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Neural stem cells in the adult olfactory bulb core generate
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Abstract

Although previous studies suggest that neural stem cells (NSCs) exist in the adult

olfactory bulb (OB), their location, identity, and capacity to generate mature neurons

in vivo has been little explored. Here, we injected enhanced green fluorescent pro-

tein (EGFP)-expressing retroviral particles into the OB core of adult mice to label

dividing cells and to track the differentiation/maturation of any neurons they might

generate. EGFP-labeled cells initially expressed adult NSC markers on days 1 to

3 postinjection (dpi), including Nestin, GLAST, Sox2, Prominin-1, and GFAP. EGFP+-

doublecortin (DCX) cells with a migratory morphology were also detected and their

abundance increased over a 7-day period. Furthermore, EGFP-labeled cells progres-

sively became NeuN+ neurons, they acquired neuronal morphologies, and they

became immunoreactive for OB neuron subtype markers, the most abundant rep-

resenting calretinin expressing interneurons. OB-NSCs also generated glial cells,

suggesting they could be multipotent in vivo. Significantly, the newly generated neu-

rons established and received synaptic contacts, and they expressed presynaptic pro-

teins and the transcription factor pCREB. By contrast, when the retroviral particles

were injected into the subventricular zone (SVZ), nearly all (98%) EGFP+-cells were

postmitotic when they reached the OB core, implying that the vast majority of prolif-

erating cells present in the OB are not derived from the SVZ. Furthermore, we

detected slowly dividing label-retaining cells in this region that could correspond to

the population of resident NSCs. This is the first time NSCs located in the adult OB

core have been shown to generate neurons that incorporate into OB circuits in vivo.
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1 | INTRODUCTION

Neuroblasts are continuously born from neural stem cells (NSCs) (also

known as type B1 cells) in the mouse ventricular-subventricular zone (V-

SVZ) of the postnatal lateral ventricle. These neuroblasts migrate tangen-

tially along the radial migratory stream (RMS) toward the olfactory bulb

(OB), where they subsequently migrate radially and differentiate into mul-

tiple types of neurons.1-7 The majority of newly formed neurons will ulti-

mately end up in the granular cell layer (GCL) or glomerular layer (GL), and

they will mature into specific subtypes of GABAergic and dopaminergic

OB interneurons, all of which are inhibitory.8-13 However, a very small

number of Tbr2+ glutamatergic juxtaglomerular neurons are also gener-

ated from SVZ NSCs and they end up in the external plexiform layer

(EPL).14 Indeed, type B1 cells are heterogeneous and they generate differ-

ent types of interneurons, ultimately derived from finely patterned SVZ

subdomains.9,15 In the OB, nonoverlapping interneuron subpopulations

can be distinguished on the basis of their location, morphology, connec-

tivity, and molecular markers, such as the calcium binding proteins cal-

retinin (Calr), calbindin (Calb), and parvalbumin (PVA).9,16-22

Although the SVZ is the main source of OB interneurons, a num-

ber of studies claimed local NSCs exist in the adult rodent and human

OB.23-31 Furthermore, it has been reported that cells derived from the

human OB give rise to neurons and glia in cell culture.32-37 However,

the precise location, features, and most importantly, the full neuro-

genic potential of these NSCs in vivo has yet to be defined.

In the light of the above, we herein describe the use of retroviral

injections to characterize the dividing cells in the OB core and their

progeny in vivo. Following the injections, the cell's molecular markers

were analyzed, as were their morphology and connectivity (by electron

microscopy [EM]). Our results show that NSCs in the OB core predomi-

nantly give rise to Calr+ interneurons, with other cell types significantly

less abundant. Moreover, we show for the first time that the locally

formed neurons establish synapses and express synaptic-related pro-

teins, suggesting they incorporate into the OB circuitry.

2 | MATERIALS AND METHODS

2.1 | Animals

All animal care and handling was carried out in accordance with

European Union guidelines (directive 2010/63/EU) and Spanish legis-

lation (Law 32/2007 and RD 53/2013). All the protocols were

approved by the Ethics Committees of the Consejo Superior de

Investigaciones Científicas (CSIC, Madrid), the Comunidad de Madrid

and the University of Barcelona.

2.2 | Injection of retroviral vectors into the adult
OB and SVZ, perfusion, and immunohistochemistry

Injections were performed on 9-week-old wild-type C57BL/6N mice

using a digital stereotaxic instrument. The pRV-EGFP vector was

injected into the left OB core along with polybrene (2.5 μL) at the

coordinates (anteroposterior to bregma +5.1 mm, lateral to midline

±0.8 mm, ventral to dura �1.1 mm).30

The animals were anesthetized on day 1, 2, 3, 7, and 21 post-

injection (pi) with an intraperitoneal (ip) pentobarbital and then, per-

fused transcardially with 0.9% NaCl followed by 4% paraformaldehyde

(PFA). The animal's brain was postfixed for 48 hours, embedded in 3%

agarose, and serial coronal 30- to 50-μm vibratome sections were

obtained and processed for immunohistochemistry using antibodies

against to cell-type and/or cell stage specific markers (“Extended Mate-

rials and Methods” section in Supporting Information). Sections were

always costained with a GFP antibody, thus allowing unambiguous visu-

alization and examination of EGFP-labeled cells even at early dpi.

2.3 | EM analysis of EGFP+ cells

The injected animals were processed and the EGFP+ cells were ana-

lyzed by EM at 28 dpi to assess the synaptic connectivity of the newly

generated neurons (“Extended Materials and Methods” section in

Supporting Information).

