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ABSTRACT: Postnatally, the Purkinje cell degen-
eration mutant mice lose the main projecting neurons of
the main olfactory bulb (OB): mitral cells (MC). In
adult animals, progenitor cells from the rostral migra-
tory stream (RMS) differentiate into bulbar interneur-
ons that modulate MC activity. In the present work, we
studied changes in proliferation, tangential migration,
radial migration patterns, and the survival of these
newly generated neurons in this neurodegeneration ani-
mal model. The animals were injected with bromodeoxy-
uridine 2 weeks or 2 months before Killing in order to
label neuroblast incorporation into the OB and to ana-
lyze the survival of these cells after differentiation,
respectively. Both the organization and cellular compo-
sition of the RMS and the differentiation of the newly

generated neurons in the OB were studied using specific
markers of glial cells, neuroblasts, and mature neurons.
No changes were observed in the cell proliferation rate
nor in their tangential migration through the RMS, indi-
cating that migrating neuroblasts are only weakly re-
sponsive to the alteration in their target region, the OB.
However, the absence of MC does elicit differences in
the final destination of the newly generated interneur-
ons. Moreover, the loss of MC also produces changes in
the survival of the newly generated interneurons, in ac-
cordance with the dramatic decrease in the number of
synaptic targets available. © 2007 Wiley Periodicals, Inc.
Develop Neurobiol 67: 839-859, 2007
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INTRODUCTION

In the adult central nervous system (CNS) of mam-
mals, neuroblasts are mainly generated in two spe-
cific regions: the dentate gyrus of the hippocampus
and the subventricular zone (SVZ) of the lateral ven-
tricles. In this latter, new cells are directed to the ol-
factory bulb (OB) (Altman and Das, 1965; Hastings
and Gould, 1999). Currently, the implications of this
neurogenesis as regards both organization and regen-
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eration capacity in the adult CNS are a hot discussion
topic due to the potential application of adult stem
cells for neurological repair (Shihabuddin et al.,
1999; Peterson, 2002; Lie et al., 2004). Neuronal
replacement from endogenous stem cells occurs after
neurodegeneration, but it is clearly insufficient (Kay
and Blum, 2000; Magavi et al., 2000; Zhang et al.,
2001; Arvidsson et al., 2002; Parent et al., 2002).
Thus, if possible, strategies must be developed to
allow endogenous adult neurogenesis to be function-
ally relevant in neurodegenerative processes.

Newly generated neuroblasts migrate tangentially
from the SVZ to the OB through the rostral migratory
stream (RMS). In this tangential migration, astrocytic
processes envelop the neuroblasts, to form “glial-
tubes”, by means of which neuroblasts advance
towards the caudal region of the OB (Lois et al.,
1996; Peretto et al., 1997). Within the OB, neuro-
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blasts go out of this glial barrier and migrate radially
towards both the granule cell layer (GCL) and the
glomerular layer (GL), differentiating into interneur-
ons (Altman, 1969; Lois and Alvarez—Buylla, 1994,
Carleton et al., 2003). Newly generated neuroblasts
mainly give rise to granule cells and periglomerular
cells that establish synaptic connections predomi-
nantly with mitral cells (MC), the main projection
neurons of the OB (Petreanu and Alvarez-Buylla,
2002; Carleton et al., 2003). These OB interneurons
play a critical role in the modulation of the olfactory
signal by modifying MC activity (Mori et al., 1998,
1999; Carleton et al., 2002; Lledo et al., 2004). More-
over, incorporation of these new neurons into the OB
circuitry has been found to be essential for the main-
tenance of the structure and function of the OB
(Gheusi et al., 2000; Rochefort et al., 2002; Zheng
et al., 2004).

In this work, the effects of MC loss on the prolifer-
ation, tangential migration, radial migration, and dif-
ferentiation of interneuron precursors and their sur-
vival in the adult olfactory system were studied
employing the Purkinje cell degeneration (pcd) mutant
mouse model. pcd/pcd mice suffer from a selective
degeneration of MC with no direct alterations in other
neuronal types found in the OB (Greer and Shepherd,
1982), including tufted cells. Neurodegeneration oc-
curs in definite periods, allowing detailed and exact
characterization of the degenerative process: selective
death of MC begins around postnatal day 60, and at
postnatal day 90 most MC have already been lost
(Greer and Shepherd, 1982; Valero et al., 2006). Glo-
merulus activity has been shown to be normal and no
effects have been observed in the olfactory nerve
axons (Greer and Shepherd, 1982). Furthermore, pcd/
pcd animals are interesting models for neural degener-
ation, since they are considered to be completely nor-
mal at birth, thus avoiding prenatal compensatory
mechanisms (Greer and Shepherd, 1982). Accord-
ingly, the pcd/pcd mouse model allowed us to study
how newly generated neuroblasts respond to the lack
of their main synaptic target in adults.

METHODS

Animals

C57BL/6J male mice (Mus musculus, L. 1758) heterozy-
gous for the pcd’”’ mutation (ped/+) were obtained from
Jackson Laboratories and were mated with DBA/2J
females, which did not present the pcd alteration. Since
pcd/ped animals are not useful for breeding, we sorted the
littermates according to their genotypes in order to use
them as control (4/4) and experimental animals (pcd/pcd),
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and to expand the colony (+/pcd). The ped”’ allele was
associated with the genetic background of the C57BL/6J
strain, while the normal allele was associated with the
genetic background of the DBA/2J strain. Animal genotyp-
ing was performed by PCR amplification of specific micro-
satellite sequences.

Twelve +/+ mice (eight P104 and four P150) and
twelve pcd/pced mice (eight P104 and four P150) were used
in this study. The animals were kept, handled, and killed in
accordance with the Council of the European Communities
(directive 86/609/EEC) and current Spanish legislation (RD
1201/2005).

Bromodeoxyuridine Administration

To label proliferating cells, the thymidine analog 5-bromo-
2'-deoxyuridine (BrdU; Sigma Chemical Co., St. Louis,
MO; 30 ug/g b.w.) was administered intraperitoneally,
mixed with the thymidine synthesis inhibitor 5-fluoro-2’-
deoxyuridine (Sigma; 3 ug/g b.w.) in 0.1 M phosphate buf-
fered-saline, pH 7.3 (PBS). Three consecutive doses of
BrdU were injected every 3 h into P90 mice. The animals
were injected with BrdU 2 weeks before killing in order to
study tangential and radial migration of neuroblasts, or
2 months before killing to analyze survival of newly gener-
ated neurons.

Immunohistochemistry

Mice were deeply anesthetized with 1 uL/g b.w. of a mix-
ture of ketamine hydrochloride (3/4; Ketolar, Parke-Davis,
Barcelona, Spain) and thiazine hydrochloride (1/4, Rom-
pun, Bayer, Leverkusen, Germany), and then perfused
intracardially with 0.9% NaCl, followed by Somogyi’s fixa-
tive (Somogyi and Takagi, 1982) without glutaraldehyde
(5 ml/g b.w.). After perfusion, brains were dissected out, di-
vided into two blocks along a coronal plane using a mouse
brain matrix (Electron Microscopy Sciences, PA), and post-
fixed with the same fixative for 3 h. Brain blocks were then
rinsed for 2 h with 0.1 M phosphate buffer (PB), pH 7.4,
and immersed in 30% (w/v) sucrose in PB until they sank.
After cryoprotection, 40 um-thick coronal sections were
obtained with a freezing-sliding microtome (Leica Frigo-
mobil, Jung SM 2000, Nussloch, Germany). The sections
were collected in six series in PB and then stored at —20°C
in an anti-freezing mixture of 30% glycerol (v/v) and 30%
polyethylene glycol (v/v) in PB.

