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Adult Neurogenesis Restores Dopaminergic Neuronal Loss
in the Olfactory Bulb
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Scientifique, Unité de Recherche Associée 2582, F-75015 Paris, France

Subventricular zone (SVZ) neurogenesis continuously provides new GABA- and dopamine (DA)-containing interneurons for the olfactory bulb (OB) in most adult mammals. DAergic interneurons are located in the glomerular layer (GL) where they participate in the
processing of sensory inputs. To examine whether adult neurogenesis might contribute to regeneration after circuit injury in mice, we
induce DAergic neuronal loss by injecting 6-hydroxydopamine (6-OHDA) in the dorsal GL or in the right substantia nigra pars compacta.
We found that a 6-OHDA treatment of the OB produces olfactory deficits and local inflammation and partially decreases the number of
neurons expressing the enzyme tyrosine hydroxylase (TH) near the injected site. Blockade of inflammation by minocycline treatment
immediately after the 6-OHDA administration rescued neither TH ⫹ interneuron number nor the olfactory deficits, suggesting that the
olfactory impairments are most likely linked to TH ⫹ cell death and not to microglial activation. TH ⫹ interneuron number was restored
1 month later. This rescue resulted at least in part from enhanced recruitment of immature neurons targeting the lesioned GL area. Seven
days after 6-OHDA lesion in the OB, we found that the integration of lentivirus-labeled adult-born neurons was biased: newly formed
neurons were preferentially incorporated into glomerular circuits of the lesioned area. Behavioral rehabilitation occurs 2 months after
lesion. This study establishes a new model into which loss of DAergic cells could be compensated by recruiting newly formed neurons. We
propose that adult neurogenesis not only replenishes the population of DAergic bulbar neurons but that it also restores olfactory sensory
processing.
Key words: adult neural stem cell; innate responses; interneuron; microglia; Parkinson’s disease; regenerative medicine

Introduction
In adult rodents, neural progenitor cells migrate from the subventricular zone (SVZ) of the forebrain through the rostral migratory system en route to the olfactory bulb (OB). These
neuronal progenitors differentiate into at least three cell types
once they reach the OB: granule cells (GCs), periglomerular neurons (PGNs), and short axon cells (SACs) (Carleton et al., 2003;
Alvarez-Buylla and Lim, 2004; Lledo et al., 2006; Kosaka and
Kosaka, 2008; Whitman and Greer, 2007; Adam and Mizrahi,
2010; Kiyokage et al., 2010). The vast majority of bulbar adult-
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born neurons turn into GCs that form inhibitory interneurons
located in the deepest layer of the OB and that synapse on mitral
cell secondary dendrites, on tufted cells, and possibly on other
local interneurons (Mori et al., 1983; Lledo et al., 2008). In contrast, PGNs are located more superficially where they surround
the glomeruli, whereas SACs are scattered throughout all OB
layers. Both PGNs and SACs are chemically, morphologically,
and functionally heterogeneous (Pignatelli et al., 2005, 2007,
2013; Parrish-Aungst et al., 2007; Kiyokage et al., 2010; Tan el al.,
2010; Kosaka and Kosaka, 2012; Liu et al., 2013). In the OB circuit, tyrosine hydroxylase (TH), the rate-limiting enzyme required for the synthesis of dopamine (DA), is localized in
neurons predominantly located in the glomerular layer (GL) that
is composed of both PGNs and SACs. These two types of THexpressing (TH ⫹) neurons also contain GABA and glutamic acid
decarboxylase, the rate-limiting enzyme for GABA biosynthesis
(Baker et al., 1983; Borisovska et al., 2013).
Although adult neurogenesis of GCs contributes to the neuronal replacement of old GCs throughout life, it ensures a continuous neuronal addition in the GL (Lagace et al., 2007;
Ninkovic et al., 2007; Imayoshi et al., 2008; Adam and Mizrahi,
2011). These statements apply to the constitutive neurogenesis
that takes place during adulthood, but it is not known whether
adult neurogenesis could also replace neurons after acute DAer-
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gic neuron depletion. Using chemical ablation of TH ⫹ cells, we
investigate whether adult neurogenesis could restore the lesioned
OB circuits and their associated olfactory-driven behaviors.

