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Radial Glial Cell-Neuron Interaction Directs Axon
Formation at the Opposite Side of the Neuron from the
Contact Site

Chundi Xu, Yasuhiro Funahashi, Takashi Watanabe, Tetsuya Takano, Shinichi Nakamuta, Takashi Namba,
and Kozo Kaibuchi
Department of Cell Pharmacology, Nagoya University Graduate School of Medicine, Showa, Nagoya 466-8550, Japan

How extracellular cues direct axon- dendrite polarization in mouse developing neurons is not fully understood. Here, we report that the
radial glial cell (RGC)- cortical neuron interaction directs axon formation at the opposite side of the neuron from the contact site.
N-cadherin accumulates at the contact site between the RGC and cortical neuron. Inhibition of the N-cadherin-mediated adhesion
decreases this oriented axon formation in vitro, and disrupts the axon- dendrite polarization in vivo. Furthermore, the RGC-neuron
interaction induces the polarized distribution of active RhoA at the contacting neurite and active Racl at the opposite neurite.
Inhibition of Rho-Rho-kinase signaling in a neuron impairs the oriented axon formation in vitro, and prevents axon- dendrite
polarization in vivo. Collectively, these results suggest that the N-cadherin-mediated radial glia-neuron interaction determines
the contacting neurite as the leading process for radial glia-guided neuronal migration and directs axon formation to the opposite

side acting through the Rho family GTPases.
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ignificance Statement

Neurons are highly polarized celllines typically with a single axon and multiple dendrites, which underlies the ability of integrating
and transmitting the information in the brain. How is the axon- dendrite polarity of neurons established in the developing
neocortex? Here we show that the N-cadherin-mediated radial glial cell-neuron interaction directs axon- dendrite polarization,
the radial glial cell-neuron interaction induces polarized distribution of active RhoA and active Racl in neurons, and Rho-Rho-
kinase signaling is required for axon- dendrite polarization. Our work advances the overall understanding of how extracellular
cues direct axon- dendrite polarization in mouse developing neurons.
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Introduction

In the developing neocortex, neocortical pyramidal neurons,
which are primarily generated by radial glial cells (RGCs) in the
ventricular zone (VZ; Miyata et al., 2001; Noctor et al., 2001; Gotz
and Huttner, 2005; Taverna et al., 2014) migrate through the
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subventricular zone (SVZ) and enter the intermediate zone (1Z)
with multipolar morphology (Tabata and Nakajima, 2003; Bielas
et al., 2004). These immature neurons subsequently transform
from a multipolar morphology to a bipolar morphology, with a
thick leading process and a thin trailing process, and migrate
along radial glial fibers to the developing cortical plate (CP;
Tabata and Nakajima, 2003; LoTurco and Bai, 2006; Reiner and
Sapir, 2009; Kawauchi et al., 2010; Govek et al., 2011; Nakamuta
et al., 2011). The leading process becomes the dendrite, and the
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trailing process becomes the axon (Noctor et al., 2001; Hatanaka
and Murakami, 2002), indicating that radial glia-guided migra-
tion and axon—dendrite polarity may share similar polarized sig-
naling pathways. However, how axon—dendrite polarization is
directed by extracellular cues remains unclear.

Our previous study revealed that a transient axonal glyco-
protein-1 (TAG-1)-dependent interaction between multipolar cells
and preexisting axons enables these multipolar cells to specify the
preexisting axon-contacting neurite as the axon and to develop into
bipolar cells (Namba et al., 2014). These findings provide molecular
and cellular mechanisms for the neuronal polarization of ~60% of
multipolar cells that extend trailing processes (nascent axons) before
leading processes during their multipolar-to-bipolar transition
(MBT; Namba et al., 2014). However, the remaining 40% of multi-
polar cells somehow specify their axon—dendrite polarity as well,
likely through a complementary mechanism.

Cell—cell interactions play an essential role during the devel-
opment of multicellular organisms. In particular, cell-cell
contacts serve as a polarity cue that regulates intracellular orga-
nization and leads to the orientation of the cell polarity axis along
which the cell grows, resulting in shape changes and movement
(Halbleib and Nelson, 2006; Heuberger and Birchmeier, 2010;
Etienne-Manneville, 2011). Thus, before and during RGC-
guided neuronal migration, N-cadherin-mediated RGC—pyra-
midal cell contact may also be necessary to establish neuronal
polarity with a leading process and a trailing process (Fig. 1A).
Furthermore, during our time-lapse imaging of individual mul-
tipolar cells undergoing the MBT in a cultured brain slice (Naka-
mutaetal., 2011), we observed that the leading-like process of the
multipolar cell appeared to become stabilized by contacting
something, after which the soma elongates to become spindle
shaped and the axon gradually emerges from the opposite side of
the contact side. Therefore, we speculated that the MBT and the
subsequent radial glia-guided neuronal migration are highly co-
herent events and that both are directed by the N-cadherin-
mediated RGC—pyramidal cell interaction (Fig. 1A).

To examine our hypothesis, we here used an in vitro approach of
coculturing RGCs with cortical neurons. As expected, we found that
the N-cadherin-mediated RGC-cortical neuron interaction directs
axon formation from the opposite side of the contact site. We also
found that the N-cadherin-mediated adhesions are required for the
MBT of pyramidal cells in vivo.

Materials and Methods

Mice. Experiments using pregnant female mice were performed accord-
ing to the guidelines of the Institute for Developmental Research and
approved by The Animal Care and Use Committee of Nagoya University.
Pregnant ICR female mice were obtained from Japan SLC.

siRNA, plasmids, and antibodies. The cDNA-encoding mouse
N-cadherin was provided by Cecile Gauthier-Rouviere (Centre de Re-
cherche de Biochimie Macromoléculaire, Montpellier, France). The
c¢DNA-encoding mouse E-cadherin was provided by Masayuki Ozawa
(Kagoshima University, Kagoshima, Japan). pTa-1-LPL (loxP-PolyA-
loxP) and pTea-1-LPL-Lyn-enhanced green fluorescent protein (EGFP)
were obtained as previously described (Nakamuta et al., 2011; Sakakibara
etal.,, 2014). N-cadherin-W2A was generated by PCR-based site-directed
mutagenesis (PrimeSTAR; Takara). The E/N chimera encoding the ex-
tracellular and transmembrane domains of E-cadherin (1-727 aa) and
the cytoplasmic domain of N-cadherin (747-906 aa) was generated using
In-Fusion HD Cloning Kits (Clontech). The cDNAs encoding the
N-cadherin mutants were subcloned into the pEGFP-N1 (Clontech) vec-
tor. The ¢cDNA encoding the E/N chimera was subcloned into the
pEGFP-NI1 (Clontech) vector. The cDNA encoding C3T was subcloned
into the pEGFP-C1 (Clontech) and pTa-1-LPL vectors. The fragment
c¢DNA encoding Rho-kinase-RB/PH (TT) was subcloned into the pTa-
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1-LPL vector. The cDNA encoding RhoA-N19 was subcloned into the
pTa-1-LPL vector. pCAGGS-Raichu-RhoA-CR was a gift from Michael
Lin (Stanford University, CA) (plasmid #40258, Addgene; Lam et al.,
2012). pTa-1-LPL-MCS1-dominant-negative N-cadherin (N-cad-DN)
and pCAG-MCS2-N-cad-DN were provided by Takeshi Kawauchi (In-
stitute of Biomedical Research and Innovation, Osaka, Japan). All
constructs were confirmed by DNA sequencing. The target sequences
for N-Cadherin RNAi 1 and RNAi 2* were as follows: 5'-CUGAGUUU
CUGCACCAGGUTT-3', and 5'-GAGUUUACUGCCAUGACUUTT-
3', respectively. siRNA-resistant N-cadherin was generated by mutating
the targeted sequence of siN-cadherin 2% to the sequence 5'-
GAATTTACCGCGATGACT-3’ (the mutated nucleotides are shown in
italics) using PCR-based site-directed mutagenesis. The following anti-
bodies were used: monoclonal mouse anti-Myc (9E10; Santa Cruz Bio-
technology); monoclonal mouse anti-a-tubulin (DM1A; Sigma);
monoclonal mouse anti-Tau-1 (Millipore); monoclonal mouse anti-
class IIT B-tubulin and polyclonal rabbit anti-class III 3-tubulin antibod-
ies (Tuj-1; Covance); polyclonal rabbit anti-synapsin 1 (Calbiochem);
monoclonal mouse anti-N-cadherin (BD Transduction Laboratories);
polyclonal rabbit anti-GFP and polyclonal rabbit anti-RFP antibodies
(MBL); monoclonal rat anti-GFP antibody (Nacalai); polyclonal goat
anti-TAG-1 antibody (R&D Systems); and monoclonal mouse anti-
Nestin (Cell Signaling Technology). The polyclonal rabbit anti-Nestin
antibody was provided by Yasuhiro Tomooka (Tokyo University of Sci-
ence, Tokyo, Japan). Alexa Fluor 488-, Alexa Fluor 555-, and Alexa Fluor
647-conjugated secondary antibodies against mouse or rabbit Ig or phal-
loidin were obtained from Invitrogen.

