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Summary

The potential role of doublecortin (Dcx), encoding a
microtubule-associated protein, in brain development
has remained controversial. Humans with mutations
show profound alterations in cortical lamination,
whereas in mouse, RNAi-mediated knockdown but not
germline knockout shows abnormal positioning of
cortical neurons. Here, we report that the doublecortin-
like kinase (Dclk) gene functions in a partially redun-
dant pathway with Dcx in the formation of axonal pro-
jections across the midline and migration of cortical
neurons. Dosage-dependent genetic effects were ob-
served in both interhemispheric connectivity and mi-
gration of cortically and subcortically derived neurons.
Surprisingly, RNAi-mediated knockdown of either gene
results in similar migration defects. These results indi-
cate the Dcx microtubule-associated protein family
is required for proper neuronal migration and axonal
wiring.

Introduction

Understanding the molecular basis of cytoskeletal mod-
ulation has emerged as an important consideration in
developmental neurobiology. The brain is assembled
in multiple concurrent steps that rely critically on modu-
lation of the cytoskeleton through a host of control ele-
ments. Microtubule-associated proteins are key among
these and are important for both initiating and maintain-
ing neurite growth, stabilizing growth cones, and medi-
ating neuronal migration in response to extracellular and
intracellular signals.

Regulation of the microtubule cytoskeleton is thought
to be important for multiple stages in the developing
brain. After mitosis in the proliferative zone, neurons un-
dergo a complex series of morphological alterations in
polarity before leaving the subventricular zone (Noctor
et al., 2004). As neurons migrate, they repeat of two dis-
tinct events that leads to net neuronal displacement:
neurite extension followed by nuclear translocation
(Gregory et al., 1988; Hatten, 2002). During migration
and after reaching cortical target zones, neuronal con-
nectivity is established through axonal and dendritic ex-
tension (Auladell et al., 2000). Genetic analysis has high-
lighted the importance of regulators of the neuronal
microtubule cytoskeleton for migration and axonal
growth. Mutation in DCX (des Portes et al., 1998; Glee-
son et al., 1998), LIS1 (Reiner et al., 1993), Map 1/2 family
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members (Takei et al., 2000), and KIF2A (Homma et al.,
2003) among others lead to disordered neuronal migra-
tion in a variety of organisms. Similarly, mutations in tau
(Dawson et al., 2001; Harada et al., 1994), JNK1 (Chang
etal., 2003), or Map 1b (Del Rio et al., 2004) lead to abnor-
malities in neuronal morphology, particularly in axonal
length and diameter.

Classical lissencephaly is one of the most severe dis-
orders of neuronal migration in humans, but it has been
difficult to model this condition in mouse. It is character-
ized by an agyric cortex with severely impaired lamina-
tion, and associated with mutations in two different
genes, DCX and LIS1 (reviewed in Kato and Dobyns
[2003]). Germline dosage reduction in Lis7 in mouse
was associated with progressive alterations in neuronal
targeting to specific laminae within the cortex and hip-
pocampus as gene dosage was reduced (Gambello
et al., 2003; Hirotsune et al., 1998). Germline Dcx target-
ing was associated with a hippocampal lamination de-
fect, but cortical lamination was unaffected (Corbo
et al., 2002). The lack of a cortical defect in the Dcx
knockout suggests several fascinating explanations,
one of which is genetic redundancy with a Dcx-like gene
in mouse.

Intriguingly, in rodent, acute RNAi-mediated inactiva-
tion of DCX by electroporation of a target plasmid re-
sults in both cell-autonomous as well as cell-nonauton-
omous defects in neuronal targeting to the cortical plate
(Bai et al., 2003). As a result, neurons are aberrantly
located in the intermediate zone of the brain and dis-
play alterations in neuronal morphology. This suggests
that DCX in mouse may be required for morphologic
changes during neuronal migration. The fact that DCX
RNAi shows a phenotype that is not present in the germ-
line gene knockout suggests several other potential ex-
planations that have not yet been explored (reviewed in
Gotz [2003]). To our knowledge, this is the first demon-
stration of a gene that shows a significantly worse phe-
notype after RNAi versus knockout effects.