Materials and Methods
Mice, animal facilities, and ethic statements. In the course of this study, we
used 2-month-old male C57BL/6J mice (Janvier Laboratories). Animals
were housed in groups of four or five and maintained in standard conditions (controlled room temperature and humidity, 12 h/12 h light/dark
cycle, with lights on at 8:00 A.M., ad libitum access to dry food pellets and
water) at the Pasteur Institute animal care facilities, officially registered
for experimental studies on rodents (Ministry approval number for animal care facilities, A 75-15-08; approval number 75-585 for animal experimentation). These studies were performed in compliance with the
French legislation (Rural Code articles L 214-1 to L 214-122 and associated penal consequences), the European Communities Council Directive
of 24 November 1986 (86/609/EEC), and European Union guidelines
effective at the time the experimental studies were performed. All efforts
were made to reduce mouse suffering and the number of animals used.
Chemical ablation of dopaminergic neurons. Stereotaxic injections were
conducted as previously described (Pallotto et al., 2012). Mice were anesthetized intraperitoneally (120 mg/kg ketamine, Imalgene; 10 mg/kg xylazine Rompun, Bayer Health Care); 200 nl of 6-hydroxydopamine
(6-OHDA), dissolved at 3 g/l in saline solution containing 0.03%
ascorbic acid (Sigma), was stereotaxically injected (Nanoject II, Drummond) into the right substantia nigra (SN) pars compacta or in each OB
using the following coordinates from the pial surface: OB, anteroposterior (AP) 5 mm, mediolateral (ML) ⫾0.75 mm, dorsoventral (DV) 0.3;
SN, AP ⫺3 mm, ML 1.2 mm, DV 4.3 mm (see Fig. 1A). Vehicle controls
were injected with only saline solution containing 0.03% ascorbic acid.
Labeling of new neurons. To label proliferating cells, mice were injected
intraperitoneally with a DNA synthesis marker, BrdU (Sigma), at 100
mg/kg in 0.9% NaCl, 2 h before perfusion. To study the distribution of
new neurons, we used lentiviral vectors as previously described (Pallotto
et al., 2012); 200 nl of a replication-deficient lentivirus expressing eGFP
under control of the CMV promoter (custom-built LV-CMV-GFP with
a viral titer of 10 9 units/ml) (Mejia-Gervacio et al., 2012) was stereotaxically injected into each rostral migratory stream (RMS) (AP 3.3 mm, ML
⫾0.82 mm, DV ⫺2.90 mm from the pial surface) to label SVZ-generated
neuroblasts that migrate toward the OB.
Anti-inflammatory treatment. Minocycline (Sigma-Aldrich), freshly
dissolved in sterilized 0.9% NaCl (saline), or saline alone was injected
intraperitoneally during 7 weeks. On day 1, 6-OHDA, or its vehicle, was
injected into the two dorsal OBs, as described above. Mice were treated
with minocycline (50 mg/kg) twice daily for the first 2 d (8 h interval) and
once daily for the next 5 d as previously described (Lazarini et al., 2012).
Rotarod test. This test assesses the ability of an animal to maintain
balance on a rotating 4.5-cm-diameter rod (Bioseb) that depends both
on motor ability and coordination. Unilateral lesions of motor brain
areas affect the balance. Mice were subjected to three trials separated by
10 min intervals and during which the rotation speed accelerates from 4
to 40 rpm in 5 min. The latency to falling is used to assess the balance
performance, and the mean latency is calculated for each mouse.
Innate olfactory test. We used an olfactory test that depends on innate
behavioral responses as previously described (Lazarini et al., 2012). All
experiments were performed under light illumination (100 Lux) during
the light period (1:00 to 6:00 P.M.) in dedicated rooms. A video camera
fixed to the ceiling was connected to a computer situated outside the test
room, and the behavior was analyzed using a video-track system (Viewpoint). The test cages were made of open boxes (36 ⫻ 24 ⫻ 29 cm) with
two compartments separated by an aluminum separator (holes 0.5 cm
diameter). The lower compartment was 2.5 cm high. For the Coco Pops
test, mice were fasted for 20 h before testing. A session of the innate
olfactory test is divided into four stages: acclimation, habituation, biexposure to vehicle, and exposure to the tested smell and its vehicle. Mice
were acclimated individually in a cage similar to the test cage for 20 min
before testing. Mice were first habituated to the test cage during 10 min
and then exposed to 40 l of smell solution by placing a filter paper dish
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(70 mm) in the lower compartment in both zone 1 (vehicle or smell) and
zone 3 (vehicle only). Mice were subjected to two successive trials, separated by a 5 min interval: the first trial is vehicle trial, with 3 min exposition to the vehicle in both zones 1 and 3; the second trial is smell trial,
with 3 min exposure to the tested smell in zone 1 and exposure to its
corresponding vehicle in zone 3. The tested smells and their respective
vehicles are the following:
Aversive smells. As a nonsocial aversive odor, we used 2-methylbutyric
acid (2-MB acid, Sigma) dissolved at 10 ⫺4 M in water. For a predator
odor cue, we used a constituent of fox anal secretion known to trigger
innate fear responses in rodents: 2,4,5-trimethylthiazoline (TMT, ConTech) diluted in 2% mineral oil (MO).
Attractive smells. As a nonsocial attractive smell, we used Coco Pops
cereals (Kellogg’s; 5 pellets, fixed with patafix on Parafilm) with corresponding control cues made of patafix on Parafilm. For a social smell cue,
we pooled pure female urine, and we used water as control. Urines were
collected from five adult C57BL/6 females by gently massaging the pelvic
region. The urine was collected with a glass Pasteur pipette as soon as it
was spontaneously voided above a glass Petri dish. Urine samples were
subsequently pooled and stored at ⫺20°C until the test.
Neutral smells: water, undiluted MO, or “Parafilm.” Mice were subjected to only one presentation of each tested smell, during only one
session of two trials per day. Using the video-track system, both trajectory and time spent in each zone were determined at day 11 and day 28
after lesion. We calculated the preference index as the difference between
the times spent during the trial 2 in the scented zone 1 with a smell
(neutral, aversive, or attractive) as a stimulus, and with its vehicle (water,
MO, or “Parafilm”) as a stimulus.
Immunohistochemistry. Forty-micron-thick coronal or sagittal sections were made using a vibrating microtome (VT1000S, Leica), except
for experiments with viral labeling of neuroblasts in which 60-m-thick
coronal sections were vibro-sliced. All immunostaining was performed
on free-floating sections. Slices were blocked in 0.2% Triton, 4% BSA
(Sigma), and 2% goat serum and incubated overnight with primary antibodies at 4°C followed by an incubation step with secondary antibodies
(biotinylated or Alexa-conjugated secondary antibodies, Jackson ImmunoResearch Laboratories) at room temperature. Primary antibodies used
in this study and their working dilutions are listed in Table 1. For immunolabeling of TH, GFAP, doublecortin (DCX), and cluster of differentiation (CD) 68, brain sections were preincubated for 20 min in citrate
buffer 0.1 M, pH 9.0, at 80°C. For BrdU staining, DNA was denatured
with 2 N HCl for 30 min at 37°C. Fluorescent sections were stained with
the nuclear dye DAPI and then mounted in a solution of 1,4diazabicyclo[2.2.2]octano (Sigma). Immunoperoxidase-labeled cells
were developed using the ABC system (Vector Laboratories) and 3,3⬘diaminobenzidine (0.05%, Sigma) as chromogen, and then sections were
mounted in Depex medium.
Image acquisition and quantification analysis. For each animal, six to
eight coronal sections 40 m apart were selected, using the accessory OB
as a landmark. For sagittal sections, six consecutive slices containing both
SVZ and RMS were selected. Reconstructed images of the OB or SVZ and
RMS were taken using an Apotome microscope (Aviovert 200M; Zeiss)
with a 25⫻ objective or an Olympus BX51 microscope with a 20⫻ objective and Compix Imaging software (Hamamatsu Photonics). Double
immunofluorescence staining was analyzed in three dimensions using a
confocal laser-scanning microscope (LSM 710; Zeiss) with Zen Imaging
software (Zeiss) as previously described (Lazarini et al., 2012). Photoshop CC software (Adobe Systems) was used to delineate the area of
interest: images of the OB coronal sections were divided into eight sectors
of equal 45° angle, starting from the middle of the dorsal portion of the
GL and ending clockwise to the point (see Fig. 1B). The “injected area” is
defined as the dorsal domain of the OB (coronal section) located from
⫺45° to 45° (see Fig. 1B) and the “nonlesioned area” comprises the rest of
the OB section. For TH, BrdU, and active caspase (casp) 3 staining in the
OB, labeled cells were manually counted (6 slices per animal; 3 or 4
animals were analyzed per group) in the injected and nonlesioned area of
both the GL and the granular cell layer (GCL) using Photoshop images.
For double (GFP/TH) staining, all GFP ⫹ cells present in the GL were first
individually localized in the GL (both noninjected and injected areas) by
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Table 1. Detailed information on the primary antibodies used in this study
Antibody (anti)

Manufacturer and catalog no.

