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The c-Jun N-Terminal Kinase Activator Dual Leucine Zipper
Kinase Regulates Axon Growth and Neuronal Migration in

the Developing Cerebral Cortex
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Mammalian corticogenesis substantially depends on migration and axon projection of newborn neurons that are coordinated by a yet
unidentified molecular mechanism. Dual leucine zipper kinase (DLK) induces activation of c-Jun N-terminal kinase (JNK), a molecule
that regulates morphogenesis in various organisms. We show here, using gene targeting in mice, that DLK is indispensable for establish-
ing axon tracts, especially those originating from neocortical pyramidal neurons of the cerebrum. Direct and quantitative analysis of
radial migration of pyramidal neurons using slice culture and a time-lapse imaging system revealed that acceleration around the subplate
was affected by DLK gene disruption and by administration of a JNK inhibitor. Phosphorylation of JNK substrates, including c-Jun and
doublecortin, and of JNK itself at the activation loop were partially affected in brains of DLK-deficient mouse embryos. These data suggest
that DLK plays a significant role in the coordinated regulation of radial migration and axon projection by modulating JNK activity.
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Introduction

Radial migration of postmitotic neural cells to their appropriate
positions is indispensable for the development of the laminated
cerebral cortex (Rakic, 1990; Hatten, 1999). An increasing num-
ber of studies on molecular mechanism regulating radial migra-
tion have been reported (Trommsdorff et al., 1999; Caspi et al.,
2000; Niethammer et al., 2000; Magdaleno and Curran, 2001;
Ohshima et al., 2001; Assadi et al., 2003; Schaar et al., 2004;
Tanaka et al., 2004). However, it remains difficult to draw a uni-
fied signaling network regulating radial migration for two main
reasons. First, radial migration involves diverse modes. At least
three different modes of radial migration have been identified
and are named somal translocation, locomotion (Nadarajah et
al.,, 2001), and multipolar migration (Tabata and Nakajima,
2003). Second, radial migration often takes place in parallel with
axon growth (Stensaas and Stensaas, 1968; Hatanaka and Mu-
rakami, 2002; Noctor et al., 2004). A common requirement for
cytoskeletal modulators, such as microtubule-associated proteins
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(MAPs) and Lissencephaly 1 (Lisl), in these cellular events has
been reported (Teng et al., 2001; Tsai et al., 2005). However, the
signaling pathway involved in coordinated regulation of radial
migration and axon growth in the developing neocortex remains
to be identified.

c-Jun N-terminal kinase (JNK) is one of the key factors in-
volved in morphogenesis in various multicellular organisms. It
regulates planar cell polarity, cell migration, and apoptosis
(Martin-Blanco, 1997; Xia and Karin, 2004). In the telencephalon
of mouse embryos later than 14 d of gestation, JNK is significantly
activated in the intermediate zone (IZ), which is mainly com-
posed of migrating neurons (Hirai et al., 2002; Kawauchi et al.,
2003; Gdalyahu et al., 2004). This layer-specific activation of JNK
indicates its role in differentiation or migration of cortical neu-
rons. Actually, in utero gene transfer experiments using an acti-
vator or suppressor of JNK showed the possible involvement of
JNK in the regulation of radial migration of cortical neurons
(Hirai et al., 2002; Kawauchi et al., 2003). More recently, dou-
blecortin (DCX), a product of the gene responsible for human
X-linked lissencephaly, was identified as a JNK substrate in de-
veloping cortical neurons, which might act as a signal linkage
between JNK and radial migration (Gdalyahu et al., 2004). How-
ever, the molecular basis of the regulation of JNK activity in de-
veloping cortical neurons is essentially unknown.

Dual leucine zipper kinase (DLK), also called MUK (MAPK-
upstream protein kinase) or ZPK (leucine zipper protein kinase),
is a member of the mixed-lineage kinases that can function as an
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Figure1. Generation of DLK mutant mice. a, Schematic representation of the DLK gene targeting strategy. The exon encoding

224 N-terminal amino acids including the ATP binding motif of the kinase domain (amino acid sequence is indicated at the top)
was first replaced with tandemly arrayed IRES—LacZ and a floxed MC1—neo cassette (Targeted allele). The MC1-neo cassette was
then removed (Targeted allele Aneo) by crossing with CAG—Cre gene transgenic mice (see Materials and Methods). DLK-CT
indicates the region of DLK protein used as antigenic sequence for polyclonal and monoclonal antibodies. The homologous region
included in the targeting vector is also shown with a gray line. FC2, BB1R, and L3 indicate annealing sites of primers used for
genotype analysis. B, BamHI; E, EcoRl; Ev, EcoRV. b, Southern blot analysis of genomic DNA obtained from liver of wild-type or
mutantembryos. Regions of genomic DNA corresponding to the cDNA probes used for Southern blot analysis (BS and EE) are shown
ina, at the bottom. Arrows indicate sizes of DNA fragments hybridized with each probe. EE probe detected 9.1 kb BamHI fragment
of targeted allele including the neo cassette and 7.7 kb BamHI fragment of the targeted allele without the neo cassette.
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with Southern blotting (Fig. 1b). Chimeric
male mice were generated by injecting three ES
clones into the eight-cell embryos of ICR donor
mice and were crossed with C57BL/6N female
mice. Two lines of F1 heterozygous offspring,
20-1 and 23B-14, originating from different ES
cell lines were obtained. The male offspring
were crossed with CAG—Cre recombinase (Cre)
transgenic female mice (Sakai and Miyazaki,
1997) to remove the MCl-neo expression cas-
sette from the DLK mutated locus in ovo. F1
heterozygous mice, lacking the CAG-Cre
transgene and the MCl-neo expression cas-
sette, were bred with C57BL/6N mice for six to
eight generations. Because typical phenotypes
of homozygous DLK mutants (viability and
histological features of embryos as shown in
Figs. 2, 3) obtained with the two different mu-
tant lines were indistinguishable from each
other, only one mutant line (20-1) was used for
additional analysis, including assays for protein
expression and cell migration. The genotype of
the DLK locus was routinely determined by
PCR using three primers: FC2 (CTACTG-
CATCCTTATGGAATTCTGC), L3 (GTGGC-
GACGACTCCTGGAGCCCGTC), and BBIR
(ACATCTTGGTGCTCTTGTCACTCAG) (Fig.
la). FC2 and BBIR gave a 481 bp fragment de-
rived from the wild-type allele. L3 and BB1R
gave a 746 bp fragment derived from the DLK
mutated allele.