2.4 | Injections of lentiviral vectors into the adult
OB and SVZ, and preparation of neurosphere cultures
from the injected and noninjected regions

One microliter of lentiviral (LV) vector was stereotaxically injected in

the OB and in the SVZ (AP + 0.8, ML �1.3, DV �2.5) of 8-week-old

C57/BL6 mice. One day before the LV injections were performed, a

group of six animals received three intraperitoneal injections of

5-chloro-2-deoxyuridine (CldU, 50 mg/kg) every 2 hours to identify

the potential label-retaining cell (LRC) population. Serial coronal

vibratome sections of the OB (40 μm) were immunostained with spe-

cific antibodies (“Extended Materials and Methods” section in

Supporting Information). Neurosphere cultures were prepared as

reported previously.29

Significance statement

The adult olfactory bulb (OB) receives neurons originating

from the subventricular zone and from the elbow of the ros-

tral migratory stream but it remains unclear whether local

neural stem cells (NSCs) contribute to neurogenesis in the

OB. The results of this study show for the first time that

NSCs in the adult OB core predominantly give rise to

calretinin-expressing interneurons. Notably, not only do the

newly generated neurons establish synapses but they also

express synaptic proteins and pCREB in vivo, indicating they

become incorporated into the OB's synaptic circuits.
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F IGURE 1 The large majority of neural progenitor cells from the adult mouse SVZ stop dividing before reaching the OB core and do not
contribute to primary neurosphere formation from dissected OB tissue. A, Experimental design of the SVZ retroviral labeling. An EGFP-expressing
retroviral vector (RV-EGFP) was injected into the SVZ of 9-week-old mice and the OB was then analyzed by immunohistochemistry. EGFP-
labeled cells were only detected in the OB core at 3, 4, and 5 days postinjection (dpi). B, Of the EGFP+ cells in the OB, 83.3% were labeled for
DCX while only 1.9% were positive for MCM2. C, All EGFP+DCX+ cells that reached the OB from the SVZ were devoid of MCM2

(arrowheads). D, By contrast, cells located in the OB core were immunolabeled with MCM2 antibody [arrows in (C) and (D)]. E,F, Two-month-old
animals were injected with a green fluorescent protein-expressing lentiviral vector (LV-PGK-GFP) vector into the OB (E; n = 5, LV-OB group) or
the SVZ (F; n = 3, LV-SVZ group) and were sacrificed 7 weeks later. In LV-OB animals (E), GFP+ neurospheres were obtained only from the OB
(in three out of five independent animals, 3/5; 15% of the spheres were GFP+). In LV-SVZ animals (F), GFP+ neurospheres were obtained only
from the SVZ (2/3; 10% of the spheres were GFP+). Scale bars = 925.9 μm (A); 77.6 μm (C); 20.7 μm (D). Scale bars in (E, F) = 100 μm (upper
panels images containing GFP+ neurospheres), 200 μm (images containing no GFP+ neurospheres), 50 μm (magnifications of GFP+ neurospheres,
below). DCX, doublecortin; OB, olfactory bulb; RV-EGFP, retroviral particles expressing EGFP; SVZ, subventricular zone
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2.5 | Quantitative and statistical analyses

In the mice injected with the EGFP retroviral vector, photos of all

EGFP+ cells were taken from each section and the colocalization of

specific markers with the GFP antibody was analyzed. To capture

the whole section, individual z-planes at a resolution of

1024 � 1024 were examined every 2 μm with a �20 objective. If

necessary, a �63 objective was used to pinpoint double staining at a

zoom of x2-3. The entire z-stack of the whole section or of the OB

core was counted to calculate the number of GFP+ cells and

colocalization with the GFP marker was analyzed in each individual

plane of each section using ImageJ. Results in Figure 3G are shown

as the mean (±SEM) of total GFP+ cells per volume, which was

determined using the ImageJ software on confocal z-stacks. For all

the experiments, sections from three to five animals per condition

(“n” value) were examined.

An unpaired two-tailed Student's t test was used to compare

the mean ± SEM values from two experimental conditions, with a

Welch´s correction when the F test indicated significant differences

between the variances of both groups. Statistical analyses compared

more than two experimental conditions using one-way analysis of

variance (ANOVA) and Kruskal-Wallis tests. For parametric distribu-

tions and equal variances measured by Barlett's test, one-way

ANOVA was used with Tukey's post hoc test. When the variances

were not equal (as measured by a Barlett's test), a nonparametric

Kruskal-Wallis test was used with a post hoc Dunn's test. Statistical

significance was set at *P < .05 and GraphPad Prism 5.0 was used

for all statistical analyses.

In the mice injected with LV particles (n = 3-5 mice per condi-

tion), individual confocal microscope (Leica) images were taken in the

z-plane every 2 μm and the EGFP+ cells were counted using the LAS

AF Lite software (Leica). Statistical analysis was carried out using an

unpaired two-tailed Student's t test after determining that the data

followed a normal distribution using the Kolmogorov-Smirnov test

and assessing the equality of variances with the Levene test. Statisti-

cal significance was set at P < .05.

3 | RESULTS

3.1 | The adult OB core contains dividing cells that
do not originate in the SVZ

Using retroviral labeling, we aimed to study whether new synapti-

cally mature neurons can be generated from dividing neural progeni-

tors present in the adult mouse OB core. To achieve this, it was

critical to first investigate whether SVZ-derived cells2 that migrate

through the RMS were still dividing or not by the time they reach

the OB core (see Figures 1A, 2F,G, and S1), and hence, we injected

retroviral particles expressing EGFP (RV-EGFP, which only infects

dividing cells) into the SVZ of adult mice (Figure 1A). When the

injected animals were analyzed 1 to 5 dpi, EGFP-labeled cells could

only be clearly detected in the OB core at 3, 4, and 5 dpi.

Importantly, a key study described that the majority of cells labeled

with [3H] Thymidine in the SVZ were found in the OB GCL and GL

at 15 dpi.5 Thus, we focused on the 3 to 5 dpi time points for further

analysis, as they represent the days when more SVZ-derived cells

reach the OB core, our area of interest. We immunostained the

labeled cells using antibodies against GFP, DCX (a marker of neuro-

blasts and immature neurons), and MCM2 (a marker of dividing

cells).38,39 As seen in Figure 1B, 83.3% of the EGFP+ cells expressed

DCX, whereas only 1.92% of the EGFP+ cells were labeled for

MCM2. Furthermore, all the migrating EGFP+DCX+ cells that reach

the OB from the SVZ were devoid of MCM2 in the OB (Figure 1C),

indicating that they do not divide in this structure. We obtained a

lower proportion of dividing EGFP+ cells when assessed with an

anti-Ki67 antibody (0.76%, n = 5). Importantly, MCM2+ cells were

present in the OB core and in the surrounding inner GCL (iGCL)

(Figure 1D). Therefore, our data demonstrate that almost all (98%-

99%) the SVZ-derived cells do not proliferate in the OB core, indi-

cating that the vast majority of dividing cells detected in the OB core

are not derived from the SVZ.

