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In the rodent olfactory system, neuroblasts produced in the ventricular-subventricular zone of the postnatal brain migrate tangentially in
chain-like cell aggregates toward the olfactory bulb (OB) through the rostral migratory stream (RMS). After reaching the OB, the chains
are dissociated and the neuroblasts migrate individually and radially toward their final destination. The cellular and molecular mecha-
nisms controlling cell– cell adhesion during this detachment remain unclear. Here we report that Fyn, a nonreceptor tyrosine kinase,
regulates the detachment of neuroblasts from chains in the male and female mouse OB. By performing chemical screening and in vivo
loss-of-function and gain-of-function experiments, we found that Fyn promotes somal disengagement from the chains and is involved in
neuronal migration from the RMS into the granule cell layer of the OB. Fyn knockdown or Dab1 (disabled-1) deficiency caused p120-
catenin to accumulate and adherens junction-like structures to be sustained at the contact sites between neuroblasts. Moreover, a Fyn and
N-cadherin double-knockdown experiment indicated that Fyn regulates the N-cadherin-mediated cell adhesion between neuroblasts.
These results suggest that the Fyn-mediated control of cell– cell adhesion is critical for the detachment of chain-forming neuroblasts in
the postnatal OB.
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Introduction
The dynamic control of cell– cell adhesion is an important pro-
cess in brain development and function. Migrating neurons

continuously change their cell– cell adhesion state by destroy-
ing and reconstructing adhesion structures in various aspects
of brain development, such as exit from the neurogenic niche
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Significance Statement

In the postnatal brain, newly born neurons (neuroblasts) migrate in chain-like cell aggregates toward their destination, where they
are dissociated into individual cells and mature. The cellular and molecular mechanisms controlling the detachment of neuro-
blasts from chains are not understood. Here we show that Fyn, a nonreceptor tyrosine kinase, promotes the somal detachment of
neuroblasts from chains, and that this regulation is critical for the efficient migration of neuroblasts to their destination. We
further show that Fyn and Dab1 (disabled-1) decrease the cell– cell adhesion between chain-forming neuroblasts, which involves
adherens junction-like structures. Our results suggest that Fyn-mediated regulation of the cell– cell adhesion of neuroblasts is
critical for their detachment from chains in the postnatal brain.
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(Famulski et al., 2010; Itoh et al., 2013) and the maintenance and
termination of neuronal migration (Kawauchi et al., 2010; Sekine
et al., 2012; Luccardini et al., 2013). Thus, elucidating the mech-
anisms controlling the cell adhesion of neural cells could provide
new insight for understanding brain morphogenesis and novel
strategies for brain pathologies.

The chain migration of neuroblasts in the postnatal rodent
brain involved in olfaction is a powerful model for examining the
dynamics of cell adhesion during neuronal migration (Ghash-
ghaei et al., 2007; Sawada et al., 2011a; Kaneko et al., 2017). In the
postnatal brain, neuroblasts are continuously generated from
neural stem cells in the ventricular-subventricular zone (V-SVZ;
Doetsch et al., 1999). Neuroblasts generated in the V-SVZ form
chain-like cell aggregates (Lois et al., 1996; Wichterle et al., 1997;
Sawamoto et al., 2006) and migrate toward the olfactory bulb
(OB) through the rostral migratory stream (RMS; Luskin, 1993;
Lois and Alvarez-Buylla, 1994). During chain migration in the
RMS, neuroblasts attach to their neighboring neuroblasts and
migrate at a high speed along each other by dynamically changing
their cell– cell adhesion (Tomasiewicz et al., 1993; Cremer et al.,
1994; Ono et al., 1994; Emsley and Hagg, 2003; Belvindrah et al.,
2007) and cell morphology (Hikita et al., 2014). After arriving at
the OB, neuroblasts detach from the neuronal chains and start to
migrate individually, eventually becoming integrated into the ap-
propriate neuronal circuits (Luskin, 1993; Lois and Alvarez-
Buylla, 1994; García-González et al., 2017; Petri et al., 2017;
Sawada et al., 2018) to contribute to various olfactory functions
(Gheusi et al., 2000; Breton-Provencher et al., 2009; Moreno et
al., 2009; Sakamoto et al., 2014). In this process, the transition
from the chain to individual neuron migration is believed to be
critical for maintaining the OB structure and function. Previous
studies suggest that extracellular matrix molecules such as Reelin
(Reln), Tenascin-R, and Prokineticin 2 (PK2) have important roles
in the detachment of neuroblasts from chains (Hack et al., 2002;
Saghatelyan et al., 2004; Ng et al., 2005). In addition, the downregu-
lation of the sphingosine 1-phosphate receptor-1 (S1P1) promotes
neuroblast detachment in the postnatal OB (Alfonso et al., 2015).
However, the mechanism regulating cell–cell adhesion during the
detachment process of chain migration remains unknown.

In this report, we describe the cellular and molecular mecha-
nisms controlling the detachment of neuroblasts from chains in
the postnatal OB. A chemical screen of 287 target-known inhib-
itors revealed that PP2, an Src family tyrosine kinase inhibitor,
prevented the detachment of neuroblasts from chains. We fur-
ther found that Fyn, an Src family tyrosine kinase member, con-
trols cell– cell adhesion and promotes neuroblast detachment
from the postnatal RMS.

Materials and Methods
Animals. Wild-type (WT) male and female Institute of Cancer Research (ICR)
mice were purchased from Japan SLC (RRID:IMSR_TAC:icr; https://www.

taconic.com/mouse-model/icr). Dab1yot/yot (yotari) mice were described
previously (Yoneshima et al., 1997; RRID:IMSR_RBRC05456; http://www2.
brc.riken.jp/lab/animal/detail.php?brc_no�RBRC05456). GAD67-EGFP mice
were described previously (Tamamaki et al., 2003; RRID:IMSR_RBRC03674;
http://www2.brc.riken.jp/lab/animal/detail.php?brc_no�RBRC03674).
All of the animal experimental procedures complied with national regu-
lations and guidelines, were reviewed by the Institutional Laboratory
Animal Care and Use Committee, and were approved by the President of
Nagoya City University.

Chemical screening. V-SVZ tissues were dissected from postnatal day 0
(P0) to P1 WT male and female ICR pups, cut into blocks (150 –200 �m
in diameter), and embedded in 60% Matrigel (BD Biosciences)/L-15
medium. SCADS Inhibitor Kits were provided by the Screening Com-
mittee of Anticancer Drugs supported by Grant-in-Aid for Scientific
Research on Innovative Areas, Scientific Support Programs for Cancer
Research (Ministry of Education, Culture, Sports, Science and Technol-
ogy of Japan) or purchased from EMD Millipore. For the initial screen,
287 chemical inhibitors at 1 �M were added to the cells, which were fixed
36 h later. The ratio of chain-forming cells to all of the cells migrating out
from the pellet was calculated and compared with the control (no inhib-
itor) group. Inhibitors causing a statistically significant increase in chain
formation were further assessed in a second screening. For the second
screening, the chemical inhibitors were added to cells at various concen-
trations (0.2–50 �M), and the migratory behaviors of the cells were re-
corded using an inverted light microscope (Colibri, Carl Zeiss) every 5
min for 10 h. The effective inhibitor PP2 (Hanke et al., 1996) and its
inactive analog PP3 were purchased from EMD Millipore.