For BrdU immunodetection, sections were rinsed in
PBS (3 X 10 min) and then incubated for 1 h at 37°C with
2 N HCI to allow DNA denaturation. After HCI incubation,
tissues were rinsed in 0.1 M borate buffer (pH 8.5, 3 X
10 min) and then in PBS (3 X 10 min). Sections were incu-
bated with a medium made up of 1:5000 rat anti-BrdU (No.
MAS250c, Accurate Chemical and Scientific Corporation,
NY), 0.2% Triton X-100 (Probus S.A., Barcelona, Spain),
and 5% normal goat serum (Vector laboratories, Burlin-
game, CA) in PBS for 48 h at 4°C. Following this, sections
were rinsed in PBS (3 X 10 min) and incubated in 1:1000



biotinylated rat secondary antiserum (Jackson ImmunoRe-
search Laboratories, West Grove, PA) for 90 min at room
temperature. Tissues were rinsed in PBS and incubated in
avidin-biotin-peroxidase complex (Kit Elite ABC; 1:200;
Vector) for 2 h (room temperature). Finally, sections were
rinsed three times in PBS, twice in 0.1 M Tris-HCI buffer
(pH 7.6), and the reaction product was visualized by incu-
bating the sections in 0.02% 3,3’-diaminobenzidine (w/v)
and 0.003% hydrogen peroxide (v/v) in 0.1 M Tris-HCI
buffer (pH 7.6).

The following primary antibodies were used for single
or double immunofluorescence tissue staining with rat
anti-BrdU: mouse anti-proliferating cell nuclear antigen
(PCNA; 1:3000; No.PC10sc-56, Santa Cruz Biotechnology,
Santa Cruz, CA), mouse anti-NeuN (1:5000; No.MAB377,
Chemicon International, Temecula, CA), rabbit anti-calreti-
nin (CR; 1:10,000; kindly supplied by Prof. Celio from the
University of Fribourg, Switzerland), rabbit anti-neuronal
class III f-tubulin (Tujl; 1:1000; No.PRB-435P, Covance,
Berkeley, CA), mouse anti-glial fibrillary acidic protein
(GFAP; 1:2000; No.G-3893, Sigma), and mouse anti-reelin
(1:1000, No.MABS5366, Chemicon).

For immunofluorescence detection, floating sections
were preincubated with 0.13 M sodium borohydride for
30 min to remove aldehyde autofluorescence. These sec-
tions were then rinsed in PBS (3 X 10 min) and incubated
at 4°C for 48 h with a primary antiserum. The incubation
medium was made up of 0.2% Triton X-100 (w/v), 5%
goat-serum (v/v), and the corresponding antisera diluted in
PBS. Finally, the sections were rinsed in PBS (3 X 10 min)
and incubated at room temperature in darkness with the cor-
responding secondary antisera: Cy2-conjugated goat anti-
rat IgG, Cy3-conjugated goat anti-mouse IgG, or Cy5-con-
jugated goat anti-rabbit IgG (all of them at 1:500 from Jack-
son ImmunoResearch Laboratories). For PCNA staining,
floating sections were further fixed at room temperature
with Bouin-4%, for 2 h as previously described (Valero
et al., 2005). Some sections were incubated for 30 min with
1:2000 propidium iodide (PI; Sigma) diluted in PBS to
counterstain all cells. After rising with PBS, sections were
mounted with an antifading medium (Valero et al., 2005).

Terminal Deoxynucleotidyl Transferase-
Mediated Biotin-dUTP Nick End Labeling

To detect apoptotic bodies, tissue sections were postfixed
with 4% paraformaldehyde in PB for 20 min. After the sec-
tions had been rinsed (PBS 3 X 10 min), they were treated
with ethanol/acetic acid (2:1) at —20°C for 5 min. Then, tis-
sues were rinsed in PBS (3 X 10 min) and permeated at
room temperature for 15 min with 0.2% Triton X-100
diluted in 0.1% sodium citrate (w/v). After permeation, the
TUNEL technique was carried out as previously described
(Gascon et al., 2005). Briefly, tissues were rinsed in PBS
(2 X 5 min) and immersed for 30 min in dUTP Nick End
Labeling (TUNEL) buffer made up of 30 mM Tris-HCI
buffer (pH 7.2), 140 mM sodium cacodylate, 1 mM cobalt
chloride, and 0.3% Triton X-100. Tissues were then incu-
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bated at 37°C with the TUNEL reaction mixture containing
800 U/ml of terminal transferase (Roche Diagnostics,
Mannheim, Germany) and 1 uM biotin-16-2'-deoxy-uri-
dine-5'-triphosphate (Roche) for 2 h, both diluted in
TUNEL buffer. Finally, sections were rinsed in PBS (3 X
10 min), incubated at room temperature in darkness with
Cy2-conjugated streptavidin (1:500; Jackson ImmunoRe-
search Laboratories), and counterstained with 1:2000 PI.
After three rinses with PBS, the sections were mounted
with antifading medium and coverslipped.

Quantitative Analysis

The percentage of PCNA-positive cells was studied at three
different levels. Equivalent serial sections from each brain
were chosen considering anatomical landmarks and their
relative positions to Bregma (Hof et al., 2000). These zones
correspond to SVZ [Bregma 0.20 mm; Fig. 1(A,B)], RMS
[Bregma 1.50 mm; Fig. 1(A,C)], and RMS-OB [Bregma
3.80 mm; Fig. 1(A,D)]. The percentage of PCNA-positive
cells was estimated by counting the total number of cells
(stained with PI) and the number of PCNA-positive cells
present on a single plane image obtained with a confocal
microscope at 40X (Leica TCS SP spectral confocal micro-
scope; Leica, Mannheim, Germany).

Quantification of BrdU-positive (BrdU+) cells in the
OB and estimations of layer areas were performed using
Neurolucida software (MicroBrightField, Williston, VT).
The areas of the different OB layers were measured in 40
um-thick serial sections at 240 pm rostrocaudal intervals.
The volumes of the layers were calculated using Table-
Curve 2D v5.01 (AISN Software, Mapleton, OR). The den-
sity of BrdU+ cells in the OB was estimated by obtaining
the mean density from two representative levels, selected as
reported previously (Weruaga et al., 1999). The OB was di-
vided into five rostrocaudal levels and the third and fourth
levels were selected for the analysis, since they were the
levels containing the largest surface for all layers analyzed.
The total number of BrdU+ cells in each layer was cor-
rected using an Abercrombie-based method, as previously
reported (Petreanu and Alvarez—Buylla, 2002).

Equivalent OB sections were chosen from control and
mutant animals to determine the percentage of BrdU+ cells
expressing different neuronal markers. The analysis was
performed using plane images from dorsal, lateral, ventral,
and medial OB quadrants obtained with confocal micros-
copy. Confocal images were analyzed using the Leica con-
focal software (v2.61) and imageJ 1.37i (Rosband, W. S.,
National Institutes of Health, Bethesda, MA). The number
of CR+ cells and MC was estimated using this procedure
and the Abercrombie-based method.

Epifluorescence microscopy was employed to count
TUNEL+ bodies. Quantification of these TUNEL+ bodies
in the OB was performed using the Abercrombie-based
method. Since the number of TUNEL+ bodies per 40 um-
thick slice was very low, their density in the OB was esti-
mated obtaining the mean density of all OB sections in a
one-in-six series (see the immunohistochemistry procedures).

