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Summary

Although mutations in the human doublecortin gene
(DCX) cause profound defects in cortical neuronal mi-
gration, a genetic deletion of Dcx in mice produces
a milder defect. A second locus, doublecortin-like ki-
nase (Dclk), encodes a protein with similar “double-
cortin domains” and microtubule stabilization proper-
ties that may compensate for Dcx. Here, we generate
a mouse with a Dclk mutation that causes no obvious
migrational abnormalities but show that mice mutant
for both Dcx and Dclk demonstrate perinatal lethality,
disorganized neocortical layering, and profound hip-
pocampal cytoarchitectural disorganization. Surpris-
ingly, Dex™”;Dclk™'~ mutants have widespread axonal
defects, affecting the corpus callosum, anterior com-
missure, subcortical fiber tracts, and internal capsule.
Dcx/Dclk-deficient dissociated neurons show abnor-
mal axon outgrowth and dendritic structure, with de-
fects in axonal transport of synaptic vesicle proteins.
Dcx and Dclk may directly or indirectly regulate micro-
tubule-based vesicle transport, a process critical to
both neuronal migration and axon outgrowth.

Introduction

The doublecortin gene (DCX), which encodes a microtu-
bule-associated protein, is essential for normal human
brain development because mutations in DCX cause
X-linked lissencephaly (XLIS) (des Portes et al., 1998;
Gleeson et al., 1998). XLIS males have severe mental re-
tardation, seizures, and a shortened lifespan. Affected
individuals lack doublecortin function and have lissence-
phaly in which the cortical surfaces are abnormally
smooth and the cortex itself is abnormally thick with a
paucity of white matter (Berg et al., 1998; Dobyns et al.,
1996). Though females heterozygous for DCX have
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milder clinical features than affected males, most still
suffer from mental retardation and seizures. Affected fe-
males have “double cortex” syndrome with a relatively
normal cerebral cortex and a second layer of gray matter
within the subcortical white matter called a subcortical
band heterotopia. Thus, DCX is strongly implicated in
having a critical role in the migration of cerebral cortical
neurons.

The DCX gene encodes a microtubule associated pro-
tein (MAP) that is expressed primarily in post mitotic neu-
rons during cortical development, both during periods of
neuronal migration as well as during neurite formation
(Francis et al., 1999; Gleeson et al., 1999). The DCX
protein binds to microtubules and stimulates polymeri-
zation (Francis et al., 1999; Gleeson et al., 1999). Disease-
causing missense mutations in the DCX gene affect
amino acids that cluster within two domains required
for Dcx binding to tubulin (Taylor et al., 2000), now recog-
nized as “doublecortin domains,” representing the mi-
crotubule binding domains (Kim et al., 2003).

Surprisingly, the Dcx mouse mutant (Corbo et al.,
2002) has normal appearing neocortical lamination,
though there is disrupted layering in the hippocampus,
and the males usually die postnatally. In contrast, acute
“knockdown” of Dcx mRNA with RNAi constructs can
cause a migrational arrest of cortical neurons beneath
the cortical plate in rats (Bai et al., 2003). Although there
are many possibilities for these conflicting results (e.g.,
species differences and technical differences) we
have focused on the possibility that loss of Dcx may
be functionally compensated for by other genes in the
mouse.

Doublecortin-like kinase (Dclk) is the gene most simi-
lar to Dcx, with 78% amino acid identity between the
N-terminal ends containing the doublecortin domains.
However, unlike Dcx, Dclk also encodes a kinase do-
main in the C terminus of the protein (Burgess et al.,
1999). Dclk also functions as a MAP. The N-terminal
doublecortin domain of Dclk binds to microtubules and
stimulates microtubule polymerization (Lin et al., 2000;
Silverman et al., 1999). The C-terminal kinase domain
phosphorylates myelin basic protein and itself in vitro,
though in vivo substrates of Dclk are unknown (Lin
et al., 2000; Silverman et al., 1999). Like Dcx, Dclk is ex-
pressed in the mouse embryo starting at embryonic day
11 (E11) in the brain (Burgess and Reiner, 2000; Sossey-
Alaoui and Srivastava, 1999), but unlike Dcx, the Dclk lo-
cus encodes multiple, different transcripts, some of
which are expressed in the adult or in response to neural
activity suggesting Dclk may have additional functions
beyond neural development (Burgess et al., 1999; Bur-
gess and Reiner, 2002; Hevroni et al., 1998; Silverman
et al., 1999; Vreugdenhil et al., 1999).

Here, we used homologous recombination in ES
cells to create a targeted mutation in Dclk. Dclk single
mutants are viable with grossly normal brain architec-
ture. Dex";Dclk ™'~ double mutants suffer severe peri-
natal lethality and show severe defects in major axonal
tracts as well as disruption of hippocampal laminar
structure that is more severe than that seen in the Dcx
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knockout alone. Moreover, the cerebral neocortex of
these animals shows abnormal neuronal lamination.
These data show that Dcx and Dclk have genetically
compensatory roles in neuronal migration but also un-
cover roles for both of these proteins in axon outgrowth
as well.

Results

Expression of Dclk mRNA during Development

Using in situ hybridization with a probe for the 3'UTR of
Dclk designed to recognize most Dclk transcripts (see
Experimental Procedures), we confirmed the widespread
expression of Dclk throughout the developing and adult
CNS. Hybridization was seen in tissues throughout the
CNS (Figures 1A-1C), including developing cerebral cor-
tex, olfactory bulbs, and olfactory epithelium, as well as
midbrain, pons, cerebellum, medulla, and spinal cord
beginning on E12. In the developing cerebral cortex, ex-
pression was seen mainly in the cortical plate that
contains postmitotic, postmigratory neurons. However,
there were lower levels of expression in the intermediate
zone—confirmed by immunohistochemistry to the pro-
tein (Lin et al., 2000)—whereas little to no expression
was seen in the ventricular zone (Figure 1D). In the post-
natal day zero (P0) and adult brain (Figures 1E and 1F),
expression persisted in cortical layers II-VI, with highest
expression in layer V neurons whose axons make up the
efferent long tracts. Expression also persisted in the ol-
factory bulb, hippocampus, striatum, and cerebellum
(Figure 1C), but relatively little expression was seen in
the rest of the CNS including the thalamus.

Figure 1. Dclk Expression

(A) A parasagittal section of an E16 embryo
shows widespread expression of Dclk in the
CNS.

(B) A parasagittal section of a PO embryo
shows expression of Dclk in the brain and spi-
nal cord persisting at high levels.

(C) Adult whole brain sagittal (left) and coronal
(right) sections show persistent cortical, hip-
pocampal, and cerebellar expression, lower
expression in the basal ganglia, and very little
Dclk expression in the thalamus.

(D-F) High power views of the cortex at E16,
PO, and adult stages demonstrate expression
of Dclk in the dense cortical plate (CP) at E16
and predominantly in layer V at PO and adult
stages. (Scale bars are 4 mm in [A], [B], and
[C] and 100 pm in [D], [E], and [F]).