Plasmids. Knockdown (KD) vectors were generated as described pre-
viously (Ota et al., 2014; Jinnou et al., 2018). Briefly, the targeted se-
quences of the mouse Fyn and Src genes were inserted into a modified
Block-iT Pol II miR RNAi entry vector containing emerald green fluo-
rescent protein (EmGFP) or DsRed-Express (Invitrogen). These DNA
sequences were then inserted into pCAGGS destination vectors. N-
cadherin-KD vectors were reported previously (Jinnou et al., 2018). For
the Fyn-overexpression plasmid, mouse Fyn cDNA was amplified by
PCR and inserted into the SalI site of the pEGFP-C1 vector (Clontech
Laboratories). To prepare the Reelin-containing conditioned medium
(CM), HEK293T cells were transfected with pcDNA3-Reelin (D’Arcangelo et
al., 1997), and their supernatant was concentrated using an Amicon
Ultra-15 Centrifugal Filter (EMD Millipore).

In vivo electroporation. Electroporation in the postnatal brain was per-
formed as described previously (Ota et al., 2014). Briefly, P1 WT male
and female pups were anesthetized by hypothermia or spontaneous in-
halation of isoflurane and fixed to a stereotaxic injection apparatus (Da-
vid Kopf Instruments). Fast green solution (0.01%) containing 8 �m of
plasmid was injected into the lateral ventricles of the right hemispheres
(stereotaxic coordinates: �2.0 mm anterior, 1.25 mm lateral to lambda,
and 1.6 mm deep). Plasmids were introduced into the V-SVZ cells by an
electroporator (catalog #CUY-21SC, Nepagene) with an electrode (cata-
log #CUY650P5, Nepagene). For slice culture experiments (see Fig. 2),
control, and Fyn-KD plasmids were transferred by in vivo electropora-
tion with an interval of 12 h before the brain slices were prepared. In the
double-KD study (see Fig. 5e– g), 4 �g of Fyn-KD plasmid and 4 �g of
N-cadherin-KD plasmid were mixed and used for electroporation.

Transplantation. The V-SVZ tissues were dissected from P2–P4 male
and female GAD67-EGFP;Dab1yot/� or GAD67-EGFP;Dab1yot/yot pups
and dissociated with trypsin-EDTA (Invitrogen). The cells were resus-
pended in L15 medium (Invitrogen) containing 40 �g/ml DNase I
(Roche) and transplanted into the V-SVZ of P1 WT male and female
pups (stereotaxic coordinates: �1.8 mm anterior, 1.4 and 1.5 mm lateral
to lambda, and 1.3–2.0 mm deep). In the Fyn overexpression experi-
ments (see Fig. 4d–f ), pEGFP-C1 or pEGFP-C1-Fyn plasmids were
introduced into dissociated Dab1�/� and Dab1yot/yot cells by electropo-
ration using an Amaxa Nucleofector II device (Lonza). The cells were
then immediately transplanted into the V-SVZ of WT male and female
pups.

Western blotting. Western blotting (WB) was performed as described
previously (Ota et al., 2014). The V-SVZ tissues were dissected manually
(Ota et al., 2014) and homogenized in the lysis buffer (20 mM Tris-HCl,
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pH 8.0, 100 mM NaCl, 1 mM EDTA, 10 mg/ml leupeptin, and 10 mM

phenylmethylsulfonyl fluoride). For WB using brain tissues dissected by
laser-capture microdissection, freshly frozen WT brains were cut into
20-�m-thick coronal sections using a cryostat (Leica), and the regions of
interest were dissected using laser-capture microdissection (PALM Mi-
croBeam, Carl Zeiss) according to the manufacturer instructions. Pro-
teins were separated by SDS-PAGE and transferred to a polyvinylidene
difluoride membrane. The membrane was blocked in 5% skim milk (Fig.
1c) or 1% bovine serum albumin (Fig. 1e) in Tris-buffered saline con-
taining 0.01% Tween 20, and incubated with primary antibodies fol-
lowed by horseradish peroxidase-conjugated secondary antibodies
(Dako). Signals were detected using enhanced luminal-based chemilu-
minescent Western blotting detection reagent (GE Healthcare) and mea-
sured with a cooled charge-coupled device camera (LAS3000mini;
Fujifilm). The following primary antibodies were used: rabbit anti-Src
antibody, 1:1000 (catalog #2109S, Cell Signaling Technology; RRID:
AB_10693939); rabbit anti-Fyn antibody, 1:1000 (catalog #4023S, Cell
Signaling Technology; RRID:AB_10698604); rabbit anti-phosphorylated
Fyn antibody, 1:1000 (catalog #ab182661, Abcam); rabbit anti-Lck anti-
body, 1:1000 (catalog #9320S, Cell Signaling Technology; RRID:
AB_10695097); and mouse anti-actin, 1:2000 (catalog #A5228, Sigma-
Aldrich; RRID:AB_262054).

Time-lapse imaging of migrating cells in brain slices. Brain slices were
prepared for time-lapse imaging from P6 WT mice at 5 d postelectropo-
ration (dpe), as reported previously (Ota et al., 2014), with slight modi-
fications. The dissected brain was cut into 150-�m-thick sagittal sections
using a vibratome (catalog #VT1200S, Leica). The slices were placed on a
stage-top imaging chamber (Warner Instruments) under continuous
perfusion at 1 ml/min with artificial CSF (125 mM NaCl, 26 mM

NaHCO3, 3 mM KCl, 2 mM CaCl2, 1.3 mM MgCl2, 1.25 mM NaH2PO4,
and 20 mM glucose, pH 7.4; 38°C, bubbled with 95% O2 and 5% CO2).
The migratory behaviors of fluorescently labeled cells in the cultured
RMS and OB tissues were recorded using a confocal laser-scanning mi-
croscope (catalog #LSM710, Carl Zeiss) equipped with GaAsP detectors
and a 20� objective lens. Images were taken at 10 �m steps, 40 �m deep,
and automatically were acquired every 5 min for 10 h. For slice-culture
imaging in the transplantation study, 200-�m-thick sagittal brain sec-
tions were prepared using a vibratome (catalog #VT-1200, Leica) and
cultured on a filter membrane (EMD Millipore) in Neurobasal me-
dium (Invitrogen), supplemented with 10% fetal bovine serum, 2%
NeuroBrew-21 (Invitrogen), 2 mM L-glutamine (Invitrogen), and 50
U/ml penicillin-streptomycin (Invitrogen) in a stage-top chamber at
37°C and in a 5% CO2 incubation system (Tokai Hit). Time-lapse images
were captured at 8 min intervals for 6 –12 h using an inverted light mi-
croscope (Colibri, Carl Zeiss) with a 20� objective lens. To quantify the
speed of migrating cells in the captured images, cells within the anterior
RMS (aRMS) with a monopolar or bipolar shape were traced using the
manual tracking plugin in the ImageJ software (NIH, Bethesda, MD;
RRID:SCR_003070). All of the migrating cells that could be continuously
tracked for at least 5 h were used for this analysis.

In vitro culture of migrating cells. The dissociated V-SVZ cells from
P0 –P1 WT mice were transfected with either pCAGGS-EmGFP-LacZ-
miRNA or pCAGGS-EmGFP-Fyn-miRNA using an Amaxa Nucleofec-
tor II device (Lonza). The transfected cells were cultured in a hanging
drop in Neurobasal medium (Invitrogen) containing 2% B-27 supple-
ment (Invitrogen), 2 mM L-glutamine (Invitrogen), and 50 U/ml
penicillin-streptomycin (Invitrogen) for 1 d and then seeded onto an
N-cadherin-Fc-coated glass-bottom dish (Yue et al., 2010; Haque et al.,
2012, 2015). The live imaging of migrating cells was performed under an
inverted light microscope (Colibri, Carl Zeiss) using a 20� objective lens.
Time-lapse images were automatically acquired at 6 min intervals for
6 –12 h. In the neuronal culture in Matrigel (see Fig. 4a), the V-SVZ cells
were transfected with either pCAGGS-EmGFP-LacZ-miRNA or -Fyn-
miRNA by in vivo electroporation. At 1 dpe, the transfected V-SVZ cells
were dissociated and cultured for 1 d and treated with Reelin-containing
CM. For analysis, all of the GFP-labeled cells were counted, and the
proportion of individual (nonattached) GFP � cells in the total GFP-
labeled population was calculated (see Fig. 4a).

