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Neuronal migration is essential for proper cortical layer
formation and brain function, because migration defects
result in neurological disorders such as mental retardation
and epilepsy. Neuronal migration is divided into several con-
tiguous steps: early phase (multipolar mode), locomotion
mode, and terminal translocation mode. The locomotion mode
covers most of the migration route and thereby is the main con-
tributor to cortical layer formation. However, analysis of the
molecular mechanisms regulating this mode is difficult due to
the secondary effects of defects at the early phase of migration.
In this study, we established an ex vivo chemical inhibitor
screening, allowing us to directly analyze the locomotion mode
of migration. Roscovitine and PP2, inhibitors for Cdk5 and Src
family kinases, respectively, suppressed the locomotion mode of
migration. In line with this, a small percentage of Cdk5- or Src
family kinase (Fyn)-knockdown cells exhibited locomoting
morphology but retarded migration, although the majority of
cells were stalled at the early phase of migration. We also
showed that rottlerin, widely used as a specific inhibitor for pro-
tein kinase C8 (PKCd), suppressed the locomotion mode. Unex-
pectedly, however, the dominant-negative form as well as RNA
interference for PKCo hardly affected the locomotion, whereas
they may disturb terminal translocation. In addition, we found
JNK to be a potential downstream target of rottlerin. Taken
together, our novel chemical inhibitor screening provides evi-
dence that Cdk5 and Src family kinases regulate the locomotion
mode of neuronal migration. It also uncovered roles for Fyn and
PKCd in the early and final phases of migration, respectively.

The mammalian cerebral cortex is a six-layered structure,
whose formation is largely dependent on regulated neuronal
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migration during developmental stages. The disruption of cor-
tical layer structure results in several neurological disorders
with mental retardation and/or epilepsy, such as lissencephaly
and periventricular heterotopia in humans (1-3). In addition,
recent reports indicated that schizophrenia and dyslexia are
associated with neuronal migration defects (4, 5). Thus, proper
regulation of neuronal migration is a pivotal step for the forma-
tion of a functional brain with a normal layered structure.
During cortical development, post-mitotic neurons, generated
near the ventricle, migrate toward the pial surface exhibiting vari-
ous morphological changes and neuronal maturation events (3, 6).
Neuronal migration is divided into several contiguous steps: the
early phase of migration (the multipolar migration mode and some
parts of neuronal maturation events), the locomotion mode, and
the terminal translocation mode (see Fig. 14). During the early
phase of migration, the majority of post-mitotic neurons display
multipolar morphology and undergo several neuronal maturation
events, including neuronal polarity and axon formation, in the
lower part of the intermediate zone. Subsequently, they transform
into bipolar-shaped neurons with a leading process, a future apical
dendrite. These bipolar-shaped neurons, called “locomoting neu-
rons,” migrate over a relatively long distance from the intermedi-
ate zone to the upper part of the cortical plate (the locomotion
mode of migration). At the final phase of migration, these loco-
moting neurons switch into the terminal translocation mode.
While many neuronal maturation events occur at the early phase
of migration, the longest part of the neuronal journey is dependent
on the locomotion mode of migration. Thus locomotion mode is
the principal component of proper layered cortical formation.
We and others have identified several molecules involved in
neuronal morphological changes and maturation events at the
early stage of migration (3, 7). Cyclin-dependent kinase 5
(Cdk5)? regulates the multipolar cell morphology and leading
process formation (8), and its downstream molecules, DCX and
Lis1, both of which are causative gene products of lissencephaly

3 The abbreviations used are: Cdk5, cyclin-dependent kinase 5; JNK, c-Jun
N-terminal kinase; MAP1B, microtubule-associated protein 1B; BIM, bisin-
dolylmaleimide I; PKC, protein kinase C; RNAi, RNA interference; NLS,
nuclear localizing signal; E, embryonic day; DN, dominant-negative; P,
postnatal day; shRNA, short hairpin RNA; EGFP, enhanced green fluores-
cent protein; PP2, 4-amino-5-(4-chlorophenyl)-7-(£-butyl)pyrazolo-
[3,4-d]pyrimidine.
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(9-11), are required for the transformation from multipolar to
locomoting neurons with a leading process (12, 13). c-Jun
N-terminal kinase (JNK), a kinase that phosphorylates micro-
tubule-associated protein 1B (MAP1B) and DCX, is also
required for the leading process formation (14-16). In addi-
tion, many other molecules regulating neuronal polarity have
been reported (17). SAD kinase and LKB1 are involved in neu-
ronal polarity and axon formation in the intermediate zone
(18-20). These recent findings contribute toward the under-
standing of the molecular mechanisms regulating the morpho-
logical changes and neuronal maturation events during the
early phase of neuronal migration.

After the formation of a leading process, neurons enter the
locomotion mode of migration. Because the locomotion mode
is the critical step for neuronal positioning and cortical layer
formation, the molecular analysis of this mode of migration is
needed to understand the mechanisms underlying brain con-
struction and related neurological disorders, such as lissen-
cephaly and schizophrenia. However, in contrast to the early
phase of migration, it remains difficult to directly analyze the
molecular mechanisms for the locomotion. A major hurdle is
that no promoter whose activation marks the start of the loco-
motion mode has yet been identified; thus obstructing i vivo
experiments using conditional knockout mice or in utero elec-
troporation-mediated functional suppression technique (21,
22). Thus analysis of the in vivo mechanisms underlying the
locomotion mode of migration is usually complicated by vari-
ous secondary effects of defects arising at the early phase of
migration, such as multipolar migration, leading process for-
mation and the acquirement of neuronal polarity and axon.

