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Filamin A and FILIP (Filamin A-Interacting Protein)
Regulate Cell Polarity and Motility in Neocortical
Subventricular and Intermediate Zones during
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In the developing neocortex, most excitatory neurons are supplied and arranged through radial migration. Because neurons show global
morphological changes and complicated behavior during that migration, precise regulation of cell shape and polarity is essential for
proper migration and correct neocortical formation; however, how cell shape and polarity are regulated in migrating neuron remains
elusive. We show here that Filamin A, a well known actin-binding protein, determines the shape of neocortical neurons during radial
migration in vivo. Dysfunction of Filamin A, caused by a mutant Filamin A expression, prevents cells from acquiring consistent polarity
toward specific direction and decreases motility in the subventricular and intermediate zones. In contrast, Filamin A overexpression,
achieved by a short interfering RNA for Filamin A-interacting protein that induces Filamin A degradation (FILIP), promotes the devel-
opment and maintenance of a bipolar shape also in the subventricular and intermediate zones. These results suggest that the amount of
Filamin A helps migrating neurons determine their mode of migration, multipolar or bipolar, before entering the cortical plate and that
FILIP is responsible, at least in part, for Filamin A content. In addition, our results also give a possible clue to understanding the
pathogenesis of human malformation periventricular heterotopia, which is caused by various “loss-of-function” mutations in the filamin

A gene.
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Introduction

Radial migration in the neocortex, during which neurons travel
from the ventricular zone (VZ) to the cortical plate (CP) exhib-
iting varying morphology and motility (Rakic, 1972; Miyataetal.,
2001; Nadarajah et al., 2001), is an essential process in cortico-
genesis. In particular, studies have been focused on the complex
behavior of migrating neurons in the subventricular and inter-
mediate zones (SVZ-IZ). For example, Tabata and Nakajima
(2003) have observed abundant multipolar cells in this region;
these show slow, irregular movement together with dynamic ex-
tension and retraction of their multiple neurites. Noctor et al.
(2004) described four distinct phases that migrating neurons un-
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dergo before entering the CP, during which they halt and reverse
direction. These observations suggest that radial migration
through the SVZ-IZ is not simply a process to deliver neurons to
the CP but has unexpected significance in regulating and/or co-
ordinating corticogenesis through cellular interaction. There-
fore, how these morphological changes and complex behavior are
regulated is an important issue for understanding corticogenesis.

Hereditary neocortical malformations that result from aber-
rant radial migration could provide important clues to under-
standing the molecular mechanisms that regulate cell behavior
during migration. Several essential proteins, such as Lisl and
Doublecortin, have actually been identified through analyses of
various malformations (Gupta et al., 2002). Interestingly, such
proteins are related to microtubule dynamics (Feng et al., 2000;
Smith et al., 2000; Schaar et al., 2004; Tanaka et al., 2004), indi-
cating that reorganization of the microtubule is crucial for radial
migration. However, because the microtubule is known to be
involved in neuronal migration primarily through intracellular
nuclear translocation (Rakic et al., 1996; Feng et al., 2000; Smith
et al., 2000; Xie et al., 2003), how cell shape and polarity are
regulated in migrating neuron remains elusive.

In this study, we provide evidence indicating that Filamin A, a
well known actin-binding protein, is involved in regulating cell
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polarity and motility in the SVZ-IZ during radial migration. Be-
cause various “loss-of-function” mutations in human filamin A
gene cause periventricular heterotopia in which cortical neurons
accumulate beside the lateral ventricle (Eksioglu et al., 1996; Fox
et al., 1998; Sheen et al., 2001; Kakita et al., 2002), it has been
suggested that Filamin A is required for the early phases of radial
migration (e.g., radial migration start). However, the precise na-
ture of its involvement is still an open question. We investigated
this issue using a mutant Filamin A molecule and a short inter-
fering RNA (siRNA) for Filamin A-interacting protein (FILIP)
that induces Filamin A degradation (Nagano et al., 2002) to in-
hibit and enhance, respectively, the activity of Filamin A. Our
results show that cells with suppressed Filamin A function have
difficulty in acquiring consistent polarity and establishing a bipo-
lar form in the SVZ-IZ, whereas Filamin A overexpression in-
creases the number of bipolar cells. These results suggest that
Filamin A is essential for regulating the polarity of neocortical
neurons during radial migration and that the actin cytoskeleton
(on which Filamin A resides), as well as the microtubule cytoskel-
eton, is also important for radial migration as shown in the cer-
ebellum (Rivas and Hatten, 1995).

Materials and Methods

Animals. Pregnant Wistar rats and C57BL/6 mice were purchased from a
local vendor (SLC, Hamamatsu, Japan), housed at a constant tempera-
ture and humidity, and provided with food and water ad libitum. Em-
bryonic day 0 (E0) was defined as the day of confirmation of the vaginal
plug. All pregnant animals were deeply anesthetized by intraperitoneal
injection of 2,2,2-Tribromoethanol (200-300 mg/kg body weight) be-
fore the experiments. All experiments were conducted in compliance
with the Guidelines for Use of Laboratory Animals of University of
Fukui, and all efforts were made to minimize the number of animals used
and their suffering.