Transmission electron microscopy. Samples were prepared for transmis-
sion electron microscopy as described previously (Ogino et al., 2016).
Briefly, P8 WT and yotari brains were fixed with 2% paraformaldehyde
(PFA) and 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, at 4°C,
treated with 2% OsO4 in the same buffer at 4°C, dehydrated with a graded
series of ethanol, and embedded in Quetol 812 epoxy resin for 48 h at
60°C. Ultrathin sections were prepared from the embedded tissue blocks
using an ultramicrotome (Reichert-Jung) and stained with 2% uranyl
acetate in distilled water for 15 min and with modified Sato’s lead solu-
tion (Hanaichi et al., 1986) for 5 min. Electron microscopy images of the
cellular contact regions between chain-forming neuroblasts were ac-
quired using a transmission electron microscope (catalog #JEM1011J,
JEOL) fitted with a digital camera. Neuroblasts were identified by their
electron-dense nucleus and cytoplasm, and multiple nucleoli, as de-
scribed previously (Doetsch et al., 1997).

Immunohistochemistry and immunocytochemistry. Immunohistoche-
mistry and immunocytochemistry were performed as previously de-
scribed (Sawada et al., 2011b; Ota et al., 2014). Brains were fixed by
transcardiac perfusion with 4% PFA in 0.1 M phosphate buffer (PB), pH
7.4, postfixed overnight in the same fixative, and cut into 60-�m-thick
coronal or sagittal sections using a vibratome. For immunocytochemis-
try, cultured cells were fixed with 4% PFA in 0.1 M PB, pH 7.4, for 10 min
at room temperature (RT). The sections or cultured cells were incubated
for 30 min in blocking solution (10% normal donkey serum and 0.1%
Triton X-100 in PBS), overnight at 4°C with the primary antibodies, and
for 2 h at RT with Alexa Fluor-conjugated secondary antibodies (1:1000;
Invitrogen) in the same solution. For immunocytochemistry using the
anti-p120-catenin antibody, cells in Matrigel were treated with 100%
methanol at 4°C for 6 min (see Fig. 4b,c). For the double staining of Fyn
and phosphorylated Fyn, the AffiniPure Fab Fragment Donkey Anti-
Rabbit IgG (H�L; catalog #711-007-003, Jackson ImmunoResearch;
RRID:AB_2340587) was used at 1:100 (at RT, for 1 h). The following
primary antibodies were used: rat anti-ApoER2 antibody, 1:100 [a gift
from Dr. Kazunori Nakajima, Keio University, Tokyo, Japan (Hirota et
al., 2015; RRID:AB_2336895]; rabbit anti-doublecortin (Dcx) antibody,
1:300 (catalog #4604S, Cell Signaling Technology; RRID:AB_10693771);
mouse anti-p120-catenin antibody, 1:100 (catalog #610134, BD Trans-
duction Laboratories; RRID:AB_397537); rabbit anti-Fyn antibody,
1:100 (catalog #4023S, Cell Signaling Technology; RRID:AB_10698604);
rabbit anti-phosphorylated Fyn antibody, 1:100 (catalog #ab182661, Ab-
cam); rabbit anti-GFAP antibody, 1:500 (catalog #Z0334, Dako; RRID:
AB_10013382); rat anti-GFP antibody, 1:300 (catalog #04404-84,
Nacalai Tesque; RRID:AB_10013361); and mouse anti-NeuN antibody,
1:100 (catalog #MAB377, EMD Millipore; RRID:AB_2298772). Nuclei
were stained with Hoechst 33342 (Sigma-Aldrich).

Images of fluorescently labeled cells in the RMS, OB, striatum, corpus
callosum (CC), and other cerebral regions neighboring the posterior
RMS (pRMS; Fig. 1d) were acquired by scanning at 2 �m intervals using
a confocal laser-scanning microscope (model LSM700, Carl Zeiss) with a
20� objective lens. To investigate the expression pattern of Fyn and
p-Fyn, the colocalization of immunofluorescent signals was examined by
scanning at 2 �m intervals. All of the labeled cells in sequential sagittal
sections containing both the RMS and OB were counted. For double-KD
experiments (see Fig. 5e– g), all of the EmGFP �tdTomato � cells in the
sequential sagittal sections containing both the RMS and OB were
counted. For the analyses of p-Fyn intensity (Fig. 1g), the p-Fyn � fluo-
rescence signals in the Dcx � cells were acquired using the LSM700 mi-
croscope with a 20� objective lens, and quantified using ZEN software
(Carl Zeiss). For the analyses of p120-catenin intensity (see Figs. 4b,c,
5a– c), the p120-catenin � fluorescence signals were acquired by scanning
at 1 �m intervals using the LSM700 with a 40� water-immersion objec-
tive lens, and quantified using ZEN software (Carl Zeiss).

Experimental design and statistical analysis. Statistical analyses were
performed using Excel (Microsoft) and EZR (Kanda, 2013). The experi-
ments were not randomized. Sample sizes were not predetermined, but
were chosen based on previous reports. For the initial chemical screen,
comparisons among multiple groups were analyzed by one-way ANOVA
followed by Dunnett’s test.
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Figure 1. Fyn is involved in the cell– cell detachment of neuroblasts in the RMS. a, b, Effect of PP2 and PP3 on the chain migration of V-SVZ-derived neuroblasts. Time-lapse images of cultured
migrating neurons detaching from chains in control, PP3 (20 �M), and PP2 (20 �M) treatment groups (a). Asterisks indicate cells detached from chains (a, control and PP3, 60 and 80 min,
respectively). PP2, but not PP3, treatment inhibited the detachment of neuroblasts from chains [b; F(2,7) � 6.53; p � 0.025, one-way ANOVA; control vs PP2, t(7) � 5.29, p � 0.041; PP3 vs PP2,
t(7) � 5.16, p � 0.045; Tukey–Kramer test; three (control, PP3) and four (PP2) independent cultures prepared on different days]. (c) Detection of endogenous Src, Fyn, and Lck proteins in mouse
V-SVZ and OB tissues by WB. Lysates of V-SVZ and OB tissues from P1 mice (n � 2) were subjected to WB analysis with anti-Src, anti-Fyn, and anti-Lck antibodies. Actin was used as a loading control.
d, Schematic illustration of the regions analyzed in e– g and i–s. e, Detection of p-Fyn in the aRMS and pRMS. f, g, Detection of p-Fyn and Fyn in the aRMS and pRMS by immunohistochemistry.
Coronal OB sections prepared from P7 WT mice were stained for Dcx (green), p-Fyn (white), and Fyn (red). The relative p-Fyn intensity in Dcx � cells was significantly higher in the aRMS than in the
pRMS (g; t(58) � �10.48, p � 5.3 � 10 �15, unpaired t test; n � 30 cells from three sections from three mice each). h, Sagittal RMS sections prepared from (Figure legend continues.)
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All the numerical data were expressed as the mean � SEM. The nor-
mality of the data was analyzed by Kolmogorov–Smirnov test and/or
Shapiro–Wilk test. For normally distributed data, a comparison of means
between two independent groups was performed by unpaired t test or
Welch’s t test, where the equality of variances was examined by F test.
When three or more independent groups were compared, one-way
ANOVA followed by Tukey–Kramer test was applied. Analyzing data
from multiple observations of individual samples (mice and cells), we
performed two-way repeated-measures ANOVA and post hoc t test be-
tween groups with Bonferroni correction. For not normally distributed
data, a comparison of medians between groups was performed by
Kruskal–Wallis test followed by Steel–Dwass test. All statistical tests were
two sided, and a p value �0.05 was considered to be statistically
significant.