Immunohistochemistry. Whole mouse em-
bryos or isolated brains at embryonic day 14
(E14) to E19 were fixed overnight in 4% para-
formaldehyde (PFA) at 4°C and then embed-
ded in paraffin wax. The morning on which a
vaginal plug was detected was designated as
EO0.5. Paraffin sections (6 wm thick) were dew-
axed and hydrated before being heated at 120°C

MAP triple kinase (MAPKKK) in the JNK pathway (Gallo and
Johnson, 2002). Expression of DLK protein is highly specific to
neural tissues in mouse embryos (Hirai et al., 2005). In the devel-
oping cerebrum, DLK expression is restricted to cell layers in
which JNK activity is potently induced (Hirai et al., 2002). Here,
we took a genetic approach to test the significance of DLK in the
development of mouse neural tissues. DLK gene disruption re-
sulted in decreases in JNK activity and in phosphorylation of
known JNK substrates in the embryonic brain. Under these con-
ditions, axon growth and radial migration of neocortical pyrami-
dal neurons were significantly impaired.

Materials and Methods

Gene targeting. The mice used in these experiments were housed in ac-
cordance with protocols approved by the Institutional Animal Care and
Use Committee at Yokohama City University, School of Medicine. The
DLK gene of TT2 embryonic stem (ES) cells derived from F1 generation
of C57BL/6N female and CBA male mice was disrupted by homologous
recombination using targeting vectors. The result was replacement of the
Ncol-EcoRI segment of the DLK gene encoding 225 N-terminal amino
acids with an artificial gene cassette composed of a tandemly oriented
internal ribosome entry site (IRES), the bacterial LacZ gene, a first loxP
sequence, the MC1 promoter, a neomycin resistance gene (neo), and a
second loxP sequence. A polyadenylation signal was not included in this
gene cassette. The length of homologous regions in targeting vectors were
6.5and 2.6 kb at the 5" and 3’ ends of the gene cassette, respectively (Fig.
la). Targeted ES clones were first identified with PCR and confirmed

for 20 min in 10 mm sodium citrate, pH 6.0, and
then immunohistochemically stained using a
standard protocol. Briefly, sections were pre-
treated with 10% goat serum in Tris-buffered saline and Tween 20, pH
8.0, at room temperature for 30 min and were first incubated with
affinity-purified anti-DLK rabbit primary antibody raised against the
C-terminal part of DLK (Fig. 1a), rabbit anti-neurofilament M (dilution,
1:5000; Chemicon, Temecula, CA), mouse anti-vimentin (dilution, 1:1000;
Sigma, St. Louis, MO), rabbit anti-reelin antibody (dilution, 1:300; Santa
Cruz Biotechnology, Santa Cruz, CA), rabbit anti-calretinin (dilution,
1:3000; Chemicon), or mouse anti-class III B-tubulin (dilution, 1:3000;
Babco, Richmond, CA) at 4°C overnight. Subsequently, the sections were
incubated with alkaline phosphatase-conjugated anti-rabbit or mouse
IgG (TAGO) secondary antibodies for 2 h at room temperature. The
enzymatic activity of alkaline phosphatase was detected with BM purple
(Roche, Indianapolis, IN). Cyanine-3-conjugated (Jackson ImmunoRe-
search, West Grove, PA) and Alexa488-conjugated (Invitrogen, Carls-
bad, CA) secondary antibodies were used in some experiments for anti-
body detection using fluorescence microscopy.

Dil labeling. Brains of E19 embryo were isolated and fixed overnight in
4% PFA at 4°C. After washing the fixed brain with PBS for 3 h, 0.2% Dil
solution in dimethylformamide was injected into the cortex or olfactory
bulb. Brains were stored in the dark at room temperature in PBS for 4
weeks, embedded in 2% agarose in PBS, and sectioned by vibratome
(200-wm-thick sections). The labeled sections were examined under a
fluorescence microscope with a rhodamine filter set.

Birthdating experiments. Pregnant mice at 15 d postconception (dpc)
were injected intraperitoneally with bromodeoxyuridine (BrdU) (30
mg/kg body weight). Embryos were dissected and fixed at 19 dpc (E19).
The sections were stained to detect BrdU-incorporated nuclei using an
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anti-BrdU monoclonal antibody (MBL, Woburn, MA) as described
above with some modifications, i.e., sections were incubated with 1N
HCI for 30 min and were neutralized by repeated PBS washes before
application of the primary antibody. For staining, a biotinylated second-
ary antibody, streptavidin-conjugated horseradish peroxidase, and 3,3'-
4,4’ -diaminobenzidine were used.

Western blotting. Whole brains from E16 embryos were dissected in
ice-cold PBS. The meninges were removed, and brains were homoge-
nized in 1 ml of SDS-PAGE sample buffer. These samples were appro-
priately diluted to give equal protein amounts and were used for SDS-
PAGE. For immunoprecipitation (IP) of DLK protein, brains were
homogenized in 1 ml of IP buffer containing 150 mm NaCl, 20 mm
HEPES, pH 7.5, 1 mm EGTA, 25 mm B-glycerophosphate, 50 mm NaF, 1
mum Na;VO,, and a protease inhibitor cocktail (Sigma). A mouse mono-
clonal antibody (5F4) raised against the C-terminal part of DLK (Fig. 1a)
was used for immunoprecipitation. Western blot analysis was performed
according to standard protocols using the following antibodies: rabbit
anti-DLK (dilution, 1:300), rabbit anti-active JNK (dilution, 1:1000; Pro-
mega, Madison, WI), rabbit c-Jun (dilution, 1:200; Cell Signaling Tech-
nology, Beverly, MA), rabbit phospho-c-Jun (Ser73; dilution, 1:300; Cell
Signaling Technology), goat doublecortin (dilution, 1:1000; Santa Cruz
Biotechnology), phospho-doublecortin (Thr331, Ser334; dilution,
1:5000) (Gdalyahu et al.,, 2004), mouse anti-MAP2 (dilution, 1:200;
Sigma), mouse anti-glycogen synthase kinase 33 (GSK3B8) (dilution,
1:2000; BD), rabbit anti-phospho-GSK3 (Ser9; dilution, 1:2000; Cell
Signaling Technology), mouse anti-cyclin-dependent kinase 5 (Cdk5)
(dilution, 1:200 Santa Cruz Biotechnology), and rabbit anti-phospho-
cell division cycle 2 (Cdc2) (Tyrl5; dilution, 1:1000; Cell Signaling Tech-
nology). To detect JNKs, a mixture of mouse anti-JNK1 (dilution,
1:1000; PharMingen, San Diego, CA) and mouse anti-JNK2 (dilution,
1:2000; Santa Cruz Biotechnology) was used. For secondary antibodies,
horseradish peroxidase-conjugated anti-rabbit or mouse Igs (dilution,
1:2000 to 1:5000; Amersham Biosciences, Arlington Heights, IL) were
used. Enzyme activity was detected with the ECL plus system (Amersham
Biosciences), and luminescence was quantified with a Fuji (Tokyo, Ja-
pan) Las1000 plus luminescence image analyzer.

