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Plexin-B2 Regulates the Proliferation and Migration of
Neuroblasts in the Postnatal and Adult Subventricular Zone
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In the postnatal forebrain, the subventricular zone (SVZ) contains a pool of undifferentiated cells, which proliferate and migrate along the
rostral migratory stream (RMS) to the olfactory bulb and differentiate into granule cells and periglomerular cells. Plexin-B2 is a sema-
phorin receptor previously known to act on neuronal proliferation in the embryonic brain and neuronal migration in the cerebellum. We
show here that, in the postnatal and adult CNS, Plexin-B2 is expressed in the subventricular zone lining the telencephalic ventricles and
in the rostral migratory stream. We analyzed Plxnb2 ~/ ~ mice and found that there is a marked reduction in the proliferation of SVZ cells
in the mutant. Plexin-B2 expression is downregulated in the olfactory bulb as interneurons initiate radial migration. BrdU labeling and
GFP electroporation into postnatal SVZ, in addition to time-lapse videomicroscopy, revealed that neuroblasts deficient for Plexin-B2
migrate faster than control ones and leave the RMS more rapidly. Overall, these results show that Plexin-B2 plays a role in postnatal

neurogenesis and in the migration of SVZ-derived neuroblasts.

Introduction
In the olfactory bulb (OB) of mammals, granule cells (GCs) and
periglomerular cells (PGs) originate in the subventricular zone
(SVZ) lining the lateral wall of the cerebral ventricles and their
precursors migrate along the rostral migratory stream (RMS) to
the OB (Lois and Alvarez-Buylla, 1994; Sanai et al., 2011). Most
PG and GC neurons are generated after birth and are continu-
ously produced over life (Luskin, 1993; Luskin et al., 1993). In the
RMS, neuroblasts become ensheathed during the postnatal pe-
riod by astrocytes and migrate tangentially along one another
forming so-called chains (Jankovski and Sotelo, 1996; Lois et al.,
1996). Upon entering the OB, cells switch to a radial mode of
migration perpendicular to the OB surface, possibly following
blood vessels (Bovetti et al., 2007; Snapyan et al., 2009) before
integrating into the existing circuitry (Carleton et al., 2003;
Ghashghaei et al., 2007; Kelsch et al., 2008).

Several studies indicate that axon guidance molecules of
the Slit (Hu, 1999; Wu et al., 1999; Nguyen-Ba-Charvet et al.,
2004; Sawamoto et al., 2006; Kaneko et al., 2010), ephrin
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(Conover et al., 2000; Holmberg et al., 2005; Jiao et al., 2008),
and netrin (Hakanen et al., 2011) families might control the
production and migration of SVZ-derived cells in the postna-
tal forebrain (Ghashghaei et al., 2007). Surprisingly, the func-
tion of semaphorins in postnatal neurogenesis and migration
has not yet been studied. Semaphorins are axon guidance mol-
ecules that control neuronal migration in the developing ner-
vous system (Chen et al., 1997; Marin and Rubenstein, 2001;
Kerjan et al., 2005; Tran et al., 2007; Giacobini et al., 2008; Ito
et al., 2008; Renaud et al,, 2008). Plexins are receptors of
membrane-bound semaphorins, and of the secreted semaphorin
Sema3E (Tamagnone etal., 1999; Gu et al., 2005; Pasterkamp and
Giger, 2009). Plexins are subdivided into four subgroups (A-D)
based on structural features (Takeuchi et al., 2005). Type B plex-
ins (B1, B2, and B3) are receptors for class IV and possibly class V
transmembrane semaphorins (Artigiani et al., 2004; Oinuma et
al., 2004; Deng et al., 2007; Yukawa et al., 2010a; Maier et al.,
2011; Perild et al., 2011). Type B plexins are expressed in the
postnatal CNS where their function is largely unknown (Wor-
zfeld et al., 2004; Friedel et al., 2007). The analysis of the CNS of
the Plxnbl and Plxnb3 single knock-outs failed to reveal any de-
fects suggesting that type B Plexins may act redundantly (Deng et
al., 2007; Worzfeld et al., 2009). By contrast, Plxnb2 knock-out
mice display neural tube defects and disorganization of the cere-
bellar cortex (Deng et al., 2007; Friedel et al., 2007; Maier et al.,
2011; Wansleeben et al., 2011). Whether or not Plexin-B2 plays a
role in postnatal neurogenesis in the telencephalon has not yet
been determined.

We show here that Plexin-B2 is expressed by SVZ neuroblasts
and most of their progeny in the postnatal and adult mouse brain.
The analysis of Plxnb2 ~/~ mice demonstrates an important role
for Plexin-B2 in postnatal and adult neurogenesis.
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Materials and Methods

Animals. The Plxnb2 gene was mutated by targeted trapping as described
previously (Friedel et al., 2007). Heterozygote mice Plxnb2 ™/~ females
maintained in CD1 background were crossed to heterozygous Plxnb2*/ ~
males in the same background to obtain Plxnb2 ~/~ mice. The day of birth
was considered as postnatal day 0 (P0). Postnatal pups were anesthetized on
ice and either pentobarbital (~150 ul per pup) or a mixture of ketamine
(100 mg/ml) and xylazine (10 mg/ml) was used to anesthetize adult mice of
either sex. Plxnb2 characterization was performed on CD1 wild-type mice of
either sex of the appropriate ages. All animal procedures were performed in
accordance with institutional guidelines (Université Pierre et Marie Curie
and Institut National de la Santé et de la Recherche Médicale).