The Dclk gene (doublecortin-like kinase, previously
referred to as KIAA0369 or Dcamki1) encodes a protein
with the highest reported homology to DCX across its
entire predicted protein sequence, but its function is
unknown. It encodes a microtubule-associated protein
with a C-terminal serine-threonine kinase domain, al-
though kinase activity is not required for microtubule in-
teractions (Lin et al., 2000; Matsumoto et al., 1999).
There are at least three major splice variants: a full length
isoform (DCLK), a DCX-domain isoform (DCLK DCX-
like), and a kinase domain only isoform (CPG16) with
only partially overlapping expression profiles (Burgess
and Reiner, 2002; Friocourt et al., 2003). The embryonic
forms, DCLK and DCX like, are expressed in populations
of migrating neurons that also express DCX (Omori et al.,
1998). Furthermore, in cultured neurons, localization to
microtubules overlaps with DCX, with the strongest ex-
pression in neurite tips (Burgess and Reiner, 2000) and
in the vicinity of the cell soma around the nucleus (Lin
et al., 2000). This homology and expression pattern sup-
ports potential functional redundancy with DCX. In order
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to test the role of DCLK in its function with DCX, we tar-
geted DCLK with knockout and RNAi strategies. We
found that these strategies produced dosage-depen-
dent effects in neuronal migration and interhemispheric
commissure formation.

Results

Targeting Exon 3 of the Dclk Gene

The mouse Dclk gene is encoded from 20 exons that
spans approximately 300,000 bp of genomic DNA on
chromosome 3 (Figure 1A). Because of the complex
splicing and the fact that the adult isoform, CPG16, (can-
didate plasticity gene-16, lacking a DCX domain [Nedivi
et al., 1993]) utilizes an alternative promoter, we decided
to target the 5' end of the gene. We targeted exon 3 of
the Dclk gene by a conditional approach (Figure 1B).
We did this for several reasons. First, exon 2 is the first
coding exon, and removal of exon 3 is predicted to result
in splicing of exon 2 to a downstream exon (either 4 or 5)
and in both instances will result in out-of-frame splicing.
Second, exon 3 encodes the majority of the R1 repeat,
a key functional domain (Kim et al., 2003). Third, target-
ing the N-terminal half of DCLK is predicted to disrupt
both full-length DCLK as well as DCLK DCX like. We
felt it was important to remove the DCLK DCX-like iso-
form because this shortened transcript is almost identi-
cal to DCX (Friocourt et al., 2003) and would be intact in
C-terminal targeting. Finally, to avoid the possibility of
embryonic lethality that would preclude examination of
brain development, we chose to utilize a conditional tar-
geting approach. We designed a targeting strategy to
surround exon 3 with loxP sites. Homologous recombi-
nation was detected in 12 clones, and two were injected
into blastocysts. High-grade chimeric mice were recov-
ered and mice with germline transmission were subse-
quently bred to Ella-Cre transgenics (Laksok et al.,
1996) in order to mediate germline excision of exon 3.
We recovered multiple heterozygous mice, which were
subsequently bred to homozygosity. The phenotype of
mice from both germline transmissions was not notably
different, so only one is discussed here.

Gene Targeting of Exon 3 Removes Isoforms
Containing the DCX Domain but Leaves the
CPG16 Protein Intact
Expression of each isoform was determined by Western
analysis from adult and P1 brain with antisera raised
against peptides corresponding to the N- and C-termi-
nal residues (Figure 1C). In wild-type controls, with ei-
ther antisera, the DCLK isoform was detected at both
adult and P1 time points. It was reduced by approxi-
mately 50% in the Dclk*’~ genotype and was undetect-
able in the Dclk™'~ genotype. We found that the exclu-
sively adult-expressed CPG16 was not altered in either
the +/— or —/— genotype. We detected the DCLK
DCX-like splice variant as a major band at the predicted
molecular weight of 40 kDa in the +/+ mice at P1 but not
adult with the N-terminal antibody. This isoform was ab-
sentin Dclk™~ littermates at P1. The data suggests that
all known isoforms of DCLK containing a DCX-domain
are removed with this targeting strategy.