Plasmid vectors and antibodies. For protein expression, plasmid vectors
constructed on pGAGGS (Niwa et al., 1991) were used so that the cDNAs
were driven under a CAG promoter. For siRNA expression, plasmid
vectors constructed on mU6pro (Yu et al., 2002) were used so that the
siRNAs were expressed under a mouse U6 promoter (see below). The
following antibodies were used: anti-green fluorescent protein (GFP)
antibody (#632377; Clontech, Palo Alto, CA), anti-Filamin A antibody
(sc-17749; Santa Cruz Biotechnology, Santa Cruz, CA), a customized
anti-Filamin A antibody (Sigma Genosys Japan, Ishikari, Japan) raised
against a synthetic peptide corresponding to residues 1742-1755 of
mouse Filamin A protein (SWISS-PROT Q8BTMS), anti-BIII-tubulin
antibody (TuJ1; PRB-435P; Covance Research Products, Berkeley, CA),
Alexa Fluor 568-labeled anti-rabbit IgG antibody (A11011; Molecular
Probes, Eugene, OR), and anti-actin antibody (A4700; Sigma, St.
Louis, MO).

Electroporation-mediated gene transfer and culture of the neocortical
explants. The methods used for DNA transfection and culture of the
neocortical explants have been described previously (Hatanaka and Mu-
rakami, 2002). In brief, ~2 ul of plasmid DNA (0.5-5 ug/ul) was in-
jected into the lateral ventricle of E18 rat brain and then introduced into
the ventricular zone cells by delivering five electrical pulses (50 V; 50
msec duration) at intervals of 75 msec with a square-pulse electroporator
(CUY21EDIT; Nepa Gene, Ichikawa, Japan) and a tweezers-type elec-
trode with disc electrodes (5 mm in diameter) at the tip (CUY650-5;
Nepa Gene). For cotransfection, a molar ratio of 1 [enhanced GFP
(EGFP)-expression plasmid] to —10 (siRNA expression plasmid) was
used. The brain was cut coronally into 200 wm slices with a Vibratome
(VT1000S; Leica Microsystems, Wetzlar, Germany), and the dorsolateral
portion of the cortex was dissected out and cultured on a collagen-coated
membrane (Transwell-COL; Costar-Corning, Corning, NY) in DMEM/
F12 medium containing 10% fetal bovine serum and N2 supplement. For
analyzing migration or cell shape, the sections were fixed with 4% para-
formaldehyde/0.1 M phosphate buffer, pH 7.4, for 30 min and imaged on
a laser-scanning confocal microscope (LSM 5 PASCAL; Carl-Zeiss,
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Oberkochen, Germany). The migration was quantified based on the cor-
tical location in which its cell body was situated in three independent
experiments (three slices; > 200 cells per slice) in each group. For cell
shape analysis, radially oriented spindle-shaped cells (defined as those
with a long axis/short axis ratio of >2.5) were identified within 100 wm
from the ventricular surface, and their frequency among the total num-
ber of labeled cells in the same region was calculated on three indepen-
dent experiments (three slices; 30-92 cells per slice) in each group. Be-
cause the edges of the explants (especially the ventricular surfaces)
gradually deform during culture period, the locations of original ventric-
ular surfaces were estimated based on some cells with EGFP labeling that
hardly migrate in the VZ. For protein analysis, the sections were detached
from the membranes, lysed, and subjected to immunoblotting.

RNA interference. Three different constructs for FILIP siRNAs were
prepared on the mU6pro vector (Yu et al., 2002). These expressed the
short hairpin RNAs 5'-GUGGACUUCGAAGACAAGGCCuucaa-
gagaGGCCUUGUGUUCGAAGUCCAC-3', 5'-GGGGAAUGUGC-
AAACUCCAGUuucaagagaACUGGAGUUUCCACAUUCCCC-3’
and 5'-GCGCGUGCUUCAGAUGGAGGGuucaagagaCCCUCCAU-
CUCAAGCACGCGC-3’ to target nucleotides 972-992, 11761196,
and 1226-1246 of rat L-FILIP ¢cDNA (GenBank accession number
NM145682) (L-FILIP is one of the two known FILIP species) and were
termed FILIP siRNA-1, -2, and -3, respectively. The underlined single
nucleotides represent the mutations introduced, whereas the under-
lined sequences in lower case correspond to the loop region. These
targets are common to L- and S-FILIP ¢cDNAs (S-FILIP is another
known FILIP species), and identical nucleotide sequences for each
target are also found in mouse putative FILIP cDNA (GenBank acces-
sion number AK017709), ~93% of the corresponding nucleotides of
which are identical to those of rat L-FILIP cDNA. To assess the effects
of these siRNAs, an expression vector for S-FILIP-EGFP was cotrans-
fected into COS-7 cells with each of the siRNA-expressing vector or
mU6pro vector, and the amount of S-FILIP-EGFP in the cells was
compared by immunoblotting.

In utero electroporation-mediated gene transfer, tissue preparation, and
immunohistochemistry. The method was performed essentially as de-
scribed previously (Saito and Nakatsuji, 2001; Tabata and Nakajima,
2001). Briefly, pregnant mice were deeply anesthetized on E15, and the
uterine horns were exposed. Plasmid DNA, purified using the EndoFree
plasmid kit (Qiagen, Hilden, Germany), was dissolved in HBS (21 mm
HEPES, pH 7.0, 137 mm NaCl, 5 mm KCl, 0.7 mm Na,HPO,, 1 mg/l
glucose) at a final concentration of 0.5-3.5 ug/ul together with Fast
Green (final concentration 0.01%). For cotransfection, a molar ratio of 1
(EGFP-expression plasmid) to 3—6 (the other plasmids for cotransfec-
tion) was used. Approximately 2 ul of plasmid solution was injected into
the lateral ventricle from outside the uteri with a glass micropipette (GD-
1.5, Narishige, Tokyo, Japan). Each embryo in the uterus was then placed
between the tweezers-type electrodes described above and electronic
pulses (40 V; 50 msec duration) were applied five times at intervals of 950
msec. The uterine horns were then placed back into the abdominal cavity
to allow the embryos to continue normal development.