Monitoring of radial migration in slice cultures. Green fluorescent pro-
tein (GFP) expression vectors driven by the al-tubulin promoter were
introduced into E13.5 or E14.5 mouse embryonic telencephalons by elec-
troporation (Tabata and Nakajima, 2003), and slice cultures were made
at E16.5, as described previously (Miyata et al., 2001). Briefly, dissected
telencephalons were manually sliced in the coronal plane (200-300 wm
thick) in silicon rubber-coated Petri dishes containing DMEM. Slices
were mounted in collagen gel containing culture medium supplemented
with epidermal growth factor (10 ng/ml), basic fibroblast growth factor
(10 ng/ml), horse serum (5%), and fetal calf serum (5%) and were placed
in an incubator (37°C, 5% CO,, 40% O,) for 30 min to solidify the gel.
For experiments using the JNK inhibitor, slices were soaked in culture
medium containing 20 um SP600125 (anthra[1,9-cd]|pyrazol-6(2 H)-
one) or vehicle alone [2 ul/ml dimethylsulfoxide (DMSO)] for 30 min
and were placed on 35 mm dishes separated into two areas, for inhibitor
treatment or vehicle treatment, using silicon rubber plates. Slices were
then mounted in collagen gel containing the inhibitor or the vehicle
alone and were incubated for an additional 30 min for solidification.
Time-lapse recording to monitor radial migration of GFP-labeled cells
was performed for 8 h at 15 min intervals, using an inverted epifluores-
cence microscope (IX70; Olympus Optical, Tokyo, Japan) equipped with
a 10X objective lens (LCPlanF1; Olympus Optical) and a CCD camera
(CoolSNAP; QImaging, Burnaby, British Columbia, Canada). During
that period, the culture dish was placed on a heating stage (37°C) and was
supplied with water-saturated gas containing 5% CO, and 40% O,.

Statistical analysis. To quantify migration rates of GFP-labeled cells,
positions of all detectable cell somata on the slice 2 h after starting image
acquisition were marked on tracing paper fixed to the video monitor, and
migration during the next 6 h was traced for all cells that could be con-
tinuously followed on the movie. Positions of cells in each slice were
determined by merging the fluorescence image with the phase-contrast
view of the slice culture (supplemental Fig. S2, available at www.jneurosci.
org as supplemental material). To assess the effects of DLK gene knock-
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out on cell migration, 11 wild-type slices and 14 mutant slices were used
in total. To assess the effects of the JNK inhibitor, 12 pairs of slices were
used for vehicle (DMSO) or JNK inhibitor (20 um SP600125) treatment.
For the inhibitor experiment, pairs of cortical slices adjacent or close to
each other (estimated by shapes of slices and distribution of GFP-labeled
cells in slices) were selected and were used for vehicle or inhibitor treat-
ment. In both cases, essentially the same results were obtained by two
independent sets of experiments performed on different days. Other
details for statistical analysis of video images are described in the text.

For quantitative Western blot analysis, brain extracts were prepared
from five sets of wild-type (DIk™"), heterozygous (DIk*/~), and ho-
mozygous (DIk~~) E16 embryos. To minimize interference with data by
stage aberrations in embryos, sample preparation and statistical analysis
were performed as follows: (1) three embryos of each set (DIk™/*,
DIk, DIk~/) were selected from littermates, (2) signal intensity ob-
tained from a single sample was expressed as a percentage of the sum of
signal intensities obtained from three embryos of the same set, and (3)
this value was used to calculate the average and SD for each genotype
(n =5). To avoid type I errors, significant differences between heterozy-
gous and homozygous embryos and between wild-type and heterozygous
embryos were not taken into account, when no significant difference was
observed between wild-type and homozygous embryos. (No such case
was observed in the present work.)

Statistical significance was evaluated by a two-tailed Student’s ¢ test,
and a p value <0.05 was regarded as significant.

Results

Disruption of DLK in mice

We disrupted the DLK gene by LacZ replacement of the coding
exons 1, 2, and a part of 3, which encode 224 N-terminal amino
acids including an ATP binding motif of the kinase domain (Fig.
la,b). The remaining part of the DLK gene encoded 664
C-terminal amino acids of the DLK protein, which may not have
any kinase activity. In the brain of homozygous DLK mutants
(DIk™"7), we detected no full-length or truncated forms of DLK
proteins by immunoprecipitation and Western blotting, using
antibodies raised against the C-terminal region of DLK (Fig. 2a).
Therefore, we concluded that this mutant allele of DLK induced a
strong loss of function.

Heterozygous mutant animals (DIk™/~) were apparently nor-
mal and fertile. Homozygous mutant animals (DIk~/") survived
during embryonic stages without showing any gross tissue abnor-
mality (Fig. 2b) but they died perinatally, and no homozygous
mutant survived until weaning.

DLK gene disruption affects specific axon tracts in

the cerebrum

In wild-type E14 embryos, DLK is widely expressed in neural
tissues, including the CNS and peripheral nervous system (Hirai
etal., 2005). Disruption of the DLK gene resulted in the total loss
of DLK expression in nervous tissues, including the brain, spinal
cord, and ganglia of sensory, sympathetic, and vagus nerves (Fig.
2b). However, nervous tissue sections from E14 DLK homozy-
gous mutants appeared to be normal (Fig. 2b; data not shown). At
later stages, E18 or E19, DLK expression was evident in commis-
sural neurons developing in the cerebrum of wild-type embryos
(Fig. 3a). In mutant embryos, the anterior part of the anterior
commissure was barely detectable, and the corpus callosum and
the posterior part of the anterior commissure were reduced in
size (Fig. 3b) (supplemental Fig. S1, available at www.jneurosci.
org as supplemental material). The gross structure of the olfac-
tory bulb in the mutant was normal, whereas the thickness of the
glomerular layer was reduced and the formation of the lateral
olfactory tract was partly impaired (Fig. 3¢). Neurofilament stain-
ing revealed that neural fibers of the cingulum and internal cap-
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sule were also reduced (Fig. 3d). The reduction of cortical axons
was also shown by the injection of Dil into dorsolateral regions of
cortex. In control E19 brain, Dil labeled a bundle of ventrally
extended axons that may have been directed toward the ventro-
laterally positioned internal capsule (Fig. 3e, left) (Richards et al.,
1997). In the mutant, however, such extension of axons was
greatly diminished (Fig. 3e, right). Conversely, structures of the
hippocampus and the associated axonal tract of fimbria and psal-
terium in mutant embryos were indistinguishable from those of
wild-type embryos (Fig. 3f). Together, these observations indi-
cated that DLK gene disruption particularly affected axons that
mainly originated from pyramidal neurons of the neocortex.