To extend these findings, we injected LV-PGK-GFP lentiviral

particles into the OB core or into the SVZ of 8- to 9-week-old mice,

and we performed a primary neurosphere formation assay 7 weeks

later, both on the OB and the SVZ dissected tissue (Figure 1E). GFP-

labeled primary neurospheres (15%) formed in cultures derived from

the injected OB (in three out of five injected animals) but not in cul-

tures from the noninjected SVZ (0/5) of the same animals. The oppo-

site was found when the LV particles were injected into the SVZ

(Figure 1F), with GFP-positive primary neurospheres (10%) formed

in cultures from the injected SVZ (2/3) but not in those from the OB

(0/3). The neurospheres derived from the OB appeared to be smaller

than those derived from the SVZ, in line with a previous study.29

Together, these results show that neurosphere forming cells located

in the OB are not derived from the SVZ, and concur with the exis-

tence of a local pool of NSCs in the OB.23,26,28,29

3.2 | The adult OB core cells include LRCs

To assess if the dividing cells found in the adult OB core correspond

to local slowly dividing LRCs that could be the source of the primary

neurospheres, we administered CldU (which incorporates into the

DNA of dividing cells) to 2-month-old animals the day after injecting

the LV-PGK-GFP vector, which infects both dividing and nondividing

cells. The GFP-expressing LV particles were injected either into the

OB core (LV-OB animals) or into the SVZ (LV-SVZ animals) and after

7 weeks, the OB was analyzed by immunofluorescence (Figure 2A).

In both sets of mice, GFP+NeuN+ cells were found outside the OB

core, in the GL and GCL (Figure 2B-D), yet the proportion of GFP+

cells in the OB core of LV-OB animals was almost three times higher

than in LV-SVZ animals (P = .036, unpaired Student's t test,

Figure 2E). Moreover, in the OB core of some LV-OB mice, the

GFP+NeuN� cells formed small clusters of globular cells (Figure 2F,

G). In addition, 30.6% ± 9.2% of GFP+ cells in the OB core of LV-OB
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animals incorporated CldU (GFP+ LRCs, Figure 2H), whereas such

double labeled cells (GFP+CldU+) were never found in the OB core

of LV-SVZ animals. Although the genetic strategy may affect the

results of this experiment, our findings suggest that slowly dividing

LRCs exist in the adult OB core that possibly correspond to a popu-

lation of resident NSCs.

F IGURE 2 Label-retaining cells (LRCs) persist in the
adult OB core. A, Experimental design of the LRC and
lentiviral labeling protocol. CldU was injected i.p. into
2-month-old mice and the next day, LV-PGK-GFP
particles were injected into either the OB core (LV-OB
animals) or the SVZ (LV-SVZ animals). The OB was
analyzed by immunofluorescence 7 weeks later. B,
Representative image of a GFP+NeuN+ neuron in the
glomerular layer (GL) of an LV-OB animal (arrow). B0,
Magnifications of the area shown in (B). C,
Representative images of GFP+NeuN+ neurons found
in the granule cell layer (GCL) of LV-OB animals. C0,C00,
Magnifications of the areas shown in (C). D,E, Seven
weeks after LV injection, the percentage of GFP+ cells
in the OB core of LV-OB animals was almost three
times higher than in LV-SVZ animals (*P = .036,
unpaired Student's t test). F, Representative image of an
OB section from a mouse injected with the LV-PGK-
GFP vector into the OB core and immunostained with
an anti-NeuN antibody. G, Clusters of GFP+ cells that
did not stain for the neuronal marker NeuN (putative
NSCs) were detected at restricted sites in the OB core.
G0,G00,G000, Magnifications of the areas shown in G. H,
Percentage of GFP+ cells in the OB core of LV-OB
animals that were labeled with CldU (GFP+ LRCs,
purple). No GFP+ LRCs were found in LV-SVZ animals.
Scale bars in (B, C): 10 μm; (B0 and C0, C00 high
magnifications): 5 μm; (F): 100 μm; (G): 50 μm; (G0 , G00,
G000): 5 μm. CldU, 5-chloro-2-deoxyuridine; GCL, granular
cell layer; GL, glomerular layer; LV-OB, lentiviral
olfactory bulb; NSCs, neural stem cells; OB, olfactory
bulb; SVZ, subventricular zone
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F IGURE 3 Legend on next page.
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3.3 | Characterization of the dividing cells and
their progeny in the adult OB

3.3.1 | The progeny of dividing cells migrate out of
the OB core and differentiate into neurons

As indicated above, SVZ-derived cells do not appear to proliferate in

the OB, implying that the vast majority of SVZ cells that reach the OB

will not be labeled by retroviral particles injected into the OB core.

This allows us to explore local OB neurogenesis using a retroviral line-

age tracing approach together with immunohistochemistry, coupled

to morphological and EM analyses.30 The RV-EGFP vector was focally

injected into the OB core (Figure S1) and the animals were analyzed

at 1, 2, 3, 7, 21, and 28 dpi (Figures 3-7 and S2-S5). This focal injec-

tion minimizes a potential retrograde virus spreading in the RMS

elbow, a region containing NSCs that predominantly generate OB

dopaminergic interneurons in addition to granule cells.40-44

The cells labeled with the RV-EGFP vector were detected by

immunostaining against GFP, and their general morphology and distri-

bution in the different OB layers was assessed at 2, 7, and 21 dpi after

counterstaining their nuclei with Hoechst (Figure 3A-F). A significant,

sixfold increase in the number of EGFP+-cells was seen between 2

and 7 dpi (***P = .0001, one-way ANOVA with Tukey's post hoc test:

Figure 3G). At 7 dpi, the total number of labeled cells reached its max-

imum. At 2 dpi, all the labeled cells were found in the OB core (49.5%)

and iGCL (50.5%: Figure 3A,B,H). While at 7 dpi, the majority of cells

still remained within the OB core (36.8%) and iGCL (34.2%; *P = .034,

one-way ANOVA followed by Tukey's post hoc test, 7 dpi vs 2 dpi), a

proportion of cells began to migrate out of this region, with 25.8% of

the cells detected in the outer GCL (oGCL) and a few EGFP-labeled

cells reaching the mitral (ML) and plexiform (PL) layers (2.4%) or the

GL (0.8%: Figure 3C,D,H). By 21 dpi, few cells (2.8%) persisted in the

OB core relative to 2 dpi (***P = .0001, one-way ANOVA followed by

Tukey's post hoc test) and 7 dpi (###P = .0001, one-way ANOVA with

Tukey's post hoc test), whereas 23.7% of cells were in the iGCL

(**P = .0034, one-way ANOVA followed by Tukey's post hoc test, 21 dpi

vs 2 dpi). By this stage most of the cells had migrated to the oGCL

(44.9%; **P = .0023, unpaired t test, two-tailed, df = 4, t = 6.946; 21 dpi

vs 7 dpi), the ML and PL (9%), or the GL (16.9%, Figure 3E,F,H). However,

we did not observe a regional bias regarding the final location of interneu-

rons toward the medial or lateral OB. The morphology of the cells

reflected their very immature state at 2 dpi, mostly round or globular cells

bearing a small process (Figure 3A,B). However, at 7 and 21 dpi the

majority of cells adopted a morphology reminiscent of migratory neuro-

blasts with a single well-developed leading process, that of differentiated

granule neurons with an apical dendrite and various short dendrites or of

periglomerular neurons (Figure 3C-F).

