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Generation of Distinct Types of Periglomerular Olfactory
Bulb Interneurons during Development and in Adult Mice:
Implication for Intrinsic Properties of the Subventricular
Zone Progenitor Population
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The subventricular zone (SVZ) of the lateral ventricle develops from residual progenitors of the embryonic lateral ganglionic eminence
(LGE) and maintains neurogenic activity throughout life. Precursors from LGE/SVZ migrate to the olfactory bulb (OB) where they
differentiate into local interneurons, principally in the granule layer and glomerular layer (GL). By in situ dye labeling, we show that
neonatal and adult SVZ progenitors differentially contribute to neurochemically distinct types of periglomerular interneurons in the GL.
Namely, calbindin-positive periglomerular cells are preferentially generated during early life, whereas calretinin- and tyrosine
hydroxylase-expressing neurons are mainly produced at later ages. Furthermore, homochronic/heterochronic transplantation demon-
strates that progenitor cells isolated from the LGE or SVZ at different stages (embryonic day 15 and postnatal days 2 and 30) engraft into
the SVZ of neonatal or adult mice, migrate to the OB, and differentiate into local interneurons, including granule and periglomerular cells
as well as other types of interneurons. The total number of integrated cells and the relative proportion of granule or periglomerular
neurons change, according to the donor age, whereas they are weakly influenced by the recipient age. Analysis of the neurochemical
phenotypes acquired by transplanted cells in the GL shows that donor cells of different ages also differentiate according to their origin,
regardless of the host age. This suggests that progenitor cells at different ontogenetic stages are intrinsically directed toward specific
lineages. Neurogenic processes occurring during development and in adult OB are not equivalent and produce different types of periglo-

merular interneurons as a consequence of intrinsic properties of the SVZ progenitors.
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Introduction

The olfactory bulb (OB) is one of the two regions in the mamma-
lian brain in which neurogenesis persists throughout life
(Alvarez-Buylla and Lim, 2004). The germinal zone responsible
for this activity is the subventricular zone (SVZ), which lies adja-
cent to the lateral wall of the telencephalic ventricle. The SVZ
develops from residual progenitors of the lateral ganglionic em-
inence (LGE) (Wichterle et al., 2001). The postnatal SVZ shows
similar but restricted lineage potentiality compared with the
LGE, which is the origin of both OB interneurons and striatal
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projection neurons (Wichterle et al., 2001; Stenman et al., 2003).
SVZ-derived precursors migrate tangentially along the rostral
migratory stream (RMS) to the OB, where they differentiate into
local interneurons, within the granule (GCL) and glomerular
(GL) layers (Luskin, 1993; Lois and Alvarez-Buylla, 1994). Inter-
neurons of the GL and GCL modulate the activity of major out-
put neurons in the OB and play essential roles in olfactory infor-
mation processing (for review, see Shipley et al, 2004).
Functional integration of newly generated neurons into the adult
OB circuitry has been recently demonstrated (Belluzzi et al.,
2003; Carleton et al., 2003). Nonetheless, the function of olfac-
tory interneuron turnover in the adult brain remains elusive.
OB interneurons consist of a wide variety of phenotypes that
differ in their spatial distribution, neurochemistry, structural fea-
tures, and synaptic properties (Kosaka et al., 1998; Shipley et al.,
2004; Kosaka and Kosaka, 2005; Parrish-Aungst et al., 2007;
Pressler and Strowbridge, 2006). Major categories of local OB
interneurons are granule (GC) and periglomerular (PG) cells. PG
cells, in particular, can be further subdivided in several subclasses
based on specific expression of neurochemical markers, includ-
ing neurotransmitters and calcium-binding proteins (Kosaka
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and Kosaka, 2005; Parrish-Aungst et al., 2007). A certain degree
of molecular heterogeneity already exists in migrating SVZ neu-
roblasts (Jankovski and Sotelo, 1996; Baker et al., 2001; De
Marchis et al., 2004), and recent reports show that both intrinsic
(Hack et al., 2005; Kohwi et al., 2005; Waclaw et al., 2006) and
extrinsic mechanisms (Hack et al., 2005) are involved in fate
determination of OB interneurons. Recent findings suggest that
adult born granule cells have distinct properties compared with
those generated during early postnatal life (Lemasson et al., 2005;
Magavi et al., 2005). However, it is unclear whether all of the
different categories of OB interneurons are continuously pro-
duced throughout life or whether distinct subtypes are generated
within specific developmental windows. To address this ques-
tion, we labeled in situ or transplanted progenitor cells from em-
bryonic, postnatal, and adult SVZ, and assessed their ability to
differentiate into different classes of OB interneurons, with spe-
cial attention on PG phenotypes. Our results indicate that LGE/
SVZ progenitors preferentially generate certain subtypes of PG
interneurons according to their age or donor origin. Together,
these observations suggest that the neurochemically heteroge-
neous subpopulations of OB interneurons are produced in a pre-
cise time sequence by modulating the intrinsic potentialities of
LGE/SVZ progenitors.