Developmental Neurobiology. DOI 10.1002/dneu
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Figure 1 MC loss does not affect cellular proliferation or cellular organization in the RMS. (A) Sche-
matic sagittal view of the rostral region of the adult mouse brain. The RMS pathway is represented in red.
Shaded lines show the rostrocaudal levels chosen to study proliferation. (B-D) Confocal microscopy
images of the three rostrocaudal levels indicated in (A), and stained for PCNA (green and yellowish tones
for colocalization with PI) and counterstained with PI (red) from a P104 control mouse. The arrow in (B)
points to a mitotic cell in the SVZ stained with PCNA. No differences in the percentage of PCNA+- cells
were observed between control and pcd/pcd mice (Table 1). Scale bar in (D) also applies to (B,C). (E-J)
Confocal microscopy images of coronal sections of the RMS from a P104 control mouse (E-G) and a
pcd/ped mouse (H-J) stained for GFAP (red) and Tujl (green). GFAP staining demonstrates the astrocytic
component of the RMS and was similar in control [(E), red in (G)] and pcd/pcd mice [(H), red in (J)].
Tujl labeling stained neuroblasts of the RMS and was similar in control [(F), green in (G)] and pcd/pcd
mice [(I), green in (J)]. No abnormalities were observed in the RMS structure of pcd/pcd mice [compare
(G) and (J)]. Scale bar in (J) applies to (E-I). Cx, cortex; GFAP, glial fibrillary acidic protein; LV, lateral
ventricle; OB, olfactory bulb; PCNA, proliferating cell nuclear antigen; PI, propidium iodide; RMS, ros-
tral migratory stream; RMS-OB, terminal region of the RMS in the caudal OB; SVZ, subventricular zone.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Statistical Analyses

Statistical differences were assessed by ¢ test or the one-
way ANOVA and Student-Newman-Keuls post hoc analy-
sis when comparing more than two groups. The level of sig-
nificance was set at p < 0.05. When the statistical groups
included both males and females (P104 animals, n = 4 for
males and n = 4 for females), possible differences between
them were tested and were found to be not significant.
Accordingly, male and female data were grouped for the
final statistical analysis in these groups.

RESULTS

Cell Proliferation

The loss of MC could affect both the organization
and proliferation of neuronal precursors into the
RMS. In light of this, the percentages of proliferating
cells in three regions of the adult CNS were quanti-
fied and compared between the mutant and control
animals [(Fig. 1(A-D)]: namely, the dorsal horn of
the SVZ, the RMS, and the end region of the RMS
within the OB (RMS-OB). PCNA immunofluores-
cence was employed to detect proliferating cells,
combined with PI counterstaining [Fig. 1(B-D)].
PCNA immunodetection stains only the proliferating
cells in the regions studied (Valero et al., 2005). The
percentage of PCNA-positive cells in these three
regions was not significantly different between the
control and pcd/pcd mice (Table 1). These results
indicate that MC loss does not affect cell generation
in the regions studied.

Tangential Migration

Since no changes in cell proliferation in the pcd/pcd
RMS were detected, it may be inferred that the same
number of neuroblasts must have reached the control
or pcd/pcd OBs. However, alterations of the RMS
structure could affect the tangential migration of cells
through this pathway, hindering the arrival of new
neuroblasts to the pcd/pcd OB. The possible struc-
tural abnormalities in the RMS of pcd/pcd mice were
analyzed by immunodetection of GFAP and p-III-

Table 1 pcd/pcd Mice Show Normal Cell Proliferation

Region Control (n = 8) pcdlped (n = 8)
Svz 28.0 £ 8.2 29.6 £5.8
RMS 279 =45 27.1x£55
RMS-OB 37%3.0 5.0x3.6

Percentage of PCNA+ referred to the total number of cells in
each region. Data represent the mean = SDM.
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tubulin (detected with Tujl antibody). GFAP is pres-
ent in the astrocytes forming the glial tubes of the
SVZ and RMS, while in Tujl stains migrating neuro-
blasts (Doetsch et al., 1997). The SVZ, RMS, and
RMS-OB of the pcd/pcd mice did not exhibit signifi-
cant structural abnormalities as seen with either
GFAP or Tujl immunolabeling [Fig. 1(E-J)]. Newly
generated cells in the SVZ of adult mice populate the
OB 12 days after their birth (Lois and Alvarez-
Buylla, 1994; Petreanu and Alvarez-Buylla, 2002).
To determine the number of precursors that reached
the OB, BrdU was injected into mice at P90, and to
ensure that most of these migrating cells had indeed
reached the OB, the animals were killed 14 days after
BrdU administration and the number of BrdU+ cells
was estimated in the OB. This approach allowed us to
discriminate possible changes in tangential migration
caused by the loss of MC. No significant differences in
the total number of BrdU+ cells in the OB of control
and mutant mice were observed (control: 33,194 =+
3892 BrdU+ cells, n = 8; pcd/ped: 29,948 = 3426
BrdU+ cells, n = 7; mean = SDM), indicating that the
tangential migration of neuronal precursors through the
RMS is not affected by MC loss.

Radial Migration in Control and
pcd/pcd Mice

To study radial migration through the OB, we ana-
lyzed the distribution of BrdU+ cells 14 days after
BrdU administration in three areas (Fig. 2): the infra-
mitral layers (IML), the external plexiform layer
(EPL), and the GL. The IML include the MC layer
(MCL), the inner plexiform layer, the GCL, and the
RMS-OB. These layers were grouped, because their
limits are sometimes diffuse in the pcd mutants and
because of the disappearance of MC. To compare the
radial spread across the OB between the control and
mutant animals, the percentage of total BrdU+ cells
in each area was determined. The distribution of
BrdU+ cells was significantly different between the
control and pcd/pcd mice. Most BrdU+ cells in the
control and mutant mice were located in the IML (Ta-
ble 2; Fig. 2). However, the percentage of BrdU+
cells, referred to the total number of BrdU+ cells
throughout the OB, was lower in the IML of the pcd/
pcd mice while it was higher in the GL [Table 2;
Fig. 2(E)]. Since the control and pcd/pcd mice showed
the same total number of cells in the OB, these changes
in the distribution of BrdU+ cells may be attributed to
differences in the radial migration of cells. The data
obtained reveal that the loss of MC in pcd/pcd mutant
mice leads to a change in the radial migration of neuro-
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Figure 2 MC loss alters radial migration. (A—B) Drawings of coronal sections from the OB of a control
(A) and a pcd/pcd (B) mouse. Dots represent BrdU—+ cells and lines delimit the different regions analyzed.
Scale bar in (B) applies to (A). (C—D) BrdU immunostaining of coronal sections from a control (C) and a
pcd/ped (D) mouse injected with BrdU 14 days before sacrifice. Shaded lines delimit the different regions
analyzed. Note the higher number of BrdU+ cells (dark dots) in the GL of the pcd/pcd mouse and the
clear reduction in its EPL width. Scale bar in (D) applies to (C). (E) Quantitative analysis of the distribu-
tion of BrdU+ cells in the OB. Percentage of BrdU+- cells in each layer is referred to the total number of
BrdU+ cells throughout the OB. A lower percentage of BrdU+ cells was encountered in the IML of the
pcd/ped mice, whereas a higher percentage of BrdU+ cells was obtained in their EPL and GL. Consider-
ing that the total number of BrdU~+ cells in the OB was similar in the control and pcd/pcd mice 14 after
BrdU administration (Table 2), these data indicate that more cells have migrated radially from the inner to
the outer layers in the pcd/pcd OB. n = 8 for control and n = 7 for pcd/pcd mice. *p < 0.05, ¥*p < 0.01.
EPL, external plexiform layer; GL, glomerular layer; IML, inframitral layers; OB, olfactory bulb.
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Table 2 pcd/pcd Mice Exhibit Changes in
Radial Migration

Adult Neurogenesis in the pcd/pcd Mouse 845

number of neuroblasts migrate to superficial sectors
in pcd/pcd mice as compared with control animals,
i.e., the newly generated cells continue their radial

Layer Control (n = 8) pcdlped (n="17) . ) X )
migration further, and reach more superficial destina-
GL 9312 16.4 £ 2.2%% tions than do the same cells in controls. Our results
+ + * . .
EPL 3.8 0.9 2.2+ 0.9 suggest that MC play a key role in neuroblast radial
IML 86.9 £ 1.5 78.4 = 2.6%*

Percentage of BrdU+- cells in each OB layer 14 days after BrdU
administration. Data represent the mean = SDM.
*p < 0.05 and **p < 0.01 versus control data.

nal precursors, increasing the numbers of those that
continue to migrate and reach the GL.