3.3.2 | Characterization of progenitor cells in the
adult OB core suggests the existence of local NSCs
and committed progenitors

To characterize the neural progenitors existing in the OB core in vivo,

we extended our study and performed a comprehensive morphologi-

cal analysis (Figure 3I-N) and a molecular analysis (Figures 4 and S2) at

early time points after injection (1-3 dpi), when EGFP-labeled cells are

more abundant in the OB core (Figure 3A,H). The first analysis identi-

fied four different morphologies of EGFP-labeled cells (Figure 3I-L):

stellate cells with a polygonal cell body bearing numerous processes;

F IGURE 3 The distribution of EGFP+ labeled cells in the adult OB is indicative of the migration and differentiation of newly generated
neurons from dividing NSCs and neural progenitors located in the OB core. A-H, An enhanced green fluorescent protein (EGFP)-expressing
retroviral vector was injected into the adult OB core in order to label proliferative cells and their progeny in the different neuronal layers of the
OB. The images show the distribution of EGFP-labeled cells at 2 (A), 7 (C), and 21 days postinjection (dpi) (E), and high magnification images of
cells at each time point, respectively (B, D, F). The cells adopted a very immature morphology at 2 dpi and most of them were apparently round or
globular in shape (A, B), bearing a small process. At 7 and 21 dpi, the majority of cells had a migratory neuroblast morphology, bearing one well-
developed leading process, or the morphology of a differentiated granule neuron with an apical dendrite and various short dendrites, or that of a
periglomerular neuron (C-F). G, Quantification of the total number of labeled cells at 2, 7, and 21 dpi (***P = .0001, one-way analysis of variance
[ANOVA] with Tukey's post hoc test). H, At 2 dpi, all the cells were located in the OB core (49.5%) and the iGCL (50.5%). At 7 dpi, the majority of
cells were found in the OB core (36.8%) and iGCL (34.2%, *P = .034, one-way ANOVA followed by Tukey's post hoc test; 7 vs 2 dpi), although
25.8% cells were detected in the oGCL and a small percentage of EGFP-labeled cells were in the ML and PL (2.4%), or the GL (0.8%). At 21 dpi, a
small percentage of cells (2.8%) remained in the OB core (***P = .0001 vs 2 dpi, one-way ANOVA followed by Tukey's post hoc test;
###P = .0001 vs 7 dpi, one-way ANOVA followed by Tukey's post hoc test). At 21 dpi, 23.7% of cells were in the iGCL (**P = .0034, one-way
ANOVA followed by Tukey's post-test; 21 dpi vs 2 dpi). However, most of the cells had migrated to the oGCL (44.9%; **P = .0023, unpaired
t test, two-tailed, df = 4, t = 6.946; 21 dpi vs 7 dpi), the ML and PL (9%), or the GL (16.9%: E, F, H). Bars represent the mean ± SEM (n = 3
animals per time point). Scale bar (shown in F) = 72.1 μm (A, C, E); 64.1 μm (B, D, F): PLs, plexiform layers (internal and external). I-N, An EGFP-
expressing retroviral vector was injected into the adult OB core to label progenitor cells and assess their morphology at 1 to 3 dpi after

immunostaining with an antibody against GFP. The cells were assigned as Stellate (I), Globular (J), Branched (K), and Migratory (L), based on their
morphology. M, Branched cells were significantly more abundant than stellate cells at 1 dpi (**P = .0079; one-way ANOVA with Tukey's post hoc
test). N, At 1 dpi, the cycling (MCM2+) and the EGFP+ population was composed of globular, branched, and migratory cells, whereas stellate cells
were also observed at 2 and 3 dpi. At 3 dpi, there was a significant reduction in the percentage of MCM2+ migratory cells (*P = .0395, 3 vs 1 dpi;
unpaired Student's t test, t = 2.406, df = 9), possibly because they had migrated out of the OB core toward the iGCL. The proportion of MCM2+

globular cells in the OB core was almost constant over the 3-day period (37.1%-41.6%). Scale bar (shown in F and L) = 30.8 μm. GL, glomerular
layer; iGCL, inner granule cell layer; ML, mitral layer; NSCs, neural stem cells; OB, olfactory bulb; oGCL, outer granule cell layer
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F IGURE 4 Legend on next page.
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globular cells with a round or globular cell body without visible pro-

cesses; branched, polygonal-like cells with one to two thin processes;

and migratory cells with an elongated cell body, and a leading and a

trailing process, taking a previous study4 as a reference for this analy-

sis. Among these cell types, the branched cells were significantly more

abundant than the stellate cells at 1 dpi (**P = .0079; one-way

ANOVA with Tukey's post hoc test), although these differences were

not significant at 2 dpi (Figure 3M).

We then sought to determine the proportion of labeled cells

that were proliferating at these early time points. At 1 dpi, the

EGFP+ population of cycling cells (MCM2+) was composed of globu-

lar, branched, and migratory cells (Figure 3N), whereas at 2 and 3 dpi

cycling stellate cells were also observed. At 3 dpi, a change in the cell

composition was evident, with a significant reduction in the propor-

tion of MCM2+ migratory cells (*P = .0395, 3 vs 1 dpi; unpaired

two-tailed Student's t test, t = 2.406, df = 9). By contrast, the pro-

portion of MCM2+ stellate cells increased from day 2 to 3 dpi.

Finally, the proportion of MCM2+ globular cells in the OB core

remained virtually constant over the 3-day period (37.1%-41.6%:

Figure 3N). Hence, the OB core appears to contain a variety of cells

with morphologies that resemble those of NSCs and of migratory

neuroblasts.