Targeted Mutagenesis of the Mouse Dclk Locus
To simultaneously target the multiple Dclk transcripts,
we designed a targeting construct to delete exons 9-11
because these encode the core of the kinase domain
and are also contained in virtually all known Dclk tran-
scripts (Figures 2A and 2B). This construct introduced
a frame shift that generated multiple stop codons down-
stream of exon 9 (Figure 2A). The Dclk gene produces:
(1) Dclk B and Dclk o. full-length transcripts, coding for
proteins including the doublecortin and the kinase do-
main; (2) adoublecortin domain transcript (Dcl) that does
not encode most of the kinase domain; (3) a kinase-
domain only transcript (cpg16); and (4) CARP, which en-
codes neither the doublecortin nor the kinase domain
(Burgess and Reiner, 2002; Silverman et al., 1999; Vreug-
denhil et al., 1999). The targeting construct should
disrupt all transcripts except for Ca?*/calmodulin-
dependent protein kinase (CaMK)-related peptide (CARP).
200 targeted ES cell colonies were screened by
Southern blot (see Experimental Procedures) for homol-
ogous recombination. Four positive ES cell clones were
identified, and two were independently injected into
blastocysts, which were then implanted to produce
agouti chimeric males. Chimeras were crossed to wild-
type animals to generate Dclk*'~ mice. Interbreeding
of heterozygous animals produced Dclk™'~ mutants.
We examined Dclk protein by performing Western blot
analysis on brain protein with two antisera raised against
the N terminus (Lin et al., 2000; Mizuguchi et al., 1999)
and one against the C terminus (Burgess et al., 1999).
In the wild-type (wt) mouse both the N-terminal and
C-terminal antisera detected an 85 kDa doublet, likely
representing either two phosphorylated isoforms of
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Figure 2. Dclk-Targeting Construct and Histology of Dclk™'~ Mouse

(A) Intron/exon structure of Dclk (modified from Burgess and Reiner [2002]) and consequences of elimination of exons 9-11 (note that exon num-
bering system is based on the UCSC Genome database, which is different than that of Burgess and Reiner [2002]). The targeting construct re-
places exons 9-11 with a PKG neo cassette, which introduces a translational frame shift, resulting in multiple stop codons 3’ of exons 9-11. All
transcripts except CARP should thus be targeted.

(B) The PGK-neo cassette replaces exons 9-11 of Dclk genomic DNA and Nhel/EcoRV fragment was used to screen Nhel digested DNA from ES
cell colonies for an 11.7 kb mutant band in addition to the 5.7 kb wt fragment by Southern blot analysis.

(C) Dclk is cleaved by calpain at two different sites, resulting in two different N-terminal fragments of 35 kDa and 43 kDa (adapted from Burgess
and Reiner [2002]).

(D) Western analysis of Dclk™'~ mutants shows the full-length 85 kDa Dclk protein is present only in wild-type, but calpain cleaved proteolytic
products (43 kDa and 35 kDa) are seen in Dclk™'~ as well as wt. a-tubulin antibody was used as a loading control. Note that the Dclk™~ lane is
heavily overloaded in order to detect the residual smaller fragments.

(E) Full-length Dclk protein is undetectable in Dclk™’~ brain by C-terminal antibody.

(F) Normal gross brain architecture and lamination in Dclk™'~ mice. Hematoxylin and eosin (H&E) histology of coronal sections from adult wild-
type and Dclk™'~ mice show normal overall brain histology.

(G) Adult wt and Dclk~'~ mice demonstrate normal lamination with layer-specific markers. Cux-1 immunohistochemistry of coronal sections from
adult wild-type and Dclk™'~ mice show indistinguishable distribution of Cux-1 positive neurons in layers II-IV. thy1-YFP labeling of layer V py-
ramidal neurons shows normal distribution of neurons in layer V in Dclk~'~ and control cortex. (Scale bars are 400 um in [F] and 100 um in other
panels.)

Dclk or the Dclk o and f splice variants. The full-length
protein, which made up 83% of all isoforms encoding
doublecortin domains in wt animals, was not detected
in Dclk~'~ mice (Figures 2D and 2E). Calpain cleavage
of the full-length protein produced N-terminal products
43 and 35 kDa in size (Burgess and Reiner, 2001), which
made up 15.3% and 1.6%, respectively, of the double-
cortin domain encoding isoforms in normal mice. Al-
though the major 85 kDa isoform of Dclk was not seen
in homozygous mutants, faint bands representing the
N-terminal calpain cleavage products could be seen. Al-
though these products may be functional, they were
much less abundant than full-length Dclk protein in the
wt mouse. In total, in the Dclk homozygous mutant

mouse, less than 10% (8.7%) of products detected by
the N-terminal antibody remained. Moreover, the ab-
sence of detectable protein with the C-terminal antibody
in the mutant (Figure 2E) confirms elimination of all ki-
nase domain isoforms.

Preserved Neocortical Architecture

and Viability in Dclk Mutant Mice

Dclk mutant animals were born in approximately Mende-
lian ratios with normal survival and fertility. Mutants
were indistinguishable in appearance and behavior
from wild-type littermates. No spontaneous seizures
were observed in the mutant animals. Histological anal-
ysis (Figure 2F) revealed normal gross brain architecture.
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The striatum, thalamus, hippocampus, and cerebellum
also appeared normal. Dclk™'~ mice had a normally lam-
inated cerebral cortex. Overall cortical thickness was in-
distinguishable between mutants and wild-type mice, as
was the thickness of the individual layers. There was no
evidence of periventricular or white matter neuronal het-
erotopia in the mutant mice by routine histology.

Neocortical layer-specific markers also confirmed that
cortical layering was preserved in Dclk™'~ mice. Cux-1
immunoreactivity, which localizes to layers II-IV of the
neocortex (Nieto et al., 2004) (Figure 2G); Foxp1 immuno-
reactivity, which identifies layers IlI-V; and Foxp2 immu-
noreactivity, which identifies neurons in layer VI (Ferland
et al., 2003) (data not shown), were indistinguishable
from wt. Lamination was further examined by using
a transgenic mouse that expresses yellow fluorescent
protein (YFP) under the control of a thy7 enhancer and
in which YFP is expressed predominantly in a subset of
layer V neurons (Feng et al., 2000a). In homozygous mu-
tants, labeled pyramidal neurons in layer V neurons
showed a sharp laminar organization that was indis-
tinguishable from wild-type (Figure 2G). These studies
suggest that the overall structure of the neocortex of
Dclk mutant mice is normal and that the mutant mice
have no obvious defects in neuronal migration, although
more subtle defects in axon targeting, axon growth, or
plasticity related phenotypes have not been ruled out
by this analysis.

