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In the early development of the central nervous system, neural
progenitor cells divide in an asymmetric manner and migrate along
the radial glia cells. The radial migration is an important process for
the proper lamination of the cerebral cortex. Recently, a new mode
of the radial migration was found at the intermediate zone where
the neural progenitor cells become multipolar and reduce the
migration rate. However, the regulatory signals for the radial
migration are unknown. Using the migration assay in vitro, we
examined how neural progenitor cell migration is regulated. Neu-
ral progenitor cells derived from embryonic mouse telencephalon
migrated on laminin-coated dishes. Endothelin (ET)-1 inhibited the
neural progenitor cell migration. This ET-1 effect was blocked by
BQ788, a specific inhibitor of the ETB receptor, and by the expres-
sion of a carboxyl-terminal peptide of Gaq but not Geai. The
expression of constitutively active mutant of Gaq, GaqR183C,
inhibited the migration of neural progenitor cells. Moreover, the
inhibitory effect of ET-1 was suppressed by the c-Jun N-terminal
kinase (JNK) inhibitor SP600125 and the expression of the JNK-
binding domain of JNK-interacting protein-1, a specific inhibitor of
the JNK pathway. Using the slice culture system of embryonic
brain, we demonstrated that ET-1 and the constitutively active
mutant of Gaq caused the retention of the neural progenitor cells
in the intermediate zone and JNK-binding domain of JNK-interact-
ing protein-1 abrogated the effect of ET-1. These results indicated
that G protein-coupled receptor signaling negatively regulates
neural progenitor cell migration through Gq and JNK.

G protein a-subunit | radial migration | endothelin

N eural stem cells are self-renewing and multipotent cells,
which give rise to neurons, astrocytes, and oligodendrocytes
in the CNS. In the developing cerebral cortex, neural stem cells
differentiate into more committed progenitor cells and migrate
from the ventricular zone (VZ) to superficial layers of the
cortical plate (CP) along the fibers of radial glial cells (1). This
radial migration is an important process for the correct lamina-
tion of the cerebral cortex.

Recently, time-lapse imaging studies in slices of the developing
neocortex showed that neural progenitor cells migrate by three
modes: somal translocation, cellular locomotion, and multipolar
migration (2, 3). The migrating cells change migration direction
and rate in the intermediate zone (IZ). In this mode, cells change
from bipolar to multipolar. The multipolar cells sometimes jump
tangentially. Then the cells become bipolar again and progress
radially to the CP. The mechanism of multipolar migration is
unknown, but the regulatory signals to the migrating cells in the
IZ may be physiologically important in the developing cerebral
cortex.

The extracellular matrix (ECM) is essential for the develop-
mental process, including the regulation of cell motility, and
contributes to the formation of organs (4, 5). ECM and integrins
play an important role in the migration of neural crest cells (6)
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and in the proper lamination in the development of the cerebral
cortex (7, 8). Laminin is a major member of the ECM and acts
as a permissive migratory substrate for granule cell precursors to
migrate from the external granule cell layer into the internal
granule cell layer (9).

G protein-coupled receptors (GPCRs) constitute the largest
family of seven-transmembrane receptors and are responsible
for converting a diverse array of extracellular stimuli into
intracellular signaling events. GPCRs are involved in a variety of
physiological processes, such as proliferation, differentiation,
and migration. Although there are several reports that indicate
the involvement of GPCR signaling in neural progenitor cell
migration, the mechanism by which GPCR signaling regulates
the migration remains to be clarified. Endothelin (ET) is known
as vasoactive peptides that comprise three isoforms, ET-1, ET-2,
and ET-3. These peptides bind to ETA and ETB receptors with
different affinity (10). In the peripheral nervous system, the ETB
receptor and ET-1 are important during neural crest develop-
ment (11). However, the function of ETs and their receptors in
the developing CNS is poorly understood. The c-Jun N-terminal
kinase (JNK), a member of the mitogen-activated protein kinase
(MAPK) family, is generally thought to be involved in inflam-
mation, proliferation, and apoptosis (12). Recently, we (13, 14)
and other groups (15-19) demonstrated that JNK and its up-
stream kinases are implicated in cell migration in a certain type
of cells as well as brain.

