditions (Ctrl) and following sensory deprivation (Occl). **P ⬍ 0.001 with Student’s t-test. Scale bars ⫽ 500 m
in A; 40 m in C,E.

2C–F). The reduction was even more pronounced when we
estimated the total number of cells in the control and occluded bulbs. The total number of cells in both the GCL and

1852

the GL was signiﬁcantly reduced (for GCL: 10695.8 ⫾
822.5 cells for Ctrl and 7709.9 ⫾ 801.9 cells for Occl, n ⫽
7 animals, P ⬍ 0.001; for GL: 880.6 ⫾ 88.2 cells for Ctrl
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Figure 3. Sensory deprivation affects the survival of newborn interneurons generated before nostril closure. A: Photomicrographs of coronal
sections of control (A1) and occluded (A2) sides of the OB showing BrdU immunoreactivity. The experimental design is explained above the
photomicrographs. B: Histograms showing the decrease in the surface of the granule cell (GCL) and glomerular (GL) layers that occurred on the
occluded side, as seen in coronal sections. *P ⬍ 0.05 with Student’s t-test. C,E: High-magniﬁcation photomicrographs of BrdU⫹ proﬁles in GCL
(C1,C2) and GL (E1,E2) in control (C1,E1) and occluded (C2,E2) bulbs. D,F: Histograms depicting the density of BrdU⫹ cells in the GCL (D) and
GL (F) of the OB under control conditions (Ctrl) and following sensory deprivation (Occl). **P ⬍ 0.001 with Student’s t-test. Scale bars ⫽ 500 m
in A; 40 m in C,E.
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Figure 4
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and 591.0 ⫾ 77.7 cells for Occl, n ⫽ 7 animals, P ⬍
0.001). Since neither proliferation of neuronal precursors
(assessed by the counting of BrdU⫹ cells in the SVZ and
RMS 1 hour after BrdU injection) nor their tangential migration (assessed by the counting of BrdU⫹ cells in the
SVZ and RMS 5 days after BrdU injection) were affected by
sensory deprivation (data not shown), we concluded that
the reduced number of newborn cells in the OB likely results from the affected survival. These data are in agreement with numerous previous reports showing reduced
survival of newly generated cells in the odor deprived OB
(Frazier-Cierpial and Brunjes, 1989; Fiske and Brunjes,
2001; Saghatelyan et al., 2005; Yamaguchi and Mori,
2005; Mandairon et al., 2006). We next tested the role of
sensory activity on the population of interneurons that are
already present in the OB operational network. Sensory
deprivation for 21 days reduced the mean surface of the
GCL and the GL (for GCL: 0.98 ⫾ 0.09 mm2 for Ctrl, 0.80 ⫾
0.06 mm2 for Occl, n ⫽ 13–15 slices per animal, n ⫽ 5
animals, P ⫽ 0.0527; for GL: 0.57 ⫾ 0.04 mm2 for Ctrl,
0.49 ⫾ 0.05 mm2 for Occl, n ⫽ 13–15 slices per animal,
n ⫽ 5 animals, P ⬍ 0.05; Fig. 3A–C). Interestingly, odor
deprivation for 3 weeks induced similar reduction in the
number of BrdU⫹ cells generated 21 days before occlusion (Fig. 3A–F). The mean surface density of BrdU⫹ cells
labeled 21 days before nostril occlusion was reduced (for
GCL: 287.8 ⫾ 33.0 cells/mm2 for Ctrl and 208.5 ⫾ 21.1
cells/mm2 for Occl, n ⫽ 5 animals, P ⬍ 0.05; for GL:
27.1 ⫾ 1.3 cells/mm2 for Ctrl, 22.7 ⫾ 2.3 cells/mm2 for
Occl, n ⫽ 5 animals, P ⬍ 0.05; Fig. 3D,F). The total number
of cells in both the GCL and GL was also signiﬁcantly reduced (for GCL: 12,189.1 ⫾ 732.8 cells for Ctrl and
7445.9 ⫾ 822.8 cells for Occl, n ⫽ 5 animals, P ⬍ 0.001;
for GL: 704.5 ⫾ 65.8 cells for Ctrl and 500.6 ⫾ 72.9 cells
for Occl, n ⫽ 5 animals, P ⬍ 0.001).
These results suggest that sensory activity is a major
determinant for the survival of not only newborn cells gen-