Coculture of cortical neurons with purified Nestin-positive cells. RGCs
from embryonic day 15 (E15) mouse embryonic cerebral cortices were
prepared as previously described (Gongidi et al., 2004; Kawauchi et al.,
2010) with some modifications. E15 mouse embryonic cerebral cortices
were dissected and dissociated into single cells in the same way as neuron
dissociation (see below). Dissociated cells were suspended in Minimum
Essential Medium (MEM) containing 10% horse serum and plated into a
six-well plate coated with 100 pg/ml poly-p-lysine (PDL; Sigma) at a
density of 4.0 X 10 6 cells/well. After a 3 d culture, the cells from a six-well
plate were passaged and plated into four six-well plates coated with 100
pg/ml PDL. After another 3 d culture, Tuj-1-negative and Nestin-
positive cells were concentrated. Purified Nestin-positive cells were then
seeded on coverslips or glass-bottom dishes coated with 100 pg/ml PDL
and cultured in MEM containing 10% horse serum. Subsequently, pri-
mary cortical neurons from E15 embryonic cerebral cortices were pre-
pared as previously described (Namba et al., 2014) and added at a density
of 1.0 X 10* cells/well (24-well plate) or 0.8 X 10> cells/dish (35 mm
glass-bottom dish) to purified Nestin-positive cells. Following coculture
in neurobasal medium (Invitrogen) supplemented with B-27 (Invitro-
gen) and 1 mm GlutaMAX (Invitrogen) for 2 d, cells were processed
for immunocytochemistry. Neurons were transfected following cell
dissociation via nucleofection (Amaxa) and then cocultured with Nestin-
positive cells. In siRNA transfection and rescue experiments, Nestin-
positive cells or COS-7 cells were transfected using Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer instructions. Immu-
noblot analysis was performed as previously described (Funahashi et al.,
2013). For the Nestin-positive cell and cortical neuron interaction assay,
1 d following transfection dissociated cortical neurons were added to
these transfected Nestin-positive cells and cocultured for 2 d. In blocking
experiments, Nestin-positive cells and cortical neurons were cocultured
for 2 h, followed by incubation with 6 ug/ml Fc-tagged N-cadherin N
terminus (N-cad-Fc; mouse; catalog #6626-NC, R&D Systems). After 2 d
of incubation with N-cad-Fc, cells were fixed and processed for immu-
nocytochemistry. After 1.5 h of incubation with N-cad-Fc, cells were
analyzed using live cell imaging. In the screening assay for inhibitors, the
phosphoinositide-3-kinase (PI3K) inhibitor LY294002 (Calbiochem),
MEK inhibitor U0126 (Calbiochem), JNK inhibitor SP600125 (Calbio-
chem), or Src family kinase (SFK) inhibitor PP2 (Calbiochem) was added
at the indicated concentration after 4 h of coculture of Nestin-positive
cells and cortical neurons. After 44 h of incubation with the respective
inhibitor, cells were fixed and processed for immunocytochemistry.
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Figure1.  The Nestin-positive cell- cortical neuron interaction directs axon formation from the opposite side of the contacting neurite. A, Schematic diagram of the proposal that RGC—pyramidal
cellinteraction directs axon— dendrite polarization for the initiation of the subsequent Radial glia-guided neuronal migration. The leading-like process of amultipolar cell may already bind to a radial
glial fiber through N-cadherin-mediated cell adhesion, and the binding itself may initiate the MBT. B—D, Representative images of the interaction between Nestin-positive cells (red) and
cortical neurons (green) in vitro. Axons form from the side of the cortical neuron opposite the Nestin-positive cell-contacting neurite. Arrows and asterisks indicate the Nestin-positive cell-contacting
neurite and nascent axon, respectively. Nestin-positive cells and cortical neurons were cocultured for 2 d, and cells were subsequently immunostained with the indicated antibodies. Tuj-1, neuron
marker; Tau-1and Synapsin-1,axon marker; Nestin, radial glial cell marker; and F-act, stained with Alexa Fluor 647-conjugated phalloidin (blue). Scale bars, 20 m. E, Schematic diagram of a typical
Nestin-positive cell- cortical neuron interaction. Along the somatic polarity axis, the axon forms on the side opposite the Nestin-positive cell-contacting neurite. F, G, Quantitative analysis of the
direction of axon formation. The length of the contacting process is indicated in E. The number above each bar indicates the total number of examined Nestin-positive cell-contacting neurons. F,
Neurons were labeled with the neuronal marker Tuj-1, and Nestin-positive cells were labeled with F-actin and the radial glia marker Nestin. G, Neurons were labeled with the neuron marker Tuj-1
and the axonal marker Tau-1. Nestin-positive cells were labeled with F-act. H, Time-lapse images of the interaction between cocultured Nestin-positive cells and cortical neurons. Images were
acquired every 10 min. Arrows and asterisks indicate the Nestin-positive cell-contacting neurite and the axon, respectively. Scale bars, 10 pem. F-act, F-Actin; MZ, marginal zone; R, radial glial cell;
n, pyramidal neuron.
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Coculture of cortical neurons with L cells. L
cells were seeded on coverslips coated with 100
pg/ml PDL and cultured in DMEM containing
10% fetal bovine serum. L cells were trans-
fected using Lipofectamine 2000 reagent ac-
cording to the manufacturer instructions. One
day following transfection, dissociated cortical
neurons were added at a density of 1.0 X 10*
cells/well (24-well plate) to these transfected L
cells. Following coculture in neurobasal me-
dium supplemented with B-27 and 1 mm Glu-
taMAX for 2 d, cells were processed for
immunocytochemistry.