In this study, we established a time-lapse imaging-based ex
vivo chemical inhibitor screening method, allowing us to ana-
lyze the molecular mechanisms for the locomotion mode of
neuronal migration in cortical tissues. Using this technique, we
revealed that treatment with roscovitine, PP2, and bisindolyl-
maleimide I (BIM), inhibitors for Cdk5, Src family kinases, and
protein kinase C (PKC), respectively, suppressed the migration
rate of the locomoting neurons in cortical tissues. Consistently,
a small percentage of the knockdown cells for Cdk5 or Fyn (an
Src family kinase), exhibited locomoting morphology, but their
migration in the cortical plate was retarded. Furthermore,
treatment of primary cortical neurons with PP2 increased Ser-
732 phosphorylation on Focal adhesion kinase (FAK), which is
known to be phosphorylated by Cdk5, suggesting a cooperative
role for Cdk5 and Src family kinases in cortical neurons. We
also found that rottlerin (widely used as a specific inhibitor for
PKC$), but not safingol (an inhibitor for PKCe«), suppressed the
locomotion mode of migration. Surprisingly, use of RNA inter-
ference (RNAI) or dominant-negative PKC4 hardly affected the
locomotion mode of migration, suggesting that this inhibitory
effect of rottlerin occurs in a PKCé-independent manner.
Instead, the functional suppression of PKC6 seemed to disturb
the terminal translocation mode at the final phase of migration.

Taken together, this study proposes a novel method for
direct analysis of the locomotion mode of neuronal migration
and describes several regulatory molecules at each step of neu-
ronal migration, particularly the locomotion mode. Our results
suggest the involvement of Cdk5, PKC, Src family kinases, and
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anon-PKC3 rottlerin target (a candidate downstream molecule
is JNK) in the locomotion mode of migration. Novel roles for
Fyn and PKCSé in the early phase of migration and terminal
translocation mode, respectively, are also reported.

EXPERIMENTAL PROCEDURES

Plasmids—Plasmids were prepared using the EndoFree plas-
mid purification kit (Qiagen, Valencia, CA). DN-PKC54 (23) and
nuclear localizing signal (NLS)-fused DsRed (Clontech, Moun-
tain View, CA) cDNAs were inserted into pPCAG = MCS2 vec-
tor (24) to generate CAG = DN-PKCéand CAG = DsRed-NLS,
respectively. CAG = EGFP was described previously (14). To
construct shRNA-expressing vectors, oligonucleotides target-
ing two distinct regions in the PKC6 coding sequence (PKCé-
sh284: 5'-GCAAGAAGAACAACGGCAA-3'" and PKC8-sh911:
5'-CAACAGAGTCTGTCGGAAT-3'); one region in the Cdk5
coding sequence (Cdk5-sh47: 5'-GAACTGTGTTCAAGGC-
TAA-3'); two distinct regions in the Fyn coding sequence (Fyn-
sh465: 5'-CCGCAAAGATGCTGAGAGA-3' and Fyn-sh631:
5'-GGTGGATACTATATCACAA-3'); a control scrambled
sequence (sh-scr2: 5'-GAAGATTCTTCTTCGCAAA-3') and
their complementary sequences were inserted into the mU6pro
vector (25). All contain a nine-base hairpin loop sequence (5'-
TTCAAGAGA-3'). These sequences were designed based on
information from shRNA sequence analyses (B-Bridge Interna-
tional, Sunnyvale, CA).

Antibodies and Chemical Regents—Primary antibodies used
in this study were anti-PKCé (Santa Cruz Biotechnology, Santa
Cruz, CA), anti-phosphorylated PKC8 (Cell Signaling Technol-
ogy, Danvers, MA), anti-JNK (BD Biosciences, Franklin Lakes,
NJ), anti-phosphorylated JNK (Promega, Madison, WI), anti-
MAPIB (Santa Cruz Biotechnology), SMI31 (Sternberger
Monoclonal Inc., Baltimore, MD), anti-Cdk5 (Santa Cruz Bio-
technology), anti-Fyn (Santa Cruz Biotechnology), anti-3-actin
(Abcam, Cambridge, UK), anti-S732 phosphorylated FAK
(Sigma), and anti-FAK (Santa Cruz Biotechnology) antibodies.
For nuclear staining, 0.1 um quinolinium, 4-[3-(3-methyl-
2(3H)-benzothiazolylidene)-1-propenyl]-1-[3-(trimethylam-
monio)propyl]diiodide (TO-PRO-3, Molecular Probes, Eugene,
OR) was used. Roscovitine and safingol were purchased from
Sigma; BIM, rottlerin, KT5823, and PP2 were purchased
from Calbiochem; H89 was purchased from Seikagaku (Tokyo);
and SP600125 was purchased from BIOMOL (Plymouth Meet-
ing, PA).