Distribution of BrdU+ Cells Along the
Inframitral Layers 14 Days After BrdU
Administration

The IML were delimited by dividing it into five con-
centric sectors (I to V) in order to analyze the distri-
bution of BrdU+ cells along the IML (Table 3;
Fig. 3). The areas of these sectors (from sector I to
sector V) comprised 36, 28, 20, 12, and 4% of the
whole IML area. Although the area of sector I was
larger than that of sector II, our results revealed a
higher accumulation of BrdU+ cells in sector II of
both the control and pcd/pcd mice than in sector I
[Table 3; Fig. 3(B)]. This result must be related to the
presence of the inner plexiform layer in sector I,
which is not the final destination for interneuron pre-
cursors. The percentage of BrdU-+ cells was signifi-
cantly different between similar sectors of the control
and pcd/pcd mice [Table 3, Fig. 3(B)]. A higher per-
centage of labeled cells was detected in the upper sec-
tor (I) of the pcd/pcd mice and a lower percentage in
the deeper sectors (IV and V), while the percentages
in sectors II and III were not significantly different
[Table 3; Fig. 3(B)]. These data confirm that a higher

migration through the IML in adult mice.

Expression of Reelin in the OB of
pcd/pcd Mice

Reelin is an extracellular matrix glycoprotein mainly
expressed by MC in the OB (D’Arcangelo et al., 1995;
Hack et al., 2002; Pappas et al., 2003). It is essential
for both ordered neuronal migration and normal layer-
ing (D’Arcangelo et al., 1995; Ogawa et al., 1995).
Reelin expression has been observed in the GL, EPL,
MCL, and GCL (Hack et al., 2002; Pappas et al.,
2003). Moreover, a decreasing reelin gradient from
the MCL to the RMS-OB has been reported (Hack
et al., 2002). All these data strongly suggest that reelin
would be involved in the radial migration of neuro-
blasts that reach the OB through the RMS. In light of
this, we analyzed reelin expression in the OB of pcd/
pcd mice. In control mice, reelin protein was detected
in periglomerular cells of the GL, tufted cells of the
EPL, MC (Fig. 4), and granule cells (not shown); in
contrast, no expression was found in RMS-OB cells.
In the pcd/pcd mice, the expression pattern of reelin
coincided with that observed in the control animals,
except for the lack of MC, an important population of
reelin-expressing neurons [Fig. 4(B)]. However, reelin
expression in pcd/pcd OB slices seemed to be higher
in the GL and EPL (Fig. 4) in view of the increase in
cell density, due to the reduction in the volume of the
pcdlped OB (see volumetric analyses). These data
suggest the existence of altered gradients of reelin,
including a stronger periglomerular signal and an

Table 3 pcd/pcd Mice Exhibit Changes in the Distribution of BrdU+ Cells Along the IML

Time After BrdU Administration

IML 14 Days 60 Days

Sector Control (n = 8) pedlped (n=17) Control (n =4) pcdiped (n =4)
I 22.6 =2.6 26.0 = 1.3%* 22.1£2.0 28.8 &= 3.5%*
II 302+ 1.3 326 £ 1.6 327 +25 36.7 = 1.8%*
11 241+ 1.0 22.6 = 1.2 23.5*20 223+ 1.7

v 16.8 = 1.4 14.4 = 1.2%%* 17.0 = 1.2 9.4 £ 0.9%*
\Y% 63*1.2 4.5 + 1.3% 4.7 = 0.8 2.7 = 0.6%%*

Percentage of BrdU+ cells in each IML sector referred to the total number of BrdU+- cells throughout the IML. Data represent the mean =+
SDM.
*p < 0.05 and **p < 0.01 versus control data at the same time after BrdU administration.
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Figure 3 MC loss changes the distribution of newly generated cells in inframitral layers. (A)
Drawing of a section from a control mouse showing the different sectors established (I to V) to ana-
lyze the distribution of BrdU+- cells in the IML. Shaded lines delimit different sectors. (B) Quanti-
tative analysis of the distribution of BrdU+ cells in the IML 14 days after BrdU administration.
Percentage of BrdU+ cells in each sector is referred to the total number of BrdU+ cells in the
IML. Sector I of pcd/pcd mice showed a higher percentage of BrdU+ cells, whereas sectors IV and
V showed a lower percentage. This indicates that in pcd/pcd mice a higher proportion of cells
migrate from the inner to the outer regions of the IML. n = 8 for control and n = 7 for pcd/pcd
mice. *p < 0.05, **p < 0.01. IML, inframitral layers; MCL, mitral cell layer; RMS-OB, terminal

region of the RMS in the caudal OB.

almost complete loss of reelin in the MCL in the OB
of the pcd/pcd mice.

Early Neuronal Differentiation of
Newly Generated Cells

The characterization of the early differentiation of
BrdU+ cells was carried out by double or triple im-
munofluorescent staining with glial and neuronal
markers. To analyze possible gliogenesis within the
OB, we tested the colocalization of BrdU with GFAP,
a marker of astrocytes (Bignami and Dahl, 1974). We
found that only a few BrdU+ cells were GFAP+ in
the OB of either control or mutant mice. Thus, the
new generation of astrocytes was equally low in the
OB of both the control and pcd/pcd mice, ruling out
possible gliosis reactions caused by MC degeneration.
NeuN was employed as a general neuronal marker
(Mullen et al., 1992) and its colocalization with BrdU
was analyzed to identify newly generated neurons. The
percentages of BrdU+ cells colocalizing with NeuN in
the GL and IML were similar in both the control and
pcd/ped mice (Table 4). Also, CR was employed as a
specific neuronal marker, since it is expressed by par-
ticular sets of neurons located in the GCL and the GL
(Resibois and Rogers, 1992; Qin et al., 2005). CR was
expressed by some BrdU+ cells and, also, no signifi-
cant differences were observed between the colocaliza-
tion percentages in the IML or in the GL of the control
and mutant mice (Table 4). A triple immunofluores-
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cence technique for the detection of BrdU, NeuN, and
CR was used to determine how many BrdU+- cells had
a differentiated neuronal phenotype. The percentage of
BrdU+ cells that expressed, at least, one of both neuro-
nal markers in the two regions analyzed—the IML and
GL of control and pcd/pcd mice (Table 4)—was simi-
lar. These data demonstrate that MC loss did not affect
neuronal differentiation of new cells being incorporated
into the OB.