Immunohistochemistry. Mice were perfused using 4% paraformalde-
hyde in 0.1 M phosphate buffer, pH 7.4, and cryoprotected in 10% su-
crose (in 0.1 M phosphate buffer) for cryostat sectioning or 30% sucrose
for freezing microtome sectioning. Cryostat sections (20 wm thick) and
microtome sections (40 um thick) were blocked in PBS containing 0.2%
gelatin and 0.25% Triton X-100 and incubated overnight at room tem-
perature with primary antibodies against polysialated neural cell adhe-
sion molecule (PSA-NCAM) (1:10,000; mouse IgM ascites; Abcys),
Doublecortin (1:1000, goat, Santa Cruz; or 1:300, rabbit, Cell Signaling),
Plexin-B2 (1:100; Armenian hamster; eBioscience), GFAP (1:400; mouse
IgG1; Millipore Bioscience Research Reagents), 3-gal (1:1000; rabbit;
Cappel), GABA (1:1000; rabbit; Sigma-Aldrich), tyrosine hydroxylase
(TH) (1:2000; mouse monoclonal; Diasorin), Pax6 (1:1000; rabbit; Mil-
lipore Bioscience Research Reagents), calretinin (1:1000; goat; Swant),
green fluorescent protein (GFP) (1:800, chicken, Abcam; and 1:1000,
rabbit, Life Technologies), followed by species-specific antibodies con-
jugated with fluorophores (Jackson ImmunoResearch). Sections coun-
terstained with Hoechst 33258 (10 ug/ml; Sigma-Aldrich) were
examined with a fluorescent microscope (DM6000; Leica) coupled to a
CoolSnapHQ camera (Roper Scientific) or a confocal microscope
(FV1000; Olympus).

In situ hybridization. Antisense riboprobes were labeled with DIG
(digoxigenin-11-UTP, Roche) as described previously (Marillat et al,,
2002) by in vitro transcription of cDNA encoding Plxnb2 (Friedel et al.,
2007) or class IV semaphorins (Friedel et al., 2007). cDNAs were linear-
ized followed by transcription reaction using Sp6 or T7 RNA polymerase
(Roche). In situ hybridization was performed as described previously
(Marillat et al., 2002).

Olfactory bulb volume measurement. For olfactory bulb volume, the
area of the OB sections (one in five sections) was measured using Meta-
Morph software. The mean area was multiplied by section thickness and
number of sections (area by thickness by number of sections) to get the
volume of the OB.

BrdU labeling and quantification. Bromodeoxyuridine (BrdU) (Sigma-
Aldrich; 50 mg/kg body weight, diluted in physiological saline 0.9%
NaCl, 0.007N NaOH to a concentration of 15 mg/ml) was injected intra-
peritoneally in adult Plxnb2 "/~ and Plxnb2 ~/~ mice. Mice were per-
fused with 4% paraformaldehyde after 3 h, 4 d, and 30 d. Brains were
cryosectioned (20 wm) and sections were incubated in 2N HCl in PBS for
30 min at 37°C. Immunohistochemistry was performed using an anti-
BrdU antibody (1:100; Harlan). To quantify the number of BrdU-
positive cells, images were acquired using a Leica DM6000 microscope
(20X objective). Counting was performed using MetaMorph software.
Four different rostrocaudal levels were selected (see Fig. 5), and 10 serial
sections were counted at each level. Statistical significance was calculated
using an unpaired two-tailed t test. Compiled data were expressed as
SEM.

Electroporation. Electroporation of postnatal pups (P2-P3) was per-
formed as previously described (Boutin et al., 2008) with minor modifi-
cations. Briefly, pups were anesthetized by hypothermia. A small hole
was pierced into their skull using a surgical suturing needle (Ethicon;
Perma-Hand; 3-0; Johnson & Johnson) at the level of the lateral ventri-
cles. Approximately 2 ul of endotoxin-free pCX-EGFP (500 ng/ul; kind
gift from Dr. M. Okabe, Osaka University, Osaka, Japan) was injected
into the right lateral ventricle using a pulled glass capillary. By placing
electrodes (CUY650P3; Sonidel) coated with a conductance gel on the
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head of the pups, electric pulses were applied immediately after DNA
delivery (five pulses, 100 V, 50 ms pulse length, 850 ms intervals between
two pulses) using a CUY21EDIT electroporator (Nepagene). Pups were
then placed at 37°C for warming before being returned to their mother.
Electroporated pups were perfused after 5 d (to assess migration) and
20 d (to assess differentiation). Using a sliding freezing microtome, 70
um sagittal sections were cut from the frontal part (includes OB and the
RMS) of the electroporated hemisphere and processed for GFP immu-
nostaining in floating condition. The rest of the brain was cut coronally
(35 um) and processed similarly to check septal migration of neuroblasts
in the mutant.

Live cell imaging. P2—P3 pups were electroporated as described above.
Five days following electroporation, sagittal slices (300 wm thick) of the
elecroporated hemispheres were prepared in ice-cold Gey’s balanced salt
solution (Sigma-Aldrich) supplemented with 1% (v/v) glucose solution
(Sigma-Aldrich) using a vibratome (Leica VT 1000S). Slices containing
GFP+ cells in the RMS were chosen for live imaging and were placed on
a Millicell filter (Millipore) in a 60 mm dish containing 1 ml of medium:
BME supplemented with glucose, L-glutamine BSA fraction, ITS supple-
ment, and penicillin-streptomycin. The slices were subsequently covered
with a thin layer of rat tail collagen and placed in a CO, incubator for 1 h
before imaging. Slices were place in medium, and images were taken with
a Leica DM6000 microscope using a 20X immersion objective. Acquisi-
tions were performed every 4 min using the MetaMorph software. Im-
age] software was used to process the images.

For calculation of migration speed, only cells having migrated unidi-
rectionally for >1 h were considered. Migration distances were calcu-
lated by Manual Tracking using ImageJ, and corresponding speeds were
measured by dividing the distance by the time of migration. A two-tailed
unpaired ¢ test was performed to calculate the statistical difference of the
migration speed between Plxnb2 ™/~ and Plxnb2 ~'~ groups.