We next tested whether gene targeting resulted in al-
tered compensatory expression of DCX or DCK2. A

C-terminal antibody did not detect any DCX at the adult
time point and produced a doublet at P1, corresponding
to the phospho- and nonphosphospecies. There was no
appreciable difference in DCX band intensity in Dclk*’*
and —/— brain. Furthermore, there was no appreciable
difference in the intensity of the phospho-isoform
band, suggesting that DCX is not a direct target of
DCLK kinase activity. DCK2 is a separate gene with
70% amino acid similarity to DCLK over the open read-
ing frame that is also expressed in developing brain
(Edelman et al., 2004). To test its expression, we created
antisera to mouse DCK2 with an N-terminal peptide im-
munogen. The peptide sequence diverges from DCLK
by two amino acids, so it was predicted to react specif-
ically with DCK2 and not DCLK. However, even the
affinity-purified antibody detected both DCLK and DCK2
robustly, but because these bands displayed differ-
ent mobility on Western, it was possible to differentiate
them. In both adulthood and P1 the DCLK band was ab-
sent in the Dclk~/~. Notably, band intensity of DCK2 was
indistinguishable in the three DCLK genotypes. We con-
clude that DCLK deletion does not result in significant
compensatory altered expression of DCX, CPG16, or
DCK2.

DCLK Expressed in Commissural Axons

and Migrating Neurons during Development

To determine the likely sites of action of DCLK during
development, we performed immunohistochemistry
across developmental time points and compared these
with expression of known markers. At E17, expression
was strongest in subcortical axonal fiber tracts, espe-
cially in the intermediate zone (I1Z) just beneath the corti-
cal plate and in the internal capsule (IC), containing
cortical efferent and afferent fibers. Expression was
compared with L1CAM, an axonal marker that highlights
major projections (Chung et al., 1991). We found partially
overlapping localization in these fiber tracts (Figures 2A-
2C). Prominent expression was noted in fiber tracts that
decussate at the midline, most notably the corpus cal-
losal (CC), anterior commissure (AC), and hippocampal
commissure (HC) tracts and in the intermediate zone fi-
ber tract. There was little expression in the cortical plate
(CP) at this late developmental stage. Identical immu-
nostaining patterns were observed with the N- and C-
terminal DCLK antibodies (data not shown). Therefore,
at late developmental stages, DCLK is expressed most
strongly in axonal fiber tracts.

We next compared expression of DCLK with DCX dur-
ing development. We found robust and overlapping ex-
pression patterns, notably in regions of containing mi-
grating neurons in the CP and in subplate-intermediate
zone (SP/1Z) fibers tracts (Figures 2D-2F). DCLK and
DCX were coexpressed strongly in commissural axonal
tracts of the CC, AC, and HC. Immunostaining of neuro-
nal cultures showed strong overlapping subcellular dis-
tribution as well around the cell soma and throughout
the growth cone (Figure 2G). The DCLK antibody
showed no neuronal signal in Dclk™~ brain sections
(data not shown), indicating specificity of the signal.
The data suggest that DCLK is codistributed with DCX
in migrating neurons and commissural axons during
development.
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Figure 1. Absence of N-Terminal DCX-Domain-Containing Isoforms after Targeting of Dclk Exon 3

(A) The Dclk locus encodes for at least three major partially overlapping transcripts, two of which share significant homology with DCX. These
transcripts encode DCX-like, containing exclusively the N-terminal half of DCLK, DCLK, containing the DCX-domain and a kinase domain, and
CPG16, containing predominantly the kinase domain. The DCX domain contains a duplicated tubulin binding domain (R1 and R2) and a serine-
proline-rich domain. An additional gene, DCK2, shares homology with DCLK and is encoded at a different locus.