Marker of:

Working dilution

BrdU

Abcys, ABC 117-7513
Megabase Research Products
Swant, 300
Cell Signaling, asp175
Serotec, MCA1957GA
Abcam, ab 18723
Dako, 20334
Wako Chemicals, 016-20001
Millipore Bioscience Research Reagents, MAB377
Santa Cruz Biotechnology, sc48817
Millipore Bioscience Research Reagents, AB2237
ImmunoStar, 22941

Proliferating cells

1:1000
1:2000
1:2000
1:300
0.5 g/ml
0.5 g/ml
4 g/ml
1 g/ml
5 g/ml
1:500
1:700
1:4000

Calb
active casp3
CD68
DCX
GFAP
Iba1
NeuN
Olig2
Pax6
TH

using Photoshop on reconstructed apotome images before further classification in TH ⫹- or TH ⫺-expressing cells using confocal microscopy
(LSM 710 Zeiss). For Calbindin (Calb), Pax6, Olig2, and DCX staining in
the OB, as well as BrdU staining in the SVZ and RMS, quantification has
been performed using the open source platform Icy (de Chaumont et al.,
2012) (http://www.icy.bioimageanalysis.org). The detection of labeled
cells has been performed using a multiscale approach based on wavelets (Olivo-Marin, 2002) implemented in the plugin Spot detector
(http://icy.bioimageanalysis.org/plugin/Spot_Detector). Regions of interest (“injected” area, no-lesioned area; see Fig. 1B) have been designed
interactively with a protractor widget and the plugin Protractor ROI
Cutter (http://icy.bioimageanalysis.org/plugin/Protractor_ROI_Cutter)
in association with the ring plugin (http://icy.bioimageanalysis.org/
plugin/RingROI). Pax6-positive cell number was assessed in the superficial area (40% of the external-internal axis) of the dorsal GCL located
from ⫺45° to 45°. For the quantification of DCX immunoreactivity, the
pixel density is computed using the plugin Thresholded pixel density.
This plugin computes the number of pixels over a threshold in a given
region of interest over the total number of pixels present in the region
of interest (http://icy.bioimageanalysis.org/plugin/Thresholded_pixel_
density). The batch mode of this analysis is available as a protocol:
http://icy.bioimageanalysis.org/protocol/Pixel_density_(batch_mode). All
the code and implementation of those programs are available online. Data
are expressed as optical density of staining (pixels per mm 2), number of
simple-labeled cells or double-labeled cells, percentage of double-labeled
cells present in the injected or nonlesioned area (GL, GCL) or ratio of simplelabeled cells or double-labeled cells in the injected area over that in the nonlesioned area.
Statistical analyses. All data are expressed as mean ⫾ SEM. Statistical
analyses were performed using Prism software (GraphPad, version 6),
with p ⬍ 0.05 considered significant. Data were analyzed using parametric tests: unpaired or paired two-tailed Student’s t test, one-way
ANOVA or two-way ANOVA followed by Bonferroni post hoc test,
when appropriate.

Results
Transient ablation of DAergic interneurons in the OB
DAergic interneurons in the OB are located in the GL where they
participate in olfactory processing by acting in concert on the
following: (1) sensory afferent nerve terminals, (2) projection
neurons (i.e., mitral/tufted cells), and (3) local PGNs (Murphy et
al., 2005). These interneurons belong to a subset of PGNs that are
continuously generated throughout life (Halász et al., 1977;
Parrish-Aungst et al., 2007). 6-OHDA, a hydroxylated analog of
dopamine, selectively eliminates OB DAergic interneurons in a
manner similar to its action in the ventral tegmental area and the
SN (Sotelo et al., 1973; Willis et al., 1976). We evaluated the
impact of lesioning the bulbar DAergic interneurons by stereotaxic injection of 6-OHDA into the OB (Fig. 1A), or into the right
SN pars compacta as a control (Fig. 1A). 6-OHDA was applied
using the same dose as used previously in Parkinson’s disease

Calbindin-interneurons
Apoptotic cells
Activated microglia
Neuroblasts
Astrocytes
Microglia
Neurons
Oligodendrocyte progenitors
Dopaminergic neurons
Dopaminergic neurons

(PD) models (Sotelo et al., 1973; Höglinger et al., 2004). Immunohistochemical analysis revealed that injection of 6-OHDA in
the dorsal OB led to a selective reduction in TH ⫹ cells restricted
to the dorsal portion of the GL (Fig. 1B). In contrast, injections
into the right SN pars compacta dramatically reduced TH labeling in the right striatum and in the right SVZ, revealing the strong
DAergic denervation of these two areas (n ⫽ 4; Fig. 1C, left),
whereas the contralateral striatum and SVZ were unchanged,
demonstrating the specificity of the injury (n ⫽ 4; Fig. 1C, left).
We found no change in the striatal and SVZ immunoreactivity
for TH when 6-OHDA was locally injected in the OB (Fig. 1C,
right), indicating absence of retrograde diffusion from the OB to
the forebrain and confirming the absence of long-range projections from bulbar DA-containing neurons.
After the 6-OHDA injection in the OB, we found a partial
(40%) and transient decrease in the number of TH-expressing
neurons located in the lesioned dorsal part of the OB at 7 d after
injection (Fig. 1 D, G; day 7 after lesion, t(6) ⫽ 2.877, p ⫽ 0.0282).
We investigated whether 6-OHDA induces cell apoptosis by assessing activated caspase 3-positive dying cells in the injected area
at 6 h, 1 d, 3 d, and 7 d after lesion. We found a significant increase
in activated caspase 3 at day 3 after 6-OHDA injection (Fig. 1F ),
which was subsided at day 7, suggesting that the loss of TH ⫹
probably resulted from DAergic cells loss rather than a change in
cell phenotype. This DAergic ablation occurred only in the
6-OHDA-injected area but not in the nonlesioned area, defining
the extent and specificity of the 6-OHDA lesion (the number of
TH ⫹ cells in the nonlesioned area at day 7 after lesion was
14,342 ⫾ 2594 with vehicle and 14,776 ⫾ 1631 with 6-OHDA; t(6)
⫽ 0.1417, p ⫽ 0.892). Similar effects were seen at 14 d after
injection, but already at 21 d after injection, the number of TH ⫹
cells in the injected area recovered to ⬃80% of the vehicle; and at
56 d after injection, no statistical difference could be seen between vehicle- and treated-mice (n ⫽ 4 or 5 per group; Fig. 1G).
Because a subpopulation of superficial GC derived from Pax6expressing progenitors also expresses mRNA for TH (Kohwi et
al., 2005), we have investigated whether 6-OHDA injections
might target also those deep neurons. We delineated the area of
interest (superficial 40% part of the dorsal GCL, located in the
“injected area” defined as in Fig. 1B) and then assessed the number of Pax6-positive cells in this GCL zone. We found no difference at day 7 after lesion between vehicle and 6-OHDA-injected
mice (vehicle: 4261 ⫾ 343 Pax6-positive cells, 6-OHDA: 4341 ⫾
347 Pax6-positive cells), indicating that 6-OHDA injections into
the dorsal GL did not eliminate Pax6-expressing GCs. Conversely, we found no change at day 7 after lesion in the lesioned
region for the number of another PG population subtype, the
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Figure 1. Transient dopamine cell loss after a 6-OHDA-induced lesion of the OB. A, Design of the experimental procedure. A 6-OHDA-containing solution, or vehicle alone, was infused into the
right SN or into the dorsal part of each OB. B, TH immunostaining delineates the injected and noninjected areas in a coronal OB section. The image was divided (Figure legend continues.)
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Calb-positive interneurons (Fig. 1D, bottom panels; the number
of Calb-positive cells in the lesioned dorsal part of GL at day 7
after lesion was 10,341 ⫾ 847 with vehicle and 8373 ⫾ 1289 with
6-OHDA; t(4) ⫽ 1.277 and p ⫽ 0.271). These data indicate that
6-OHDA did not unspecifically alter the dorsal GL, but only
DAergic cells. In line with this, we found no statistical difference
at day 7 after lesion for the thickness of the dorsal GL measured in
vehicle and 6-OHDA-treated mice (from coronal OB sections,
the areas of dorsal GL located from ⫺45° to 45° were in vehicle:
1.15 ⫾ 0.08 ⫻ 10 ⫺2 mm 2; and in 6-OHDA: 1.32 ⫾ 0.16 ⫻ 10 ⫺2
mm 2; t(4) ⫽ 0.943, p ⫽ 0.3991). We conclude that a local
6-OHDA injection results in a spatially restricted transient loss of
DAergic PGNs in the dorsal portion of the OB.
Activation of microglia in the lesioned portion of the OB
6-OHDA is suspected not only to directly trigger cell death of
DAergic neurons by oxidative stress induction and mitochondrial inhibition, but studies in other brain areas have also reported indirect DAergic cell elimination by activated microglia
(Akiyama and McGeer, 1989; Du et al., 2001; He et al., 2001; Wu
et al., 2002; Virgone-Carlotta et al., 2013). To check whether the
DAergic PGN lesion could activate microglia cells, we performed
CD68 staining (Fig. 1E) to quantify the number of activated microglia. We have already shown in the OB that CD68 is strongly
expressed by activated microglial cells after acute sensory deafferentation (Lazarini et al., 2012). Here, we found strong staining for
CD68 in the 6-OHDA-injected OB at 7 d after lesion, with a
fivefold increase in 6-OHDA-injected animals compared with
vehicle-treated mice. Activated microglia were present only in the
dorsal part of the OB corresponding to the injected area (Fig. 1E),
and this activation was found to be transient since we observed
only faint staining for CD68 at 1 month after lesion (data not
shown). The dorsal neuroinflammation was not restricted to the
GL, but it extended deeper to the external plexiform layer and
the GCL, delineating a cone with a base located at the surface of
the dorsal GL and the tip oriented toward the GCL. The activation of microglia was specific to the 6-OHDA-treated OB but not
due to invasive surgery as shown by faint staining for CD68 in
vehicle-treated mice (Fig. 1E).