3.3.3 | Adult OB core progenitor cells express
molecular markers of NSCs, committed progenitors,
and neuroblasts

We analyzed the expression of molecular markers by the cells in the

OB core at early time points (Figures 4 and S2) in order to distinguish

between cycling cells (MCM2+), putative aNSCs (expressing

Nestin, GLAST/Slc1a3, Sox2, Prominin-1/CD133, and

GFAP),4,6,7,16,28,29,38,42,45-56 progenitor cells committed to the neuro-

nal lineage (Pax6)57,58 or to the oligodendroglial lineage (Olig2),59 neu-

roblasts and immature neurons (DCX).60 Although a single marker is

not exclusively expressed by NSCs, the combination of Nestin,

GLAST, Sox2, Prominin-1, and GFAP is widely used to identify NSCs

in the adult brain (see references above). For simplicity, images of dual

and triple staining for these markers are shown at 2 dpi, except for

Prominin-1 which is shown at 3 dpi (Figures 4A-R and Figure S2),

whereas the quantitative analyses are presented at 1, 2, and 3 dpi

(Figure 4S-U). As expected, MCM2, Sox2, Pax6, and Olig2 staining

was nuclear (Figures 4B,H,Q and S2B), the Nestin antibody labeled

intermediate filaments (Figure 4E), GLAST labeling was restricted to

the membrane (Figure 4I), Prominin-161 and GFAP antibodies immu-

nostained the cell body and processes (Figure 4K,N), and DCX was

abundantly expressed in neurites and in the contours of the cell bod-

ies (Figure S2E). The quantitative analysis (Figure 4S-U) indicated that

cycling (MCM2+) cells were relatively abundant at 1 and 2 dpi (35%-

46% of the total EGFP+ cell population), yet there was a significant

decrease in these cells at 3 dpi (**P = .0039, one-way ANOVA with

Tukey's post hoc test; 3 dpi vs 2 dpi). Cells expressing Nestin and

Sox2 were also abundant at 1 dpi (37.5%-41.7%), and while there

appeared to be a reduction in the number of these cells at 2 and 3 dpi,

this was not a significant change. Cells expressing both GLAST and

Sox2, a marker combination characteristic of NSCs,29 represented

4.2% to 19.2% of the EGFP+ cells, whereas the GLAST+ cell percent-

age appeared to increase from 2 to 3 dpi although this increase was

not significant. Prominin-1 was not detected at 2 dpi (n = 3 mice),

although it was expressed in 14% of the EGFP+ cells at 3 dpi. By con-

trast, GFAP was detected in 8.4% and 21.3% of the EGFP+ cells

located in the OB core at 2 dpi and 3 dpi, respectively. EGFP+ cells

expressing GFAP were very rare at 1 dpi (n = 3). Although

GFP+NeuN� cells preferentially formed small clusters of globular cells

at the edge of the OB core (Figure 2F,G), the Nestin+, GLAST+Sox2+,

Prominin-1+, and GFAP+ cells were found throughout the OB core.

Nonetheless, the spatial organization of the NSCs in the OB core will

require further study.

The percentages of Pax6+ and DCX+ cells varied between 2.7%

and 9.0% and 29.9% and 39.6%, respectively, although these did not

represent statistically significant variations between days 1 to 3 dpi.

In addition, there was a relatively constant proportion of Olig2+ cells

(19.3%-21.7%) over this period. Together, these results indicate that

the adult OB core contains cells that express molecular markers typi-

cal of aNSCs, committed progenitors to the neuronal or the oligoden-

droglial lineage and neuroblasts.

F IGURE 4 Molecular markers expressed by enhanced green fluorescent protein (EGFP)-labeled cells in the adult OB core indicate the
existence of NSCs, committed progenitors and neuroblasts. An EGFP-expressing retroviral vector was injected into the OB core of 9-week-old
mice. Animals were anesthetized and perfused at 1, 2, and 3 days postinjection (dpi), and then, immunohistochemistry using specific antibodies
was performed in order to label GFP and cycling cells (MCM2, A-C), or putative NSCs (Nestin, D-F; Sox2/GLAST, G-I; Prominin-1/Prom-1, J-L;
glial fibrillary acidic protein [GFAP], M-O) or committed progenitor cells to the neuronal lineage (Pax6, P-R), and to the oligodendroglial lineage
(Olig2, see Figure S2) and neuroblasts (DCX, see Figure S2). Sections were counterstained with Hoechst (not shown in D-I). For simplicity, images
are shown at 2 dpi (Prominin-1 is shown at 3 dpi), whereas data from the quantitative analyses performed at 1, 2, and 3 dpi are presented (S-U).
MCM2+ cells were relatively abundant at 1 and 2 dpi (35%-46% of the total EGFP+ cell population) with a significant decrease at 3 dpi

(**P = .0039, one-way analysis of variance [ANOVA] with Tukey's post hoc test; 3 vs 2 dpi). Cells expressing Nestin and Sox2 were also abundant
at 1 dpi (37.5%-41.7%) and underwent nonsignificant reductions at 2 and 3 dpi. Cells expressing both GLAST and Sox2, a marker combination
characteristic of olfactory bulb NSCs, represented 4.2% to 19.2% of the EGFP+ cells. Prominin-1 was detected in 14% of EGFP+ cells at 3 dpi,
and GFAP in 8.4% and 21.3% of EGFP+ cells at 2 dpi and 3 dpi, respectively. The percentage of Pax6+ cells and of DCX+ cells varied between
2.7% and 9.0% and 29.9% and 39.6%, respectively, whereas a relatively constant proportion of Olig2+ cells (19.3%-21.7%) was detected. Bars
represent the mean ± SEM (n = 3 animals per time point). Scale bars = 24.6 μm (A-F), 15 μm (G-I), 10 μm (J-R). DCX, doublecortin; NSCs, neural
stem cells; OB, olfactory bulb
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F IGURE 5 Molecular markers
expressed by newly generated
neurons and astrocytes from adult OB
core NSCs. An enhanced green
fluorescent protein (EGFP)-expressing
retroviral vector was injected into the
OB core of 9-week-old mice in order
to label the progeny of proliferative
cells using dual (GFP/Marker) or

single (GFP) immunohistochemistry
on vibratome sections at 7 and
21 days postinjection (dpi). Sections
were counterstained with Hoechst.
EGFP+DCX+ neuroblasts/immature
neurons (A-C, G-I) and EGFP+NeuN+

