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The coordinated migration of neurons is a pivotal step
for functional architectural formation of the mamma-
lian brain. To elucidate its molecular mechanism,
gene transfer by means of in utero electroporation was
applied in the developing murine brain, revealing the
crucial roles of Racl, its activators, STEF/Tiam1, and
its downstream molecule, c-Jun N-terminal Kkinase
(JNK), in the cerebral cortex. Functional repression of
these molecules resulted in inhibition of radial
migration of neurons without affecting their proper
differentiation. Interestingly, distinct morphological
phenotypes were observed; suppression of Racl activ-
ity caused loss of the leading process, whereas repres-
sion of JNK activity did not, suggesting the complexity
of the signaling cascade. In cultured neurons from the
intermediate zone, activated JNK was detected along
microtubules in the processes. Application of a JNK
inhibitor caused irregular morphology and increased
stable microtubules in processes, and decreased phos-
phorylation of microtubule associated protein 1B,
raising a possibility of the involvement of JNK in
controlling tubulin dynamics in migrating neurons.
Our data thus provide important clues for under-
standing the intracellullar signaling machinery for
cortical neuronal migration.
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Introduction

In radial migration in the cerebral cortex, post-mitotic
neurons, generated in the ventricular zone (VZ), move
orthogonally through the intermediate zone (IZ) to reach
superficial layers of the cortical plate (CP), just beneath the
marginal zone (MZ) (Rakic, 1990; Hatten, 2002).
Disturbances in these processes may cause brain disorders
such as mental retardation and epilepsy (Gleeson, 2001).
Although investigations of human and murine genetic
mutations have suggested the involvement of several
molecules in neuronal migration (e.g. Cdk35, Lis1, Reelin,
ApoER2/VLDLR, mDabl) (Gupta et al., 2002; Olson and
Walsh, 2002), they do not suffice to explain fully the
underlying molecular mechanisms. The reason, in part,
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may be that a simple genetic approach cannot identify all
of the relevant genes that play pivotal roles not only in
neuronal migration, but also in early developmental
events, because mutations of such genes may cause
lethality before development of the cerebral cortex. To
overcome this problem, we utilized a recently developed
gene transfer method, in utero electroporation (Inoue and
Krumlauf, 2001; Saito and Nakatsuji, 2001; Tabata and
Nakajima, 2001) (Figure 1A), which enabled us to
introduce genes of interest into VZ cells in embryonic
cerebral cortices in utero at desired stages from embryonic
day 13 (E13) to E17, and to observe resulting phenotypes
at subsequent developmental stages.

Previously, we identified a Racl-specific guanine
nucleotide exchange factor (GEF), Sif and Tiaml-like
exchange factor (STEF) (Hoshino et al., 1999), as a
mammalian homolog of Drosophila Still life (SIF), which
is involved in synaptic growth (Sone et al., 1997; Sone
et al., 2000). Tiaml (the invasion inducing T-lymphoma
and metastasis 1) is another mammalian homolog
of Drosophila SIF, originally isolated as an invasion-
inducing gene product (Habets et al., 1994). Transcripts of
stef and Tiaml genes are detectable in defined regions of
the developing brain where active neuronal migration and
neurite growth occur (Ehler et al., 1997; Yoshizawa et al.,
2002). Although we and others have revealed that Racl
and its activators, STEF/Tiaml, are required for neurite
growth in N1E-115 neuroblastoma cells as well as primary
hippocampal neurons through regulation of cytoskeletal
reorganization (Leeuwen et al., 1997; Matsuo et al., 2002,
2003), the roles of these proteins in neuronal migration
have not yet been assessed. Previous studies suggested that
cortical neuronal migration requires dynamic rearrange-
ment of the cytoskeletal network (Feng and Walsh, 2001)
and that in the developing cerebral cortex, Racl interacts
with CdkS5, an essential molecule for neuronal migration
(Nikolic et al., 1998). These facts raise the possibility that
the STEF/Tiam1-Rac1 pathway plays an important role in
cortical neuronal migration.

In this report, by utilizing in utero electroporation, we
introduced dominant-negative (DN) forms for STEF/
Tiaml and Racl into the developing cerebral cortex to
reveal their pivotal functions in neuronal migration,
in vivo. Furthermore, we investigate the role of c-Jun
N-terminal kinase (JNK), one of the downstream mol-
ecules of Racl, in the migrating neurons, highlighting
the complex signaling cascade involved in neuronal
migration.