Materials and Methods

Animals. Experiments were performed on newborn [postnatal day 0 (P0)
to P2] and young adult (1-2 months of age) CD1 strain mice (Charles
River, Calco, Italy). For transplantation experiments, donor LGE/SVZ
cells were dissected from transgenic mice overexpressing the enhanced
green fluorescent protein (EGFP) under the control of the B-actin pro-
moter (a generous gift from Dr. M. Okabe, Osaka University, Osaka,
Japan) (Okabe et al., 1997). All experimental procedures were in accor-
dance with the European Communities Council Directive of November
24, 1986 (86/609/EEC), the National Institutes of Health guidelines (no.
85-23.1985), the Italian law for care and use of experimental animals
(DL116/92), and approved by the Italian Ministry of Health and the
Bioethical Committee of the University of Turin and the Institutional
Animal Care and Utilization Committee, University of Maryland.

Stereotaxic surgery and tracer injection. Stereotaxic injections were per-
formed on newborn (P0-P2) and adult (2 months of age) mice as de-
scribed previously (De Marchis et al., 2001). Briefly, newborn mice were
anesthetized by hypothermia (total duration, 15-20 min), and their
heads were immobilized on a custom neonatal stereotaxic apparatus
maintained at 4°C during surgery. The skull was exposed by a skin inci-
sion, and small holes were drilled through. A total of 100 nl of Fluorogold
(FG) (Invitrogen, Eugene, OR) were injected at stereotaxic coordinates
of 0 mm bregma, 0.8 mm lateral to sagittal sinus, and 1.5 mm depth, by
means of a glass micropipette and a pneumatic pressure injection appa-
ratus (Picospritzer II; General Valve, Fairfield, IL). After the micropipette
was removed, the skin was sutured with 0.8 mm silk thread. The pups
were quickly revitalized under a heat lamp and subsequently returned to
the dam. Adult animals were anesthetized by intraperitoneal injection of
sodium pentobarbital (Nembutal; 4—5 mg/100 mg body weight in 0.9%
saline solution), positioned in a stereotaxic apparatus (Stoelting, Wood
Dale, IL), and maintained on a warm platform at 35°C to keep body
temperature constant during anesthesia. The surgical procedure fol-
lowed the same steps described for neonatal mice. Injections of 100 nl of
FG were made at stereotaxic coordinates of 0.5 mm anterior to bregma, 1
mm lateral to the sagittal sinus, and a depth of 2 mm. After surgery, the
animals were left under a heat lamp and constantly monitored until
recovery.

Preparation of cell suspension and transplantation. Donor cells were
dissected from embryo [embryonic day 15 (E15)], neonatal (P1-P2), and
young adult (1 month of age) EGFP mice. The preparation of donor
LGE/SVZ progenitor cells was performed as described previously (Car-
letti et al., 2002, 2004 ). Briefly, donor embryos were removed by caesar-
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ean section from deeply anesthetized timed-pregnant females at gesta-
tion day 15 (E15). The embryos were rapidly decapitated and dissected in
PBS with 0.6% glucose (PBG) to isolate the forebrain. Under a dissecting
microscope, the LGE was carefully dissected away from surrounding
brain structures, and the collected tissue blocks were mechanically dis-
sociated to a single-cell suspension in the same dissection medium with-
out proteolytic agents. The obtained suspension was centrifuged and
resuspended in the same solution at a final concentration of 3-5 X 10*
cells/ul.

Neonatal mice were anesthetized by hypothermia, whereas adult mice
were anesthetized with an intraperitoneal injection of ketamine (100
mg/kg; Ketavet; Gellini, Aprilia LT, Italy) and xylazine (5 mg/kg;
Rompun; Bayer, Leverkusen, Germany). The anesthetized animals were
decapitated and the forebrain was dissected in PBG and cut into 500 um
coronal sections by means of a Mcllwain tissue chopper. Under a high-
magnification dissecting microscope, the SVZ of the lateral ventricle was
carefully dissected away from surrounding brain structures, isolated, and
mechanically dissociated to a single-cell suspension by means of a P200
Gilson pipette. In the case of P30 animals, before mechanical dissocia-
tion, SVZ fragments were incubated for 3 min in 0.025% trypsin and
0.265 mM EDTA. The cell suspension was then centrifuged (1000 X g for
7 min) and resuspended in PBG at a final concentration of 3-5 X 10*
cells/ul. Cell transplantation was performed on newborn and 2-month-
old mice, following the same surgical procedure described previously for
neuronal tracer injection. In all experiments, 2 ul of the cell suspension
were pressure-injected via a glass micropipette into both lateral ventricles
of each recipient mouse.