4
(Figure legend continued.) into 8 sectors of 45°. C, TH immunoreactivity of coronal sections of
striata and SVZ at 1 month after 6-OHDA injection into the right SN (left) or the two OBs (right).
The efficacy of DA denervation is demonstrated by low levels of TH expression in the right
striatum and right SVZ after neurotoxin injection into the right SN (left), depicting the extent
and specificity of the lesion. Conversely, the right panel represents no alteration of TH expression in the two striata and SVZ after injection of 6-OHDA into the OB. D, Immunoreactivity for TH
(top), DCX (middle), and Calb (bottom) of the lesioned GL at 7 d after injection into the OB of
vehicle (left) or 6-OHDA (right). 6-OHDA reduces the number of DAergic cells expressing TH in
the dorsal GL. Conversely, 6-OHDA increases DCX number but does not change Calb number in
the same area. E, Immunoreactivity for CD68 (E1, E2, top) of the dorsal OB at 7 d after injection
into the OB of vehicle (left) or 6-OHDA (right). 6-OHDA activates microglial cells as revealed by
CD68 staining. Note the restricted presence of activated microglia in the dorsal part of the OB,
depicting the extent and specificity of the lesion. Arrow indicates the area shown at higher
magnification in E1 and E2. F, Time course of apoptotic cells expressing active cleaved casp 3 in
the lesioned GL after 6 h, 1 d, and 3 d after 6-OHDA injection. The number of apoptotic cells is
increased at day 3 after OB lesion. G, Time course of TH ⫹ PGNs located in the lesioned GL after
OB lesion (n ⫽ 4 or 5 animals per group). The number of TH-expressing neurons is transiently
reduced in the dorsal GL after OB lesion. H, Time course of DCX-positive PGNs located in the
lesioned GL after OB lesion (n ⫽ 4 or 5 per group). The number of developing neurons expressing DCX peaks at day 14 in the dorsal GL after OB lesion and resumes 21 d later. *p ⬍ 0.05.
***p ⬍ 0.001. Scale bars: B, C, 100 m; D, 20 m; E, 100 m; E1, E2, 20 m.
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The number of DCX-positive neurons increases in the
lesioned OB
To assess whether the local DAergic cell loss could influence the
processes of adult neurogenesis, we quantified the number of
adult-born neurons located in the injected area during the first 2
months after lesion (i.e., at 7, 14, 21, 28, and 56 d after lesion). We
counted the number of developing adult-born neurons by quantifying the numbers of DCX, a neuronal marker transiently expressed by newly generated neurons (Brown et al., 2003) (Fig.
1 D, H ). We observed a strong increase in DCX-positive cells in
the GL of injected area of lesioned mice peaking at 14 d after
6-OHDA lesion and recovering 7 d later (Fig. 1H; day 7 after
lesion, t(5) ⫽ 8.151; p ⫽ 0.0005). Conversely, we found no change
in the number of DCX-positive cells in the GL of nonlesioned
area of the same mice (day 7 after lesion, vehicle: 102.3 ⫾ 0.9
DCX-positive cells; 6-OHDA: 99.3 ⫾ 4.3 DCX-positive cells; t(4)
⫽ 0.695, p ⫽ 0.528). Moreover, we found no change in DCX
immunoreactivity in both RMS of the OB (RMSob) and GCL of
injected area or nonlesioned area (Fig. 2C). Thus, 6-OHDA lesioning has only local effects on the DCX cell number by increasing this number in the lesioned GL area but sparing the other OB
regions.
To check whether the increased number of DCX-positive immature neurons found in the lesioned GL could result from local
proliferation or change in SVZ proliferation, the cell proliferation
marker BrdU was injected 2 h before perfusion at 7 d after lesion
(Fig. 2A). This protocol allows labeling of proliferating cells, including dividing precursor cells along the SVZ-RMS (Fig. 2B).
No difference in BrdU-positive cell density within the SVZ and
the RMS was found between vehicle and 6-OHDA-treated
groups (Fig. 2B3; treatment effect, F(1,12) ⫽ 0.0596, p ⫽ 0.8112).
This result indicates that 6-OHDA OB lesioning did not alter
proliferation or migration of adult-generated interneurons.
However, we observed a strong increase in proliferating BrdUpositive cells in the dorsal part of the 6-OHDA-lesioned OB (Fig.
3 A, B; t(6) ⫽ 5.113, p ⫽ 0.0022) where the BrdU immunoreactivity was restricted to a cone-shaped area located in the most superficial zone pointing toward the GCL. Figure 3A shows the
extent and specificity of the lesioned areas. To identify which cell
population was proliferating, we analyzed the phenotype of
BrdU-positive cells (Fig. 3C,D). A total of 97% of BrdU-positive
cells were colabeled by the microglial-specific antibody IBA1
(Fig. 3C1), revealing their microglia nature. In contrast, no
BrdU-positive cells were costained with immature neuron
(DCX)-specific antibody, indicating absence of neuronal proliferation in the region of DAergic cell loss.
Finally, to address whether the increased number of DCXpositive cells found in the lesioned GL could result from local
proliferation of oligodendrocyte progenitors as previously shown
(Jablonska et al., 2010), the number of cells positive for the transcription factor Olig2, a marker of oligodendrogenesis and of
neuronal precursors (Zhou and Anderson, 2002), was assessed at
7 d after lesion. We found no change in the number of Olig2positive cells in the GL of lesioned area (dorsal area located between ⫺45° and 45°) of the same mice (day 7 after lesion, vehicle:
4261 ⫾ 343 Olig2-positive cells; 6-OHDA: 4341 ⫾ 347 Olig2positive cells; t(4) ⫽ 0.165, p ⫽ 0.877). Thus, 6-OHDA lesioning
of the dorsal GL results in a strong neuroinflammation that is
restricted to the dorsal part of the OB but extends to all OB
layers and leads to local microglial activation and proliferation, but not to neuronal precursor or oligodendrocyte progenitor proliferation.
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Figure 2. 6-OHDA-induced lesion of the OB spares the first steps of neurogenesis. A, Design of the experiments. Vehicle, or 6-OHDA, was bilaterally injected into the GL, and mice were perfused
7 d later. To label proliferating cells, BrdU was injected 2 h before perfusion. B, Sagittal sections of the forebrain injected with vehicle (top) or 6-OHDA (bottom) showing the different neurogenic
zones labeled with BrdU. B1, B2, Higher magnifications of areas indicated in the sections. B3, BrdU-positive cell density in the SVZ and RMS at day 7 after lesioning. C, Coronal sections of the OB of
vehicle (left) or 6-OHDA (middle) showing the RMSob and the GCL labeled with DCX. Right, DCX immunoreactivity (IR, in arbitrary units, a.u.) in the RMSob and GCL of injected and nonlesioned areas
quantified 7 d after lesion. Scale bars: B, 250 m; C, 25 m.