neurons (D-F, J-L) were detected at
both time points. M,N, Newly
generated neurons acquired highly
elaborate morphologies in the GCL
and GL at 21 dpi. O, At 7 dpi,
EGFP+DCX+ cells were more
abundant than EGFP+NeuN+ cells
(##P = .0013, unpaired two-tailed
Student's t test; t = 8.061, df = 4),
while the percentage of EGFP+ cells
expressing DCX remained relatively
constant (59.7%) between 7 and
21 dpi. By contrast, there was a
significant 2.3-fold increase in the
percentage of EGFP+ cells expressing
NeuN cells between 7 (17.6%) and
21 dpi (41.4%: *P = .0284; unpaired
two-tailed Student's t test, t = 3.978,
df = 3). P-R, The images show a
newly generated astrocyte
coexpressing S100β and glial fibrillary
acidic protein (GFAP) at 3 dpi. Bars
represent the mean ± SEM (n = 3
animals per time point). Scale bars
(shown in N and R) = 13.45 μm (A-F),
42.4 μm (G-I), 22.4 μm (J-L), 50.6 μm
(M, N), 10 μm (P-R). GCL, granule cell
layer; GL, glomerular layer; NSCs,

neural stem cells; OB, olfactory bulb
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3.3.4 | Adult OB core NSCs generate mature
interneuron subtypes in vivo

To study the neuronal differentiation of the EGFP+ cells, sections

were immunostained for DCX and for the mature neuronal marker

NeuN30,62,63 at 7 and 21 dpi (Figure 5). We found EGFP+DCX+ neu-

roblasts/immature neurons (Figure 5A-C,G-I) and EGFP+NeuN+

mature neurons (Figure 5D-F,J-L) at both time points. At 7 dpi, the

EGFP+DCX+ cells were more abundant than the EGFP+NeuN+ cells

(##P = .0013, unpaired two-tailed Student's t test, t = 8.061, df = 4:

F IGURE 6 Adult OB core
NSCs predominantly generate
Calr+-interneurons with a high
degree of maturation. An
enhanced green fluorescent
protein (EGFP)-expressing
retroviral vector was injected into
the OB core of 9-week-old mice
to study the neuron progeny of

proliferative cells and its
maturation at 21 to 22 days
postinjection (dpi) by dual and
triple immunohistochemistry on
vibratome sections with
antibodies against GFP and Calr,
Calb, PVA, TH, Tbr2, pCREB,
Synapsin-I, or VGAT. Sections
were counterstained with Hoechst
(not shown for clarity in some
panels). We found EGFP+Calr+

cells in all layers of the OB (A-C, a
double labeled cell is shown in the
GL), EGFP+Calb+ cells in the GL
(D-F), EGFP+PVA+ cells in the EPL
(G-I), EGFP+TH+ cells in the GL (J-
L), and EGFP+Tbr2+ cells in the
GL (shown in Figure S4). M, The
graph shows the percentage of
double positive cells, of which
Calr+ cells were the most
abundant (15.5%) neuron
population generated from the OB
core NSCs, whereas the
percentages of Calb+, PVA+, TH+,
and Tbr2+ cells were 11 to 40
times lower (***P < .0001 for Calr
vs Calb, Calr vs PVA, Calr vs TH,
and Calr vs Tbr2; analysis of
variance [ANOVA] followed by
Tukey's post hoc test). Bars
represent the mean ± SEM (n = 3
animals per cell marker). O,P,
Newly generated Calr+ neurons

express pCREB at 22 dpi, as well
as the presynaptic proteins
Synapsin-I and VGAT, which
concentrate in boutons (better
visualized in the higher
magnification insets). Scale
bars = 10 μm (A-C, G-L, N-P,
insets 2 μm); 16.5 μm (D-F). EPL,
external plexiform layer; GL,
glomerular layer; NSCs, neural
stem cells; OB, olfactory bulb
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Figure 5O) and the proportion of EGFP+ cells expressing DCX

remained relatively constant at both time points. By contrast, there

was a significant 2.3-fold increase in the proportion of EGFP+ cells

expressing NeuN between 7 dpi (17.6%) and 21 dpi (41.4%:

*P = .0284; unpaired two-tailed Student's t test, t = 3.978, df = 3:

Figure 5O), indicating that these neurons mature. The differentiation/

maturation of newly generated neurons was further confirmed by the

presence of EGFP+ neurons with elaborate morphologies in the GCL

and GL at 21 dpi (Figure 5M,N). Hence, the large majority of EGFP+-

derived cells at 21 dpi belong to the neuronal lineage (Figure 5O).

Next, we used the coexpression of both S100β and GFAP in EGFP+

cells as a criterion to identify astrocyte generation from OB-NSCs,

and we found a small number of EGFP+S100β+GFAP+ cells in the

GCL (Figure 5P-R). This colabeling was important as GFAP is also

expressed by aNSCs (see above) and S100β is detected in a subpopu-

lation of OB oligodendrocytes.64 EGFP+ cells expressing S100β but

not GFAP were also found (Figure S3). In summary, when compared

to SVZ-NSCs, OB-NSCs appear to have a similar output in terms of

the generation of neural lineages in normal adulthood.

We then investigated what type of neurons might be generated

by the OB core RV-EGFP-labeled cells at 21 dpi (Figure 6). To exam-

ine the subpopulations of major OB interneuron subtypes, we per-

formed dual immunostaining for GFP along with the calcium binding

proteins Calr, Calb, or PVA, as well as for the dopaminergic neuron

marker tyrosine hydroxylase (TH).16,21,22,65,66 We also examined

whether glutamatergic juxtaglomerular neurons (Tbr2)14,67 could be

generated from OB-NSCs. We found double labeled EGFP+Calr+ cells

in the GL and GCL (Figure 6A-C), EGFP+Calb+ cells in the GL

(Figure 6D-F), EGFP+PVA+ cells in the EPL (Figure 6G-I), and

EGFP+TH+ and EGFP+Tbr2+ cells in the GL (Figures 6J-L and S4A-C).