Tissue processing and immunohistochemical procedures. At the end of
the survival time (30 d after tracer injection, 30 or 60 d after cell trans-
plantation), the mice were deeply anesthetized (as above) and transcar-
dially perfused with 0.9% saline, followed by 4% paraformaldehyde in 0.1
M phosphate buffer (PB), pH 7.4. The brains were postfixed for 6 h in the
same solution, cryoprotected in 30% sucrose in 0.1 M PB, pH 7.4, embed-
ded in TissueTek OCT (optimal cutting compound) (Sakura Finetek,
Torrance, CA), frozen on dry ice-cooled isopentane, and stored at —80°C
until sectioned. Free-floating series of coronal and/or parasagittal sec-
tions (25 wm) were collected in multiwell dishes and stored at —20°C in
antifreeze solution until use.

Sections were incubated overnight at 4°C in primary antibody diluted
in 0.01 M PBS, pH 7.4, 0.5% Triton X-100, and 1% normal serum of the
same species of the secondary antiserum, and then incubated for 1 h at
room temperature in the appropriate secondary antibody. Sections were
counterstained by incubation in 5 nm TOTO3 for 30 min at room tem-
perature after immunohistochemical labeling and coverslipped with a
DABCO [1,4-diazobicyclo-(2,2,2)octane]-based antifade mounting me-
dium. The following primary antibodies were used: anti-PSA-NCAM
(polysialylated form of the neural cell adhesion molecule) (1:2500;
monoclonal mouse IgM; Ab-Cys, Paris, France), anti-DCX (doublecor-
tin) (1:500; goat; C-18 antibody; Santa Cruz Biotechnology, Santa Cruz,
CA), anti-GFAP (glial fibrillary acidic protein) (1:1000; monoclonal
mouse IgG; Boehringer, Mannheim, Germany), anti-GFP (green fluo-
rescent protein) (1:500; rabbit; Invitrogen), anti-calbindin D-28K (CB)
(1:1000; mouse; Swant, Bellinzona, Switzerland), anti-calretinin (CR)
(1:8000; rabbit; Swant), anti-tyrosine hydroxylase (TH) (1:1500; rabbit;
Institut Jacques Boy, Reims, France), anti-neurocalcin (NC) (gift from
Dr. H. Hidaka, Western Therapeutic Institute, Nagoya, Japan). Second-
ary antibodies used were as follows: anti-mouse and anti-rabbit Cy3
conjugated (1:800; Jackson ImmunoResearch, West Grove, PA); anti-
goat biotinylated (1:250; Vector, Burlingame, CA) followed by avidin
Cy3 or Cy2 (1:800; Jackson ImmunoResearch). FG can be visualized
using a wide-band ultraviolet excitation filter.

Photography and data analysis. All images were captured on a Fluo-
View 500 confocal microscope (Olympus Instruments, San Francisco,
CA) fitted with standard excitation and emission filters for the visualiza-
tion of FG, EGFP, Cy3, and TOTO3. Confocal image z-stacks were cap-
tured through the thickness of the slice at 1 wm optical steps. The digital
images were brightness, color, and contrast balanced, assembled into
montages using CorelDraw 11 (Corel, Ottawa, Ontario, Canada) and
LSM Image Browser (Zeiss, Oberkochen, Germany).
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Figure 1.
injection site in newborn and adult mice. B, Quantification of FG-positive GL cells double-labeled for CB, CR, NC, or TH, among the total number of FG-positive cells counted in the GL at 30 d survival
in newborn and adult injected animals. Error bars indicate SEM. *p << 0.05; **p << 0.01. C, Olfactory bulb GL stained in red for TH; the arrows indicate single-labeled cells, whereas the arrowhead
shows a FG-positive neuron expressing TH. D-G, Confocal analysis of FG-positive cells in sections labeled for (B, CR, NC, and TH. Scale bars: €, 30 wm; (in G) D-G, 10 um.

In both tracing and transplantation experiments, sections were exam-
ined systematically through the bulb and FG-positive or EGFP-
expressing cells in the GL were assessed for double labeling. Cell quanti-
fications were performed by counting all FG- or EGFP-labeled cells
integrated in the OB GCL and GL on serial sections (1 serial section every
12; at least three animals for each experimental group). For each animal,
the percentages of cells integrated into the GL and GCL, respectively,
were calculated over the total number of cells counted.