Neural cell migration is retarded by DLK gene disruption

Development of the cerebral cortex normally proceeded in mu-
tant embryos at an early stage (E14), as the cortical plate was
formed in the preplate, splitting it into the marginal zone and the
subplate (data not shown). At a later stage, there were some ab-
normalities in the structure of the cortical plate. The laminated
cortical structure was partly formed at E19, and layer-specific
differences in Nissl-staining and cell density were prominent in
the cortical plate of wild-type embryos (Fig. 4a). However, in
mutant embryos, such differential patterns of different types of
cells were not clearly seen (Fig. 4c). Partial disruption of the lay-
ered structure was also seen with calretinin staining of cortical
neurons at E19. Although calretinin-positive neurons were local-
ized to the upper layer of the cortical plate in control embryos
(Fig. 4f,h) (Schmid et al., 2004), they had a more diffusible distri-
bution in the mutant (Fig. 4¢,h). This might reflect defects in the
migration of postmitotic neurons. To evaluate effects of DLK

Loss of DLK expression in homozygous mutant mice. a, Western blot analysis of DLK protein immunoprecipitated
from E16 brain lysates of wild-type OIk+'™), heterozygous mutant (OIk*"~),and homozygous mutant (DIk™"~) mice. Amouse
monoclonal antibody raised against the C-terminal part of the DLK protein (Fig. 1a) was used for immunoprecipitation, and a
rabbit polyclonal antibody raised against the C-terminal part of DLK protein was used for Western blot analysis. No residual protein
reacting with these antibodies was detected in lysates prepared from brains of homozygous mutants. b, Sagittal sections of
wild-type (Dlk ™) orhomozygous mutant (Dlk —/~) E14 embryos were stained with hematoxylin and eosin (HE), DLK polyclonal
antibody, or Blll-tubulin, as indicated. Positive DLK antibody staining of neural tissues observed in sections of wild-type embryos
was not visible in mutants, whereas generations of neural tissues including CNS and peripheral nervous system and non-neural
tissues were not affected. Tc, Telencephalon; Mc, mesencephalon; Cb, cerebellar anlage; Sp, spinal cord; Ht, heart; Lu, lung; Lv,
liver; In, intestine; St, stomach; Kd, kidney; CG, cervical ganglion; DRG, dorsal root ganglion. Scale bar, 1 mm.
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gene disruption on neural migration, we
first performed birthdating experiments
in which nuclei of cortical neurons pro-
duced at approximately E15 were labeled
with BrdU; then, at E19, positions of the
labeled nuclei in the cortical plate were ex-
amined (Fig. 4b,d). In the dorsal cortex of
wild-type embryos, a large proportion of
labeled nuclei (57% of labeled nuclei
found in the cortical plate) were located in
the outermost layer of the cortical plate
adjacent to the marginal zone (bin 1) at
E19. In mutant embryos, BrdU-labeled
nuclei were more dispersed in the cortical
plate, and a smaller proportion (39%) of
labeled nuclei was found in the outermost
layer. A decrease in the proportion of la-
beled nuclei in the outermost layer was
also significant in other cortical regions,
including the dorsolateral and lateral cor-
tices (Fig. 4e). These observations indi-
cated that radial migration was partly im-
paired in mutant embryos. Notably, the
overall architecture of radial glial fibers
and the expression patterns of reelin were
not affected by DLK gene disruption (Fig.
4i-1). Therefore, cell positioning in the
cortical plate of mutant embryos is most
likely affected by DLK gene disruption in
migrating neurons. This notion was also
supported by the predominant expression
of DLK in migrating neurons (Hirai et al.,
2002).

To directly compare radial migration in the cerebral cortex of
mutant and wild-type embryos, we used a slice culture system
combined with in vivo labeling of cortical neurons by introducing
GFP expression vectors. A GFP expression vector driven by the
neuron-specific al-tubulin promoter was introduced into neural
progenitors in the ventricular zone at E13.5 by electroporation.
Cortical slices were made 3 d after transfection, i.e., at E16.5,
when a proportion of GFP-labeled cells migrated into the cortical
plate. Migration of labeled cells in cultured slices was monitored
with fluorescence microscopy, combined with a time-lapse im-
aging system. After making a movie file from the still photo-
graphs, the migration routes of soma of each labeled cell were
monitored for 6 h (supplemental movies 1, 2, available at www.
jneurosci.org as supplemental material). The start and finish po-
sitions were connected by a straight line, indicating the direction
and distance of net displacement of cell soma. The array of lines
drawn for cells in the wild-type embryo slice cultures correctly
revealed changes in modes of radial migration (Fig. 5a, left).
Short and randomly oriented lines might correspond to “multi-
polar migration,” which was characterized by slow or nondirec-
tional migration and was often found in the intermediate zone
(Tabata and Nakajima, 2003). Despite a slow rate of net replace-
ment, cells were actively moving within a small area by frequently
changing their shape. Long radially arrayed lines might corre-
spond to “locomotion” or “somal translocation,” which was
characterized by relatively fast and directed migration (Nadara-
jah et al., 2001). The array of lines drawn for cells of mutant
embryos showed a similar profile, but it was more difficult to
classify the lines into multipolar-type slow migration and
locomotion- or soma translocation-type fast migrations (Fig. 5a,