(B) Targeting strategy for the Dclk gene. Exon 3 was targeted by a conditional strategy with HSV-TK as a negative and PGK-neo as a positive
selection marker. Homologous recombination led to a conditional targeted allele (flox-neo). Complete removal of exon 3 was mediated by
Cre recombinase, leading to a germline null allele. In this allele, exon 2 is predicted to splice into exon 4, leading to an out-of-frame null mutation.
(C) Targeting exon 3 of Dclk abolishes encoded proteins containing the DCX domain. Adult or postnatal day 1 (P1) brain lysate analyzed by West-
ern blot. Row 1 immunoblotted (IB) with «DCLK-Cterm, showed reduction in +/— and absence in —/— brain. Row 2 IB with «DCLK-Cterm showed
expression of CPG16 was not altered in the —/— and was expressed only in adulthood. Row 3 IB with «DCLK-Nterm showed reduction in the +/—
and absence in —/— brain. Row 4 IB with «DCLK-Nterm showed expression of DCLK DCX like was exclusively detected in developing brain and
was absent in —/— brain. Row 5 IB with «DCX-Cterm showed expression of DCX was not significantly altered (arrowhead). Note that DCX was
not hypophosphorylated (normal intensity of upward shifted band, arrow) in the —/—, suggesting DCX is not a direct kinase target of DCLK. Row
6 1B with «DCK2-Nterm showed that this antibody recognized both DCK2 (single arrow at adult, double arrow at P1) as well as DCLK (arrowhead)
because the band highlighted by the arrowhead is absent in the —/— lysates. DCK2 level was not altered in —/— brains. Row 7 IB tubulin loading
control.

Absence of the Corpus Callosum

in the Dclk™~ Mutant

We found that Dclk homozygous knockout mice were vi-
able and fertile and were recovered at Mendelian ratios
in adulthood. The brains were examined for alterations
in structure after Cresyl violet staining. We found that

there was absence of the CC in Dclk™'~ mice and pres-
ence of Probst bundles (PB) (Figures 3A and 3B). HC
was also abnormal (see below). PBs are often identified
in mutants with absence of the CC, where they are
thought to represent axonal terminals that failed to cross
at the midline (Ozaki and Wahisten, 1993). Notably, the
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Figure 2. DCLK Codistribution with L1CAM and DCX during Devel-
opment

(A-B) DCLK codistributed with L1 (a marker of axonal tracts) in the
corpus callosum (CC), anterior commissure (AC), and hippocampal
commissure (HC) and to a lesser extent in the corticothalamic fibers
of the intermediate zone (IZ) and internal capsule fibers (IC). Al-
though DCLK distribution was more widespread than L1CAM, it
was enriched in these fiber bundles.

(C) High power showing axonal IZ tracts that colabeled with DCLK
and L1 (arrows).

(D-E) Codistribution of DCLK and DCX in the CC, 1Z, IC, AC, and HC
fiber tracts (arrows).

(F) Coexpression of DCLK and DCX in neurons during periods of mi-
gration, especially at the upper (double arrows, corresponding to
newly arrived neurons) and lower (arrows) margins of the CP. CP,
cortical plate; SP, subplate; SVZ, subventricular zone; VZ, ventricu-
lar zone; LV, lateral ventricle.

hippocampus in the —/—, although somewhat misshap-
ened and foreshortened likely as a result of abnormali-
ties of the CC and the HC, displayed lamination indistin-
guishable from wild-type (wt), and the AC was well
formed.

