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Hepatocyte Growth Factor Regulates Migration of Olfactory
Interneuron Precursors in the Rostral Migratory Stream
through Met-Grb2 Coupling
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The olfactory bulb is one of the few structures in the mammalian forebrain in which continuous neurogenesis takes place throughout life.
Neuronal precursors originate from progenitors located in the subventricular zone (SVZ) of the lateral ventricles, move tangentially in
chains through the rostral migratory stream (RMS), and reach the olfactory bulb (OB), where they finally differentiate into granule and
glomerular interneurons. Multiple molecular factors are involved in controlling the various steps of this neurogenic process. Here, we
show that hepatocyte growth factor (HGF) and its receptor Met protein are expressed in vivo in the OB and throughout the migratory
pathway, implying that HGF might mediate migratory signals in this system. By using primary in vitro cultures, we demonstrate that HGF
promotes migration of RMS neuroblasts, acting both as an inducer and attractant. HGF stimulation on RMS tissue explants selectively
induces MAP kinase pathway activation. Furthermore, in vitro analysis of mice with a point mutation in the Met receptor that impairs
signal transduction through the Ras/MAP kinase pathway (Met®"*?“"*?) shows that without Met-Grb2 binding, neuroblast migration is
reduced. Overall, these findings indicate that HGF signaling via Met-Grb2 coupling influences olfactory interneuron precursor migration

along the RMS.
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Introduction

The olfactory bulb (OB) of rodents is characterized by continu-
ous neurogenesis throughout life. Neuronal precursors fated to
become new OB interneurons originate outside the bulb, from
progenitors located in the subventricular zone (SVZ) of the lat-
eral ventricle. Before integrating into the OB circuits, neuronal
precursors migrate tangentially from the SVZ to the OB in a
complex network of chains, forming the rostral migratory stream
(RMS) (Peretto et al., 1997, 1999). Once they have reached the
OB core, single neuroblasts detach from their chains and switch
from tangential to radial migration to populate the granule and
glomerular layers, where they complete their differentiation
(Luskin, 1993; Lois and Alvarez-Buylla, 1994). Migration of SVZ-
derived neuroblasts is regulated by a cohort of molecular factors,
including cell adhesion molecules, such as PSA-N-CAM (To-
masiewicz et al., 1993; Ono et al., 1994; Hu et al., 1996), and
integrins (Murase and Horwitz, 2002), extracellular matrix mol-
ecules (e.g., tenascin-C, proteoglycans, and laminin) (Jankovski
and Sotelo, 1996; Murase and Horwitz, 2002), and matrix metal-
loproteinases (Bovetti et al., 2007). Chemorepulsive mechanisms
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through Slit-Robo signaling (Wu et al., 1999) and chemoattrac-
tive cues, such as the secreted molecules netrin-1 (Murase and
Horwitz, 2002), prokineticin2 (Ng et al., 2005), GDNF (Paratcha
et al., 2006), and BDNF (Chiaramello et al., 2007) have been
demonstrated to guide SVZ neuroblasts toward their target in the
OB.

To further identify molecular factors involved in the control
of neuroblasts migration in this system, we investigated the role
of the hepatocyte growth factor (HGF; also known as scatter fac-
tor) and its tyrosine kinase receptor Met. HGF is a pleiotropic
factor that plays an important function in a variety of develop-
mental processes that involve cell migration, proliferation, and
morphogenesis (Birchmeier and Gherardi, 1998). Both HGF and
Met are expressed during brain development, and their tran-
scripts have also been demonstrated in the adult brain, including
the OB (Jung et al., 1994; Thewke and Seeds, 1996; Achim et al.,
1997).

Converging evidence supports the notion that HGF acts as a
chemoattractant for different neuronal cell types, such as mo-
toneurons (Ebens et al., 1996), gonadotropin-releasing hormone
(GnRH) cells (Giacobini et al., 2002), and striatal (Cacci et al.,
2003) and cortical (Sun et al., 2002) progenitors. In addition,
HGF is a motogen for interneuron precursors migrating from the
ganglionic eminence to the cortex during embryonic brain devel-
opment (Powell et al., 2001).

The possibility that HGF/Met signaling may play a regulatory
role in the migration of olfactory interneuron precursors was
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explored by defining more precisely the expression pattern of
Met and HGF along the SVZ-OB pathway as well as evaluating
the effect of exogenous HGF on freshly dissociated neuroblasts
and explants of the RMS cultured in vitro. We found that HGF
induces both an increase in the migratory response and activation
of ERK proteins, suggesting that it may regulate neuroblasts mi-
gration through the MAP kinase pathway. This hypothesis was
confirmed by using Met“""?“™*? mutants, which have a point
mutation in the Met receptor impairing signal transduction
through the Ras/MAP kinase pathway (Maina et al., 1996). We
conclude that HGF signaling via Met—Grb2 coupling is involved
in the regulation of olfactory interneuron precursor migration.

Materials and Methods

Animals. Experiments were performed on newborn CDI strain mice
from postnatal day 5 (P5) to P10 (Charles River), kept in rooms with a
lighting schedule of 12 h light/darkness and with standard diet and water
ad libitum. Met°™?/¢™2 newborn (P0) mutant and wild-type (WT) back-
ground mice were provided by Prof. C. Ponzetto (Department of Anat-
omy, Pharmacology, and Forensic Medicine, Universita degli studi di
Torino, Torino, Italy). Postnatal mice were anesthetized by hypothermia
for all experiments. All experimental procedures were in accordance with
the European Communities Council Directive of November 24, 1986
(86/609/EEC) and the Italian law for care and use of experimental ani-
mals (DL116/92), and were approved by the Italian Ministry of Health
and the Bioethical Committee of the University of Turin.