Figure 4. Expression of calbindin, calretinin, and GAD67 are maintained in periglomerular cells generated before or after sensory deprivation. Photomicrographs of the control (A,E,I) and occluded
(B,F,J) sides of the glomerular layer of the OB showing calbindin
(A1,B1; in green); calretinin (E1,F1; in green), and GAD67 (I1,J1, in
green) and BrdU (A2,B2,E2,F2,I2,J2; in magenta) immunolabelings.
C,G,K: Confocal 3D reconstruction of BrdU⫹ cells (magenta) stained
for the calbindin (C), calretinin (G), and GAD67 (K) (green). Reconstructed orthogonal projections are presented as viewed in the x–z
(bottom) and y–z (right) planes. D,H,L: Histograms summarizing the
percentage of periglomerular cells (PGC) expressing calbindin (D),
calretinin (H), and GAD67 (L) born 21 days before (BrdU‹Occl) or
after (Occl‹BrdU) occlusion. Note the gradual increase in the percentage of BrdU⫹/calbindin⫹ cells over time. Arrows point to
double-labeled cells, whereas arrowheads indicate cells stained only
with BrdU. Scale bars ⫽ 50 m in B,F,J; 10 m for C,G,K.

erated after sensory deprivation, but also for cells that are
already present in the OB operational network before nostril occlusion.

Effect of sensory deprivation on different
populations of periglomerular cells
We next decided to investigate how sensory activity affects the fate determination and maintenance of newborn
PGCs. We concentrated our analysis on newborn PGCs
that are known to acquired either dopaminergic (TH⫹)
and/or GABAergic (GAD67⫹) or calbindin and calretinin
phenotypes (Kosaka et al., 1995, 1998; Bagley et al.,
2007; Kosaka and Kosaka, 2007; Whitman and Greer,
2007). To investigate how sensory activity affects fate determination of these different population of PGCs, we colabeled BrdU⫹ cells generated after nostril occlusion with
the antibodies directed against calbindin (Fig. 4A1–B3,C)
and calretinin (Fig. 4E1–F3,G). To detect GABAergic cells
we used transgenic mice expressing GFP under the endogenous glutamate decarboxylase (GAD) 67 promoter
(Tamamaki et al., 2003) (Fig. 4I1–J3,K). All calbindin⫹,
calretinin⫹, and TH⫹ PG cells were reported to express
GFP in GAD67-GFP (⌬neo) mice (Panzanelli et al., 2007).
No differences in the proportion of newborn cells expressing these markers was detected between control and occluded bulbs (for calbindin 1.1 ⫾ 0.6% in Ctrl and 1.0 ⫾
0.2% in Occl bulbs, n ⫽ 492 and 335 cells in Ctrl and Occl
bulbs, respectively; n ⫽ 3 animals; Fig. 4D; for calretinin
25.1 ⫾ 1.6% in Ctrl and 27.2 ⫾ 3.4% in Occl bulbs, n ⫽ 238
and 146 cells in Ctrl and Occl bulbs, respectively; n ⫽ 4
animals; Fig. 4H; and for GAD67 84.2 ⫾ 2.3% in Ctrl and
82.5 ⫾ 5.1% in Occl bulbs, n ⫽ 414 and 257 cells in Ctrl
and Occl bulbs, respectively; n ⫽ 4 animals; Fig. 4L). These
results suggest that sensory activity is not important for
the fate determination of these populations of PGCs. We
next examined whether odor-induced activity is involved in
the fate maintenance of GABAergic, calretinin⫹, and calbindin⫹ PGCs. Double labeling of BrdU⫹ cells born 21
days before sensory deprivation together with abovementioned markers revealed that odor-induced activity
does not inﬂuence the fate maintenance of these chemospeciﬁc populations of cells. In fact, the proportion of
BrdU⫹ cells colabeled either with calbindin, calretinin, or
GAD67 was similar in the occluded side as compared to
the control OB (for calbindin: 6.0 ⫾ 1.8% for Ctrl and 4.7 ⫾
1.7% for Occl, n ⫽ 347 and 235 cells in Ctrl and Occl bulbs,
respectively; n ⫽ 5 animals; Fig. 4D; for calretinin 28.2 ⫾
7.6% for Ctrl and 34.2 ⫾ 5.8% for Occl, n ⫽ 186 and 159
cells in Ctrl and Occl bulbs, respectively; n ⫽ 3 animals;
Fig. 4H; and for GAD67: 86.1 ⫾ 3.3% for Ctrl and 79.1 ⫾
3.2% for Occl, n ⫽ 278 and 216 cells in Ctrl and Occl bulbs,
respectively; n ⫽ 4 animals; Fig. 4L).