Lattice culture. Dorsal neocortices were dis-
sected, and cortical cultures were prepared
from E15 mouse embryos with papain as pre-
viously described (Nichols et al., 2008) with
some modifications. Cells were plated in neu-
robasal medium (Invitrogen) supplemented
with B-27 (Invitrogen) and 1 mm GlutaMAX
(Invitrogen) on 35 mm glass-bottom dishes
coated with 25 pg/ml PDL (2.5 X 10° cells/
dish). Cultures were maintained in a 37°C, 5%
CO, incubator. After 1 d in vitro, lattice cul-
tures were induced with 100 pg/ml 5 kDa dex-
tran sulfate (MP Biomedicals). After 3 h,
movies were acquired using an incubator mi-
croscope system (LCV110, Olympus) with a 15
min time interval between frames. The images
were processed using MetaMorph software
(Molecular Devices).

Immunocytochemistry and live cell imaging. For
immunocytochemistry, cells were fixed with
3.7% formaldehyde in PBS for 10 min at room
temperature, followed by treatment with 0.05%
Triton X-100 for 10 min on ice. After blocking
with 10% goat serum albumin in PBS, cells were
incubated with each indicated antibody over-
night at 4°C. After three washes with PBS, the
samples were incubated with the appropriate sec-
ondary antibodies. The following analysis was
performed using an LSM 780 or LSM5 confocal
laser-scanning microscope under the control of
LSM software (Carl Zeiss). For live cell imaging,
Nestin-positive cells and cortical neurons were
cocultured for 2 h and analyzed using an incuba-
tor microscope system (LCV110, Olympus). The
images were processed using MetaMorph soft-
ware (Molecular Devices).

In utero electroporation. In utero electropo-
ration was performed as previously described
(Nakamuta et al., 2011) with some modifica-
tions. pTa-1-LPL-Lyn-EGFP (0.3 ug/ul) was
comicroinjected with pTa-1-Cre (0.01 ug/ul)
and pTa-1-MCS1-N-cad-DN, pTa-1-LPL-
Rho-kinase-DN, pTa-1-LPL-RhoA-DN, pTa-
1-LPL-C3T, or pCAG-myc-Rho-kinase-DN (1 ug/pl). Following
microinjection of the plasmids into the lateral ventricle of the embryos of
either sex, electric pulses (50 ms square pulses of 27.5 V with 950 ms
intervals) were applied to the embryos of either sex.

Immunohistochemistry and quantitative analysis. The brains were fixed
in 4% paraformaldehyde at E15 or E16.5 and coronally sectioned using a
cryostat (Leica Microsystems) at a thickness of 60 wm. The slices were incu-
bated with primary antibodies diluted in PBS containing 1% BSA and 0.01%
Triton X-100 at 4°C overnight. After three washes with PBS, the slices were
treated with Alexa Fluor 488- or Alexa Fluor 555-conjugated secondary an-
tibodies diluted in PBS containing 1% BSA and 0.01% Triton X-100 for 1 h
at room temperature. The nuclei were visualized by staining with Hoechst
33342 (Invitrogen). Confocal images were recorded using LSM 780 or LSM5

Movie 1.

imaging.

Movie 2.
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Time-lapse imaging analysis of the Nestin-positive cell— cortical neuron interaction in vitro. Images were acquired
every 10 min (96.2% of Nestin-positive cell-interacting neurons exhibited axon formation at the opposite side of the soma from the
contacting neurite, n = 26 Nestin-positive cell-interacting neurons in 22 movies). Scale bar, 10 wm. Arrow indicates Nestin-
positive cell-contacting cortical neuron. This behavior resembles MBT and the subsequent neuronal locomotion along radial glia,
both of which are highly coherent events directed by the Nestin-positive cell- cortical neuron interaction in this time-lapse

Time-lapse imaging analysis of the lattice culture. Lattice cultures were induced with 5 kDa dextran sulfate. Images
were acquired every 15 min. Scale bar, 10 m. Arrow indicates Nestin-positive cell-contacting cortical neuron.

Pascal microscopes built around an Axio Observer Z1 or Axiovert 200M
with Plan-Apochromat 20X [numerical aperture (NA) 0.75], Plan-
Apochromat 20X (NA 0.8), C-Apochromat 40X (NA 1.2), or Plan Apo-
chromat 63X (NA 1.40) lenses under the control of LSM software (Carl
Zeiss) or a Nikon Al confocal laser-scanning microscope built around an
ECLIPSE Tiwith CFI Plan Apo VC 20X (NA 0.75) or CFI Plan Apo VC 60X
WI (NA 1.2) lenses under the control of NIS-Elements software (Nikon).
The distribution and morphology of migrating neurons were analyzed as
previously described (Funahashi et al., 2013). The coronal sections of
cerebral cortices containing the labeled cells were classified into two re-
gions, CP and IZ, as previously described (Kawauchi et al., 2003). The
number of labeled cells in each region was calculated. To evaluate the
morphology of the migrating neurons, projection images of EGFP-
positive neurons were obtained from Z-series confocal images using LSM
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Figure2. N-cadherin isrequired for the Nestin-positive cell- cortical neuron interaction in vitro. A, C, The distribution of N-cadherin at the contact sites between neurons and Nestin-positive cells
under various experimental conditions. 4, Nestin-positive cells and cortical neurons were cocultured for 1d, and the cells were subsequently immunostained with the indicated antibodies. €, Purified
Nestin-positive cells were transfected with control siRNA or siN-cad 2 * plus pEGFP. The following day, the transfected Nestin-positive cells were cocultured with dissociated cortical neurons for 1d,
and the cells were subsequently immunostained with the indicated antibodies. Scale bars, 10 wm. Magnification of the boxed region shows the distribution of N-cadherin at the contact site between
the Nestin-positive cell and cortical neuron. Scale bars, 2 wm. B, Lysates from purified Nestin-positive cells transfected with the indicated siRNA were subjected to immunoblot analysis using
the indicated antibodies. D, E, Lysates from COS-7 cells transfected with the indicated siRNA and plasmids were subjected to immunoblot analysis using the indicated antibodies. F, G, Quantitative
analysis of the direction of axon formation. Purified Nestin-positive cells transfected with the indicated siRNA and plasmid were cocultured with dissociated (Figure legend continues.)
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software. At least three independent fetal brains were electroporated and
analyzed for each experiment.

Fluorescence resonance energy transfer. Cells transfected with the fluo-
rescence resonance energy transfer (FRET) probe Raichu-RhoA-Clover-
mRuby2 (Raichu-RhoA-CR) were imaged using a cooled EMCCD
camera (iXon DU-897, Nikon) and an UplanApo 40X (NA 0.9) oil-
immersion objective (Olympus) on an IX-81 inverted fluorescence mi-
croscope (Olympus) controlled by MetaMorph software (Molecular
Devices). FRET and donor emission images were acquired using the
following filters: excitation (ex) 485/30 nm and emission (em) 530/40
nm for Clover, and ex 485/30 nm and em 595/70 nm for Clover-mRuby2
FRET. The ratio of mRuby2 to Clover, as determined by the MetaFluor
software, represents the FRET signal, which is proportional to the RhoA
activity.

Statistics. The data are expressed as the mean * SEM. Statistical anal-
yses were performed using GraphPad Prism versions 4.01 and 6 for Stu-
dent’s ¢ test and Tukey’s multiple-comparison test. A p value <0.05 (*)
was considered to indicate statistical significance.