To investigate the role of GPCR signaling in the developing
CNS, the effect of the GPCR and MAPK system on cell
migration was examined by using primary neural progenitor
cells. We found that the ETB receptor transduced the signal for
inhibition of neural progenitor cell migration through the Gq
and JNK pathway in vitro and in vivo.

Materials and Methods

Materials. EGF and DNasel were purchased from Roche Diag-
nostics. Basic fibroblast growth factor was obtained from Pep-
rotech (London). The B27 supplement and trypsin were pur-
chased from GIBCO/BRL. MAPK cascade inhibitors, U0126,
SB202190, and SP600125 were obtained from Calbiochem. ET-1
was purchased from the Peptide Institute (Osaka). Laminin was
obtained from Invitrogen.

Preparation and Culture of Neural Progenitor Cells. Neural progen-
itor cells were prepared from embryonic day (E) 11.5 ICR mice.

Abbreviations: ET, endothelin; ECM, extracellular matrix; GPCR, G protein-coupled recep-
tor; JNK, c-Jun N-terminal kinase; JIP1-JBD, JNK-binding domain of JNK-interacting
protein-1; MAPK, mitogen-activated protein kinase; VZ, ventricular zone; CP, cortical plate;
1Z, intermediate zone; PDL, poly-p-lysine; Ga-ct, carboxyl-terminal peptide of the G protein
a-subunit; En, embryonic day n; DF, DMEM/F-12.
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The telencephalon of the embryo was dissected surgically under
the microscope. The dissected telencephalon was treated with
0.05% trypsin for 10 min at 37°C, and this reaction was stopped
by 70 pg/ml ovomucoid. Cells were suspended in DMEM/F-12
medium (DF medium). The cell number was counted, and 2 X
106 cells were plated in a 100-mm dish coated with 20 ug/ml
poly-2-hydroxyethyl methacrylate. Cells were cultured in DF
medium supplemented with a B27 supplement, 20 ng/ml basic
fibroblast growth factor, 20 ng/ml EGF, 100 ug/ml BSA, and 2
pg/ml heparin. Cultures were passaged every 3 days.

Migration Assay. A 15-mm cover glass was coated with 200 ug/ml
poly-D-lysine (PDL) and then with the indicated concentrations
of laminin. The cover glass was placed on a 35-mm plastic dish.
Fifty microliters of a cell suspension, including ~50 neuro-
spheres of similar diameters (100-300 pwm), was loaded on the
cover glass and incubated at 37°C for 90 min. Two milliliters of
DF medium was added to the dish, and, 24 h later, the extent of
migration was analyzed under the microscope. Migration was
assessed by measurement of the distance from the edge of the
sphere to the leading cell of outgrowth. If this distance was more
than the diameter of the neurosphere or the neurosphere was
completely dispersed, this sphere was evaluated as a migrating
neurosphere. At least >40 neurospheres were counted in each
experiment.

Recombinant Adenovirus. Adenoviruses expressing GFP, the JNK-
binding domain of JNK-interacting protein-1 (JIP1-JBD), Gaq
R183C, and C-terminal peptides of Gaq, Gai2, Gal2, and Gal3
were prepared as described (20). These adenoviruses other than
adenovirus expressing the JIP1-JBD express GFP; thus, the
infection of adenovirus to cells can be monitored by GFP
fluorescence. All adenoviruses were used at a multiplicity of
infection of 25 to infect to neural progenitor cells for 3 days.

Immunoblotting. Neural progenitor cells maintained in poly-2-
hydroxyethyl methacrylate-coated, 60-mm dishes were lysed and
sonicated in 100 ul of an ice-cold cell lysis buffer (20 mM
Hepes'NaOH, pH 7.5/3 mM MgCl,/100 mM NaCl/1 mM
DTT/1 mM phenylmethane sulfonylfluoride/1 ug/ml leupep-
tin/1 mM EGTA/1 mM Na3zVO4/10 mM NaF/20 mM B-glyc-
erophosphate/0.5% Lubrol PX). Then, the lysates were analyzed
by immunoblotting. The blotting membranes were incubated
with anti-JNK (rabbit, 1:1,000, Cell Signaling Technology, Bev-
erly, MA) and anti-phospho-JNK (rabbit, 1:2,000, Promega)
antibodies for 60 min. After washing, the membrane was incu-
bated with anti-rabbit-IgG conjugated with horseradish perox-
idase in 5% skim milk. Immunoblotting was analyzed by using an
enhanced chemiluminescence kit according to the manufactur-
er’s instructions (Amersham Pharmacia Biotech). The band
intensity of the immunoblotting was quantified with a Lumino
Image Analyzer (Fuji).