Results
Fyn is involved in the detachment of neuroblasts in the RMS
To investigate the molecular mechanisms regulating the detach-
ment of neuroblasts from chains, we first performed a chemical
screen in in vitro cultures of V-SVZ-derived migrating neuro-
blasts. Of 287 target-known chemical inhibitors, we found that
PP2, an inhibitor of Src family tyrosine kinases (Hanke et al.,
1996), suppressed the detachment of neuroblasts in vitro. Time-
lapse imaging of chain-forming cultured neuroblasts revealed
that the proportion of individually migrating neuroblasts was
decreased by adding PP2, but not PP3, an inactive analog of PP2
(Fig. 1a,b). These results suggested that Src family tyrosine ki-
nases are involved in the detachment of neuroblasts from chains.

The nonreceptor tyrosine kinases Src, Fyn, and Lck are targets
of PP2 (Hanke et al., 1996). To examine whether these kinases are
expressed in the V-SVZ–OB pathway, we performed WB using
neonatal brain lysates. Src and Fyn, but not Lck, were expressed in
the V-SVZ and OB (Fig. 1c). Since the detachment of neuroblasts
was not affected by Src KD in vivo (see below), we focused on the
Fyn expression and function. To examine the activation state of
Fyn, we performed WB with an antiphosphorylated-Fyn (p-Fyn)
antibody using tissue lysates from the pRMS and aRMS (Fig. 1d)
collected by laser-capture microdissection. We found that the
p-Fyn signal was lower in the pRMS than in the aRMS (Fig. 1d,e),
suggesting that the Fyn activity in neuroblasts increases during
their migration in the RMS.

To examine the expression and activation patterns of Fyn in
the RMS more precisely, we performed quantitative immunohis-
tochemical analyses for Fyn, p-Fyn, and Dcx, an immature neu-
roblast marker. Fyn expression was observed in all of the Dcx�

neuroblasts in the RMS (n � 830 cells from three mice). In addi-
tion, the p-Fyn intensity relative to Fyn intensity in the neuro-
blasts was higher in the aRMS than in the pRMS (Fig. 1f,g),
suggesting that Fyn is activated in neuroblasts in the OB to pro-
mote their detachment from the RMS. These results raised the
possibility that Fyn is involved in the detachment of neuroblasts
from chains.

To investigate the role of Fyn in neuronal migration in the
RMS and OB, we performed a KD experiment. We introduced
plasmids encoding both the KD sequences and EmGFP into
V-SVZ cells in P1 WT pups by in vivo electroporation, fixed them
at 4 or 6 dpe, and analyzed the distribution of all the labeled cells
observed in the RMS and OB. At 4 dpe, 98.6 � 0.7% of the labeled
EmGFP� cells observed in the RMS were positive for Dcx (Fig.
1h). In addition, the proportion of EmGFP� cells that reached
the aRMS was not affected by Fyn KD (Fig. 1i; control cells,
61.2 � 3.9%; Fyn-KD cells, 61.0 � 3.3%). However, at 6 dpe, Fyn
KD significantly decreased the proportion of EmGFP� cells ob-
served in the granule cell layer (GCL) and glomerular layer (GL)
of the OB (Fig. 1j,k; control cells, 36.6 � 0.8%; Fyn-KD cells,
28.7 � 0.3%). In contrast, Src KD did not affect the distribution
of EmGFP� cells in the GCL and GL at 6 dpe (Fig. 1l; control,
32.5 � 1.6%; Src KD, 33.9 � 0.4%). Interestingly, in the aRMS,
contacts between EmGFP� cell soma were observed at a higher
frequency in the Fyn-KD group than in the control (Fig. 1m,n;
control group, 23.0 � 2.3%; Fyn-KD group, 34.1 � 2.9%), al-
though the EmGFP� cell density was similar in the two groups
(control group, 97,200 � 19,100 cells/mm 3; Fyn-KD group,
102,400 � 19,600 cells/mm 3). Together, these results suggested
that Fyn is involved in the neuroblast detachment in the RMS.

To determine whether Fyn promotes the migration of neuro-
blasts into the OB, we performed a Fyn overexpression experi-
ment. At 4 dpe, the proportion of GFP� cells that reached the
aRMS was not affected by Fyn overexpression (Fig. 1o; control,
60.9 � 3.6%; Fyn overexpression, 65.4 � 2.0%). However, at 6
dpe, Fyn overexpression significantly increased the proportion of
GFP� cells observed in the OB layers (Fig. 1p,q; control, 31.9 �
1.6%; Fyn overexpression, 40.7 � 1.0%) and in other cerebral
regions neighboring the pRMS (Fig. 1d,r,s; control, 1.1 � 0.3%;
Fyn overexpression, 3.0 � 0.5%). Together, these results sug-
gested that Fyn overexpression promotes the detachment of neu-
roblasts from the RMS.

Fyn regulates the radial migration of neuroblasts from the
RMS toward the OB
To study the migratory behaviors of Fyn-KD cells, we introduced
an EmGFP-tagged Fyn-KD plasmid and a DsRed-tagged control
plasmid into the V-SVZ cells, and performed time-lapse imaging
of these cells as they migrated in the RMS and OB of cultured
brain slices at 5 dpe (Fig. 2, Movie 1). While 34.8 � 3.3% of the
labeled cells migrated from the aRMS into the GCL during the
imaging period in the control, only 9.7 � 2.8% of the Fyn-KD
cells migrated (Fig. 2a,b; control cells, 34.8 � 3.3%; Fyn-KD cells,
9.7 � 2.8%). During detachment, both the control and Fyn-KD
cells could extend their leading process into the GCL (Fig. 2a).
However, compared with the controls, the Fyn-KD cells could
not smoothly migrate across the border between the aRMS and
GCL, so they took a longer time to pass through the border (Fig.
2a,c; control cells, 140.5 � 6.2 min; Fyn-KD cells, 205.8 � 25.2