To establish the neurochemical phenotype of labeled cells in both
tracing and transplantation experiments, the percentage of FG- or EGFP-
labeled cells integrated in the GL expressing either calbindin, calretinin,
or TH was evaluated on confocal z-stacks captured through the thickness
of the slice. Morphometric analysis (soma diameter and number of pri-
mary dendrites) was performed on confocal images using Image-Pro
Plus software (Media Cybernetics, Silver Spring, MD). Statistical com-
parisons were conducted by Student’s ¢ test or by multivariate ANOVA
(MANOVA), followed by Bonferroni’s post hoc comparison. Significance
was established at p = 0.05. Data are presented as means = SEM. Statis-
tics for the tracing and transplantation experiments were all performed
on the mean values obtained for each animal, with # being the number of
animals.
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Neurochemical diversity of SVZ-derived cells (FG positive; green) generated at different ages. Double labeling shows as yellow in the overlay. 4, Schematic drawings illustrating the FG

Results

Selective neurochemical classes of periglomerular
interneurons are generated during neonatal and adult

OB neurogenesis

Interneurons in the OB GL are heterogeneous in their morphol-
ogy, neurochemical phenotype, and synaptic properties (Shipley
et al., 2004; Kosaka and Kosaka, 2005; Parrish-Aungst et al.,
2007), whereas interneurons in the GCL, mostly represented by
GABAergic granule cells, are more homogeneous. Little is known
about the functional significance of the diversity in neurotrans-
mitter/peptide for olfactory signal processing, and it is unclear
whether the different chemically coded subclasses of cells are
generated in specific time windows during development or in the
adult. To elucidate the relative contribution of neonatal and adult
OB neurogenesis to the different neurochemical subclasses of PG
interneurons, we stereotaxically injected FG into the SVZ of new-
born and adult mice (Fig. 1A) (De Marchis et al., 2001). One
month after injection, the fraction of FG-labeled cells integrated
in the GL or in the GCL was similar in both newborn (7.8 = 2.2%
of cells integrate in the GL; n = 6) and adult mice (9.7 = 1.1% of
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cells integrate in the GL; n = 4). To examine the neurochemical
phenotype of PG interneurons, we focused on the expression of
three calcium-binding proteins (CB, CR, and NC) and TH (Fig.
1C-G). Thirty days after FG injection, 20.6 * 4.3% of the FG-
positive cells in the GL of newborn animals (n = 5, 236 cells) were
double labeled for calbindin, whereas in adult mice they were
only 1.6 = 1.6% (n = 4, 154 cells; ¢ test, p < 0.01) (Fig. 1B).
FG-stained/CR-immunoreactive cells were 8.9 = 3.4% (n = 5,
139 cells) and 17.9 = 2.8% (n = 5, 212 cells; t test, p = 0.05) in
neonatal and adult animals, respectively (Fig. 1 B). In contrast,
none (0% neonatal injection; n = 3, 156 cells) or very few (1.3 =
0.7% adult injection; n = 3, 135 cells) FG-positive cells were also
labeled by NC antibodies (Fig. 1 B). Concerning the dopaminer-
gic phenotype, FG injection into neonatal animals yielded only
0.9 = 0.6% TH-positive PG neurons (n = 4, 206 cells), whereas
double-labeled cells were 9.7 = 1.8% in adult animals (n = 5, 155
cells; ¢ test, p < 0.01) (Fig. 1 B), consistent with previous studies
on the rat suggesting that the majority of TH cells are born be-
tween birth and adult (McLean and Shipley, 1988; Winner et al.,
2002). These observations show that different subclasses of PG
cells are generated in an age-dependent manner: CB-expressing
cells are preferentially produced during early life, whereas addi-
tion of newly generated CR- and TH-positive neurons is moder-
ate in newborn animals, but proceeds at a higher pace during
adult life (Fig. 1B). Our data suggest that SVZ progenitors of
different developmental stages differentially contribute to spe-
cific subclasses of OB interneurons. SVZ progenitors may be au-
tonomously committed to specific phenotypes or driven to un-
dergo selective differentiation through interaction with extrinsic
cues.

The majority of transplanted EGFP cells become
periglomerular and granule cells

To investigate the age-related potential of SVZ progenitors and
the relative contribution of intrinsic properties and environmen-
tal cues in the regulation of OB interneuron specification, we
adopted a cell transplantation paradigm. We compared the fate of
EGFP-tagged donor cells (Okabe et al., 1997) from neonatal and
adult SVZ grafted to the SVZ of newborn or adult hosts (Fig. 2 A).
In addition, transplantation of E15 LGE cells into newborn or
adult hosts was performed to examine the behavior of embryonic
precursors (Fig. 2A).

Donor cells were frequently observed along the injection track
as well as within several adjacent areas of the forebrain. These
cells displayed morphological features of both neuronal and glial
lineages. The phenotypic repertoires produced by transplanted
cells in extra-OB regions of the recipient brain were generally
consistent with the donor age (i.e., more neurons were generated
by LGE cells) and the engraftment site (i.e., oligodendrocytes
were present along white matter tracts). However, given the spe-
cific goals of our experiments, the subsequent description will be
focused on the cells that integrated into the SVZ-OB, which ex-
clusively adopted neuronal identities.