Two or 4 d after electroporation (E17 or 19, respectively), the pregnant
dams were killed, and the brains of the embryos were fixed by overnight
immersion (for E17 brains) or transcardial perfusion followed by over-
night immersion (for E19 brains) using the same fixative as described
above for the neocortical explants. For analyzing cell shape and migra-
tion, 100-um-thick sections were made on a Vibratome. For immuno-
histochemistry, 14-um-thick frozen sections were made on a cryostat
and subjected to antibody reaction. The sections at the anterior one-third
of the neocortex were imaged and analyzed on a laser-scanning confocal
microscope. The migration was quantified based on the cortical location
in which its cell body was situated in three independent experiments
(three slices; 48—234 cells per slice) in each group. For cell shape analysis,
radially oriented spindle-shaped cells (defined as those with a long axis/
short axis ratio of >2.5) were identified, and their frequency among the
total number of labeled cells in the same region was calculated on three
independent experiments (three slices; 21-64 cells per slice) in each
group.

Time-lapse observation. Two days after in utero electroporation-
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mediated gene transfer on E15, the pregnant dams were killed, and the
embryos (E17) were taken out. Coronal slices of the embryonic brain
(200 pwm thick) were made on a Vibratome, and slices from the anterior
one-third of the neocortex were placed on a glass-bottomed dish and
mounted in collagen gel. These were cultured in the same medium as the
neocortical explants in a CO, incubation chamber (5% CO, at 37°C) that
was fitted onto a confocal microscope. The dorsolateral region of the
neocortex was analyzed by automatically obtaining 20-30 optical Z sec-
tions every 20 min for 7-15 hr.

Statistical analyses. Significant differences, with p < 0.05, were deter-
mined by ¢ test.

Results

Filamin A that lacks the actin-binding domain alters the
shape of neocortical neurons during migration in

organotypic explants

We used a Filamin A mutant without the actin-binding domain
(AABD-Filamin A) to suppress Filamin A activity. Because Fil-
amin A is known to form a signaling scaffold with various other
proteins as well as with F-actin through its actin-binding domain
(Stossel et al., 2001), it is likely that AABD-Filamin A interferes
with Filamin A functions to link the signaling scaffold with
F-actin. Actually, Kainulainen et al. (2002) reported that AABD-
Filamin A prevents the mechanoprotective function of Filamin A.
To assess the significance of Filamin A during neuronal migra-
tion, we used electroporation-mediated gene transfer to express
the mutant human Filamin A in E18 rat neocortical neurons,
which migrate radially in brain explants, as reported previously
(Hatanaka and Murakami, 2002; Nagano et al., 2002). Briefly,
expression plasmids were injected into the lateral ventricle, and
electrical pulses were applied so that the plasmids were incorpo-
rated into the cells of the VZ. The transfected cortices were then
dissected out, sliced, and cultured. Using this method, some of
the postmitotic neurons were induced to overexpress EGFP-
tagged mutant Filamin A (EGFP-AABD-Filamin A) or EGFP
only (control). After 5 d of culture, many cells expressing control
EGFP exhibited the radially oriented spindle shape with leading
and trailing processes that are characteristic of migrating neurons
(Fig. 1 A, left column). In contrast, those showing intense EGFP-
AABD-Filamin A expression were oval or round in shape and
their migration was suppressed, whereas those containing less
EGFP-AABD-Filamin A showed apparently normal morphology
and motility (Fig. 1A, right column, B), suggesting that the mu-
tant exerted a dose-dependent inhibitory effect against radial mi-
gration. Therefore, the shape of the neocortical neurons, as well
as their motility during radial migration, appears to depend on
Filamin A.

FILIP and Filamin A determine the shape of neocortical
neurons in organotypic explants

To confirm the significance of Filamin A in determining the
shape of neocortical neurons in the explants, we next attempted
to enhance the function of endogenous Filamin A by suppressing
S- and L-FILIP (Nagano et al., 2002). We used FILIP siRNA,
which was expressed using a plasmid vector (Yu et al., 2002).
First, we constructed three vectors, each of which expressed a
distinct FILIP siRNA (FILIP siRNA-1-siRNA-3), and each vector
was transfected into COS-7 cells together with an expression vec-
tor for S-FILIP-EGFP. The effects of the siRNAs were compared
by quantifying the S-FILIP-EGFP protein. We found that FILIP
siRNA-3 was the most effective, whereas FILIP siRNA-2 had little
effect (Fig. 2A). The FILIP siRNA-3 expression vector was there-
fore coelectroporated with an EGFP expression vector into E18
rat VZ cells, and the transfected cortices were maintained as or-
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Figure 1. AABD-Filamin A inhibits radial migration in cultured neocortical explants. 4,
(DNAs of EGFP (left column) or EGFP-AABD-Filamin A (right column) were electroporatically
introduced into the cells of the ventricular zone of the neocortex in E18 rats. These cells were
then maintained as explants for 5 d. A substantial number of the EGFP-expressing cells were
spindle shaped and migrated radially toward the pial side (PS), whereas most cells showing
intense EGFP-AABD-Filamin A expression were more dumpy or round in shape and remained
close to the ventricular surface (VS). The bottom panels show higher-magnification views of the
areasindicated by the squaresin the top panels. Scale bars: top panels, 200 .um; bottom panels,
50 pm. B, Cell motility in A was assessed by calculating the percentage of cells that migrated
farther than one-third of the neocortical thickness within the explants. The mean and SEM for
three independent experiments are shown for each group. The asterisk indicates a significant
difference between the groups (p << 0.05; t test).