Tissue explants and GN11 cell line cultures. Tissue explant cultures were
performed as previously described (Wichterle et al., 1997). Briefly, mice
were anesthetized by hypothermia and then killed by rapid decapitation.
Brains were dissected out and placed in ice-cold Leibovitz-15 medium
(Invitrogen) and vibratome (Leica VT100S) cut into 250-um-thick coro-
nal slices in Leibovitz-15 medium. Tissues from SVZ and RMS were
isolated under a high-magnification dissecting microscope (Leica) and
trimmed into pieces of ~250 wm. Explants were subsequently embedded
in 75% Matrigel growth factor reduced (BD Biosciences). Explants were
maintained 1 d in vitro (1 DIV) in 5% CO, at 37°C in Neurobasal me-
dium (Invitrogen) supplemented with 1X N-2 (Invitrogen), 25 pg/ml
gentamicin (Invitrogen), and 0.5 mm glutamine (Invitrogen). Recombi-
nant human HGF (50 ng/ml) (Sigma-Aldrich) and/or 10 ug/ml neutral-
izing antibody anti-HGF (#AF-294-NA; R & D Systems) were mixed into
Matrigel gel and added to culture media. For analysis, tissue explants
were fixed in 4% paraformaldehyde (PFA) for 40 min and stained with
nuclear marker SYTOX Green (167 nM; Invitrogen) for 30 min at room
temperature. Some explants were processed for immunocytochemistry
as described in the following sections. For Western blot analysis, tissue
explants immediately after dissection were incubated for 20 min at 37°C
in Neurobasal medium with or without HGF (50 ng/ml). Inhibition of
the MAP kinases was obtained by incubating the explants with 50 um
2-(2-amino-3-methyoxyphenyl)-4H-1-benzopyran-4-one  (PD98059)
(Sigma-Aldrich), 1 h before and during HGF stimulation. After stimula-
tion, explants were rinsed twice in cold PBS, pH 7.4, containing 1 mm
sodium-orthovanadate.

GNT11 cells were grown in monolayer at 37°C in a 5% CO,, in DMEM
(Invitrogen) containing 1 mm sodium pyruvate, 2 mm glutamine (In-
vitrogen), 100 pug/ml streptomycin, 100 U/ml penicillin, and 4500 mg of
glucose (Invitrogen), and supplemented with 10% fetal bovine serum
(FBS; Invitrogen). For stimulation assay, GN11 cells were grown at sub-
confluence and starved overnight in DMEM in absence of FBS. The day
after, cells were treated for 15 min with medium containing 10 or 50
ng/ml HGF or conditioned medium collected from cultures of RMS and
SVZ at 1 DIV.

Boyden assay. Boyden membranes (5 wm; Neuro Probe) were pre-
coated on both sides with 30 ug/ml poly-p-lysine (Sigma-Aldrich) over-
night. Anterior RMS (aRMS) of P5-P10 mice was dissected from coronal
sections of the OB, as described in the previous section, and incubated in
250 ul of 25% trypsin-EDTA (Invitrogen) at 37°C for 5 min. Tissue was
then triturated, and trypsin activity was blocked in 20% FBS in Neuro-
basal (Invitrogen), to obtain a single-cell suspension. Cells were spun for
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7 min at 3400 rpm and resuspended in Neurobasal medium supple-
mented with N2. Cells were incubated in 5% CO, at 37°C for 2 h before
migration assays. Fifty thousand cells were placed in the Boyden appara-
tus upper chamber, and increasing concentrations of HGF (12.5, 25, 50,
and 100 ng/ml) were added to the lower chamber. Medium containing 50
ng/ml HGF was preincubated for neutralizing studies, with 10 pg/ml
anti-HGF antibody overnight. The Boyden chamber was kept in a cell
culture incubator in 5% CO, at 37°C for 24 h. The membrane was sub-
sequently fixed in 4% PFA and rinsed in 0.01 M PBS. The upper side of the
membrane was wiped out, and the cells that had migrated and attached to
the lower side were stained by incubation with nuclear-staining 4',6'-
diamidino-2-phenylindole (DAPI) for 20 min at room temperature. For
each well, DAPI images were taken of four random objective fields using
an Olympus IX50 inverted microscope (Olympus Optical) equipped
with a CCD camera CoolSNAP-Pro (Media Cybernetics), and images
were edited with Image-Pro Plus software (Media Cybernetics). The
mean number of migrating cells per square millimeter was calculated and
normalized to controls for each condition. Neuronal phenotype of
DAPI-positive cells was evaluated by immunofluorescence using anti-
BII-tubulin antibody (Sigma-Aldrich).

Reverse transcription-PCR. Expression of HGF, Met, and L-19 was an-
alyzed by reverse transcription (RT)-PCR. Total RNA was isolated from
aRMS, posterior RMS (pRMS), SVZ, and total OB of P5 mice using
Qiagen columns according to the manufacturer’s instructions. Five hun-
dred nanograms of total RNA were reverse transcribed into single
stranded cDNA in a volume of 20 ul using 200 U of M-MLV Reverse-
Transcriptase RNaseH (Invitrogen) in 1X buffer (Invitrogen) with 25
pg/ml oligo(dT),,_;4 (Invitrogen), 0.5 mm dNTPs (Invitrogen), 0.01 m
DTT(Invitrogen), and 2 U/ul RNaseOUT (Invitrogen). An enzymeless
reaction was performed for each sample as a control. PCRs were per-
formed in a total volume of 50 ul containing 2 ul of cDNA, enzymeless
reaction sample, or water (negative controls), 250 nm each 5'- and 3'-
primers (see below), 0.05 U/ul RED Taq DNA polymerase (Sigma-
Aldrich), 200 um ANTPs in 1 X buffer. The following primers were used:
5'-GGGACTGCAGCAGCAAAGC-3" and 5'-GTCTGAGCATCTA-
GAGTTTCC-3" for Met amplification, corresponding to nucleotides
296-815 (Chan et al., 1988); 5'-GGGGAATGAGAAATGCAGTCAG-3’
and 5'-CCTGTATCCATGGATGCTTC-3" for HGF amplification, cor-
responding to nucleotides 1981-2275 (Tashiro et al., 1990); and 5'-
CCTGAAGGTCAAAGGGAATGTGTTC-3’ and 5'-GGACAG-
AGTCTTGATGATCTCCTCC-3' for L-19 amplification, corresponding
to nucleotides 400—-595 (gi56971151). Number of cycles and annealing
temperature used for all primer pairs were 35 cycles and 55°C. Amplifi-
cation products were separated by 2% agarose gel (Sigma-Aldrich) elec-
trophoresis and DNA bands visualized by ethidium bromide staining.