4

(Figure legend continued.) WT mice were stained for Dcx (red) and GFP (green) at 4 dpe.
Arrowheads indicate Dcx �EmGFP � neuroblasts (n � 334 cells from 3 mice). i–k, Effect of Fyn
KD on neuroblast migration into the OB. i, Proportion of EmGFP � cells in the OB, aRMS, and
pRMS at 4 dpe (n � 3 mice each). k, Representative images of sagittal OB sections from control
and Fyn KD mice stained for GFP at 6 dpe. The proportion of EmGFP � cells observed in the OB
was significantly decreased by Fyn KD at 6 dpe (j; t(7) � 8.45, p � 0.000064, unpaired t test;
control, n � 5 mice; Fyn KD, n � 4 mice). l, Proportion of EmGFP � cells in the OB of control and
Src KD groups at 6 dpe (n � 3 mice each). m, n, Contact between EmGFP � cell somas. Repre-
sentative images of the contact site between EmGFP � cell somas in the aRMS (m). The per-
centage of EmGFP � cells making cell– cell contact at the cell body was significantly increased
by Fyn KD (n; t(4) � �2.98, p � 0.041, unpaired t test; n � 3 mice each). o–s, Effect of Fyn
overexpression (OE) on neuroblast migration into the OB. o, Proportion of GFP � cells in the OB,
aRMS, and pRMS at 4 dpe (n � 4 mice each). p, r, Representative images of sagittal OB ( p) and
pRMS (r) sections from control and Fyn-overexpressing mice, stained for GFP at 6 dpe. The
proportion of GFP � cells in the OB (q; t(8) � �4.71, p � 0.0015, unpaired t test; n � 5 mice
each) and other cerebral regions neighboring the pRMS (s; Fgroup(1,16) � 3.87, pgroup � 0.067,
Fregion(2,32) � 12.3, pregion � 0.00011, Fgroup � region(2,32) � 4.86, pgroup � region � 0.014,
two-way repeated-measures ANOVA; control vs Fyn OE in regions neighboring pRMS, t(16) �
3.19, p�0.0057, unpaired t test; n�9 mice each) was significantly increased by Fyn OE. Arrow
indicates a GFP � cell observed in the cerebral region neighboring the pRMS (r). oGCL, outer
GCL; IPL, inner plexiform layer; MCL, mitral cell layer; EPL, external plexiform layer. Anterior side
of the OB is on the left (k, p). Scale bars: a, 20 �m; f, 5 �m; h, m, 10 �m; k, p, r, 50 �m. *p �
0.05, ***p � 0.005 (adjusted with Bonferroni correction in s). Error bars indicate mean � SEM.
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min). Fyn KD did not affect the migration speed in the aRMS or
GCL (Fig. 2d; controls in GCL, 49.5 � 3.7 �m/h; Fyn-KD cells in
GCL, 58.6 � 5.5 �m/h; controls in aRMS, 59.2 � 3.0 �m/h;
Fyn-KD cells in aRMS, 57.7 � 2.5 �m/h). Together, these find-
ings suggested that Fyn promotes the radial migration of neuro-
blasts from the RMS toward the GCL.

Disabled-1 is involved in the detachment of neuroblasts from
chains in the RMS
Fyn is a nonreceptor tyrosine kinase that phosphorylates diverse
substrates in response to extracellular stimuli. The binding of
Reelin to its receptors including ApoER2 induces the phosphor-

ylation of disabled-1 (Dab1) by Fyn (Arnaud et al., 2003). Immu-
nohistochemical analysis using an anti-ApoER2 antibody revealed
that the proportion of Dcx� neuroblasts that expressed ApoER2
was greater in the aRMS than in the GCL (Fig. 3a), suggesting that
neuroblasts acquire their responsiveness to Reelin before they are
detached from the chains.

Reelin is known to promote the detachment of migrating neu-
roblasts from chains (Hack et al., 2002; Simó et al., 2007; Courtès
et al., 2011). In addition, previous in vitro studies suggested that
Dab1 is involved in the Reelin-induced detachment of neuro-
blasts (Andrade et al., 2007; Simó et al., 2007; Blake et al., 2008).
However, the function of Dab1 in neuroblast detachment in vivo
has not been demonstrated. To examine the role of Dab1 in neu-
roblast detachment in the RMS, we performed a transplantation
study using yotari mice (Fig. 3b– h), in which part of the Dab1
gene is deleted and no functional Dab1 protein is expressed (Shel-
don et al., 1997; Onoue et al., 2014). Since the vast majority of
V-SVZ-derived cells are of the GABAergic neuronal lineage
(Kempermann, 2011), we used GAD67-EGFP mice, in which the
migrating GABAergic neuroblasts are labeled with GFP until they
mature in the OB (Wu et al., 2011; Plachez and Puche, 2012; Fig.
3c). V-SVZ cells dissected from P2–P4 GAD67-EGFP;Dab1yot/�

or GAD67-EGFP;Dab1yot/yot mice were transplanted into the
V-SVZ of P1 WT mice, and the behaviors of these cells in the RMS
and OB were analyzed (Fig. 3b– h). At 6 –7 d post-transplantation
(dpt), slice culture imaging revealed disrupted migration of the
GFP� Dab1yot/yot cells from the aRMS into the GCL (Fig. 3d,e;
Dab1�/yot cells, 90.4 � 6.3 min; Dab1yot/yot cells, 170.3 � 20.8
min), suggesting that Dab1 is involved in the detachment of
GFP� cells from the RMS. Furthermore, the disrupted detach-
ment of GFP� cells by the Dab1 mutation caused these cells to
accumulate in the deep layer of the OB [Fig. 3f– h; Dab1yot/� in
the inner GCL (iGCL), 34.7 � 2.2%; Dab1yot/yot in iGCL, 59.3 �
2.4%]. Together, these results suggested that, similar to Fyn,
Dab1 is involved in the detachment of neuroblasts in the RMS.

Reelin–Dab1 signaling decreases the adherens junction-like
structures between neuroblasts
To observe the involvement of Fyn in neuroblast detachment in
vitro, we introduced EmGFP-tagged Fyn-KD plasmids into cul-
tured neuroblasts and added Reelin to the culture medium. At 3 d

Figure 2. Fyn regulates the somal detachment of neuroblasts in the RMS. a–d, Effect of Fyn
KD on the migratory behaviors of fluorescently labeled cells in cultured OB-containing brain
slices. Two examples of time-lapse images of a DsRed-expressing control cell (red) and an
EmGFP-expressing Fyn KD cell (green) migrating in an OB-containing cultured brain slice (a).
White lines indicate the border between the aRMS and GCL. Compared with the control, Fyn KD
significantly decreased the percentage of detached cells at the aRMS and GCL (b; t(4) � 5.72,
p � 0.0046, unpaired t test; n � 3 independent cultures from three sections from three mice
prepared on different days each for control and Fyn KD) and caused the cells to take a longer
time to pass over the border between these two regions (c; t(31) � �3.03, p � 0.0050,
unpaired t test; control, n � 20 cells; Fyn KD, n � 13 cells; three independent cultures from
three sections from three mice prepared on different days for each). Migration speed in the GCL
and aRMS was similar in the control and Fyn KD groups (d; control in GCL, n � 30 cells; Fyn KD
in GCL, n � 26 cells; control in aRMS, n � 30 cells; Fyn-KD in aRMS, n � 41 cells; three
independent cultures from three sections from three mice prepared on different days for each).
Numbers indicate the number of minutes from the first imaging frame (a). ***p � 0.005. Scale
bars, 20 �m. Error bars indicate mean � SEM.