Results

Nestin-positive cell-cortical neuron interactions direct axon
formation at the opposite side of the cell from the contacting
neurite

To evaluate whether interactions between radial glial cell and
multipolar cells initiate axon—dendrite polarization, we per-
formed in vitro neuron—radial glia interaction assay (Gongidi et
al., 2004). The purified RGCs were strongly F-actin positive with
fibroblast-like or elongated morphology and expressed the radial
glial marker Nestin (Fig. 1B-D). Therefore, we call these purified
RGCs “Nestin-positive cells.” Primary cortical neurons dissoci-
ated from E15 mouse cerebral cortices were added to these puri-
fied Nestin-positive cells and cocultured for 2 d. As predicted by
our hypothesis, in cortical neuron, which were identified as Tuj-
1-positive cells, the axon formed from the opposite side of the
soma from the Nestin-positive cell-contacting neurite (along the
long axis of the soma; Fig. 1B). We defined axon formation from
the opposite 90° of arc from the contacting neurite as opposite,
and axon formation from the 90° of arc from the contacting
neurite as not opposite. We then measured the length of the
contacting process, as indicated in the schematic diagram in Fig-
ure 1E. In most cases, the length of the contacting process was
<20 wm. When the length of the contacting process was <20

<«

(Figure legend continued.)  cortical neurons for 2 d, and the cells were subsequently analyzed
by immunostaining. Neurons were labeled with Tuj-1, and Nestin-positive cells were labeled
with GFP and Nestin. **p << 0.01, ***p << 0.001, Tukey’s multiple-comparison test. n.s., Not
significant. Error bars represent the SEM. n = 40 Nestin-positive cell-interacting neurons. H,
Quantitative analysis of the direction of axon formation. Cortical neurons transfected with
pCAG-myc-GST or cotransfected with pCAG-myc-GST and pCAG-MCS2-N-cadherin-DN were
cocultured with purified Nestin-positive cells for 2 d, and the cells were subsequently analyzed
by immunostaining. Neurons were labeled with Myc, and Nestin-positive cells were labeled
with F-act and N-cadherin. **p < 0.01, Student’s ¢ test. Error bars represent the SEM. n = 40
Nestin-positive cell-interacting neurons. /, Quantitative analysis of the direction of axon forma-
tion. L cells transfected with the indicated plasmid were cocultured with dissociated cortical
neurons for 2 d, and the cells were subsequently analyzed by immunostaining. Neurons were
labeled with Tuj-1 and Hoechst, and L cells were labeled with GFP and Hoechst. **p << 0.01,
Student's t test. Error bars represent the SEM. n = 40 L cell-interacting neurons. J, Quantitative
analysis of the direction of axon formation. Nestin-positive cells and cortical neurons were
cocultured in the presence of the Fc control or N-cad-Fc for 2 d, and the cells were subsequently
analyzed by immunostaining. Neurons were labeled with Tuj-1, and Nestin-positive cells were
labeled with F-actin and Nestin. *p << 0.05, Student’s t test. Error bars represent the SEM.n =
40 Nestin-positive cell-interacting neurons. K, L, Time-lapse images of the interaction between
Nestin-positive cells and cortical neurons under various experimental conditions. Arrows and
asterisks indicate the Nestin-positive cell-contacting neurite and the nascent axon, respectively.
Scale bars, 10 m.
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um, ~86.8% of the cortical neurons formed axons on the side of
the soma opposite of the Nestin-positive cell-contacting neurite
(Fig. 1F). When the length of the contacting process was >40
wm, in 92.3% of the cortical neurons, the contacting process is
axon (Fig. 1F), indicating that a Nestin-positive cell-cortical
neuron interaction did not reverse the identity of an existing
axon. During the following experiments, we analyzed only the
interactions between Nestin-positive cells and cortical neurons
with contacting processes of <20 wm. We also confirmed these
findings by immunostaining with antibodies against the axonal
markers Tau-1 and Synapsin-1 (Fig. 1C, D, G). Collectively, our
findings suggest that axons of cortical neurons form at the oppo-
site side of the soma from the contacting neurite during a Nestin-
positive cell-cortical neuron interaction in vitro.

Next, we directly determined whether a causal relationship
exists between the Nestin-positive cell-cortical neuron interac-
tion and axon formation opposite of the contacting neurite by
performing time-lapse imaging experiments. Two hours after the
coculture of Nestin-positive cells and cortical neurons, we began
monitoring Nestin-positive cell-cortical neuron interactions.
We observed that stage 1 cortical neurons with lamellipodial and
filopodial protrusions gradually begin to dynamically extend and
retract neurites, similar to multipolar cells in vivo. Once a neurite
is attracted by and contacts a Nestin-positive cell, the soma elon-
gates and an axon initiates and elongates from the opposite side
of the cortical neuron, as occurs in bipolar cells in vivo, and the
newly polarized cortical neuron migrates along the Nestin-
positive cell (Fig. 1H, Movie 1). This behavior resembles MBT
and the subsequent neuronal locomotion along radial glia,
both of which are highly coherent events directed by the
Nestin-positive cell-cortical neuron interaction in this time-
lapse imaging. Moreover, using time-lapse imaging, this be-
havior was also observed during the formation of lattice
cultures. Similarly, once the cortical neuron contacts the ra-
dial glial fiber, the cortical neuron undergoes MBT with axon
formation from the opposite side of the radial glia-contacting
neurite and migrates along the radial glial fiber (Movie 2).
This finding indicates that cultured RGCs without glial fibers
are sufficient to direct neuronal polarization, whereas neuro-
nal migration along cultured radial glia requires glial fibers.
Collectively, these observations demonstrate that in vitro a
Nestin-positive cell-cortical neuron interaction directs axon
formation at the opposite side of the soma from the contacting
neurite.

N-cadherin mediates the functional interaction between
Nestin-positive cells and cortical neurons

In migrating neurons, N-cadherin is required to establish dy-
namic adhesions with RGCs during glia-dependent migration
(Kawauchi et al,, 2010). We therefore reasoned that
N-cadherin also mediates the functional interaction between
RGCs and unpolarized cortical neurons that directs axon for-
mation. Indeed, N-cadherin accumulated at the contact site
between the Nestin-positive cell and stage 2 or stage 3 cortical
neuron (Fig. 2A). We then assayed two different small inter-
fering RNA (siN-cad 1* and 2*) to knock down N-cadherin
expression in purified Nestin-positive cells and determined
that siN-cad 27 was more effective (Fig. 2B). Coexpression of
siN-cad 2% with EGFP allowed the detection of transfected
cells and effectively disrupted the recruitment of N-cadherin
in the cortical neuron to the contact site between the Nestin-
positive cell and stage 2 or stage 3 cortical neuron (Fig. 2C).
Interestingly, the physical cell-cell contact remained (Fig.
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Movie 3.

Movie 4.

2C). The physical cell-cell contact may have been maintained
by other receptors, such as Junctional adhesion molecules or
nectins, despite impaired N-cadherin function. Notably, fol-
lowing N-cadherin knockdown, the interaction of the cortical
neuron with the Nestin-positive cell failed to direct axon for-
mation at the side of the soma opposite the contacting neurite
(Fig. 2C,F). Because N-cadherin was no longer recruited to the
contact site (Fig. 2C), this finding indicates that N-cadherin-
mediated adhesion is important to direct axon formation to
the opposite side.

To further confirm that N-cadherin-mediated adhesion between
Nestin-positive cells and cortical neurons directs the site of axon
formation, we evaluated the extent to which a mutated form of

Time-lapse imaging analysis of the Nestin-positive cell— cortical neuron interaction in vitro. Nestin-positive cells and
cortical neurons were cocultured in the presence of the Fc control. Images were acquired every 10 min (93.3% of Nestin-positive
cell-interacting neurons exhibited axon formation at the opposite side of the soma from the contacting neurite, n = 15 Nestin-
positive cell-interacting neurons in 11 movies). Scale bar, 10 m. Arrow indicates Nestin-positive cell-contacting cortical neuron.