The Journal of Comparative Neurology 円 Research in Systems Neuroscience

1855

Bastien-Dionne et al. --------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Figure 5. Olfactory deprivation reduces the number of TH⫹ cells born before or after sensory deprivation. A,B: Photomicrographs of sections
immunostained for both TH (A1,B1; green) and BrdU (A2,B2; magenta) in control (A1–A3) and occluded (B1–B3) glomerular layer. C: Confocal 3D
reconstruction of BrdU⫹ cells (magenta) stained for the TH (green). Reconstructed orthogonal projections are presented as viewed in the x–z
(bottom) and y–z (right) planes. D: Note reduced expression of TH by the newborn cells born before (BrdU‹Occl) or after (Occl‹BrdU) sensory
deprivation. Arrows point to double-labeled cells, whereas arrowheads indicate cells stained only with BrdU. *P ⬍ 0.05 with Student’s t-test. Scale
bars ⫽ 50 m in A,B; 10 m in C.

Unlike other subtypes of PGCs, dopaminergic neurons
were differently affected by sensory deprivation. Virtually
no BrdU⫹ PGCs born after nostril occlusion were found to
be TH positive (14.6 ⫾ 4.1% for Ctrl and 0.0% for Occl, n ⫽
253 and 145 cells in Ctrl and Occl bulbs, respectively; n ⫽
4 animals; Fig. 5A-D). Interestingly, however, we also observed a drastic decreases in the proportion of BrdU⫹/
TH⫹ cells born 21 days before sensory deprivation
(30.9 ⫾ 5.2% for Ctrl, 0.7 ⫾ 0.7 for Occl, n ⫽ 156 and 103
cells in Ctrl and Occl bulbs, respectively; n ⫽ 4 animals;
Fig. 5D). These results suggest that sensory activity is not
only important for the acquisition of dopaminergic fate of
newborn PGCs as previously reported (Stone et al., 1991;
Baker et al., 1993; Brunjes, 1994; Mandairon et al., 2006),
but also for the maintenance of this phenotype in the cells
that have already differentiated to the TH⫹ phenotype.
It has been previously reported that a subpopulation of
GABAergic PGCs and all dopaminergic bulbar interneurons
express Pax6 (Dellovade et al., 1998) and that this transcription factor is involved in the acquisition of dopaminergic phenotype (Dellovade et al., 1998; Hack et al., 2005;
Kohwi et al., 2005; Brill et al., 2008). We therefore investigated how sensory activity affects the number of Pax6⫹
cells in the GL of the OB. Interestingly, 21 days of sensory
deprivation increased the mean surface density of Pax6⫹
cells (3.2 ⫾ 0.2 ⫻ 105 cells/mm3 for Ctrl and 4.2 ⫾ 0.2 ⫻
105 cells/mm3 for Occl, n ⫽ 4 animals, P ⬍ 0.05; Fig.
6A1,A2,B). The same difference was observed at the level
of the number of Pax6⫹ cells in the occluded side when
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compared to the control side (5.2 ⫾ 0.3 ⫻ 107 cells for Ctrl
and 6.5 ⫾ 0.9 ⫻ 107 cells for Occl, n ⫽ 4 animals, P ⬍
0.05). However, this increase was transient since the density (3.2 ⫾ 0.3 ⫻ 105 cells/mm3 for Ctrl and 3.1 ⫾ 0.1 ⫻
105 cells/mm3 for Occl, n ⫽ 4, P ⬎ 0.05: Fig. 6A3,A4,B) as
well as the number (5.1 ⫾ 1.0 ⫻ 107 cells for Ctrl and
4.2 ⫾ 0.4 ⫻ 107 cells for Occl, n ⫽ 4 animals, P ⬎ 0.05) of
Pax6⫹ cells returned to normal levels 42 days after odor
deprivation. Importantly, immunoblot analysis of the Pax6
expression in the GL of the occluded mice revealed a
