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SUMMARY

Although membrane trafficking pathways are in-
volved in basic cellular functions, the evolutionally
expanded number of their related family proteins
suggests additional roles for membrane trafficking
in higher organisms. Here, we show that several Rab-
dependent trafficking pathways differentially partici-
pate in neuronal migration, an essential step for the
formation of the mammalian-specific six-layered
brain structure. In vivo electroporation-mediated
suppression of Rab5 or dynamin to block endocy-
tosis caused a severe neuronal migration defect in
mouse cerebral cortex. Among many downstream
endocytic pathways, suppression of Rab11-depen-
dent recycling pathways exhibited a similarmigration
disorder, whereas inhibition of Rab7-dependent
lysosomal degradation pathways affected only the
final phase of neuronal migration and dendrite
morphology. Inhibition of Rab5 or Rab11 perturbed
the trafficking of N-cadherin, whose suppression
also disturbed neuronal migration. Taken together,
our findings reveal physiological roles of endocytic
pathways, each of which has specific functions in
distinct steps of neuronal migration and maturation
during mammalian brain formation.

INTRODUCTION

The mammalian cerebral cortex evolutionally acquires a six-

layered structure, which is essential for brain function, because

its disruption results in brain malformations accompanied by

mental retardation and/or seizure, such as lissencephaly and

periventricular heterotopia (PVH), and is also associated with

other neurological disorders, such as dyslexia and schizophrenia

(Ayala et al., 2007; Gleeson and Walsh, 2000; Martinez-Cerdeno

et al., 2006; Rakic, 2009). The formation of the six-layered cortex
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is largely dependent on the neuronal migration from the ventric-

ular zone to the superficial layer of the cortical plate (Takahashi

et al., 1999). During the migration, neurons exhibit various

morphological changes, which are also thought to be associated

with brainmalformations (Kawauchi andHoshino, 2008; LoTurco

and Bai, 2006).

Postmitotic neurons, generated near the ventricle, first display

a multipolar morphology in the lower part of the intermediate

zone (multipolar cell accumulation zone; Tabata et al., 2009),

and subsequently transform into bipolar-shaped locomoting

neurons, which have a leading process, in the upper part of the

intermediate zone. After migrating over a long distance along

a radial glial fiber, which functions as a scaffold for migrating

neurons, locomoting neurons change their migration mode into

a terminal translocation mode and the leading processes mature

into apical dendrites at the final phase of migration (Hatanaka

andMurakami, 2002; Nadarajah et al., 2001; Rakic, 1972; Tabata

and Nakajima, 2003). It has been reported that causative gene

products of lissencephaly or PVH, such as Lis1 and DCX or

filamin A, respectively, are involved in the regulation of microtu-

bules and actin cytoskeleton (Ayala et al., 2007; Gleeson and

Walsh, 2000; Kawauchi and Hoshino, 2008). Furthermore, we

found that c-Jun N-terminal kinase (JNK) and cyclin-dependent

kinase 5 (Cdk5) regulate the morphological changes of migrating

neurons through the promotion of microtubule dynamics and

actin reorganization (Kawauchi et al., 2003; Kawauchi et al.,

2006). It has been also reported that the nuclear movement in

the locomoting neurons is dependent on coordinated regulation

of the cytoskeleton (Schaar and McConnell, 2005; Tsai and

Gleeson, 2005). These findings indicate the essential roles of

cytoskeletal regulation in the migration and morphological

changes of neurons, and thereby in cortical layer formation

and normal brain functions.

Recently, ArfGEF2 was identified as a causative gene for PVH

(Sheen et al., 2004). ArfGEF2/Big2 is localized at the Golgi

apparatus and recycling endosome (Shin et al., 2004), impli-

cating the possible involvement of membrane trafficking in

cortical development. Genome-wide analysis showed that the

ratio of human kinase genes that are predicted to be involved

in endocytosis is quite high (Pelkmans et al., 2005), and that
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membrane trafficking-related protein families are evolutionally

expanded in humans (Pereira-Leal and Seabra, 2001). These

facts suggest that, in addition to basic cellular functions,

membrane trafficking may have important roles in higher organ-

isms or mammals, including the formation of cerebral cortex with

a complex six-layered structure. However, physiological roles of

membrane trafficking in higher organisms are largely unknown.

Recent in vitro studies indicate that proper trafficking of integ-

rin, a cell adhesion molecule involved in cell-to-extracellular

matrix, is required for the migration of nonneuronal cells (Ezratty

et al., 2009). It raises the possibility that membrane trafficking

might play a role in neuronal migration during cerebral cortical

development. However, the involvement of membrane traf-

ficking in mammalian brain construction is still unclear. One of

the major hurdles is that membrane trafficking is very complex

cellular events as each cell contains many trafficking pathways

that are regulated by numerous molecules, which makes it

difficult to carry out in vivo experiments, including knockout

analyses. Previously, we and others have established an

in vivo gene transfer method, in utero electroporation, which

allows us to analyze the functions of many molecules in vivo

(Kawauchi et al., 2003; Saito and Nakatsuji, 2001; Tabata and

Nakajima, 2001).

In this study, our analyses, by use of in utero electroporation,

indicate the in vivo roles of endocytic pathways in neuronal

migration and morphological changes during the development

of cerebral cortex. We also found that, among many endocytic

pathways, the Rab11-dependent recycling pathway and Rab7-

dependent lysosomal degradation pathway regulate different

steps of neuronal migration and maturation, suggesting that

the sensitivities of neurons for each membrane trafficking

pathway progressively change as they mature.

RESULTS

Involvement of Endocytosis in Neuronal Migration
and Morphological Changes
To test the possible involvement of the endocytic pathways in

cortical development, we first tried to express a dominant-nega-

tive form for dynamin I (K44A) (DN-Dyn-K44A), which inhibits

almost all types of endocytosis (Altschuler et al., 1998; Damke

et al., 1994; Praefcke andMcMahon, 2004), inmigrating neurons.

Using in utero electroporation, a DN-Dyn-K44A-expressing

vector was electroporated into embryonic cerebral cortices at

embryonic day 14 (E14), and the brains were fixed at postnatal

day 0 (P0), 5 days after electroporation. The electroporated cells

were visualized with coexpressing EGFP. While control vector-

electroporated cells migrated to reach the superficial layer of

the cortical plate, DN-Dyn-K44A-expressing cells were stalled

at the intermediate zone at P0 (Figure 1A). In addition, the number

of EGFP-positive cells was decreased in DN-Dyn-K44A-electro-

porated cortices. When electroporated at E14, DN-Dyn-K44A-

expressing cells migrate normally out of the VZ at E16 but many

are missing at E17 probably due to cell death (Figure S1A).