We determined if the absence of the CC phenotype
was subject to variable severity or expressivity in the
Dclk mice because defects can occur spontaneously
in some strains (Ozaki and Wahlsten, 1993). Therefore,
we sectioned through the A/P dimension of the CC in
brains from five mice of each +/+, +/—, and —/— geno-
types and examined serial sections. We found that the
+/+ littermates in the mixed background displayed uni-
form appearance of the CC along the rostro-caudal
axis. In contrast, homozygous mutant mice displayed
uniform abnormalities of the CC along the entire A/P di-
mension. The appearance of the PB, although uniformly
present, was variable in dimension. Surprisingly the +/—
mice displayed occasional alterations in CC thickness,
with the appearance of small PB, suggesting dosage-
dependent effects of DCLK. However, the CC was found
to be at least partially intact in each of the +/— mice ex-
amined. We conclude that DCLK plays a critical role in
CC development.

Intact cortical Lamination in the Dclk~'~ Mouse

The strong expression of DCLK in populations of neu-
rons in regions of migration prompted us to test for a de-
fect in neuronal migration that might underlie the CC
agenesis. Cresyl violet staining of the cortical plate at
the PO and adult time points revealed no alteration in his-
tological appearance (Figure 3A and data not shown). To
test for defects in lamination, we performed BrdU birth-
dating of the cortical neurons by dam injection at E15.5
and E12.5 to label newly dividing cells that will populate
layers 2/3 and 5/6, respectively (Gambello et al., 2003).
These time points were chosen because layer 2/3 neu-
rons presumably traverse the greatest distance and thus
should be among the most sensitive to genetic altera-
tions. Additionally, layers 2/3 make major contributions
to the CC (Hedin-Pereira et al., 1999), whereas layer 5/6
neurons are among the earliest to arrive at the cortical
plate. BrdU at these time points strongly labeled the ap-
propriate layers, with some scattered positive cells
throughout the rest of the cortical wall. We found no dis-
cernable difference between +/+ and —/— brains. This
effect was quantitated by bin analysis, by dividing the
cortical wall into ten equally spaced divisions, and deter-
mining the percentage of neurons in each bin. No defect
in birthdating was apparent (Figures 3C-3F). The data
suggest that the Dclk~'~ mice do not display significant
alterations in cortical neuronal lamination or migration.

Interhemispheric Projection Selectively Disrupted

in the Dcik™’~ Mouse

We sought to determine if there was a general failure of
axonal projections or a selective disruption in interhemi-
spheric CC axonal projections. To differentiate between

(G) Cultured cortical neuron showing subcellular codistribution of
DCLK and DCX in the cell soma (arrow) and growth cone (asterisk).
N-terminal polyclonal antibody was used for all the DCLK staining.
(A)-(E) are E17 and (F) and (G) are E15. Size bar: low power,
1.5 mm; high power, 0.5 mm; G, 20 uM.
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Figure 3. Dclk™'~ Is Associated with Absence of the Corpus Cal-
losum but Intact Anterior Commissure and Cortical Lamination

(A and B) Adult brain stained with Cresyl violet showed indistinguish-
able hippocampal and cortical lamination but absence of the corpus
callosum (CC) in Dclk™~. In place of the CC, Probst bundles (PB)
were evident, indicating failed axonal decussation. The anterior
commissure (AC) is intact.

these possibilities, we performed Dil injections into the
lateral cortex at E17.5 to label efferent and afferent axo-
nal tracts. In wt brains we detected Dil signal in the cor-
ticothalamic (CT) as well as the CC pathway where it
crossed the midline. In Dclk™~ brains, the CT projection
was of normal appearance, but the interhemispheric CC
axons failed decussate (Figures 3G and 3H). Higher
power views indicated that axons failed to extend
across the midline. The results suggest a selective re-
quirement for Dclk specifically in the axonal projection
of the CC.

Dosage-Dependent Interactions between Dclk

and Dcx in Commissural Fiber Tract Formation

The striking sequence similarity and overlapping ex-
pression profile of Dclk and Dcx suggested potential
functional redundancy in neuronal development. To de-
termine if there were genetic interactions between Dclk
and Dcx in adulthood, we bred heterozygous Dclk and
Dcx mice and then intercrossed to obtain double knock-
out mice. Genotyping of the pups from these matings
showed that double knockout mice (Dclk™'~;Dcx™"
or Dclk™'~;Dcx™'~) died before weaning, consistently
right after the time of birth, suggesting functional
redundancy.