Results

In utero electroporation
All electroporations in this report were performed on E14
embryos. After a pPEGFP plasmid (described below) was
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Fig. 1. In utero electroporation. (A) Schematic of in utero electroporation (see Materials and methods). (B-M) In utero electroporation of pEGFP
(B-D, H-J), pEGFP plus pDsRed (E-G) or pDN-Cdk5-IRES-EGFP (K-M) into VZ cells of the cerebral cortex. Animals were killed at E15 (B), E17
(C and D), PO (E-G) and P4 (H-M). EGFP or DsRed fluorescence was viewed in fixed coronal sections. Normal development of VZ cells and their
progeny are not affected (B-J). (D) A higher magnification of (C). (E-G) Simultaneous electroporation of pEGFP [(E), green] and pDsRed [(F), red]
showed high efficiency of co-expression [(G), merged]. (H-M) Introduction of DN-Cdk5 abolished normal neuronal migration (K—-M), mimicking the
phenotype of Cdk5-deficient mice, in contrast to controls (H-J). (I and L) HE staining of the sections in (H) and (K), respectively. (J) and (M) are
higher magnifications of (I) and (L), around the IZ, respectively. Underplate-like structure (UP) (Gilmore et al., 1998) was observed in DN-CdkS
transfected animals [arrows in (L)]. White lines in (B), (C), (E)-(H) and (K) represent pial and ventricular surfaces. CP, cortical plate; IZ, intermediate
zone; VZ, ventricular zone; SVZ, subventricular zone; II-1V, layers II-IV of the CP; V-VI, layers V and VI of the CP; SP, subplate. Scale bars:
200 pum in (B), (C), (E)-(I), (K) and (L); 10 um in (D); 50 um in (J) and (M).
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electroporated into VZ cells of E14 mice, animals were
killed at subsequent developmental stages to observe the
location and morphology of transfected cells and their
progeny by means of the enhanced green fluorescent
protein (EGFP). This plasmid was designed to express
EGFP under the control of an ubiquitous CAG promoter
(Niwa et al., 1991), which was also used for all other
expression plasmids in this study. At E15, 24 h after
electroporation, EGFP-expressing cells were observed
within the VZ (Figure 1B). They subsequently migrated
out, crossing the IZ to reach the superficial part of the CP
that gives rise to layers II-IV of the cerebral cortex
(Figure 1C-E and H). The consistency of this migration, as
well as the morphology of the transfected cells with
previous reports of radial neuronal migration (Rakic,
1990; Nadarajah and Parnavelas, 2002), indicate that this
gene transfer technique itself does not affect normal
development of the cerebral cortex, under our experimen-
tal conditions. In addition, electroporation of an EGFP-
expressing plasmid enables us not only to detect the
transfected cells, but also to observe their detailed
morphology (Figure 1D). Furthermore, electroporation of
two plasmids encoding EGFP and DsRed revealed that the
efficiency of co-transfection was extremely high: 98.3 =
0.3% of DsRed positive cells were EGFP positive
(Figure 1E-G).

We electroporated pDN-Cdk5—-IRES-EGFP, a plasmid
encoding a DN form of cyclin-dependent kinase 5 (Cdk5)
(Nikolic et al., 1996), into E14 VZ cells to suppress Cdk5
function, since Cdk5-deficient mice have been reported to
exhibit neuronal migration defects in the cerebral cortex
(Gilmore et al., 1998). This plasmid was also designed to
express EGFP via an internal ribosome entry site (IRES) to
facilitate monitoring of the location and morphology of
transfected cells. Consistent with the Cdk5-deficient
cortical phenotype, DN-Cdk5-expressing cells could not
migrate to the superficial layer of the CP. Hematoxylin—
eosin (HE) staining showed that transfected cells were
unable to migrate beyond the subplate and remained
localized in the IZ, forming an underplate-like structure
(Gilmore et al., 1998), even up to postnatal day 4 (P4)
(Figure 1K-M), while control cells transfected only with
pEGFP migrated normally to the CP (Figure 1H-J). This
result strongly indicates that in utero electroporation of
DN forms for certain genes may effectively suppress their
functions in transfected cells, and therefore suggests that
this gene transfer method provides an efficient and
convenient tool to study the molecular mechanisms of
neuronal migration in vivo.

Roles of STEF/Tiam1 and Rac1 in neuronal
migration

To determine the precise distribution patterns of STEF,
Tiaml and Racl, immunohistochemistry with specific
antibodies was performed on E15 cerebral cortices. Racl
was ubiquitously detected throughout the cortex
(Figure 2A), whereas STEF and Tiaml were observed
predominantly in CP and IZ, but very weakly in VZ
(Figure 2B and C) consistent with their mRNA distribution
(Ehler et al., 1997, Yoshizawa et al., 2002). Previous
reports that Racl is required for migration of many types
of cells in vitro (fibroblasts, neutrophils, etc.) (Ridley,
2001) support the likelihood that the STEF/Tiam1-Racl
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Fig. 2. Distribution patterns of Racl (A), STEF (B), Tiaml (C) and
activated JNK (D) in the cerebral cortex of E15 embryos visualized by
specific antibodies. Scale bar, 200 wm.

pathway may be involved in neuronal migration in the
cerebral cortex.

To test this, we tried to introduce DN forms for Racl
(N17-Racl) (Ridley et al., 1992) and STEF/Tiam1 into the
cerebral cortex during development. A fragment encom-
passing the PHnTSS domain of STEF (PHnTSS-STEF)
has been shown to work as a specific DN form for both
STEF and Tiaml (Matsuo et al., 2002). pN17-Racl-
IRES-EGFP and pPHnTSS-STEF-IRES-EGFP plasmids
were electroporated into E14 VZ cells, and embryos were
killed at various developmental stages. These plasmids
were designed to express N17-Racl and PHnTSS-STEF
together with EGFP via the IRES. At PO, 5 days after
electroporation, most of the N17-Racl transfected cells
were stalled in the IZ of the cortex, while control (pEGFP)
transfected cells migrated normally to the superficial
layers of CP (Figure 3A and B). Similarly, many PHnTSS-
STEF-transfected cells were also observed in the IZ of PO
mice, although the extent was less than that of N17-Racl
cells (Figure 3C). At P4, 9 days after electroporation, most
N17-Racl transfected cells and many PHnTSS-STEF
transfected cells remained in the IZ (Figure 3E and F).
After EGFP signals were recorded, sections of P4 samples
were counterstained by HE staining and revealed abnor-
mally located cells within the IZ of N17-Racl- and
PHnTSS-STEF-transfected mice (Figure 3G-L).