Explant culture. Brains from P4 or P5 pups (both Plxnb2 ™~ and
Plxnb2 ™' ™) were dissected out and 250 wm coronal slices were cut in
ice-cold PBS supplemented with 1% (v/v) glucose solution (Sigma-
Aldrich) using a vibratome (Leica VT 1000S). RMS explants were dis-
sected in PBS/glucose with 5% FBS (PAA) from slices containing anterior
part of the RMS. Explants were embedded in Matrigel (BD Biosciences)
on 12 mm coverslips, and cultured for 36 h in Neurobasal medium
supplemented with B27, L-glutamine, and Pen-Strep (all from Life Tech-
nologies). To analyze the effect of growth factors, either glial cell line-
derived neurotrophic factor (GDNF) (200 ng/ml; R&D Systems) or
hepatocyte growth factor (HGF) (50 ng/ml; Sigma-Aldrich) were added
in the culture media. For GDNF and HGF, several concentrations were
tested with WT explants (50, 100, and 200 ng/ml). A concentration of 50
ng/ml was chosen for HGF, and 200 ng/ml for GDNF (see Results).
Control explants did not contain any growth factor. Thereafter, the ex-
plants were fixed in 4% PFA and stained for nuclear marker To-Pro-3-
iodide (Life Technologies). Confocal images were acquired and overlaid
stacks were used for counting cell numbers.

Quantification of cell migration was performed using Image] and
IMARIS software. The number of cell nuclei within each area was
counted using IMARIS software (10 pixel = 1 nucleus at 20X magnifi-
cation). Compiled data was expressed as SEM, and statistical significance
was calculated using Student’s ¢ test.

Results

Plexin-B2 is expressed in the postnatal SVZ-RMS—-OB system
Plxnb2 mRNA has previously been shown to be expressed in the
ventricular zone of the embryonic cortex and early postnatal
RMS/SVZ (Deng et al., 2007; Hirschberg et al., 2010). To deter-
mine whether Plexin-B2 could play a role in postnatal neurogen-
esis, we first studied its expression pattern using in situ
hybridization, immunostaining, and transgenic mice.

We found that, in the postnatal and in the adult mouse telen-
cephalon, plxnb2 mRNA was highly expressed in the SVZ,
throughout the RMS, and in the OB (Fig. 1A-C) (data not
shown). In the OB, low levels of plxnb2 mRNA were also detected
in the periglomerular cell layer (Fig. 1A). In the Plxnb2 knock-
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Plexin-B2 is expressed in the postnatal and adult SVZ-RMS. Sections A-F are coronal. A-C, In the adult, in situ hybridization with Plxnb2 riboprobe showed that Plxnb2 is highly

expressed in the RMS (4, B, arrowhead), in the glomerular layer (gl) (4, arrows), and in the subventricular zone (C, arrowhead). The insets in A and Care high magpnification of the boxed area. D-F,
-Galactosidase immunohistochemistry also revealed similar expression patterns in all three regions (insets are high magnification of the boxed areas). G, Sagittal section of the telencephalon of
P8 Pixnb2 "/~ mouse labeled for PLAP. PLAP s highly expressed in the RMS (arrowhead) and some olfactory axons (arrow). H, Sagittal section of the telencephalon in a P21 mouse immunolabeled
with anti-Plexin-B2 antibodies. Plexin-B2 is highly expressed in the RMS (arrowhead) and some olfactory axons (arrow). Scale bars: A-E, 600 .m; F, 200 .m; G, 500 pom; H, 600 m.

outline, a cDNA cassette encoding 3-galactosidase and placental
alkaline phosphatase (PLAP) sequence was inserted by homolo-
gous recombination into intron 16 (Friedel et al., 2007). The
expression pattern of these two reporters was previously shown
to faithfully reproduce the endogenous expression of Plexin-B2
(Friedel et al., 2007). Accordingly, in postnatal and adult
Plxnb2 ™'~ mice, both B-gal and PLAP were highly expressed in
the SVZ, and all along the RMS to the OB (Fig. 1 D-G) (data not
shown). PLAP was also detected in olfactory glomeruli (Fig. 1G).
In the adult OB, B-gal was strongly expressed by periglomerular
cells (Fig. 1D), weakly in mitral cells, but was not detectable in
differentiated granule cells (Fig. 1D,E). Using a specific anti-
Plexin-B2 monoclonal antibody (Friedel et al., 2007), we con-
firmed that Plexin-B2 was highly expressed in the postnatal and
adult SVZ and RMS (Figs. 1 H, 2).

As was previously established, Plexin-B2 was highly expressed
in the RMS during the first postnatal week (Fig. 2A). Interest-

ingly, in the OB, Plexin-B2 expression appeared to be rapidly
downregulated outside of the RMS. To confirm this observation,
P2 wild-type mice (n = 3) were electroporated with a plasmid
encoding the GFP as previously described (Boutin et al., 2008).
Electroporated animals were perfused 5 d after electroporation
(P7). This showed that GFP-expressing cells with the typical un-
ipolar morphology of migrating SVZ neuroblasts (Nam et al.,
2007; Boutin et al., 2008) expressed Plexin-B2 in the RMS (Fig.
2B-D). However, in the OB, Plexin-B2 was not expressed by
radially migrating cells (Fig. 2 D), suggesting that a downregula-
tion of Plexin-B2 expression could accompany the initiation of
radial migration. In adult mice, Plexin-B2 immunoreactivity was
still detected in the RMS as well as PG cells. It also appeared to be
weakly expressed by mitral cells and olfactory axons (Fig. 2 E, F)
(data not shown).

In the olfactory bulb, different classes of periglomerular cells
were characterized based on their neurotransmitter content
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Adult

P7 electroporated at P2

Figure2. Plexin-B2isexpressed by tangentially migrating neuroblasts and by PG cells. A-D, Sagittal sections at the level of the 0B of a P7 mice electroporated at P2 in the SVZ with a GFP-plasmid
and immunostained with an anti-Plexin-B2 antibody. Plexin-B2 is highly expressed in the RMS containing tangentially migrating GFP+ neuroblasts. €, C" is an example of migrating neuroblasts
expressing GFP in the cytosol and Plexin-B2 at the cell surface (asterisks). The arrowheads point to the tip of labeled leading processes. Plexin-B2 expression is downregulated in the granular cell layer
(GCL), which contains radially migrating GFP + cells (D, arrowhead). E, F, Sagittal section of the adult 0B immunostained with anti-Plexin-B2 and counterstained with Hoechst. Plexin-B2 is detected
inthe RMS, in the mitral cell layer (MCL), and in the glomerular cell layer (GL), but notin the granule cell layer (GCL). F shows that adult mitral cells are immunoreactive for Plexin-B2. G-L are sections
ofthe adult OB of Plxnb2 ™/~ (G-J) or wild-type mice, at the level of the glomerular layer. In Plxnb2 */ ~ (G-J) OB, B-galactosidase is detected in all the different subtypes of periglomerular cells
expressing Pax6 (G, arrow), GABA (H, arrow), calretinin (/, arrow), and TH (J, arrow). Likewise, TH-positive PG cells areimmunoreactive for Plexin-B2 (L, arrow). Inall panels, the arrowheads indicate
cells that express 3-gal or Plexin-B2 and are not labeled with the other markers. Scale bars: 4, B, 160 um; C, €', 22 um; D, 34 m; E, 70 m; F, 30 om; K, L, 20 pum.
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Figure 3.