Time-lapse imaging analysis of the Nestin-positive cell— cortical neuron interaction in vitro. Nestin-positive cells and
cortical neurons were cocultured in the presence of N-cad-Fc. Images were acquired every 10 min (25% of Nestin-positive cell-
interacting neurons exhibited axon formation at the opposite side of the soma from the contacting neurite, n = 20 Nestin-positive
cell-interacting neurons in 17 movies). Scale bar, 10 wm. Arrow indicates Nestin-positive cell-contacting cortical neuron.
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N-cadherin (N-cadW2A), which abrogates
its adhesive capacity and fails to form
N-cadherin—N-cadherin interaction (Ta-
mura et al., 1998; Tabdili et al., 2012), or the
E/N chimera, which encodes the extracellu-
lar and transmembrane domains of
E-cadherin and the cytoplasmic domain of
N-cadherin, could rescue the phenotype
caused by knockdown of N-cadherin. For
this purpose, we used an siRNA-resistant
form of wild-type (WT) N-cadherin (N-
cadWTres) and an siRNA-resistant form of
N-cadW2A (N-cadW2Ares). The coexpres-
sion of siN-cad 2* and N-cadWTres,
N-cadW2Ares, or E/N restored the expres-
sion of N-cadherin (WT, W2A, or E/N; Fig.
2D,E). As expected, WT N-cadherin res-
cued the phenotype caused by N-cadherin
knockdown, whereas N-cadW2A or E/N
was unable to rescue it (Fig. 2F,G). To in-
hibit N-cadherin function in cortical
neurons, we used a N-cad-DN (A390)-
expressing construct, as previously de-
scribed (Kawauchi et al, 2010), which
can inhibit the function of endogenous
N-cadherin. The inhibition of endogen-
ous N-cadherin function in cortical neu-
rons by expression of N-cad-DN affected
axon formation at the opposite side of
the cell (Fig. 2H). To evaluate whether
N-cadherin-mediated adhesion is suffi-
cient to direct axon formation at the
opposite side of the cell, we expressed
N-cadherin in L cells, which do not
express endogenous N-cadherin, and
cocultured these L cells with cortical neu-
rons. We found that the expression of
N-cadherin in L cells notably increased
the number of cortical neurons with axon
formation at the side of the soma opposite
of the L cell-contacting neurite (Fig. 2I).
To verify that the inhibition of
N-cadherin-mediated adhesion between
Nestin-positive cells and cortical neur-
ons affects oriented axon formation, we
cocultured Nestin-positive cells with cor-
tical neurons in the presence of either Fc
alone, as the control, or the N-cad-Fc (res-
idues 1-724) and then analyzed the ori-
ented axon formation. In the presence of
the control Fc fragments, the cocultured Nestin-positive cells and
cortical neurons exhibited a clear bias of axon formation from the
opposite side of the cortical neuron from the contacting neu-
rite (Fig. 2J). In contrast, we found that the inhibition of
N-cadherin-mediated adhesion with soluble N-cad-Fc affects
the oriented axon formation. We also performed time-lapse
analysis of axon initiation and elongation in Nestin-positive
cell-contacting cortical neurons in the presence of the Fc con-
trol or N-cad-Fc. Compared with the controls, the Nestin-
positive cell-cortical neuron interaction no longer directed
axon formation to the side of the cortical neuron opposite of
the contacting neurite (Fig. 2K, L, Movies 3, 4). Collectively,
these results demonstrate that an N-cadherin-mediated
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Nestin-positive cell-cortical neuron interaction directs axon
formation opposite of the contacting neurite.

N-cadherin-dependent RGC—pyramidal cell interaction
mediates MBT in vivo
To extend these findings in vivo and to determine whether an
N-cadherin-mediated RGC—pyramidal cell interaction is re-
quired for MBT, we first used immunohistochemistry to analyze
the pattern of N-cadherin expression and its relationship to the
localization of bipolar cells in the developing neocortex. For this
purpose, we cotransfected pTa-1-Cre and pTa-1-LPL-Lyn-
EGFP into progenitor cells at E13 using in utero electroporation
and killed the embryos at E15 for immunohistochemistry, as pre-
viously described (Nakamuta et al., 2011). At E15, N-cadherin
was prominently expressed in the MZ, the upper IZ, and the
luminal surface of the ventricle (Fig. 3A,B). The lower IZ was
indicated by the expression of the efferent axon marker TAG-1
(Fig. 3A). Most cells that expressed membrane-targeted EGFP
(Lyn-EGFP) under the control of the neuron-specific Ta-1 pro-
moter had already migrated into the IZ. Moreover, and consis-
tent with the findings of previous studies (Noctor et al., 2004;
Jossin and Cooper, 2011; Namba et al., 2014), most cells in the
upper 1Z exhibited bipolar morphology, whereas most cells in the
lower IZ exhibited multipolar morphology (Fig. 3B-D). In
addition, the appearance of bipolar cells notably coincided with
the appearance of predominant N-cadherin expression in the
upper IZ (Fig. 3 B, C). In the boundary region between the lower
1Z and upper 1Z, there were cells with morphologies that were
distinct from bipolar or multipolar morphologies. Typically,
these cells possessed two leading processes or one leading process
with branches, which were defined as leading-like processes, to-
ward the CP and zero or one trailing process (Fig. 3C,D). Indeed,
the leading-like process of the neuron expressing Lyn-EGFP un-
der the control of the Ta-1 promoter was bound to and guided
along Nestin-positive radial glial fiber (Fig. 3E). Moreover,
N-cadherin accumulated at the contact site between the leading-
like process and the radial glial fiber (Fig. 3E), which is consistent
with the notion that the N-cadherin-mediated RGC—pyramidal
cell interaction may engage in the MBT.

To further confirm that an N-cadherin-mediated RGC—pyrami-
dal cell interaction is required for the MBT, we evaluated neuronal
morphology following the inhibition of N-cadherin in pyramidal