DAergic cell loss facilitates incorporation of adult-born PGNs
The increased number of developing neurons in the injection
area during the first 2 weeks after 6-OHDA treatment could result
from increased recruitment of newly generated neurons that migrate tangentially in the RMS, from increased numbers of radially
migrating young neurons in the OB, or from both enhanced
migratory processes. To tackle this question, a replicationdefective lentivirus expressing GFP was bilaterally injected to the
RMS of mice to label migrating newborn cells at the time of
injection (Fig. 4 A, B). Seven days later, vehicle or 6-OHDA was
bilaterally injected into the GL. First, we assessed the number of
PGNs expressing both TH and GFP in the injected area at day 14
after the viral vector injection. In vehicle mice, only 10 ⫾ 1% of
GFP-positive cells also express TH (from 136 counted GFP-

positive cells analyzed among 4 mice). In 6-OHDA-injected OB,
only 10 ⫾ 2% of GFP-positive cells also express TH (from 134
GFP-positive cells analyzed among 4 mice). We found no difference between the two groups of mice (t(4) ⫽ 0.644, p ⫽ 0.554),
suggesting that 6-OHDA lesion does not change the proportion
of new DAergic PGNs integrating the OB network. However,
6-OHDA could change the survival of PGNs, increasing their
number in the lesioned OB network. To address this issue, because labeling efficiency varied among mice (data not shown), we
analyzed the relative number of GFP-labeled new neurons found
in the injected area compared with those located in the nonlesioned area 14 d after viral injection (Fig. 4C). This ratio evaluates
whether PGNs and GCs are specifically recruited into 6-OHDAtreated or vehicle-treated OB areas. Although no difference was
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Figure 3. Microglial cells, but not neuroblasts, proliferate in the 6-OHDA-lesioned OB. A, BrdU immunostaining in the OB of a vehicle (left) and a 6-OHDA-injected OB (right) at 7 d after
lesion. BrdU-positive cells were restricted to the dorsal part of the OB, mainly in the GL, but also in the external plexiform layer and GCL. B, Quantification of BrdU-positive cells in the
injected area (dorsal part of the OB) at 7 d after lesion (n ⫽ 4 mice per group). C, BrdU and IBA1 immunostaining in the GL of a 6-OHDA-injected OB at 7 d after lesion. BrdU was only found
in microglial cells expressing IBA1. Arrow indicates the cell shown at higher magnification in C1. D, Percentage of BrdU-positive cells colabeled with one of three cell markers: GFAP for
astrocytes, DCX for developing neurons, and IBA1 for active microglial cells. Cell counts were performed in the dorsal GL of vehicle and 6-OHDA-lesioned mice at 7 d after lesion (n ⫽ 4
mice per group, ⬃100 cells analyzed per mouse). Nearly all fast-proliferating cells positive for BrdU coexpressed IBA1. **p ⬍ 0.01, compared with vehicle. Scale bars: A, 50 m; C, 10
m.

found between 6-OHDA and vehicle-treated mice regarding
adult-born GCs, this ratio significantly increased for PGNs (Fig.
4C; t(6) ⫽ 3.006, p ⫽ 0.0238). This observation indicates that
migration/integration of immature PGNs was biased toward the
6-OHDA-injected area. Thus, PGNs preferentially integrated
into the area in which DAergic PGNs were selectively lost and
where microglia were activated. We conclude that 6-OHDA
administration into the dorsal OB results in a regional DAergic cell loss followed by a complete recovery of TH ⫹ PGNs, at
4 weeks after lesion, and this recovery might result, at least in
part, from increased incorporation of adult-born PGNs in the
ablated area.

Behavioral consequences of the DAergic cells loss
and recovery
Given the dramatic effects of 6-OHDA on bulbar DAergic interneurons, we investigated possible consequences on olfactorydriven behaviors. First, because of potential concerns using
6-OHDA on locomotion, we checked the motor activity of
treated mice using a Rotarod (Fig. 5A). Mice were tested at 1 and
4 weeks after intrabulbar injection. Whereas mice subjected to
6-OHDA infusion into the right SN showed lower balance performance than controls, we found no motor deficits in mice injected with 6-OHDA compared with vehicle mice (Fig. 5A; F(5,79)
⫽ 3.04, p ⫽ 0.0146; mice injected in the right SN, 6-OHDA
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Figure 4. Preferential incorporation of lentivirus-labeled adult-born PGNs in the local area of DAergic neuron ablation. A, Overview of the experimental procedure. Mice were bilaterally injected
into the RMS by a replication-defective lentivirus expressing eGFP to label migrating newborn cells at the time of injection. Seven days later, vehicle, or 6-OHDA, was bilaterally injected into the GL,
and mice were analyzed 2 weeks later. B, GFP staining in the dorsal OB at 2 weeks after viral injection in vehicle and 6-OHDA-lesioned mice. B1, B2, Delineated areas are shown at higher
magnification. C, Ratio of the number of virus-labeled new neurons in the injected area over the one counted in the noninjected area (n ⫽ 4 mice per group). This ratio is more elevated for PGN in
6-OHDA-injected mice, indicating a bias for incorporating immature neurons into the lesioned area. *p ⬍ 0.05, compared with vehicle. NS, Not significant. Scale bars: B1, B2, 20 m.