The extent of cell migration was statistically estimated
by the fluorescence intensities in distinct layers of the
cerebral cortex. In brains transfected with control plasmid
(pEGFP), 92.1 = 3.9% of EGFP fluorescence was detected
in layers II-IV of the CP (Figure 3M). In contrast, 94.9 =
1.2% of the fluorescence was detected in the IZ of N17-
Racl-transfected brains, and 39.7 = 6.9% in PHnTSS-
STEF-expressing animals (Figure 3N and O). These
findings indicate that suppression of Racl or STEF/
Tiam1 function leads to inhibition of normal cortical
migration, resulting in an increase of ectopic cells in IZ.
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Fig. 3. DN effects of Racl and STEF/Tiam! on the developing cerebral cortex. pPEGFP (A, D, G, J and M), pN17-Racl-IRES-EGFP (B, E, H, K and
N) or pPHnTSS-STEF-IRES-EGFP (C, F, I, L and O) was introduced into E14 VZ cells. At PO (A-C) or P4 (D-0), frozen brain sections were exam-
ined for EGFP fluorescence (A—F). White lines in (A)—(F) represent pial and ventricular surfaces. After EGFP signals of P4 samples (D-F) were re-
corded, sections were subjected to HE staining (G-L). (J-L) Higher magnifications of (G)—(I), around the IZ, respectively. Arrows indicate abnormal
accumulation of cells in the IZ of N17-Racl or PHnTSS-STEF electroporated brains, respectively. Most of these cells were found to be EGFP positive.
Each DN form used in this experiment (N17-Racl, PHnTSS STEF) contains an epitope tag. By immunostaining, expression of each DN form was
confirmed in EGFP-positive cells (data not shown). (M-O) Mice subjected to electroporation were killed at P4 to estimate the extent of migration by
recording fluorescence intensities of EGFP in distinct parts of the cerebral cortex; layers II-1V, layers V-VI, 1Z and VZ/SVZ. Each score represents
mean percentage of relative intensity = SE. (M) n = 5; (N) n = 7; (O) n = 8. Scale bars: 200 um in (A)—(I); 50 um in (J)—(L).

4193



T.Kawauchi et al.

Two possible explanations present themselves: one is
that the STEF/Tiaml-Racl pathway is involved in
cortical neuronal migration and the other is that
functional suppression of Racl or STEF/Tiaml affects
the lineage of cells produced in VZ, consequently resulting
in ectopic localization of transfected cells. To discriminate
between the two possibilities, we performed the following
experiments.

First, we examined whether N17-Rac1-transfected cells
could normally proliferate in VZ. Embryos were electro-
porated with pN17-Rac1-IRES-EGFP or pEGFP at E14,
subjected to BrdU labeling for 1 h at E15, and killed to
observe incorporation. This experiment revealed that N17-
Racl-expressing cells were able to enter S phase
(Figure 4B) to an extent similar to control pEGFP-
transfected cells (Figure 4A), implying that expression of
N17-Racl did not affect VZ cell division. Similar results
were obtained from animals electroporated with
pPHnTSS-STEF-IRES-EGFP (data not shown).

Next, an early stage neuronal marker, Hu, was examined
in embryos electroporated with pN17-Rac1-IRES-EGFP
or pEGFP at El4. Brains were sectioned at E17, and
subjected to immunostaining with an anti-Hu antibody. It
has been shown that postmitotic neurons start to express
Hu just after they arise in the developing cortex (Okano
and Darnell, 1997). In control embryos, most of the EGFP
expressing cells in IZ and subventricular zone (SVZ)
expressed Hu (Figure 4C). Similarly, N17-Racl-trans-
fected cells were Hu-positive within IZ and SVZ
(Figure 4D), suggesting that normal differentiation into
neurons occurred. Similar results were obtained from
animals electroporated with pPHnTSS-STEF-IRES—
EGFP (data not shown).

We also investigated a marker for mature neurons,
MAP2, in animals electroporated at E14 and killed 9 days
later at P4. In control animals, EGFP-positive cells in the
CP highly expressed MAP2 (Figure 4E). In animals
electroporated with pN17-Rac1-IRES-EGFP, transfected
cells that were stalled in IZ significantly expressed
MAP2 (Figure 4F). Similar results were seen in
animals electroporated with pPHnTSS-STEF-IRES—
EGFP (Figure 4G). These findings suggest that cells
transfected with N17-Racl or PHnTSS-STEF were able to
differentiate into mature neurons, albeit the loss of normal
migration. These data indicate that the STEF/Tiam1-Racl
pathway is involved in neuronal migration, rather than in
proliferation or differentiation of VZ cells.

We further investigated the morphology of cells that
express N17-Racl. Animals were electroporated at E14
and killed at E17. While control cells (pEGFP) exhibited
proper polarization, extending a leading process to the pial
surface in the IZ (Figure 4H), N17-Racl-expressing cells
in IZ were round, with short and irregular processes
(Figure 4I). This result suggests that Racl activity is
required for acquisition of the spindle-like morphology
and the leading process of migrating neurons.

Involvement of JNK in neuronal migration

Next, we focused on one of the downstream molecules of
Racl, JNK. Immunostaining for activated JNK revealed a
strong signal in the IZ of E15 cerebral cortex (Figure 2D),
suggesting a role for JNK in cortical neuronal migration.
We investigated the effect of N17-Racl on JNK activity
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in vivo. Embryos were electroporated at El14 with
pN17-Racl-IRES-EGFP or control pEGFP, killed at
E17 and subjected to immunostaining. Activated JNK
was detected in control IZ cells (Figure 5A) but rare in IZ
cells expressing N17-Racl (Figure 5B). These findings
suggest that suppression of Racl activity not only
perturbed the cell morphology but also dramatically
decreased JNK activity in migrating neurons in the IZ.