<«

Figure3.  The N-cadherin-mediated RGC— cell interaction is required for MBT. 4, Sections of
E15 mouse neocortex labeled with the corticofugal axon marker TAG-1, N-cadherin, and the
Hoechst nuclear stain to indicate the expression pattern of N-cadherin in the mouse neocortex.
Scalebar, 50 wm. B, D, Representative images showing the positions of electroporated neurons
and the expression pattern of N-cadherin. The mice were electroporated at E13 and fixed at E15.
GFP (green), N-cadherin (magenta), and Hoechst (blue) staining are shown in B. In D, red
asterisks indicate multipolar cells; yellow asterisks indicate cells with leading-like processes;
blue asterisks indicate bipolar cells; and dashed lines indicate the boundary region between the
lower and upper IZ. Scale bar, 50 pem. €, Model of the N-cadherin expression pattern and the
morphology of pyramidal cells in the IZ. E, Representative images of the N-cadherin-mediated
interaction between the leading-like process of an unpolarized GFP-labeled pyramidal cell
(green) and a Nestin-positive radial glial fiber (magenta) in E15 mouse neocortex. The bottom
and right panels represent the x- to z-axis and y- to z-axis images, respectively. N-cadherin
(white) staining is shown. Scale bar, 10 wm. F, G, Sections of E16.5 mouse neocortex electro-
porated with the indicated plasmids plus pTce-1-LPL-Lyn-EGFP at E13.5. H, Quantification of
the distribution of electroporated cells from F in distinct regions of the neocortex (CP and 1Z).
*¥¥1) < 0.001, Student's ¢ test. Error bars represent the SEM. /, The percentage of electropo-
rated cells from G with bipolar (BP) or multipolar (MP) morphologies in the neocortex. ****p <
0.0001, Student’s ¢ test. Error bars represent the SEM. IZ-L, Lower IZ; 1Z-U, upper IZ. Scale bar, 50 um.
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cells using a dominant-negative approach. The expression of
N-cad-DN in progenitor cells using the ubiquitous CAG promoter
disrupts a-catenin-positive apical junctions and Nestin-positive ra-
dial glia (Jossin and Cooper, 2011). We therefore used a neuron-
specific Ta-1 promoter-driven N-cad-DN construct. Using in utero
electroporation, we transduced the E13.5 cortical VZ with a control
(pTa-1-LPL) or an N-cad-DN-expressing vector (pTa-1-LPL-N-
cad-DN), together with pTa-1-Cre and pTa-1-LPL-Lyn-EGFP.
Three days after electroporation, most control neurons had transited
from multipolar to bipolar morphology and migrated into the CP,
whereas most N-cad-DN-expressing pyramidal cells failed to ac-
quire bipolar morphology and enter the upper IZ (Fig. 3F-I). More-
over, in the IZ, the N-cad-DN-expressing cells exhibited an
abnormal morphology with round soma and extensively
elongated leading-like processes (Fig. 3G), most likely due to
compromised N-cadherin function. Previous work also
showed that electroporated cells expressing Ta-1 promoter-
driven N-cad-DN exhibited migration defects (Kawauchi et
al., 2010). Collectively, these findings indicate that an
N-cadherin-mediated RGC—pyramidal cell interaction is nec-
essary for pyramidal cells to exit from the multipolar stage.

Rho-Rho-kinase signaling in the cortical neuron is
responsible for axon formation at the opposite side from the
Nestin-positive cell-contacting neurite

To determine the mechanism by which the N-cadherin-mediated
Nestin-positive cell-cortical neuron interaction directs the loca-
tion of axon formation, we performed a screening assay for in-
hibitors that may interfere with signaling cascades involved in the
regulation of neuronal polarity (Fig. 4A). Following 2 d of cocul-
ture of Nestin-positive cells and cortical neurons in the presence
of inhibitors at different concentrations, we found that LY294002
(a PI3K inhibitor), U0126 (an MEK inhibitor), SP600125 (a JNK
inhibitor), and PP2 (an SFK inhibitor) did not appear to affect
the oriented axon formation, whereas Y27632 [a Rho-kinase/
ROCK (Rho-associated, coiled-coil-containing protein kinase)
inhibitor] affected axon formation at the opposite side of the cell
(Fig. 4B). This result suggests that the oriented axon formation
directed by the Nestin-positive cell-cortical neuron interaction
may depend on Rho-Rho-kinase signaling but not on PI3K,
MEK, JNK, or SFK. To directly examine whether Rho—Rho-
kinase signaling in cortical neurons is required for the oriented
axon formation directed by the Nestin-positive cell- cortical neu-
ron interaction, we inhibited Rho or Rho-kinase activity only in
cortical neurons. For this purpose, we used the Rho inhibitor C3
transferase (C3T) and a dominant-negative form of Rho-kinase
[Rho-kinase-DNj; Rho-kinase-RB/PH (TT); Amano et al., 1999]
to inhibit Rho and Rho-kinase activities, respectively. We elec-
troporated dissociated cortical neurons with pEGFP-C1 or
PEGFP-CI1-C3T in vitro and cocultured the transfected cells with
purified Nestin-positive cells for 2 d (Fig. 4C). As expected, the
interaction of Nestin-positive cells with cortical neurons express-
ing EGFP-C3T failed to direct axon formation opposite of the
contacting neurite (Fig. 4D). To effectively inhibit Rho-kinase
activity by the overexpression of Rho-kinase-DN in cortical neu-
rons, we electroporated E13.5 embryos with Rho-kinase-DN in
vivo, then isolated these primary neurons at E15.5 and cocultured
these cells with purified Nestin-positive cells for 2 d in vitro (Fig.
4E). Consistent with the results of Y27632 application, the inter-
action of Nestin-positive cells with cortical neurons expressing
Rho-kinase-DN failed to direct the location of axon formation in
the cortical neuron (Fig. 4F). Collectively, our results suggest that
Rho-Rho-kinase signaling in cortical neurons is responsible for
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(Fig. 5A). Moreover, the tip of the oppo-
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site neurite exhibited a lamellipodial pro-
trusion (Fig. 5A), which is a typical
morphology induced by activated Racl
(Nobes and Hall, 1995). Indeed, EGFP-
Racl-CA accumulated at the tip of the
neurite opposite of the Nestin-positive
cell contact site in the cortical neuron,
whereas EGFP-RhoA-CA accumulated at
the contact site (Fig. 5A,B). In contrast,
the EGFP control, EGFP-RhoA-WT,
EGFP-Cdc42-WT, CA, and EGFP-Racl-WT exhibited a uniform
distribution (Fig. 5A,B). The failure of the localization of
RhoA-WT and Racl-WT at the specific sites may be due to high
RhoGAP activities in neurons, which rapidly inactivate
RhoA-WT and Racl-WT. These results suggest that the Nestin-
positive cell-cortical neuron interaction induces polarized distri-
bution of activated RhoA and activated Racl in cortical neuron,
thereby directing the location of axon formation to the side op-
posite of the contacting neurite.

Figure 4.

Rho—Rho-kinase signaling in the cortical neuron is required for axon formation at the opposite side from the Nestin-
positive cell-contacting neurite. A, Schematic of the screening assay for inhibitors. Nestin-positive cells (red) and cortical neurons
(green) were cocultured for 4 h, and the cells were subsequently incubated with the indicated inhibitors for 44 h. B, D, F,
Quantitative analysis of the direction of axon formation under various experimental conditions. **p << 0.01, Student’s t test. n.s.,
Not significant. Error bars represent the SEM. n = 40 Nestin-positive cell-interacting neurons. C, Strategy to perturb the function
of Rhoin cortical neurons. Dissociated cortical neurons (green) were transfected with the indicated plasmids using in vitro electro-
poration and cocultured with purified radial glial cells (red) for 48 h. TF, transfect. E, Strategy to perturb the function of Rho-kinase
in cortical neurons. Cortical neurons (green) were microdissected from E15.5 brains electroporated at E13.5 with the indicated
plasmids and subsequently cocultured with purified radial glial cells for 48 h.