compared with vehicle: t(21) ⫽ 4.167, p ⫽ 0.0004). These data
indicate that a local 6-OHDA lesion in the OB had no functional
impact on motor coordination.
Next, we assessed distinct olfactory-driven behaviors after
6-OHDA treatments 7 d after lesion. Innate olfactory tests were
performed using aversive, attractive, and neutral olfactory cues,
as previously described (Lazarini et al., 2012). Aversive odorants
consisted of 2-MB acid, a nonsocial odorant cue emitted by
spoiled foods, and TMT, a predator odorant found in fox urine
(Kobayakawa et al., 2007). The attractive olfactory cue consisted
of Coco Pops cereal, a source of food smells, and pool of conspecific female urines as a social smell cue (Nyby et al., 1985; Feierstein et al., 2010; Malkesman et al., 2010; Lazarini et al., 2012). As
for controls, we used neutral sources of odorants, such as water,
MO, and plastic paraffin film (hereafter called Parafilm). We
assessed a preference index for each olfactory cue by calculating
the difference between the time spent in the scented zone during
the odorant trial minus the time spent in the scented zone during
vehicle presentation. As expected, all mice exhibited similar olfactory behavior when using neutral olfactory cues (Fig. 5B). In
contrast, Coco Pops cereals were attractive for both vehicle and
6-OHDA-lesioned mice because they were found to spend more
time in the scented zone (Fig. 5B; vehicle mice: Coco-Pops vs
Parafilm, t(29) ⫽ 4.083, p ⫽ 0.0003; 6-OHDA mice: Coco-Pops vs
Parafilm, t(28) ⫽ 1.712, p ⫽ 0.049). As a result, the preference
index for Coco Pops was strongly positive for both vehicle- and
6-OHDA-treated mice (Fig. 5C), indicating unchanged attraction for food smells after 6-OHDA lesion.

In sharp contrast with these results, when we used attractive
female urine or aversive olfactory cues, mice were strongly impaired after OB lesions with 6-OHDA (Fig. 5 B, C). Consistent
with previous reports (Kobayakawa et al., 2007; Dewan et al.,
2013), vehicle-treated mice showed standard avoidance responses to either 2-MB acid or TMT, spending more time in the
cage zones far away from the odorant source (Fig. 5B; top 2 and 3,
2-MB acid vs water: t(35) ⫽ 4.237, p ⫽ 0.0002; TMT vs MO: t(30) ⫽
3.109, p ⫽ 0.0041). Thus, olfactory behaviors of 6-OHDA-treated
mice substantially differ from control mice (Fig. 5 B, C; 2-MB
acid: vehicle vs 6-OHDA mice, t(34) ⫽ 4.271, p ⬍ 0.0001; TMT:
vehicle vs 6-OHDA mice: t(30) ⫽ 3.240, p ⫽ 0.0029). Surprisingly,
6-OHDA-treated mice exhibited a noninterest, or even attraction, to the aversive odorants (Fig. 5B, bottom 2 and 3). On the
other hand, vehicle mice showed attractive response to female
urine, spending more time in the scented zone (Fig. 5B, top 4,
female urine vs water: t(33) ⫽ 3.473, p ⬍ 0.0015), whereas
6-OHDA-lesioned mice showed no interest, or repulsion, to female urine (Fig. 5B, bottom 4; vehicle vs 6-OHDA mice: t(33) ⫽
4.433, p ⬍ 0.0001).
Collectively, these data indicate that a 6-OHDA lesion of the
OB impairs innate behavioral responses triggered by nonsocial
and social olfactory cues. Finally, we evaluated the impact of
DAergic cell loss and recovery on TMT olfactory responses observed at different time points: 7 d, 1 month, and 2 months after
6-OHDA treatment (Fig. 5D). We found a significant difference
in TMT responses between the vehicle and 6-OHDA groups at
both 1 week and 1 month after injection (Fig. 5D; F(5,91) ⫽ 3.441,
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Figure 5. Behavioral consequences of challenging bulbar DAergic interneurons. A, Mean latency before falling down for the rotarod test are shown for mice injected with vehicle or 6-OHDA into
the right SN or the two OBs at day 7 and day 30 after lesion (n ⫽ 8 –23 per group). Mice injected into the SN exhibited shorter latencies compared with the control groups (i.e., vehicle-injected mice
and mice treated with bilateral injection of 6-OHDA into the OB), indicating motor deficits. B, Representative tracing of mouse locomotion at 7 d after lesion, during a 3 min exposure to the tested
odorant and to its vehicle. Panels represent the third stage of one session of the innate olfactory test habituation: exposure to the tested odorant in zone 1 and to its vehicle in zone 3. Top, Tracings
of a vehicle-injected mouse (“vehicle mice”). Bottom, Tracings of a 6-OHDA-injected mouse (“6-OHDA mice”). The position of the mouse was quantified in the cage test by measuring the time spent
in zone 1 and zone 3. The tested odorants were MO, TMT, 2-MB acid, Coco Pop cereals, and pool of female urines (“female urine”). Vehicle odorants were MO, water, or Parafilm as appropriate.
Odorants were positioned in the middle of zone 1, except for Coco Pop cereals, which were exposed in the left part of zone 1. Whereas vehicle mice avoid aversive olfactory cues (TMT and 2-MB acid),
6-OHDA-treated mice showed no interest in these odorants. Moreover, whereas female urine attracted the vehicle mice, the 6-OHDA mice showed no interest to this social scent. C, Preference index
values for mice injected into the two OBs by vehicle (black columns) or 6-OHDA (white columns) at 7 d after lesion (n ⫽ 14 –20 mice per group, per odorants). Olfactory cues were chosen to be neutral
(water, MO, Parafilm), aversive (2-MB acid, TMT), or attractive (Coco Pop cereals, female urine). Preference index ⫽ time spent in zone 1 during odorant trial ⫺ time spent in zone 1 during vehicle
trial. Positive values indicate attraction and negative value repulsion. Female urine was strongly attractive for vehicle male mice but not for 6-OHDA-injected mice. 2-MB acid and TMT elicited robust
aversion for vehicle mice, but not for 6-OHDA-injected mice. D, Preference index values for mice injected into the two OBs by vehicle (black) or 6-OHDA (white) at 1 week, 1 month, and 2 months after
lesion (n ⫽ 15–18 mice per group). The tested odorant is the aversive odorant TMT. Whereas TMT induces a strong avoidance for vehicle mice, the response to this olfactory cue was altered in
6-OHDA-treated mice but restored at 2 months after lesion. E, Minocycline treatment blocks the strong neuroinflammation induced by 6-OHDA lesion. Top, Design of the experimental procedure.
Minocycline or saline was administered during 8 d, starting 1 d before 6-OHDA lesion of the OB. A 6-OHDA-containing solution, or vehicle alone, was infused into the (Figure legend continues.)
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p ⫽ 0.0068; day 7 after lesion, t(31) ⫽ 2.192, p ⫽ 0.0360; 1 month
after lesion, t(30) ⫽ 3.240, p ⫽ 0.0029). However, the TMTinduced response recovered 2 months after the 6-OHDA lesion, a
time window necessary for inflammation resolution and a total
recovery of the DAergic cell population in the dorsal OB (Fig.
1F ). It could be argued that olfactory alteration and its recovery
might result from the strong transient inflammation of the OB
induced by 6-OHDA treatment. To test this possibility, mice received an anti-inflammatory drug, minocycline, to inhibit microglial activation (Fig. 5E). We found that, 7 d after 6-OHDA lesion
of the OB, minocycline treatment strongly reduced CD68 immunoreactivity, indicating reduced neuroinflammation (Fig. 5E).
However, we found that minocycline treatment did not prevent
the massive loss of TH ⫹ bulbar cells 7 d after 6-OHDA lesioning
(comparison between controls, lesioned, and minocyclinetreated and lesioned mice, F(2,6) ⫽ 2.34, p ⫽ 0.1774). We then
investigated whether minocycline treatment is able to restore olfaction after 6-OHDA lesion (Fig. 5F ). No difference was found
in the preference index in the TMT innate olfactory test between
lesioned mice and minocycline-treated lesioned mice (Fig. 5F ).
These findings indicate that minocycline efficiently prevents microglial activation in response to the lesion without reducing the
lesion itself and that inflammation is not involved in 6-OHDAinduced olfactory impairments.