Plexin-B2 expression in the different cell populations of the adult SVZ and RMS. 4 is a coronal section of the forebrain at the level of the SVZ. SVZ cells lining the ventricle (V) strongly

express Plexin-B2 (arrowheads). B-D, Rapidly proliferating type C cells labeled with a short-pulse of BrdU (B), phosphohistone 3 (H3P) (C), and Ki67 (D) are immunoreactive for Plexin-B2
(arrowheads). E-G, Plexin-B2is also expressed by migrating neuroblasts labeled with PSA-NCAM in the SVZ (E, F, arrowheads) and by DCX in the RMS (G, arrowheads). H—K, In the SVZ, GFAP + cells
express Plexin-B2 (H—J, arrowheads) but GFAP astrocytes (K, arrows) ensheathing migrating neuroblasts (visualized by Hoechst staining) in the RMS do not express 3-gal in Plxnb2 '~ mice. Scale

bars: 4,100 pum; B, 12 um; (, D, 7 um; E, F, K, 15 pum; G, 25 um; H-J, 14 pm.

(GABA or dopamine) and the expression of several calcium bind-
ing proteins (Ribak et al., 1977; Haldsz et al., 1985; De Marchis et
al., 2007; Parrish-Aungst et al., 2007). To determine whether all
periglomerular cells express Plexin-B2, OB sections from
Plxnb2*'~ mice were double labeled for 3-galactosidase and cal-
retinin, GABA, TH, or Pax6 and analyzed by confocal microscopy
(Fig. 2G-J). Coexpression with 3-gal was observed in all cases,
suggesting that all subtypes of periglomerular cells express
Plexin-B2. Likewise, PG cells were also immunoreactive for
Plexin-B2 (Fig. 2K, L) (data not shown).

Previous studies have revealed that the SVZ is a heterogeneous
cellular mosaic, containing slowly dividing astrocytes (or type B
cells), which have stem cell properties and are the source of neu-
roblasts (or type A cells) that migrate along the RMS to generate
GC and PG cells following a final round of division (Doetsch et

al., 1997; Mirzadeh et al., 2008). To better characterize Plexin-B2-
expressing cells in adult mice, we performed double immuno-
staining for B-gal or Plexin-B2 and several markers of SVZ/RMS
cells (Doetsch et al., 1997). Plexin-B2 was highly expressed in the
SVZ lining the ventricular wall (Fig. 3A). Type C cells are rapidly
dividing cells that can be labeled by a short pulse of BrdU (Doet-
scheetal., 1997). The combination of short-term BrdU (3 h pulse)
(see Materials and Methods) and Plexin-B2 immunostaining
showed that type C cells express Plexin-B2 (Fig. 3B). This was further
confirmed by double immunostaining for Plexin-B2 and phospho-
histone 3 (H3P), a marker of mitotic cells (Fig. 3C), and Ki67, a
marker or proliferating cells (Fig. 3D). In the SVZ and RMS, Plexin-
B2-immunoreactive cells also expressed PSA-NCAM and Dou-
blecortin (DCX), two markers of migrating neuroblasts, or type A
cells (Fig. 3E-G). GFAP-positive cells close to the ventricle appeared
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(arrow) and GCL. Scale bars, 600 m.

to be immunolabeled with anti-Plexin-B2, suggesting that this re-
ceptor could be expressed by type B cells (Fig. 3H-]). By contrast,
neither B-gal nor Plexin-B2 were detected in GFAP-positive astro-
cytes that ensheath migrating neuroblasts. We next studied the ex-
pression pattern, in the forebrain of P8 mice, of the four class IV
semaphorins that were previously shown to bind Plexin-B2 namely
Sema4A, Sema4C, Sema4D, and Sema4G (Oinuma et al., 2004;
Dengetal.,2007; Yukawa etal., 2010b; Maier etal., 2011; Perild etal.,
2011). This showed that Sema4C, 4D, and 4G are all expressed in the
RMS and in the GCL (Fig. 4) and that all four Semaphorins are
expressed in the mitral cell layer (Fig. 4).

These results show that Plexin-B2 is broadly expressed in SVZ
cells and their derivatives migrating in the RMS together with its
semaphorin ligands.

The generation of new neurons is compromised in Plxnb2 ~’
~ mice
It was previously observed that the formation of the OB layers is
delayed in embryos from another line of PIxnb2 knock-out (Deng
et al., 2007). To determine whether this is maintained in the
adult, we first measured the OB volume (see Materials and Meth-
ods) and did not find any significant differences between hetero-
zygote (11.5 = 1.49 mm’; n = 3) and Plxnb2 ~ '~ animals (9.61 =
1.41 mm?; p > 0.05; n = 3). However, Hoechst staining on OB
coronal sections indicated that OB layering was largely compara-
ble with control (Fig. 5A-D) with the notable exception of the
mitral cell layer and inner plexiform layer, which were not clearly
distinguishable in Plxnb2 ~ '~ mice (n = 5 of 5; Fig. 5A-D).
Previous studies have shown that Plexin-B2 controls the
balance between proliferation and differentiation of cerebellar
granule cells (Friedel et al., 2007) and that it may also influ-
ence the proliferative potential of embryonic cortical precur-
sors (Hirschberg et al., 2010). Therefore, we next tested
whether the proliferation of SVZ cells is perturbed in adult