45.0 ⫾ 21.3% increase in the amount of this transcriptional factor 21 days following sensory deprivation (n ⫽ 6
animals, P ⬍ 0.05; Fig. 6C,D). The increase in the Pax6
expression was also observed in the PCR analysis of the GL
extracts (74.6 ⫾ 2.4% increase in the occluded as compared to the control bulb, n ⫽ 3 animals, P ⬍ 0.001; Fig.
6C,D). These results indicate that sensory deprivation triggers Pax6 expression at the transcriptional level.
Since the OB responds to the decreased TH expression
by increasing the number of Pax6⫹ cells, we found it relevant to investigate if this increase was mediated by PGCs
already present at the time of occlusion or by newly arriving cells. For this purpose, we quantiﬁed BrdU⫹ cells born
before and after sensory deprivation that were also
Pax6⫹. Surprisingly, we found that the proportion of cells
expressing Pax6 and born after the occlusion was decreased (37.9 ⫾ 4.6% for Ctrl and 22.8 ⫾ 1.8% for Occl,
n ⫽ 4 animals, P ⬍ 0.05; Fig. 7A–D), whereas the proportion of cells that express Pax6 and born before the olfac-
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Figure 6. Expression of Pax6 after sensory deprivation. A: Photomicrographs of Pax6⫹ cells in control (A1,A3) and occluded (A2,A4) bulbs, 21
(A1,A2; left panel) and 42 (A3,A4; right panel) days following sensory deprivation. Lower panels demonstrate the mean ﬂuorescence intensity in
the sections with Pax6 immunostaining 42 days following sensory deprivation. Note similar ﬂuorescence intensity between control and occluded
sections. The same type of analysis performed on 21-day occluded mice showed an increase in the mean ﬂuorescent intensity due to the
increased number of Pax6⫹ cells in this group of animals (data not shown). B: The density of Pax6⫹ cells in the GL after 21 or 42 days of occlusion
is illustrated here in the form of histograms. *P ⬍ 0.05 with Student’s t-test. C: Western blot and RT-PCR analysis of Pax6 expression in the GL
of the occluded mice 21 days following sensory deprivation. D: The histograms show the quantiﬁcation of Pax6 expression 21 days after nostril
occlusion. The level of expression of Pax6 in the control and occluded bulbs were normalized to the level of actin expression. The data are
expressed as the percentage of increase in the occluded as compared to the control (taken as 100%) bulbs. *P ⬍ 0.05 and **P ⬍ 0.001 with
paired Student’s t-test. Scale bar ⫽ 50 m in A.

tory deprivation was increased (Fig. 7D). The population of
cells born 21 days before sensory deprivation already displayed a tendency toward increased percentage of
Pax6⫹/BrdU⫹ in the occluded as compared to the control bulbs (44.7 ⫾ 4.9% for Ctrl, 52.8 ⫾ 4.5% for Occl, n ⫽
4 animals, P ⬎ 0.05; Fig. 7D). This difference further increases when cells born 60 days before sensory deprivation were analyzed. Among 185 and 247 BrdU⫹ cells analyzed in the control and occluded bulbs, respectively,
56.3 ⫾ 4.5% were Pax6⫹ in control OB whereas 70.1 ⫾
2.1% were immunopositive for Pax6 in the odor-deprived
OB (P ⬍ 0.05; Fig. 7D). These data suggest that the transient increase in the number of Pax6⫹ cells is likely mediated by the expression of this transcriptional factor in the
PGCs born 60 days before sensory deprivation.