ganotypic explants as described above. This coelectroporation
generally enabled both vectors to be introduced into the same cell
(data not shown). As expected, introduction of FILIP siRNA-3
caused excessive storage of Filamin A in the explants (Fig. 2B,
middle lane), confirming that the siRNA was effective and agree-
ing with the view that FILIP acts to induce the degradation of
Filamin A. Then we assessed the morphology of the cells express-
ing FILIP siRNA-3 (together with EGFP) after 2 d of culture,
when most of the cells carrying the transfected plasmids re-
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Figure2. Filamin A determines the shape of neocortical neurons in cultured explants. 4, The

effects of three siRNAs for FILIP, expressed using mU6pro-hased vectors, were examined by
coexpression with S-FILIP-EGFP in COS-7 cells. The amounts of S-FILIP-EGFP present 2 d after
transfection were detected by immunoblotting using anti-GFP antibody. FILIP siRNA-3 was the
most effective, whereas FILIP siRNA-2 had little effect. The mU6pro vector without any addi-
tional insert (vector) served as a negative control, whereas nonspecifically reactive bands (ar-
rowhead) served as loading controls. B, The amount of Filamin A was assessed by immunoblot-
ting in E18 rat neocortical explants expressing FILIP siRNA-3 or those overexpressing human
Filamin A (excess Filamin A) 2 d after electroporation-mediated gene transfer. Explants trans-
fected with mU6pro vector without additional insert served as a control (vector). FILIP siRNA-3
also caused accumulation of Filamin A as expected. C, The effects of FILIP siRNA-3 or excess
Filamin A on cell morphology 2 d after electroporation-mediated gene transfer into E18 rat
neocortical explants were visualized by the coexpression of EGFP. Most labeled cells remained
near the ventricular surface on day 2. Most of the cells expressing either FILIP siRNA-3 or excess
Filamin A had a similar radially oriented thin spindle shape near the ventricular surface (bottom
of each panel). In contrast, most cells transfected with the empty mU6pro vector (vector; neg-
ative control) near the ventricular surface were round in shape. Scale bar, 50 pem. D, The number
of radially oriented thin spindle-shaped cells within 100 rem from the ventricular surface of
each explant was counted, and their percentage relative to the total number of labeled cells in
that region was calculated. The mean and SEM for three independent experiments are shown
for each group. Asterisks indicate significant difference between the groups (*p << 0.05; **p <
0.01; t test).

mained near the ventricular surface. We found that many of the
FILIP siRNA-3-containing cells near the ventricular surface were
radially oriented and spindle shaped; these features were ob-
served less frequently among control cells in the same region (Fig.
2C, middle panel, D). Suppression of FILIP thus alters the shape
of neocortical neurons.

To confirm that the increase in radially oriented spindle-
shaped cells in the FILIP siRNA-3-expressing culture resulted
from Filamin A accumulation, we next overexpressed exogenous
human Filamin A instead of FILIP siRNA-3. As in the FILIP
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siRNA-3-expressing culture, this led to the formation of many
radially oriented spindle-shaped cells (Fig. 2C, right panel, D).
These results show that the amount of Filamin A, which is regu-
lated in part by FILIP activity, determines neuronal shape during
radial migration in organotypic explants.

AABD-Filamin A inhibits radial migration through the
subventricular and intermediate zones to the cortical plate in
the developing cerebral cortex in vivo

The above results suggest that Filamin A is important in regulat-
ing the shape and motility of neocortical neurons during radial
migration. Therefore, we next investigated the significance of
Filamin A in radial migration during neocortical development in
vivo. We used in utero electroporation-mediated gene transfer
(Inoue and Krumlauf, 2001; Saito and Nakatsuji, 2001; Tabata
and Nakajima, 2001), which allows delivery of plasmids into the
VZ cells and postmitotic migrating neurons of embryonic neo-
cortices in utero. Because cortices subjected to a sham operation
continued to develop normally, this method enabled us to eval-
uate the net effect of the injected plasmid as much as possible. In
this method, we introduced an EGFP or EGFP-AABD-Filamin A
expression plasmid into E15 mouse dorsolateral neocortices in
vivo, and labeled cells were observed at E17 (day 2 after transfec-
tion) or E19 (day 4 after transfection). On day 2, EGFP- or EGFP-
AABD-Filamin A-labeled cells were found mostly in the VZ and
SVZ-1Z (Fig. 3A). We could not detect any inhibitory effect of the
mutant Filamin A against the early phase of radial migration up
to the SVZ-IZ, because similar percentages of EGFP-AABD-
Filamin A-labeled and EGFP-labeled cells were present outside
the VZ (Fig. 3B). In contrast, these labeled cells showed distinct
distribution patterns on day 4 (Fig. 4A, top panels, B). Although
a substantial number of EGFP-labeled cells was found in the CP
and many of them seemed to have completed radial migration
based on their location, most of the EGFP-AABD-Filamin
A-labeled cells were still in the SVZ-IZ. These results suggest that
Filamin A is required for radial migration through the SVZ-I1Z
(or into the CP) in vivo.

AABD-Filamin A causes aberrant regulation of cell polarity in
the subventricular and intermediate zones

In the SVZ-IZ of the developing neocortex, many neurons ex-
hibit multipolar migration, during which they do not have any
fixed polarity as they do during locomotion or somal transloca-
tion in the CP (Tabata and Nakajima, 2003). They move irregu-
larly and slowly, with their multiple neurites extending and re-
tracting dynamically. The finding that mutant Filamin A
prevented neuronal migration through the SVZ-IZ therefore
prompted us to focus on the neurites of cells in the SVZ-IZ that
expressed the mutant.