Expression of class IV semaphorins in the postnatal 0B. Sagittal sections through the 0B and RMS of P8 mice hybrid-
ized with riboprobes for Sema4A (4), Sema4(C (B), Sema4D (C), and Sema4a (D), the four class IV semaphorins known to bind to
Plexin-B2. All semaphorins are expressed in the mitral cell layer (arrowheads). Sema4(, 4D, and 4G are also expressed in the RMS
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Plxnb2~'~ mice. As previously de-
scribed, a majority of Plxnb2 '~ mu-
tant animals die in utero, but those that
reach birth survive normally and do
not exhibit obvious behavioral deficits
(Friedel et al., 2007). We first used the
cell division marker BrdU to quantify prolifer-
ation in Phxnb2 ™'~ and Plxnb2 ~'~ mice. A
single BrdU injection was given to adult
Plxnb2™'~ (n = 3) and Plxnb2 ™'~ mice
(n = 3) and the mice were perfused 3 h
later. The number of BrdU-positive cells
was compared at four rostrocaudal levels
of the SVZ-RMS-OB pathway (Fig. 5E).
BrdU immunohistochemistry revealed a
significant decrease in the number of
proliferating cells in Plxnb2~'~ ho-
mozygous mutants compared with
heterozygotes (Fig. 5F—H). This reduc-
tion of cell proliferation was significant
at all levels along the RMS (unpaired
two-tailed t test; p < 0.05 in the OB, p <
0.001 in other regions), but was more pro-
nounced in the caudal ventricular region
(—44%) and rostral ventricle (—39%)
than in the transition region (—30%) or
the OB (—27%). This suggests that, in the
absence of Plexin-B2, SVZ/RMS cell pro-
liferation is more perturbed caudally in
the rostrocaudal axis of the RMS-SVZ.

The absence of Plexin-B2 mutation affects the generation of
periglomerular cells more severely than that of granule cells
After reaching the olfactory bulb, migratory neuroblasts leave the
RMS and finally differentiate into granule cells or periglomerular
cells. To study the long-term effect of Plexin-B2 absence on adult
SVZ-derived cells, we next performed a long-term (30 d) BrdU
incorporation assay (Fig. 6). In both Plxnb2*'~ (n = 3) and
Plxnb2~'~ (n = 3) adult mice, BrdU-labeled cells were detected
in the GC and PG cell layers 1 month after injection (Fig. 6 A, B)
(data not shown). However, the number of labeled cells in both
layers was significantly reduced in Plxnb2 ~/~ OB (151 * 15 GC
cells per section in Plxnb2 ™'~ vs 108 = 9 in Plxnb2 '~ p <
0.001 and 12.9 *+ 1.2 PG cells per section in Plxnb2*'~ vs 6.7 +
0.6 in Plxnb2~'~; p < 0.001; Fig. 6C,D) as expected from the
decrease in cell proliferation. This reduction was more pronounced
for PG cells (—51%) than for GC cells (—35%). In addition, the
ratio between the average number of GC and PG cells per OB
section was lower in Plxnb2™/~ (11.8:1; n = 3, 15 sections
from each animal) than in Plxnb2 ™'~ mice (16.2:1;n = 3, 15
sections from each animal). This suggests that PG cells are
more affected than GC cells by the lack of Plexin-B2. Accord-
ingly, the quantification of the number of calretinin-positive
cells in the PG layer showed a 19.5% reduction in Plxnb2 '~
mice compared with Plxnb2 ™/~ mice (1144 *+ 24 vs 1420 +
194 calretinin+ PG cells, respectively, 3 brains, 10 sections per
brain).

The morphology of the newly generated OB interneurons was
also analyzed in animals electroporated with GFP at P2 and per-
fused 20 d later (n = 2 animals in both cases). In both Plxnb2 ™/~
and Plxnb2 ~ '~ mice, GFP-expressing cells were observed in the
GC layer and their gross morphology was comparable (Fig.
6 E, F). Similarly, PG cells looked similar (Fig. 6G,H) and most
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Pixnb2"

Perturbed OB layering and proliferation in Plxnb2 mutant. A—D are coronal sections of the OB of adult Plxnb2 /= (A, B) or Plxnb2 ~ ' ~ (C, D) stained with Hoechst. Whereas in the

Plxnb2 '~ 0B (A, B) the mitral cell layer (arrowheads) is well separated from the granule cell layer by the cell-free inner plexiform layer (arrows), in Plnb2 ~/ ~ OB (C, D) the two layers are not
dlearly delineated/distinguishable. E~H illustrate that proliferation is reduced in the adult SVZ of Plxnb2 ~/ ~ mice. E, BrdU-positive cells (3 h pulse) were counted at four different rostrocaudal
levels along the RMS/SVZ as shown on the schematic. F and G are representative pictures of Plnb2 */ ~ and Plxnb2 ~/ ~ mice showing BrdU-+ cells in the SVZ. H, Quantification of the number of
BrdU+ cells per section. A significant reduction of BrdU + cells is observed in the mutant. Error bars indicate SEM. *p < 0.05; **p << 0.001. Scale bars: A, D, 500 wm; B, €, 250 wm; F, G, 180 um.

arborized in a single glomerulus. We counted the ratio of GFP+
GC/GFP+ PG cells both in Plxnb2 ™'~ and Plxnb2 ~' ~ mice 30 d
after electroporation and found an increase in the GC/PG ratio in
mutant mice (10.5:1 in Plxnb2 ¥/~ mice and 13.3:1 in Plxnb2 =/~
mice), which confirmed that PG cells are more affected than GCs
by the lack of Plexin-B2.

The transition from tangential to radial migration is
accelerated in Plxnb2 ~'~ OBs

To determine whether the migration of Plexin-B2-deficient neuroblasts
was perturbed, we next analyzed the distribution of BrdU-labeled cells in
the OB, 4 d after injection (1 = 3 mice for Plxnb2 '~ and Plxnb2 /).
We found that a higher proportion of the BrdU-labeled cells had
reached the OB in Phnb2~ '~ (73%) than in Phnb2™’'~ mice
(63.5%). In Plxnb2 ™'~ mice, ~95% of these BrdU+ cells were lo-
calized in the RMS (in Fig. 7 A, B) and only 5% had migrated radially

out of the RMS. By contrast, in the Plxnb2 ™~ "~ mice, only 87.5% of
BrdU-positive cells were found in the RMS of the OB and >12.5%
were detected in more superficial layers, corresponding to a 85%
(p < 0.001) increase compared with Plxnb2 "'~ mice (Fig. 7C-E).