Progenitors isolated from donors of different ages efficiently
incorporated into the SVZ adjacent to lateral ventricle of both
neonatal and adult recipients. Clusters of such cells could be
found in this position up to 2 months after grafting, and EGFP-
positive neuroblasts were seen migrating along the RMS. Numer-
ous donor cells eventually integrated both into the accessory
(data not shown) and main OB. The numbers of EGFP-positive
cells counted in the OB 1 or 2 months after transplantation were
not statistically different ( p > 0.05). Therefore results obtained
at the two survival times were pooled for the subsequent analyses.
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Figure2. Homochronicand heterochronic transplantation to the neonatal and adult SVZ. 4,
Schematic drawings illustrating the transplantation experiments: donors cells derived from the
LGE/SVZ of embryonic, neonatal, and adult mice were transplanted into the SVZ of neonatal and
adult recipients. Analysis of the engrafted cells integrated into the OB was performed at Tand 2
months of survival. B, Integration rate of EGFP-positive cells into the GL in the different donor—
recipient combinations. MANOVA analysis shows a significant effect of donor and host with
interaction between them and no effect of survival time. Host effect was observed only in the
case of embryo donors ( p << 0.05). Donor effect was observed both in adult (embryo vs new-
born, p > 0.01; embryo vs adult, p > 0.001) and newborn (embryo vs adult, p > 0.01)
recipients. Error bars indicate SEM. **p << 0.01; ***p < 0.001.

EGFP-positive cells showed the typical morphological fea-
tures and anatomical localization of fully differentiated OB inter-
neurons (Fig. 3A-F) (Petreanu and Alvarez-Buylla, 2002). In
neonatal hosts, the number of donor EGFP-positive cells inte-
grated into the OB was similar with all donor ages from embryo
to adult (embryo: 516 = 86 cells, n = 11; neonatal: 407 = 82 cells,
n = 9; adult: 463 * 103 cells, n = 9). In contrast, in adult recip-
ients neonatal cells showed higher integration efficiency (1445 =
277 cells; n = 9) compared with both embryo (613 * 138 cells;
n=11) and adult donors (193 = 87 cells; n = 5; Bonferroni’s post
hoc test, p < 0.05, neonatal vs embryo; p < 0.01, neonatal vs
adult). Moreover, transplants of neonatal SVZ neuroblasts were
more effective in adult than in newborn recipients (Bonferroni’s
post hoc test, p < 0.01). Because of higher proliferation rates or
better survival capabilities, neonatal cells could have some com-
petitive advantage versus their adult counterparts and be more
efficiently incorporated in the SVZ of mature animals. However,
the apparent decline of adult donor cell integration into adult
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Figure3.
donors integrated in the OB of an adult mouse 1 month after transplant in a tissue section double stained for (B (red). EGFP-
positive cells are predominantly localized in the GCL. The arrowhead shows an EGFP-positive cell integrated in the GL. B, D,
EGFP-positive GCs derived from LGE embryonic progenitors, integrated in the 0B GCL. E, EGFP-positive nongranule cells derived
from LGE embryonic progenitors, integrated in the OB GCL. F, EGFP-positive cells derived from neonatal SVZ progenitors, inte-
grated in the OB EPL, in a section double stained for TH. Scale bars: 4, 100 wm; B, F, 50 m; (=, 20 um.

hosts suggests that the juvenile milieu may provide more favor-
able conditions for the engraftment of these cells.

EGFP-positive cells were mainly localized in the GCL and less
abundantly in the GL (Fig. 3A). In the GCL, the vast majority of
donor cells were morphologically identifiable as mature GCs,
characterized by a round or elongated cell body, a thick, long
apical process that extended through the mitral cell layer (MCL)
to form spine-rich apical dendrites in the external plexiform layer
(EPL), and one or a few basal processes extending into the GCL
(Petreanu and Alvarez-Buylla, 2002) (Fig. 3B, D). Transplanted
GCs were also found mixed with mitral cells in the MCL (data not
shown). In addition to typical GCs, we also encountered EGFP-
positive elements with larger polygonal cell bodies (soma diam-
eter: 11.5 £ 0.5 um; n = 8;vs 9.1 £ 0.4 um; n = 9 GCs; ttest, p <
0.01) and several processes (number of primary dendrites, 4.6 =
0.7;n="7;vs2.4 = 0.2;n =9 GCs; ttest, p < 0.05) radiating in the
GCL (Fig. 3E). Based on their morphology, these cells could be
ascribed to nongranule cells types such as Blanes cells and/or
Golgi cells, which are present in low density in the GCL of the
adult OB (for review, see Shipley et al., 2004). These neurons,
found in the large majority of animals transplanted with embry-
onic cells independently from the host age, were only occasion-
ally observed with neonatal and adult donors.

Donor cells integrated in the GL showed the typical morphol-
ogy of PG neurons (Fig. 3C). A few morphologically differenti-
ated EGFP-positive elements were also found immediately deep
to the GL, in the EPL. The round-shaped bodies of these cells
were either localized on the EPL/GL boundary, with horizontally
oriented spine-rich dendrites budding from the soma in opposite
directions, or in the superficial EPL, with multiple spiny pro-
cesses reaching the glomerular shell (Fig. 3F). These rare EPL
cells were preferentially observed in animals transplanted with
either embryonic or neonatal progenitors, regardless of the recip-
ient age. On the whole, our findings suggest that, along with the

Morphological characterization of EGFP-positive cells in the 0B. A, EGFP-positive cells (green) derived from neonatal
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main populations of GC and PG cells,
LGE/SVZ precursors of different ages may
also contribute to other classes of OB
interneurons.