DISCUSSION
In the present study we show that sensory activity plays
a multifarious role in the acquisition and fate maintenance

of different chemospeciﬁc populations of newly generated
PGCs in the OB. Sensory deprivation altered the number of
dopaminergic neurons, while calbindin⫹, calretinin⫹, and
GABAergic populations of newborn cells remained largely
unaffected. Interestingly, the number of cells expressing
Pax6, a transcription factor involved in the dopaminergic
fate acquisition, was transiently increased in the GL of the
odor-deprived OB. We also found that odor-induced activity is essential for the survival of not only newborn, but also
preexisting populations of GC and PG cells generated at
adulthood.

Role of sensory activity on the survival of
newborn bulbar interneurons
Previous reports have demonstrated that odor deprivation reduces radial migration of neuroblasts (Saghatelyan
et al., 2004), decreases survival of newborn interneurons
in the OB (Frazier-Cierpial and Brunjes, 1989; Brunjes,
1994; Corotto et al., 1994; Fiske and Brunjes, 2001;
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Figure 7. Differential regulation of Pax6 expression in cells born before or after sensory deprivation. A,B: Double-immunostaining for Pax6
(A1,B1; green) and BrdU (A2,B2; magenta) in control (A1–A3) and occluded (B1–B3) OB. C: Confocal 3D reconstruction of BrdU⫹ cells (magenta)
stained for the Pax6 (green). Reconstructed orthogonal projections are presented as viewed in the x–z (bottom) and y–z (right) planes. D: The
histograms show the percentage of cells expressing Pax6 born either 21 (BrdU 21d‹Occl) or 60 days (BrdU 60d‹Occl) before or 21 days after
(Occl‹BrdU) sensory deprivation Arrows point to double-labeled cells, whereas arrowheads indicate cells stained only with BrdU. Scale bars ⫽
50 m in A,B; 10 m in C.

Saghatelyan et al., 2005; Yamaguchi and Mori, 2005; Mandairon et al., 2006) and affects the dendritic morphology
and spine density of newborn OB interneurons (Saghatelyan et al., 2005). In contrast, an odor-enriched environment increases the total number of newborn granule cells
without affecting the proliferation of neuronal precursors
in the SVZ (Rochefort et al., 2002). Our data suggest that
sensory activity is not only important for the survival
and/or integration of newly arriving GCs and PGCs, but
also for the survival of cells that are already present in the
operational bulbar network at the moment of sensory deprivation. It has been previously shown that most of the
newborn cells integrate into the bulbar network and acquire full electrophysiological and morphological characteristics 21 days following their generation in the SVZ (Petreanu and Alvarez-Buylla, 2002; Belluzzi et al., 2003;
Carleton et al., 2003). However, recently it has been highlighted that at this stage newborn neurons overproduce
dendritic spines and that the ﬁnal stabilization of synapses
ends at about 50 – 60 days following precursors’ genera-
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tion (Mizrahi, 2007; Whitman and Greer, 2007). It is thus
conceivable that 21-day-old neurons present in the OB
neuronal circuitry remain sensitive to the level of sensory
input and might be more vulnerable as compared to the
fully integrated newborn cells. Indeed, it seems that sensory deprivation has no effect on the survival of older GCs
(Yamaguchi and Mori, 2005). The concept of the existence
of a “critical period” for the survival of newborn GCs was
proposed on the basis of these data (Yamaguchi and Mori,
2005), and our results are in agreement with this view.