Survival of Newly Generated Cells
Incorporated into the OB

The number of BrdU+ cells present in the OB was
quantified 60 days after BrdU administration with a
viewing to study the extent of the death of these cells.
The number of surviving BrdU+ cells throughout the
OB was significantly lower in the pcd/pcd mice as
compared with controls [control, 26,706 = 1749
BrdU+ cells; pcd/ped, 13,431 *= 689 BrdU+ cells;
n =4; p < 0.01; Fig. 5(A—C)]. This decrease in the
number of BrdU+ cells was mainly due to a signifi-
cant reduction in the number of BrdU+ cells in the
IML of the pcd/pcd mice [Table 5; Fig. 5(C)]. How-
ever, no significant differences were observed be-
tween the number of BrdU+ cells around the glomer-
uli of pcd/pced and control mice. The final number of
newly generated neurons incorporated into the OB
depends on two main factors: first, the incorporation
of cells into a particular OB layer, and second, their
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Figure 4 Reelin expression in the pcd/pcd mouse OB. (A,B) Epifluorescence microscopy images
from coronal sections of the OB of a P104 control (A) and a P104 pcd/pcd mouse (B) stained for
reelin. Reelin is expressed by juxtaglomerular, tufted, mitral, and granule cells (A). Note the reduc-
tion in the number of MC in the pcd/pcd OB, the reduction in its EPL width, and the increase in the
density of reelin positive elements close to its GL (B). Scale bar in (B) applies to (A). (C,D) Confo-
cal microscopy images from the GL of a control (C) and a pcd/pcd mouse (D) stained for reelin
(green) and counterstained with PI (red). Note the higher proportion of reelin-positive cells (green)
in the GL of the pcd/pcd mouse (D) in comparison with the GL of the control animal (C). Scale bar
in (D) applies to (C). EPL, external plexiform layer; GL, glomerular layer; MCL, mitral cell layer;
PI, propidium iodide. [Color figure can be viewed in the online issue, which is available at www.

interscience.wiley.com.]

survival rate. Thus, the percentage of BrdU+- cells af-
ter 60 days (BrdUgp) with respect to those stained
only 14 days after injection (BrdU;,4) was calculated
to estimate the survival of newly generated cells
incorporated into the OB (% of survivor cells =
BrdUgy X 100/BrdU,4). This rate was significantly
higher in the control mice as compared with the pcd/
pcd animals [control, 80.4 = 5.3%; pcd/pcd, 44.8 =

2.3%, p < 0.01; n = 4; Fig. 5(D)]. The survival of
newly generated cells was different within the differ-
ent areas (GL, EPL, and IML) when analyzed sepa-
rately in the pcd/pcd mouse OB (GL, 46.91 =+ 3.37%;
EPL, 27.31 = 7.18%; IML, 50.73 £ 544%; n = 4)
and in comparison with the control animals [GL, 74.93
+ 8.15%; EPL, 89.61 £ 21.08%; IML, 82.64 =+
8.23%; n = 4; Fig. 5(D)].

Developmental Neurobiology. DOI 10.1002/dneu
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Table 4 pcd/pcd Mice do not Exhibit Changes in Neuronal Differentiation 14 Days After BrdU Administration

Layer
GL IML
Markers Control pcdlped Control pcdiped
BrdU/NeuN 29.8 = 5.8 34.6 = 6.0 825*+55 79.3 £5.7
BrdU/CR 383 *59 29.1 = 10.8 31.0 =25 26.8 = 6.6
BrdU/NeuN or CR 58.7 £ 8.5 54.2 = 10.3 87.7+4.0 85.6 £ 3.6

Percentage of cells colocalizing BrdU with neuronal markers referred to the total number of BrdU+ cells in each layer. Data represent the

mean = SDM. n = 4 in all groups.

The selection process of newly generated cells in
the OB is related to apoptotic mechanisms (Yama-
guchi and Mori, 2005). To corroborate the above
results concerning cell survival, we stained apoptotic
bodies using the TUNEL technique. We analyzed the
number of TUNEL+ bodies in the GL and IML of
the control and pcd/pcd mice. The number of
TUNEL+ bodies in the EPL was not analyzed owing
to the extremely low frequency of apoptotic bodies
detected in this layer. Significant differences (p <
0.01) in the number of TUNEL+ bodies in the GL
were found between the control and pcd/pcd mice
(control, 48.8 = 31.4; pcd/pcd, 11698 = 16.21, n =
4; Fig. 6). Significant differences (p < 0.01) were also
observed in the IML between the control and pcd/pcd
mice (control, 432.0 = 94.9; pcd/pcd, 786.1 = 140.4;
n = 4; Fig. 6). These data show that a loss of MC
reduces the survival of newly generated cells in all
OB layers, thus increasing apoptotic events. Further-
more, our results indicate that the loss of MC affects
the final destination of newly generated cells in the
OB. Interestingly, the degeneration of MC did not
elicit changes in the final number of surviving cells in
the GL, where these cells may be contacted by olfac-
tory axons, although it decreased to a considerable
extent the number of newly incorporated cells into
the IML, where their main synaptic target are MC
[Table 5; Fig. 5(C)].

Survival of Newly Generated Cells
in Different Zones of IML

The distribution of BrdU+ cells across the IML was
analyzed as described earlier, dividing the IML into
five sectors [Fig. 3(A)]. The percentage of BrdU-+
cells was significantly different between the sectors
of the control and pcd/pcd mice [Table 3, Fig. 7(A)].
A higher percentage of cells was found in the exter-
nal-most sectors (I and II) of the pcd/pcd mice and a
lower percentage in deeper ones (IV and V), while
there were no significant differences in sector III

Developmental Neurobiology. DOI 10.1002/dneu

[Table 3, Fig. 7(A)]. These data confirm the prefer-
ence of newly generated cells for final incorporation
into the superficial sectors of the IML. The final
incorporation of newly generated cells into a given
layer (sector) depends on their ability to migrate and
survive. In light of this, we studied the existence of
survival rate differences among sectors (I to V) in the
control group. In the control animals, only sector V
showed a significantly (p < 0.05) lower survival of
new cells in comparison with the other sectors [sector
I, 80.7% =+ 10.2%; sector 1II, 89.3% * 9.3%:; sector
III, 81.2% = 11.4%; sector 1V, 84.2% *+ 10.5%; and
sector V, 62.3% =+ 14.3%; the data indicate the
means of the % of cells that survived in each sector
* SDM, n = 4; Fig. 7(B)]. However, in the IML of
the pcd/pcd mice two sectors (IV and V) showed a
significantly (p < 0.01) lower survival rate of new
cells in comparison with the other IML sectors [sector
I1,56.0% = 3.3%; sector 11, 57.4% =+ 8.2%; sector 11,
50.4% £ 8.3%; sector 1V, 33.4% *+ 6.5%; sector V,
29.7% =+ 6.8%; the data indicate the means of the %
of cells that survived in each sector = SDM; n = 4;
Fig. 7(B)]. The significant reduction in cell survival
in the pcd/pcd IML in comparison with the controls
has been described earlier [Fig. 5(D)]. The relative
survival in each IML sector was calculated in order to
study whether the loss of MC exerted a stronger
effect in any given sector of the IML. The relative
survival in each IML sector was obtained as the rate
between the survival in the sector and general sur-
vival throughout the IML (relative survival = sector
survival/whole IML survival). The only sector that
exhibited a significant difference between the control
and pcd/pcd mice was sector IV [Fig. 7(C)], which
showed a higher reduction in relative survival in the
pcd/ped mice (1.0 = 0.1 in control mice vs. 0.7 = 0.1
in pcd/ped mice, mean = SDM, n = 4). The relative
survival of cells in sector V of the pcd/pcd mice was
similar to that obtained in the controls [Fig. 7(C)].
This shows that the survival of cells in sector V of the
pcd/ped mice and most other sectors (except for sec-
tor IV) was equally reduced by the loss of MC. The
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Figure 5 MC loss decreases the survival of newly-generated cells. BrdU immunostaining of cor-
onal sections from a control (A) and a pcd/pcd (B) mouse injected with BrdU 60 days before they
were killed. Shaded lines delimit the different regions analyzed. Note the lower number of BrdU+
cells (dark dots) in the IML of the pcd/pcd mouse (B). Scale bar in (B) applies to (A). (C) Quantita-
tive analysis of BrdU+ cells distribution in the OB of the control and pcd/pcd mice. A lower num-
ber of BrdU+ cells was obtained throughout the OB of the pcd/pcd mice as compared with control
animals, mainly due to the reduction in BrdU+ elements in the IML. Note that the number of
BrdU+ cells in the GL of control and pcd/pcd mice was similar. (D) Quantitative analysis of the
percentage of surviving cells in the OB of control and pcd/pcd mice. All layers present a reduced
percentage of surviving cells in the pcd/pcd OB. #*p < 0.01. EPL, external plexiform layer; GL,
glomerular layer; IML, inframitral layer.
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Table 5 pcd/pcd Mice Exhibit Changes in the Final
Number of BrdU+ Cells