Cortical Slice Culture. For vibratome sectioning, the whole fetal
mouse brain at E16.5 was embedded in 1.5% low-melting
agarose in DF medium containing 20 mM Hepes-NaOH (pH
7.5). Sections (150 wm thick) were cut in the coronal plane with
a vibratome. The cells were infected with a recombinant ade-
novirus along the surface of the ventricle with a heat-sharpened
glass capillary. Infected sections were incubated for 1 h and then
washed out with PBS and DF medium. The sections were placed
on Millicell-CM (Millipore) in a 35-mm dish. The slice culture
was maintained for 3-4 days in 1 ml of DF medium containing
the B27 supplement, EGF, basic fibroblast growth factor, hep-
arin, and BSA. Slices were fixed in 4% paraformaldehyde for 6 h.
Fluorescent images of fixed slices were captured by microscopy.
Fluorescence intensities of similar-width rectangles in three
regions of the cerebral cortex (CP, IZ, and VZ) were measured

12366 | www.pnas.org/cgi/doi/10.1073/pnas.0506101102

- Laminin + Laminin

=Y
m o
e o

(% of total neurospheres)
2

Migrating neurospheres

0® L L " "
0 10 20 30 40

Laminin (ug/ml)

Fig. 1. Laminin-dependent migration of neural progenitor cells derived
from mouse E11.5 embryonic telencephalon. (A and B) Neurospheres were
plated on a cover glass coated with 200 png/ml PDL (A) or PDL plus 20 ug/ml
laminin (B) and cultured for 12 h. (C) Neurospheres were cultured on a cover
glass coated with 200 ug/ml PDL and the indicated different concentrations
of laminin. Cell migration was assessed as described in Materials and Methods.
Data are the mean = SD of at least three independent experiments. (Bar,
250 um.)

with Scion (Frederick, MD) IMAGE software. Relative intensities
to the total fluorescence were calculated as the percentage of
GFP-positive cell position.

Results

Neural Progenitor Cells Migrated on Laminin. A migration assay was
performed as described in Materials and Methods. On a cover
glass coated with only PDL, the progenitor cells did not migrate
out of the neurosphere for 12 h (Fig. 14). In contrast, neural
progenitor cells on the cover glass coated with PDL plus laminin
began to migrate out of the neurosphere within 2 h. Twelve hours
after plating, most of the cells migrated from the neurosphere to
the monolayer (Fig. 1B). As shown in Fig. 1C, the neural
progenitor cells migrated in a concentration-dependent manner.
This finding indicates that laminin is an important substrate on
the neural progenitor cell migration in vitro.

ET-1 Inhibited the Migration of Neural Progenitor Cells Through the
ETB Receptor. Previously, we found that ET-1 inhibits the cell
migration in human embryonic kidney 293 cells (13). We inves-
tigated the effect of ET-1 on neural progenitor cell migration.
ET-1 inhibited the migration of neural progenitor cells in a
dose-dependent manner (Fig. 24). Two types of receptors for
ETs are known as ETA and ETB receptors. Next, we used
specific antagonists for ET receptors. BQ485 is a specific an-
tagonist for the ETA receptor, and BQ788 is specific for the ETB
receptor. As shown in Fig. 2B, BQ788 abrogated the ET-1-
induced inhibition, but BQ485 had almost no effect on the
inhibition. Moreover, ET-3, which activates the ETB receptor
but not the ETA receptor, inhibited the neural progenitor cell
migration (data not shown). These results indicated that ET
negatively regulates the migration of neural progenitor cells
through the ETB receptor.

ET-1 Inhibited the Migration of Neural Progenitor Cells Through Gaq.