Perinatal Lethality and Abnormal Brain Architecture
in Dex™;Delk™"~ Mice
Because humans with DCX mutations show such strik-
ing cortical development abnormalities and neither the
Dcx nor Dclk mutant mice alone show neocortical lami-
nation defects, we generated double mutant (Dcxy’ -
Dclk™'~) mice to test whether the two genes might com-
pensate for each other in cerebral cortex layer formation.
We bred Dcx*'~:Dclk*'~ females with Dclk™'~ males to
generate Dcx”’~;Dclk ™'~ mice. These crosses would be
expected to produce offspring in a ratio of 2:2:1:1:1:1
(Table 1). Although the offspring were born in approxi-
mately the expected Mendelian ratios, more than 3/4 of
the (Dcx™";Dclk™~) die postnatally, usually within 2
days of birth (Table 1). A slightly smaller proportion of
the Dex™"Y;Dclk™"* mice die postnatally as well. Dex*’'~;
Dclk*’~ and Dcx*~;Dclk™~ females appear to survive
relatively normally, however, they have reduced fertility
as adults.

Dcx/Dclk double mutant animals (Dcx™"Y;Delk™'")
showed severely abnormal brain architecture (Figures

Table 1. Offspring of Dex*/~;Dclk*’~ x Delk™'~

Dcxwt Dexwt Dext'~ Dex*~ Dex™ Dex™
Dclk*’~ Dclk™~ Dclk*'~ Dclk™'~ Dclk*’~ Dclk™'~

PO 17 13 4 8 7 10

18days 13 19 7 9 4 2

Expected 2 2 1 1 1 1
ratio

Pre- and postnatal lethality of Dex~";Dclk~'~ double knockout mice.
Total number of mice from Dcx™/*;Dclk*’~ x Dclk™~ matings of
each genotype at ages PO and P18 are shown. Expected ratios are
2:2:1:1:1:1. Dcx wt represents both Dex*”” males and Dex*/* females.

3, 4A, and 5). Histological analysis of the brain at PO
demonstrated a brain with a thin cerebral cortex (Figures
3A, 4A, and 5B), disruption of lamination in the cingulate
gyrus, and markedly abnormal cell layering in the hippo-
campus (Figures 3A, 4A, and 5E). The Dcx™";Dclk ™~
mutant also had severely disorganized white-matter
tracts (Figures 3A and 5) with disruption of many tha-
lamic and brainstem nuclei (Figure 3A), as well as a small
cerebellum with defective foliation (Figure 3B), despite
a relatively normal appearing external granule layer
and Purkinje cell layer at higher power (not shown). Cor-
onal sections of the double mutant (Dcx~";Dclk™") as
well as Dcx~";Dclk™"* mice showed enlargement of
the lateral ventricles (Figures 5A and 5B).

Defective Neuronal Migration in Dex™;Dclk™"~
Double Mutant Mice

The hippocampus of the double mutant (Dex~";Dclk ™)
mouse at PO was cytoarchitechturally disrupted (Fig-
ure 4A). The lamination defects of the hippocampus
were much more severe than those previously seen in
the Dcx single knockout animal (Corbo et al., 2002) and
appeared similar to hippocampal defects seen in
Cdk5~'~ animals (Ohshima et al., 1996). Like the Cdk5
mutant, cells appeared less tightly packed in the dentate
gyrus, with little or no layering of cells in a granule cell
layer per se but instead dispersion of neuronal cell bod-
ies throughout the dentate gyrus. The stratum pyrami-
dale (SP) layer in pyramidal cell fields, CA3, CA2, and
CA1 was disorganized with multiple layers separated
by irregular streams of white matter in no consistent pat-
tern. The cingulate cortex in some areas appeared to be
split, with two or three irregular layers of cells separated
by irregular cell-free zones (Figure 4A), in contrast to Dcx
and Dclk single knockout animals, which had no appar-
ent neocortical defects.

Although the lateral parts of the Dex™";Dclk ™'~ double
mutant neocortex (Figure 4A) were more mildly disrupted
compared to Dclk~'~ or wild-type brains (not shown) by
H&E staining or cresyl violet staining, closer examination
of lateral neocortex with layer-specific markers at age PO
revealed laminar disorganization (Figure 4B and Figure
S1B). In contrast to the Dclk~'~ and Dcx~";Delk*'~ mu-
tants, Cux-1 immunoreactivity, showed some dispersion
of labeled layer II-IV neurons (Nieto et al., 2004) into
deeper neocortical layers in the Dex™;Dclk™'~ double
mutant. Layer llI-V neurons labeled with Foxp1 (Ferland
etal., 2003) were also more loosely packed than controls,
indicating defects in migration of neurons that form
these cortical layers. Limited BrdU analysis at PO, after
injection at E12 (data not shown) and E16 (Figure S1A)
also showed mild dispersion of upper layer neurons
into deeper neocortical layers and intermediate zone.

Although layer-specific markers revealed laminar dis-
organization, analysis of the marginal zone and subplate
did not show a defect in preplate splitting—a process
that is disrupted in some migration disorders (Caviness,
1982). G10 immunoreactivity (Reelin, layer I) (Figure 4C)
demonstrates Reelin-positive cells in the marginal zone
(MZ) (de Bergeyck et al., 1998), although in 2/5 animals
examined, the MZ appeared thinner in the Dcx™";
Dclk~'~ mouse and cells appeared smaller than the litter-
mate control (Dclk*'~). However, in other Dex™:Dclk =/~
double mutants with abnormal migration, the MZ
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appeared normal, so that the significance of this is un-
clear. Chondroitin sulfate immunoreactivity demon-
strated normal preplate splitting with intense immunore-
activity in the marginal zone and subplate of the Dcx™;
Dclk™'~ double mutant that was indistinguishable from
the control (Figure 4C).

Defective White-Matter Tracts in Dex™;Dclk™"~
Double Mutant Mice

Unlike either the Dcx or Dclk single mutant animals,
Dcx~":Dclk™~ mice were notable for disruption of
most or all major axon tracts in the brain including the
corpus callosum, hippocampal commissures, anterior
commissure, and internal capsule (Figures 3 and 5). In
the sagittal sections shown (Figure 3A), there was a strik-
ing absence of an internal capsule and pencil fibers in
the striatum, as well as a global disorganization of the
nuclear structure of the thalamus and brainstem be-
cause of the paucity of white-matter tracts in the double
mutant as compared to the control. In the same sagittal
sections, the individual thalamic nuclei that are clearly
discernable in control sections—including the anterior
ventral thalamic nucleus (AV), dorsal lateral geniculate
body (DLG), medial geniculate body (MG), reticular tha-
lamic nucleus (R), ventral posterior nucleus of the thala-
mus, medial part (VPM), and ventromedial thalamic nu-
cleus (VM)—are not demarcated in the double mutant.
In the brainstem, the pontine nuclei (P) are seen in con-
trol sections but not clearly defined in the Dex™";Dclk =/~
mouse. Four out of six mice examined showed the global
disruption of white-matter tracts seen in Figure 3A, and
two of the six Dcx~";Dclk™'~ mutants examined were
more mildly affected. The horizontal section from a
more mildly affected Dcx~";Dclk~'~ animal in Figure 5H
shows diffuse fibers of the anterior commissure that do
not cross the midline; in contrast the internal capsule in
this same animal is less severely defective than that illus-
trated in Figure 5E.