Layer Control (n = 4) pcdiped (n = 4)
GL 2,308 = 251 2,296 = 165

EPL 1,126 *+ 265 429 + 113%*
IML 23,272 = 1,774 10,706 * 810%*

Number of BrdU™ cells 60 days after BrdU administration. Data
represent the mean = SDM.
##p < 0.01 versus control data.

data obtained indicate that the loss of MC causes a
massive loss of many newly generated cells in the
IML and that most remaining cells are located more
superficially.

Neuronal Fate of Surviving Newly
Generated Cells

As reported earlier, most BrdU+ cells expressed one
or both neuronal markers: NeuN or CR, indicating that
they are “mature” neurons. To check the neuronal phe-
notype of survivor BrdU+ cells, a triple immunofluo-
rescence technique aimed at detecting BrdU, NeuN,
and CR was carried out 60 days after BrdU administra-
tion. Most BrdU+- cells in the IML were stained with
either of both markers (NeuN or CR) or colocalized
both. No significant differences between the control
and mutant mice were found in the IML (Table 6).
However, the percentage of BrdU+ cells showing
NeuN immunostaining was significantly higher in the
GL of the pcd/pcd mice, whereas the percentage of
BrdU+ cells expressing CR was equal in this layer
(Table 6). The increase in the number of cells double-
labeled for BrdU and NeuN in the GL of the pcd/pcd
mice cannot be clearly attributed to changes in the dif-
ferentiation or functionality of these cells owing to the
lack of studies addressing the functional implications
of NeuN expression in neurons. These results clearly
indicate that 60 days after BrdU administration most
BrdU+- cells differentiate into neurons. It may also be
concluded that the loss of MC reduces the number of
newly generated cells expressing CR in the IML but
does not produce either a positive or negative specific
selection of this cell population.

CR is expressed by MC and interneurons located
in the GCL and the GL of the OB (Resibois and Rog-
ers, 1992; Qin et al., 2005). According to the afore-
mentioned data concerning the expression of CR by
newly generated cells in the OB and the differences
in the survival of cells observed in this work, a possi-
ble effect in the whole population of CR—+ interneur-
ons in the OB can be postulated. To tackle this issue,
the number of CR+ cells was analyzed in both the
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GL and IML of control and pcd/pcd mice. The num-
ber of CR+ cells in the pcd/pcd GL was similar to
that of the control mice, while the number of CR-+
cells in the IML was significantly lower in the pcd/
pcd mice (control GL, 711,402 = 60,218 CR+ cells;
ped/ped GL, 649,497 = 86,047 CR+ cells; control
IML, 714,315 = 107,375 CR+ cells; pcd/pcd IML,
258,845 £ 52,235; p < 0.01; mean = SDM, n = 4,
Fig. 8). These data are consistent with the findings
obtained in this work as regards newly generated
cells, indicating that the population of CR+ cells in
the GL is not affected by the loss of MC, while the
IML population is highly dependent on the existence
of MC.

Volume Changes in the OB of
pcd/pcd Mice

Our analysis indicates that 29.25% = 3.09% of the
MC survive in the OB of the pcd/pcd mice, with no
differences between animals from either age studied
(P104 and P150). Since MC loss has been reported to
induce volumetric changes in the OB (Greer and
Shepherd, 1982), then decrease in the final number of
newly generated cells incorporated to the pcd/pcd OB
must also be involved in this effect. Our volumetric
analyses indicate significant decreases in the volume
of all OB layers studied in the pcd/pcd mice (OB total
volume reduction, 43.2% =+ 5.6%; GL reduction,
25.2% = 8.0%; EPL reduction, 61.2% * 5.2%; IML
reduction, 40.0% * 6.8%; p < 0.01, mean = SDM;
n = 11), with no differences between either age stud-
ied (P104 and P150). These data show that the loss of
MC elicits a reduction in the total volume of the OB,
affecting all layers, including the GCL. The volumet-
ric decrease in the IML must be mainly related to a
decrease in the GCL, since this is the largest layer
included in the IML. Although the reduction in the
GCL was not evident in the OB slices of the pcd/pcd
mice, our results did point to a decrease in the volume
of this layer in the pcd/pcd mice, consistent with the
decrease in the number of CR+ cells and in the final
incorporation of newly generated granule cells in the
mutant mice.

DISCUSSION

The present work highlights the role of MC in both
radial migration and the survival of newly generated
neurons that reach the adult OB. Furthermore, our
studies demonstrate that MC are not directly
involved in the regulation of the proliferation of neu-
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Figure 6 MC loss increases apoptosis in the glomerular and inframitral layers. (A—D) Confocal
microscopy images from the IML of a P150 control (A,B) and a pcd/pcd mouse (C,D) counter-
stained with PI (A,C) and where TUNEL+ bodies were detected (B,D). The arrows point to
TUNEL+ bodies. Note the higher number of TUNEL+ bodies in the IML of the pcd/pcd mouse
(D). Scale bar in (D) applies to (A—C). (E) Quantitative analysis of TUNEL+ bodies in the GL and
IML of the control and pcd/pcd mice. pcd/ped mice exhibited a higher number of TUNEL+ bodies
in both the GL and IML, indicating that apoptosis increased in these layers. n = 4 for control and
pcd/ped mice. **p < 0.01. GL, glomerular layer; IML, inframitral layers.

roblasts of the RMS nor in their tangential migration has been clearly demonstrated that pcd/pcd mutant
towards the OB. mice completely lack nnal expression and that other
genes are unaffected by the mutation (Fernandez-
Gonzalez et al., 2002). Moreover, in the OB, nnal
mRNA is exclusively expressed by MC (Fernandez-
Gonzalez et al., 2002). Thus, possible direct effects
The mechanisms involved in the neuronal degenera- of this mutation on other cell populations in the OB
tion of pcd/pcd mice are not well known. However, it are not expected. Although effects of this mutation in