In Utero Electroporation and Slice Culture of Embryonic Cer-
ebral Cortex—Pregnant ICR mice were purchased from SLC
Japan (Shizuoka, Japan). Animals were handled in accordance
with guidelines established by Kyoto University and Keio Uni-
versity. In utero electroporation was performed as described
previously (14) on embryonic day 14 (E14) embryos. For slice
tissue cultures, at E16, electroporated brains were cut into
300-um coronal slices with a microtome in Dulbecco’s modi-
fied Eagle’s medium/F-12 1:1 media (Invitrogen). In this study,
we used brain slices at the levels from the rostral edge of the
corpus callosum to the middle part of the hippocampus. Cortical
slices were incubated on the insert membrane (Millipore, Bedford,
MA) in 2 ml of enriched media (26) in a CO,/O, incubator (37 °C,
5% CO.,, 40 or 60% O,), and cultured for 12 h (Fig. 1B). The follow-
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FIGURE 1. An ex vivo chemical inhibitor screening for the molecules involved in locomotion. A, the cortical
section of an electroporated brain, at E17, 3 days after electroporation. Black bracket shows the entire path of the
neuronal journey at this stage. In the neuronal migration process, the locomotion mode (white arrow) covers most of
the migration (red bracket). In contrast, at the early phase of the migration, neurons exhibit various morphological
changes and neuronal maturation events, such as the formation of an axon and a leading process (green bracket).
These various cellular events can hinder direct analysis of the mechanisms of the locomotion mode (red bracket) or
the final phase (blue bracket) of neuronal migration. B and E, a schematic diagram for an ex vivo chemical inhibitor
screening. Embryonic brains were electroporated with EGFP- and NLS-fused DsRed-expressing vectors at E14. After
electroporation, the uterus was placed back into the abdominal cavity, allowing embryos to continue developing.
300-um coronal slices were obtained with a microtome at E16, cultured on the insert membrane under time-lapse
microscopy, and treated with chemical inhibitors as indicated. Because a few cells did not migrate even in the
control slices, we compared the migration rate of inhibitor-treated locomoting neurons with that of the same one
before the inhibitor treatment as an internal control (see “Results” and E). G, a cortical slice at the beginning of
the slice tissue culture. At this stage (E16), the EGFP-electroporated cells were just transforming from multipolar
neurons into locomoting neurons. D, time-lapse imaging of the locomoting neuron in a cultured tissue slice without
any inhibitors. The cell can be observed to continuously migrate toward the pial surface with a locomoting mor-
phology in the culture. Scale bars, 100 um (A and C) and 10 um (D).
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ing inhibitors were added into culture media 4 h after the start of
time-lapse observation; control DMSO (0.1%), roscovitine (100
un), H89 (20 pm), BIM (5 um), KT5823 (2 un), PP2 (10 pm),
safingol (30 um), rottlerin (1 or 5 um), and SP600125 (50 um). The
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concentrations of inhibitors were
determined by referring to previous
invitro studies that used cultured cells
(27-34).

Immunoblot Analysis, Primary
Culture, and Transfection—For pre-
paring cell lysates, primary cultured
neurons were washed with 2 ml of
ice-cold phosphate-buffered saline
and harvested with a cell scraper.
The harvested cells were centri-
fuged at 2300 rpm for 5 min and
lysed in buffer containing 20 mm
Tris-HCI (pH 7.5), 150 mMm NaCl, 1%
Triton X-100, EDTA-free Complete
protease inhibitor mixture (Roche
Applied Science), 10 mm B-glycero-
phosphate, 50 mm sodium fluoride,
and 1 mm sodium orthovanadate.
After 1-h incubation on ice, the
lysates were sonicated and centri-
fuged at 5000 rpm for 5 min at 4 °C
to remove cell debris. The superna-
tants were mixed with SDS sample
buffer (50 mm Tris-HCI (pH 6.8), 2%
SDS, 10% glycerol, 100 mm dithio-
threitol, or 5% 2-mercaptoethanol
and bromophenol blue). 5 ug of cell
lysates in SDS sample buffer was
separated with SDS-PAGE and elec-
trophoretically transferred onto poly-
vinylidene difluoride membranes.
Membranes were blocked with 5%
skim milk in TBST (20 mMm Tris-HCI
(pH 8.0), 150 mm NaCl, and 0.05%
Tween 20) for 1 h and probed with
primary antibodies in 5% skim milk
in TBST or Can Get Signal reagents
(Toyobo, Osaka, Japan), followed
by treatment with horseradish per-
oxidase-conjugated secondary anti-
bodies and ECL Plus Western blot-
ting detection reagents (Amersham
Biosciences). Signals were detected
and measured with a cooled charge-
coupled device camera (LAS-3000mini
or LAS-4000mini, Fujifilm, Tokyo).
Primary culture of embryonic cere-
bral cortices and transfection using
a nucleofector kit (Amaxa Biosys-
tems, Cologne, Germany) were per-
formed as described previously (8).