To elucidate the role of JNK in neuronal migration, we
introduced a DN form for JNK (DN-JNK) (Derijard et al.,
1994) into the developing cerebral cortex. Embryos were
co-electroporated with pDN-JNK and pEGFP plasmids at
E14. Five days after electroporation (P0), control EGFP-
expressing cells had migrated to the superficial layer of CP
(Figure 6A), but most of the DN-JNK expressing cells
remained trapped in the lower part of the cerebral cortex
(Figure 6B). These cells were observed in [Z and the lower
CP, in contrast to most of the N17-Racl expressing cells,
which could not migrate beyond the subplate (Figure 3B).
The extent of cell migration was statistically estimated by
the fluorescence intensities in distinct layers of the cortex.
In brains expressing DN-JNK, EGFP fluorescence was
mainly detected in the IZ and layers V-VI of the CP
(32.3 = 4.2 and 48.4 = 7.9%, respectively) (Figure 6E),
whereas fluorescence was largely observed in layers [I-IV
(81.0 = 3.4%) in control animals (Figure 6D).
Furthermore, in animals that were electroporated at E14
and killed at P4, more DN-JNK expressing cells in layers
V-VI of CP (68.3 = 2.4%) and fewer DN-JNK expressing
cells in IZ (7.9 = 3.2%) were observed than in animals
killed at PO (data not shown). These findings indicate that
suppression of JNK function retarded rather than inhibited
migration. DN-JNK transfected cells still exhibited a
spindle-like morphology, although the leading process
appeared twisted and irregular (Figure 6C).

To further confirm the involvement of JNK in neuronal
migration, we performed slice cultures on electroporated
brains. Embryos were electroporated with pEGFP at E14
and coronal slices (300 uM) were taken at E16 and
cultured for 28 h to observe the migration of EGFP-
positive cells. While EGFP-positive cells migrated toward
the pial surface in the control slices, migration was
suppressed when an inhibitor of JNK (SP600125) (Bennett
et al., 2001) was added to the culture medium (Figure 6F—
I), supporting the involvement of JNK in neuronal
migration.

Possible downstream events of JNK in migrating
neurons

In Figure 5A, activated JNK does not appear to be confined
to nuclei, but distributed in many subcellular regions of
migrating cells. To further investigate the subcellular
localization of activated JNK, dissociated cultures were
performed. E15 brains were cut into thick coronal slices
and the IZ was removed and dissociated for culture on
poly-D-lysine-coated  plastic ~ dishes for 24 h.
Immunocytochemistry revealed that activated JNK was
strongly detected in the cytoplasmic region of the cultured
cells, particularly in processes (Figure 7A, upper panel).
Co-staining with an anti-f-tubulin antibody showed co-
localization of activated JNK with microtubules
(Figure 7A). A JNK inhibitor, SP600125, was added to
the culture and resulting phenotypes were observed by
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Fig. 4. N17-Racl did not affect cell division in VZ cells nor differentiation of their progenies. (A and B) BrdU incorporation in VZ cells in animals
electroporated with pEGFP (A) or pN17-Racl-IRES-EGFP (B). Twenty-four hours after electroporation to E14 embryos, BrdU was intraperitoneally
administered to the animals for 1 h and animals were killed immediately afterwards. Frozen sections of brains were immunostained with anti-GFP
(green) and anti-BrdU (red) antibodies. Arrows indicate cells co-stained with both antibodies. BrdU incorporation rates (BrdU+ cells/EGFP+ cells) in
VZ were 27.0 = 2.2% in (A) and 25.8 = 1.6% in (B). Scale bar, 20 um. (C and D) Expression of an early neuronal marker, Hu. E14 embryos were
electroporated with the indicated plasmids and killed at E17. Frozen sections were immunostained with anti-GFP (green) and anti-Hu (red) antibodies.
White dotted lines represent the boundary of IZ and SVZ. Scale bar, 20 um. (E-G) Expression of MAP2. E14 embryos were electroporated and killed
at P4. Frozen sections were immunostained with anti-GFP (green) and anti-MAP2 (red) antibodies. (E) shows the region around the CP, and (F) and
(G) show the region around the IZ. Arrowheads indicate cells co-expressing the transgene and MAP2. Ectopically located cells differentiated to
MAP2-positive neurons, although it could not be determined whether these neurons maintained their original layer specificity. Scale bar, 20 um.
(H and I) Morphology of EGFP-positive cells in IZ of E17 brains electroporated with pEGFP or pN17-Rac1-IRES-EGFP at E14. Cells were stained
with anti-EGFP antibody to observe detailed morphology. While control cells [arrowheads in (H)] exhibited a spindle-like morphology with a leading
process [arrows in (H)] toward the pial surface, N17-Racl-expressing cells [arrowheads in (I)] showed a round morphology with minor randomly
directed processes [arrows in (I)]. Scale bar, 10 um.
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Fig. 5. INK is activated in migrating neurons in the IZ in a Racl-dependent manner. (A and B) N17-Racl suppresses the activation of JNK in the
developing cerebral cortex. E14 brains were electroporated with pEGFP (A) or pN17-Racl-IRES-EGFP (B) and analyzed at E17. Frozen sections
were immunostained with anti-EGFP (green) and anti-activated JNK (red) antibodies. Lower panels are higher magnifications of upper panels.
Activated JNK was observed in many control pEGFP-transfected cells [arrows in (A)], but rarely in N17-Racl expressing cells in IZ [arrowheads in
(B)]. To explain this phenomenon, there exists the possibility that the N17-Racl-expressing cells are undergoing normal differentiation in an ectopic
site (the 1Z), rather than N17-Racl preventing JNK activation. However, this seemed unlikely because these N17-Racl-expressing cells were not
MAP2-positive at this stage (data not shown). Scale bars: 200 um in upper panels; 20 pm in lower panels.