We initially focused our attention on the interhemi-
spheric connections because this was the major site of
defect in the Dclk™'~ mouse. Horizontal sections were
obtained through the three major interhemispheric
tracts, the CC, HC, and AC and stained for L1, a marker
for these tracts. We found that deletion of Dcx alone had
no effect on the morphology of the CC, HC, or AC at PO
(Figure 4). In the Dclk™'~ mutant, we noted absence of
the CC, as well as absence of the HC, whereas the AC
appeared of normal morphology and thickness. In the
Dcx-null genetic background, as dosage of Dclk was re-
duced from +/+ to +/—, we noted that the CC was hypo-
plastic and the AC was severely reduced in thickness,
whereas the HC was normal in appearance. Similarly,
in the Dclk™'~ genetic background, as dosage of Dcx
was reduced from +/+ to +/—, we noted that the AC
was hypoplastic. Removal of all four gene copies re-
sulted in absence of the CC, HC, and AC. PBs were ap-
parent in each of the mice with absence or hypoplasia of
the CC. We conclude that Dclk plays a major role in de-
termining the development of the CC and HC, whereas
Dclk and Dcx cooperate to mediate formation of the
AC during development. The data suggests that there
are significant genetic interactions between Dclk and
Dcx during development.

(C-F) BrdU injection at E15.5 or 12.5 examined at PO showed indis-
tinguishable cortical lamination birthdating patterns in +/+ and —/—,
labeling predominantly layer 2/3 (asterisk) or 5/6 (asterisk), respec-
tively, though scattered positive neurons were identified in other
layers. (D and F) The cortical wall was divided into ten equal bins
from ventricle (V) to pial (P) surface. No discernable differences
were apparent. n > 1200 cells per genotype from three serial sec-
tions. Error bar, SEM.

(G and H) Dil injection at E17.5 (site indicated by an asterisk) showed
intact corticothalamic projections (double arrows in [H]) but failure of
CC projections (double arrowheads indicate PB in [G]). Inserts show
higher-power crossing (arrow) at midline (dashed) in +/+ but failure
in —/—. Representative images from at least three mice of each
genotype.
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Figure 4. Dosage-Dependent Effects of DCLK and DCX on Commissural Axonal Formation

(A, B, G, and H) No discernable defect in interhemispheric connections in the Dex™” mutant.

(C and 1) Removal of one Dclk allele from the Dcx-null background led to absence of the CC (asterisk) and hypoplasia of the AC (asterisk).

(D and J) The Dclk~/~ mutant shows absence of the CC (asterisk) and HC (asterisk) but normal appearance of the AC.

(E and K) Removal of one Dcx allele from the Delk ™'~ background led to hypoplasia of the AC (asterisk) in addition to absence of the CC (asterisk)

and HC (asterisk).

(F and L) Removal of all four alleles led to absence of CC (asterisk), AC (asterisk), as well as HC (double asterisk). Representative images from at

least three mice of each genotype.

Dosage-Dependent Defects in Cortical
Cytoarchitectonics

Given the strong codistribution of proteins in migrating
neurons during development and lack of evidence that
the single mutations in mice are associated with a neuro-
nal migration defect, we tested whether inactivation of
both Dclk and Dcx was associated with disordered cor-
tical lamination. Sections from Dclk*"*;Dex*™ and Delk™ —;
Dcx ™" mice were stained with Tst-1 ,amarker of layer 2/3
and 5 neurons (Frantz et al., 1994). We found a striking
cortical lamination defect, which was most notable in lat-
eral cortex, and gradually lessened in ventral and dorsal
regions (Figure S1). We conclude that Dclk and Dcx co-
operate to mediate cortical lamination in mice.