BlNI-Tubulin
Dik*+/+
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right). To quantify differences in cell mi-
gration profiles, we first classified the la-
beled cells into two groups depending on
their position in the slice culture at time 0.
Because the slow migrating cells were
mainly located in the IZ and the fast mi-
grating cells were in the subplate and cor-
tical plate (SP—CP), we drew the border at
the ventricular side edge of the subplate to
separate the two groups of cells (Fig. 5a)
(supplemental Fig. S2, available at www.
jneurosci.org as supplemental material).
Then, the length of each line (distance of
net replacement) was measured, and an
average for IZ cells or SP—CP cells in indi-
vidual slices was used to calculate an aver-
age for all slices (n = 11 for controls; n =
14 for mutants). As shown in Figure 5b,
the mean value of net replacement in
SP—CP cells (52.5 wum/6 h) was double that
in IZ cells (25.0 wm/6 h) in control slices.
The value for SP—CP cells of mutant slices
(38.5 wm/6 h) was significantly lower than
that of control slices, whereas differences
in values for IZ cells (25.9 um/6 h for mu-
tant slices) were not significant (Fig. 5b).
When the frequency distribution of net
displacement for individual cells in all

E18 DLK

Figure 3.
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E19 Dil

E19 Nissl
W

Loss of DLK affects fiber tract development. a, DLK protein in coronal sections of the cerebrum prepared from

slices was illustrated using histograms, IZ
cells of control slices had a peak of 10-20
um/6 h, and >70% of these cells were
within the range of 0-30 um/6 h (Fig. 5¢,
left). In contrast, only 20% of SP—CP cells
of control slices were in this range, and the
remaining cells showed a broad distribu-
tion with a peak at ~40-70 wm/6 h. This
difference was reflected in median values
for net displacements of IZ cells and
SP—CP cells, which were 20.0 and 53.0
pm/6 h, respectively. These results indi-
cated that most of migrating cells in con-
trol slices increased speed when they

heterozygous (left hemisphere) and homozygous mutant (right hemisphere) embryos were stained with the anti-DLK polyclonal
antibody. b, Coronal sections of wild-type (DIk*/*) or homozygous mutant (Dlk /) head portions at E19 were stained with
cresyl violet. Two sections (top and bottom) separated by ~700 m from each other revealed commissure neuron dysgenesis.
The corpus callosum was particularly reduced in size at the front part (top row) in mutants. As for the anterior commissure, the
anterior part was hardly seen, and the posterior part was reduced in mutants. ¢, The structure of olfactory bulb shown by Niss|
staining (top row) and Dil labeling of lateral olfactory tract (bottom rows). Although the layer structure of olfactory bulb was
preserved in homozygous mutants (Dlk "), thickness of glomerular layer (arrows) and lateral olfactory tract (arrowheads) was
reduced. d, Rostrocaudal sections of heterozygous mutant (DIk ™) or homozygous mutant (Dlk ™) brains at E18 were stained
with a neurofilament antibody. In homozygous mutant brains, a reduction of neural fibers in the cingulum (arrowheads) and
internal capsule (arrows) was obvious. Neural fibers along the hippocampus were apparently not affected. e, Dil labeling of
ventrally extended axons from cortical neurons (arrows), which are reduced in mutant (Dk ~~). £, Structures of the hippocampus
and its associated neural fibers are shown as horizontal sections stained with cresyl violet. Structures of the psalterium, fimbria,
and the hippocampusiitself were indistinguishable between wild-types and mutants. CC, Corpus callosum; aAC, anterior part of the
anterior commissure; pAC, posterior part of the anterior commissure; OB, olfactory bulb; HI, hippocampus; LOT, lateral olfactory
tract; FIM, fimbria; PS, psalterium. Asterisks indicate Dil injection sites. Scale bars, 1 mm.

crossed the subplate. In mutant slices, net

displacement of a relatively large population (36%) of SP—CP
cells was in the range of 0-30 um/6 h, giving a relatively low
median value (38.0 wm/6 h) (Fig. 5¢, right). Nevertheless, effects
of DLK gene disruption on frequency distribution of net dis-
placement for IZ cells was subtle, i.e., >70% of IZ cells in mutant
slices were found in the range of 0-30 wm/6 h, and the median
value was 21.7 um/6 h (Fig. 5¢).

In the locomotion-type cell migration, cells do not move con-
tinuously, and they are almost stopped for 40% of the total time
period (Nadarajah et al., 2001). When we calculated the percent-
age of migrating SC—CP cells, it was significantly reduced in DLK
mutant slices (Fig. 5d). Therefore, this reduction of moving time
period or increase of pausing time period explains at least in part
the sluggishness of radial migration in mutants. Regardless of this
sluggishness, mutant cells migrated along the radial axis in
SP—CP region (Fig. 5a) (supplemental movies 1, 2, available at
www.jneurosci.org as supplemental material) with radially ori-
ented leading process, as observed with control cells (supplemen-
tal Fig. S3, available at www.jneurosci.org as supplemental mate-
rial). Together, these quantitative analyses of live-imaging data

revealed that radial migration of the majority of neurons in con-
trol slices accelerated in the subplate region and that disruption of
the DLK gene affected the acceleration of radial migration.

JNK activity is reduced in DLK homozygous mutant brains
Because DLK is a MAPKKK for the JNK pathway, complete loss
of DLK protein may result in a decrease in JNK activity. To eval-
uate changes in JNK activity in mutant mouse brain, we analyzed
phosphorylation levels of JNK at the Thr—Pro-Tyr motif of the
activation loop by Western blotting (Hirai et al., 2002), using
whole-brain extracts of mutant or wild-type embryos. As shown
in Figure 6b, JNK activity in the brain of E16 homozygous mu-
tants decreased to 75.5% (p46 JNK) or 67.9% (p55 JNK) of thatin
wild-type controls. Protein level of JNK was slightly increased in
mutant brains. Although DLK protein level in heterozygous mu-
tants decreased to 41.8% compared with wild-type controls (Fig.
6a), the decrease in JNK activity in heterozygous mutants was not
significant.