immunostaining with anti-B-tubulin antibody (Figure 7B).
Most B-tubulin-positive cells were also stained with the
neuron-specific anti-B-III-tubulin antibody (data not
shown), indicating their neuronal identity. Compared
with control cells, SP600125-treated cells exhibited odd
morphology, resembling that of DN-JNK-expressing cells
in IZ (Figure 6C). Microtubules in processes seemed more
twisted, irregular and thick in SP600125-treated cells than
in control cells. Moreover, their processes were signifi-
cantly shorter than control; the mean length of the longest
neurites was 84.4 * 14.6 um in control cells but 45.4 =
5.1 um in neurons treated with SP600125 for 24 h. These
results suggest that JNK is required for proper microtubule
formation in cultured cortical cells.
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Previous reports suggested that there exist two types of
microtubules, the stable type with a longer half-life and the
dynamic type with a shorter half-life (Bulinski and
Gundersen, 1991). Dynamic microtubules are predomin-
antly localized to tips of neuronal processes where active
tubulin dynamics are thought to occur (Goold et al., 1999).
Cultured cells were stained with anti-detyrosinated o
tubulin antibody, a marker for stable microtubules
(Bulinski and Gundersen, 1991), as well as with anti-o-
tubulin antibody, which labels both stable and dynamic
microtubules. Although detyrosinated o-tubulin signal
was observed along processes in all cells, it was detected
only in a small portion of cells (18.5 % 4.8%) at the distal
ends of microtubules within process tips in controls. In
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Fig. 6. Involvement of JNK in migrating neurons. (A-E) Effects of
DN-JNK on cortical neuronal migration. E14 brains were electropo-
rated with pEGFP (A and D) or pDN-JNK plus pEGFP (B, C and E)
and analyzed at PO by fluorescence microscopy. (C) A high magnifica-
tion of (B), an IZ cell. DN-JNK expression was confirmed in EGFP-
positive cells by anti-epitope immunostaining (data not shown). Scale
bars: 200 um in (A) and (B); 10 um in (C). (D and E) Estimation of
neuronal migration in cerebral cortices transfected with indicated
plasmids as described in Figure 3. Each score represents the mean
percentage of relative intensity = SE. (D) n = 4; (E) n = 5. Similar
results were obtained by introduction of pDN-JNK-IRES-EGFP, which
was designed to elicit simultaneous expression of DN-JNK and EGFP
(data not shown). (F-I) E14 brains were electroporated with pEGFP
and sectioned into coronal slices at E16. The slices were cultured on
insert membrane for 3 h (F and G) and subjected to an additional 28 h
incubation =SP600125 in the culture media [(H) or (I), respectively].
Addition of SP600125 resulted in suppression of neuronal migration
in vitro. Similar results were obtained from four independent
experiments.

contrast, detyrosinated o-tubulin was significantly de-
tected up to the distal ends of microtubules in many
SP600125-treated cells (51.2 = 7.8%), indicating reduced
dynamic microtubules at process tips (Figure 7C and D).
These results suggest that JNK is required for regulation of
microtubule dynamics in processes of cultured embryonic
neurons.

Microtubule-associated proteins such as MAP2,
MAPIB and tau are known to play important roles in
regulating the stability of microtubules (Takemura et al.,
1992). Because MAPIB is expressed in radially migrating
1Z cells (Cheng et al., 1999) and because knockout mice
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exhibited abnormal cortical neuronal migration
(Gonzalez-Billault et al., 2000), we suspected that
MAPI1B might regulate tubulin dynamics under the control
of the JNK in radially migrating IZ cells. It was
demonstrated that GSK3B can phosphorylate MAP1B,
the phosphorylated isoform of which can be specifically
recognized by the SMI31 antibody, resulting in reduction
of the microtubule-stabilizing activity of MAP1B (Lucas
et al., 1998; Goold et al., 1999). To investigate the
influence of JNK on MAPIB in the developing cortical
neurons, we monitored the phosphorylation status of
MAPIB in cultured neurons when JNK activity was
suppressed. Dissociated cells from E15 cerebral cortex
were cultured for 2 days with or without SP600125 for the
last 4 or 24 h, and subjected to immunoblot analysis with
the SMI31 antibody. As shown in Figure 7E, treatment
with SP600125 resulted in significant reduction of phos-
phorylated MAP1B recognized by SMI31. These results
suggest an involvement of JNK in phosphorylation of
MAPIB, reducing microtubule stabilization, and, there-
fore, in regulation of tubulin dynamics in processes of
migrating neurons, potentially contributing to proper
neuronal migration.