In order to determine the relative contributions of each
gene on neuronal migration, we studied an allelic series
of double knockout mice with Cresyl violet. Because
of the regional differences in severity seen in the double
knockout, we carefully chose anterior-posterior-matched
sections and imaged in the same relative lateral region
of cortex. Cresyl violet staining revealed a dosage-
dependent effect on cortical lamination that was appar-
ent as alleles were removed in a stepwise fashion. Wt
mice showed the typical lamination pattern of a cell-
poor marginal zone, a cell-rich layer 2/3 and 5, with rela-
tively less cell-dense layers 4 and 6 (Figure 5A). Removal
of one copy of Dclk in the Dcx mutant background (i.e.,
Dclk*'~;Dcx™") showed disrupted cytoarchitectonics,
with a dispersion of the cell-rich layer 2/3 region. Re-
moval of one copy of Dcx in the Dclk mutant background
(i.e., Dclk™'~;Dcx*'~) showed similar disrupted cyto-
architectonics based on Cresyl violet staining, although
it appeared somewhat more severe than the Dclk*'~;
Dcx™". The interpretation of this experiment is compli-
cated by the fact that Dcx*’~ female mice are mosaics
for the Dcx* and Dcx ™ allele, and the percentage of cells
expressing null versus wild-type DCX is dependent on
X-inactivation patterns. However, this finding was not
simply due to rare skewed X-inactivation patterns, be-
cause it was noted in all tested females of the genotype
Dclk™'=;Dex*'~ (n = 3). Finally, removal of all four alleles

resulted in completely disrupted cytoarchitectonics,
without apparent laminar structure to the cortex.

Double Knockout Mice Display Severe Disruption

of Cortical Neuronal Migration

In order to test for a defect in migration, we performed
immunohistochemical analysis with E15.5 injection of
BrdU and lamina-specific markers with the same four
genotypes. Analysis of BrdU staining at PO in wt resulted
in a somewhat broadened distribution of positive cells,
but the grouping of approximately 10% of neurons at
the top of the cortical plate (layer 2/3) was evident (Fig-
ures 5B and 5C). (Because litters containing double
knockouts are consistently born 1/2-1 day earlier (at
E18-18.5) than litters containing only single knockouts
(at E19-19.5), the BrdU results in wt were not as distinct
compared with Figure 3C.) We noted a shift in the bin
distribution of labeled neurons toward deeper cortical
layers in each of the mutant genotypes. In Dclk*'~;
Dcx™" and Dclk™'~;Dex*’~ mutant mice, there were
fewer BrdU-positive neurons in this region, comprising
approximately 5%-7% of total BrdU-positive cells. In
the Dclk™'~;Dcx™'~, even fewer were apparent at the
top of the cortical plate, comprising approximately 3%
of total BrdU-positive cells. There was no more than
a 10% difference in the total number of labeled cells
among the four genotypes (data not shown). The data
suggests that dosage reduction in the Dclk/Dcx genes
results in cortical neuronal migration defects.

Marker analysis was performed with Tst-1 and Tbr-1,
which at PO labels cortically derived neurons destined
for layer 2/3 and 5 (Frantz et al., 1994), and layer 6 and
subplate (Hevner et al., 2001), respectively. We found
a striking alteration in the normal distribution of these
neurons compared with wt. Tst-1 staining in the mutants
showed a broad pattern of distribution, with labeled
neurons extending across a much wider distance at
the top of the cortical plate (Figure 5D). The degree of
abnormality was more severe as gene dosage was re-
duced. Tbr-1 staining also showed a broader distribu-
tion, with positive neurons positioned in more superficial
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Figure 5. Dclk and Dcx Cooperate to Mediate Cortical Neuronal
Migration

(A) Cresyl violet staining shows normal cortical plate (CP) width
(bracket) and location of the intermediate (1Z) and ventricular zone
(VZ) in Dclk*’*;Dcx*”. Note high density of cells in the upper cortical
plate in layer 2/3 (asterisk). The latter three genotypes (Dclk*'~;
Dcx™, Delk™'=;Dcx*'~, and Dclk™~;Dcx™'~) showed progressive
dispersion of cells within the CP toward deeper layers (asterisk
shows extent of cell dispersal).