The ETB receptor interacts with Gi (21), Gq, and G12 (22). To
determine the role of G proteins in the inhibitory effect of ET-1

Mizuno et al.
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Fig. 2. ET-1inhibits the migration of neural progenitor cells on laminin via
ETB receptor. (A) Neurospheres were plated on a cover glass coated with PDL
and laminin and cultured for 24 h with several concentrations of ET-1. (B)
Neurospheres were treated with 10 uM BQ485, an antagonist of the ETA
receptor, or 10 uM BQ788, an antagonist of the ETB receptor, for 30 min
before treatment with 100 nM ET-1. Data are the mean =+ SD of at least three
independent experiments.

on the migration of neural progenitor cells, we examined the
effect of the recombinant adenoviruses expressing the carboxyl-
terminal peptides of the G protein a-subunit (Ga-ct). Ga-ct can
inhibit the receptor-G-protein coupling with selectivity (20).
Infection of adenoviruses harboring Gag-ct and Gai-ct did not
affect the migration of neural progenitor cells (Fig. 3). In
contrast, the inhibitory effect of ET-1 on neural progenitor
migration was blocked by Gag-ct but not Gai-ct. Gal2-ct and
Gal3-ct did not inhibit the effect of ET-1 (data not shown). To
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Fig. 3. Gq mediates the inhibitory effect of ET-1 on neural progenitor
migration. (A) Neural progenitor cells were infected with adenoviruses har-
boring GFP, Gag-ct, and Gai-ct at a multiplicity of infection of 25. Forty-eight
hours after infection, neurospheres were plated on cover glasses coated with
PDL and laminin and cultured for 24 h. Representative phase-contrast images
are shown. (B) The effect of Gag-ct and Gai-ct on the migration of neural
progenitor cells is quantitated as a percentage of migrating neurospheres.
Data are shown as the mean =+ SD of at least three independent experiments.
(Bar, 250 um.)
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Fig.4. Effect of a constitutively active mutant of Gag, GaqR183C, on neural
progenitor cell migration. (A) Neural progenitor cells were infected with
adenoviruses harboring GFP or GaqR183C. Twenty-four hours after plating,
the migration of neurospheres was analyzed by phase-contrast microscopy
(Ph). The expression of adenoviruses was confirmed by fluorescence micros-
copy (FL). (B) Effect of GagR183C on the migration of neural progenitor cells
is shown as a percentage of migrating neurospheres. Data are shown as the
mean * SD of at least three independent experiments. (Bar, 250 um.)

confirm the involvement of Gaq in the regulation of neural
progenitor cell migration, we expressed a constitutively active
mutant of Gaq, GaqR183C (Fig. 4). The expression of Gaq
R183C inhibited the migration of neural progenitor cells. These
results suggested that the inhibitory effect of ET-1 on the
migration of neural progenitor cells is mediated through Gq.

JNK Mediated ET-1-Induced Inhibition of Neural Progenitor Cell Mi-
gration. We previously demonstrated that ET-1 inhibits the
migration of human embryonic kidney 293 cells via JNK (13). To
clarify whether MAPKs were involved in the ET-1-induced
inhibition of neural progenitor migration, we used specific
inhibitors: U0126, an inhibitor of MEK1 /2, which is an activator
of extracellular signal-regulated kinase; SB202190, an inhibitor
of p38; and SP600125, an inhibitor of JNK. Neural progenitor
cells were preincubated with these inhibitors. As shown in Fig.
5, U0126 and SB203580 showed no effect on the inhibition of
neural progenitor cell migration by ET-1. In contrast, pretreat-
ment of neurospheres with SP600125, a specific inhibitor of INK,
rescued the inhibitory effect of ET-1. Thus, it was suggested that
ET-1 inhibits the migration of neural progenitor cells via the
activation of JNK. To confirm the ET-1-induced JNK activation
in neural progenitor cells, we investigated the phosphorylation of
endogenous JNK by using an antiphosphorylated JNK antibody
that recognizes its active state (Fig. 6). Stimulation with ET-1
increased the phosphorylated JNK in neurosphere cells in a
time-dependent manner. Moreover, we expressed JIP1-JBD, a
specific inhibitor of the JNK pathway (Fig. 7). Although the
expression of JIP-JBD did not affect the migration of neural
progenitor cells, ET-1-induced inhibition was attenuated in cells
expressing the JIP1-JBD. These results indicated that JNK
activation is crucial for the inhibition of migration by ET-1.
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Fig. 5. Involvement of JNK in the inhibition of neural progenitor migration
by ET-1. Neurospheres were plated on a cover glass coated with PDL and
laminin and pretreated with several concentrations of inhibitors for 30 min
before the addition of ET-1. U0126 (), an inhibitor of MEK1/2, and SB203580
(), aninhibitor of p38, had no effect on the ET-1-induced inhibition of neural
progenitor cell migration. SP600125 (®), a specific inhibitor of JNK, rescued
the inhibitory effect of ET-1. Data are shown as the mean + SD of at least three
independent experiments.