Discussion

In this study, we showed essential roles for STEF/Tiaml,
Racl and JNK in neuronal migration in vivo by utilizing an
in utero electroporation technique. This technique enabled
us to introduce genes of interest into VZ cells of mouse
embryos in utero, allowing us to observe resulting
phenotypes at later stages (Inoue and Krumlauf, 2001;
Saito and Nakatsuji, 2001; Tabata and Nakajima, 2001).
An advantage of this method is that the technique itself
does not affect normal cerebral cortical development
under our experimental conditions. Although several
in vitro culture systems have been developed to monitor
neuronal migration, they cannot precisely mimic normal
development. For instance, no difference was observed in
in vitro migration assays between neurons in explants from
Cdk5-deficient and wild-type mice, whereas considerable
abnormal neuronal migration was found in many regions
of the nervous system in the Cdk5 mutant animals, in vivo
(Ohshima et al., 1996; Gilmore et al., 1998; Gilmore and
Herrup, 2001). Our experiment showed that electropora-
tion of DN-CdkS5 into VZ cells in the cerebral cortex could
mimic the phenotype of the Cdk5-deficient mice; cells
transfected at E14 could not migrate beyond the subplate.
This result suggests that DN-CdkS could appropriately
suppress the function of endogeneous Cdk5 and further
suggests that CdkS5 kinase activity is essential for neuronal
migration because the DN-CdkS5 used in this study (Cdk5
N!44) was kinase defective (Nikolic et al., 1996).
Therefore, in utero electroporation of DN forms of certain
genes can be a strong tool to investigate the molecular
mechanisms of neuronal migration in vivo. Furthermore,
this method is certainly applicable for analysis of genes
such as Racl and JNK, whose mutants exhibit lethality
before cerebral cortex formation (Sugihara et al., 1998;
Kuan et al., 1999).

However, expression of DN forms of certain molecules
sometimes causes interference with the function of other
endogenous proteins, leading to phenotypes different from
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Fig. 7. INK regulates microtubule dynamics and MAP1B phosphorylation status in cultured neurons. (A) Cells in E15 IZ were dissociated and cultured
for 24 h and stained with anti-activated JNK (green) and anti-B-tubulin (red) antibodies. Activated JNK was observed in nuclei, cytoplasm and
processes, particularly along microtubules (arrowheads). Scale bars, 16 um. (B) Influence of the JNK inhibitor on primary cultured cells. E15 cerebral
cortices were dissociated and cultured for 24 h and then subjected to additional 24 h incubation *SP600125 (upper panel or lower panels,
respectively). Cells were stained with an anti-B-tubulin antibody (red). Scale bars, 20 um. (C and D) E15 cerebral cortices were dissociated and
cultured for 20 h and then subjected to additional 8 h incubation £SP600125. Cells were stained with anti-o-tubulin (green) and anti-detyrosinated
tubulin (red) antibodies. Insets represent higher magnifications of tips of processes. Detyrosinated microtubules were barely seen at the process tips
(arrowhead) in the control cell, but were significantly detected at the distal ends of the microtubules (arrow) in SP600125-treated cells. Scale bars,
16 um. (D) Ratio of cells whose longest neurites had detyrosinated microtubules at their tips. When the distance between the distal ends of
detyrosinated microtubules [red in (C)] and entire microtubules [green in (C)] at the tip of the longest neurite was <5 um, that cell was counted as a
‘detyrosinated MT-positive cell’. Scores represent mean percentage * SE; n = 4 brains; *P = 0.012. (E) Influence of SP600125 on the phosphorylation
status of MAP1B. Primary culture of E15 cerebral cortex (2DIV) was treated =SP600125 for the indicated periods and subjected to immunoblot
analyses with the indicated antibodies.
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Fig. 8. The possible Racl pathway involved in neuronal migration
in vivo (see Discussion). X represents a putative Racl GEF(s) other
than STEF/Tiaml involved in neuronal migration.

loss-of-function ones, although still providing clues to
understanding the molecular function. For example, the
phenotype of Drosophila expressing the DN form of Rac is
similar, but not identical, to that of Rac-deficient fruitflies
in the nervous system (Luo et al., 1994; Hakeda-Suzuki
et al., 2002; Ng et al., 2002). In this study, we used four
DN constructs; DN-Cdk5, -STEF/Tiam1, -Rac1 and -JNK.
These DN forms seemed to work as expected in vivo
and the phenotypes likely reflected loss-of-function.
Introduction of the DN form of CdkS in the developing
cerebral cortex caused inhibition of radial neuronal
migration resembling that of Cdk5-deficient mice. Use
of DN-JNK, like application of a JNK inhibitor to cultured
slices, resulted in suppression of neuronal migration,
suggesting that JNK is required for cortical neuronal
migration. Some phenomena observed in DN animals
were consistent with results from previous in vitro studies.
For example, N17-Racl-expressing cells in the developing
cortex were round, lacked processes and had reduced JNK
activity, all of which are known to be under the control of
Racl in some cultured cell lines. DN forms for both Racl
and STEF/Tiaml suppressed radial neuronal migration.
Our previous in vitro study showed that STEF/Tiam1 work
as strong activators for Racl and, therefore, it is reason-
able that similar phenotypes are observed with the two
DN-forms. The circumstantial evidence strongly suggests
that the DN forms used in this study appropriately
suppressed the functions of the relevant molecules
in vivo, although subtle side effects cannot be excluded.
Our experiment showed that functional suppression of
Racl and its GEFs, STEF/Tiaml1, caused inhibition of
neuronal migration in the cerebral cortex without affecting
proper differentiation. This suggests that the STEF/
Tiam1-Racl pathway is involved in neuronal migration
in the cerebral cortex (Figure 8). Interestingly, a milder
phenotype was observed in PHnTSS-STEF transfected
cortices. This implies that another Racl GEF(s) may also
be involved in this process. Another possible candidate is
BPIX, which is also expressed in the 1Z and the CP during
development (Yoshizawa et al., 2003). However, other
possibilities may explain the different phenotypes. For
example, the PHnTSS-STEF construct might not com-
pletely inhibit STEF/Tiam1, although our previous study

Roles of the Rac1 pathway in neuronal migration

showed that this construct was very efficient, at least
in vitro (Matsuo et al., 2002).