Because the functional interaction between Nestin-positive
cells and cortical neurons is mediated by N-cadherin (Fig. 2),
we reasoned that N-cadherin-mediated adhesion may be re-
sponsible for the polarized distribution of activated RhoA
and activated Racl in the Nestin-positive cell-contacting cor-
tical neuron. As expected, knockdown of N-cadherin in
Nestin-positive cells abrogated the polarized distribution of
EGFP-RhoA-CA and EGFP-Racl-CA in Nestin-positive
cell-contacting cortical neurons (Fig. 5C-F). Moreover, cor-
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Figure5. The N-cadherin-dependent Nestin-positive cell— cortical neuron interaction induces polarized distribution of active RhoA at the contact site and active Rac1 in the opposing neurite. A,
C, D, Representative images of the spatial distributions of RhoA-CA, Rac1-CA, and Cdc42-CA in cultured Nestin-positive cell-contacting cortical neurons under various experimental conditions. A,
Dissociated cortical neurons were cotransfected with the indicated plasmids using in vitro electroporation and cocultured with purified Nestin-positive cells for 1d. , D, Purified Nestin-positive cells
were transfected with control siRNA or siN-cad 2 *. One day later, transfected Nestin-positive cells were cocultured with dissociated cortical neurons cotransfected with the indicated plasmids using
in vitro electroporation for 1d. The fluorescence intensity ratio of EGFP to RFP represents the EGFP density normalized by the thickness of the cell and coded with pseudocolors on a linear scale. CA,
Constitutively active. Scale bar, 5 um. B, E, F, Ratio linescans along the line (from x- to y-axis) from images in 4, ¢, and D. G, Summary of the polarized distributions of active RhoA and active Rac1
in N-cadherin-mediated Nestin-positive cell-interacting cortical neuron. H, FRET analysis of the distribution of the RhoA activity in cultured Nestin-positive cell-contacting cortical neuron. Scale bar,
10 wm. I, Linescans of the ratio and Raichu-RhoA distribution (normalized to the maximum intensity) in Nestin-positive cell-contacting neurites indicated by the line in H.
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RhoA—Rho-kinase signaling in pyramidal cells is required for MBT. 4, B, Sections of E16.5 mouse neocortex electroporated with the indicated plasmids plus pTc-1-LPL-Lyn-EGFP at

E13.5. Scale bar, 50 wm. €, Quantification of the distribution of electroporated cells from Ain distinct regions of the neocortex (CP and 1Z). *p << 0.05, **p << 0.01, ****p < 0.00071, Student’s ¢ test.
Error bars represent the SEM. D, The percentage of electroporated cells from A with bipolar (BP) or multipolar (MP) morphologies in the neocortex. **p << 0.01, ****p < 0.0001, Student's t test. Error

bars represent the SEM.

tical neurons expressing EGFP-Racl-CA exhibited wide-
ranging and robust lamellipodial protrusions, which were
restricted to the neurites located on the opposite side of the
Nestin-positive cell-cortical neuron contact (Fig. 5A,B). In
contrast, lamellipodial protrusions failed to be restricted to
one neurite of cortical neurons that contacted Nestin-positive
cells expressing siN-cad 2% (Fig. 5D,F). Hence, we concl-
ude that N-cadherin-dependent adhesions are necessary for
the polarized distribution of activated RhoA and activated
Racl in Nestin-positive cell-contacting cortical neurons
(Fig. 5G).

To directly visualize the distribution of RhoA activity in
Nestin-positive cell-contacting cortical neurons, we per-
formed FRET analysis using the Raichu-RhoA-CR probe, as
previously described (Lam et al., 2012). We cocultured disso-
ciated cortical neurons with purified Nestin-positive cells in
vitro for 12 h and then transfected the cells with Raichu-RhoA-
CR. Eight hours after the transfection, we began FRET
analysis. As observed for the distribution of EGFP-RhoA-CA
in Nestin-positive cell-contacting cortical neurons, the FRET
signal for the active RhoA also exhibited a polarized
distribution, with the contacting neurite exhibiting higher ac-
tivity (Fig. 5H,I).

RhoA-Rho-kinase signaling in pyramidal cells is required for
MBT in vivo

Our previous experiments demonstrated in vitro that during
N-cadherin-mediated Nestin-positive cell-cortical neuron in-
teractions, a polarized RhoA activity distribution is required in
the contacting neurite for directed axon formation on the oppo-
site side of the cell. We therefore reasoned that RhoA—Rho-kinase
signaling in pyramidal cells may be required for MBT in vivo. To
evaluate this hypothesis, we evaluated neuronal morphology
following the inhibition of RhoA-Rho-kinase signaling in pyra-
midal cells. Using in utero electroporation, we transduced the
E13.5 cortical VZ with a control vector (pTa-1-LPL), a RhoA-
DN-expressing vector (pTa-1-LPL-RhoA-DN; pTa-1-LPL-
RhoA-N19), a C3T-expressing vector (pTa-1-LPL-C3T), or
a Rho-kinase-DN-expressing vector [pTa-1-LPL-Rho-kinase-
DN; pTa-1-LPL-Rho-kinase-RB/PH (TT)], together with pTa-
1-Cre and pTa-1-LPL-Lyn-EGFP. Three days after the
electroporation, the majority of the control cells had entered into
the CP, whereas most of the C3T-expressing pyramidal cells
failed to acquire bipolar morphology and migrate into the upper
1Z (Fig. 6A-D). Notably, the C3T-expressing pyramidal cells in
the IZ extended elongated leading-like processes (Fig. 6B), likely
due to strong inhibition of RhoA activity in the leading-like pro-
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cess. Similarly, N-cad-DN-expressing pyramidal cells in the 1Z
also extended elongated leading-like processes, likely due to a
lack of activated RhoA in the leading-like process in the absence
of N-cadherin function (Fig. 3H, 5C). In addition, the expression
of RhoA-DN in pyramidal cells caused a significant accumula-
tion of cells trapped below the upper IZ with unpolarized mor-
phology and affected neuronal migration (Fig. 6A—D). This de-
fective MBT of pyramidal cells caused by the expression of
RhoA-DN was moderate compared with that observed in C3T-
expressing pyramidal cells, most likely because RhoA-DN dem-
onstrated a mild inhibitory effect on RhoA activity. Finally, the
expression of Rho-kinase-DN in pyramidal cells caused relatively
mild defects in cell morphology and migration (Fig. 6A-D), likely
due to the presence of molecules in addition to Rho-kinase acting
downstream of RhoA during MBT. Collectively, these results
suggest that Rho—Rho-kinase signaling in pyramidal cells is re-
quired for MBT and the following neuronal migration. A previ-
ous article (Pacary et al., 2011) indicated an Ascll-Rnd3-RhoA
signaling pathway promoting neuronal migration through inhib-
iting RhoA activity. We agree with this finding that RhoA activity
needs to be negatively regulated by the Ascl1-Rnd3—RhoA signal-
ing pathway so that RhoA activity will not be too high for neuro-
nal migration. Meanwhile, we think RhoA activity should also
not be too low according to our data. Also, the supplemental data
in the same article showed that RhoA knockdown in wild-type
mouse brain affected neuronal migration in the neocortex and
expression of human RhoA (resistant to RhoA shRNA) fully res-
cued these defects (Pacary et al., 2011), which is consistent with
our study. Together, we think our findings on RhoA and the work
from Pacary etal. (2011) are not contradictory to each other. And
instead, they together indicate that the appropriate level of RhoA
activity is vitally important for neuronal polarity and migration,
and therefore should be finely regulated. Furthermore, we pro-
pose that RhoA activity needs to be spatiotemporally regulated in
the neurons.

Discussion

The establishment of axon—dendrite polarity is critical for neurons
to integrate and transmit information in the nervous system. Here,
we propose a novel model in which an N-cadherin-mediated RGC—
pyramidal cell interaction directs the establishment of axon—den-
drite polarity. In the IZ, multipolar cells interact with radial glial
fibers through N-cadherin. This N-cadherin-mediated interaction
subsequently induces a polarized distribution of active RhoA in the
contacting neurite and active Racl on the opposite side of the cell,
and initiates the transition from multipolar to bipolar cell morphol-
ogy with the axon forming at the opposite side (Fig. 7).