The corpus callosum of Dex~;Dclk™~ mutants was
present at rostral levels but did not extend as far caudally
asin wtmice. In a coronal section taken at the level of the
crossing of the anterior commissure, the Dcx"y;DcIk_’ -

Dcx -/y; Dclk -/-

Figure 3. Neocortical, Hippocampal, Cere-
bellar, and Axonal Defects in Dcx™";Dclk™'~
Mice at PO

(A) A sagittal section of the Dcx™;Dclk™'~
mutant mouse shows abnormalities in the
neocortex, hippocampus, white-matter tracts,
and cerebellum as compared to Dclk™* con-
trol. Nuclei of the thalamus and brainstem
are clearly seen in the control but not in the
Dcx™";Dclk™'~ mutant mouse, including the
anterior ventral thalamic nucleus (AV), dorsal
lateral geniculate body (DLG), medial genicu-
late body (MG), reticular thalamic nucleus (R),
pontine nuclei (P), ventral posterior nucleus of
the thalamus, medial part (VPM), and ventro-
medial thalamic nucleus (VM).

(B) The Dex™";Dclk ™'~ mouse cerebellum is
smaller than control and demonstrate defec-
tive folia. Although the folia are mainly present
in the Dcx™";Dclk™'~ mutant, they are se-
verely hypoplastic, especially on the ventral
surface of the cerebellum. (Scale bars are
400 um.)

mice showed no fibers crossing the midline in the corpus
callosum (Figure 5B), whereas the comparable Dclk™/~
brain (Figure 5A) shows the normal corpus callosum
present at a comparable plane of section. Although the
anterior portion of the corpus callosum was present in
the Dcx";Dclk™~ mutant, it was greatly reduced in
thickness (not shown). In these double mutant mice,
white-matter tracts just lateral to the corpus callosum
showed disorganized swirls (Figure 5l), similar to Probst
bundles. The hippocampal commissures and subcorti-
cal white matter appeared lumpy and disorganized (Fig-
ures 5B and 5l). Moreover, the striatum in Dex~";Dclk '~
double mutant animals was devoid of normal pencil fi-
bers (Figures 5A and 5B). Additionally, the anterior com-
missure failed to cross at the midline in the Dex™”:Dclk~/~
double mutant brain (Figures 5A and 5B) and could not
be seen at all at most levels where it normally is found. In-
stead, aberrant, diffuse axonal bundles that fail to follow
their normal course were seen stemming from the areas
normally giving rise to the anterior commissure (marked
by an arrow in Figures 5B and 5H).

Mice with a Dcx™”;Dclk*’~ genotype also had white
matter defects (Figures 5C and 5F), but these were gen-
erally less severe and less highly penetrant than in Dex™";
Dclk™'~ mice. Of six Dex™”:Dclk*’~ mice examined,
three showed white-matter abnormalities beyond those
expected based on the Dcx genotype alone (Corbo
et al., 2002). Figure 5C shows absence of the corpus cal-
losum, and the aberrant anterior commissure bundles
and Figure 5F shows a markedly abnormal internal cap-
sule on coronal section. In contrast to the Dex™;Dclk ™'~
mutants, Dcx™";Dclk*’~ mice have few or no defects in
lamination (Figures 4A and 4B). The presence of axonal
tract defects without observable migration problems in
Dcx~";Dclk*’~ mutants suggests that defects in axon
tract formation and neuronal migration are partially sep-
arable phenotypes and that the migration phenotypes
are not secondary to the axonal ones, or vice versa.

PO brains received Dil injections in order to label axon
bundles to characterize the white-matter tracts in the
double mutants in more detail (Figure 6). In the Dex™";
Dclk™'~ double mutant, the anterior commissure was
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Figure 4. Lamination Defects in Dex™";Dclk ™'~ Mice

(A) H&E histology of coronal sections from PO Dclk ™'~ and Dcx™;Dclk™~ mice. The hippocampus of the Dex™”;Dclk*’~ mouse and the double
mutant Dex~;Dclk '~ shows disruption of lamination with more severe defects in the double mutant (hippo). The stratum pyramidale (SP) and
the dentate gyrus (DG) appear normal in the Dclk*'~, and Dex*/~;Delk ™'~ mutants; however, in the Dex™";Dclk*’~ and more severely in the Dex™";
Dclk™'~ mutant, the pyramidal cell layer is dispersed with neurons separated by cell-free zones (arrows). The dentate gyrus also appears much
less organized and much less distinct in the Dcx™";Dclk ™'~ mutant (star). The cingulate cortex shows gross disorganization and splitting in the
Dcx™;Dclk ™'~ double mutant but not in other genotype mice (cing). The lateral cerebral cortex looks relatively well preserved in the double mu-
tant as compared to other littermate controls; however, the intermediate zone in the double mutant is less well defined and shows arrested cells
(cortex). (Scale bars are all 100 um.)

(B) Lamination is abnormal in the Dex~";Dclk~’~ mouse. Cux-1 (layers 11-IV) immunoreactive cells are less tightly packed in the upper layers of
the Dex~";Delk™~ cortex at PO as compared to Dex™";Dclk ™+ and Delk™~ mice suggesting abnormal migration of upper cortical plate layers.
Foxp1 (layers IlI-V) immunoreactivity of the Dcx~";Dclk™'~ mouse shows dispersed cellular layering as well compared to littermate controls.
(C) Dex™";Delk™~ mutant mice show no clear defects in preplate splitting. G10 (Reelin, layer I) staining is relatively normal in Dcx™";Dclk™'~
double mutants, though the marginal zone in some mice appears somewhat thinner than normal. Chrondroitin sulfate proteoglycan staining
is indistinguishable in the Dcx~";Dclk~'~ double mutant from the Dclk—'~ mouse. (Both scale bars in [C] represent a size of 100 um, and the scale
bar on the lower panel applies to the panels in [B] as well).

absent with no axons leaving the area of the entorhinal
cortex (Figure 6A). In the Dcx™";Dclk™'~ double mutant,
most axons forming the caudal corpus callosum ended
before reaching midline and did not cross to the other
side, in contrast to the normally crossing fibers ob-
served in the Dclk heterozygote littermate control
(Figure 6B). Under high magnification (60x), the normal
axons are arranged in discrete fascicles with a consis-

tent orientation. In contrast to the control littermate,
the axons of the double knockout did not travel in bun-
dles but instead appeared as multiple single axons
with what appeared to be random orientation and with-
out clear fasciculation (Figure 6C).