The transcription factor c-Jun and some microtubule-
associated proteins have been identified as JNK substrates
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Radial migration in the neocortical region is affected by disruption of the DLK gene. a-d, BrdU was administered
atE15, and the brain was fixed at E19. Coronal sections of wild type (a, b) or mutant (¢, d) dorsal neocortex beneath bregma,
stained with cresyl violet (a, ¢) or an anti-BrdU antibody (b, d). e, To quantify the distribution of BrdU-positive nuclei, the
cortical plate was divided into four equal bins from the pial side to the ventricular side. The number of nuclei in each bin was
counted and are shown as percentages of the total nuclei number in the cortical plate. Coronal sections of dorsal, dorsolateral,
and lateral neocortices beneath bregma were used for analysis. *p << 0.05; n = 3., g, Immunofluorescent staining (cyanine
3) of coronal sections of E19 dorsal neocortex with anti-calretinin. Panels accompanied by fand g show nonspecific interac-
tion of secondary antibody (Alexa488) by blood cells. Calretinin-positive neurons in the cortical plate were more dispersed in
mutants (g). h, Numbers of calretinin-positive cells in each bin were counted and are shown as percentages of the total count.
The deep layer of cortical plate enriched with calretinin-positive neural fibers was excluded from this analysis. **p < 0.01,
**¥p < 0.001; n = 8 sections. i~I, Immunofluorescent staining of coronal sections of the dorsal neocortex with anti-
vimentin (7, k) and anti-reelin (j, /) antibodies. Radial glial architecture and reelin expression (arrow) in wild types (7, ) were preserved
inmutants (k, /). The bright scattered signals correspond to nonspecific staining of blood cells by the secondary antibodies. Arrows
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(Chang et al., 2003; Gdalyahu et al., 2004; Xia
and Karin, 2004; Yoshida et al., 2004; Bjork-
blom et al., 2005). We evaluated JNK activity
by examining phosphorylation levels of these
JNK substrates. The level of the phosphory-
lated form of c-Jun at Ser73 in homozygous
mutant brains decreased to less than half that
of the wild-type control (Fig. 7a). The effects
of DLK gene disruption on the phosphoryla-
tion of DCX at Thr331 and Ser334 (Gdalyahu
et al., 2004) were relatively moderate but sta-
tistically significant (p < 0.05) (Fig. 7b).
Phosphorylation levels of MAP2c¢, estimated
by mobility delay on SDS-PAGE (supplemen-
tal Fig. S4, available at www.jneurosci.org as
supplemental material), were also signifi-
cantly affected by DLK gene disruption (Fig.
7¢). However, we could not detect any signif-
icant effect on the phosphorylation level of
tau protein (Fig. 7d). We detected a slight de-
crease in phosphorylation of the Tyr15 resi-
due conserved in some Cdk-related proteins,
including Cdc2, Cdk2, and Cdk5 and a slight
increase in the phosphorylation of GSK38 at
Ser9; the latter observation was statistically
significant (supplemental Fig. S5, available at
www.jneurosci.org as supplemental mate-
rial). This indicated a weak, indirect interac-
tion of the DLK-JNK pathway with other sig-
naling pathways regulating cell migration or
axon growth (Jiang et al., 2005; Yoshimura et
al., 2005). Together, these results indicate that
DLK plays a significant role in activation of
JNK in the embryonic brain, although there
are extensive redundant pathways. Moreover,
the DLK-JNK pathway is connected to multi-
ple downstream targets, which might contrib-
ute to the regulation of radial migration or
axon growth.

Inhibition of JNK affects acceleration of
radial migration at the subplate

If JNK is a major downstream target for DLK
in the regulation of radial migration, inhibi-
tion of JNK activity might also affect acceler-
ation of migration around the subplate as ob-
served with disruption of the DLK gene. To
test this possibility, we examined effects of
SP600125 (Bennett et al., 2001), a JNK inhib-
itor, on migration of cortical neurons in slice
culture. The suppressive effects of a JNK in-
hibitor on radial cell migration in cortical slice
cultures have been shown previously by com-
paring positions of GFP-labeled neurons be-
fore and after 28 h of cultivation (Kawauchi et
al., 2003). However, quantitative analysis of
position-dependent speed change is required
for an accurate comparison with the pheno-
type of DLK mutants. For such analysis, a1-
tubulin-driven GFP expression vectors were
transfected into ventricular cells of E14.5
wild-type embryos, and cortical slices were
made at E16.5. Slices were then cultured in the
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presence or absence of 20 um SP600125,
and the migration of GFP-labeled cells was
monitored using a time-lapse imaging sys-
tem (supplemental movies 3, 4, available
at www.jneurosci.org as supplemental
material). As already shown in Figure 5,
fast migrating cells were mainly found in
SP-CP, and slow migrating cells were in
IZ. To separate ventricular side slow-
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| [ o

migrating cells and pial side fast-migrating
cells, we drew a border line, as described in
supplemental Figure S6 (available at www. 60 1
jneurosci.org as supplemental material),
which was mostly located in the subplate
area. The mean value of the net displace-
ment for cells located at the pial side of the
border line (56.3 uwm/6 h) was more than
three times bigger than that of ventricular
side cells (16.8 wm/6 h) in control slice 0
cultures (Fig. 8a). The frequency distribu-

tion of net displacement for individual o1z
cellsin control cultures showed a clear seg-
regation between slow-migrating cells in
the ventricular side and fast-migrating
cells in the pial side (Fig. 8b, left), thus
demonstrating the appropriate location of
the border line.

Administration of JNK inhibitors to
cultures resulted in a remarkable reduc-
tion in migration rate on the pial side of
the border, whereas it showed no signifi- ol
cant effect on cells of the ventricular side
(Fig. 8a). As a result, improvement of
mean migration rate in the pial side com-
pared with the ventricular side was only
1.5 times. A change in frequency distribu-
tion of net displacement was also remark-
able on the pial side. Addition of JNK in-
hibitors caused a shift of frequency
distribution of pial cells to a lower range,
which heavily overlapped with the distri-
bution of ventricular side cells (Fig. 8b,
right). This was also seen as a decrease in
the median value of net displacement of cells in the pial side (27.0
um/6 h for inhibitor-treated slices vs 59.0 um/6 h for control
slices). In contrast, inhibitor treatment did not affect the median
value for cells in the ventricular side (18.0 wm/6 h). The percent-
age of migrating cells in the pial side was also significantly re-
duced (Fig. 8c). These quantitative data indicate that JNK plays
an important role in acceleration of radial migration at the
“speed-changing” line located close to the subplate.

o
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o

(% of total)

Migrating cells in pial side
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Figure 5.