We observed the morphology of the EGFP- or EGFP-AABD-
Filamin A-expressing cells in the SVZ-IZ on days 2 and 4 after
electroporation in utero at E15. On day 2, both the EGFP- and
EGFP-AABD-Filamin A-labeled cells showed multipolar mor-
phology, and their cell bodies and processes tended to be oriented
tangentially (Fig. 3A, bottom panels), as described previously
(Tabata and Nakajima, 2003). On day 4, the EGFP-labeled cells
found in the SVZ-IZ showed a morphology similar to that ob-
served on day 2 (Fig. 4A, bottom left panel). In contrast, the
EGFP signals from the EGFP-tagged mutant Filamin
A-expressing cells on day 4 generally indicated a round shape and
a lack of neurites (Fig. 4A, bottom right panel), suggesting that
these cells had lost the neurites that they had possessed 2 d before.
To rule out the possibility that the cells observed on day 4 had
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Figure 3.  Expression of AABD-Filamin A does not appear to affect cell shape or motility

during the early stages of radial migration up to the subventricular or intermediate zone in vivo.
A, EGFP or EGFP-AABD-Filamin A was expressed in mouse dorsolateral neocortices in vivo using
electroporation-mediated gene transfer on E15. The labeled cells were observed on E17 (day 2).
The EGFP- and EGFP-AABD-Filamin A-labeled cells (left and right columns, respectively) were
similar in their distribution and appearance. Difference interference contrast images are
merged for the top panels. The bottom panels show higher-magnification views of the areas
indicated by the squares in the top panels. LV, Lateral ventricle; ST, striatum. Scale bars: top
panels, 100 m; bottom panels, 25 wm. B, Quantitative analyses of cell migration in A. The
percentages of EGFP- and EGFP- AABD-Filamin A-labeled cells outside the VZ to total number of
labeled cells are shown (means and SEM for 3 independent experiments). ¢ test showed that
their differences are notsignificant ( p > 0.05; NS). , Most EGFP- AABD-Filamin A-labeled cells
shown in A expressed the neuronal marker Tu)1 (red in middle and bottom panels), as revealed
by immunohistochemistry using anti-TuJ1 antibody. Scale bar, 10 pum.

Nagano et al. « Filamin A Regulates Polarity of Migrating Neurons

EGFP - AABD-Filamin A

B C EGFP
+
H EGFP - AABD-Filamin A

EGFP - AABD-Filamin A

PSH ..
*
VS :
0 20 40

Cells localized in each area (%)

Location in the neocortex

Figure4.  Filamin Ais required for radial migration through the subventricular and interme-
diate zones in vivo. A, EGFP or EGFP-AABD-Filamin A was expressed in mouse dorsolateral
neocortices in vivo using electroporation-mediated gene transfer on E15. The labeled cells were
observed on E19 (day 4). The EGFP- and EGFP-AABD-Filamin A-labeled cells (left and right
columns, respectively) exhibited different distributions and appearances. Difference interfer-
ence contrast images are merged for the top panels. The bottom panels show higher-
magpnification views of the areas indicated by the squares in the top panels. Scale bars: top
panels, 100 wm; bottom panels, 25 wm. B, Quantitative analyses of cell migration in A. The
neocortex was subdivided evenly into five areas from the VS to the PS. The percentages of
labeled cells (cell bodies) in each area were calculated on three independent experiments for
each group. Values are means with SEM. Asterisks indicate that these percentages are signifi-
cantly different from those of the same areas in EGFP-transfected cortices (*p << 0.05; **p <
0.01; t test). C, EGFP-AABD-Filamin A was coexpressed with EGFP as in A, and the SVZ—IZ cells
were observed 4 d later (on E19). Many of the mutant Filamin A-containing cells in the SVZ-IZ
lacked tangentially oriented neurites, which were commonly found in the cells containing only
EGFP (A, bottom left panel). The dorsal surface of the neocortex s to the top. Scale bar, 25 um.

neurites from which EGFP-AABD-Filamin A was excluded, we
coexpressed EGFP with EGFP-AABD-Filamin A and observed
the SVZ-IZ cells 4 d later (Fig. 4C). This confirmed that many of
the mutant Filamin A-containing cells in the SVZ-IZ lacked tan-
gentially oriented neurites, which were commonly found in the
cells containing only EGFP, as shown in Figure 4A (bottom left
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The antimigratory effect of AABD-Filamin A on cells in the intermediate zone is attributable to aberrant regulation of cell polarity. EGFP ( A) or EGFP-AABD-Filamin A plus EGFP ( B) was

expressed in mouse dorsolateral neocortices in vivo using electroporation-mediated gene transfer on E15. The labeled cells were analyzed in living slices on E17 (day 2). A, The EGFP-expressing cells
in the intermediate zone exhibited typical multipolar migration, during which they advanced slowly and irregularly while dynamically extending and retracting multiple processes (arrow and
arrowhead). They sometimes took on an almost bipolar shape and temporarily moved faster (double arrowheads; the same cell as indicated by the single arrowhead at 0-3.0 hr). B, The
AABD-Filamin A-expressing cells also actively and repeatedly extended and retracted multiple neurites; however, the neurites tended to show more complicated branching, and the cells hardly

exhibited a bipolar shape or intermittent rapid motion (single and double arrowheads). The pial surface is to the top in each panel. Scale bars, 25 pm.

panel). In addition, it is unlikely that the mutant Filamin A di-
rectly affected their neuronal differentiation, because a substan-
tial fraction of the EGFP-AABD-Filamin A-labeled cells express
neuronal marker TuJ1 (Fig. 3C and data not shown), as reported
on EGFP-labeled cells in the SVZ-IZ (Tabata and Nakajima,
2003).