Interestingly, in control mice, BrdU-labeled cells were confined
to the SVZ-RMS-OB pathway, whereas in Plxnb2 /™ mice, a subset
of BrdU+ cells was detected in the corpus callosum and septum
(data not shown). These ectopic cells also expressed PSA-NCAM
and 3-gal, suggesting that some neuroblasts migrated in an aberrant
direction in Plxnb2 ~ '~ mice.

To confirm that newly generated OB neurons left the RMS more
rapidly, P2 Plxnb2 ™~ and Plxnb2 '~ mice were electroporated in
the SVZ with a plasmid encoding GFP (see above and Materials and
Methods). Electroporated animals were perfused 5 d after electropo-
ration and the localization of GFP+ cells in the OB was analyzed. In
both of Plxnb2 "'~ and Plxnb2 ~ '~ mice, GFP+ cells were observed
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labeling and GFP electroporation suggested
that, in the OB, SVZ-derived cells leave the
RMS more rapidly in Plxnb2 /" than in

I E=PIxnb2*"-

B Pixnb2-  Plnb2 */~ mice. To determine whether this

could be correlated with a faster migration,
we performed time-lapse video-microscopy
*% analysis of GFP-labeled cells in the RMS of
forebrain slices from P6/P7 mice electropo-
rated 4-5 d earlier (Fig. 8A,B). For each
time-lapse sequence, images were taken at
4 min intervals. We first measured the

BrDU + 30d

=100}

BrDU+ GC ce
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speed of migrating neuroblasts (30 cells
from 6 animals in Plxnb2 ™'~ and 30 cells
from 4 Plxnb2~'~ mice were tracked)
[ E3PIxnb2* and found that they moved significantly

T Wl PIxnb2" faster in Plxnb2 '~ RMS slices with an
* average speed of 113 = 25 um/h com-
pared with 80 = 18 um/h for Plxnb2 ™'~
neuroblasts (Fig. 8 D), corresponding to a
40% increase of the speed in mutants. As
reported earlier (Sawamoto et al., 2006;
Hirota et al., 2007; Nam et al., 2007; Ba-
gley and Belluscio, 2010), we also ob-
served cells in the RMS moving in either a

GFP electro. P2 + 20d

Figure 6.

20 pm.

along the RMS and in the OB (n = 5 of 5 Plxnb2 "'~ and 4 of 4 in
Plxnb2~' 7). The quantification of the percentage of GFP+ cells that
had left the RMS (to initiate radial migration) versus the total number of
GEFP cells per section, also showed that there was a very significant in-
crease of radially migrating cells outside the RMS in Plxnb2 ~/~ mice
(13.18 = 1.73%; n = 2 animals) compared with Plxnb2 '~ mice
(5.61 = 0.73%; n = 4; p < 0.0001) (Fig. 7F-I). Incidentally, in GFP-
electroporated Plxnb2 ™~ /"~ animals, but not in Pixnb2 '~ mice, GFP-
expressing cells were found in the septum region, thus reconfirming the
BrdU short-term labeling data (data not shown).

The migration speed of postnatal neuroblasts is increased in
Plxnb2 mutants

Although the morphology of migrating neuroblasts appeared nor-
mal in Plxnb2 '~ mice (Figs. 71, 8) (data not shown), BrdU pulse

Long-term labeling of newly generated OB neurons in Plxnb2 mutant. A and B are sections of the OB of adult
Plxnb2 */ ~ and Plxnb2 ~ ~ mice 30 d after an injection of BrdU. In both cases, BrdU+ cells are found in the granule cell layer
(GCL) and glomerular cell layer (GL). C, D, The quantification of the number of BrdU+ cells reveals a significant decrease in the
number of BrdU + PG (€) and GC (D) cells in Plxnb2 mutant mice. Error bars indicate SEM. E-H are sagittal section at the level of the
0B of P22 Plxnb2 * ~ and Plxnb2 ~ ' ~ mice electroporated at P2 in the SVZ with a GFP-plasmid. The morphology of GFP+ GC
cells (E, F) and GFP+ PG cells (G, H) is similar Plxnb2 */ ~ and Plxnb2 ~/ ~ mice. Scale bars: A, B, 220 um; E, F, 300 wm; G, H,

forward (toward the bulb) or a backward
(toward the SVZ) direction, although
some cells reversed the direction of their
movement during the recording period.
In Plxnb2 ™'~ mice, 76.1% cells moved
forward and 23.9% backward [a similar
ratio to that previously described
(Sawamoto et al., 2006; Hirota et al., 2007;
Bagley and Belluscio, 2010)]. In contrast,
there was a slightly higher proportion of
neuroblasts moving backward in the mu-
tant (67.5% forward and 32.5% back-
ward). We also observed some cells that
moved locally without any particular di-
rection (exploratory cells) and cells that
were static during the imaging period (Ba-
gley and Belluscio, 2010). The proportion
of cells that were migratory/exploratory/
static (Nam et al., 2007) was calculated,
and it was found that the proportion of
exploratory versus migratory cells was in-
creased in Plxnb2 '~ slices (39.4% mi-
gratory and 21% exploratory) compared
with Plxnb2 ™'~ slices (52.4% migratory
and 12.1% exploratory). In both types of
slices, we observed equivalent proportion of static cells (35.5% in
Plxnb2 '~ and 39.4% in Plxnb2 ~' ). The migration speed of the
exploratory cells was also measured and the mutant exploratory
cells were also found to move significantly faster than heterozy-
gote cells (40.5 = 8 wm/h in Plxnb2™'~ and 59 + 10.2 wm/h in
Plxnb2~'~; p < 0.001).