Discussion
The present study reports, for the first time, that 6-OHDA lesioning of the dorsal OB results in the following: (1) a transient selective ablation followed by a full recovery of DAergic interneurons
in the injected zone; and (2) a transient impairment of olfactoryguided innate behaviors that depend on both social and nonsocial olfactory cues, followed by a full recovery. These findings
confirm and extend previous work showing the importance of
the dorsal portion of the OB in olfactory information processing
that underlies some olfactory-driven behaviors (Kobayakawa et
al., 2007; Dewan et al., 2013).
Injection of 6-OHDA induces a local depletion of
DAergic cells
To develop a model of PD, numerous studies have used
6-OHDA-induced lesion of the nigrostriatal system (Sotelo et al.,
1973; Andrew et al., 1993; Tieu, 2011). We found that injecting
6-OHDA into the OB induces a transient loss of DAergic interneurons, leading to a reversible impairment of olfaction. This
finding underscores the importance of DA for the sense of smell,
in addition to its crucial known roles in the planning of movements, mood, and motivation.
Similar to our work, previous studies have shown that OB
DAergic interneurons are crucial for sensory information processing and olfactory abilities, such as perception, discrimination, and olfactory social interactions (Doty and Risser, 1989;
Sallaz and Jourdan, 1992; Hsia et al., 1999; Murphy et al., 2005;
Serguera et al., 2008; Escanilla et al., 2009; Prediger et al., 2009).
DA is directly involved in the presynaptic inhibition of olfactory
4
(Figure legend continued.) dorsal part of each OB. Bottom, CD68 staining in the dorsal lesioned
OB at 1 week after 6-OHDA injection in vehicle (left), 6-OHDA-lesioned (center), and
minocycline-treated lesioned (right) mice. F, Preference index values for mice treated with
saline or minocycline (gray) for 1 week and injected at day 1 into the two OBs by vehicle (black)
or 6-OHDA (white) at 1 month after lesion (n ⫽ 7–10 mice per group). The response to TMT is
unchanged by minocycline treatment. *p ⬍ 0.05. **p ⬍ 0.01. ***p ⬍ 0.001. ****p ⬍
0.0001. Scale bar, 10 m.
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sensory neurons, and it modulates interglomerular connectivity,
thus contributing to the unique proposed functions of THcontaining cells among other types of PGN in odorant detection
threshold and odorant discrimination ability. Consistent with
this, individuals with PD showing characteristically altered DA
function also exhibit impairment of olfactory performance (Ansari and Johnson, 1975; Höglinger et al., 2004; Meusel et al.,
2010).
Previous work on rodents indicated that DAergic cell ablation
and olfactory deficits can also be achieved with a variety of neurotoxins, including the most commonly used MPTP. However,
their cytotoxic effects, independent of the site of administration,
extend to the whole brain, including the nigrostriatal pathway
and the SVZ, thus bringing confounded results (Höglinger et al.,
2004; Jackson-Lewis and Przedborsky, 2007; Tieu, 2011). Here
we chose 6-OHDA to target DAergic neurons in only the dorsal
part of the OB and to bypass the blood– brain barrier. We found
that 6-OHDA injection only produces a local neurotoxic effect in
the dorsal GL where it eliminates DAergic cells located in the
injected area but spares other DAergic cells located in noninjected OB and other brain areas. Mice bilaterally injected with
6-OHDA into the OB have an unchanged performance in the
rotarod test, indicating that the injected neurotoxin did not retrogradely diffuse to brain centers involved in locomotor activities
and behaviors (e.g., nigrostriatal pathway). The number of DA
PGNs that survive in the lesioned GL is ⬃50% at day 7 after
lesioning despite the very high dose we used that kills almost all
DA neurons in the SN. Interestingly another neurotoxin MPTP
also leaves many DA PGN survivors, whereas DA neurons of the
SN are strongly affected (Prediger et al., 2009). These observations are similar to the relative protection against neurotoxicity in
ventral tegmental area cells compared with SN cells. They bring
new insights in understanding potential neuroprotective mechanisms, such as the expression levels of the DA transporter and/or
responses to oxydative stress.
Several studies have reported that 6-OHDA induces microglial activation that may be deleterious for DAergic cells
(Akiyama and McGeer, 1989; He et al., 2001; Virgone-Carlotta et
al., 2013). We confirm that 6-OHDA can induce strong microglial activation that occurs only locally in the injected area without affecting the rest of the bulb, including the DAergic cells
located outside of the injected area. Herein, we demonstrated that
an anti-inflammatory treatment, minocycline, blocks the strong
neuroinflammation induced by 6-OHDA lesion but did not restore the altered olfactory response to TMT, thus suggesting that
chemical-induced olfactory impairment does not result from
inflammation.
Adult neurogenesis rescues DAergic cell loss in the OB
In rodents, the functional relevance of the constitutive adult neurogenesis in the healthy brain is beginning to be unraveled, ranging from perceptive to cognitive functions, including learning
and memory, mood regulation, pattern separation, and behavioral responses to olfactory cues (Lazarini and Lledo, 2011; Sakamoto et al., 2011; Alonso et al., 2012; Freund et al., 2013).
Reactive adult neurogenesis might be involved in the natural selfrepair processes to injury (Cave et al., 2014). We present evidence
that adult neurogenesis provides the OB with new DAergic neurons to replace the cell loss. First, we found that the number of
DCX-positive immature neurons increases in the lesioned OB,
but not elsewhere. Using lentiviral labeling of RMS-migrating
neuroblasts, we showed that a significant proportion of new neurons in the lesioned OB originate from the SVZ. Another poten-
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tial source for neuronal replacement in the lesioned bulb is an in
situ generation from local neuronal progenitors. Although we did
not find any evidence supporting in situ proliferation of DCXexpressing neuroblasts, or Olig2-expressing neural progenitors,
after 6-OHDA injection, we cannot rule out the possibility that
new DAergic interneurons originated from other yet nonidentified neuronal progenitors.
The increased incorporation of adult-generated neurons into
the lesioned GL probably reflects an increased survival of adultborn TH ⫹ cells in the infused area because cell proliferation in
the SVZ and RMS remains constant. This effect seems to be specific to PGNs because the number of new neurons in the GCL was
unchanged after 6-OHDA lesioning. This effect is reminiscent of
data showing that, after standard DAergic denervation, general
SVZ neurogenesis decreases but DAergic neuronal production in
the OB increases (Sui et al., 2012).
The nature of the putative “integration” signal remains unknown. It is possible that developmental signals and synaptic
contacts established by sensory neurons enhance the integration
of new neurons into the lesioned OB circuits and may specify
DAergic phenotypes (Brill et al., 2008; Ninkovic et al., 2010; Banerjee et al., 2013; Bergami et al., 2013). Interestingly, the survival
of new OB interneurons is also increased in mouse models where
adult SVZ neurogenesis has been partially disrupted, thus indicating the inverse relationship that links the quantities of recruited neurons with their survival (Winner et al., 2006; Lazarini
et al., 2009; Sui et al., 2012).
Similar to the present study, recent findings have shown that
new neurons can compensate for depleted neuronal GC and PGN
subsets in the OB (Yamada et al., 2004; Liu and Guthrie, 2011;
Murata et al., 2011; Sawada et al., 2011). Selective DAergic cell
generation was noted in OB 1 week after DA depletion induced by
MPTP (Yamada et al., 2004). Our data, together with previous
studies, indicate that adult neurogenesis is required for maintaining OB circuits and replacing DAergic cells essential to olfactory
processing.
A role for adult DAergic neurogenesis in restoring innate
olfactory responses
The transient impairment of olfactory-induced behaviors seen
after 6-OHDA injection is consistent with previous studies showing olfactory impairment and recovery after MPTP DAergic depletion (Höglinger et al., 2004; Tieu, 2011). The spontaneous
recovery after toxin-induced DAergic cell death is very similar to
the motor behavioral recovery seen in 6-OHDA- and MPTPlesioned rodents and primates (Fisher et al., 2004; Petzinger et al.,
2006; Golden et al., 2013). Motor recovery occurs in these cases
after structural remodeling, including sprouting of surviving
DAergic cells (Petzinger et al., 2013). We propose that adult neurogenesis represents another means by which functional circuits
could be restored without discarding other potential mechanisms. It is important to note that we observed a complete recovery of the number of TH ⫹ cells at 1 month after 6-OHDA lesion,
whereas a full behavioral recovery was seen 2 months later. This
delay may reflect a mismatch between the mere neuronal recruitment (4 weeks) and their functional maturation (4 – 8 weeks).
Such discrepancy has been already reported in studies showing
that adult-born hippocampal neurons contribute to behavior
only when reaching the age of 4 – 6 weeks (Denny et al., 2012). In
our context, one could hypothesize that neurons need to establish
a certain number of functional synapses in order for behavior to
be restored after 6-OHDA lesion, and this might occur after 4
weeks. Further experiments aiming at assessing firing activity,