The next question was whether the mutant Filamin A affected
neurite dynamics in the SVZ-IZ cells before the neurites were lost
and how this effect related to cellular motility. To address these
issues, we performed time-lapse observations of cells expressing
EGFP-tagged mutant Filamin A plus EGFP or EGFP only in the
dorsolateral neocortex 2 d after in utero electroporation on E15.
In the control experiment, during which only EGFP was ex-
pressed, many SVZ-IZ cells showed dynamic extension and re-
traction of multiple neurites in various directions, whereas they
migrated slowly and irregularly in a radial direction (Fig. 5A,
arrow and arrowhead), as reported previously (Tabata and Na-
kajima, 2003). In addition, they sometimes took on an almost
bipolar shape and temporarily moved faster (Fig. 5A, double ar-
rowheads) (movie S1, supplemental material, available at www.
jneurosci.org). The SVZ-IZ cells containing the mutant Filamin
Aalso actively extended and retracted multiple neurites. The neu-
rites tended to show more complicated branching, however, and
the cells hardly ever exhibited a bipolar shape or intermittent
rapid motion (Fig. 5B, single and double arrowheads) (movie S2,
supplemental material, available at www.jneurosci.org). In addi-
tion, some of the EGFP-AABD-Filamin A-labeled cells showed
active dynamics of apparently short neurites (an example is
found at bottom left in movie S2, supplemental material, avail-
able at www.jneurosci.org). The mutant Filamin A therefore

seemed to primarily affect cell polarity rather than disrupt
neurite dynamics during the cell rounding process in the
SVZ-1Z.

Filamin A overexpression caused by FILIP dysfunction also
affects cell polarity in the subventricular and

intermediate zones

We reported previously that FILIP induces the degradation of
Filamin A in VZ cells, in which less Filamin A is accumulated
(Nagano et al., 2002). The present results obtained from cultured
neocortical explants suggest that the shape of neocortical cells
depends on the amount of functional Filamin A present, which is
partially regulated by FILIP. Dysfunction of Filamin A makes the
neocortical cells round, whereas overexpression induces a
spindle-like bipolar shape (Figs. 1, 2C,D). Our in vivo results
show that dysfunction of Filamin A affects the regulation of cell
polarity, eventually making cells in the SVZ-IZ round (Figs. 4 A,
5B). These observations led us to hypothesize that the amount of
Filamin A present during the early phases of radial migration (i.e.,
up to the IZ) was responsible for the cell shape during multipolar
migration through the SVZ-IZ. To test this, we attempted to
increase the Filamin A content of radially migrating cells in vivo
by coexpressing FILIP siRNA-3 with EGFP through electropora-
tion in utero on E15. FILIP siRNA-2, which had little effect on
FILIP (Fig. 2A), served as a control. First, we examined the
amount of Filamin A protein in neocortices expressing these
siRNAs on day 2 after electroporation and confirmed that greater
accumulation of Filamin A occurred in FILIP siRNA-3-
expressing than in FILIP siRNA-2-expressing neocortices (Fig.
6A). We next compared the morphologies of the IZ cells express-
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Figure 6.  The amount of Filamin A in the intermediate zone cells isimportant in controlling
cell polarity to characterize multipolar migration. FILIP siRNA-2 or -3 was expressed together
with EGFP inmouse dorsolateral neocortices in vivo using electroporation-mediated gene trans-
feron E15,and the neocortices were analyzed on E17 (day 2). A, Immunoblot analysis confirmed
that FILIP siRNA-3 increased Filamin A expression (top panel). FILIP siRNA-2, which had little
effect, served as a negative control, whereas expression of actin served as loading controls
(bottom panel). B, Intermediate zone cells containing FILIP siRNA-3 (right column) tended to
show radially oriented spindle shape. Those containing FILIP siRNA-2 (left column) served as
controls. Difference interference contrast images are merged for the top panels. The bottom
panels show higher-magnification views of the areas indicated by the squaresin the top panels.
Scale bars: top panels, 100 .em; bottom panels, 25 wm. G, Quantitative analyses of cell shape in
the intermediate zone. Radially oriented spindle-shaped cells (defined as those with a long
axis/short axis ratio of >>2.5) were counted, and their percentage relative to the total number of
labeled cells in that region was calculated on three independent experiments in each group.
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ing these siRNAs on day 2. The results showed that FILIP
siRNA-3 caused some of the cells to take on a radial orientation
and bipolar spindle shape, whereas multipolar cells typical of
those normally seen in the IZ were found predominantly in the
neocortices expressing FILIP siRNA-2 (Fig. 6 B,C). On the other
hand, neither an apparent change in radial migration out of the
VZ up to the IZ based on the locations of the cells (Fig. 6 B) nor in
their expression of TuJ1 (Fig. 6 D) was noticed on day 2. These
results suggest that appropriate expression of Filamin A by cells
undergoing radial migration through the SVZ-IZ, which is reg-
ulated at least partially by FILIP, is responsible for controlling
their polarity to characterize multipolar migration.