RESULTS

Chemical Inhibitor Screening for Locomotion Regulatory
Molecules—T o identify molecules that regulate the locomotion
mode of neuronal migration (Fig. 1A), we established an ex vivo
chemical inhibitor screening method (Fig. 1B). Using in utero
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FIGURE 2. Inhibitors for Cdk5, PKC, and Src family kinases suppressed the
migration rate of the locomoting neurons. A-F, time-lapse observation of
the locomoting neurons in cultured cortical tissues with or without the indi-
cated inhibitors. Cortical slices were cultured without any inhibitors for the
first4 h as aninternal control (white arrowheads). Subsequently, we added the
indicated inhibitors into cultured media (red arrows) and continued to
observe the same locomoting neurons for an additional 4 h (red arrowheads).
Green, EGFP; red, DsRed with NLS; scale bar, 20 um.

electroporation (14, 35, 36), EGFP- and NLS-fused DsRed-ex-
pressing vectors were transferred into embryonic cerebral cor-
tices at E14. The brains were dissected and sliced for tissue
culture at E16, when most of the electroporated cells were just
transforming into locomoting neurons (Fig. 1, C and D). The
prepared cortical slices were cultured on an insert membrane
under time-lapse microscopy and treated with several chemical
inhibitors. Initially, the migration speeds of individual locomot-
ing neurons were measured in the absence of inhibitors as an
internal control. After 4-h observation, a chemical inhibitor
was added to the culture media, and the migration speeds of the
same abovementioned locomoting neurons were measured in
succession (Fig. 1E). Addition of a control solvent (DMSO) did
not affect the migration of locomoting neurons toward the pial
surface (Figs. 24 and 3A and supplemental movie 1). The
migration rates of neurons treated with DMSO (average
speed = 21.7 um/h) were similar to those of non-treated neu-
rons (average speed = 20.1 um/h) (Fig. 4), consistent with
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FIGURE 3. Rottlerin and SP600125 decreased the migration rate of loco-
moting neurons. A-E, time-lapse observation of locomoting neurons in cul-
tured cortical tissues with or without rottlerin (1 or 5 um), safingol, or
SP600125. Cortical slices were cultured without any inhibitors for the first 4 h
as an internal control (white arrowheads). Subsequently, we added the indi-
cated inhibitors into cultured media (red arrows), and continued to observe
the same locomoting neurons for an additional 4 h (red arrowheads). Green,
EGFP; red, DsRed with NLS; scale bar, 20 um.
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FIGURE 4. The ratio of the migration speed of the locomoting neurons
after inhibitor treatment to before treatment. The migration speeds of the
locomoting neurons were measured in cortical slices before and after treat-
ment with the indicated inhibitors. The ratios of their migration speeds after
inhibitor treatment to before inhibitor treatment were calculated. More than
3 slices and 10 cells were examined for each inhibitor experiment. To omit
extreme exceptions, the cells exhibiting the maximum or minimum speed
were excluded. Each score represents the mean of ratios = S.E,, significant
differences between control and each inhibitor treatment were investigated
by the use of Welch's t test: *, p < 0.05; **, p < 0.01.
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reported time-lapse observations in cultured cortical slices
(37-39).

Previous mouse knockout (40) and dominant-negative
experiments (14) revealed that Cdk5 has essential roles in the
early phase of neuronal migration, including the formation of
multipolar morphology (8), neuronal polarity (41), and leading
process (8). These multiple roles of Cdk5 during the early phase
of migration complicate the analyses of Cdk5 function in the
locomotion mode of migration. Because treatment of the cor-
tical slices with roscovitine (a Cdk5 inhibitor), when most of the
electroporated cells are in the early phase of migration, causes a
phenotype similar to that of Cdk5-knockout mice or in utero
electroporation-mediated functional suppression of Cdk5 (24),
we used roscovitine to examine the role of Cdk5 in the locomo-
tion. We treated cultured cortical tissues with roscovitine while
observing individual locomoting neurons. Roscovitine treat-
ment decreased the migration speed of the locomoting neurons
(average speed = 9.5 um/h) (Fig. 2B and supplemental movie
2), indicating an additional role for Cdk5 during neuronal
migration.

We next examined the effects of several chemical inhibitors
for serine/threonine or tyrosine kinases on the locomotion
mode of migration by means of our ex vivo chemical inhibitor
screening method. Treatment with BIM, an inhibitor for all
subtypes of PKC when used at 5 um of final concentration,
suppressed the locomotion mode of migration (Fig. 2D),
whereas H89 and KT5823, inhibitors for protein kinase A and
protein kinase G, respectively, did not affect the locomotion
(BIM: average speed = 10.7 um/h, KT5823: average speed =
18.3 wm/h, H89: average speed = 15.9 um/h) (Fig. 2, C—E and
supplemental movies 3—5). In addition, PP2, an inhibitor for Src
family tyrosine kinases, suppressed the migration of the loco-
moting neurons (average speed = 8.5 um/h) (Fig. 2F and sup-
plemental movie 6). Quantitative analysis indicated that BIM
and PP2 resulted in ~30% or 40% reduction of the migration
rate of locomoting neurons, respectively (Fig. 4). It has been
reported that both PKC and Src family kinases are involved in
the preplate splitting by the earliest-born cortical neurons
around E11-13 (30). Our data suggest novel roles for PKC and
Src family kinases in the locomotion mode of migration at mid
to late corticogenesis.

Rottlerin Decreases the Migration Rate of Locomoting Neu-
rons—PKC kinases are classified into three subfamilies; con-
ventional PKC (PKCq, -BI, -BII, and -v), novel PKC (PKCS3, -¢,
-1, and -6), and atypical PKC (PKC{ and -A) (42). Because BIM
decreased the migration rate of the locomoting neurons, we
repeated the experiment using safingol and rottlerin, which
are widely used as specific inhibitors for PKCa or -8, respec-
tively. Although treatment with safingol did not affect the
locomotion mode of migration (average speed = 17.2 um/h),
rottlerin (5 um) resulted in decreased migration speeds
(average speed = 10.0 um/h) (Fig. 3, B and D, and supple-
mental movies 7 and 9).