Movie 1. Time-lapse imaging of control and Fyn KD neuroblasts mi-
grating in cultured OB slices. Two examples of time-lapse images of a
DsRed-expressing control cell (red) and an EmGFP-expressing Fyn KD
cell (green) migrating in an OB-containing cultured brain slice. White
lines indicate the border between the aRMS and GCL. Compared with
the control, Fyn KD caused the cells to take a longer time to pass over the
border between the aRMS and GCL.
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in vitro, the proportion of EmGFP� cells was significantly in-
creased in the Reelin-supplemented group (Fig. 4a), as reported
previously (Hack et al., 2002; Simó et al., 2007; Courtès et al.,
2011). Moreover, Fyn KD significantly decreased the proportion
of individual (nonattached) EmGFP� cells in both the control
and the Reln-supplemented culture conditions (Fig. 4a), which is

consistent with our proposal that Fyn contributes to the cell– cell
detachment of neuroblasts.

p120-catenin, an important component of adherens junctions
(AJs), binds to the intracellular domain of cadherin, and sup-
presses its endocytosis (Ishiyama et al., 2010; Nanes et al., 2012).
Fyn phosphorylates p120-catenin to induce its dissociation from

Figure 3. Dab1 is involved in the detachment of neuroblasts in the RMS. a, ApoER2 expression in the OB. Coronal OB sections from P14 WT mice were stained for ApoER2 (red), Dcx (green), and
GFAP (blue). ApoER2 was expressed in Dcx � neuroblasts (aRMS, 99.9 � 0.1%; GCL, 10.3 � 1.6%; n � 3 mice; t(4) � 54.5, p � 0.00000068, unpaired t test) but not in GFAP � astrocytes. b,
Experimental scheme. c, Representative images of sagittal RMS sections stained for Dcx (red) and GFP (green) at 5 dpt. All of the GFP � cells expressed Dcx (arrowheads; Dab1yot/�, n � 164 cells
from three mice; Dab1yot/yot, n � 227 cells from three mice). d, e, Effect of Dab1 deficiency on the migratory behaviors of neuroblasts in cultured OB slices at 7 dpt. Time-lapse images of
GFP-expressing Dab1yot/� and Dab1yot/yot cells migrating in a cultured OB slice (d). White lines indicate the border between the aRMS and GCL (d). Dab1yot/yot cells took a significantly longer time
to pass through the border between the aRMS and GCL than Dab1yot/� cells (e; t(53) ��4.42, p � 0.000050, unpaired t test; Dab1yot/�, n � 34 cells; Dab1yot/yot, n � 21 cells; three independent
cultures from three sections from three mice for each). f–h, Distribution of transplanted GFP � Dab1yot/� and Dab1yot/yot cells in the OB at 14 dpt. Representative images of coronal OB sections
stained for GFP (f, white; g, green), NeuN (g, red), and Dcx (g, blue). Most of the GFP � cells expressed NeuN (g; Dab1yot/ �, 74.5 � 2.9%; Dab1yot/yot, 79.7 � 3.4%; n � 3 mice each). Compared
with the Dab1yot/ � group, more GFP � cells accumulated in the iGCL in the Dab1yot/yot group (h; Dab1yot/ � in GL, 15.6 � 1.9%; Dab1yot/yot in GL, 12.6 � 2.0%; Dab1yot/ � in EPL, 0.9 � 0.2%;
Dab1yot/yot in EPL, 1.1 � 0.2%; Dab1yot/ � in MCL, 3.7 � 0.8%; Dab1yot/yot in MCL, 1.7 � 0.2%; Dab1yot/ � in IPL, 2.9 � 0.6%; Dab1yot/yot in IPL, 0.7 � 0.1%; Dab1yot/ � in oGCL, 41.2 � 1.0%;
Dab1yot/yot in oGCL, 23.6 � 0.6%; Dab1yot/ � in iGCL, 34.7 � 2.2%; Dab1yot/yot in iGCL, 59.3 � 2.4%; Fgroup(1,8) � 0.105, pgroup � 0.754, Fregion(5,40) � 353, pregion � 5.8 � 10 �32,
Fgroup � region(5,40) � 44.8, pgroup � region � 2.3 � 10 �15, two-way repeated-measures ANOVA; Dab1yot/ � vs Dab1yot/yot, t(8) � 15.1, p � 0.00000036 in oGCL; t(8) � 7.53, p � 0.000067 in iGCL,
unpaired t test; n � 5 mice each). oGCL, Outer GCL; IPL, internal plexiform layer; MCL, mitral cell layer; EPL, external plexiform layer. ***p � 0.005. Scale bars: a, f, g, 50 �m; c, d, 20 �m. Error bars
indicate mean � SEM.
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cadherin, leading to cadherin endocytosis
(Piedra et al., 2003). Since Fyn KD in-
creased the adhesion between neuro-
blasts, we hypothesized that Fyn KD
would promote the accumulation of
p120-catenin at the contact regions be-
tween neuroblasts. To test this possibility,
we quantitatively analyzed the p120-
catenin� immunofluorescence intensity
at the contact sites between cultured neu-
roblasts. We found that this intensity was
significantly increased by Fyn KD (Fig.
4b,c; control cells, 1.9 � 0.1; Fyn-KD cells,
2.5 � 0.2), suggesting that Fyn decreases
the amount of cadherin– catenin complex
between neuroblasts in vitro.

To investigate the relationship be-
tween Reelin–Dab1 signaling and Fyn in
neuroblast detachment and migration in
the OB, we introduced Fyn overexpres-
sion plasmids into Dab1�/� or Dab1yot/yot

cells dissected from the V-SVZ, and trans-
planted these cells into the V-SVZ of WT
mice (Fig. 4d). At 14 dpt, Fyn overexpres-
sion significantly increased the propor-
tion of GFP� cells that reached the GL
(Fig. 4e,f), suggesting that Fyn overex-
pression promoted neuroblast migration
toward the GL. Notably, this effect of Fyn
overexpression was abolished by Dab1 de-
ficiency (Fig. 4e,f), suggesting that Dab1 is
involved in the Fyn-induced promotion
of neuroblast detachment and migration
in the OB.

Chain-forming neuroblasts in the
RMS attach tightly to their neighboring
neuroblasts by AJ-like structures (Doet-
sch et al., 1997). To examine whether
Dab1 affects the AJ-like structures be-
tween chain-forming neuroblasts in vivo,
we observed these cells in WT and yotari
mice by electron microscopy. WT neuro-
blasts showed AJ-like structures in the
pRMS that were not observed in the
aRMS, suggesting that detaching neuro-

Figure 4. Reelin–Dab1 signaling decreases the adherens junction-like structures between neuroblasts. a, Effect of Fyn KD on
the detachment of cultured neuroblasts. The proportion of total GFP-labeled cells that were individual (nonattached) GFP � cells
was significantly decreased by Fyn KD in both the control and Reelin-supplemented cultures (Control, 14.5 � 1.3%; Fyn KD, 4.9 �
1.1%; Control � Reln, 23.9 � 2.9%; Fyn KD � Reln, 14.7 � 1.4%; � 2(3) � 36.7, p � 0.000000052, Kruskal–Wallis test; Control
vs Fyn KD, t(�) � 4.06, p � 0.00028; Control � Reln vs Fyn KD � Reln, t(�) � 3.26, p � 0.0062; Control vs Reln, t(�) � 3.21,
p � 0.0072; Fyn KD vs Reln, t(�) � 4.92, p � 0.0000051; Fyn KD vs Fyn KD � Reln, t(�) � 3.44, p � 0.0033, Steel–Dwass test;
n � 4 independent cultures each prepared on different days). b, c, Effect of Fyn KD on the p120-catenin � fluorescence intensity
at cell– cell contact sites. Representative images of cultured V-SVZ-derived cells stained for GFP (Control and Fyn KD, green) and
p120-catenin (red; b). The relative p120-catenin � fluorescence intensity at cell– cell contact regions was significantly increased
by Fyn KD (c; t(33) � 2.80, p � 0.0084, unpaired t test; control, n � 19 cells; Fyn KD, n � 16 cells; three independent cultures of
each, prepared on different days). d–f, Effect of Dab1 deficiency on the promotion of neuroblast migration toward the GL by Fyn
overexpression (OE). d, Experimental scheme. e, Representative images of coronal OB sections stained for GFP at 14 dpt. Arrows
indicate GFP � cells that reached the GL. The proportion of GFP � cells observed in the GL was significantly increased by Fyn OE in
Dab1�/� cells, and this increase was abolished in Dab1yot/yot cells (f; control in Dab1�/�, 17.0 � 4.1%; Fyn OE in Dab1�/�,