N-cadherin-mediated RGC-cortical neuron interaction and
axon—dendrite polarization

Our results suggest a novel function for radial glia: polarizing
neurons. Due to the bipolar radial morphology exhibited by both
neural progenitors and postmitotic neurons, neurons may in-
herit their axon—dendrite polarity directly from the apico-basal
polarity of their progenitors (Barnes et al., 2008; Funahashi et al.,
2014). Consistent with this speculation, studies on retinal gan-
glion cells and bipolar cells have indicated that postmitotic neu-
rons directly inherit the intrinsic apico-basal polarity of their
progenitors, which is transformed into axon—dendrite polarity
upon cell cycle exit (Hinds and Hinds, 1978; Morgan et al., 20065
Zolessi et al., 2006). However, neuronal differentiation and neu-
ronal migration are not affected when the apical processes of
RGCs are severely perturbed in conditional PKCA-null mice
(Imai et al., 2006). Furthermore, N-cadherin plays an essential
role in the initiation and extension of axons from retinal ganglion
cells in vivo (Riehl et al., 1996; Esch et al., 2000), which is consis-
tent with our findings. Here, we provide our interpretation
that radial glia contribute to the establishment of axon—dendrite
neuronal polarity through an N-cadherin-mediated radial glia—
neuron interaction that directs axon formation to the side of the
cortical neuron opposite of the radial glia-contacting neurite and
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maintains the contacting neurite as the leading process for radial
glia-guided neuronal migration. In the future, how widely this
N-cadherin-mediated radial glia—neuron interaction is applied to
establish axon—dendrite polarity in the developing nervous sys-
tem will be interesting.

Polarized Rho GTPase activity and axon—dendrite polarity
The subcellular polarity of signaling pathways is essential for
multiple cellular functions, such as cell polarization, cell migra-
tion, and tissue morphogenesis. We found that N-cadherin-
dependent Nestin-positive cell-cortical neuron interactions
induce a polarized distribution of active RhoA at the contact site
and active Racl in the opposite neurite, which is consistent with
previous studies on the collective migration of Xenopus neural
crest cells (Carmona-Fontaine et al., 2008; Theveneau et al., 2010;
Rerth, 2011). N-cadherin may activate RhoA in the contacting
neurite either by using guanine-nucleotide exchange factors or
recruiting activated RhoA to the contacting neurite. Simultane-
ously, N-cadherin may polarize active Racl in the opposite neu-
rite, presumably due to a lack of active RhoA, because active
RhoA can indirectly inhibit Racl activity through the Partition-
defective-3/6 (Par-3/6) complex and Rac GEF T-lymphoma in-
vasion and metastasis-inducing protein-1 (Tiam1) (Nishimura et
al., 2005; Nakayama et al., 2008). It may be noted that TAG-1 acts
upstream of Lyn and thereby activates Racl, which may convert
the immature neurite to the trailing process in the lower 1Z
(Namba et al., 2014).

Rho family small GTPases are critical regulators of neuronal
polarity (Govek et al., 2005; Arimura and Kaibuchi, 2007; Tahi-
rovic and Bradke, 2009; Gonzalez-Billault et al., 2012). Herein we
demonstrate that RhoA-Rho-kinase signaling in Nestin-positive
cell-contacting cortical neurons is required for axon formation at
the opposite side of the cortical neuron from the contacting neu-
rite. Rho-kinase then may act on several substrates such as myo-
sin light chain (MLC), collapsin response mediator protein 2
(CRMP-2), Tau, and Par-3 (Kimura et al., 1996; Arimura et al.,
2000; Amano et al., 2003; Nakayama et al., 2008). Phosphoryla-
tion of MLC by Rho-kinase leads to neurite retraction and the
inhibition of neurite outgrowth (Amano et al., 1998). Phosphor-
ylation of CRMP-2 and Tau by Rho-kinase inhibits microtubule-
polymerizing activity (Amano et al., 2003; Arimura et al., 2005).
Phosphorylation of Par-3 by Rho-kinase leads to the dissociation
of Par-3 from the Par-6/aPKC complex, likely disrupting the ac-
tivation of the Rac GEF Tiam1, thereby abrogating Racl activa-
tion (Nakayama et al., 2008). Therefore, RhoA—Rho-kinase
signaling in the Nestin-positive cell-contacting neurite may in-
hibit the contacting neurite from becoming an axon, whereas
Racl in the opposite neurite may promote axon formation, likely
due to a lack of RhoA—-Rho-kinase signaling (Arimura and Kai-
buchi, 2007).

Complementary roles of N-cadherin and TAG-1 in

axon formation

To ensure that the exit from the multipolar stage is spatiotempo-
rally controlled, the expression level and/or subcellular distribu-
tion of N-cadherin may be dynamically regulated. Indeed, at
E15.5, N-cadherin is prominently expressed in the MZ, the upper
1Z, and the luminal surface of the ventricle. The appearance of
bipolar cells notably coincides with the appearance of the pre-
dominant expression of N-cadherin in the upper IZ. Consis-
tently, a recent study (Ye et al., 2014) reported that Cdk5/
RapGEF2 signaling acts upstream of Rapl/N-cadherin in the
upper 1Z to promote MBT and proper neuronal entry into
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the CP. In this regard, our results may provide insights into the
mechanism by which Reelin and Cdk5 engage in the MBT. In
contrast to the expression of N-cadherin in the upper IZ, TAG-1
is expressed in the lower 1Z, where TAG-1-dependent interac-
tions between multipolar cells (~60%) and preexisting axons
enable multipolar cells to specify the contacting neurite as an
axon and to develop into bipolar cells (Namba et al., 2014).
N-cadherin-mediated RGC-neuron interactions then may en-
sure that the remaining ~40% of multipolar cells establish axon—
dendrite polarity in the IZ. Therefore, the complementary
expression patterns of N-cadherin and TAG-1 in the IZ may
provide complementary mechanisms for neuronal polarization
in the developing neocortex. The basis of the switch between
these two polarity-inducing mechanisms could be cell type spe-
cific. Neurons are derived from multiple sources (precursor
cells), and therefore they have different gene expression patterns
that may contribute to the acquisition of axon—dendrite polarity
by cell class-specific neurons in the specific area (TAG-1 band or
N-cadherin zone). In the meantime, we could not rule out the
possibility that neurons adopt one of these two polarity-inducing
mechanisms in a stochastic way.

The current model for axon specification is that the polarized
emergence of a single axon is controlled at least in part by extra-
cellular cues, such as TGF-f3, neurotrophins, and Semaphorin
3A, which are expressed in a graded manner along the migratory
path of the neuron (Polleux and Snider, 2010; Yi et al., 2010;
Shelly et al., 2011). This model may account for axon formation
of cortical neurons toward the VZ, but not for the precise control
of when and where to specify a single axon. We have recently
found that multipolar cells extend the trailing process omnidirec-
tionally at the early stage and then migrate toward the CP, leaving
the trailing process behind the soma and resulting in axon for-
mation toward the VZ (Namba et al., 2014). Our findings suggest
anovel model in which the TAG-1-mediated interaction between
the immature neurite and the pioneering axons directs axon for-
mation in the lower IZ, and the N-cadherin-mediated RGC—neu-
ron interaction directs the axon—dendrite polarity in the upper
IZ. The gradient of extracellular factors may aid in the directional
migration of the cortical neurons along the radial glial fibers
and axon elongation, but may not directly determine the axon
initiation.
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