Because the radially oriented spindle-shaped cells induced in
the IZ by FILIP siRNA-3 showed a morphology similar to those
undergoing locomotion or somal translocation in the CP, we
next investigated whether their behavior resembled typical mi-
gration in the CP. We performed time-lapse observations of 1Z
cells expressing FILIP siRNA-2 or -3 together with EGFP in the
dorsolateral cortex 2 d after in utero electroporation on E15. The
behavior of control cells (those expressing FILIP siRNA-2) was
essentially the same as that observed in the neocortices expressing
EGFP only (data not shown). In contrast, the IZ cells containing
FILIP siRNA-3, which exhibited radially oriented spindle shape,
behaved in a distinct manner (Fig. 7, single and double arrow-
heads) (movie S3, supplemental material, available at www.
jneurosci.org). Most of them maintained their radial polarity
during the observation period; however, their two major neu-
rites (leading and trailing processes) did not remain still but
were repeatedly extended and retracted in the consistent radial
directions. Nevertheless, the migration rates of these FILIP
siRNA-3-containing bipolar cells were similar to those of
FILIP siRNA-2-containing cells [1.33-5.18 wm/hr (mean 2.44
wm/hr) for 10 representative cells in the former group, com-
pared with 0.86—4.50 um/hr (mean 2.00 wm/hr) for 9 repre-
sentative cells in the latter group; ¢ test showed that their
differences are not significant ( p > 0.05)]. These results sug-
gest that hyperactivity of Filamin A in the SVZ-1Z cells re-
stricts the cell polarity to radial direction rather than modify-
ing neurite dynamics or cell motility. Therefore, FILIP seems
to prevent SVZ-IZ cells from acquiring the fixed polarity to
enable multipolar migration.

Discussion

In the study presented here, we investigated the effect of Filamin
A on the radial migration of neocortical neurons in organotypic
neocortical explants and the developing neocortex in vivo, in
both of which the migration was perturbed and/or observed us-
ing an electroporation-mediated gene transfer technique. In the
first of these experimental systems, neocortical explants tended to
deform as the time spent in vitro culture increased, and the bor-
ders between the VZ, SVZ-IZ, and CP became unclear. This
made it difficult to establish exact correlations between the be-
havioral features of the migrating cells in the explants with those
found in vivo; however, the findings regarding cell shape and
motility were consistent in both systems. AABD-Filamin A, a

<«

Means with SEM. Double asterisks indicate significant difference between the groups (p <
0.01; t test). D, Most intermediate zone cells containing FILIP siRNA-2 or FILIP siRNA-3 shown in
B (marked by EGFP; top and bottom panels, respectively) expressed the neuronal marker TuJ1
(red in middle and right columns), as revealed by immunohistochemistry using anti-TuJ1 anti-
body. Scale bar, 10 m.
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EGFP + FILIP siRNA-3

Figure 7.

Overexpression of Filamin A in the cells of the intermediate zone restricts cell polarity to radial direction, rather than modifying neurite dynamics or cell motility. FILIP siRNA-3 was

coexpressed with EGFP in mouse dorsolateral neocortices in vivo using electroporation-mediated gene transfer on E15. The labeled cells were analyzed in living slices on E17 (day 2). Many FILIP
siRNA-3-expressing cells in the intermediate zone maintained their polarity during the observation period, unlike control cells, which exhibited multipolar migration. However, they repeatedly
extended and retracted their neurites in consistently radial directions (arrowhead and double arrowheads) and showed motility rates similar to cells containing FILIP siRNA-2 (see Results). The pial

surface is to the top in each panel. Scale bar, 25 pm.

dominant-negative mutant that inhibits the function of normal
Filamin A (Kainulainen et al., 2002), caused the cells to become
round, produce few neurites, and become less motile, whereas
Filamin A overexpression caused by an effective FILIP siRNA
promoted a radially oriented spindle shape. The data from both
experimental systems thus indicate that Filamin A and FILIP act
on cell polarity and motility in migrating neocortical neurons. In
addition, the results from the in vivo experimental system re-
vealed that these Filamin A functions significantly affect multi-
polar cells in the SVZ-IZ. Time-lapse observations further sug-
gested that Filamin A and FILIP help to determine whether the
SVZ-IZ cells are multipolar or bipolar (i.e., spindle-shaped). Ac-
cording to Tabata and Nakajima (2003), the SVZ-IZ of the de-
veloping neocortex can be characterized by abundant multipolar
cells that have no fixed polarity but dynamically extend and re-
tract their neurites. These cells contrast markedly with those mi-
grating in the CP, which typically exhibit somal translocation or
locomotion in a constant monopolar or bipolar form (Miyata et
al., 2001; Nadarajah et al., 2001). Our results suggest for the first
time that the regulation of cell polarity in the SVZ-IZ by Filamin
A could be the molecular basis of multipolar migration. Overex-
pression of Filamin A restricts cell polarity to a radial direction,
whereas its dysfunction prevents the cells from acquiring fixed
polarity. Normal Filamin A activity, which is regulated at least
partially by FILIP, thus enables multipolar migration through
coordinating cell polarity. The shape of the SVZ-IZ cells can be
affected by such cell-autonomous factors as FILIP and Filamin A,
regardless of external cues (e.g., contact with radial cells and/or
extracellular matrices, etc.). This does not necessarily imply that
the SVZ-IZ cells regulate their shape autonomously. As will be
argued in the last paragraph of Discussion, Filamin A might reg-
ulate recognition of external cues to make the cells bipolar that
otherwise tend to be autonomously multipolar. Our results also
show that Filamin A activity is not likely a sole determinant for
migration mode. Ectopic bipolar cells induced by Filamin A over-
expression in the SVZ-IZ do not show normal locomotion or
somal translocation. They migrate as slowly as multipolar migra-
tion rather than normal locomotion or somal translocation in the
CP, suggesting that some additional factors are required for nor-
mal transition of the migration mode at the IZ-CP border (i.e.,
from multipolar migration to locomotion or somal transloca-

tion). For example, environmental cues specific to the CP might
be involved to adjust the migration speed appropriately in the CP.
During the migration through the SVZ-IZ, in contrast, regula-
tion of cell shape and that of migration speed are independent
with each other.