Western blotting. GN11 cells were rinsed twice with cold PBS contain-
ing 1 mM sodium-orthovanadate and protein extracted with cold RIPA
buffer (50 mm Tris-HCI, pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150
mM NaCl, 1 mm EDTA, I mm PMSF, 1 mm Na;VO,, 1 mm NaF, I mm
aprotinin, 1 mm leupeptin, and 1 mm pepstatin) for 20 min on ice. Ex-
tracts were spun at 14,000 rpm for 10 min, and supernatants were col-
lected in new test tubes.

Whole OBs and tissue explants were solubilized in boiling lysis buffer
(50% Tris-HCI, pH 6.8, 2.5% SDS).

Protein quantification was performed by a bicinchoninic acid kit
(Sigma-Aldrich). Equal amounts of total proteins were denatured by
boiling in Laemmli buffer (2% SDS, 50 mm Tris-HCL, pH 7.4, 20% mer-
captoethanol, and 20% glycerol) and subjected to 8% SDS-PAGE. Pro-
teins were blotted onto Hybond-C Extra membrane (GE Healthcare).
After blocking with 5% powder milk in TBST buffer (20 mm Tris, 150 mm
NaCl, and 0.1% Tween 20, pH 7.4), filters were probed with 1:1000 rabbit
anti-phospho-Met (P-Met; Cell Signaling Technology), 1:500 mouse
anti-Met (SCB2; Santa Cruz Biotechnology), 1:1000 rabbit anti-Met
(SC162; Santa Cruz Biotechnology), 1:500 goat anti-HGF (R & D Sys-
tems), 1:30,000 mouse anti-c-actin (Sigma-Aldrich), 1:200 rabbit anti-
phospho-Akt (Cell Signaling Technology), 1:1000 mouse anti-Akt (Cell
Signaling Technology), 1:1000 mouse anti-phospho-ERKs (Cell Signal-
ing Technology), and 1:1000 rabbit anti-ERKs (Cell Signaling Technol-
ogy). After rinsing in TBST buffer, membranes were probed with HRP-
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Figure 1.

shows no colocalization (G, inset). Scale bars: D-G, 50 m.

conjugated secondary antibodies: 1:10,000 anti-rabbit (Abcam),
1:10,000 anti-mouse (Abcam), and 1: 30,000 anti-goat (Abcam), and
revealed with West-Pico ECL method (Pierce Biotechnology). After film
scanning, densitometric bands analyses were performed with Quantity
One software (Bio-Rad Laboratories).

Immunofluorescence. After rinsing in PBS, explants were incubated 24
or 48 h at 4°C with primary antibodies diluted in 0.01 M PBS, 0.5% Triton
X-100, and 1% normal serum from the same species of secondary anti-
bodies. Primary antibodies used were as follows: 1:100 rabbit anti-Met
(H-190; Santa Cruz Biotechnology), 1:2500 mouse anti-PSA-N-CAM
(AbCys), 1:1000 mouse anti-GFAP (Roche Diagnostics), 1:400 mouse
anti- BIII-tubulin (Sigma-Aldrich), 1:1500 goat anti-doublecortin (Santa
Cruz Biotechnology), 1:1000 rabbit anti-Ki67 (Novocastra Laborato-
ries), 1:100 rabbit anti-phospho-histone 3 (PH3; Millipore), and 1:3000
rabbit anti-cleaved caspase-3 (Cell Signaling Technology). After rinsing
in PBS, samples were incubated 1 h at room temperature with the follow-
ing secondary antibodies diluted in 0.01 M PBS: 1:250 biotinylated goat

kDa & &
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HGF and Met expression in the SVZ—0B system of the postnatal mice. A, Schematic representation of a sagittal
forebrain slice of P5 mice. B, C, Western blot analyses were performed on tissue explants isolated from the RMS and SVZ portions
of the SVZ—0B system (in gray) and whole OB. B, By using recombinant human HGF (rhHGF), a 95 kDa band corresponding to the
pro-HGF protein and a 69 kDa band corresponding to the mature « chain were detected. Extracts obtained from the whole 0B
express the biologically functional 69 kDa form. No signal was detected in the SVZ+RMS lane. €, A 145 kDa band corresponding
to Met receptor was found in the OB and in the SVZ+RMS. D, F, At 1 DIV, cells that migrated out of RMS tissue explant are positive
for Met. D, E, Double PSA-N-CAM/Met immunostaining shows colocalization (E, inset). F, G, Double GFAP/Met immunostaining
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‘:‘\C:s anti-rabbit (Vector Laboratories) followed by

1:400 avidin-FITC (Vector Laboratories), 1:800
goat anti-mouse Cy3 (Vector Laboratories),
and 1:250 biotinylated horse anti-goat (Vector
Laboratories).

Photography and data analysis. All tissue ex-
plant images were captured on a Fluo-View 200
confocal microscope (Olympus Instruments).
| Quantification of cell migration from the ex-
plants was performed on SYTOX Green-labeled
specimens (at least 19 explants for each treat-
ment). The migration area was evaluated on
digitalized images as the surface covered by
SYTOX Green nuclear staining excluding the
tissue explant area. Migrating cell distribution
1 was determined on multistack confocal images
spaced at 5 wm. A grid of three squares of 10*
pwm? was overlaid on digitalized images starting
from the main tissue edge (see Fig. 3G, sche-
matic). The total number of SYTOX Green-
stained nuclei was calculated for each square by
using NIH ImageJ software. Cell proliferation
was evaluated by counting all Ki67- or PH3-
immunopositive cells in the tissue explants (at
least nine explants for each condition) using
Image] software or Neurolucida (MBF Bio-
science), respectively. Cell apoptotic death in
tissue explants was evaluated counting the
number of cleaved-caspase-3-immunopositive
cells by the plugin “Analyze particles” of Image]
software. Statistical analyses performed using
SPSS software were applied according to the
different cases and are indicated in Results.