In order to confirm a role for human DCX in axon out-
growth and to compare the axons from human neurons
without functional DCX to the mouse mutant, we studied
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a postmortem brain from a patient with double cortex
syndrome (DCX*/7). The subcortical band in these cases
is believed to be comprised of neurons that have ar-
rested prior to reaching the cortical plate due to X chro-
mosome inactivation resulting in a population of neu-
rons without functional DCX . We examined axons in
the white matter adjacent to the normal cortex and
within the subcortical band with the myelin stain, Luxol
fast blue, on paraffin sections (Figures 6D and 6E). Al-
though axons adjacent to the normal white matter ap-
peared fasciculated, the axons in the subcortical band
appeared to be disorganized, traveling as single fibers,
in random orientations, without evidence of bundling.
To label and view axons directly, we placed Dil crystals
in the white matter directly adjacent to the abnormal
subcortical band as shown in Figure 6F. As a control, ax-
ons adjacent to normal cortex (with presumably normal
DCX expression) were also labeled with Dil. Axons la-
beled adjacent to the subcortical band showed striking
similarities to mouse Dcx™?;Dclk™~. Unlike the normal
axons in the white matter, those within the abnormal
subcortical band, arising from Dcx negative neurons,
traveled as single fibers in random orientations without
evidence of bundling. Therefore, in addition to defective
migration, human neurons lacking DCX activity ap-
peared to have abnormal axons bearing a striking re-
semblance to those in the Dex~":Dclk~'~ mouse.

PO Figure 5. Axonal Defects in Both Dcx™”;
Dcx -/y; Dclk +/-

Dclk™'~ and Dex™";Dclk*'~ Mutants at PO

—/+

(A) A coronal section of the Dclk™* mouse
demonstrates the normal appearance of the
corpus callosum (CC) and anterior commis-
sure (AC), hippocampal commissures (HC),
and pencil fibers in the striatum (PF).

(B and C) In contrast, the corpus callosum is
not present at the level represented in the
control section in either the Dcx™":Dclk ™'~
(B) or the Dex™";Dclk*~ (C) mutant. Further-
more, anterior commissure fibers fail to turn
and cross the midline in these sections. In-
stead aberrant bundles are seen (arrows).
The Dex~";Dclk™~ striatum is almost devoid
of pencil fibers, and the hippocampal com-
missure appears abnormal as well.

(D) Caudal coronal sections of the Dclk*'~
mouse demonstrate arelatively intact internal
capsule (IC).

(E and F) However, the internal capsule (ar-
rows) appears to be severely abnormal in the
Dcx™;Delk™~ (E) and the Dex™";Dclk*'~
(F) mutants.

(G) A ventral horizontal section of the Dclk*/~
control demonstrates an intact internal cap-
sule (IC), as well as normal anterior commis-
sure fibers crossing the midline (AC).

(H) In contrast, the Dcx~";Dclk™'~ mutant
shows anterior commissure fibers that fail to
cross the midline normally (arrow), though in
this double mutant the defect in internal cap-
sule (IC) is extremely mild compared to that in
the double mutant illustrated in (B).

(1) Higher magnification shows abnormal sub-
cortical white matter of the Dcx™";Dclk ™'~
double mutant in comparison to that of the
control. The arrow indicates a Probst bundle.
(Scale bars are all 400 um.)

Abnormal Dendritic Morphology and Axon
Elongation in Dcx/Dclk-Deficient Neurons

We examined cellular morphology of Dcx™";Dclk™
mutant neurons in dissociated hippocampal cultures
at PO. However, because of the limited fertility of com-
pound heterozygote females and the perinatal lethality
of Dcx™";Dclk™'~ mutants, sufficient samples were diffi-
cult to obtain. To further characterize the interaction of
Dcx and Dclk in process formation, we used a Dcx
RNAi construct (Bai et al., 2003) in Dclk~'~ embryos co-
transfected with a GFP-expressing plasmid as a marker
(Matsuda and Cepko, 2004; Takahashi et al., 2002).
Dclk™'~ or wt embryos were transfected by in vivo elec-
troporation at E15 with a Dcx RNAi construct, and corti-
ces were dissected out and dissociated the next day. In
contrast to the neurons transfected with control RNAi
constructs, Dcx RNAI treated neurons demonstrated lit-
tle Dcx immunoreactivity (Figure 7A), demonstrating ef-
fective knock down of Dcx expression.

Neurons from Dclk™'~ embryos transfected with Dcx
RNAi showed strikingly aberrant processes in contrast
to wt neurons transfected with the Dcx RNAi (not shown)
and Dclk™'~ neurons transfected with a control con-
struct (Figure 7B). Dcx RNAi-transfected Dclk™'~ neu-
rons do appear to have a primary axon; however, den-
dritic processes appear to be shorter and more
numerous than in control RNAi-transfected Dclk™'~

/—
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Figure 6. Axonal Defects in Dcx~";Dclk™'~ Mice at PO and in the Human Subcortical Band Heterotopia by Dil Tracing

(A) Membrane diffusion of Dil after an injection in the entorhinal cortex (diagrammed left) labels axons in the posterior limb of the anterior com-
missure in control animals (middle). In the mutant mouse, no Dil labeling of axons crossing the midline is seen (right).

(B) A Dil injection was placed in the left anterior cortex to label the corpus callosum (left). In contrast to the Dil labeled corpus callosum of control
animal shown (middle), the axons of the Dcx™";Dclk ™'~ double knockout mouse cross the midline only sparsely (right).

(C) A high-power view is taken of the axons in the corpus callosum as shown in the diagram (left). Axons from the control mouse travel in bundles
of 5-10 individual fibers (middle). In contrast, the axons from the same site in the Dcx™";Dclk ™'~ double mutant appear poorly organized, without
evidence of fasciculation (left).

(D) A coronal section of a human brain with subcortical band heterotopia is stained with H&E and luxol fast blue (LFB) for myelin. A rectangle in the
frontal cortex marks the region shown in (E) (left).

(E) The left panel shows a low power view of the normal-appearing cortex (GM) and white matter (WM) and the underlying subcortical band (SCB).
Rectangles mark the regions from which high-power views are taken in the white matter and subcortical band. The high-power view of the white
matter (top right) shows myelinated axons that travel in fascicles (arrow). In contrast, the high-power view of the subcortical band (bottom right)
shows single myelinated axons in many different orientations that are not organized in fascicles.

(F) Because LFB stains myelin rather than axons directly, we also used Dil to examine axons in both the normal white matter and the subcortical
band. The left panel diagrams the location of dil injections (red asterisk). In the white matter, axons are fasciculated (top right), whereas in the
subcortical band (bottom right) the axons appear disorganized and look similar to the axons from the mouse in (C). (Scale bars are 400 um in [A]

and [B], 100 um in [C], right panel of [E], and [F]. The scale bar in [D] is 1 cm, and that in the left panel of [E] is 1 mm.)

neurons. Also, in many of these cells a primary dendrite
appears to be absent or hypoplastic (yellow arrow) com-
pared to Dclk™'~ neurons transfected with the control
RNAi construct (Figure 7C). We used antisera to MAP2
to examine dendritic structure in a Dex™;Dclk ™~ disso-
ciated hippocampal culture. In this dissociated prepara-
tion of double mutant neurons, MAP2 staining revealed
cells with aberrantly short dendrites compared to
Dclk*~ neurons (Figure 7D). The abnormal dendritic
structure of Dex~";Dclk™~ neurons suggests that de-
fects in Dcx RNAi-transfected neurons are direct results
of Dcx inactivation rather than off-target effects of the
Dcx RNAi construct.