Discussion

JNK activity is maintained at an extremely high level in the em-
bryonic brain compared with other MAP kinase-related enzymes
(Hirai et al., 2002). However, the biological significance of such
high activity of JNK and the molecular basis for the maintenance
of high JNK activity are obscure. We show here that DLK gene
disruption affects the maintenance of high JNK activity and phos-
phorylation levels of JNK target proteins in the embryonic mouse
brain. Concurrently, axon tracts that originated from pyramidal
neurons of the neocortex and acceleration of radial migration at
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Acceleration of radial migration at the subplate/cortical plate region is affected by disruption of the DLK gene. a, For
quantitative analysis of radial migration, migration of individual GFP-labeled cellsin slice cultures of E16.5 cortices were traced on
amovie screen (for details, see Results). The starting points for each cell are shown by dots, and net displacement (distance and
direction) during 6 h is shown by linear lines. b, The average values of net displacement of GFP-labeled cells located in different
areas including the IZ and the CP were first calculated for each cultured slice. Then, averages and SDs of net displacement for
wild-type slices (n = 11) and mutant slices (n = 14) were calculated and are shown graphically. Error bars indicate SDs. ***p <<
0.001. ¢, The frequency distributions of net displacement for individual cells are shown as histograms. Median values for cells in
different areas are shown with dotted lines. d, The percentage of migrating cells in SP—CP region. Cells whose soma changed
position within 30 min were counted as migrating cells. Values were calculated for each slice, and average and SD for wild-type or
mutant slices are shown graphically. *p << 0.01.

the subplate region in the cerebral cortex were affected by DLK
gene disruption. Given that most of the radially migrating cells
generated in the cortical ventricular zone are pyramidal neurons
(Parnavelas, 2000), the DLK-JNK pathway may contribute to
both axon growth regulation and changes in modes of radial
migration of pyramidal neurons of the neocortex.

Acceleration of radial migration at the subplate

Quantitative analysis of movies that monitored migration of
GFP-labeled cells in slice cultures showed the presence of a speed-
change zone around the subplate, clearly segregating slow mi-
grating cells to the ventricular side and fast migrating cells to the
pial side. Mean values of migration rate calculated from net dis-
placement of soma during 6 h (Fig. 8) were 2.8 wm/h for ventric-
ular cells and 9.4 um/h for pial cells. Such differences in migra-
tion rates might be attributable to changes in modes of radial
migration from multipolar migration to locomotion or somal
translocation (Nadarajah et al., 2001; Tabata and Nakajima,
2003). Accordingly, those migration rates were comparable with
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Figure6. Lossof DLK expression resultsina decrease in INK activity. a, DLK protein level in whole brain (E16) extracts was quantified by Western blotting using a rabbit polyclonal antibody raised
against the C-terminal part of DLK. DLK protein level was significantly reduced in heterozygous mutants (***p << 0.001) and was absent in homozygous mutants. The faint bands detected in the
lysate from homozygous mutants corresponded to nonspecific interaction of the secondary antibody, which were removed by immunoprecipitation using the anti-DLK monoclonal antibody (Fig.
2a). b, INK activity was monitored by Western blotting using an anti-active (pThr—Pro—pTyr) JNK antibody. Both the p46 fraction and the p55 fraction of active JNK were significantly decreased in
homozygous mutants. The total amount of p46 JNK was also quantified and was found to be slightly increased in mutants. **p < 0.01, ***p < 0.001;n = 5.
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Figure7.  Phosphorylation levels of INK substrates decreased in E16 brains of DLK homozygous mutants. a, Protein levels of c-Jun phosphorylated at Ser73 and c-Jun in total were quantified by
Western blot analysis. The amount of phospho-c-Jun was decreased in homozygous mutants to less than half that of wild-type embryos. b, Protein levels of DCX phosphorylated at Thr331and Ser334
and DCX in total were quantified by Western blotting. The amount of the phospho-DCX was significantly decreased in homozygous mutants, although the difference with wild types was not
significant. ¢, The phosphorylation level of MAP2c was estimated from the ratio of mobility-delayed bands (pMAP2c) in total MAP2c bands. These mobility delayed bands were detected with an
anti-phospho-Thr—Pro antibody and disappeared after phosphatase treatment in vitro (supplemental Fig. S2, available at www.jneurosci.org as supplemental material). The relative amount of
pMAP2¢ was also slightly decreased in homozygous mutants. d, No significant change was observed in tau protein level or its phosphorylation level when calculated by Western blotting using an
anti-tau antibody, an anti-dephosphorylated tau antibody (tau-1), and an anti-tau protein phosphorylated at Ser202 (AT-8). *p << 0.05, **p << 0.01, ***p << 0.001, respectively; n = 5.

mean values for multipolar migration (2.2 um/h) and locomo-  specifically affected fast migration in the SP-CP region. Slow
tion (9—47 um/h), respectively. migration in the IZ region was not significantly affected. More-

DLK protein and active JNK are relatively abundant in the IZ  over, constitutive high level expression of DLK is suppressive for
region. Nevertheless, DLK gene disruption and JNK inhibition = radial migration (Hirai et al., 2002). These observations imply
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that DLK protein and JNK activity are re-
quired for neurons to prepare for changes
in modes of cell migration rather than for
fast migration itself. However, we cannot
rule out the possibility that relatively low
levels of DLK proteins and JNK activity in
neurons of the SP-CP region would sup-
port fast migration.

What can trigger changes in migration
rates or modes? Because expressions of
DLK and active JNK are relatively high in
most cells on the ventricular side of the
speed change zone (Hirai et al., 2002;
Kawauchi et al., 2003; Gdalyahu et al.,
2004), they might not be a primary trigger
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lates migration mode (Noctor et al., 2004).

DLK is a JNK activator in vivo

Gene disruption of DLK caused a decrease
in JNK activity in the embryonic brain, in-
dicating that endogenous DLK acted as a
MAPKKK for the JNK pathway. JNK ac-
tivity remaining in the brain of DLK mu-
tant embryos may depend on spontaneous
activity of the MAPKK class of JNK activators such as MKK7 and
MKK4 and other MAPKKKSs for the JNK pathway present in the
brain (Widmann et al., 1999; Gallo and Johnson, 2002). Disrup-
tion of one such MAPKKKs, MEKK4, has been shown to cause a
defect in neural tube closure as well as periventricular heterotopia
as a result of cell migration defects in the ventricular zone (Chi et
al., 2005). Inactivation of two of three JNK genes, JNK1 and
JNK2, also results in defects in neural tube closure and dysregu-
lation of apoptosis in the neuroepithelium of the brain region
(Kuan et al., 1999). These observations indicate possible roles of
MEKK4 and JNK in the neuroepithelium or ventricular zone of
the developing brain composed of undifferentiated neural pro-
genitors. However, extensive investigation of their function in
neurons that moved out from the ventricular zone was limited by
severe malformation of the brain or the death of embryos before
the start of pronounced neurogenesis in the cerebrum. Because
DLK is almost exclusively expressed in neurons (Hirai et al.,
2005), disruption of this gene in mice uncovered the JNK func-
tion in these cells.