When aweaker formof DN-dynamin I (DN-Dyn-DPRD) (Ferguson

et al., 2009; Okamoto et al., 1997) was expressed, DN-Dyn-

DPRD-electroporated cells exhibited similar migration defects

without a decrease in cell number (Figure 1A).
To elucidate the important roles of endocytosis in neuronal

migration, we next applied a DN-Rab5 (S34N) (Rosenfeld et al.,

2001). Expression of DN-Rab5 in primary cortical neurons de-

layed the endocytosis of Alexa594-conjugated transferrin

(Figure S1F), suggesting that DN-Rab5 efficiently suppressed

endocytosis in cortical neurons. The DN-Rab5-expressing

vector was electroporated into E14 cerebral cortices, followed

by fixation at P0. In contrast to control cells, many DN-Rab5-ex-

pressing cells were found stalled near the border between the

intermediate zone and cortical plate (Figures 1A and S1B).

Some of DN-Rab5-expressing cells had abnormal morphol-

ogies, including a disorganized leading process or round

morphology at E17 (Figures S1C and S1D).

To confirm these results, we performed RNA interference

(RNAi) experiments. Two short hairpin RNAs (shRNAs) for

Rab5-expressing vectors effectively reduced the amount of

endogenous Rab5 when transfected to primary cortical neurons

(Figure 1F). These RNAi vectors were electroporated into E14

cerebral cortices. At P0, control scrambled (nontargeting)

shRNA-expressing cells migrated normally to the superficial

layer of the cortical plate, but Rab5-knockdown cells exhibited

neuronal migration defects (Figure 1B). This migration defect

was rescued by the coexpression of human wild-type Rab5

(wt-Rab5) with the Rab5-knockdown vector (Figure 1B). Similar

to DN-Rab5-expressing cells, many Rab5-knockdown cells

were stalled near the border between the intermediate zone

and cortical plate, suggesting that Rab5-dependent endocytosis

is required for entering the cortical plate.

Since migrating neurons exhibit various morphologies in the

intermediate zone and these morphological changes may be

associated with neuronal maturation and neurological disorders,

we next analyzed the morphology of the Rab5-knockdown cells.

Consistent with previous reports (Kawauchi and Hoshino, 2008),

control migrating neurons exhibitedmultipolar morphology in the

lower part of the intermediate zone and bipolar shape with

a leading process in the cortical plate and the upper part of the

intermediate zone (Figure 1C). In contrast, some Rab5-knock-

down locomoting neurons displayed increased leading process

branches (small arrowheads in Figure 1C; Figure 1D, p < 0.02,

t test) or had abnormally thick trailing process (arrow in Fig-

ure 1C). Furthermore, Rab5-knockdown cells displayed a some-

what round morphology in the lower part of the intermediate

zone (large arrowheads in Figure 1C). The ratio of multipolar cells

was decreased significantly (p < 0.02, t test) and that of the round

cells was increased in Rab5-shRNA-electroporated cortices

(p < 0.01, t test), compared with control cortices (Figure 1E).

Rab5-knockdown cells expressed a neuronal marker, Hu

protein, suggesting that the abnormal morphology andmigration

were not due to a defect in neuronal differentiation (Figure 1G). In

addition, in the ventricular zone, where most of the cells are

neural progenitors, no significant differences in the staining for

proliferative markers, phospho-Histone H3 (PH3) (M phase)

and Ki67 (late G1, S, G2, and M, but not G0, phases) were found

between control and Rab5-shRNA-electroporated cortices at

1 day after electroporation (E15) (Figure S2B). To further confirm

that the migration defects of Rab5-suppressing cells are not due

to the defects in radial glia (neural progenitors), we constructed

a neuron-specific Ta1 (a1-tubulin) promoter-driven DN-Rab5
Neuron 67, 588–602, August 26, 2010 ª2010 Elsevier Inc. 589



Figure 1. Inhibition of Endocytosis Disturbs Neuronal Migration

(A–C and G) Cerebral cortices at P0 (A and B) and E17 (C and G) electroporatedwith the indicated plasmids plus pCAG-EGFP at E14.White lines show pial or ventral

surface, respectively. Short redbars indicate thebordersbetween II-IV,V-VI, IZ, andSVZ/VZ.The lowergraphs in (A)and (B)showtheestimationofcellmigration,which

was carried out by recording fluorescence intensities of EGFP in distinct regions of the cerebral cortices using Leica SP5 software. Each bar represents the mean

percentage of relative intensity ±SEM. n = 4 or 5 brains. II-IV, layers II-IV of the cortical plate; V-VI, layers V-VI of the cortical plate; IZ, intermediate zone; WM, white

matter; SVZ/VZ, subventricular zone/ventricular zone. (C and G) High magnification of the indicated areas. CP, cortical plate; IZ, intermediate zone.

(D) The ratioof cellswith abranched leadingprocess in theCP±SEM(n=4brains) (seeSupplementalExperimentalProcedures).Manymorecells possessedbranched

leading processes in Rab5-shRNA-electroporated cortices (p < 0.02, t test), but not Rab11-shRNA-electroporated cortices (p > 0.2, t test).

(E) The ratio of cells with the indicated morphology in the IZ ±SEM (n = 4 brains) (see Supplemental Experimental Procedures). The ratio of the cells with multipolar

morphology was decreased (p < 0.02, t test) and the ratio of the cells with round morphology was increased (p < 0.01, t test), when Rab5-shRNA was expressed.

(F) Immunoblot analysis of cortical neurons (2 DIV) transfectedwith the indicated plasmids with the indicated antibodies. Numbers represent ratios of Rab5/b-tubulin.

(G) Cortical sections were immunostained with EGFP and Hu.

**p < 0.02, t test (compared with control or sh-scr2). Scale bars: 200 mm in (A) and (B), 20 mm in (C) and (G). See also Figure S1.
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vector to replace the ubiquitously expressed CAG promoter

(Gloster et al., 1994). First, the Ta1-EGFP-expressing vector

was coelectroporated with CAG-DsRed-expressing vector to

estimate the strength of the promoter activity. At 3 days after

electroporation (E17), no significant signals of EGFP were

detected in the VZ as expected. In migrating neurons, EGFP

expression levels were quite low, compared with DsRed (Fig-

ure S1E), although coelectroporation with CAG-EGFP and CAG-

DsRed induced strong expression of both EGFP and DsRed

(Kawauchi et al., 2003), suggesting that Ta1 promoter activity is

very low. Consistent with this, when a high concentration of

Ta1-DN-Rab5-expressing vector was coelectroporated with

CAG-EGFP at E14, strongly transfected cells, but not EGFP-

weak positive cells, showed migration defects similar to CAG-

DN-Rab5 (Figure 1A), suggesting that the functions of Rab5 in

postmitotic neurons are required for proper neuronal migration.