Because the Dcx~”;Dclk™'~ mutant has widespread
defects in white matter tracts, we measured axon length
in dissociated cultures to determine whether the RNAi
suppression of Dcx in Dclk™'~ embryos resulted in
shorter axons as well as dendrites (Figure 7E). In wt neu-
rons, electroporation with the Dcx RNAi construct re-
sulted in significantly shorter axons than the control
RNAi construct (Figure 7E) (p < 0.003). However,
Dclk™'~ neurons transfected with the Dcx RNAi con-
structresulted in even further and more significant short-
ening of axons with a mean length of only 230 ym com-
pared to a mean of 702 um in Dcx RNAi-transfected

wild-type neurons (Figure 7E). These data suggest that
both Dcx and Dclk individually have roles in axon elonga-
tion but that they complement one another, with simulta-
neous removal of both causing profound axon defects.
These in vitro results also show that Dcx/Dclk’s roles in
axon outgrowth are largely cell autonomous.

Defective Axonal Expression of Synaptic Vesicle
Proteins in Dex™”;Dclk™’~ Mutants

Because Dcx interacts with vesicle associated proteins,
and the link between vesicle trafficking and axon out-
growth (Kimura et al., 2003; Murthy et al., 2003), we ex-
amined Dex~;Dclk™'~ tissue for expression of VAMP2
(vesicle-associated membrane protein 2, also known
as synaptobrevin) and synaptophysin (syp). VAMP2 is
a SNARE (soluble NSF [N-ethylmaleimide-sensitive fac-
tor] attachment protein receptor), which is expressed
on synaptic vesicles and is critical for vesicle fusion to
the presynaptic membrane (Hong, 2005; Kweon et al.,
2002; Schoch et al., 2001). Syp, another synaptic vesicle
protein, interacts with VAMP2 and is involved in multiple
aspects of synaptic vesicle biogenesis, transport, as well
as endo- and exocytosis (reviewed in Valtorta et al.
[2004]). In contrast to littermate controls and Dcx™;
Dclk*~ mice, which showed abundant VAMP2 and syp
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Figure 7. Axonal and Dendritic Abnormalities in Dcx RNAi-Transfected Dclk™'~ Neurons

(A) E15 Dclk™'~ embryos were transfected with Dcx RNAI or a control RNAi along with a marker for transfection, pCAG-GFP, which fills the cell
bodies and processes of transfected neurons with GFP. Cortices were dissociated the next day. In control RNAi-transfected neurons (left), GFP-
expressing neurons (arrow), Dcx expression (red) was unaffected. In contrast, in Dcx RNAi-transfected neurons (right), GFP-expressing neurons
(arrow) were found to be deficient in Dcx expression (red). The top panels show merged images, whereas the bottom panels show only the Dcx
immunostaining.

(B) In control RNAi-transfected neurons (left), the morphology of pyramidal neurons appears well preserved with a normally appearing dendritic
tree and a single long axon. In contrast, Dclk~'~ neurons transfected with Dcx RNAi (right) have abnormally short axons and dendrites. In addition,
these neurons appear to have a greater number of processes with more branches than neurons electroporated with the control RNAi construct.
(C) MAP-2 staining for dendrites in Dcx RNAi-treated Dclk '~ neurons (right) demonstrates a paucity of MAP-2-positive structures (yellow arrow) in
contrast to the long primary dendrite shown in the control RNAi panel (left). The green arrows indicate the axon, which is MAP-2 negative.

(D) Dissociated neuronal cultures from a Dcx~";Dclk ™'~ mutant (right) and a littermate control (left) shows shorter and fewer MAP-2 positive pro-
cesses in the Dcx™;Dclk™'~ mutant.

(E) We quantitated the differences in axonal length in control and Dcx RNAi-transfected wild-type and Dclk™'~ neurons. Axons were measured
from the neuronal cell body to the end of the longest branch. Forty randomly chosen axons were measured in each condition and each measure-
ment is graphed with a fine dash. The mean length in um (thick dash) of the axons in each experimental condition is shown. Axons of Dcx RNAi-
electroporated neurons in Dclk~'~ mice (mean, 230 pm) are shorter than that of control RNAi neurons in Dclk™'~ mice (mean, 745 pm) with most of
the Dcx RNAi axonal measurements clustered under 200 um (p = 0.0029 by Student’s t test). Dcx RNAi transfection of wild-type neurons results in
shorter axons than control RNAi (mean 977 versus 702 um, p = 0.003); however, Dcx RNAI in wild-type neurons does not have as much of an effect

on axon length as Dcx RNAI in Dclk™~ neurons.

immunoreactivity in both the marginal zone and sub-
plate, Dex~";Dclk™~ mutants had consistent, dramati-
cally decreased VAMP2 staining throughout the cortex
at PO in three separate animals tested (Figures 8A and
8B). Because of the known defect in axon elongation,
the lack of VAMP2 and syp might be due to a paucity of
axons growing into the subplate, so we costained with
tau-1 to label axons in the same sections. In contrast to
VAMP2, tau-1 staining in the cortex in Dex™;Dclk™'~
mice did not differ appreciably from controls, suggesting
that tau-positive axons in the mutant cortex were defi-
cient in VAMP2 and syp.

In dissociated cultures of Dcx/Dclk-deficient neurons
the subcellular localization of both VAMP2 and syp was
also strikingly different from control neurons (Figures
8C and 8D). Dclk '~ neurons were transfected with either
Dcx RNA. or control RNAI as described above and then
immunostained with antisera for VAMP2, syp, or syn-
taxin 3, another SNARE which is expressed in the target
membrane (Hong, 2005). In Dclk™'~ neurons transfected
with control RNAi, both VAMP2 and syp expression lo-
calized to the axons, as well as neuronal cell bodies (Fig-
ure 8C). In contrast, although high levels of both proteins
were detected in cell bodies by immunocytochemistry,
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Figure 8. Decreased VAMP2 and Syp Immunoreactivity in Dcx™;Dclk™~ Mice

(A) Sections through the cerebral cortex of Dclk*'~, Dex™";Dclk*'~, and Dex™;Dclk™~ mice at PO are immunostained for tau and the synaptic
vesicle protein, VAMP2, Although tau staining for axons in the cortex demonstrates little difference between Dclk*/~, Dex™;Dclk*'~, and Dex™";
Dclk™'~ mice, VAMP staining is almost entirely absent in the Dcx™;Dclk ™'~ mutant in contrast to Dclk*'~ and Dex™";Dclk*'~ littermates.

(B) Immunoreactivity to syp, another synaptic vesicle protein, appears to be is greatly reduced in Dcx~";Dclk ™'~ animals as compared to Dclk*/~
and Dex~";Delk*'~ mice (middle).

(C) Immunoreactivity for synaptic vesicle proteins, VAMP2 (top row) and syp (bottom row) in dissociated cultures of Dclk™'~ neurons transfected
with control RNAi and CAG-GFP (as described in Figure 7) shows that in control transfected cells, both VAMP2 and syp immunostaining coloc-
alize in axons (green arrows), as well as cell bodies (not shown for VAMP2).