Results

HGF expression and Met localization in
the SVZ-OB system

Although the presence of HGF along the
RMS and of HGF and Met in postnatal
and adult mice OB had previously been
demonstrated by in situ hybridization
studies (Honda et al., 1995; Thewke and
Seeds, 1996; Achim et al., 1997), no data
on their protein expression and localiza-
tion in the SVZ-OB system had been re-
ported. To address this point, we first an-
alyzed by Western blot HGF and Met
expression in tissue extracts obtained from
the SVZ of the lateral ventricle and RMS
(SVZ+RMS), as well as from the whole
OB (Fig. 1A-C). HGF is initially biosyn-
thesized and secreted in a biologically inactive single-chain form
(pro-HGF; ~100 kDa) and is subsequently activated by specific
serine proteases into a-chain (69 kDa) and B-chain (34 kDa)
forms (Tashiro et al., 1990; Hara et al., 1993). Blots incubated
with anti-HGF antibody showed a band corresponding to the 69
kDa a-chain, indicating that HGF protein is present in an acti-
vated form in the OB. In contrast, no signal could be detected for
HGF in SVZ+RMS extracts (Fig. 1B). Western blot analysis re-
vealed a 145 kDa band, corresponding to Met in SVZ+RMS and
whole OB extracts, although at different intensities, with a higher
signal in SVZ+RMS extracts (Fig. 1C). The SVZ and RMS are
made up of different cell types, including astrocytes, stem cells,
highly proliferating progenitors, and migrating precursors
(Alvarez-Buylla and Garcia-Verdugo, 2002). Immunohisto-
chemical analysis was performed to distinguish which cell types
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express Met. Specific Met antibodies failed A
to provide sufficient sensitivity in vivo;

.. . a: aRMS
thus, the in vitro model of tissue explants b: pRMS
cultured in a Matrigel three-dimensional ¢ SVZ

matrix (Wichterle et al., 1997) was
adopted. When SVZ or RMS explants are
thereby cultured for 24 h, compact chains
of PSA-N-CAM-positive migrating neu-
roblasts are symmetrically distributed
around the explant, whereas GFAP-
positive astrocytes appear to be mainly lo-
calized in the explant core (supplemental
Fig. 1, available at www.jneurosci.org as
supplemental material) (Wichterle et al.,
1997). By using the anti-Met antibody, we
found that 100% of cells migrating out of
the explant were immunopositive (supple-
mental Fig. 2, available at

WWW. T T et e | Met
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jneurosci.org as supplemental material).
Accordingly, double-immunolabeling re- T T

— | 0-Actin

actions using anti-Met combined with
anti-PSA-N-CAM showed that all PSA-N-
CAM-positive cells were double labeled
for Met (Fig. 1D, E), whereas no colocal-
ization was found using anti-GFAP anti-
body (Fig. 1F,G), indicating that the Met
receptor is expressed by migrating
neuroblasts.

Figure2.

HGF/Met signaling is activated in the SVZ and along the RMS
To evaluate whether HGF/Met signaling is activated in vivo in the
SVZ and along the RMS, Western blot was used to analyze Met
phosphorylation on tissue microdissections obtained from three
different levels of the system: the SVZ of the lateral ventricle, the
pRMS, corresponding to the RMS vertical arm, and the aRMS,
corresponding to the RMS rostral extension in the OB (Fig. 2A)
(Paratcha et al., 2006). Although Met expression is higher in the
most posterior regions compared with more rostral ones, we
found the P-Met/Met ratio to be comparable (arbitrary units:
aRMS, 102.3; pRMS, 104.3; SVZ, 103.7) (Fig. 2B, C), suggesting
HGF presence and activity all along the system. This growth fac-
tor can either reach the RMS and SVZ by diffusion from the OB,
where it is expressed in an active form (Fig. 1 B), or be synthesized
locally. Classical Western blot analysis failed to demonstrate HGF
expression in the SVZ+RMS extracts; however, qualitative
RT-PCR analysis (Fig. 2 B), according to previous in situ hybrid-
ization data (Thewke and Seeds, 1996), indicates that HGF
mRNA is expressed in these regions. Hence, as an alternative
approach for testing whether these portions of the SVZ-OB sys-
tem are able to produce and release functional HGF, culture me-
dia conditioned by SVZ or aRMS tissue explants were collected
and used for Met activation studies on GN11 immortalized
GnRH neurons (Radovick et al., 1991). HGF stimulation on
GNI11 cells had previously been demonstrated to induce Met
phosphorylation (Giacobini et al., 2002). In our experiments,
GN11 cells in serum-free conditions were stimulated for 15 min
with medium containing 10 or 50 ng/ml HGF (as positive con-
trols) or with media conditioned by either SVZ or aRMS for 24 h
and analyzed by Western blot using Met and P-Met antibodies.
We confirmed that HGF induces Met phosphorylation in GN11
cells in a concentration-dependent manner (Fig. 2D). In addi-
tion, we showed that GN11 cell incubation with either SVZ- or
aRMS-conditioned media leads to Met phosphorylation (Fig.

HGF-Metsignalingis activated in the SVZand along the RMS. 4, Schematic representation of a sagittal forebrain slice
of P5 mice. a, aRMS; b, pRMS; ¢, the SVZ of the lateral ventricle. B, RT-PCR analysis for Met and HGF mRNAs on microdissected
tissues obtained from the aRMS, pRMS, and SVZ of postnatal mice. Postnatal OB was used as positive control. €, Western blot
analysis for Met and P-Met. D, «-Actin bands were used to normalize Western blot on extracts derived from GN11 cell line
stimulated with HGF (10 and 50 ng/ml) or with conditioned media from 1 DIV aRMS and SVZ explants. The experiment was
repeated twice with similar results.

2 D), supporting the hypothesis that functionally active HGF is
produced and released in a bioactive form in the SVZ and along
the RMS. In control conditions, no signal was detectable for
P-Met (Fig. 2D).