We next electroporated Ta1-DN-Dyn-K44A into E14 cortices,

but many EGFP-positive cells disappeared at P0. These results

indicated that endocytosis plays important roles in neuronal

migration and morphological changes, in addition to basic

cellular functions, such as cell survival that was disturbed by

DN-Dyn-K44A.

Rab11-Dependent Recycling Pathway Regulates
Neuronal Migration
We next analyzed how Rab5-dependent endocytosis regulates

neuronal migration. One possibility is that abnormal morphol-

ogies lead to the migration defects. A leading process with no

or few branches is thought to be important for neuronal migration

(Guerrier et al., 2009; Rakic, 1972). However, statistical analysis

revealed that only about 30% of Rab5-knockdown neurons

exhibited an abnormal morphology although the migration

defects were present in the majority (Figures 1B–1E). Therefore,

we further analyzed the downstream effects of Rab5-dependent

endocytosis. It is known that Rab5 regulates both endocytosis

and early endosome formation. From the early endosome (also

called ‘‘sorting endosome’’), there are many trafficking path-

ways, including recycling and lysosomal degradation pathways,

each of which is regulated by a different subtype of Rab family

protein (Figure 2H) (Pfeffer, 2001; Stenmark and Olkkonen,

2001; Zerial and McBride, 2001). Therefore, we perturbed each

membrane trafficking pathway from the early endosome by

means of in vivo functional suppression of Rab4 (fast recycling

pathway), Rab11 (slow recycling pathway via recycling

endosome), Rab7 (lysosomal degradation pathway), and Rab9

(retrograde transport to Golgi apparatus via late endosome).

Dominant-negative forms for these Rab proteins were expressed

in migrating neurons by using in utero electroporation at E14. At

P0, introduction of DN-Rab4 (S22N), Rab7 (T22N), and Rab9

(S21N) did not havemuch effect on the migration of the locomot-

ing neurons (Figures 2A, 2C, and 2D; data not shown), although

the position of DN-Rab7-expressing cells was slightly but signif-

icantly lower than that of control (Figures 2C and 7A–7C).

In contrast, the expression of DN-Rab11 (S25N) significantly

delayed neuronal migration in vivo (Figure 2B). Consistently,

shRNA for Rab11, which efficiently reduced the protein level of

endogenous Rab11 (Figure 2E), suppressed neuronal migration

in the cortical plate (Figure 2F), but did not affect the expression
of a neuronal marker, Hu protein (Figure 2G). In addition, the

morphologies of radial glial fibers were not affected in both

Rab11- and Rab5-shRNAs-electroporated cortices (Figure S2A).

Coexpression of human wt-Rab11 with Rab11-shRNA restored

neuronal positioning in the cortical plate (Figure 2F), suggesting

that a Rab11-dependent recycling pathway is required for

cortical neuronal migration.

Rab5 Suppression Affected Cell Adhesion
We next tried to identify the molecular cargo that is transported

by the Rab5- and Rab11-dependent pathways. Although about

30% of Rab5-knockdown cells exhibited abnormal morphol-

ogies at 3 days after electroporation, many Rab5-knockdown

cells formed a leading process. These cells seemed to attach to

the radial glial fibers because their leading processes and radial

glial fibers were intertwined (Figure 3A), but they could not

migrate into the cortical plate (Figure 1B). Together with the

observation that abnormally thick trailing processes of Rab5-

knockdown cells also seemed to attach to the radial glial fibers

(Figure 3A), this suggested that Rab5 suppression affects the

cell adhesionbetweenmigrating neuronsand radial glia, resulting

in difficulty in detaching from the radial glial fiber at the cell rear.

To test this possibility, we performed a previously reported

in vitro neuron-radial glia interaction assay (Gongidi et al.,

2004) with some modifications. First, E15 cerebral cortices

were dissociated and cultured in MEM (minimum essential

medium) containing 10% horse serum. After a 7 day culture

with two passages, F-actin-strong positive cells with fibro-

blast-like or elongated morphology were concentrated, and

these cells expressed a radial glial marker, Nestin, but not a

neuronal marker, Tuj1 (arrowheads in Figure 3B). Subsequently,

primary cortical neurons transfected with Rab5-shRNA or

control shRNA plus EGFP-expressing vectors were added to

the Nestin-positive cells and co-cultured for 2 days. Almost all

EGFP-positive cells were neurons as indicated by being Tuj1-

positive and Nestin-negative (arrows in Figures 3B and S3A).

EGFP-positive control neurons extended their processes along

Nestin-positive cells, suggesting that adhesion molecule(s) may

connect these cells (Figures 3C and S3A). Rab5-knockdown

neurons also interacted with Nestin-positive cells, but they

actively extended, branched and entangled their processes only

when they attached to Nestin-positive cells (Figures 3C, S3A,

and S3B). The length of the longest primary neurites overlapping

with Nestin-positive cells was significantly increased, but total

length of the longest primary neurites was not changed,

compared with that of control (Figures 3D, 3E, and S3C). These

data suggest that suppression of Rab5-dependent endocytosis

promotes the cell adhesion between neurons and Nestin-posi-

tive cells.

Rab5 Regulates Subcellular Distribution of N-Cadherin
Cadherins and integrins are twomajor families of adhesionmole-

cules. Both N-cadherin and b1-integrin were expressed in

primary cortical neurons (Figure S4A). N-cadherin was observed

to be localized near the plasma membrane and cytoplasmic

punctuate structures, partially colocalizing with an early endo-

some marker, EEA1, and recycling endosome marker, Rab11,

in primary cortical neurons (Figures S4B and S4C). In contrast,
Neuron 67, 588–602, August 26, 2010 ª2010 Elsevier Inc. 591



Figure 2. Suppression of Rab11 Affects Cortical Neuronal Migration

(A–D, F, and G) Cerebral cortices at P0 (A–D and F) and E17 (G) electroporated with the indicated plasmids plus pCAG-EGFP at E14. White lines show pial or

ventral surface, respectively. Short red bars indicate the borders between II-IV, V-VI, IZ, and SVZ/VZ. The lower graphs in (A)–(D) and (F) show the estimation

of cell migration (see Figure 1 legend).

(E) Lysates from primary cortical neurons (2 DIV) transfected with the indicated plasmids were subjected to immunoblot analyses with the indicated antibodies.

The numbers indicate ratios of Rab11/b-tubulin.

(G) Frozen sections were immunostained with EGFP and Hu.

(H) Schematic drawing of endocytic pathways. Rab5 regulates endocytosis and early endosome dynamics. From the early endosome, there are many trafficking

pathways: Rab4-dependent fast recycling pathways to plasma membrane, Rab11-dependent recycling pathways via recycling endosomes, Rab7-dependent

degradation pathways to lysosomes.