Effects of the pcd Mutation in the OB

Developmental Neurobiology. DOI 10.1002/dneu
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Figure 7 MC loss induces a decrease in the survival of
newly-generated cells, changing their final distribution in
the inframitral layers. (A) Quantitative analysis of BrdU+
cells distribution in the IML 60 days after BrdU administra-
tion. Percentage of BrdU~+ cells in each sector is referred to
the total number of BrdU+ cells in the IML. In pcd/pcd
mice more newly-generated cells are present in superficial
regions (sectors I and II) than in inner ones. Note that the
proportion of BrdU+ cells was similar in sector III in
the control and mutant mice. (B) Quantitative analysis of
the percentage of surviving cells in the IML of control and
pcd/ped mice. Note that in control animals only sector V
exhibited significant differences in cell survival in compari-
son with the other sectors, whereas in pcd/pcd mice both
sectors IV and V showed significant differences. (C) Quan-
titative analysis of relative survival. Only sector IV showed
significant differences in the relative survival of cells
between control and pcd/pcd mice. Discontinuous line
depicts the baseline of relative survival. The baseline of rel-
ative survival indicates that the % of surviving cells in this
sector is equal to the general % of surviving cells in the
whole IML. n = 4 for control and pcd/pcd mice in all analy-
ses. *p < 0.05, **p < 0.01. MCL, mitral cell layer; RMS-
OB, terminal region of the RMS in the caudal OB.
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the olfactory epithelium have not been studied di-
rectly, some evidence indicates that the sensory input
to the pcd/pcd OB is normal (Greer and Shepherd,
1982; Baker and Greer, 1990). First, the uptake of 2-
deoxyglucose to the glomeruli of pcd/pcd mice shows
that the distribution of afferent inputs from olfactory
receptor cells is not or only sparingly affected after
MC loss (Greer and Shepherd, 1982). Second, TH ac-
tivity and immunoreactivity are strictly dependent on
the olfactory nerve input (Baker et al., 1983, 1993;
Cho et al., 1996; Weruaga et al., 2000; Brifion et al.,
2001) but remain intact in pcd/pcd mice (Baker and
Greer, 1990). In contrast to the MC, the tufted cells
of pcd/pcd mice are normal (Greer and Shepherd,
1982). Following MC dendrite loss, many of the de-
nervated granule cell gemmules reorganize and estab-
lish new synaptic contacts with the remaining mitral
and tufted cells (Greer and Halasz, 1987). Taking
into account this observation, the slower process of
deafferentation that occurs during MC loss may be
assumed to allow the reorganization of connectivity
with unaffected tufted cells in the GL (Baker and
Greer, 1990). However, the size of individual glomer-
uli is reduced in pcd/pcd mice, and also the relative
number of glomeruli per unit area is higher in pcd/
pcd mice (Greer and Shepherd, 1982). EPL width is
drastically reduced and its cell density is increased in
pcd/ped mice (Greer and Shepherd, 1982). These
prominent reductions in glomeruli and EPL sizes are
most likely due to the loss of MC dendrites (Greer
and Shepherd, 1982). Nevertheless, no appreciable
alterations in the volume of the GCL or in its cell
density have been described previously (Greer and
Shepherd, 1982), whereas our results revealed a clear
reduction in the number of CR+- cells and the size of
this layer. Our survival analysis clearly revealed a
reduced final incorporation of newly generated inter-
neurons into the IML. This therefore indicates that in
addition to the volumetric alteration caused directly
by MC loss, other indirect effects caused by the influx
of MC on interneuron regionalization and survival do
exist.

MC Loss Does Not Affect Cell
Proliferation or Tangential Migration
Through the RMS

The presence of nnal mRNA, which is completely
absent in pcd/pcd mutant mice, has not been de-
scribed in adult proliferating cells in control mice
(Fernandez-Gonzalez et al., 2002). Therefore, no
direct effects of this mutation on these cells should be
expected. Our analyses demonstrate that MC loss
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Table 6 pcd/pcd Mice Exhibit Changes in the BrdU/NeuN Ratio in the GL 60 Days After BrdU Administration

but not in the IML Layer
Layer
GL IML
Markers Control pedlped Control pcd/ped
BrdU/NeuN 335+92 56.6 = 7.7%%* 953+ 1.0 92.6 £ 34
BrdU/CR 419 £ 7.7 43.8 £8.3 264 =43 283+ 1.3
BrdU/NeuN or CR 68.5 = 3.1 78.2 = 5.7* 96.9 = 0.3 94.1 £22

Percentage of cells colocalizing BrdU with neuronal markers referred to the total number of BrdU+ cells in each layer. Data represent the

mean = SDM.

*p < 0.05 and **p < 0.01 versus control data at the same time after BrdU administration. n = 4 in all groups.

does not affect proliferation nor tangential migration
of cells in the RMS. These result agree with previous
studies, indicating that the absence of OB or changes
in the arrival of sensory signal to the OB do not affect
cell proliferation or tangential migration in the RMS
(Frazier-Cierpial and Brunjes, 1989; Kirschenbaum
et al., 1999; Petreanu and Alvarez—Buylla, 2002;
Rochefort et al., 2002; Yamaguchi and Mori, 2005).
All these data suggest that cell proliferation and tan-
gential migration through the RMS are not highly
influenced by changes in the OB. Nevertheless, it
must be considered that other studies indicate that the
interruption of the arrival of the olfactory signal to
the OB affects cell proliferation in the RMS, enhanc-
ing (Mandairon et al., 2003) or reducing it (Corotto
et al., 1994).

MC are Involved in the Radial Migration
of Neuroblast Through the OB

Since most neuroprogenitor cells have completed
their radial migration 14 days after they are born
(Kato et al.,, 2000; Petreanu and Alvarez-Buylla,
2002) and local cell proliferation within the OB of
adult mice is negligible except for the RMS-OB
(Lemasson et al., 2005), the number of BrdU+ cells
in the OB 14 after BrdU administration must reflect
the pool of cells that have migrated tangentially
through the RMS to reach the OB. Moreover, only a
reduced number of BrdU+ cells was detected in the
SVZ or RMS (data not shown), indicating that most
of the SVZ or RMS proliferating cells stained with
BrdU had finished their tangential migration and had
reached the OB. Furthermore, once neuroblasts reach
the OB, they migrate radially towards the GCL and
GL and acquire mature features, then differentiating
into interneurons (Altman, 1969; Lois and Alvarez-
Buylla, 1994; Carleton et al., 2003). Thereafter, many
of these cells die, mainly during a window time rang-

ing from the 15th to the 30th day after their birth
(Kato et al.,, 2000; Petreanu and Avarez—Buylla,
2002; Yamaguchi and Mori, 2005).

Studies on the regulation of neuroblast migration
through the adult OB are scarce. Interactions between
MC and interneurons have been considered necessary
for the correct migration of granule cells during de-
velopment (Whitley et al., 2005). Our results in adult
animals are consistent with this previous assumption
in the developing OB. Radial migration has been
described as not being significantly affected by olfac-
tory deprivation, indicating that it is not regulated by
sensory inputs to the OB (Yamaguchi and Mori,
2005). However, other authors have shown that sen-
sory deprivation, and therefore sensory input, affects
the expression of some molecules regulating migra-
tion: reelin and tenascin-R (Saghatelyan et al., 2004;
Okuyama-Yamamoto et al., 2005). Our findings
clearly indicate that MC, which directly receive the
sensory input in the OB (Mori et al., 1999; Kratskin
and Belluzzi, 2003), may influence radial migration.
Tenascin-R expression is restricted to the GCL and
IPL (Saghatelyan et al., 2004) whereas reelin is
expressed by MC, among other cell types (Alcantara
et al., 1998; Hack et al., 2002; Pappas et al., 2003).
Thus, we considered reelin a better molecular candi-
date than tenascin-R to explain the migration changes
observed in pcd/pcd mice. Furthermore, reelin has
been suggested to be involved in the interactions
between MC and neuroblasts (Whitley et al., 2005).
The reelin staining patterns obtained by us are in
agreement with previous descriptions in the OB
(Hack et al., 2002; Pappas et al., 2003). Defects in
migration from the core of the RMS-OB to the GCL
occur in reeler mice (Hack et al., 2002), which totally
lack reelin expression (D’ Arcangelo et al., 1995; Pap-
pas et al., 2003). A similar effect could be expected
to occur in the pcd/pcd OB because of the loss of
reelin-producing MC, although this has not yet been
observed. This indicates that the synthesis of reelin
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Figure 8 MC loss induces a decrease in the number of calretinin-positive cells in the inframitral
layers but not in the glomerular layer. (A,B) Confocal microscopy images from coronal sections
from the OB of a P150 control (A) and a P150 pcd/pcd mouse (B) labeled for CR. CR is expressed
in all layers of the OB. Weakly stained MC can be appreciated in the MCL in the control but not in
the pcd/pcd OB. Note the higher density of CR+ cells in the GL and the lower density in the IML
for pcd/ped mice as compared with controls. Scale bar in (B) applies to (A). (C) Quantitative analy-
sis of CR+ cells in the GL and IML of the control and pcd/pcd mice. pcd/pcd mice exhibited a sim-
ilar number of CR+ cells in the GL and higher in the IML. n = 4 for control and pcd/pcd mice.
**p < 0.01. CR, calretinin; EPL, external plexiform layer; GL, glomerular layer; IML, inframitral

layers; MCL, mitral cell layer.