4

53.7 � 7.5%; control in Dab1yot/yot, 8.4 � 1.5%; Fyn OE in
Dab1yot/yot, 14.8 � 4.9%; �2(3) � 13.3, p � 0.0041,
Kruskal–Wallis test; control vs Fyn OE in Dab1�/�, t(�) �
2.61, p � 0.045; Fyn OE in Dab1�/� vs Dab1yot/yot, t(�) �
2.61, p � 0.045; Fyn OE in Dab1�/� vs control in Dab1yot/yot,
t(�) � 2.93, p � 0.018; Steel–Dwass test; Control in
Dab1�/�, n � 5 mice; Fyn OE in Dab1�/�, n � 5 mice;
Control in Dab1yot/yot, n � 8 mice; Fyn OE in Dab1yot/yot, n � 5
mice). g, Effect of Dab1 inhibition on the AJ-like structures of
chain-forming migrating neuroblasts. Representative trans-
mission electron microscopic images of neuroblasts from
Dab1�/� and Dab1yot/yot mice. Arrows indicate AJ-like struc-
tures. In Dab1yot/yot mice, the neuroblasts sustained AJ-like
structures even in the aRMS. EPL, External plexiform layer.
Scale bars: b, 2 �m; e, 100 �m; g, 1 �m. *p � 0.05, **p �
0.01, ***p � 0.005. Error bars indicate mean � SEM.
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blasts lose their AJ-like structures (Fig. 4g;
Dab1�/�). In contrast, Dab1yot/yot neuro-
blasts had AJ-like structures even in the
aRMS (Fig. 4g; Dab1yot/yot), suggesting
that Dab1 promotes the downregulation
of AJ-like structures between neuroblasts.
Together, these results suggest that Reel-
in–Dab1 signaling decreases the AJ-like
structures between neuroblasts during the
detachment process.

N-cadherin is involved in the Fyn
knockdown-induced suppression of
neuroblast detachment from the RMS
N-cadherin is expressed in chain-forming
migrating neuroblasts in the RMS (Yagita
et al., 2009) and is required for their chain
migration (Porlan et al., 2014). Moreover,
N-cadherin is the central component of
the AJs (Peglion et al., 2014). To investi-
gate whether Fyn regulates N-cadherin-
mediated cell adhesion, we analyzed the
adhesion and migration of cultured neu-
roblasts on an N-cadherin-Fc-coated dish
(Yue et al., 2010; Haque et al., 2012, 2015;
Jinnou et al., 2018). Fyn KD significantly
increased the p120-catenin� immunoflu-
orescence intensity (Fig. 5a– c), and de-
creased the migration speed of these
neuroblasts (Fig. 5d; control neuroblasts,
57.4 � 3.4 �m/h; Fyn-KD neuroblasts,
46.6 � 4.1 �m/h), suggesting that Fyn
regulates the N-cadherin-dependent cell
adhesion to promote efficient neuronal
migration.

Last, to examine whether N-cadherin
is involved in the Fyn KD-induced sup-
pression of neuroblast detachment (Fig.
1j,k), we performed Fyn and N-cadhe-
rin double-KD experiments (Fig. 5e– g).
EmGFP-tagged Fyn-KD plasmids and
tdTomato-tagged N-cadherin-KD plas-
mids were introduced into V-SVZ cells by
in vivo electroporation. At 6 dpe, although
the N-cadherin KD alone did not affect
migration into the RMS and OB (Fig. 5e,f;
control plasmids, 29.0 � 3.3%; N-
cadherin-KD plasmids, 26.1 � 7.7%),
N-cadherin KD rescued the Fyn KD-
induced suppression of the detachment of
EmGFP�tdTomato� cells, in the double-
KD condition (Fig. 5e,g; Fyn KD � con-
trol, 30.0 � 1.7%; Fyn KD � N-cadherin KD, 34.9 � 1.3%).
Together, these results suggested that N-cadherin is involved in
the Fyn KD-induced suppression of neuroblast detachment from
the RMS.

Discussion
This study clarified the cellular and molecular mechanisms for
the cell– cell detachment of V-SVZ-derived neuroblasts from
chains in the postnatal OB. By combining a chemical screen with
loss-of-function and gain-of-function experiments in vivo, we iden-
tified Fyn as an intracellular regulator of the neuroblast detach-

ment from chains in the postnatal OB. We found that Fyn and
Dab1 decrease the cell– cell adhesion between chain-forming
neuroblasts, which involves AJ-like structures. Transplantation
experiments indicated that Dab1 is involved in the Fyn-induced
promotion of neuroblast detachment, suggesting that Fyn inter-
acts with Reelin–Dab1 signaling to control neuroblast detach-
ment in the OB. Our findings suggest that Fyn-mediated
regulation of the cell– cell adhesion of neuroblasts is critical for
their detachment from chains in the postnatal brain.

Reelin, Tenascin-R, and PK2 induce the detachment of neu-
roblasts from chains in the OB (Hack et al., 2002; Saghatelyan et

Figure 5. N-cadherin is involved in the Fyn knockdown-induced suppression of neuroblast detachment from the RMS. a–d,
Effect of Fyn KD on the adhesion and migration of cultured neuroblasts on an N-cadherin-Fc-coated dish. Representative images of
the relative intensity of p120-catenin � signals (b, pseudocolors) at the attaching surface of control and Fyn KD cells on an
N-cadherin-Fc-coated dish (a, b). Compared with the control, Fyn KD significantly increased the relative p120-catenin � intensity
at the leading process and soma (c; Fgroup(1,92) � 5.00, pgroup � 0.028, Fregion(2,184) � 41.8, pregion � 1.1 � 10 �15,
Fgroup � region(2,184) � 2.96, pgroup � region � 0.054; two-way repeated-measures ANOVA; control, n � 48 cells; Fyn KD, n � 46
cells; four independent cultures of each, prepared on different days), and decreased the migration speed of neuroblasts on the
N-cadherin-Fc-coated dish (d; t(147) � 2.05, p � 0.043, unpaired t test; control, n � 80 cells; Fyn KD, n � 69 cells; three
independent cultures of each, prepared on different days). e–g, Effect of Fyn and N-cadherin double-KD on neuronal migration into
the OB. Representative images of sagittal OB sections prepared from Fyn and N-cadherin double-KD brain, stained for GFP (green)
and DsRed (red; e). The proportion of tdTomato � cells observed in the OB was not affected by N-cadherin KD alone (e, f; control,
n � 5 mice; N-cadherin KD, n � 3 mice), but it was significantly increased by Fyn and N-cadherin double-KD compared with Fyn
KD (e, g; t(9) � 2.33, p � 0.045, unpaired t test; Fyn KD � control, n � 5; Fyn KD � N-cadherin KD, n � 6 mice). oGCL, Outer GCL;
IPL, inner plexiform layer; MCL, mitral cell layer; EPL, external plexiform layer. Anterior side of the OB is on the left (e). Scale bars:
b, 5 �m; e, 50 �m. *p � 0.05. Error bars indicate mean � SEM.
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al., 2004; Ng et al., 2005). In addition, the downregulation of S1P1
promotes neuroblast detachment in the OB (Alfonso et al., 2015).
Contactin, a glypiated neuronal cell adhesion molecule that is an
endogenous receptor for Tenascin-R, regulates the activity and
intracellular distribution of Fyn (Zisch et al., 1995). Thus, it is
possible that Fyn mediates the promotion of neuroblast detach-
ment by Tenascin-R (Saghatelyan et al., 2004). Interestingly, the
expressions of Reelin and Tenascin-R in the OB are regulated by
olfactory activity (Saghatelyan et al., 2004; Okuyama-Yamamoto
et al., 2005), suggesting that Fyn mediates the activity-dependent
promotion of neuroblast detachment from the RMS. Further
studies on the relationships between Fyn and other detachment
signals, including PK2 and the downregulation of S1P1, will be
important to improve our understanding of the mechanisms reg-
ulating neuroblast detachment in the postnatal brain.