We reported previously that FILIP, the gene expression of
which is restricted to the VZ in the developing neocortex, appears
to induce the degradation of Filamin A in the VZ and regulate the
start of radial migration (Nagano etal., 2002). Our present results
clearly show the significance of both FILIP and Filamin A in cells
migrating through the SVZ-IZ; however, we cannot exclude the
possibility that they were also required for normal cell behavior in
the VZ and/or the appropriate starting of migration from the VZ
based on the present results, because of the time lag between gene
transfer into the VZ cells and accumulation of sufficient mutant
Filamin A or FILIP siRNA to reveal their effects. It is likely that a
substantial number of the transfected cells started migration
from the VZ before they accumulated enough of the mutant or
the siRNA.

Our present findings serve to provide greater understanding
of the pathogenesis of periventricular nodular heterotopia, a hu-
man neocortical malformation caused by various loss-of-
function mutations in the filamin A gene (Fox et al., 1998; Sheen
et al., 2001; Kakita et al., 2002). In this disorder, neurons lacking
normal Filamin A are thought to accumulate beside the lateral
ventricle (Eksioglu et al., 1996; Kakita et al., 2002). In our in vivo
experiments in the mouse, most of the neurons overexpressing
the mutant Filamin A remained in the SVZ-IZ and not always
beside the lateral ventricle on E19 (day 4 after transfection) (Fig.
4 A, bottom right panel). Therefore, our results suggest a novel
possibility that Filamin A is required for radial migration through
SVZ-IZ. This is still consistent with the development of the hu-
man malformation, because the VZ and SVZ disappear as the
brain matures, and most neurons that become mislocated as
shown in our in vivo experiment will be positioned beside the
lateral ventricle. This is similar to what is observed with dou-
blecortin gene—knock-down neurons, which are located in the 1Z
early in development (Bai et al., 2003). Of course we cannot
exclude the possibility that we may not be able to sufficiently
estimate the earlier phases of radial migration using the present
methods as discussed above. On the other hand, it should be
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noted that Filamin A can form heterodimers with Filamin B, a
highly homologous protein to Filamin A (Takafuta et al., 1998),
and that their interaction potentially compensates for the loss of
Filamin A function in the development of periventricular nodu-
lar heterotopia (Sheen et al., 2002). Then, the mutant Filamin A
used in our study is also likely to form heterodimer with endog-
enous Filamin B because our mutant Filamin A has an intact
C-terminal domain through which Filamin A and B interact with
each other. Therefore, it is possible that the mutant Filamin A
suppresses compensation by the Filamin A/B heterodimer as well
as the function of Filamin A, leading to more severe perturbations
than those found in human malformation. This might be one of
the reasons that the cells with the mutant Filamin A in our results
were lacking in neurites on day 4, whereas mislocated neurons in
the periventricular nodular heterotopia without functional Fil-
amin A have almost normal morphology in the adult stage (Ek-
sioglu et al., 1996; Kakita et al., 2002).

Filamin A is known to interact with various proteins, in-
cluding cell-surface receptors and signal transduction mole-
cules (Stossel et al., 2001). Among these, several possible
candidates that may link Filamin A with cell polarity and mo-
tility in neocortical neurons have recently emerged, although
whether they are authentically present in neocortical neurons
has not yet been confirmed. For example, Bellanger et al.
(2000) reported that Filamin interacts with the Racl-activat-
ing protein Trio and controls its intracellular distribution in
HelLa cells. Because other Racl-activators, Sif and Tiam1-like
exchange factor (STEF)/Tiam1, and activated Racl itself are
required for radial migration through the I1Z (Kawauchi et al.,
2003), it is possible that Trio cooperates with STEF/Tiam1 to
activate Racl in neocortical neurons and that Filamin A spec-
ifies the whereabouts within the cell to activate Racl to pro-
mote multipolar migration through the IZ. Therefore, it is
particularly interesting that Kawauchi et al. (2003) found that
I1Z cells containing a dominant-negative Racl mutant exhibita
round shape, similar to the cells containing mutant Filamin A
during our observation. Is the radially oriented spindle shape,
which results from Filamin A overexpression, also observed in
IZ cells with Racl and/or STEF/Tiam1 hyperactivity? Is the
activity of Racl suppressed in IZ cells containing mutant Fil-
amin A? Further studies to address these questions could pro-
vide us with possible clues to clarify whether Racl acts at the
downstream of Filamin A. Alternatively, Migfilin, which links
the cell-matrix adhesion protein Mig-2 with Filamin A and
actin cytoskeleton (Tu et al., 2003), might be another candi-
date. Because it has been demonstrated that loss of either Mig-
filin or Mig-2 impairs cell shape in cultured cells, it is possible
that these molecules link Filamin A to regulation of neocorti-
cal cell shape or polarity during radial migration if they are
also expressed endogenously. Of course it is still possible,
however, that the downstream molecules of Filamin A affect
intercellular interaction rather than intracellular machinery to
regulate cell polarity and shape directly. The radially oriented
bipolar cells in the SVZ-IZ caused by Filamin A overexpres-
sion might be a consequence of increased affinity with a radial
cell. The fact that Filamin A is capable of interacting with and
modifying the functions of many cell-surface molecules
(Stossel et al., 2001) supports this possibility.
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