**p < 0.02, t test (compared with control or sh-scr2). Scale bars: 200 mm in (A)–(D) and (F), 20 mm in (G). See also Figure S2.
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Figure 3. Rab5 Suppression Promotes Cell-

Cell Interaction In Vitro

(A) Cerebral cortices at E17 electroporated with

the indicated plasmids plus pCAG-EGFP at E14.

Frozen sections of these brains were immuno-

stained with EGFP and Nestin.

(B and C) Coculture of primary cortical neurons

(2 DIV), transfected with sh-scr2 (B and upper

panels in C) or R5-sh232 (lower panels in C) plus

pCAG-EGFP, and Nestin-positive primary glia

(9DIV) were immunostained with the indicated

antibodies. Note that R5-sh232-transfected

neurons actively extended and entangled their

processes only when they attached to Nestin-

positive cells.

(D and E) The average length ±SEM of the longest

primary processes (not including branched

secondary processes) of transfected neurons.

Although the total length (the graph in D) was not

changed (p > 0.2, t test), the length overlapping

with Nestin-positive cells was significantly

increased in R5-sh232-transfected neurons,

compared with control (p < 0.001, t test, n =

more than 50 cells).

**p < 0.02, t test (compared with sh-scr2). Scale

bars: 10 mm in (A), 40 mm in (B), 25 mm in (C).

See also Figure S3.
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b1-integrin was partially colocalized with EEA1, but barely with

Rab11 (Figures S4B and S4C).

We next analyzed the cell surface expression levels of these

adhesion molecules in Rab5-knockdown cells by the use of

fluorescence-activated cell sorter (FACS). Primary cortical

neurons transfected with Rab5-shRNA or control shRNA plus

EGFP-expressing vectors were treated with anti-N-cadherin or

b1-integrin antibody and subjected to FACS analysis to examine

the cell surface expression levels of these proteins on EGFP-

positive cells. Knockdown of Rab5 resulted in about 10%

increase of the surface levels of N-cadherin, but did not affect

that of b1-integrin (Figure 4A) (the ratio of surface N-cadherin

in Rab5-knockdown cells to that of control was 1.09 ± 0.03;

p < 0.02, t test).

Although dissociated neurons barely migrate, they change

their morphologies and elongate neurites, suggesting that cell

surface adhesion molecules may actively be transported. Cell

surface staining for N-cadherin using nonpermeabilized cortical

neurons showed that the distribution of surface N-cadherin was

gradually increased along neuronal processes in control cells
Neuron 67, 588–602, August 26, 2010 ª2010 Elsevier Inc. 593
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(Figures 4B and 4C). Surface N-cadherin

levels at distal or proximal regions of

neuronal processes were higher than

those of proximal regions or cell bodies,

respectively (distal versus proximal: p <

0.01, proximal versus cell bodies: p <

0.001, t test, n = 52 cells). In contrast,

surface N-cadherin levels at proximal

and distal regions of neuronal processes

were not significantly changed in Rab5-

knockdown neurons (p > 0.1, t test
n = 54 cells) (Figures 4B and 4C). These in vitro data sugges

that Rab5 regulates cell adhesion and surface distribution o

N-cadherin in primary cortical neurons.

Immunohistochemical analyses showed that N-cadherin was

expressed throughout cerebral cortex at E17 and found in

both migrating neurons and radial glial fibers (Figures 4D, 4E

and S4D). Since our in vitro results showed that Rab5 suppres-

sion slightly increased surface levels of N-cadherin, we exam-

ined whether weak in vivo knockdown of N-cadherin can rescue

the Rab5-knockdown phenotypes or not. When low concentra-

tions (0.5 mg/ml) of shRNA for N-cadherin (NC-sh1023, see

Figure 6B) were coelectroporated, the migration defects o

Rab5-knockdown cells were partially restored (Figure 4F). These

data suggest that Rab5-dependent endocytosis is involved in

N-cadherin trafficking, which is required for proper neurona

migration in vivo.

Rab11 Is Required for N-Cadherin Trafficking
Our data suggest that, among many endocytic pathways, the

Rab11-dependent recycling pathway is a main contributor to



Figure 4. The Knockdown of Rab5 Perturbed the Distribution of Cell Surface N-Cadherin

(A) FACS analysis of primary cortical neurons transfected with the indicated plasmids. y axes show the cell number and x axes show the fluorescence intensity of

N-cadherin (left panels) and b1-integrin (right panels). R5-sh232-transfected cells induced about 10% increase of the average fluorescent intensity of cell surface

N-cadherin (arrows), but not b1-integrin.

(B and C) Nonpermeabilized primary cortical neurons (2 DIV) transfected with the indicated plasmids were immunostained with surface N-cadherin. Maximum

projection images of ten Z-stack images (each interval is 0.7 mm) of the representative cells are shown in (B). The graph in (C) shows fluorescent intensities ±SEM

of surface N-cadherin in the cell bodies or the proximal or distal regions of the longest neurites in transfected neurons,measured by the line scanning of Leica SP5

software. (Proximal region to cell body: p < 0.01, distal to proximal: p < 0.01, in control. Distal to proximal: p > 0.1, in R5-sh232. t test, n = more than 50 cells).

(D and E) E17 cerebral cortices immunostained with the indicated antibodies. Brain in (E) was eletroporated with pCAG-EGFP at E14 to visualize migrating

neurons.

(F) Cerebral cortices at P0 electroporatedwith the indicated plasmids plus pCAG-EGFP at E14. The right graph shows the estimation of cell migration (see Figure 1

legend). The fluorescence intensities in the II-IV and IZ were significantly restored in brains coelectroporated with NC-sh1023 and R5-sh232, compared with

R5-sh232-electroporated brains (p < 0.001 in both layers, t test).

Scale bars: 20 mm in (B), 10 mm in (E), 200 mm in (D) and (F). See also Figure S4.

Neuron

Endocytic Pathways Regulate Neuronal Migration
neuronal migration. Because Rab5 suppression disturbed

N-cadherin distribution, we next analyzed subcellular localiza-

tion of N-cadherin in Rab11-suppressing neurons. Primary
594 Neuron 67, 588–602, August 26, 2010 ª2010 Elsevier Inc.
cortical neurons were transfected with DN-Rab11-expressing

vectors, and subsequently fixed and stained with anti-N-cad-

herin or b1-integrin antibodies. Abnormal accumulation of



Figure 5. Involvement of Rab11-Dependent

Recycling Pathway in N-Cadherin Traf-

ficking

(A–C) Primary cortical neurons (2 DIV), transfected

with the indicated plasmids, were immunostained

with the indicated antibodies. Arrow in (A) shows

abnormal accumulation of endogenous N-cad-

herin, which was partially colocalized with trans-

ferrin receptor (TfR) (arrows in B), but barely with

Syntaxin 6. TfR and Syntaxin 6 are predominantly

localized at recycling endosomes and trans-Golgi

network, respectively.