Exogenous HGF does not induce cell proliferation and
survival on SVZ and RMS explants cultured in vitro

Activated HGF/Met signaling in the SVZ and along the RMS
suggests that this factor can play multiple roles in the SVZ-OB
system, including modulation of cell proliferation, survival, and
migration. To verify these activities, we treated SVZ+RMS tissue
explants with exogenous HGF (Fig. 3). When freshly dissected
explants were stimulated for 20 min with recombinant HGF (50
ng/ml), a 2.5-fold increase in Met phosphorylation was observed,
indicating that neuroblasts respond to exogenous HGF, activat-
ing Met receptor (Fig. 3A). Proliferative activity was analyzed on
SVZ and aRMS tissue explants cultured in Matrigel, in the pres-
ence or absence of HGF (50 ng/ml). At 6 and 24 h after plating,
the total number of nuclei immunopositive for PH3, a specific
marker for the mitotic phase of the cell cycle (Estivill-Torrus et
al., 2002), was counted. As in previous observations (Chiaramello
et al., 2007), we found mitotic cells mainly in the tissue explant
core (data not shown). In vivo, the SVZ of the lateral ventricle is
enriched by proliferating progenitors, whereas the RMS contains
a reduced number of proliferating cells (Gritti et al., 2002). Sim-
ilarly, in vitro, the density of mitotic cells was significantly higher
in SVZ than in aRMS (p < 0.01) (Fig. 3B). In both SVZ and
aRMS explants, the number of PH3-positive cells decreases with
time ( p < 0.01) (Fig. 3B), but no differences were detected be-
tween control (CTR) and HGF-stimulated explants (Fig. 3B).
Because the PH3 antigen is expressed selectively by cells in the
mitotic phase, to extend the analysis we used another prolifera-
tion marker, Ki67, which is expressed during all active phases of
the cell cycle (Wojtowicz and Kee, 2006). As for PH3, at 1 DIV,
the density of Ki67-positive cells was significantly higher in the
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ences were observed after HGF stimula-
tion in both SVZ and aRMS (caspase-3-
positive cellsymm? after 6 h: SVZ-CTR,
18 £ 2; SVZ-HGF, 25 = 5; aRMS-CTR,
13 * 3; aRMS-HGF, 19 * 3; caspase-3-
positive cells/mm? after 24 h: SVZ-CTR,
175 £ 23; SVZ-HGF, 150 £ 9; aRMS-
CTR, 215 = 11; aRMS-HGF, 197 * 19).

HGF promotes motility on

RMS neuroblasts

To evaluate a possible effect of HGF on
neuroblast migration, explants cultured in
Matrigel for 24 h were counterstained with

] SYTOX Green nucleic acid stain, and the

e S 140/
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area occupied by the cells migrated out of
the explants, here referred to as “migration
area,” was quantified (see Materials and
Methods for details).

An increase in the migration area was
observed compared with control when
HGF (50 ng/ml) was added to aRMS ex-
plants (p < 0.05) (Fig. 3C). In contrast,
such an effect was not observed after HGF
treatment on SVZ explants (Fig. 3C).
Specificity of the HGF effect on aRMS
neuroblast migration was confirmed by
neutralizing anti-HGF antibody treatment
(10 wg/ml) along with HGF. In this exper-
imental condition, the migration area was
indeed comparable with controls (Fig.
3D, E). Moreover, there was no change in
the area of the tissue explants between the

C F — + —CIR
1600
180 1 OCTR —a— HGF
160 4 * m HGF 1400
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=140 | . 1200
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g g 120 | § 1000
g 20| | T = s00
23 - | 2
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zE .
5 %4 400
T
200
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0
0 0-100 100-200 200-300 300-400
aRMS SVZ Distance intervals from explants (um)
Figure3. HGF promotes RMS neuroblast motility. 4, Western blot analysis for Met and P-Met in CTR and after 20 min of HGF (50

ng/ml) stimulation on SVZ+RMS tissue extracts. B, Quantitative analysis of PH3-immunopositive nucleus density on SVZ and
aRMS explants at 6 and 24 h in control condition and after HGF (50 ng/ml) treatment. Two-way ANOVA was used to compare
groups (**p << 0.01,24 h vs 6 h for both CTR and HGF conditions). €, Quantification of the migration area calculated as the area
occupied by SYTOX Green-positive nuclei outside SVZ or aRMS explants (aRMS: HGF vs (TR, *p << 0.05, two-way ANOVA). D,
Quantification of the migration area in aRMS explants. One-way ANOVA followed by the Bonferroni post hoc test was used to
compare differences between treatments (HGF vs CTR, *p << 0.05; HGF vs aHGF, **p << 0.01). E, aRMS explants stained with
SYTOX Green at 1DIV, in CTR, after HGF (50 ng/ml), or after neutralizing anti-HGF antibody (cHGF; 10 eg/ml) along with HGF (50
ng/ml). F, G, Cellular distribution of outwardly SYTOX Green-positive migrating cells showing the number of neuroblasts per unit
of area that reach progressive distances from the border of aRMS explants at 1 DIV. Values are expressed as mean = SEM.
Repeated-measures one-way ANOVA and the Bonferroni post hoc test were used to compare differences with control or with HGF

treatment (HGF vs CTR and HGF vs aHGF, **p < 0.01).

SVZ than in the aRMS ( p < 0.01). According to PH3 results, no
differences were observed in the density of Ki67-positive cells
after HGF treatment in both SVZ and aRMS explants (Ki67-
positive cells/mm?*: SVZ-CTR, 552.8 * 74.5; SVZ-HGF, 548.1 *
67.8; aRMS-CTR, 223.8 £ 35.5; aRMS-HGF, 264.1 £ 42.4), sup-
porting the fact that treatment with exogenous HGF does not
induce proliferative effects.

To assess whether HGF affects survival in this experimental
system, we analyzed the expression of activated caspase-3, which
has been shown to be implicated in programmed cell death
(Srinivasan et al., 1998). Analysis was performed in SVZ and
aRMS explants cultured for 6 and 24 h in Matrigel, in the absence
or presence of 50 ng/ml HGF. Generally, the number of apoptotic
cells in the tissue explant core increased over time, but no differ-

experimental groups (p > 0.05; CTR,
24.4 + 75X 10* um?* HGF, 23.3 *+ 6.6 X
10* um? anti-HGF, 25.1 + 9.2 X 10*
wm?).