Of the neurons studied here, Calr+ cells were the most abundant cell

type generated from OB core NSCs (15.5% of the total GFP+ cells:

Figure 6M), with the percentages of Calb+, PVA+, TH+, and Tbr2+

cells some 11 to 40 times lower than that of the Calr+ cells

(***P < .0001 for Calr vs Calb, Calr vs PVA, Calr vs TH, and Calr vs

Tbr2; ANOVA followed by Tukey's post hoc test: Figure 6M). This is

consistent with the greater abundance of Calr+ neurons in the OB

compared to that of other interneuron subtypes.9,22 Collectively, our

results show that there are NSCs in the OB core that mainly differen-

tiate into Calr+-interneurons, with other granule and periglomerular

cells (PGCs) generated more sparsely. To our knowledge, this is the

first time this type of analysis has been performed on locally gener-

ated OB neurons,23,25,26,28 although it has been carried out on the

neuronal progeny that originates in the SVZ and RMS, and that subse-

quently incorporates into the OB.7,9,10,12,14,17,40,41,43,68,69 To explore

the degree of maturation of the newly formed Calr+ neurons,

vibratome sections were triple-immunostained with antibodies against

GFP and Calretinin in combination with an antibody against the tran-

scription factor pCREB,70,71 or with antibodies against the presynaptic

markers synapsin-I and vesicular GABA transporter (VGAT).72 Nearly

all EGFP+Calr+ cells expressed pCREB (such as the cell depicted in

Figures 6N and S4D,E), while we also found EGFP+Calr+ cells immu-

nolabeled with synapsin-I and with VGAT (Figures 6O,P and S4F-I).

F IGURE 7 Newly generated neurons from the adult OB core NSCs
establish synapses in vivo. An enhanced green fluorescent protein (EGFP)-
expressing retroviral vector was injected into the OB core of 9-week-old
mice to visualize the synapses established by newly generated neurons at
28 dpi. After enhanced green fluorescent protein-3,3'-diaminobenzidine
(EGFP-DAB) immunostaining, the synaptic relationships of the newly
generated neurons were analyzed by electron microscopy. Synaptic
contacts are indicated by arrows located on the postsynaptic element. The
drawings on the right represent the profiles shown in the electron
micrographs. In all panels, EGFP-DAB immunostained profiles are indicated
by the number 1 and in green; profiles that establish synaptic relationships
with those that contain EGFP-DAB precipitate are indicated by the number
2 and are in the orange domain; and unlabeled profiles are indicated by the

number 3 and they are in the pink region. A, A dendrite containing DAB
receives an asymmetric synapse from an axon-like process. The dendrite
belongs to the small PGC indicated by an open arrow in the resin block
shown in Figure S5. B, A dendrite containing DAB receives an asymmetrical
synaptic contact from the olfactory nerve. The dendrite belongs to the large
PGC indicated by a solid arrow in the resin block shown in Figure S5. C, A
DAB-containing process establishes a symmetrical synapse on an unlabeled
profile in the GL. D, The dendrite of a granule cell containing DAB receives
an asymmetric synapse from the dendrite of a mitral or tufted cell in the
EPL. Scale bars= 500 nm. EPL, external plexiform layer; GL, glomerular
layer; NSCs, neural stem cells; OB, olfactory bulb; PGC, periglomerular cell
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Moreover, synapsin-I and VGAT immunolabeling accumulated in

boutons, which were located either on neurons making synapses with

the EGFP+Calr+ cells (red boutons) or within these EGFP+Calr+ cells

(orange boutons).

3.3.5 | Newly generated neurons from adult OB
core NSCs make and receive synaptic contacts in vivo

To confirm the synaptic maturation of the newly generated neurons,

it was fundamental to analyze whether or not they established struc-

tural synapses with OB circuits in vivo (Figure 7). After EGFP-DAB

staining of vibratome sections, we confirmed the presence of labeled

granule cells and PGCs (not shown). A resin block that contained two

PGCs was re-embedded for transmission electron microscopy (TEM)

processing73 (Figure S5A), identifying synaptic contacts (arrows) and

EGFP+ cells (containing a black precipitate; green in the cartoons) in

the images obtained (Figures 7A-D and S5B,C). Newly generated

PGCs received synaptic contacts, as the small PGC studied (Figure

S5A, open arrow) clearly received an asymmetric synapse from an

axon-like process (Figure 7A). In addition, part of the large PGC (Fig-

ure S5A, solid arrow) received an asymmetric synapse from the olfac-

tory nerve (Figure 7B). The electron dense region of the nerve at the

synapse indicates that this is the presynaptic terminal and that the

PGC has a discernible postsynaptic density. Symmetrical synaptic con-

tacts were evident where the presynaptic EGFP-labeled cells con-

taining vesicles connected the nonlabeled postsynaptic cell (Figure

7C). Finally, the dendrite in the EPL of a granule cell received an asym-

metric synapse from the dendrite of a mitral or tufted cell (Figure 7D).

In conclusion, all these findings demonstrate for the first time that

neurons generated from adult OB core NSCs establish asymmetric

and symmetric synaptic contacts.

4 | DISCUSSION

The V-SVZ of the lateral ventricle and the SGZ in the hippocampal

dentate gyrus are well-characterized neurogenic niches in the postna-

tal and adult mouse brain, and the NSCs in these structures produce a

variety of neurons through intermediate dividing progenitors.7 The

presence of NSCs and neurogenesis is also thought to occur in other

brain regions, such as the hypothalamus and the OB.23,27-29,74 How-

ever, since the OB also receives neurons that originate in the V-

SVZ2,4,7 and from the RMS elbow,42,43 it remains unclear whether

neurogenesis in the adult OB occurs through local resident progenitor

cells or not. Here, stereotaxic injections of retroviral and LV particles

(expressing EGFP) into the mouse OB core and the SVZ, in conjunc-

tion with morphological analysis and cell-type specific

immunolabeling, provides evidence that a population of neurogenic

and gliogenic NSCs do reside in the adult OB core. These cells give

rise to Calr+-neurons, whereas other OB neuron subtypes are gener-

ated more sparingly. Crucially, the newly generated neurons establish

and receive synapses with and from host neurons, they develop

neurotransmission machinery and they possibly respond to synapse

activation by triggering CREB phosphorylation, suggesting they incor-

porate into the OB's circuits.

4.1 | Progenitor cells located in the adult mouse
OB core possess features of NSCs, and of committed
neuronal and glial progenitors

After injecting a retroviral vector into the core of the OB in vivo, we

detect four main cell morphologies that are similar to those found pre-

viously in a pioneering study of the adult mouse SVZ.4 Specifically,

stellate cells in the SVZ are type B NSCs that express GFAP and that

generate neurons via an intermediate globular cell type. Here, cells

with a stellate morphology are detected as early as 1 dpi, although as

dividing MCM2+ cells with a stellate morphology are only found at

2 and 3 dpi, these OB stellate cells may divide slowly. The existence

of slowly dividing NSCs in the adult OB was reported previously23,29

and indeed, we identified LRCs in the OB core.