Role of sensory activity on chemospeciﬁc
populations of newborn interneurons in the
OB
Following their arrival at the OB, neuronal precursors
have to mature and differentiate into particular neuronal
phenotype. In rodents’ OB, PGCs differentiate into either
GABAergic, dopaminergic, calbindin, or calretinin interneurons (Kosaka et al., 1995, 1998; Bagley et al., 2007; Kosaka and Kosaka, 2007; Whitman and Greer, 2007). Re-
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cently, it has been demonstrated that all these
chemospeciﬁc populations of PGCs can be produced during adulthood (Bagley et al., 2007; De Marchis et al., 2007;
Whitman and Greer, 2007; Batista-Brito et al., 2008) with
the aid of the “molecular code” speciﬁc for each subtype of
interneurons (Dellovade et al., 1998; Hack et al., 2005;
Kohwi et al., 2005; Waclaw et al., 2006; Allen et al., 2007;
Brill et al., 2008). However, it is likely that determination
and maintenance of chemospeciﬁc phenotypes is controlled not only by genetic factors but also by environmental stimuli. Sensory activity is a major environmental factor
that can affect the determination and/or fate maintenance
of PGCs. Indeed, it is well documented that sensory deprivation drastically reduces TH immunoreactivity in the odordeprived OB (Baker et al., 1984, 1993; Stone et al., 1991;
Saino-Saito et al., 2004; Mandairon et al., 2006). However,
these studies do not specify whether sensory activity
downregulates TH expression in the newly generated neurons or in the cells that have already been integrated to the
operational network. In addition, the role of sensory activity in the fate determination and maintenance of GABAergic, calbindin, and calretinin phenotypes remained unclear
(Stone et al., 1991; Philpot et al., 1997). Our results demonstrate that odor-induced activity is essential for the development and expression of dopaminergic phenotype,
but not for GABAergic, calretinin, or calbindin fates. It is
likely that reduced TH immunolabeling results from the
decreased enzyme expression rather than from the death
of dopaminergic cells. In agreement with this hypothesis
are our data showing that the proportion of GAD67⫹ cells
is not altered following sensory deprivation, which would
have been expected if dopaminergic cells, which coexpress GAD67, were dying. In addition, it has been demonstrated that reopening of the nostril results in the reexpression of TH (Baker et al., 1984). Furthermore, DOPA
decarboxylase, the second enzyme in the dopamine biosynthesis pathway, does not appear to be downregulated
in the same fashion as TH (Baker et al., 1984).
Our results showing the pattern of expression of Pax6 following sensory deprivation are particularly interesting.
Twenty-one days of odor deprivation increases the number of
Pax6⫹ cells in the glomerular layer of the OB. Our data highlighted some of the mechanisms by which sensory activity
regulates Pax6 expression. We have shown that nostril occlusion induces upregulation of Pax6 expression at the transcriptional level. Pax6 is a key molecular determinant of the dopaminergic fate (Dellovade et al., 1998; Hack et al., 2005; Kohwi
et al., 2005; Brill et al., 2008) and upregulation in the number
of cells expressing this transcriptional factor can be interpreted as a compensatory response of the OB to the decreased expression of TH. It has been previously demonstrated that the OB might respond to the changing
environmental conditions with compensatory mechanisms