Suppression of PKC8 Had Little Effect on the Locomotion—To
elucidate the requirement of PKC4 in the locomotion mode of
migration, we first performed dominant-negative experiments
using in utero electroporation. A dominant-negative PKC8
(DN-PKCé)-expressing vector was electroporated into E14
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embryonic cerebral cortices, and the electroporated brains
were fixed at postnatal day 0 (P0), 5 days after electroporation.
The electroporated cells were visualized with co-expressed
EGFP. Consistent with previous reports (14), control cells
migrated to reach the superficial layer of the cortical plate at PO
(Fig. 5, A and C). To our surprise, DN-PKCé-expressing cells
also reached the upper part of the cortical plate at PO, suggest-
ing that PKCé function is not required for the locomotion mode
of neuronal migration (Fig. 5, B and D). It is possible that rot-
tlerin disturbs locomotion in a non-cell autonomous manner.
For example, disorganized axon bundles from superior neurons
may affect neuronal migration. We found that cells, in which
PKC6 was suppressed, were observed to form axon bundles
normally at PO (Fig. 5, A and B), although this possibility cannot
be excluded.

To confirm the dominant-negative experiments, we per-
formed RNAi experiments. We constructed two shRNA-ex-
pressing vectors for PKC§, both of which efficiently reduced the
expression levels of PKCS (supplemental Fig. S1A). These
shRNAs for PKC8 were electroporated into E14 cerebral corti-
ces, which were subsequently fixed for histological observation
at PO. Consistent with the dominant-negative experiments,
most of the PKCé-knockdown cells migrated to the upper part
of the cortical plate at 5 days after electroporation, similar to
control (scrambled non-targeted) shRNA-electroporated cells
(supplemental Fig. S1, B-G). Our findings are consistent with
previous reports indicating that PKCé-deficient mice are viable
with no increase of other PKC isoforms (43) and showed no
gross anatomical abnormalities and evidence of abnormal neu-
ronal migration (44).

PKC8 Regulates the Terminal Translocation Mode, Rather
Than the Locomotion— Although our in vivo analyses indicated
that PKC8-suppressing cells migrate to reach the upper part
of the cortical plate, similar to control cells (Fig. 5, A-D), the
positioning of PKC&-suppressing cells seemed to be slightly
lower than that of control cells at PO (Fig. 5B and supplemental
Fig. S1, C and D). Measurement of the distance from the
nucleus of the electroporated cells to the pial edge of the corti-
cal plate revealed that both DN-PKCé-electroporated cells and
PKCé-knockdown cells showed the significantly increased dis-
tance between the nucleus and the pial edge of the cortical plate
(Fig. 5E and supplemental Fig. S1H). This phenotype is similar
to that of Dabl knockdown, a cytoplasmic adaptor protein
involved in the Reelin signaling pathway (45, 46). During the
final phase of migration, neurons do not use the locomotion
mode, but a specific migration mode, called terminal transloca-
tion (38), which is thought to be dependent on Dab1 (47). The
phenotypic similarity between the suppression of PKCé and
Dabl suggests that PKC6 may regulate the terminal transloca-
tion mode, rather than the locomotion.

It has been reported that the terminal translocation mode
occurs after the leading process reaches the marginal zone,
whereas the locomotion mode consists of repetitive cycles com-
prised of elongation of the leading process followed by somal
movement (38, 48). We observed that the tips of the leading
processes in many DN-PKCé-expressing or PKC8-knockdown
cells reached the marginal zone, and that some of them dis-
played branched morphologies: another feature of terminal
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tain side-effects (50), although rot-
tlerin is still widely used as a PKCé-
specific inhibitor. Therefore, we
next tried to identify a downstream
target molecule of rottlerin, other
than PKCé. Previously, we have
reported that suppression of JNK
disturbed neuronal migration and
leading process morphology (14).
Because a leading process is thought
to have important roles in the loco-
motion mode of migration, we
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FIGURE 5. DN-PKC6 had little effect on the locomotion mode of neuronal migration. A and B, embryonic
brains were electroporated with control (A) or DN-PKC& expressing vector (B) plus EGFP-expressing vector at
E14, followed by fixation at PO. White arrows show the axon bundles from the electroporated neurons. Cand D,
estimation of neuronal migration in cerebral cortices electroporated with the indicated plasmids. Numbers of
cells in each layer were counted in control and DN-PKC$ electroporated brains, respectively. Layers of the
cortical plate are indicated in Roman numerals; IZ, intermediate zone; VZ, ventricular zone. Each score repre-
sents the mean percentage of numbers of cells = S.E.,, n = 3. E, DN-PKCd-electroporated cells exhibited an
increased distance between the nucleus and the upper edge of the cortical plate. Each score represents mean
distance = S.E. More than 3 slices and 200 cells were analyzed, and the significant difference was examined by
the use of Student’s t test: **, p < 0.01. Fand G, high magnification of A and B. The tips of the leading processes
in many DN-PKC§ expressing cells reached the marginal zone (yellow arrowhead in the inset of G), and some of
them exhibited branched morphologies (red arrowhead in the inset of G). Scale bars, 200 um (A and B) and 50

um (Fand G).

translocating neurons (Fig. 5G and supplemental Fig. S1J).
These results further support the idea that PKC$ is involved
in the terminal translocation mode, although we cannot
exclude the possibility that the locomotion mode or early phase
of migration may also be slightly affected in PKCé&-suppressing
cells (49). Interestingly, both Dab1 and PKC are reported to be
involved in the preplate splitting (30, 45, 46). Although it is
unclear whether PKCé& is required for the preplate splitting, our
results implicate that PKC3 is involved in the terminal translo-
cation mode, in cooperation with the Reelin-Dabl signaling
pathway.