synapse formation, dendritic complexity, dendritic dynamics, or
axonal growth are required to unequivocally disambiguate the
mismatch between TH ⫹ cell number and behavioral recovery.
Our data indicate that a 6-OHDA lesion to the dorsal OB
impairs innate behaviors triggered by nonsocial and social odorant cues. This finding highlight the importance of the dorsal OB
for sensory information processing of innate responses and is
consistent with previous studies reporting altered olfactory responses to predator odorants, spoiled smells, and conspecific
odors, after genetic depletion of the OB dorsal zone (Kobayakawa
et al., 2007; Dewan et al., 2013). The present study points out a
key role for dopamine signaling in supporting innate olfactorydriven behaviors and the restorative functions of adult OB
neurogenesis.
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Sui Y, Horne MK, Stanić D (2012) Reduced proliferation in the adult mouse
subventricular zone increases survival of olfactory bulb interneurons.
PLoS One 7:e31549. CrossRef Medline
Tan J, Savigner A, Ma M, Luo M (2010) Odor information processing by the
olfactory bulb analyzed in gene-targeted mice. Neuron 65:912–926.
CrossRef Medline
Tieu K (2011) A guide to neurotoxic animal models of Parkinson’s disease.
Cold Spring Harb Perspect Med 1:a009316. CrossRef Medline
Virgone-Carlotta A, Uhlrich J, Akram MN, Ressnikoff D, Chrétien F, Domenget C, Gherardi R, Despars G, Jurdic P, Honnorat J, Nataf S, Touret M
(2013) Mapping and kinetics of microglia/neuron cell-to-cell contacts in
the 6-OHDA murine model of Parkinson’s disease. Glia 61:1645–1658.
CrossRef Medline
Whitman MC, Greer CA (2007) Adult-generated neurons exhibit diverse
developmental fates. Dev Neurobiol 67:1079 –1093. CrossRef Medline
Willis GL, Singer G, Evans BK (1976) Intracranial injections of 6-OHDA:
comparison of catecholamine-depleting effects of different volumes and
concentrations. Pharmacol Biochem Behav 5:207–213. CrossRef Medline
Winner B, Geyer M, Couillard-Despres S, Aigner R, Bogdahn U, Aigner L,
Kuhn G, Winkler J (2006) Striatal deafferentation increases dopaminergic neurogenesis in the adult olfactory bulb. Exp Neurol 197:113–121.
CrossRef Medline
Wu DC, Jackson-Lewis V, Vila M, Tieu K, Teismann P, Vadseth C, Choi DK,
Ischiropoulos H, Przedborski S (2002) Blockade of microglial activation
is neuroprotective in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
mouse model of Parkinson disease. J Neurosci 22:1763–1771. Medline
Yamada M, Onodera M, Mizuno Y, Mochizuki H (2004) Neurogenesis in
olfactory bulb identified by retroviral labeling in normal and 1-methyl-4phenyl-1,2,3,6-tetrahydropyridine-treated adult mice. Neuroscience 124:
173–181. CrossRef Medline
Zhou Q, Anderson DJ (2002) The bHLH transcription factors OLIG2 and
OLIG1 couple neuronal and glial subtype specification. Cell 109:61–73.
CrossRef Medline