Age-related changes in the integration
rate of transplanted cells into the GCL
versus the GL

The ratio of EGFP cells integrating into the
GCL versus GL varied between the host
and donor combinations with the majority
of cells integrating into the former, as ex-
pected (Bayer, 1983; Luskin, 1993; Lois
and Alvarez-Buylla, 1994). Adult-derived
SVZ donors rarely yielded cells that inte-
grated in the GL of newborn or adult host
(1.6 = 0.6% in newborn, n = 9; 1.5 *=
1.4% in adult, n = 5), whereas embryonic
(8.4 *= 1.7% in newborn, n = 11; 19.5 =
1.5% in adult hosts, n = 9) or neonatal
(5 = 1.2% in newborn, n = 9; 6.2 = 0.8%
in adult hosts, n = 11) donor transplants
generated larger fractions of GL neurons
(Fig. 2B). In both newborn and adult re-
cipients, there was a significant effect of
donor age on transplant (Bonferroni’s post
hoc test, for newborn recipients, p < 0.01,
embryo vs adult; for adult recipients, p <
0.01, embryo vs neonatal, and p < 0.001,
embryo vs adult donors). Embryonic LGE cells, but not neonatal
or adult SVZ cells, were more efficient in integrating into the GL
of adult compared with newborn hosts (p < 0.05) (Fig. 2B).
Together, these observations show a progressive decrease in the
number of cells targeted to the GL depending on the donor age of
the transplanted progenitors, from embryo to adult. However,
neonatal and adult cells consistently behave according to their
donor origin, whereas embryonic cells are partially influenced by
the host environment.

Transplanted embryonic and neonatal progenitors exhibit
different PG cell lineage potential
Our previous studies suggested that at least some of the SVZ
progenitors are committed to a GAD65-positive phenotype as
early as the SVZ, and there does not appear to be any age-
dependent differences for selecting the GAD lineage (De Marchis
etal., 2004). To investigate whether cells in the SVZ are commit-
ted to differentiate into other neurochemical phenotypes at dif-
ferent ages, we analyzed the expression of PG cell markers in
transplanted cells. Because of the very low number of EGFP-
positive cells integrated in the GL of animals that received adult
SVZ donors, these specimens were not included in the quantita-
tive analysis. The percentage of EGFP-labeled cells expressing
either CB, CR, or TH was evaluated in the GL of newborn and
adult mice transplanted with embryonic or neonatal donors (Fig.
4). Although the number of donor PG cells varied considerably
from case to case, the fractions of such cells belonging to different
phenotypes at 1 or 2 months after transplantation did not reveal
any clear trend and were not statistically different ( p > 0.05).
Therefore, although we cannot completely rule out the possibility
that the frequencies of certain phenotypes could change slightly
over time, we decided to pool data from the two survival times
also for this analysis.

Embryonic donors yielded numerous EGFP cells expressing
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CB (25.9 = 4.9% in newborn, n = 5, 349
cells; 16.5 = 3.9% in adult, n = 8, 216 cells)
(Fig. 4A). Neonatal cells, transplanted to
either newborn or adult hosts, rarely ac-
quired this phenotype (namely, of 5.1 =
3.1% in newborn, n = 5, 52 cells; 2.8 *
1.4% in adult recipients, n = 10, 349 cells)
(Fig. 4A). Therefore, transplanted embry-
onic progenitors show a higher potential-
ity than neonatal donors to develop CB-
positive PG neurons ( p < 0.01) and this
phenomenon is independent of host age
(p > 0.05). Virtually no embryonic LGE
cells developed CR-positive PG neurons
(0% in newborn, n = 5, 207 cells; 1.6 =
1.6% in adult recipients, n = 9, 299 cells),
whereas neonatal progenitors gave rise to
CR cells both in newborn (12.8 * 10.2%,
n = 4,58 cells) and adult (8.7 = 1.6%, n =
10, 345 cells) recipients ( p < 0.01 embryo
vs neonatal donors in adult recipient) (Fig.
4B). Finally, the analysis of TH expression
in EGFP-positive cells derived from either
embryonic (5.4 = 3.6% in newborn, n = 5,
214 cells; 2.2 + 1.5% in adult hosts, n = 9,
293 cells) or newborn (7.3 * 4.7% in new-
born, n = 4, 35 cells; 7 = 3.1% in adult
hosts, n = 10, 332 cells) mice did not show
any significant differences between donors
and/or recipients (Fig. 4C). Hence, differ-
entiation of donor cells into CR- or CB-
positive PG interneurons depends on the
age of the donor cells, and it is minimally
influenced by the host. The generation of
TH-positive PG cells also showed a similar
trend, being more frequent with neonatal
SVZ than embryonic LGE progenitors.