Gq- and JNK-Dependent Signal Caused the Retention of Neural Pro-
genitor Cells at the I1Z in a Cortical Slice Culture of E16.5 Cerebral
Cortex. Next, we used a slice culture system of E16.5 cerebral
cortex to observe the action of the GPCR signaling pathway in
developing mouse brain. Cells in the VZ were infected with
recombinant adenoviruses expressing GFP to monitor the radial
migration. Twenty-four hours after infection, the GFP-
expressing cells were distributed from the VZ to the IZ (data not
shown). These cells then subsequently migrated to the CP for
3—4 days in culture (Fig. 84). In the presence of ET-1, 60% of
the GFP-expressing cells stopped mainly at the I1Z (Fig. 8B).
Because the removal of ET-1 from the culture medium rescued
the migration to the CP, the inhibitory effect of ET-1 was
reversible and not caused by the cytotoxic effect (data not
shown). GaqR183C-expressing cells also could not migrate to
the layer of the CP and were retained in the IZ (Fig. 8C).
Moreover, expression of JIP1-JBD could partially rescue the
inhibitory effect of ET-1 (Fig. 8D). These results suggest that
the GPCR signal through Gq and JNK can negatively control the
radial migration in vivo.
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Fig. 6. ET-1induces JNK activation in neural progenitor cells. Neurospheres

were treated with ET-1 for the indicated periods. Activated JNK in neural

progenitor cell lysates was detected by immunoblot analysis using anti-

phospho-JNK (P-JNK) antibody. Data are shown as the mean + SD of at least

three independent experiments.
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Fig.7. Expression ofJIP1-JBD, aspecificinhibitor of INK pathway, attenuates
the ET-1-induced inhibition of neural progenitor cells. (A) Neural progenitor
cells were infected with the adenovirus harboring GFP (control) or JIP1-JBD.
Infected neurospheres were cultured with or without ET-1 for 24 h. (B) Data
are shown as the mean = SD of at least three independent experiments. (Bar,
250 um.)

Discussion

We first showed that neural progenitor cells migrated in a
laminin-dependent manner. Jacques et al. (23) analyzed the
expression pattern of integrins on neurosphere cells and sug-
gested that neural precursor cell chain migration and division are
regulated through different B1 integrins. We examined other
ECM proteins, fibronectin, collagen type I, and collagen type IV,
but these substrates did not promote the neural progenitor cell
migration within 1 day (data not shown). Recently, Kearns et al.
(24) reported that laminin and fibronectin significantly increase
neurosphere cell migration velocity. They demonstrated that
fibronectin affected a maximal velocity after 48 h, whereas
maximal velocity on laminin was not reached until 72 h. We used
the E11.5 telencephalic neurosphere, whereas they used the
neurosphere from postnatal cerebellar-derived neurospheres,
suggesting that the sensitivity of neural progenitor cells to ECM
may depend on the origin and differentiation.

Although several molecules have been reported to be involved
in radial migration during the development of CNS, such as
CdkS5, Lis1, Reelin, ApoER2/VLDLR, mDabl1, and doublecor-
tin (25-27), the molecular mechanisms that control cell migra-
tion remain obscure. G protein is a key regulator of many cellular
functions, but the role of G protein signaling in the developing
CNS is poorly understood. To determine the role of G proteins
in the development of CNS, we examined the effect of agonists
that are bound to GPCRs on neuronal migration. Fukushima et
al. (28, 29) demonstrated that lysophosphatidic acid (LPA)
regulates cortical neuroblast morphology and induces cluster
compaction of the neuroblast cell line. They also reported that
LPA inhibits neuronal migration in explant cultures and whole-
brain cultures. Although we found that LPA as well as ET-1
inhibited the migration of neural progenitor cells with neuro-
spheres, LPA did not strictly control the radial migration in the
slice culture system (data not shown). Thus, we investigated the