Rottlerin Suppressed JNK Activity—Our findings suggest that
the observed rottlerin inhibition on the locomotion mode is
occurring through a PKC8-independent pathway. Consistently,
there are recent reports indicating that rottlerin exhibits cer-
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vated phosphorylation of JNK (Fig.
6A). Furthermore, rottlerin treat-
ment also decreased the mode I
phosphorylation of MAP1B (Fig.
6B), which is a downstream mole-
cule of JNK to control neuronal
migration (14, 24).

It has been reported that JNK is
activated by many extracellular
stimuli. Whereas acute hypoxic
stress-induced JNK activation is
mediated by PKCé (51), platelet-
derived growth factor-induced
JNK activation is independent of
PKCé in primary human dermal
fibroblasts (52). This suggests that
whether PKCé action occurs
upstream of JNK is context-depen-
dent. Therefore, we investigated the
relationship between PKCS and
JNK in embryonic cortical neu-
rons. The transfection of a DN-
PKCé-expressing vector had little effect on JNK activation in
primary cortical neurons (Fig. 6C). In addition, the effect of
PKC38-shRNAs on the phosphorylation of JNK was very
small (Fig. 6D).

To confirm these observations, we next analyzed the effect of
a low concentration (1 um) of rottlerin on JNK activation,
because a previous report showed that it did not affect the activ-
ity of PKC& (53). Consistent with this, treatment with 1 um
rottlerin did not change the activated autophosphorylation of
PKC$ in primary cortical neurons (Fig. 6E). Under the same
condition, however, the phosphorylation of JNK continued to
be reduced (Fig. 6F). These data suggest that a large part of JNK
activation is independent of PKCS in cortical neurons.

We next examined whether the rottlerin-induced migra-
tion defect of locomoting neurons is caused by PKCé-inde-
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FIGURE 6. Rottlerin treatment reduced JNK activity. A and B, influence of
rottlerin on the phosphorylation of JNK1. Primary cultures of E15 mouse
embryonic cerebral cortices (2 days in vitro) were treated with 5 umrottlerin or
5 wM BIM for 3 h, and subjected to immunoblot analyses with anti-phospho-
JNK (P-JNK) and anti-JNK (Total JNK) or SMI31 mAb (P-MAP1B) and anti-MAP1B
(Total MAP1B) antibodies. C and D, suppression of PKCS had little effect on
JNK1 phosphorylation in primary cortical neurons. Primary cortical neurons
from E15 cortices were transfected with the indicated plasmids, and sub-
jected to the immunoblot analysis with anti-phospho-JNK (P-JNK) and anti-
JNK (Total JNK) antibodies at 2 days in vitro. The ratios of P-JNK1/Total JNK1
were 106.6% (DN-PKC$), 77.6% (PKC8-sh284), and 80.2% (PKC6-sh911), com-
pared with each control sample. E and F, low concentrations of rottlerin sup-
pressed the activated phosphorylation of JINK1, but not PKC8. Primary cortical
neurons from E15 cortices were treated with 1 um rottlerin for 3 h and sub-
jected to the immunoblot analysis with anti-autophosphorylated PKC8
(P-PKC8) and anti-PKC$ (Total PKC8) or anti-phospho-JNK (P-JNK) and anti-JNK
(Total JNK) antibodies at 2 days in vitro.
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pendent JNK activation. In cortical slices, treatment with 1
uM rottlerin suppressed the locomotion mode of migration
(average speed = 11.9 um/h) (Fig. 3C and supplemental movie
8), similar to that of 5 uMm rottlerin. Furthermore, treatment
with SP600125, a JNK inhibitor, also reduced the migration
speed of locomoting neurons (average speed = 7.9 um/h) (Fig.
3E and supplemental movie 10), consistent with previous
reports (14, 54). Because 1 um rottlerin did not affect PKC§
activity, JNK is a good candidate for a rottlerin-downstream
molecule involved in the locomotion mode of migration.

Knockdown of Cdk5 or Fyn Caused the Defects of Neuronal
Migration—Recent widespread analyses of inhibitor specifici-
ties revealed that, unlike rottlerin, roscovitine, and PP2 are reli-
able specific inhibitors for CDK and Src family kinases, respec-
tively (55, 56). To confirm this, we examined the effects of Cdk5
and Fyn (Src family kinase) knockdown on neuronal migration.
shRNAs for Cdk5 and Fyn, which were shown to efficiently
reduce cellular levels of their respective target protein (Fig. 7A)
(8), were electroporated into E14 cerebral cortices. The electro-
porated brains were fixed at PO, 5 days after electroporation. In
contrast to control cells, which migrated to reach the superficial
layer of the cortical plate, Cdk5-knockdown cells displayed
migration defects (Fig. 7, B and C). Although the majority of
electroporated cells were stalled in the intermediate zone, a few
cells displayed retarded migration and exhibited locomoting
morphology in the cortical plate (Fig. 7F).