In the embryonic cortex, the Reelin–Dab1 pathway tempo-
rally regulates cell adhesion (Ballif et al., 2004; Franco et al., 2011;
Matsunaga et al., 2017) and governs radial neuronal migration,
which is regulated by Fyn (Jossin et al., 2003; Kuo et al., 2005;
Nishimura et al., 2010). In the postnatal brain, Dab1 is involved
in neuroblast migration in the RMS (Andrade et al., 2007; Blake
et al., 2008). Although we could not detect any migration defects
of transplanted Dab1yot/yot neuroblasts in the RMS, it is possible
that these cells were oriented passively by their surrounding
Dab1�/� neuroblasts migrating toward the OB. We found that
the Fyn overexpression-induced promotion of neuroblast de-
tachment and migration in the OB depended on Dab1, suggest-
ing that Reelin–Dab1 signaling and Fyn are functionally linked in
the postnatal OB, similar to their relationship in the embryonic
brain.

The transition from tangential to radial migration is a dra-
matic change for the chain-forming neuroblasts (Alfonso et al.,
2015). However, the cellular mechanisms regulating the cell– cell
detachment process of neuroblasts from the RMS have been un-
clear. Our live imaging of neuroblasts migrating in acute brain
slices revealed that during the detachment process, the neuro-
blasts maintained their migration speed and showed typical sal-
tatory movement, in which they first extended their leading
process into the GCL and subsequently moved their soma, as
previously reported for neuroblasts in the RMS (Schaar and Mc-
Connell, 2005; Ota et al., 2014). Their efficient detachment pre-
vented the chain-forming neuroblasts from stacking at the
border between the RMS and OB, and enabled them to move
continuously and efficiently into the OB. We also found that Fyn
KD and Dab1yot/yot neuroblasts could not downregulate cell ad-
hesion or smoothly detach from the RMS. These results suggested
that the downregulation of cell adhesion is a critical process in
neuroblast detachment from the RMS, and that it is regulated by
Fyn.

The AJ-like structure is a specialized adhesion complex ob-
served between chain-forming neuroblasts in the adult RMS
(Doetsch et al., 1997). Although several adhesion molecules are
involved in the migration of V-SVZ-derived neuroblasts, includ-
ing N-cadherin, �1-integrin, and polysialylated NCAM (To-
masiewicz et al., 1993; Cremer et al., 1994; Ono et al., 1994;
Chazal et al., 2000; Emsley and Hagg, 2003; Belvindrah et al.,
2007; Porlan et al., 2014; Alfonso et al., 2015; Fujioka et al., 2017;
Jinnou et al., 2018), the mechanism controlling the AJ-like struc-
tures in chain migration is still unknown. Since the AJs in
epithelial cells consist of cadherins and adaptor proteins such
as p120-catenin (Ishiyama et al., 2010), these molecules could
also constitute the AJ-like structures in chain-forming neuro-
blasts. Our transplantation experiments indicated that Dab1 is

involved in the Fyn-induced promotion of neuroblast detach-
ment, suggesting that Fyn interacts with Reelin–Dab1 signaling
to control neuroblast detachment in the OB. These results are
consistent with previous studies showing that Fyn is localized to
the inner surface of the cell membrane by p120-catenin and cad-
herin signaling (Piedra et al., 2003; Ishiyama et al., 2010), and
phosphorylates Dab1 (Arnaud et al., 2003). Alternatively, Fyn
may directly phosphorylate p120-catenin, thereby promoting
cadherin endocytosis by releasing p120-catenin from the intra-
cellular domain of cadherin (Ishiyama et al., 2010), leading to
neuroblast detachment. In any case, our results collectively sug-
gest that mechanisms involving Fyn and Reelin–Dab1 signaling
decrease the AJ-like structures in neuroblasts to promote the ef-
ficient detachment of neuroblasts from chains in the OB. In con-
clusion, this study proposes that Fyn-mediated regulation of cell
adhesion between neuroblasts governs their detachment from
chains, thereby affecting neuronal migration and positioning in
the postnatal OB.
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Monyer H (2017) Serotonergic projections govern postnatal neuroblast
migration. Neuron 94:534 –549.e9. CrossRef Medline

Ghashghaei HT, Lai C, Anton ES (2007) Neuronal migration in the adult
brain: are we there yet? Nat Rev Neurosci 8:141–151. CrossRef Medline

Gheusi G, Cremer H, McLean H, Chazal G, Vincent JD, Lledo PM (2000)
Importance of newly generated neurons in the adult olfactory bulb for
odor discrimination. Proc Natl Acad Sci U S A 97:1823–1828. CrossRef
Medline

Hack I, Bancila M, Loulier K, Carroll P, Cremer H (2002) Reelin is a detach-
ment signal in tangential chain-migration during postnatal neurogenesis.
Nat Neurosci 5:939 –945. CrossRef Medline

Hanaichi T, Sato T, Iwamoto T, Malavasi-Yamashiro J, Hoshino M, Mizuno
N (1986) A stable lead by modification of Sato’s method. J Electron
Microsc (Tokyo) 35:304 –306. Medline

Hanke JH, Gardner JP, Dow RL, Changelian PS, Brissette WH, Weringer EJ,
Pollok BA, Connelly PA (1996) Discovery of a novel, potent, and src
family-selective tyrosine kinase inhibitor. study of lck- and FynT-
dependent T cell activation. J Biol Chem 271:695–701. CrossRef Medline

Haque A, Yue XS, Motazedian A, Tagawa Y, Akaike T (2012) Characteriza-
tion and neural differentiation of mouse embryonic and induced pluripotent
stem cells on cadherin-based substrata. Biomaterials 33:5094 –5106.
CrossRef Medline

Haque A, Adnan N, Motazedian A, Akter F, Hossain S, Kutsuzawa K, Nag K,
Kobatake E, Akaike T (2015) An engineered N-cadherin substrate for
differentiation, survival, and selection of pluripotent stem cell-derived
neural progenitors. PLoS One 10:e0135170. CrossRef Medline

Hikita T, Ohno A, Sawada M, Ota H, Sawamoto K (2014) Rac1-mediated
indentation of resting neurons promotes the chain migration of new neu-
rons in the rostral migratory stream of post-natal mouse brain. J Neuro-
chem 128:790 –797. CrossRef Medline

Hirota Y, Kubo K, Katayama K, Honda T, Fujino T, Yamamoto TT, Nakajima
K (2015) Reelin receptors ApoER2 and VLDLR are expressed in distinct
spatiotemporal patterns in developing mouse cerebral cortex. J Comp
Neurol 523:463– 478. CrossRef Medline

Ishiyama N, Lee SH, Liu S, Li GY, Smith MJ, Reichardt LF, Ikura M (2010)
Dynamic and static interactions between p120 catenin and E-cadherin
regulate the stability of cell-cell adhesion. Cell 141:117–128. CrossRef
Medline

Itoh Y, Moriyama Y, Hasegawa T, Endo TA, Toyoda T, Gotoh Y (2013)
Scratch regulates neuronal migration onset via an epithelial-mesenchymal
transition-like mechanism. Nat Neurosci 16:416–425. CrossRef Medline

Jinnou H, Sawada M, Kawase K, Kaneko N, Herranz-Pérez V, Miyamoto T,
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