What regulates DLK activity? Distribution of DLK proteins
showed layer specificity in the developing neocortex, a clear con-
trast with JNK protein, which shows a rather uniform distribu-
tion (Hirai et al., 2002). However, distribution of active JNK
shows clear layer specificity considerably overlapping with that of
DLK (Hirai et al., 2002; Gdalyahu et al., 2004). Therefore, DLK
activity to induce JNK activation might simply depend on its
protein level, which could be regulated by the ubiquitin-
proteasome system, as suggested for DLK regulation in the syn-
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Inhibition of JNK activity significantly impairs radial migration in cortical slice cultures. a, The average values of net
displacement of GFP-labeled cells located in different areas, i.e., in the ventricular side and the pial side (for area definition, see
supplemental Fig. S6, available at www.jneurosci.org as supplemental material), were first calculated for each cultured slice.
Then, averages and SDs of net displacement for slices treated with vehicle (DMSO; n = 12) or NK inhibitor (SP600125; n = 12)
were calculated and are shown graphically. Error bars indicate SDs. ***p << 0.001. b, The frequency distributions of net displace-
ment of individual cells are shown using histograms. Median values for cells in different areas are shown with dotted lines. ¢,
Percentage of migrating cells in pial side. Cells whose soma changed position within 30 min were counted as migrating cells.
Values were calculated for each slice, and the average and SD for slices treated with vehicle or INK inhibitor are shown graphically.

apse of Caenorhabditis elegans (Nakata et al., 2005). In addition,
JNK interacting protein (JIP), a scaffold for the DLK-JNK path-
way, might be involved in the regulation of DLK-dependent JNK
activation. Notably, disruption of JIP-3 gene caused commissure
defects in the cerebrum (Kelkar et al., 2003). The Wnt (wingless-
type MMTYV integration site family) pathway is also a candidate
as a DLK regulator because it has been shown to regulate process
formation in neural cells via JNK (Rosso et al., 2004; Tissir et al.,
2005). It is clear that additional studies are required to identify
the molecular basis of regulation of DLK-dependent JNK activa-
tion in the context of axonal growth and radial cell migration.

Downstream targets of DLK for the regulation of axon growth
and radial migration

Although molecular mechanisms underlying regulation of radial
migration and axon growth by the DLK-JNK pathway remain to
be elucidated, some downstream targets of JNK that are thought
to be directly involved in these cellular events have been reported.
For example, DCX is the product of the gene responsible for type
1 lissencephaly in humans (Gleeson and Walsh, 2000), and it can
be phosphorylated by JNK mainly at Thr321, Thr331, and
Ser334. Mutations in these JNK phosphorylation sites on DCX
affect migration of cerebellar neurons, indicating that DCX is a
good candidate downstream target of JNK to regulate radial mi-
gration (Gdalyahu et al., 2004). In fact, in the present study, we
showed a slight decrease in phosphorylation level of DCX at
Thr331 and Ser334 in DLK mutant mice brains. MAP2 might also
be a JNK target regulating modes of neural cell migration and
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maintenance of axons by modulating microtubule organization
(Teng et al., 2001; Chang et al., 2003; Bjorkblom et al., 2005). A
slight decrease in MAP2c phosphorylation level in brains of DLK
mutant embryos supports this possibility. Tau protein is another
microtubule-associated protein regulating microtubule architec-
ture. It can also be phosphorylated by JNK (Yoshida et al., 2004).
However, we could not detect any significant difference in phos-
phorylation level of tau protein at one of the JNK target sites
(Ser202) between wild-type and DLK mutant embryo brains.
This might be attributable to multiple JNK phosphorylation sites
on tau protein, i.e., even if phosphorylation was significantly di-
minished in total, the effect on individual phosphorylation sites
might be limited. We cannot conclude that these rather small
changes in phosphorylation levels of microtubule modulators are
sufficient to explain the phenotype of DLK mutant mice de-
scribed in the present study. However, cooperation between these
changes may result in some kind of dysregulation in microtubule
organization, which might affect modes of cell migration and
axon growth.

In addition to these microtubule modulators, the transcrip-
tion factor c-Jun is a good substrate for JNK, whose activity is
enhanced by phosphorylation at its N-terminal part, including
the two JNK phosphorylation sites Ser63 and Ser73 (Hibi et al.,
1993). Although the c-Jun protein might not directly be involved
in regulation of cell migration or axon growth, a relatively large
effect of DLK mutation on the phosphorylation level of c-Jun
Ser73 suggests a certain contribution of c-Jun to expression of
genes functioning in these cellular events (Martin-Blanco, 1997;
Xia and Karin, 2004).

Coordination of cell migration and axon growth

An increasing number of reports have shown that radially mi-
grating neurons often have a long axon-like trailing process
(Stensaas and Stensaas, 1968; Miyata et al., 2001; Noctor et al.,
2004). Moreover, it has been shown that the axon-like process
grows during radial migration of neocortical pyramidal neurons
(Hatanaka and Murakami, 2002). This coordination of cell mi-
gration and axon growth may depend on a particular molecular
mechanism that is able to modulate both activities. This notion is
supported by observations showing that some cell surface mole-
cules, such as Thyl (Rege and Hagood, 2006), semaphorin 4D/
plexin-B1 (Tamagnone and Comoglio, 2004), and neuregulin-1
(Lopez-Bendito et al., 2006), function in both axon growth and
cell migration. Moreover, a common requirement for microtu-
bules modulators, including MAPs (Teng et al., 2001), Lis1 (Tsai
et al., 2005), DCX/DCX-like kinase (Deuel et al., 2006; Koizumi
et al., 2006), and superior cervical ganglion 10 (Tararuk et al.,
2006), for these cellular events has been reported. Although a
molecular mechanism coordinating the migration and axon
growth of neocortical pyramidal neurons remains obscure, one
can speculate that it is driven by protein kinases known to modify
the function of such microtubules modulators, e.g., Cdk5
(Niethammer et al., 2000; Tanaka et al., 2004), GSK3 (Jiang et
al., 2005; Yoshimura et al., 2005), MARK (MAP/microtubule
affinity-regulating kinase 1), PKA (Drewes et al., 1997; Schaar et
al., 2004), and JNK (Gdalyahu et al., 2004; Tararuk et al., 2006).
Our finding that the disruption of the DLK gene, a JNK activator,
affects both radial migration and axon growth of pyramidal neu-
rons supports the presence of such a coordinating mechanism
and provides a new clue for investigating its molecular base.
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