Studies have reported that in vitro Racl induces
rearrangement of the actin cytoskeleton and activation of
JNK in many cell types (Bishop and Hall, 2000). We
showed here that suppression of Racl activity in
electroporated cells caused down-regulation of JNK
activity, revealing that the JNK activity in migrating
neurons is controlled by Racl. Although previous reports
suggested that Racl and its influence on the actin
cytoskeletal dynamics are important in regulating cell
migration, the significance of JNK activity in neuronal
migration is still unknown. We propose a crucial role for
JNK in neuronal migration and show that its functional
suppression causes abnormal neuronal migration in the
cerebral cortex. Interestingly, the morphology of the
DN-JNK transfected cells is different from that of N17-
Racl-transfected cells. While N17-Racl-expressing cells
exhibited a round shape lacking a leading process,
DN-JNK-expressing cells displayed a spindle-like morph-
ology with a distinct leading process. This implies that
acquisition of the leading process requires Racl but not
JNK, and further suggests that additional downstream
pathways of Racl, other than JNK, are involved in this
process (Figure 8). Fukata et al. (2002) showed that Racl
is involved in initiation of protruding process formation in
restricted parts of cells via the IQGAP-Clip170 pathway.
This process does not seem to require JNK activity.

However, the leading processes in DN-JNK expressing
cells appeared twisted and irregular, suggesting that JINK
is required for acquiring proper leading process morph-
ology. The major cytoskeletal component of the leading
process has been shown to be the microtubule (Hatten,
2002). Previous reports have shown that microtubule
dynamics are very important for neuronal migration, since
genetic mutations of Lisl and doublecortin, both thought
to regulate microtubule dynamics, cause abnormal cortical
neuronal migration in mammals (Gupta et al., 2002; Olson
and Walsh, 2002). In cultured IZ neurons, we showed that
activated JNK was localized along microtubules, espe-
cially in processes. Furthermore, we showed that addition
of a JNK inhibitor to the culture media resulted in
abnormal morphology and reduced dynamics of micro-
tubules in processes of cultured cells from developing
cerebral cortex. These facts suggest that JNK is involved
in proper microtubule formation through regulating
tubulin dynamics.

We showed that addition of a JNK inhibitor to the
cultured neurons resulted in suppression of MAPIB
phosphorylation. Although this indicates the involvement
of JNK, whether direct phosphorylation occurs is still not
clear. Because GSK3 can directly phosphorylate MAP1B
(Lucas et al., 1998) and because both GSK3p and JNK are
members of proline-directed kinases, we suspect that JNK
may directly phosphorylate MAPIB. Since the phos-
phorylation of MAPIB, recognized by SMI-31, causes
reduced microtubule-stabilizing activity of MAPIB
(Goold et al., 1999), INK might be able to control
dynamics of microtubules through regulating the phos-
phorylation status of MAP1B. Together with the fact that
MAPI1B-deficient mice exhibited abnormal cortical migra-
tion (Gonzalez-Billault et al., 2000), these facts may
indicate that JNK is involved in proper neuronal migration
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through phosphorylation of MAPIB, contributing to
proper microtubule dynamics in the processes of migrating
neurons (Figure 8).

Previous genetic studies suggested the involvement of
several molecules in neuronal migration (Cdk5, Lisl,
Reelin, ApoER2/VLDLR, mDabl, etc.; Gupta et al., 2002;
Olson and Walsh, 2002). In particular, CdkS is thought to
play a central role, because it has been shown to regulate a
microtubule-associated protein, Lis1, and to phosphorylate
mDabl. In addition, regulation of cell adhesion is also
known to be important in neuronal migration. Cdk5 is
reported to regulate N-cadherin-mediated adhesion (Kwon
et al., 2000) and Rac1 has been also shown to be involved
in cell adhesion in vitro (Fukata and Kaibuchi, 2001). As
Racl has been reported to interact with Cdk5 in the
developing cerebral cortex (Nikolic et al., 1998) and
because N17-Racl- and DN-CdkS-expressing cells were
detained in the same region in the cerebral cortex, as
shown in this report, interaction between these two
proteins may account for cortical neuronal migration
(Figure 8).

Materials and methods

Plasmids

Plasmid DNA were prepared using Endo Free plasmid purification kit
(Qiagen). All plasmids contained the CAG promoter (Niwa et al., 1991)
that drives efficient expression in the in utero electroporation system
(Saito and Nakatsuji, 2001). The CMV promoter region of pcDNA3
(Clontech) was replaced with the promoter/enhancer region of pPCAGGS
(provided by Dr J.Miyazaki) to generate pcCAG. The IRES2-EGFP
sequence from pIRES2-EGFP (Clontech) was inserted just after the
cloning site of pcCAG, producing pCAG-IRES-EGFP. NI17-Racl,
PHnTSS-STEF or DN-Cdk5 (Nikolic et al., 1996) cDNA sequence was
inserted into the cloning site of pPCAG-IRES-EGFP to generate pN17-
Racl-IRES-EGFP, pPHnTSS-STEF-IRES-EGFP or pDN-Cdk5-IRES—
EGFP, respectively. pPEGFP was constructed by inserting EGFP cDNA
sequence (Clontech) into the cloning site of pcCAG. pDN-JNK was a
generous gift from Dr S.Tamura [originally named pCX-Flag-INK(APF)]
(Wang et al., 2001).