(D–G) Cerebral cortices at E17 electroporated with

the indicated plasmids plus HA-tagged wt-N-cad-

herin and pCAG-EGFP at E14. Frozen sections of

these brains were immunostained with anti-EGFP

and anti-HA antibodies to detect the localization of

HA-tagged N-cadherin in migrating neurons.

Arrows show abnormal accumulation of N-cad-

herin.

(C and F) The relative ratio of endogenous or

HA-tagged N-cadherin staining signals/EGFP

fluorescence in perinuclear regions to that of other

cytoplasmic regions in primary cortical neurons (C)

or migrating neurons in vivo (F), respectively. See

Experimental Procedures for details.

(G) The ratio of cells with HA-N-cadherin accumu-

lation in the migrating neurons electroporated with

the indicated plasmids.

*p < 0.05, **p < 0.02, t test (compared with control

or sh-scr2). Each error bar indicates the SEM from

the mean. Scale bars: 5 mm in (A), 10 mm in (D) and

(E). See also Figures S5 and S6.
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N-cadherin, but not b1-integrin, was found in DN-Rab11-

expressing neurons as visualized by coexpressed EGFP (Fig-

ures 5A and S5A). When DN-Rab5was expressed, accumulation

of N-cadherin in vesicular compartments was observed in some

transfected cells in permeabilized conditions (Figure S5B),

consistent with previous reports that Rab5 is involved in not

only endocytosis but also early endosome formation (Pfeffer,

2001; Stenmark and Olkkonen, 2001; Zerial and McBride,

2001). Furthermore, expression of Rab11-shRNA in primary

cortical neurons also induced accumulation of N-cadherin (Fig-

ures 5C and S6A–S6D). These subcellular accumulations of

N-cadherin in Rab11-knockdown cells were colocalized with

transferrin receptor, a marker for recycling endosomes, but

barely with Syntaxin 6, a marker for trans-Golgi network
Neuron 67, 588–602
(Figures 5B and S6C). Although Rab11

is involved in not only recycling but also

post-Golgi trafficking of E-cadherin

(Lock and Stow, 2005), our findings sug-

gest that Rab11 mainly regulates the

intracellular trafficking of N-cadherin via

recycling endosomes in cortical neurons.

To examine the effects of Rab11

suppression on N-cadherin distribution

in vivo, we weakly overexpressed HA-

tagged wt-N-cadherin at E14 because it

is difficult to divide the staining signals
of endogenous N-cadherin derived from the electroporated

migrating neurons and radial glial fibers or surrounding mature

neurons. At E17, when most of the electroporated cells

migrate in the cortical plate or intermediate zone, the distribution

of the overexpressed protein in migrating neurons was observed

by anti-HA antibody to allow discrimination of N-cadherin in the

transfected cells from surrounding neurons or radial glial fibers.

Expression of DN-Rab11 or Rab11-shRNA increased cells

with intracellular accumulation of HA-tagged N-cadherin (Fig-

ures 5D, 5E, and 5G). To subtract the effects of cytoplasmic

volume, HA-N-cadherin and EGFP fluorescent signals at

the same regions were measured and the ratio of N-cadherin

to EGFP fluorescent signals was calculated to evaluate

‘‘corrected HA-N-cadherin signals.’’ The ratio of the corrected
, August 26, 2010 ª2010 Elsevier Inc. 595



Figure 6. Suppression of N-Cadherin

Affects Cortical Neuronal Migration

(A and C–F) Cerebral cortices at P0 (A, C, D, and F)

or E17 (E) electroporated with the indicated plas-

mids plus pEGFP at E14. The lower graphs show

the estimation of cell migration (see Figure 1

legend). (E) Cortical sections were immunostained

with EGFP and Nestin. White arrows and arrow-

heads indicate abnormal morphologies of the

leading processes and the round cells, respec-

tively.

(B) Lysates from primary cortical neurons (2 DIV)

transfected with the indicated plasmids were

subjected to immunoblot analyses with the indi-

cated antibodies. The numbers indicate the ratios

of N-cadherin/b-tubulin.

**p < 0.02, t test (compared with control or

sh-scr3). Each error bar indicates the SEM from

the mean. Scale bars: 200 mm in (A), (C), (D), and

(F); 10 mm in (E).
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HA-N-cadherin signals in perinuclear regions to that of other

cytoplasmic regions was increased in DN-Rab11 or R11-sh155-

electroporated cells, compared with each control (DN-Rab11:

p < 0.0001, R11-sh155: p < 0.0001, t test) (Figure 5F). These

data suggest that Rab5- and Rab11-dependent endocytic

recycling pathways play important roles in N-cadherin trafficking

and neuronal migration along radial glial fibers.

N-Cadherin Regulates Cortical Neuronal Migration
To examine whether N-cadherin is required for neuronal

migration, a DN-N-cadherin (D390)-expressing vector was elec-

troporated into E14 cerebral cortices, and the electroporated

brains were fixed at P0, 5 days after electroporation. DN-N-cad-

herin-expressing cells were abnormally located throughout the

cortical plate and intermediate zone, whereas most of control
596 Neuron 67, 588–602, August 26, 2010 ª2010 Elsevier Inc.
cells reached the superficial layer of the

cortical plate (Figure 6A). To confirm

this, we designed shRNAs for N-cad-

herin. Three shRNAs exhibited different

RNAi effects for endogenous N-cadherin

in primary cortical neurons (Figure 6B);

NC-sh1023, NC-sh1871, and NC-sh898

showed moderate, no, and strong RNAi

effects, respectively. Introduction of the

moderately effective NC-sh1023 into

cerebral cortices resulted in disturbed

neuronal migration (Figure 6C), and

this abnormality was rescued by coex-

pressing HA-tagged N-cadherin with the

NC-sh1023-resistant silent mutations

(Figure 6D). Interestingly, in the rescue

experiments, a small percentage of

EGFP-positive cells was stalled at the

border between the intermediate zone

and cortical plate, and these stalled cells

were strongly stained with anti-HA

antibody, suggesting that too strong
expression of N-cadherin also disturbed neuronal migration

(data not shown).

While no effect was observed in brains treated with

NC-sh1871 as expected, NC-sh898, which had a strong RNAi

effect, caused severe migration defects resulting in the observa-

tion of many EGFP-positive cells near the border of the interme-

diate zone and cortical plate (Figure 6C). In the intermediate

zone, the ratio of cells with round morphology was increased in

NC-sh1023-electroporated cortices (47.6% ± 2.9%, p < 0.001,

n = 4 brains [total 295 cells], t test) (Figure 6E), compared with

control conditions (10.2% ± 1.4%, see Figure 1E). A part of

N-cadherin-knockdown cells extended a leading process-like

protrusion, but its morphology was abnormal (Figure 6E).