u- 1
Neonatal

Discussion

Local circuit interactions within the OB
modulate the activity of major output neu-
rons. This function is produced by a vari-
ety of interneurons and is essential for ol-
factory processing. Recent reports have
shown that OB interneurons are generated
and functionally integrated into local cir-
cuits throughout life (Doetsch and Hen,
2005). In addition, some of the molecular
mechanisms underlying the production
and diversity of OB interneurons have
been unraveled (Hack et al., 2005; Kohwi

Figure 4.
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Neurochemical phenotype of EGFP-positive cells integrated in the OB GL in the different donor—recipient combina-

et al., 2005; Waclaw et al., 2006). These
studies indicate that different OB inter-
neuron phenotypes derive from distinct

tions. A-C, Quantification of percentage of EGFP-positive cells integrated in the GL double stained for (B (4), CR (B), and TH (C).
Comparison of the results obtained transplanting embryonic and neonatal progenitors into newborn and adult mice. D-N,
Representative images of EGFP-positive cells double stained for (B (D, G, L), (R (E, H,M),and TH (F, I, N'). Error bars indicate SEM.
**p <0.01. Scale bars: (in D) D, E, G, H, L, M, 20 m; (in F) F, 1, N, 20 pm.

sets of progenitor cells, which become lin-
eage restricted in the SVZ or in the RMS. Our in vivo cell labeling
in neonate and adult, together with embryonic and neonatal
transplants, strongly suggests that the potentiality of SVZ pro-
genitors is also modulated in time, so that specific neurochemical
classes of PG interneurons are preferentially generated at differ-
ent ages.

Although the adult SVZ-OB system retains many immature
features, substantial molecular and functional changes character-

ize its development (Malun and Brunjes, 1996; Bailey et al., 1999;
Peretto et al., 2005). Previous reports indicated that SVZ cells
from adult mice transplanted into the adult SVZ migrate into the
host OB and differentiate into GC and PG interneurons (Lois and
Alvarez-Buylla, 1994). Progenitors from the LGE grafted to the
hosts of different ages also show the same migratory behavior and
developmental potential (Wichterle et al., 1999, 2001). Accord-
ingly, we found that donors of all ages transplanted to the SVZ of
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both newborn and adult mice were able to migrate along the RMS
and to acquire OB interneuron phenotypes, although with differ-
ent efficiency in term of total numbers of integrated cells. As
expected, based on the normal behavior of naive progenitors
(Bayer, 1983; Luskin 1993; Lois and Alvarez-Buylla, 1994), higher
amounts of transplanted cells engrafted in the GCL than in the
GL. However, quantitative analysis of the integration rate of
transplanted cells into each layer showed that progenitors of di-
verse ages exhibit different behaviors, with a progressive decrease
in the number of cells targeted to the GL from embryo to adult.
This effect was mostly independent from the age of the host,
although the fraction of embryonic donors that engrafted in the
GL was bigger in adult than neonatal recipients. These results
indicate that the integration of embryonic, but not newborn or
adult, progenitors is conditioned by maturational changes in the
host environment, likely reflecting a less committed state of LGE
progenitors.

The fraction of PG cells observed in tracing and transplanta-
tion experiments was somewhat different. Indeed, variable esti-
mations within the same range as our data have been reported by
others in different experimental conditions (Luskin, 1993; Bel-
luzzi et al., 2003; Hack et al., 2005). In particular, viral transfec-
tion approaches revealed that the amount of labeled PG cells is
higher after injections in the RMS than in the SVZ (Hack et al.,
2005). In line with these findings, the higher frequency of PG cells
labeled in our tracing experiments might be attributed to diffu-
sion or spillover of the tracer from the SVZ injection site along the
adjacent caudal portion of the RMS.

In addition to GC and PG cells, EGFP-positive elements inte-
grated in the host OB displayed morphological features reminis-
cent of other types of interneurons in the GCL (i.e., “Blanes
cells”) (Pressler and Strowbridge, 2006) and EPL. Although
quantitative analyses were not performed on these cells, they were
clearly more frequent in animals transplanted with juvenile pro-
genitors, suggesting that along with the main populations of GC
and PG cells, precursors from the LGE and SVZ may also con-
tribute to other classes of OB interneurons. The generation of
these interneuron types seems to be restricted to embryonic or
postnatal ontogenesis. However, it is noteworthy that the adult
OB still provides permissive conditions for their proper differen-
tiation and integration.

Another significant age-related difference concerned the pro-
duction of neurochemically distinct types of interneurons. Our
results not only reveal differences in the neurogenic process oc-
curring in the OB at distinct ages but also support the recent view
that SVZ progenitors are intrinsically directed toward specific
lineages (Hack et al., 2005; Kohwi et al., 2005; Waclaw et al.,
2006).