To further investigate the HGF mo-
togenic effect, we evaluated the distribu-
tion of cells within the migration area by
quantifying the number of cells reaching
progressive distances from the border of
the explants (see also Materials and Meth-
ods) (Fig. 3F, G). Although the total num-
ber of migrated neuroblasts increased after
HGEF treatment (number of SYTOX-Green-
positive cells/area counted: CTR, 1589.1 =
129.9; HGF, 2490.6 = 135; HGF+aHGF,
1820 = 170.9; CTR vs HGF, p < 0.001;
HGF vs HGF+aHGF, p < 0.01), the cell distribution in the mi-
gration area was similar in all conditions (Fig. 3F). Statistically
significant differences in cell density between HGF-treated and
control explants were found at distance intervals up to 200 wm
from the explant border (Fig. 3F) ( p < 0.01). These results sug-
gest that HGF mainly acts by promoting motility on a larger
number of cells, having no effect on the maximal distance they
reach.

HGF is a guidance signal for OB interneuron precursors

In addition to the motogenic role, HGF could also play a chemo-
tactic function, as documented by several studies in other neuro-
nal migratory systems (Giacobini et al., 2002, 2007; Sun et al.,
2002; Cacci et al., 2003). To verify the chemotactic activity of
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Figure 4.  HGF is a chemoattractant for RMS neuroblasts. A, Boyden chamber dose-effect
assay on freshly dissociated RMS cells. B, Boyden chamber assay on RMS-derived cells in the
presence of CTR medium in both chambers, in the presence of HGF (50 ng/ml) or neutralizing
anti-HGF antibody («HGF; 10 g/ml) along with HGF (50 ng/ml) in the lower chamber and CTR
in the upper chamber, or HGF (50 ng/ml) in both upper and lower compartments. Data
(mean == SEM) are presented as the total number of cells for each well normalized to control.
One-way ANOVA followed by the Bonferroni post hoc test was used to compare groups (**p <
0.01; ***p < 0.001).

HGF on OB interneuron precursors, we performed a Boyden
chamber assay on freshly dissociated cells, isolated from the
aRMS of postnatal mice. Addition of HGF to the lower compart-
ment of the chamber only establishes a concentration gradient.
After 24 h, the migrated cells were stained with the nuclear
marker DAPI and counted. The neuronal nature of these cells was
checked by immunocytochemical analysis using anti-BIII-
tubulin antibody. This analysis showed that virtually all DAPI-
positive nuclei belong to neuronal cells (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material). The
number of migrated neuroblasts increased in a dose-dependent
manner after HGF treatment at different concentrations, with
maximal effect at concentrations of 50 and 100 ng/ml (Fig. 4A).
At 50 ng/ml, the migratory effect was 1.5-fold compared with
control conditions ( p < 0.01) (Fig. 4 B). When the concentration
gradient was abolished by adding HGF (50 ng/ml) to both the
upper and lower compartments of the chamber, the number of
cells that had migrated to the lower side of the membrane de-
creased to values similar to controls. Similarly, incubation with

Garzotto et al. @ HGF/Met Regulate Neuroblast Migration in the RMS

HGF preadsorbed with the anti-HGF antibody completely abol-
ished the HGF-induced response (Fig. 4 B), further confirming a
specific chemotactic effect of exogenous HGF on interneuron
precursors.

Met—Grb2 binding is necessary for RMS neuroblast migration
A wide range of signaling players involved in cell motility induced
by HGF has been identified (Sachs et al., 2000; Schaeper et al.,
2000). In particular, it has recently been demonstrated that the
PI-3-kinase/AKT and MAP kinase pathways are implicated in the
promigratory effects of HGF on cortical neurons (Segarra et al.,
2006). To ascertain whether these two signaling pathways are also
activated by HGF in the RMS, we performed acute treatments
with HGF on freshly dissected RMS explants. After 15 min of
stimulation, the level of AKT phosphorylation was comparable
with the control condition, indicating that the PI-3-K/AKT sig-
naling is not activated by HGF in this system (Fig. 5A4). On the
contrary, the same HGF stimulation induced a twofold increase
of ERK protein phosphorylation (Fig. 5B). ERKs activation was
abolished when explants were treated with HGF in the presence
of the specific MAP kinase pathway inhibitor PD98059 (50 um)
(Fig. 5B). Met receptor can activate the MAP kinase cascade di-
rectly through the Grb2 binding site (Ponzetto et al., 1996).
Met“"?/%™2 mutants were generated by knocking in the Metlocus
a point mutation that interferes with the binding of the Grb2
adapter to the receptor, thus impairing its ability to activate the
Ras/MAP kinase signaling, while all other effectors are still able to
bind (Maina et al., 1996). Mutation of the Met—Grb2 binding site
affects postnatal viability, probably because of respiratory prob-
lems (Maina et al., 1996). In newborn mutants, the macroscopic
anatomy and layer organization of the OB did not significantly
differ from the wild-type controls (our personal observations).
To investigate whether the Ras/MAP kinase cascade is impaired
along the SVZ—-OB system in these mice, RMS explants microdis-
sected from PO mutant and wild-type mice were treated for 20
min with HGF. Activation of the Ras/MAP kinase pathway was
then assessed by evaluating phosphorylation of the downstream
ERK effectors by Western blot analysis. As a positive control,
RMS explants both from mutants and wild-type animals were
also treated with BDNF, which had previously been demon-
strated to activate MAP kinase pathway in this system (Chiara-
mello et al., 2007). Densitometric analysis of the blots showed
that HGF stimulation induces a twofold increase in ERK phos-
phorylation in wild-type animals, whereas in tissue explants ob-
tained from Met“"*?/“™*? mutants, the level of ERK phosphoryla-
tion did not change after HGF treatment (Fig. 5C). Conversely,
the pattern of BDNF-induced ERK phosphorylation is similar in
wild-type and mutant RMS explants (Fig. 5C). These data indi-
cate that in Met“""?9™*? mice, HGF-mediated activation of the
Ras/MAP kinase cascade is impaired. Because this effect is spe-
cific for HGF stimulation, it must be a consequence of the mu-
tated Met protein and likely to be caused by the loss of the Grb2-
binding site. Because these homozygous mutant mice die soon
after birth, functional analyses were performed in vitro on RMS
explants of PO Met“"“"*? and wild-type animals cultured in
Matrigel. At 1 DIV, the migration area of explants obtained from
Met“"2/%™2 mutants is reduced compared with wild-type (WT,
100 =+ 5; n = 63 out of 3 animals; Met“™**“™2 71 + 4;n = 99 out
of 3 animals; p < 0.001, ¢ test) (Fig. 5D), indicating that a full
HGF/Met signaling is necessary for RMS neuroblast migration.
Because HGF-induced MAP kinase cascade activation had
been demonstrated to trigger a proliferation response in other
brain regions (Ieraci et al., 2002; Kuhlmann et al., 2005), the
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ogen activators (Naldini et al., 1992; Mat-
suoka et al., 2006). Previous in situ hybrid-
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Figure 5.  Uncoupling Met—Grb2 signaling impairs RMS neuroblast migration. A, Western blot analysis for AKT and AKT