It has been reported that N-cadherin functions in the neural

progenitors in the ventricular zone (Kadowaki et al., 2007;



Figure 7. Rab7 Suppression Disturbs the

Final Phase of Migration and Apical

Dendrite Morphology

(A–E) P0 cerebral cortices electroporated with the

indicated plasmids plus pEGFP at E14. Frozen

sections were stained with anti-EGFP antibody

(brown in A or green in B and D) and hematoxylin

(blue in A) or DAPI (blue in D) for visualizing nuclei.

(C and E) The graphs show the distances between

the nuclei in EGFP-positive cells and the pial edge

of the cortical plate. (C) n = 252 (control) or 256

(DN-Rab7) cells, p < 0.001 (t test). (E) n = 264

(sh-scr2) or 224 (R7-sh108) or 180 (R7-sh108 +

wt-Rab7) cells. R7-sh108 (p < 0.001, t test), but

not R7-sh108 + wt-Rab7 (p > 0.2, t test), signifi-

cantly increased the distance.

(F and H) Immunoblot analysis of cortical neurons

(2 DIV) transfected with the indicated plasmids

with the indicated antibodies. The numbers

indicate the ratios of N-cadherin/b-tubulin.

(G) The graph indicates the ratios of N-cadherin/b-

actin. DN-Rab7 significantly increased N-cadherin

protein levels (n = 4, p < 0.001, t test).

**p < 0.02, t test (compared with control or

sh-scr2). Scale bars: 50 mm. See also Figure S7.
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Zhang et al., 2010). Therefore, we constructed and electropo-

rated a neuron-specific Ta1-promoter-driven DN-N-cadherin

vector. At P0, 5 days after electroporation, the electroporated

cells exhibited migration defects (Figure 6F), suggesting that

the functions of N-cadherin in postmitotic neurons are required

for neuronal migration. These results suggest that N-cadherin

is one of the major target molecules of the Rab5- and Rab11-

dependent recycling pathway and contributes to cortical

neuronal migration along radial glial fibers.

Rab7-Dependent Degradation Pathway Is Involved
in the Final Phase of Migration, Rather Than
the Locomotion Mode
As described above, Rab7 suppression had little effect on

neuronal positioning, but the distances from the nuclei of

DN-Rab7-expressing cells to the pial edge of the cortical plate

were significantly increased, compared with that of control cells

at 5 days, but not 4 days, after electroporation (Figures 2C,

7A–7C, and S7A; data not shown). Knockdown of Rab7 also

caused similar neuronal positioning defects near the top of the

cortical plate, and this abnormality was restored by coexpress-
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ing wt-Rab7 with Rab7-shRNA (Figures

7D, 7E, and S7B). Although their somal

positions were slightly lower than control,

the apical (pial) processes of DN-Rab7-

expressing cells reached the marginal

zone (white arrowheads in Figure 7B)

and were well branched, exhibiting

features of mature apical dendrites (black

arrowheads in Figure 7A). This suggests

that the lower somal positioning was

due to a defect in the final phase ofmigra-

tion rather than just delayed locomotion.
Consistent with this, it is known that the final phase of neuronal

migration is morphologically and molecularly different from the

locomotion mode of migration, and thereby referred to as a

specific migration mode termed ‘‘terminal translocation’’

(Nadarajah et al., 2001). Although we cannot completely exclude

the possibility that the locomotion mode of migration was also

affected, our data strongly suggest that the Rab7-dependent

lysosomal degradation pathway specifically regulates the final

phase of neuronal migration. Furthermore, the dendritic shafts

in some DN-Rab7-expressing cells were thicker and longer

than control (arrows in Figure 7B), and the dendritic branches

were excessively elongated to reach the top of the marginal

zone (arrowheads in Figures 7A and 7B).

To identify a target molecule of the Rab7-dependent degrada-

tion pathway, we focused on N-cadherin because we found that

the staining signals for HA-tagged wt-N-cadherin were

decreased near the top of the cortical plate (Figure S6E). Primary

cortical neurons were transfected with DN-Rab7-expressing

vector and subjected to immunoblot analysis with anti-N-cad-

herin antibody. The expression of DN-Rab7 slightly but signifi-

cantly increased N-cadherin protein level (127.6% ± 3.0% of
, August 26, 2010 ª2010 Elsevier Inc. 597



Figure 8. Rab5 Regulates JNK Activity as Well as

Rab11-Dependent Recycling Pathway

(A and B) Immunoblot analysis of cortical neurons (2 DIV)

transfected with the indicated plasmids with antiphosphory-

lated (active) JNK (upper panels) and anti-total JNK (lower

panels) antibodies. The graph in (B) indicates the ratios of

phosphorylated JNK/total JNK ±SEM (%). The suppression

of Rab5 (p < 0.01, t test), but not Rab11 (p > 0.05, t test), signif-

icantly decreased JNK activity.

(C) Cerebral cortices at P0 electroporated with the indicated

plasmids plus pCAG-EGFP at E14. The right graph shows

the estimation of cell migration (see Figure 1 legend). The

fluorescence intensities in II-IV and IZ were slightly but signif-

icantly restored in brains coelectroporated with CAG-DLK/

MUK and R5-sh232, comparedwith R5-sh232-electroporated

brains (p < 0.01 in both layers, t test). Scale bar: 200 mm.

(D) Neurons exhibit various morphological changes during

the migration and maturation. Rab5-dependent endocytosis

and Rab11-dependent recycling pathway that may be down-

stream of Rab5, are required for the entrance into the cortical

plate and the migration of locomoting neurons (green cell in

right) through the trafficking of N-cadherin. In contrast,

Rab7-dependent lysosomal degradation pathway is involved

only in the final phase of neuronal migration and dendrite

morphology (light pink cells in right).

See main text and Figure S8.
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control samples, p < 0.001, t test) (Figures 7F and 7G). During the

final phase of migration, the activity of Fyn, a Src family kinase, is

thought to be increased in response to Reelin signals, which is

required for the terminal translocation (Olson et al., 2006; Tissir

and Goffinet, 2003), although Fyn activity is also required for

the locomotion mode or early phase of neuronal migration

(Nishimura et al., 2010). When a constitutive active form for

Fyn (CA-Fyn) was expressed in primary cortical neurons, the

protein levels of N-cadherin were slightly decreased (84.9% ±

1.4% of control samples, p < 0.01, t test); this reduction of

N-cadherin was restored by co-expression of DN-Rab7 with

CA-Fyn (Figure 7H). These data suggest that, at least in part,

N-cadherin is degraded by the Rab7-dependent lysosomal

pathway in response to Fyn activity.