The analysis of the neurochemical phenotypes of PG neurons
after dye injection or transplantation discloses some consistent
trends in the generation of specific GL interneuron types at dif-
ferent ontogenetic stages. CB-expressing neurons are mainly pro-
duced in juvenile individuals, whereas CR-positive cells are more
frequently generated in adults. TH-positive cells are generated at
low levels in the embryo/neonate and at higher rates in the adult,
in agreement with previous studies showing that the greatest
numbers of TH cells occur in the postnatal/adult OB (McLean
and Shipley, 1988; Winner et al., 2002). The results of in situ
labeling may be attributed either to age-dependent changes in the
inherent features of SVZ progenitors, or to progressive modifica-
tions in the OB milieu that influence the final maturation of
newly born neurons. Indeed, although different types of neocor-
tical inhibitory interneurons derive from distinct progenitor
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pools (Wonders and Anderson, 2006), those of the cerebellum
originate from multipotent precursors that acquire their mature
identities under the influence of local instructive cues (Leto et al.,
2006). To discriminate between these possibilities, we trans-
planted LGE/SVZ progenitors into homochronic or hetero-
chronic environments. Grafted cells preferentially acquired phe-
notypes typical of their origin, thus showing that their mature
identities are primarily determined by their intrinsic properties.

These results indicate that adult neurogenesis does not reflect
asimple turnover of the whole interneuron population of the GL,
but it may serve to finely modulate the relative amounts of dis-
tinct OB neuron subpopulations. This is strengthened by com-
parison of the results obtained by FG injection into adult mice
with data on the percentages of the different subpopulations in
the OB GL (Parrish-Aungst et al., 2007). Thus, considering the
“steady-state” cell numbers for each of the neurochemical sub-
populations with the proportion of newly generated cells yields a
ratio (proportion of newly generated cells expressing each phe-
notype/proportion of cells in the GL expressing that phenotype)
of 1.0 for TH and 0.6 for CR, suggesting a higher rate of cell
renewal in adult. In contrast, values for CB and NC are 0.2 and
0.1, respectively, suggesting a low rate of cell renewal for these
populations in adult. Our previous estimate of GAD65-positive
cells generated by the SVZ (De Marchis et al., 2004) and the total
adult GL population of GAD65-positive neurons yield a ratio of
1.25. This suggests a TH-positive cell in adult is 10 times, and a
GADG65-positive cell 12 times, more likely to be renewed from
SVZ progenitors than an NC-positive cell.

Together, our findings support the conclusion that the popu-
lation of SVZ progenitors with a PG fate is composed of a heter-
ogeneous pool of neurochemically specified elements, and indi-
cate that the relative contribution of these different subsets
changes with time. However, results obtained after SVZ progen-
itor transplantation partially diverge from those obtained by dye
labeling. In particular, different percentages of CB- or TH-
positive cells are found when dye injections in the neonate are
compared with transplantation of neonatal SVZ. These quantita-
tive differences may be well related to the two experimental ap-
proaches. Indeed, the procedures of dissociation and transplan-
tation may favor the survival and/or engraftment of certain cell
types, whereas dye injection and uptake may be differentially
efficient on distinct progenitor subsets. Such “selective” mecha-
nisms would support the idea of intrinsically different subsets of
progenitor cells destined to generate the variety of PG cell phe-
notypes. In any case, although the absolute numbers observed in
the transplants cannot be compared with those obtained by trac-
ing endogenous precursors, both sets of results are consistent in
showing some clear trends in the age-dependent production of
specific phenotypes. SVZ progenitors preferentially adopt the CB
phenotype during embryonic life, whereas acquisition of the
same identity gradually becomes less frequent during postnatal
development and adulthood. In contrast, the production of CR-
and TH-expressing PG cells follows an opposite trend with a
progressive increase with age. Therefore, despite their inherent
methodological differences, both experimental approaches sup-
port the conclusion that different categories of PG cells are gen-
erated according to an age-specific schedule.

The functional impact to the OB circuit of “stable” (e.g., NC
and CB) and “transient” (e.g., CR, TH, and GAD) neuron popu-
lations in the adult GL is unclear. Given the specific role of
calcium-binding proteins in regulating neuronal signaling and
activity by buffering intracellular calcium (Berridge et al., 2003),
it is tempting to speculate that differential renewal rates of CB- or
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CR-positive PG interneurons may be functional to some age-
specific requirement in the processing of olfactory information.
The observation that transplanted cells preferentially adopt neu-
rochemical traits typical of their donor origin indicates that the
age-specific repertoire of interneuron phenotypes is regulated by
modulating the specific features of undifferentiated SVZ progen-
itors and not mature neurons. It remains to be elucidated
whether these features reflect the execution of a genetically deter-
mined developmental schedule or they can be modified in re-
sponse to individual experience.
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