phosphorylation on freshly dissociated RMS explants in CTR and after a 15 min HGF treatment (50 ng/ml). Densitometric analysis:
(TR = 1; HGF = 1.1 £ 0.0003; n = 3; p > 0.05, t test. B, Western blot analysis for ERK phosphorylation on freshly dissociated
RMS explants in CTR, after a 15 min treatment with HGF (50 ng/ml) alone or in the presence of the MAP kinase inhibitor PD98059
(50 pum). Data on phosphorylated ERKs were normalized against ERK expression levels. Histograms show mean = SEM obtained
from three independent experiments. One-way ANOVA followed by least significant difference (LSD) post hoc test (for ERK
phosphorylation) was used to compare groups (*p << 0.05). €, Western blot analysis on extracts of RMS explants from PO WT and
Met“®2/6™2 mutant mice, stimulated with HGF (50 ng/ml) or BDNF (20 ng/ml) for 20 min. Blots were probed with anti-phospho-
ERKs, stripped, and reprobed with an antibody against total MAP kinase for normalization. Histograms show densitometric
analysis. Values were obtained from three independent experiments and are presented as mean == SEM. Two-way ANOVA was
used to compare groups, followed by LSD post hoc test (*p << 0.05, WT-CTR vs WT-HGF; **p << 0.01, WT-CTR vs WT-BDNF and
Met"®2/602_(TR vs Met®*>/“2_BDNF). D, RMS explants at 1 DIV stained with SYTOX Green, in CTR, of WT and Met“"*>6™2 po mice.

mitogenic activity was examined in RMS tissue explants at 1 DIV.
No differences were observed in the density of Ki67-positive cells
between wild-type and Met“*“™?_derived explants (WT, 100 =
11; n = 16 out of 2 animals; Met“™*%/“"*2 82 + 9; n = 25 out of 2
animals; p > 0.05, ¢ test), supporting the fact that HGF signaling
through Met—Grb2 binding does not influence proliferation in
this system. We can thus affirm that the reduced migration ob-
served in these mice is not influenced by a mitogenic defect.

Discussion
The migration of olfactory interneuron precursors from the SVZ
toward the OB is a highly regulated process influenced by differ-
ent factors, including soluble molecules with attractive or repul-
sive functions as well as cell adhesion and extracellular matrix
molecules (Ono et al., 1994; Hu et al., 1996; Wu et al., 1999;
Conover et al., 2000; Menezes et al., 2002). In this report, we
provided evidence that HGF and its receptor Met are likely to be
involved in this process. First, we showed that they are expressed
in a spatial pattern to impact olfactory precursor migration. As in
previous studies (Honda et al., 1995; Thewke and Seeds, 1996;
Achim et al., 1997), we found HGF transcript expression in the
RMS and expression of both HGF and Met transcripts in the OB.
Moreover, we demonstrated for the first time the occurrence of
biologically active HGF all along the system from the SVZ to the
OB. In addition, our RT-PCR and Western blot results showed
Met expression along the migratory pathway. These findings
were further confirmed by immunocytochemistry performed on
tissue explants cultured in vitro, which clearly showed Met local-
ization in PSA-N-CAM-immunopositive migrating neuroblasts,
strongly supporting a role for HGF/Met signaling in the biology
of these cells. Immunocytochemistry also revealed that Met is not
expressed by GFAP-positive astrocytes in RMS-derived explants,
supporting the fact that HGF acts directly on neuroblasts along
the RMS.

HGEF activity requires proteolytic processing and the release
from sequestration sites in the extracellular matrix, which are, at
least partially, operated through enzymatic cleavage by plasmin-

ization data (Thewke et al., 1996) and our
RT-PCR analysis (our personal observa-
tions) indicated expression of the tissue
plasminogen activator along the postnatal
RMS and OB. These data, although only
correlative, suggest that the SVZ-OB sys-
tem has the molecular machinery to acti-
vate HGF in the immediate vicinity of its
Met receptor. Accordingly, Western blot
analysis on freshly dissected tissue explants
showed that Met receptor is activated
along the migratory pathway. We also
showed that treatments with exogenous
HGF on RMS tissue explants increase Met
phosphorylation, indicating that HGF is
able to further activate its receptor, most
likely exerting a biological effect on this
cellular system.