Suppression of Rab5, but Not Rab11,
Decreased JNK Activity
A series of our experiments suggested that Rab5- and Rab11-

dependent endocytic recycling pathways regulate neuronal

migration along radial glial fibers through the trafficking of

N-cadherin whereas Rab7-dependent degradation pathways

are involved in the degradation of N-cadherin and the final phase

of neuronal migration (Figure 8D). However, Rab5 inhibition

exhibited stronger effects on neuronal migration than that of
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Rab11, implying that Rab5 plays other roles in

neuronal migration, in addition to Rab11-depen-

dent N-cadherin recycling. To test this possibility,

we examined the activities of several kinases

in DN-Rab5-expressing cells and found that

DN-Rab5 decreased the active phosphorylated

form of JNK, but not that of Erk1/2 or focal adhe-

sion kinase at Ser732 that is phosphorylated by
Cdk5 (Kawauchi et al., 2005; Xie et al., 2003), in primary cortical

neurons (Figures 8A, 8B, and S8A). In contrast, DN-Rab11 did

not significantly change the phosphorylation of JNK (Figures 8A

and 8B), suggesting that Rab5 may regulate JNK activity

independent of Rab11. Because JNK is known to regulate

neuronal migration (Kawauchi et al., 2003), we examined

whether Rab5-mediated JNK activation is also required for

proper neuronal migration. To test this, we tried to increase

JNK activity in Rab5-knockdown cells by means of overexpres-

sion of DLK/MUK, an upstream MAPKKK for JNK (Hirai et al.,

2002). Interestingly, coexpression of DLK/MUK partially, but

not fully, rescued the migration defects of Rab5-knockdown

cells (Figure 8C), suggesting that Rab5 regulates JNK activity

as well as Rab11-dependent recycling of N-cadherin to promote

neuronal migration.

One of the major upstream regulators for JNK is Rac1, whose

activity is controlled by Rab5 in HeLa cells andmouse embryonic

fibroblasts (Palamidessi et al., 2008). However, inhibition of

Rab5 did not significantly change Rac1 activity in cortical

neurons at least as deduced from a GST-PAK1 pull-down assay

(Rac1 activation assay, see Supplemental Experimental Proce-

dures), and expression of Rac1 (F28L), a fast cycling mutant

for Rac1, did not rescue the phenotype of Rab5 suppression

(Figures S8B–S8E).
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DISCUSSION

While brain function is dependent on the trafficking of synaptic

vesicles, brain construction, including neurite extension and

neuronal migration, is thought to be dependent on the proper

regulation of microtubules and actin cytoskeleton, rather than

membrane trafficking. In this study, we provide evidence that

endocytosis and its downstream endocytic pathways play

essential roles in neuronal migration and morphological changes

during cerebral cortical development prior to synaptogenesis.

Our findings also shed light on the physiological significance of

membrane trafficking pathways in higher organisms, as their

in vivo roles were largely unknown.

It is known that there are many endocytic pathways from the

early endosome, such as fast and direct recycling pathways to

plasma membrane, slow recycling pathways via recycling

endosomes, degradation pathways to lysosomes, and retro-

grade transport to Golgi apparatus via late endosome, and these

pathways are known to be regulated by different Rab family

proteins (Pfeffer, 2001; Stenmark and Olkkonen, 2001; Zerial

and McBride, 2001) (Figure 2H). Using in utero electropora-

tion-mediated functional suppression for each Rab protein, we

found that the Rab5-dependent endocytosis and Rab11-depen-

dent slow recycling pathway regulates cortical neuronal migra-

tion, mainly the locomotion mode of migration, through the

trafficking of N-cadherin (Figure 8D). In addition, our experi-

ments also showed that the Rab7-dependent lysosomal degra-

dation pathway is required for the final phase of migration and,

partly, for apical dendrite maturation. These findings indicate

that each membrane trafficking pathway differentially regulates

distinct steps of neuronal migration and maturation, in addition

to basic cellular functions, such as cell survival, in mouse

cerebral cortex.

Rab5 suppression increased total cell surface N-cadherin and

cell adhesion but decreased the localization of surface N-cad-

herin at the distal regions of the neuronal processes, suggesting

that Rab5-dependent endocytosis regulates the trafficking of

N-cadherin toward the distal tips of neuronal processes. Further-

more, Rab11 inhibition perturbed the intracellular trafficking of

N-cadherin via recycling endosomes. Although Rab5 suppres-

sion exhibited much stronger effects compared with the others,

in vivo suppression of Rab5 or Rab11 or N-cadherin caused

similar neuronal migration defects. Together with our observa-

tion that too strong expression of N-cadherin also disturbed

neuronal migration, these findings suggest that Rab5- and

Rab11-dependent recycling of N-cadherin from trailing

processes to the cell front may be important for the locomotion

mode of migration along radial glial fibers. This hypothesis is

also supported by our findings that some Rab5-knockdown

neurons had an abnormally thick trailing process, in which

N-cadherin was also localized (data not shown). It has been

reported that blocking endocytosis, by the expression of DN-dy-

namin II, leads to defects of tail retraction in migrating fibroblasts

(Ezratty et al., 2005), which may resemble the effects of Rab5

knockdown in migrating neurons. Furthermore, another very

recent report using nonneuronal cells showed that endocy-

tosis-mediated trafficking of integrin is required for cell migration

(Ezratty et al., 2009). Thus, in addition to cytoskeletal regulation,
the endocytosis and subcellular trafficking of cell adhesionmole-

cules may have general roles in cell migration.

We could not observe the increase of surface b1-integrin

level in Rab5-suppressed primary cortical neurons in our exper-

imental conditions. However, we cannot completely exclude the

possibility that integrins may be transported through Rab5- and/

or Rab11-dependent endocytic pathway, because the primary

cortical neurons in our experiments were cultured on poly-D-

lysine-coated dishes without any extracellular matrices, such

as fibronectin and laminin, which bind and activate integrins. In

fact, recent in vitro studies revealed that trafficking of integrins

are essential for the migration of cultured nonneuronal cells

(Ezratty et al., 2009; Nishimura and Kaibuchi, 2007; Teckchan-

dani et al., 2009). In addition, several precedent reports indicated

cooperative roles of cadherin and integrin in nonneuronal cells

(Shintani et al., 2008; Yano et al., 2004). These data implicated

that Rab5- and Rab11-dependent recycling pathways may

play important roles in the trafficking of manymembrane-associ-

ated molecules, including not only N-cadherin but also integrins,

and thereby regulate cortical neuronal migration.