(D) In Dcx RNAi-transfected Dclk~'~ neurons, however, both VAMP2 (top) and syp (bottom) show high levels of both in cell bodies (red arrows).

However, levels in axons (green arrows) of Dcx RNAi-transfected neurons are not detectable.

VAMP2 and syp were almost entirely absent from axons
in Dcx RNAi-transfected neurons (Figure 8D). In contrast,
syntaxin 3, a SNARE protein not expressed on vesicles,
but rather on the presynaptic target membrane, appears
to localize normally to both axons and cell bodies (Sup-
plemental Data). These data again suggest that Dcx and
Dclk have essential roles in the transport of VAMP2- and
syp-positive vesicles from the cell body to the axon.

Discussion

Here, we created mutant mice in both Dcx and Dclk and
showed that these Dex™;Dclk™~ double mutant mice
have more severe defects in neuronal migration than in
either mutant alone. Whereas the Dclk mutant shows
grossly normal cortical layering and the Dcx mutant
shows mild disruption of layering in the hippocampus,
the Dcx~";Dclk™'~ double mutant demonstrates pro-
found disruption of the hippocampus, defective neuro-
nal migration in the cingulate gyrus, and defects in migra-
tion of later-born layers throughout the neocortex. In

addition, the double mutant has widespread disruption
of white-matter tracts, including partial agenesis of the
corpus callosum, absence of the anterior commissure,
and abnormalities in the internal capsule. Studies in dis-
sociated cultures showed surprising defects in both
axon elongation as well as dendritic morphology. Exam-
ination of synaptic vesicle proteins revealed defects in
vesicular trafficking in axons, which may explain both
the defects in neuronal migration and axon outgrowth.

Comparison of the Dcx/Dclk Mutant Mice

to Human XLIS

The Dcx™”:Dclk™'~ double mutant has features similar
to human XLIS, including a lamination defect in the neo-
cortex. Although cortical lamination in XLIS was origi-
nally described as a simplified, thickened four-layered
cortex (Berg et al., 1998; Ross et al., 1997), a more recent
case describes a six-layered cortex (Viot et al., 2004).
The Dex~";Dclk ™'~ mutant demonstrates a neuronal mi-
gration defect without a clear inversion of cortical lami-
nation. The mouse double mutant also demonstrates
some variability in lamination—most notably in the
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appearance of the marginal zone. Women who are het-
erozygous for DCX have a subcortical band heterotopia
beneath arelatively normal appearing cortex and normal
ventricular size and conformation. Unlike DCX*/~
women, the Dex*'~;Dclk™'~ female mouse does not re-
semble “double cortex” syndrome, nor have we seen
axonal outgrowth defects. These species differences
are not unique to mice versus humans because mice
and rats show some difference in the effect of Dcx inac-
tivation as well (Bai et al., 2003), though the reasons for
these species differences are not known.

In addition to the neuronal migration phenotype, the
Dcx~";Dclk™~ mouse has a profound disruption of
white-matter tract formation. In humans, a reduced vol-
ume in white matter has been documented by both MRI
and in pathological cases of XLIS (Berg et al., 1998; Ross
etal., 1997; Viot et al., 2004); however, the axonal pheno-
types have been more difficult to study. Our analysis of
axons from a human specimen with subcortical band
heterotopia has shown some remarkable similarities be-
tween axons in the subcortical band and those in the
Dcx™";Delk™~ mutants. In both the human and the
mouse, axons form few or abnormal fascicles. Thus, it
appears in both the human syndrome and the animal
model, Dcx and Dclk have a role in axon outgrowth as
well as neuronal migration.

Dcx and Cytoskeletal Regulation in Migration
and Neural Process Formation
Although Dcx binding is known to stabilize microtubules
(Gleeson et al., 1999), the exact function of doublecortin
domains in mediating either neuronal migration or axo-
nal outgrowth is unknown and much of the recent
work focuses on Dcx regulation of the cytoskeleton. A
recent report demonstrates Dcx binding to filamentous
actin in addition to microtubules (Tsukada et al., 2005).
Dcx has been shown to interact with neurabin I, a pro-
tein phosphatase known to regulate dendritic morphol-
ogy (Feng et al., 2000b). The binding of Dcx to filamen-
tous actin is enhanced through this interaction with
neurabin Il (Tsukada et al., 2005). These data suggest
that Dcx may function in migration and axon outgrowth
by facilitating the cross talk between the actin and tubu-
lin cytoskeleton during these processes.
Dcx/Dclk-deficient axons and growth cones may be
unable to coordinate actin/microtubule dynamics result-
ing in the inability to respond to guidance cues. These
mutant growth cones may demonstrate defects in
reaching targets such as the midline or even in fascicle
formation as observed in Dex™:Dclk™'~ mice. Dcx
may be involved in the steps of neuronal migration in
which neurons transform from a multipolar shape to a bi-
polar shape (Noctor et al., 2004) essential for it to tra-
verse the cortical plate (LoTurco, 2004). In rat cortical
neurons in which Dcx has been inhibited by RNAi, mi-
grating cells arrested beneath the cortex show a persis-
tently multipolar morphology (Bai et al., 2003). Transfor-
mation of this multipolar cell into a bipolar shape may be
through Dcx-mediated regulation of actin and tubulin.

Dcx Family Proteins in Vesicle Transport

Our studies demonstrate a paucity of two vesicle pro-
teins, syp and VAMP2, in the axons of Dcx RNAi-treated
Dclk™~ neurons. This defect in vesicle protein localiza-

tion may reflect the destabilization or dysregulation of
microtubules caused by Dcx/Dclk deficiency because
vesicle sorting and transport are microtubule-depen-
dent processes. The destabilization of microtubules
alone caused by mutations in other MAP’s cause dra-
matic effects on axon elongation. Thus, the abberant
sorting/transport of vesicles in Dcx/Dclk-deficient neu-
rons may be merely an indirect effect of the disrupted
microtubule cytoskeleton, and the vesicle transport de-
fect need not be the primary cause of impaired axon out-
growth in these neurons.

Alternatively, Dcx/Dclk may have a direct role in vesi-
cle sorting or transport through specific interactions
with other proteins in these pathways. Dcx and Dclk in-
teract with p subunits of clathrin adaptor complexes,
and these complexes colocalize with Dcx proteins along
neurites and within growth cones (Friocourt et al., 2001).
Dcx proteins may link vesicles to microtubules by bind-
ing tubulin at the N terminus and vesicle-associated pro-
teins such as the clathrin adaptor complexes through its
C terminus (Friocourt et al., 2001). Interestingly, Cdk5,
a kinase essential in neuronal migration (Gilmore et al.,
1998; Ohshima et al., 1996), regulates Dcx affinity for mi-
crotubules (Tanaka et al., 2004) and has also been impli-
cated in the regulation of vesicular trafficking. RNAi for
Cdk5 or p35 blocks vesicle formation in the Golgi appa-
ratus (Paglini et al., 2001), regulates synaptic vesicle en-
docytosis (reviewed in Nguyen and Bibb [2003]), and
regulates synaptic vesicle fusion (Barclay et al., 2004).