HGF is a target-derived chemotropic
factor for different migratory systems, in-
cluding cortical interneurons, striatal pro-
genitors, and GnRH neurons (Powell et
al., 2001; Giacobini et al., 2002, 2007; Cacci
et al., 2003). The OB plays an attracting
role on RMS neuroblasts, and the glomer-
ular and mitral cell layers seem to be relevant to this activity (Liu
and Rao, 2003). Interestingly, previous in situ hybridization stud-
ies demonstrated HGF mRNA expression in the glomerular layer
(Thewke and Seeds, 1996), and our Western blot analysis indi-
cated the occurrence of mature HGF in extracts from the whole
OB, supporting its function as a chemoattractant in vivo. Thus, to
evaluate whether HGF acts as a guidance cue for olfactory inter-
neuron precursors, we used a Boyden chamber assay performed
on freshly dissociated RMS precursors under HGF stimulation.
We observed that these cells significantly respond to HGF che-
motactic stimulus in a dose-related manner. In addition to the
chemotactic effect, experiments performed treating RMS tissue
explants with exogenous HGF also indicated a motogenic effect.
Quantitative assessment of neuronal migration revealed a signif-
icant increase, by HGF exposure, of neuroblasts migrating out of
the tissue explants. Although Met receptor is expressed along the
entire migratory pathway, from the SVZ to the OB core, our in
vitro analysis indicated that HGF motogenic effect is restricted to
the RMS, whereas no motogenic effect was observed on tissue
explants deriving from the SVZ. The activity of guidance cues can
be modulated by interactions with other extracellular and/or in-
tracellular signals, indicating that the action of motogenic factors
could be context dependent (Mason et al., 2001; Paratcha et al.,
2006). Therefore, the differential migratory response of neuro-
blasts to HGF stimulation in the SVZ and RMS could result from
the activation of different signaling pathways or from the activa-
tion of different molecular mediators. Interestingly, B1 integrin
subunit, which regulates HGF cell invasiveness through cell-ma-
trix interactions (Trusolino et al., 2000; Zhang et al., 2003; He-
brok and Reichardt, 2004), is unevenly distributed along the sys-
tem (being more expressed in the RMS than in the SVZ)
(Belvindrah et al., 2007), suggesting that molecules differentially
expressed along the migratory pathway might act synergically
with HGF influencing its activity.

HGEF is a pleiotropic factor that plays multiple functions dur-
ing brain development, including regulation of the cell cycle of
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embryonic neural stem cells (Kokuzawa et al., 2003), prolifera-
tion of cerebellar granule cells (Ieraci et al., 2002), and survival of
sensory and motoneurons (Ebens et al., 1996; Maina et al., 1997).
The HGF concentration used in this assay (50 ng/ml) is known to
induce cell proliferation in different cell systems (Wang et al.,
2004). Thus, we wondered whether HGF could exert other func-
tions in this system in addition to the promigratory effect. I vivo,
the SVZ of the lateral ventricle is enriched by stem cells and
proliferating progenitors. In contrast, it has been previously
shown that the RMS contains only a reduced number of stem cells
and proliferating cells (Gritti et al., 2002), whereas it is highly
enriched in migrating neuroblasts. The main effect of HGF ob-
served in this study was an increase in cell migration in RMS
explants. Indeed, no differences in the number of proliferating
cells were observed in the SVZ nor in the RMS, suggesting that, at
least in our experimental conditions, HGF does not exert a mito-
genic effect. These observations are in agreement with previous
studies on striatal (Cacci et al., 2003) and cortical (Sun et al.,
2002) progenitors showing that HGF plays solely a motogenic
role without affecting cell proliferation.

Quantitative analysis of cleaved-caspase-3-immunopositive
cells on SVZ and RMS explants at different culture times were
performed to investigate whether HGF can act as an anti-
apoptotic factor in this system. Results obtained suggested that
HGF does not influence cell survival in our experimental
conditions.

Lack of motogenic, mitogenic, and anti-apoptotic effects re-
ported for HGF on SVZ explants does not rule out other possible
alternative functions on SVZ stem cells, such as staminal niche
maintenance (Sun et al., 2002; Kokuzawa et al., 2003), which will
require additional investigations.

Early embryonic lethality of met and HGF knock-out animals
(Schmidt et al., 1995; Uehara et al., 1995) prevented studies on
these mice to determine the functional role of HGF in the
SVZ-0B system. In this study, to investigate more closely the
promigratory function of HGF on olfactory interneuron precur-
sors, we used a knock-in mouse with a point mutation in the Met
receptor that impairs signal transduction through the Ras/MAP
kinase pathway (Met“™P?6%2) (Maina et al., 1996). Indeed, our
analysis on the downstream signaling pathway indicated that
HGEF triggers MAP kinase, but not PI-3-kinase, activation on
RMS tissue explants. As shown by our experiments and in other
cellular systems (Fixman et al., 1995; Maina et al., 1996; Ponzetto
et al., 1996; Besser et al., 1997; leraci et al., 2002), Met®t%/6b2
animals have a mutation of the Met—Grb2 binding site that im-
pairs MAP kinase activation after HGF stimulation. These mu-
tants die almost invariably several hours after birth (Maina et al.,
1996), making it impossible to trace neuronal migration through
classical BrdU injections or cell-tracing in vivo. We thus analyzed
the migratory behavior of neuroblasts in RMS explants generated
from newborn animals. The migration area in Met®™"%/“¥2
derived explants is significantly reduced compared with wild-
type animals. These results support the fact that endogenous
HGF produced by tissue explants exerts a motogenic effect on
RMS neuroblasts and that this activity is affected by the Grb2-
directed mutation, indicating a role for Met/Grb2-mediated sig-
naling for normal neuroblast migration. As expected, because of
the large cohort of molecular factors controlling neuronal migra-
tion, the motility of RMS neuroblasts was only partially impaired
in Met“"?/“"*2 tissue explants. Moreover, this Met mutation con-
fers only a partial loss of function (Maina et al., 1996), and we
cannot exclude the involvement of other HGF-activated intracel-
lular pathways, such as Shc, phospholipase Cy, SHP2, and Gabl
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signaling, that are not altered in Met®62 mice (Pelicci et al.,

1995; Fournier et al., 1996; Ponzetto et al., 1996; Sachs et al., 2000;
Schaeper et al., 2000). Interestingly, we observed no differences in
the proliferation activity comparing tissue explants obtained
from the RMS of wild-type or mutant mice, further supporting
the fact that a mitogenic effect of HGF on RMS neuroblasts is
unlikely.

Opverall, our data, gathered from experiments on primary in
vitro tissue cultures and analysis of a partial loss-of-function Met
knock-in mouse, indicate that HGF is involved in the regulation
of neuroblast migration along the RMS and toward the OB. Our
results suggest that the Met receptor most likely mediates this
effect by Grb2 recruitment.
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