The suppression of Rab5, but not Rab11, partly decreased

JNK activity, and overexpression of DLK/MUK slightly restored

the migration defects of Rab5-knockdown cells. In contrast,

Rab5 had little effect on the activity of Rac1, one of main

upstream regulators of JNK. Since many upstream pathways

for JNK are reported (Huang et al., 2004; Raman et al., 2007),

Rab5 may be involved in some of these pathways likely in a

Rac1-independent manner. Rab5-knockdown phenotypes

were also rescued by coexpression of weak shRNA for N-cad-

herin, suggesting that Rab5 regulates both JNK and N-cadherin

trafficking. However, we cannot exclude the possibility that

these observations are derived from indirect effects because

suppression of one cell adhesion molecule sometimes affects

the activity of the others. The leading processes of N-cadherin-

knockdown cells tended to adhere with each other, suggesting

that other adhesionmolecule(s) may be activated. Proper protein

levels and distribution of N-cadherin may regulate the activities

of many adhesion molecules to control the overall cell adhesion

properties of migrating neurons.

Our data showed that Rab7 is required for the final phase of

migration, rather than the locomotion mode (Figure 8D). In

some regions of the cortex, the position of DN-Rab4-expressing

cells also seemed to be slightly lower than that of controls at

5 days after electroporation (Figure 2D). These data suggest

that the final phase of migration exhibits different sensitivities

for membrane trafficking pathways. We recently reported that

functional suppression of PKCd caused a phenotype similar to

Rab7 suppression (Nishimura et al., 2010). Consistently, a recent

study reported that PKCd acts upstream of lysosomal organiza-

tion (Romero Rosales et al., 2009), implicating that PKCd might

act as an upstream of Rab7-dependent lysosomal degradation

pathway to regulate the final phase of migration. We also found

that Fyn activity, which should be enhanced at the final phase of

migration by Reelin signal (Tissir and Goffinet, 2003), promoted

the degradation of N-cadherin protein at least in part in a

Rab7-dependent manner, suggesting that N-cadherin is a candi-

date for the target molecule of the Rab7-dependent degradation

pathway to regulate the final phase of migration. An attractive
Neuron 67, 588–602, August 26, 2010 ª2010 Elsevier Inc. 599
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hypothesis is that increased Fyn activity changes N-cadherin

transport from Rab11-dependent recycling pathway into lyso-

somal degradation pathway at the final phase of migration,

which may induce the transformation from the locomotion

mode of migration along radial glial fibers to the radial fiber-inde-

pendent terminal translocation mode of migration. However, the

effects of DN-Rab7 and CA-Fyn on N-cadherin protein levels did

not appear very strong, suggesting that although N-cadherin is

one important target of the Rab7-dependent degradation

pathway, there may be other important target molecules of this

process.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies

Plasmids and primary antibodies used in this study were described in the

Supplemental Experimental Procedures.

In Utero Electroporation

Animals were handled in accordance with guidelines established by Kyoto

University and Keio University. All electroporations in this report were per-

formed on E14 embryos. In utero electroporation and quantification of EGFP

fluorescence intensities in various regions of electroporated cerebral cortices

were performed as described previously (Kawauchi et al., 2003). See the

Supplemental Experimental Procedures for details.

Quantitative Analysis for the Ratio of Cells

with Different Morphology

The morphology of migrating neurons was analyzed on frozen sections of

cerebral cortices at E17, 3 days after electroporation. The numbers of the cells

with multipolar or round or normal bipolar or inverted bipolar morphology were

counted in the intermediate zone (Figure 1E). Multipolar cells were defined as

cells with more than three processes or polygonal morphology, and inverted

bipolar as cells whose trailing process is thicker than leading process. Normal

bipolar indicates locomoting neurons. Graph in Figure 1D shows the ratio of

cells with branched leading process to locomoting neurons ± SEM. (n = 4

brains). Cells without leading process or inverted bipolar morphology were

excluded in the analysis in Figure 1D. See also the Supplemental Experimental

Procedures for details.

Quantitative Estimation of Perinuclear N-Cadherin Accumulation

Primary cortical neurons (2 DIV) were immunostained with anti-N-cadherin and

anti-EGFP antibodies. The fluorescent signals of N-cadherin at perinuclear

regions and other cytoplasmic regions (near the plasma membrane) were

measured by the use of Leica SP5 software. To subtract the effects of cyto-

plasmic volume, EGFP fluorescent signals at the same regions were also

measured and the ratio of N-cadherin to EGFP fluorescent signals was

calculated to evaluate ‘‘corrected’’ N-cadherin signals. The ratio of the cor-

rected N-cadherin signals in perinuclear regions to that of other cytoplasmic

regions (near the plasma membrane) was evaluated (Figures 5C and 5F).

In addition, the ratio of cells with perinuclear N-cadherin accumulation was

also evaluated (Figures 5G and S6D). The criterion for ‘‘perinuclear N-cadherin

accumulation’’ is the high fluorescence intensity of N-cadherin at the perinu-

clear region, which was defined by Leica SP5 software (see Figures S6A and

S6B). See the Supplemental Experimental Procedures for details.

Immunohistochemistry and Immunocytochemistry

Immunohistochemistry and immunocytochemistry were performed as

described previously (Kawauchi et al., 2003, 2006). See the Supplemental

Experimental Procedures for details.

Coculture of Primary Neurons and Nestin-Positive Cells

We modified a glial culture method and neuron-glial interaction assay devel-

oped by E.S. Anton and colleagues (Anton et al., 1999; Cameron et al.,

1997; Gongidi et al., 2004). E15 mouse embryonic cerebral cortices were
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dissociated into single cells. Cells were suspended in 500 ml of minimum

essential medium (MEM) containing 10% horse serum and plated on six-well

dishes coated with 1 mg/ml poly-D-lysine (Sigma). After a 7 day culture with

two passages, Tuj1-negative and Nestin-positive cells were concentrated.

Subsequently, primary cortical neurons from E15 embryonic cerebral cortices

were added to Nestin-positive cells and co-cultured in MEM containing 10%

horse serum for 2 days. See also the Supplemental Experimental Procedures

for details.

FACS Analysis

Primary cortical neurons transfected with Rab5-shRNA or control shRNA plus

EGFP-expressing vectors were washed with ice-cold PBS, treated with

anti-N-cadherin or b1-integrin antibody and incubated for 1 hr on ice. Cells

were washed with PBS, treated with phycoerythrin-conjugated secondary

antibody for 30 min on ice, and harvested with a cell scraper. After centrifuga-

tion at 2300 rpm (500G) for 5min, cells were washedwith PBS containing 0.1%

bovine serum albumin and subjected to FACS analysis.

Rac1 Activation Assay (GST-PAK1 Pull-Down Assay)

GST-PAK1 pull-down assay was performed using Rac1 activation assay

biochem kit (Cytoskeleton) according to the manufacturer’s instructions. See

the Supplemental Experimental Procedures for details.

Primary Culture of Embryonic Cortical Neurons and Immunoblotting

Primary culture experiments and immunoblotting were performed as

described previously (Kawauchi et al., 2003). See the Supplemental Experi-

mental Procedures for details.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Experimental Procedures, references, and

eight figures and can be found online at doi:10.1016/j.neuron.2010.07.007.
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