The migration of SVZ neuroblasts in response to GDNF and
HGEF is not modified in Plxnb2 mutants

Plexin-B2 is known to mediate semaphorin signaling by class IV
semaphorins. In addition, it was also shown to bind two receptor
tyrosine kinases, MET and rearranged during transfection (RET),
and to modulate their activation by their respective ligands, HGF
and GDNF (Garzotto et al., 2008; Perili et al., 2011). Previous
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Increased radial migration in the OB of Plxnb2 mutants. A-D, Coronal sections of the OB of Pinb2 */ ~ (A, B) and Plxnb2 ~/~ adult mice (C, D) 4 d after an injection of BrdU. In

Plxnb2 '~ almost all the BrdU + cells are found in the RMS (4, B, arrowheads) and only a few have entered the GCL (4, arrow). By contrast, in Plxnb2 ~ "~ mutant, BrdU + cells are found in the
RMS (arrowheads) but many have entered the GC layer and PG layer (arrows). B and Care counterstained with Hoechst. Eis a quantification of the distribution of BrdU+- cells inside and outside of
the RMS. In the OB of Plxnb2 mutant, there is a significant increase in the number of BrdU+ cells found outside of the RMS. Error bars indicate SEM. F-/ are sagittal sections of the OB of P7
Plxnb2 '~ (F,G)and Plxnb2 —' ~ (H, 1) mice electroporated at P2 in the SVZ with a GFP plasmid. Whereas in Plxnb2 e only afew GFP + cells have started to migrate into the GCL (arrows), in
Plxnb2 ~ '~ mice, many GFP+ cells have already left the RMS. G and H are higher magnification pictures of the region indicated by an asterisk in F and / (Hoechst counterstaining). Scale bars: 4,

D, F,H,600 um; B, €, G, 1,300 wm.

data suggested that these two receptor/ligand pairs influence mi-
gration of SVZ neuroblasts (Paratcha et al., 2006; Garzotto et al.,
2008; Wang et al., 2011). Therefore, we next used SVZ explant
cultures to determine whether the migratory response of neuro-
blasts to HGF or GDNF was altered in the absence of Plexin-B2
(Fig. 9). Explants were obtained from P4—P5 RMS and cultured
for 36 h in Matrigel (see Materials and Methods). The number of
To-Pro-3 (a nuclear marker)-positive cells that migrated out of
the explants in absence of growth factor was not significantly
different between wild type (2317.7 * 286; n = 9 explants),
Plxnb2™'~ (2960.2 % 309.3; n = 9), and Plxnb2 ~'~ (3243.8 =
361.3; n = 9; p > 0.05) mutants (Fig. 9).

To determine the optimal dose to elicit a migratory response,
HGF or GDNF were next added to wild-type explants at three
concentrations: 50, 100, and 200 ng/ml. A significant increase in
the number of migrating cells was observed when explants were
exposed to 50 ng/ml HGF compared with explants cultured with-
out HGF. This boost in migration was not further increased with
higher concentrations of HGF (data not shown). The addition of
GDNF to wild-type explants did not cause any significant in-
creases in cell migration for any of the concentrations tested (data
not shown). Next, explants from Plxnb2 " (n = 9) and
Plxnb2~'~ (n = 10) RMS were cultured with 50 ng/ml HGF or
200 ng/ml GDNF. The enhancement of migration upon addition

of HGF was equivalent between explants from wild-type and
Plxnb2 "'~ mice (6161.1 = 766 cells in wild type vs 5678.6 + 616
in Plxnb2 ™~ p > 0.05). Likewise, there was no significant dif-
ference in the total number of migrating cells treated with HGF in
Plxnb2 '~ explants (6596.6 + 820) compared with Plxnb2*'~
(5678.6 = 616; p > 0.05). Last, as in wild type, even at 200 ng/ml,
GDNF did not significantly alter the number of cells migrating
from explants from Plxnb2~ '~ mutants (3058.1 * 409) or
Plxnb2*'~ (3358.1 + 338; p > 0.05).

Discussion

Plexin-B2 controls adult the proliferation and migration of
postnatal SVZ neuroblasts

We show here that RMS neuroblasts deficient for Plexin-B2 mi-
grate more rapidly than control ones. This does not appear to
profoundly affect their ability to orient in the RMS as in Plxnb2
mutants there is only a minor increase in the proportion of neu-
roblasts migrating toward the SVZ rather than the OB. In addi-
tion, most of the SVZ-derived neurons reach the OB in Plxnb2
mutants. Accordingly, macrophages and dendritic cells purified
from Plxnb2 knock-out mice migrate more rapidly (Roney et al.,
2011), and there is a premature migration of granule cells in the
Plxnb2 cerebellum (Friedel et al., 2007). Together, these data in-
dicate that Plexin-B2 could provide a molecular tuning mecha-
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Figure8. Time-lapse analysis of neuroblast migration. 4, B, Time-lapse imaging series (56 min) of migrating neuroblasts in forebrain slices from Plxnb2 */ ~ (A) and Plxnb2 ~ ~ (B) P7 mice
transfected with pCX-GFP and cultured for 1 h before imaging. The 0B is located on the upper side of the frame (interval between pictures is 8 min). Cis a comparison of neurite lengths between
migrating neuroblastsin the Plxnb2 */ ~ and Plnb2 ~/ ~ slices. No significant differences in neurite length could be observed. D, Measurement of migration speed of Plxnb2 */ ~ and Plxnb2 =/ ~
neuroblasts in slices. Plxnb2 mutant neuroblasts move significantly faster along the RMS compared with heterozygote ones. Scale bars, 25 wm.
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nism allowing migrating cells to control A
their orientation or decision making at
certain choice points.

Our results also show that Plexin-B2 is
expressed by the proliferating cells in the
adult SVZ-RMS system, which suggests
that Plexin-B2 may control their prolifer-
ation. In fact, analysis of BrdU incorpora-
tion shows a significant reduction in the
number of proliferating cells in the SVZ
and RMS of Plxnb2 knock-outs. More-
over, the generation of new OB interneu-
rons is compromised in Plxnb2 knock-
outs with PG cells being more affected
than GC cells. These two types of OB in-
terneurons are known to arise from dis-
tinct precursors localized preferentially in
different domains of the SVZ, and ex-
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motes cell proliferation in the immune
system (Granziero etal., 2003) and in can-
cer cell lines (Gomez Roman et al., 2008).
Interestingly, we showed previously that
Plexin-B2 also controls the balance be-
tween proliferation and migration in the
developing cerebellum (Friedel et al,
2007). In the mutant cerebellum, granule cell precursors leave the
external granular layer prematurely but keep dividing during mi-
gration. This is somehow reminiscent of OB neuroblasts, which
divide as they migrate in the RMS (Smith and Luskin, 1998).