by MC is not an indispensable requisite for neuro-
blasts to migrate through the OB. The possible reduc-
tion in reelin production brought about by MC loss
must be compensated, allowing neuroblasts to
migrate normally, or even overcompensated, causing
the migrational alterations observed in our study. The
actual changes in the gradient of reelin through the
pcd/ped OB could be involved in such compensatory
mechanisms. Two observations suggest a change in
the gradient of reelin concentration from the GL to
GCL. First, the notable increase in the density of reel-
in+ cells located in and close to the GL. Second, the
reduction in the width of the pcd/pcd EPL lead the
GL and RMS-OB to become closer (Greer and Shep-
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herd, 1982). Furthermore, it has been demonstrated
that the GL exerts an attractant effect on the RMS
(Liu and Rao, 2003). These data indicate that changes
in both cell density and layer widths in the pcd/pcd
OB induced by MC loss could influence the increase
in neuroblast migration from the RMS-OB to the GL.

Final Number of Newly Generated
Cells in the IML, But Not in the GL,
is Reduced by MC Loss

Our analyses demonstrate that about 80% of newly-
generated cells survive after their incorporation to the
OB. This datum is similar to that obtained in previous



analysis by other authors (Yamaguchi and Mori,
2005). Nevertheless, in another work the estimated
survival of newly-generated cells was 50% (Petreanu
and Alvarez-Buylla, 2002). Discrepancies between
these studies could be due to the different markers of
proliferation employed, the different injection proto-
col used and the different strains of mice used.

The increase in cell death in pcd/pcd mice (Fig. 9) is
in accordance with previous studies, demonstrating that
granule cell survival depends on their synaptic con-
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Figure 9 MC loss diminishes the final number of newly-
generated cells incorporated into the inframitral layer but
not into the glomerular layer. Quantitative analysis of the
number of BrdU+ cells in the glomerular layer (A) and
inframitral layers (B) of control and pcd/pcd mice 14 and
60 days after BrdU administration. Note that the number of
BrdU+- cells 14 days after BrdU administration was signifi-
cantly higher in the pcd/pcd GL compared with the same
layer in controls. Moreover, the number of BrdU+ cells in
the pcd/pcd GL diminished and matched the number of
BrdU+- cells in the GL of control mice 60 days after BrdU
administration. n = 4 for control and pcd/pcd mice. **p <
0.01, comparisons were done between control and mutant
mice data.
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nections with mitral and tufted cells (Petreanu and
Alvarez—Buylla, 2002; Yamaguchi and Mori, 2005).
Nevertheless, studies on factors controlling the sur-
vival of periglomerular neurons newly incorporated
to the GL in adults are scarce. Our findings clearly
indicate that the number of these elements in the GL
does not depend on their synaptic contacts with MC.
The survival of newborn neurons does depend on the
level of synaptic activity that they receive (Corotto
et al., 1994; Petreanu and Alvarez-Buylla, 2002;
Rochefort et al., 2002; Mandairon et al., 2003; Yama-
guchi and Mori, 2005). Thus, the absence of any
effect of MC loss on the final number of new cells
incorporated into the pcd/pcd GL [Fig. 9(A)] and on
the total number of CR+ cells in the GL [Fig. 8(C)]
could be explained in terms of the maintenance of
normal levels of activity in the pcd/pcd glomeruli
(see data before about 2-desoxyglucose and TH
expression). Newly generated periglomerular cells
must establish synaptic contacts with olfactory nerve
axons, with tufted cells and with the few remaining
MC, which would compensate for the absence of
most apical dendrites from MC (Baker and Greer,
1990).

MC Loss Induces a Higher Decrease in
the Survival of Newly Generated Cells of
the Deeper Regions of the IML

The final internal-external distribution of neurons
through the GCL has been proposed to arise from a
differential incorporation of new cells rather than
from their selective elimination (Lemasson et al.,
2005). Our data obtained in control mice clearly dem-
onstrate this assumption. The distribution of BrdU-+
cells is maintained from day 14 after BrdU adminis-
tration (when most arriving cells have concluded their
radial migration; Petreanu and Alvarez-Buylla, 2002)
to day 60 after BrdU administration [Fig. 10(A-E)].
In this control scenario, the selective elimination of
cells did not alter the distribution of newly generated
cells, except for the deepest sublayer of IML (sector
V). This sector includes the RMS-OB in which some
delayed neuroblasts stained with BrdU could still be
migrating 14 days after BrdU administration but not
2 months later, which could explain the changes
observed in the number of BrdU~+ cells in this sector
between the ages [Fig. 10(E)]. Nevertheless, selective
elimination of newly generated cells plays an impor-
tant role for the final distribution of cells in pcd/pcd
IML, since it increases internal—external distribution
differences [Fig. 10(A—E)]. This indicates that with-
out MC both the final amount and the final distribu-
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Figure 10 MC loss affects the final distribution of newly-generated cells in the inframitral
layers. Quantitative analysis of the distribution of BrdU+ cells in the IML. The percentage of
BrdU+ cells within each sector and time is referred to the total number of BrdU+ cells in the
IML. Note that in control mice only sector V shows differences in the % of BrdU+ cells between
14 and 60 after BrdU administration. In pcd/pcd mice, the proportion of BrdU+- cells changed in
sectors II (where it increased), IV and V (where they decreased) from 14 to 60 days after BrdU
administration. This indicates that MC loss induces changes in the survival of cells, affecting the
final distribution of newly-generated cells in the IML, mainly in sectors II and IV. n = 8 for con-
trol and n = 7 for pcd/pcd mice 14 days after BrdU administration and n = 4 for control and pcd/
ped mice 60 days after BrdU administration. **p < 0.01; comparisons were made between the
data obtained 14 and 60 days after BrdU administration in control and pcd/pcd mice, respectively.

tion of precursor cells incorporated at different depths ous studies demonstrating that a reduction in activity
of the IML can be fitted via changes in the survival of and in the number of MC induces apoptosis predomi-
newly generated cells. This is consistent with previ- nantly in the deeper zone of the GCL (Mandairon
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et al., 2003; Koyano et al., 2005). This is also related
to the predominance of granule cells connecting with
MC (named type II) deeper in the GCL (Greer, 1987,
Kratskin and Belluzzi, 2003). Three types of granule
cells have been distinguished in the mouse OB
according to their different distribution along the
GCL and their synaptic connections with mitral or
tufted cells (Greer, 1987). The loss of MC induces a
general decrease in the survival of newly generated
cells throughout the IML that is stronger in the deeper
sector of the GCL close to the OB-RMS (sector IV).
In contrast, those in the superficial parts are selec-
tively spared, presumably due to their integration in
circuits with tufted cells.

To conclude, our findings demonstrate the plastic
capacities of the OB, providing new data about the
mechanisms involved in adult neurogenesis and the
importance of synaptic targets for supporting the ar-
rival and incorporation of newly generated neurons.
Understanding the mechanisms involved in adult neu-
rogenesis and functional replacement is mandatory
for the development of effective cell replacement
therapies against CNS diseases (Shihabuddin et al.,
1999; Lie et al., 2004).
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