Mizuno et al.
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Fig. 8. Effect of GPCR signaling on the migration of GFP-labeled cells
originating from the VZ in a slice culture. Cortical slices were prepared from
E16.5 mouse telencephalon. (A-D) Cells in the VZ were infected with adeno-
viruses harboring GFP alone (A and B), GFP plus GaqR183C (C), or GFP plus
JIP1-JBD (D). Slices were cultured for 3 days in vitro without (A and C) or with
1 uMET-1 (B and D). The white lines represent pial and ventricular surfaces. (E)
Quantitative analysis of radial migration in A-D is shown. The slice was
subdivided into three regions, indicated as CP, 1Z, and VZ. Each score repre-
sents the mean percentage of relative intensity + SD; n = 5. (Bar, 250 um.)

molecular mechanism of regulation of neural progenitor cell
migration by ET-1 in this study.

ET-1 binds to two distinct receptors, named ETA and ETB
receptors. To reveal which receptor mediated the ET-1 signaling
in neural progenitor cells, we used the specific antagonists and
found that ET-1 controls the motility of neural progenitor cells
via the ETB receptor (Fig. 2). ET plays a critical role in the
development of the peripheral nervous system. Mice that are
homozygous for a null mutation in the ETB receptor gene are
almost completely white and die as juveniles from a ganglionic
megacolon (30). Shin et al. (11) exploited the tetracycline-
inducible system to generate strains of mice in which the
endogenous ETB receptor gene is under the control of tetracy-
cline-dependent transactivators. By using this knockout mouse,
they revealed that the ETB receptor is required during neural
crest development for the migration of both melanoblasts and
enteric neuroblasts. Hirschprung’s disease is a common genetic
disorder caused by a failure of the neural crest cells to form
ganglia in the distal gut, leading to peristaltic misregulation and
intestinal obstruction. A number of genes have been linked to
Hirschprung’s disease, including ET-3 and the ETB receptor.
Recently, two groups reported the mechanisms of this disease
and the role of ET-3 and its receptor in the development of the
enteric nervous system (31, 32). Both groups indicated that ET-3
inhibited the migration of neural crest stem cells induced by glial
cell line-derived neurotrophic factor. In contrast, the function of
ET in the development of CNS remains largely unknown. Tsaur
et al. (33) reported that the ETB receptor gene is abundantly
expressed in the VZs and subventricular zones of developing

Mizuno et al.

CNS. We also confirmed the expression of the ETB receptor in
neurosphere cells by using RT-PCR (data not shown). More-
over, ET-3 and ET-1 inhibited the migration of neural progen-
itor cell migration (data not shown). Here, we suggested the
possibility that ET acts via the ETB receptor in the development
of CNS.

To reveal the inhibitory mechanism of ET-1, we analyzed the
intracellular signaling cascade downstream of the ETB receptor.
It is generally thought that ET-1-mediated responses are medi-
ated by Gaq, Gai, and Gy (34). It was reported that Gal2 and
Gal3 are also involved in ET-1-induced JNK activation (22). To
analyze the contribution of G proteins to the ET-1-mediated
signal transduction pathways, we used a Ga-ct that interferes
with receptor-G protein coupling. The carboxyl-terminal region
of Gu is thought to be crucial for the coupling of receptors with
G proteins. We showed that Gag-ct attenuated the inhibition of
neural progenitor cell migration by ET-1. In contrast, Gai-ct,
Gal2-ct, and Gal3-ct did not affect the inhibitory effect of
ET-1. The expression of a constitutively active mutant of Gaq,
GaqR183C, inhibited cell migration, as did ET-1. Ehrendreih et
al. (35) reported that ETB receptor deficiency increased neu-
ronal apoptosis in the dentate gyrus. However, no prominent
phenotype has been reported in ET-1 knockout (36) or inducible
ETB knockout (11) in cortical morphogenesis. These results
suggested that the Gg-activation signal by other GPCRs nega-
tively regulates neural progenitor cell migration. More recently,
Piaoetal. (37) reported that mutations in GPR56, which encodes
an orphan GPCR, cause a human cortical malformation called
bilateral frontical lamination. GPR56 is preferentially expressed
in neural progenitor cells of the cerebral cortical VZ and
subventricular zone during neurogenesis. Because the associa-
tion of GPR56 and Gaq/11 has been demonstrated (38), it is
possible that unknown ligands for GPR56 negatively regulate the
migration of neural progenitor cells through Gq during CNS
development.