Figure 9.

A role for Plexin-B2 controlling the switch from tangential to
radial migration?

Upon reaching the olfactory bulb, newly generated GC and PG
cells detach from chains in the RMS and switch to a radial mode
of migration to reach their target layers (Whitman and Greer,
2009). Thus far, only a few molecules are known to influence the
switch from tangential to radial migration, such as Reelin (Hack
et al., 2002; Blake et al., 2008) and the chemokine-like peptide
Prokineticin 2 (Ng et al., 2005; Prosser et al., 2007; Puverel et al.,
2009). Tenascin-R and Sonic-hedgehog expressed in the RMS
and OB are also able to attract neuroblasts in vitro and in vivo
(Saghatelyan et al., 2004; Angot et al., 2008) and may guide them
to their target layers. Our results suggest that Plexin-B2 may also
play a role in this process. First, there is a striking correlation
between the departure/exit of OB interneurons from the RMS
and the downregulation of Plexin-B2 expression in the OB. Sec-
ond, OB interneurons labeled with BrdU or GFP enter the PG
and GC layers more rapidly in Plxnb2 KO than in controls. Last,
there are many ectopic cells in the OB IPL of Plxnb2 KO, suggest-
ing that their radial migration could be affected. The presence of
Semad4A, 4C, 4D, and 4G in mitral cells and of Sema4C, 4D, and

Cell migration assay and response to HGF and GDNF. A, Confocal image of RMS explants from Plxnb.
Plxnb2 '~ P4—P5 mice stained with Topro-3 after 36 h in culture in the absence of any growth factor or in the presence of 50
ng/ml HGF or 200 ng/ml GDNF. B, €, Quantification of the number of cells migrating out of explants cultured with HGF (B) or GDNF
(€). Nosignificant difference was observed between wild-type, Plnb2 ™/ ~, and Plxnb2 ~ ~ explants cultured with or without
growth factors. HGF promoted migration, but GDNF had no effect. Error bars indicate SEM. Scale bar, 200 pm.

2+~ and

4G in the GCL of the OB suggest that these semaphorins may act
as a barrier to prevent OB interneurons from initiating radial
migration prematurely.

Is Plexin-B2 a molecular hub in neuronal migration?
Plexin-B2 is a receptor for class IV semaphorins, but it can also
interact with other transmembrane receptors, suggesting that
Plexin-B2 could be a molecular hub for a variety of receptors
involved in postnatal neurogenesis. At least two non-mutually
exclusive mechanisms could explain the defects observed in
Plxnb2 KO.

First, we show here that the Plexin-B2 ligands, Sema4C, 4D,
and 4G, are expressed in the OB and along the RMS (Wu et al.,
2009), although the lack of antibodies do not allow to determine
whether the Semaphorin-expressing cells are ensheathing astro-
cytes or neuroblasts or both. Therefore, a classic, Semaphorin/
PlexinB2 repulsive mechanism may be at play in the RMS to
prevent neuroblasts from prematurely leaving the RMS or from
escaping from within its confines. Accordingly, in Plxnb2 KO, a
fraction of the neuroblasts migrate ectopically into the septum
and corpus callosum (data not shown). Likewise, in the cerebel-
lum of Plxnb2 KO mice, granule cell progenitors initiate radial
cell migration ahead of time. Overall, this suggests that
Semaphorin/Plexin-B2 signaling may inhibit radial migration in
the CNS. Semaphorin could as well polarize the tangential migra-
tion within the RMS according to the so-called surround repul-
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sion model (Keynes et al., 1997), forcing neuroblasts to migrate
along the caudorostral axis. This could explain the higher pro-
portion of exploratory and possibly disoriented cells in the mu-
tant RMS. It will be required to directly confirm in vivo that class
IV semaphorins are involved in this process. However, out of six
class IV semaphorins that were identified in rodents, at least four,
Sema4A, Sema4C, Sema4D, and Sema4G, can bind to Plexin-B2
(Oinuma et al., 2004; Deng et al., 2007; Yukawa et al., 2010a;
Maier et al., 2011; Perili et al., 2011). These semaphorins most
likely act redundantly as neither Serma4a, Sema4d, Semadc, or
Semadg single knock-outs nor Sema4A/Semad4d or Semadc/
Sema4c double knock-outs phenocopy the severe cerebellar de-
fects found in Plxnb2 knock-outs (Friedel et al., 2007; Maier et al.,
2011).

In the second hypothetical model, the lack of Plexin-B2 could
perturb signaling downstream of receptor tyrosine kinases.
Plexin-B2 binds to receptor tyrosine kinases such as ErbB-2 and
Met and is phosphorylated by these receptors upon semaphorin
binding (Giordano et al., 2002; Conrotto et al., 2004, 2005;
Swiercz et al., 2004, 2009; Deng et al., 2007). Met is also expressed
by SVZ neuroblasts (Garzotto et al., 2008), and its ligand HGF
promotes their motility and their proliferation (Nicoleau et al.,
2009; Wang et al., 2011). However, results from our in vitro cul-
tures show that the number of cells migrating out of Plxnb2 ~/~
RMS explants in the presence of HGF is similar to that in con-
trols. This suggests that Plexin-B2 might not regulate HGF re-
sponse in postnatal neuroblasts. Plexin-B2 also interacts with the
RET receptor (Perili et al., 2011), and Plexin-B2-deficient ure-
teric buds fail to respond to the RET ligand GDNF. Postnatal
neuroblasts were previously shown to respond to GDNF (Ko-
bayashi et al., 2006; Paratcha et al., 2006), but in our assay (where
GDNF concentration is homogeneous around the explants) we
observed no effect of GDNF on neuroblast migration.

Although these models will need to be tested in vivo, our data
suggest that Semaphorins are the ligands of Plexin-B2 in postna-
tal neurogenesis and migration.
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