Defective vesicle transport during development may
result in impaired membrane expansion at the growth
cone of the axon or the leading edge of a migrating neu-
ron (Kimura et al., 2003; Shirasu et al., 2000). SNARES
such as VAMP2 have been implicated in neurite out-
growth in PC-12 cells (Kimura et al., 2003; Shirasu
et al., 2000) so that the paucity of vesicles in the Dcx/
Dclk double mutant axons may produce the abnormal
axons observed. The role of Dcx in membrane extension
via vesicle trafficking may explain the neuronal migra-
tion defect, as well, because migrating neurons undergo
a change in shape, requiring membrane biogenesis and
redistribution, in order to elaborate the leading process
that guides migration into the cortical plate.

Experimental Procedures

In Situ Hybridization and Immunohistochemistry

E12.5, E14.5, E16.5, E17.5, P0.5, and adult Swiss Webster mice (Ta-
conic, Germantown, NY) were sacrificed. Animal-use procedures
were reviewed and approved by the Harvard Medical School Stand-
ing Committee on Animals and were in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Ani-
mals. Nonradioactive ISH was performed as described (Berger and
Hediger, 2001) with digoxigenin (DIG)-labeled cRNA probes. Dclk
probe was designed to recognize all transcripts except CARP and
transcribed from a PCR-amplified fragment of 3'UTR of Dclk geno-
mic DNA with the primers: 5-AATTAACCCTCACTAAAGGGCCGA
TTCCATGGTAACTCTAGG-3 DCLK. T7: 5-GTAATACACTCACTATA
GGGCCAGCAGCTGCAGATCAGTGT-3'. Sections were hybridized
at 68°C for 72 hr (probe concentration 100 ng/ml). Sense probe tran-
script was used as a control.

Gene Targeting and Generation of Dclk Mutant Mice

The starting vector was pSAGalpgkneolox2PGKDTA (gift from Sheila
Thomas, Beth Israel Deaconess Medical Center, Boston, MA), which
contains a splice acceptor lacZ, a phosphoglycerate kinase (PGK)-
neo cassette flanked by short polylinker sites, and a PGK-diphtheria
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toxin cassette. A 2.9 kb EcoRV fragment from the genomic region 5’
of exon 9 of Dclk was subcloned into the Smal site to form the 5" arm
of the targeting construct, and a 4.5 kb Xba fragment 3’ of exon 11
was subcloned into the Nhel site of the resultant plasmid to form
the 3’ arm of the targeting construct. This vector was linearized
with Notl and transfected into TC1 embryonic stem (ES) cells as de-
scribed (Deng et al., 1994). Correct targeting of Dclk was identified by
Southern blotting of Nhel-digested genomic DNA with a 400bp Notl/
EcoRV probe derived from a subcloned genomic fragment upstream
of the 5’ arm of the targeting construct. Positive ES cell clones were
injected into 129/SvJ blastocysts, and germline transmission was
obtained. We established the Dclk mutant allele in a mixed (129/
SvJ/C57BL/6J) background. Genotyping was subsequently per-
formed by PCR with pairs of primers specific for exon 9 of Dclk
(DCLK.WT1: ATGGGGGTGATTTGATTTGA; DCLK.WT2: GACAACCT
GAAGACAGGGGA) and for a region spanning from 5’ of exon 9 to the
Neo cassette of the targeting construct (DCLK.5'one: GCTCTGAC
ACTGAACGGACA; PGK.Neo.5': CAGAAAGCGAAGGAGCAAAG).

Western Blot Analysis

Total brain protein extracts from adult littermate animals were ex-
tracted, and Western analysis performed with anti-Dclk N-terminal
(Lin et al., 2000) rabbit antiserum, 1:500; (Mizuguchi et al., 1999) rab-
bit antiserum, 1:500 (gift of M. Mizuguchi and S. Takashima); or
C-terminal (Burgess et al., 1999) ¢16-3998 affinity-purified rabbit
1gG antibody (gift of O. Reiner). Rabbit anti-tubulin antibody (1:5000;
Chemicon, Temecula, CA) was used as a loading control.

Histologic and Immunohistochemical Analysis

Sections were stained with hematoxylin and eosin (H&E). For immu-
nohistochemistry, we used the following primary antibodies: anti-
Cux-1, rabbit 1gG, 1:500; G10 antibody, 1:500, mouse IgG (gift of
A.M. Goffinet); anti-Foxp1, rabbit 1gG, 1:200; anti-Foxp2, rabbit
19G, 1:200; anti-tau-1, mouse IgG, 1:200 (Chemicon); anti-MAP2,
mouse IgG 2a, 1:200 (Sigma); anti-VAMP2, mouse IgG 1:200 (Sy
sy); anti-Syntaxin3, rabbit IgG, 1:100 (Sy sy).

Fluorescent Layer-Specific Marker Strain

Dclk mutants were mated to male mice carrying a Thy1-yellow fluo-
rescent protein (YFP) transgene (The Jackson Laboratory, Bar Har-
bor, ME) (strain name: B6.Cg-TgN[Thy1-YFP-H]2Jrs) that produces
YFP expression predominantly in a subset of cerebral cortical layer
5 pyramidal cells (YFP-G in Feng et al. [2000a]). Typing was per-
formed by PCR as described (Feng et al., 2000a).

Dye Tracing

Brains from (P0) animals fixed in 4% PFA were dye labeled with a sin-
gle crystal Fast Dil (1,1’-dilinoleyl-3, 3,3',3'-tetramethyl-indocarbo-
cyanine 4-cholorobenzenesulfonate) (Molecular Probes, Eugene, OR)
implanted into the cortical layer of frontal cortex, olfactory bulb, or en-
torhinal cortex, respectively. Labeled brains were incubated at 37°C
for 14 days, and 100 pm axial vibratome sections were taken.

Dcx RNA Interference Constructs and In Utero Electroporation
Both the Dcx RNAi (hp) and the control RNAi (m3) constructs are
based on the mU6pro vector (Bai et al., 2003). To fluorescently label
transfected cells, pPCAG-GFP (Matsuda and Cepko, 2004) was co-
transfected with the RNAI constructs at 0.5 mg/ml. Plasmids were
transfected by in utero electroporation. Briefly, pregnant Swiss
Webster or Dclk™'~ mice were euthanized at E15, and embryos re-
moved. Lateral ventricles were injected with pulled glass microcapil-
lary needles with plasmids in a 0.01% fast green solution (Sigma).
Electrodes were placed on either side of the embryo’s head, and
5x 100 ms square pulses at 40 v were administered at 950 ms inter-
vals with a BTX830 square-wave pulse generator (Genetronics, Ha-
vard Apparatus). Cortices were dissected and maintained on orga-
notypic culture membranes for 24 hr, and GFP expression was
visualized, and tissue was dissociated with papain digestion and
trituration. Neurons were plated on 12 mm cover slips at high density
and examined after 5-6 days.

Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/49/1/41/DC1/.
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