We investigated whether three MAPKs (extracellular signal-
regulated protein kinase 1/2, INK, and p38) are involved in the
inhibition of neural progenitor cell migration by ET-1. Specific
inhibitors of the INK pathway, SP600125 and JIP1-JBD, rescued
the inhibition of migration by ET-1. Moreover, we showed that
the ET-1/Gq/JNK signaling pathway is involved in the regula-
tion of the radial migration in embryonic brain slices. The
migrating cells from the VZ to the CP were retained in the 1Z
by ET-1 and constitutively active Gaq. Furthermore, JIP1-JBD
expression could suppress the ET-1-induced retention of the cell
in the IZ. These results suggested the importance of G protein
signaling via JNK during cerebral cortex development. Intrigu-
ingly, Hirai et al. (17) reported that MAPK-upstream protein
kinase (MUK) regulates the radial migration of immature
neurons in the developing mouse telencephalon. They demon-
strated the expression of MUK and the distribution of active JNK
in the IZ. Constitutive expression of MUK using adenovirus
injected into the lateral ventricle of an E13 embryo resulted in
the arrest of neural progenitor migration. Kawauchi et al. (18)
recently reported that Racl and its activators, STEF/Tiam1, and
JNK regulate cortical neuronal migration. They indicated that
dominant negative mutants of Racl or STEF/Tiam1 suppress
cortical neural migration. They also indicated that immunostain-
ing for activated INK revealed a strong signal in the IZ of the E15
cerebral cortex. Furthermore, the expression of dominant neg-
ative JNK and an inhibitor of JNK, SP600125, suppressed the
migration in a slice culture of brain. Our result that the activation
of INK by ET-1 inhibited neural progenitor cell migration in vitro
and in a slice culture is consistent with the result of Hirai et al.
(17) in vivo. Thus, whether the activation of JNK suppresses or
induces neural cell migration may depend on the developmental
stage.
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The mechanism of cell motility regulated by JNK is not clear.
However, JNK pathways should play a pivotal role in the
regulation of cell motility. JNK is responsible for cell migration
during Drosophila development, specifically during the process
of dorsal closure (39, 40). Recently, paxillin, a focal adhesion
protein, was identified as a target for JNK in the migration of
epithelial cells and keratocytes (19). Phosphorylation of paxillin
by JNK may be essential for neural progenitor cell migration.
More recently, Gdalyahu et al. (41) demonstrated that micro-
tuble binding protein, doublecortin (DCX), is a substrate of
JNK. Mutations in the X-linked gene DCX result in lissenceph-
aly and abnormal neuronal positioning in neuronal migration. It
is also reported that DCX is phosphorylated at distinct serine
residues and multiple regulated by other kinases, such as PKA/
MARK (42) and Cdk5/p35 (43).

Small GTPases play the important role in cellular processes
including migration in mammalian cells. Moreover, it has been
reported that small GTPases induce JNK activation in many cell
types (44). We found that Clostridium difficile toxin B and
Clostridium botulinum exoenzyme C3, inhibitors of Rho family
GTPase, inhibited the migration of neural progenitor cells (data
not shown). Hence, we could not examine the effect of these
inhibitors on ET-induced inhibition of the cell migration. Re-
cently, Konno et al. (45) indicated that constitutively active and
dominant-negative mutants of Racl and Cdc42 significantly
inhibited the radial migration in the neocortical slice culture.
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Recently, new-mode radial migration has been revealed by
time-lapse imaging studies in slices of the developing neocortex
(2, 3). This new mode of the radial migration is that migrating
cells do not move straight toward the CP, but change the
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may be involved in the multipolar migration.

In summary, we found that ET-1 inhibits the migration of
neural progenitor cells through the ETB receptor in vitro. The
inhibitory effect of ET-1 was observed in a slice culture and
mediated through Gq and JNK. Further research should help
reveal details of the regulatory mechanism of CNS development
by GPCR signaling.
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