In utero electroporation
Pregnant ICR mice were purchased from Charles River Japan. Animals
were handled in accordance with guidelines established by Kyoto
University. Pregnant mice carrying E14 embryos were anesthetized and a
right dorsal incision was made to access the uterus. One microliter of
plasmid DNA (2 pg/ul) in TE (pH 7.5) containing Fast Green was
injected into the lateral ventricles of embryonic brains from outside the
uteri with a glass micropipette (G-1.0; Narishige). Holding the embryo in
utero with forceps-type electrodes (NEPA GENE), 50 ms of 40 V
electronic pulses were delivered five times at intervals of 450 ms with a
square electroporator (NEPA GENE). After electroporation, uteri were
placed back in the abdominal cavity, allowing embryos to continue
developing. At desired stages, electroporated brains were sectioned
coronally by cryostat, microtome or vibratome at the level of the rostral
half of the hippocampus to obtain the dorso-lateral region of the cortices.
All electroporated vectors were expression plasmids generally used for
transfection into cultured cells. Little integration or replication was seen
in electroporated cells. Vectors were introduced into VZ cells because the
DNA solution was injected into the ventricles. In VZ cells, the DNA copy
number (as visualized by EGFP signal) is reduced dramatically with each
cell cycle. However, EGFP signal in post-mitotic cells in the cerebral
cortex is maintained for a long period. This is unlikely to be attributed to
the presence of stable EGFP in post-mitotic cells but to the presence of the
expression vector, because EGFP is not very stable when expressed in the
developing cerebral cortex (Kawaguchi et al., 2001). In addition, not only
the EGFP signals but also epitope-tagged molecules (N17-Racl,
PHnTSS-STEF, DN-JNK) could be detected in the cerebral cortices at
P4 (data not shown).
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Immunohistochemistry

Frozen sections of fixed embryonic brains were treated with 10% goat
serum in phosphate-buffered saline (GS-PBS) containing 0.05% Triton
X-100 for 1 h at room temperature and subsequently incubated with
diluted primary antibodies in GS-PBT (GS-PBS containing 0.1% Tween
20) at 4°C overnight. After several washes in PBS, sections were treated
with Alexa488- or Alexa594-conjugated secondary antibodies (Molecular
Probes) diluted in GS-PBT for 45 min at room temperature, followed by
washes in PBS. Fluorescent images were obtained by TCS SL laser
scanning confocal microscopy (Leica).

Primary antibodies

Primary antibodies used in this study were anti-Racl (1/50; Upstate
Biotechnology), anti-STEF (1/100; Matsuo et al., 2002), anti-Tiam1 (1/
100; SantaCruz C-16), anti-active JNK (1/200; Promega), anti-Hu (1/250;
Molecular Probes), anti-MAP2 (1/100; Chemicon), anti-GFP (1/1500,
polyclonal; Molecular Probes), anti-GFP (1/10, monoclonal; provided by
Dr A.Imura), SMI31 (1/1000; Sternberger Monoclonals, Inc.), anti-
MAPIB (1/50; SantaCruz), anti-B-tubulin (1/400; Sigma), anti-o.-tubulin
(1/100; Sigma) and anti-detyrosinated o-tubulin (1/100; Chemicon)
antibodies.

BrdU incorporation experiment

Twenty-four hours after electroporation in utero, pregnant mice (E15)
were given two intraperitoneal injections of BrdU at 40 mg/kg with a
30 min interval. One hour after the first BrdU injection, mice were killed
and embryonic brains were fixed. Frozen sections were sequentially
treated with anti-GFP polyclonal antibody and a biotinylated secondary
antibody (1/500; Vector Laboratory), re-fixed with 4% PFA briefly,
incubated with 2 N HCI for 1 h at 37°C and incubated with anti-BrdU
antibody (1/75; Becton Dickinson) at 4°C overnight, followed by
treatment with Alexa594-conjugated secondary antibody and streptavi-
din-FITC (1/100; Vector Laboratory).

Quantification of fluorescence intensities

Fluorescent images of frozen sections of EGFP-expressing mouse brains
were captured by TCS SL laser scanning confocal microscopy (Leica).
Fluorescence intensities inside similar width rectangles in various regions
of the cerebral cortex (layers II-1V, V-VI, and 1Z and VZ/SVZ) were
measured by the TCS SL software. Relative intensities to the total
fluorescence were calculated and plotted in the graphs with standard
eITorS.

Slice culture

Embryos were electroporated with pEGFP in utero at E14 and killed at
E17. Electroporated brains were cut into 300 pm coronal slices with a
vibratome in DMEM/F-12 1:1 media (Invitrogen). Cortical slices were
incubated on the insert membrane (Millipore) in 2 ml of enriched culture
media (Miyata et al., 2002) in a CO, incubator (37°C, 5% CO,). After 3 h
incubation, 4 pul of DMSO with or without SP600125 (40 uM, final
concentration; BIOMOL Research Laboratories) was added to the media
for an additional 24 h incubation.

Primary culture, western blotting and immunocytochemistry
Primary culture, Western blotting and immunocytochemistry were
performed as described previously (Matsuo et al., 2002, 2003).
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