helping to maintain the normal functioning of the bulbar neuronal network (Guthrie et al., 1991; Leon, 1998; Saghatelyan
et al., 2005; Waggener and Coppola, 2007). Notably, the reduced expression of TH following sensory deprivation is accompanied by an increase in the density of D2 receptors on
the olfactory nerve terminals (Guthrie et al., 1991). It is thus
conceivable that the OB tries to respond to the decreased
level of TH expression not only by increasing the density of D2
receptors (Guthrie et al., 1991), but also by increasing the
number of cells expressing a key molecular signal (Pax6) involved in the determination of dopaminergic phenotype. Intriguingly, however, newly generated cells do not appear to be
a major element in this Pax6 increase at OB level. In fact, a
lower number of newly arriving neurons in the odor-deprived
OB was found to express Pax6 as compared to the control OB.
These data suggest that older populations of PGCs that were
already present in the bulbar network at the moment of sensory deprivation start to express Pax6. Our investigation of
cells that were born 21 and 60 days before sensory deprivation has revealed a noticeable increase in the number of
BrdU⫹/Pax6⫹ cells in the occluded bulb. It should be noted,
however, that the increase in the number of Pax6⫹ in the
odor-deprived OB was transient, since their density returns to
normal levels 42 days following sensory deprivation. These
data are in line with the recently reported expression pattern
of Pax6 after sensory deprivation (Cave and Baker, 2009).
This effect is most likely due to the reduced proportion of
newly generated cells that express Pax6. Therefore, on the
one hand, sensory deprivation appears to lower the number
of newly arriving Pax6⫹ cells in the glomerular layer and, on
the other hand, increases its expression in the population of
PGCs that were already present in the bulbar network at the
moment of nostril occlusion. The reason(s) for such differential regulation of Pax6 expression in the OB is not clear and
future studies aiming at investigating the functional proprieties of these two populations of dopaminergic cells need to
be performed.
Despite such wide and dynamic changes in the dopaminergic cells, no other population of PGCs was affected by
sensory deprivation. These data are at odds with a previously published report showing a 30% reduction in the
number of calbindin⫹ cells following sensory deprivation
in the developing rat OB (Philpot et al., 1997). One of the
reasons for this discrepancy may be related to species (rat
vs. mouse) and/or to age (developing vs. adult) differences. Important disparities exist between mice and rats
regarding the fate speciﬁcations of PGCs in the OB (Kosaka et al., 1995; Kosaka and Kosaka, 2007). In the rat OB,
only TH⫹ PGCs coexpress GABA, whereas calbindin⫹ and
calretinin⫹ neurons form distinct neuronal populations
(Kosaka et al., 1995, 1988; Kosaka and Kosaka, 2007). In
the mouse OB, all dopaminergic, calbindin⫹ and the majority of calretinin⫹ cells are also GABAergic (Kosaka and
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Kosaka, 2007). It is therefore conceivable that the impact
of sensory activity in rats and mice OB may also differ. In
addition, it has been shown that calbindin⫹ PGCs are preferentially generated during early postnatal life (De Marchis
et al., 2007; Batista-Brito et al., 2008). Indeed, our data
reveal that relatively few newborn calbindin⫹ PGCs were
present in the adult mouse OB. The total number of
BrdU⫹/calbindin⫹ neurons detected in the glomerular
layer represents only 1% and 5% of the entire pool of cells
at 21 and 42 days after BrdU injection, respectively. It is
thus possible that nostril occlusion in the developing rat
OB, at the peak of calbindin⫹ neurons differentiation, induces substantial changes in this population of cells (Philpot et al., 1997) that remained largely unaffected by odor
deprivation during adulthood.
Why among all the chemospeciﬁc populations of PGCs
are only dopaminergic neurons affected by sensory deprivation? One of the reasons for such speciﬁc regulation of
dopaminergic cells by level of the sensory activity might be
related to the compartmental organization of these neurons. It has been shown that dopaminergic PGCs, which
are actually classiﬁed as type 1 PG neurons, are the only
population of cells that receive input from the olfactory
nerve (Kosaka and Kosaka, 2007). By contrast, other populations of PGCs, classiﬁed as type 2 neurons, send their
dendrites to the intraglomerular zones that are not contacted by the sensory neuron’s terminals (Kosaka and Kosaka, 2007). Therefore, the dopaminergic population of
PGCs that are in direct contact with the sensory neurons
might be more sensitive to the degree of sensory processing that occurred at the OB level. Intriguingly, dopaminergic PGCs are the only population of chemospeciﬁc neurons
in the GL that were shown to be affected by behaviorally
relevant stimuli. The social odor perception after mating is
associated with the increased level of TH expression in the
PGCs of the OB (Serguera et al., 2008). An increase in the
dopaminergic transmission upholds presynaptic inhibition
of sensory neurons and hampers neuronal activation in the
OB leading thus to the modulation of social odors perception detrimental to pregnancy (Serguera et al., 2008).
Altogether, our data highlight the role of odor-induced
activity in the integration and/or survival of newborn GCs
and PGCs. Our ﬁndings also indicate that odor-induced
activity acts on bulbar newborn cells that were generated
before nostril occlusion and inﬂuences the fate determination and maintenance of different populations of newly
generated PGCs.
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