Our detailed labeling technique and analysis reveals a constant

proportion of dividing (MCM2+) globular cells during the first three

dpi, which might correspond to intermediate progenitors.4 By con-

trast, the proportion of MCM2+-migratory cells drops from day 1 to

3 pi, indicating that this cell population may exit the cell cycle to dif-

ferentiate into neurons. Concurring with our morphological analysis,

immunohistochemistry shows that the OB core contains a variety of

cell types, including: NSCs, progenitors restricted to the neuronal line-

age as well as neuroblasts. The fact that EGFP+ cells expressing Pro-

minin-1 or GFAP were either not detected or very rare at 1 dpi

relative to those expressing Nestin perhaps suggests that the former

correspond to NSCs in a less active state than the Nestin+ NSCs.

Together, our results support the existence of NSCs and intermediate

progenitors in the OB core, which mainly produce neurons but also

astrocytes to a lesser extent. Moreover, the presence of a nearly con-

stant population of EGFP-labeled Olig2+ cells at 1 to 3 dpi suggests

that the OB core may be a source of oligodendrocytes.

4.2 | Adult OB core NSCs give rise to Calretinin+

and other neuronal subtypes capable of establishing
synapses in vivo

There are at least 10 subtypes of interneurons generated from SVZ

NSCs, as detected using a combination of cell markers and morpho-

logical analyses.9,10,69,75,76 Using a cell marker approach, we detected

four different interneuron populations that originate from the OB

core NSCs and that migrate to different OB layers, mainly the GCL

(Calr+), the GL (Calr+, Calb+, TH+), and the EPL (PVA+). In addition to

GABAergic interneurons, we observed glutamatergic juxtaglomerular

neurons in the GL (Tbr2+). Of the populations studied here, the Calr+-

cells were by far the most abundant, suggesting that OB core NSCs

are predetermined to produce mostly Calr+-interneurons. By contrast,

NSCs located in the RMS elbow appear to be specified to give rise to
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dopaminergic neurons although granule cells are also generated in this

region.40-44 Together these previous findings and ours argue against

the possibility that the viral particles infect cells in the RMS elbow

after our injections. Therefore, our results support and extend the

concept that NSCs residing in defined microdomains within the V-

SVZ, RMS elbow and OB core are largely predetermined to produce

specific interneuron types.

The EM analysis shows that neurons generated from the OB

core-NSCs develop dendritic spines and synaptic vesicles, allowing

them to establish both symmetric and asymmetric synaptic contacts

with OB neurons and the olfactory nerve. Specifically, neurons gen-

erated from OB-NSCs that are located in the GL receive synapses

from the olfactory nerve and they establish dendro-dendritic synap-

tic contacts with mitral/tufted cells, synapses frequently observed

in the OB.73 Moreover, granule neurons derived from OB-NSCs

establish dendro-dendritic synapses with mitral/tufted cells in the

EPL, as do granule cells. The synaptic pattern of these neurons

appears to be similar to that described for SVZ-generated interneu-

rons that migrate through the RMS and establish connections in the

OB.77 Thus, our findings suggest that OB core-generated peri-

glomerular neurons may receive sensory input in the glomerular

neuropil. Furthermore, the dendro-dendritic synaptic contacts of

OB core-generated granule neurons with mitral and tufted cells sug-

gest that the new neurons may be functionally integrated into the

bulbar circuits. Indeed, the presence of phosphorylated CREB in

Calr+ cells indicates these neurons can respond to synaptic

activation.

The mammalian OB is a very plastic structure that plays a funda-

mental role in the transmission of olfactory information in rodents

and humans. Although OB plasticity in mice largely relies on adult

neurogenesis, this remains unclear in humans. On the one hand,

NSCs have been isolated from human OB tissue,27,34-37 and cells

expressing immature neuronal markers, proliferative markers, and

Nestin have been identified in the GCL and core of postmortem

human OB samples,24,27 supporting the existence of neurogenesis in

the adult human OB. On the other hand, cytoarchitectural studies

tracking the development of the human SVZ and RMS over the first

months and years of life,78 as well as studies measuring the age of

human OB neurons using 14C dating,79 suggest that adult human OB

neurogenesis is very limited or even nonexistent. Interestingly, volu-

metric measurements of the human OB show changes in volume

that correlate with olfactory function in normosmic subjects and in

patients suffering from pathologies associated with anosmia.80 We

cannot currently establish the cellular mechanisms underlying such

OB plasticity, which may or may not be linked to neurogenesis, or to

other plastic processes like synaptogenesis at the level of the

glomerulus.

Sensory deprivation decreases OB volume, not only in humans

but also in animal models, and it has also been shown that neuro-

genesis in the adult murine OB is very sensitive to sensory experi-

ence.81,82 In this regard, follow-up studies in patients suffering

anosmia may provide insight into the cellular mechanisms underlying

OB plasticity. Recently, olfactory dysfunction has been associated

with the course of COVID-19 disease, probably due to the viral infec-

tion of ACE2-expressing sustentacular cells in the olfactory epithe-

lium.83,84 In turn, this is likely to negatively affect the adjacent

olfactory sensory neurons that transduce the olfactory information to

second-order neurons in the OB. A recent study provided evidence of

the presence of the virus in postmortem OB tissue from three

COVID-19 patients,85 yet more studies are needed to fully interpret

these data.84,86

Thus, we can conclude that despite the fact neurogenesis has not

been detected in the human OB in all the studies performed to date,

it cannot be ruled out that OB neurogenesis could take place under

specific circumstances and perhaps, become reactivated through local

NSCs. Indeed, brain injuries activate cell proliferation in the SVZ and

increase the migration of neuroblasts to injured areas, deviating them

from their normal route.87 Determining whether local cells in the

human OB with NSC potential can be stimulated under pathological

and physiological conditions, and even produce new functional inter-

neurons, could be a key area of study in the near future.

5 | CONCLUSION

In this study, we present new evidence that NSCs exist within the

core of the adult mouse OB and that they predominantly produce

Calr+ interneurons. Our findings also demonstrate for the first time

that these newly generated neurons incorporate into the adult OB

synaptic circuits by establishing active synapses with existing neurons

and the olfactory nerve. Understanding whether this process is con-

served in other mammalian species, including humans, warrants fur-

ther investigation.
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