To elucidate whether these Cdk5-knockdown cells with
locomoting morphologies showed delayed migration, we mea-
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FIGURE 7. Knockdown of Cdk5 and Fyn caused defects in neuronal migra-
tion. A, amount of Cdk5 and Fyn proteins in primary cortical neurons trans-
fected with the indicated shRNA vectors. Primary cortical neurons from E15
cerebral cortices were transfected with the indicated plasmids and incubated
for 2 days in vitro. The cell lysates were subjected to the immunoblot analysis
with the indicated antibodies to evaluate the efficiency for RNAi. B-E, embry-
onic brains electroporated with control scrambled shRNA (sh-scr2) (B), Cdk5-
sh47 (C), Fyn-sh465 (D), or Fyn-sh631 (E) plus EGFP-expressing vectors at E14,
followed by fixation at P0. F-H, Cdk5 or Fyn-knockdown cells in the cortical
plate exhibited locomoting morphology with aleading process. F, Cdk5-sh47;
G, Fyn-sh465; H, Fyn-sh631; and I and J, primary cortical neurons from E15
cerebral cortices were treated with PP2 for 3 h (/) or the indicated time (J), and
subjected to immunoblot analysis with the indicated antibodies. Control
(Cont) is cell lysates treated with DMSO for 3 h (/) or 6 h (J). Because Ser-732
phosphorylation on FAKis known to be a good and specific substrate of CdkS5,
we used the FAK phosphorylation as an indicator for Cdk5 activity. Scale bars,
100 wm (B-E) and 10 wm (F-H).

sured their migration speed in cortical slices. Their migration
speeds were significantly reduced compared with control
scrambled shRNA-electroporated cells (supplemental Fig. S2
and supplemental movies 11 and 12). Furthermore, when
Cdk5-shRNA-electroporated cortical slices were treated with
roscovitine, Cdk5-knockdown cells barely exhibited any addi-
tional migration delays (supplemental Fig. S2 and supplemental
movie 12), suggesting that the effect of roscovitine on the loco-
motion is largely dependent on Cdk5 activity. These observa-
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tions support our chemical inhibitor experiments using rosco-
vitine (Fig. 2B) as well as previous findings revealing the
essential roles of Cdk5 in the early phase of migration (8). It also
suggests that roscovitine cell-autonomously suppressed the
locomotion mode of neuronal migration.

Knockdown of Fyn disturbed the early phase of neuronal
migration, although like Cdk5 knockdown, some cells exhibited
retarded migration with locomoting morphology in the cortical
plate (Fig. 7, D, E, G, and H). In addition, the migration speeds of
Fyn-knockdown locomoting neurons were reduced in cortical
slice tissues (supplemental Fig. S2). Treatment of Fyn-shRNA-
electroporated cortices with PP2 did not further affect their
migration speeds (supplemental Fig. S2 and supplemental
movie 13), suggesting that, among several Src family kinases,
Fyn is a major target of PP2 for controlling the locomotion
mode of migration. These data are consistent with our chemical
inhibitor experiments.

Itis believed that Fyn is involved in the Reelin-Dab1 signaling
pathway, which regulates the preplate splitting and terminal
translocation mode of migration, rather than the locomotion
mode and early phase of migration (30, 45-47). However, our
findings suggest a novel role for Fyn in the early phase of migra-
tion as well as the locomotion.

Because our data suggest that both Cdk5 and Src family
kinases are required for the locomotion mode and early
phase of migration probably in a cell-autonomous manner,
we next analyzed the relationship between Cdk5 and Src
family kinases. Although Fyn is known to phosphorylate
Cdk5 at Tyr-15 and to activate it in dendrites (57), Tyr-15
phosphorylation on endogenous Cdk5 could hardly be detected
in whole cell lysates from primary cortical immature neurons
(2-day in vitro) before synaptogenesis (data not shown). Pri-
mary cortical neurons were treated with PP2 and subjected to
immunoblot analysis with antibodies recognizing Ser-732-
phosphorylated FAK, a good Cdk5 substrate (58). Interestingly,
treatment with PP2 increased the phosphorylation of FAK at
Ser-732, which was suppressed by cotreatment of roscovitine
with PP2, suggesting that Src family kinases negatively regulate
CdKk5 activity (Fig. 71). The maximal effects on FAK phosphor-
ylation were observed at 1-3 h after treatment with PP2, with
effects tapering with time (Fig. 7/). Such a transient effect of PP2
may explain why other functional suppression experiments for
Src family kinases do not increase the activity of Cdk5.

DISCUSSION

Neurons utilize the locomotion mode of migration during
most of the journey to their final destination, so that the loco-
motion mode is the major contributor to proper layer forma-
tion of cerebral cortex and thereby to construction of a func-
tional brain (Fig. 14). However, the analysis of the molecular
mechanisms for the locomotion mode of migration without
secondary effects of various cellular events at the early phase of
migration has remained difficult. Here, we have established a
novel ex vivo chemical inhibitor screen to identify molecules
involved in the locomotion mode of migration directly. Our
results reveal that Cdk5 and Src family kinases are required for
the migration of locomoting neurons (Fig. 8). Because the
knockdown of Cdk5 or Fyn, using in utero electroporation,
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believed that PKCS was the target molecule of rottlerin, PKC6 may be
involved in the terminal translocation at the final phase of neuronal migra-
tion, rather than the locomotion. In addition, our in vivo RNAi data showed
that Fyn is required for the early phase of neuronal migration.
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strongly inhibited the early phase of neuronal migration, it is
apparent that conventional methods would not be useful for
analyzing the molecular mechanisms underlying the locomo-
tion mode. Our ex vivo chemical inhibitor screen represents a
powerful method for identifying the molecules that regulate the
locomotion mode of migration. However, in interpreting the
results of the chemical inhibitor experiments, we should be
careful of the following points. One is the side-effects of inhib-
itors. With regard to this issue, previous reports analyzing the
specificities of various inhibitors are very useful (55, 56, 59).
For example, roscovitine is reportedly a reliable specific inhib-
itor for CDK kinases but rottlerin is not a good specific inhibitor
for PKC8. Another problem is that the ex vivo chemical inhib-
itor experiments cannot discriminate between cell-autono-
mous and non-cell-autonomous effects. Therefore, the chemi-
cal inhibitor analysis should be used in combination with RNAi
or dominant-negative experiments for confirmation (e.g. Fig. 7
and supplemental Fig. S2).

Several reports indicated that Cdk5 is required for many cel-
lular events at the early phase of neuronal migration. Cdk5 reg-
ulates multipolar cell morphology through the phosphorylation
and stabilization of p27*%7?, but leading process formation in a
p27%7!_independent manner (8), suggesting that Cdk5 phos-
phorylates different substrates to control separate steps of neu-
ronal migration. Actually, Cdk5 phosphorylates many signaling
and cytoskeletal proteins, including FAK, DCX, Ndell, p21-
activated kinase, Paxillin, and Neurabin I (58, 60—64). It is
important to identify the downstream pathway of Cdk5 in the
regulation of the locomotion mode of migration, which may be
achieved by means of our ex vivo chemical inhibitor screening
method.

We also found that BIM, an inhibitor for all subtypes of PKC,
decreased the migration rate of locomoting neurons (Fig. 8),
whereas the suppression of PKCé (a novel PKC subfamily
member) or treatment with safingol, an inhibitor for PKCa
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(a conventional PKC subfamily member), did not. It suggests
that other PKC subtype(s) may regulate the locomotion mode
of migration. Because Par6, which forms a complex with atyp-
ical PKC, is involved in neuronal migration in the developing
cerebellum (65), BIM treatment might suppress the locomotion
at least in part through the inhibition of atypical PKC activities.

In addition to PKC, we found that Src family kinases are also
involved in the locomotion mode of migration. Inhibitors for
both PKC and Src family kinases are reported to disturb the
preplate splitting (30), implicating that the cooperation be-
tween PKC and Src family kinases may play some important
roles. Src family kinases, Fyn and Src, phosphorylate Dabl,
whose deficiency also causes a failure to split the preplate (45,
46). On the other hand, knockdown of Dab1 does not affect the
locomotion mode of migration at mid- or late-corticogenesis
(47, 66), suggesting that Src family kinases regulate the locomo-
tion mode independent of Dab1, unlike the terminal transloca-
tion and preplate splitting. Furthermore, we found that the
knockdown of Fyn inhibited the early phase of neuronal migra-
tion (Fig. 8). These findings provide novel Dabl-independent
functions of Fyn and other Src family kinases in the locomotion
and/or early phase of neuronal migration. Together with the
observation that there is some relationship between Cdk5
and Src family kinases in primary cortical neurons, Src family
kinases may act with Cdk5 in the locomotion mode and/or early
phase of migration, but with Reelin and Dab1 in the terminal
translocation mode.

Although it hardly disturbed the locomotion mode, the func-
tional suppression of PKC8 caused abnormal cell positioning
near the pial edge of the cortical plate, probably due to a defect
in terminal translocation at the final phase of migration (Fig. 8).
Our findings, using the dominant-negative form and RNAi, are
consistent with the observation that abnormal neuronal migra-
tion was not detected in PKC8-knockout mice (44). However,
we could not exclude the possibility that PKC4 is also involved
in the locomotion mode or early phase of migration, in addition
to the final phase of migration, because knockdown or domi-
nant-negative experiments may not completely inhibit all
PKCS& activity in migrating neurons.

We found that rottlerin suppressed JNK activity. Because
a low concentration of rottlerin, which did not affect PKCo
activity, also reduced JNK phosphorylation in primary cortical
neurons and the migration rate of the locomoting neurons in
cortical slices, JNK may partly account for rottlerin-induced
suppression of the locomotion mode of migration. However, a
previous report, using an ixn vitro kinase assay, indicates that
direct effect of rottlerin on the activities of JNK1, -2, and -3 are
not substantial (56), suggesting that rottlerin may reduce JNK
activity indirectly.

In summary, our novel ex vivo chemical inhibitor screening
has revealed important molecules that regulate the locomotion
mode of neuronal migration. We show that Cdk5, PKC, and Src
family kinases as well as a yet to be identified rottlerin-target
molecule(s) (a candidate molecule is an upstream regulator for
JNK) are required for the migration of locomoting neurons.
Furthermore, we showed that Fyn is required for the early phase
of neuronal migration, and that PKC8 may be involved in the
terminal translocation at the final phase of neuronal migration.
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These findings provide some critical pieces toward our under-
standing of the molecular machinery for neuronal migration
and cortical layer formation, which are closely associated with
neurological disorders.
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