(B) BrdU injected at E15.5 analyzed at PO showed a collection of
positive cells in layer 2/3 in wild-type (arrow), with progressively
fewer positive cells in upper layers (arrows) and more in deeper
cortical layers (asterisk) as gene dosage was reduced. In Dclk™~;
Dcx™'~ the majority of positive neurons within the CP were at the
bottom (arrows).

(C) Bin distribution of BrdU-positive cells (E15.5 injection — PO anal-
ysis). The collection of neurons present in bin 1 (asterisk) was dimin-
ished as gene dosage was reduced. n > 2000 cells per genotype

regions of the cortex compared with wt (Figure 5E).
These results suggest both a broadening of the normal
laminae as well as a scattering of positive neurons in
other cortical regions. We compared these results with
those obtained after the same staining in single knock-
out mice Dcx™” and Dclk™'~, both of which appeared
normal (data not shown). The results suggest that Dcx
and Dclk cooperate to mediate positioning of cortical
neurons within the correct lamina.

RNAI Targeting of Dclk or Dcx Result in Similar
Neuronal Migration Defects
We were intrigued by the finding that RNAi-mediated
knockdown of DCX led to a robust neuronal migration
defect in mouse, a finding that was not observed in the
Dcx germline mutation. We considered that the same re-
sult might be found in the case of DCLK, especially be-
cause Dclk™'~ mice, like the Dex™ mice, displayed no
cortical lamination defect. To test this, we cloned six dif-
ferent RNAI constructs targeted to mouse Dclk in various
regions predicted to work well for knockdown, having no
other complete matches in the database and not more
than a minimal match with any member of the DCX family
of genes. These RNAI constructs targeted exon 2, which
is invariantly present in isoforms containing the DCX do-
main. Each construct was tested for its ability to knock-
down the DCLK message specifically, without an effect
on DCX. We chose two constructs that produced the
most robust knockdown effect, based on qualitative im-
munofluorescence intensity of side-by-side transfected
versus nontransfected neurons (Figure S2). Each con-
struct or a negative control was electroporated into the
right lateral ventricle of wild-type mice at E13 and exam-
ined at E17. Results were performed in at least three
mice for each construct and repeated in three separate
litters. In parallel experiments, we compared results
with those obtained with the construct previously used
to target DCX (Bai et al., 2003) (in which the targeting
plasmid is electroporated together with a GFP reporter
plasmid), with a construct with the same target se-
quence but cloned into a vector that also encodes GFP
(to avoid possible single transfected cells) and with con-
structs containing two different DCX target sequences.
These additional experiments were performed to in-
crease the certainty of specificity of the RNAi knock-
down effect. In parallel experiments, we confirmed that
none of these DCX siRNA constructs had effect on
DCLK expression in cultured neurons (Figure S2).
Electroporation of a negative control GFP siRNA plas-
mid showed many of the cells positioned in the upper
part of the developing cortical plate (Figure 6). In mice
electroporated with the DCX sh3'UTR construct (Bai

from three serial sections. Error bar, SEM.

(D) Tst-1-positive cells were mainly present in layer 2-3 of the CP (left
brackets) at PO in wt but showed a progressively broadened distri-
bution (right brackets) in the latter three genotypes. The majority
of neurons were evident in the upper parts of the cortex in the middle
two genotypes, indicating that the CP was not inverted. In the
Dclk™'~;Dcx™'~ the cells were apparently evenly distributed across
the cortex.

(E) Tbr-1 staining showed predominantly layer 5/6 staining at PO
in wt but a progressively broadened distribution in the latter three
genotypes. Representative images from at least three mice of each
genotype.
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A Scrambled RNAi  DCLK RNAi

DCX RNAi DCLK+DCX RNAi

Figure 6. RNAi-Mediated Knockdown of
DCLK or DCX Results in Neuronal Migration
Defect In Vivo

(A) Electroporation of RNAI constructs to tar-
get endogenous DCLK and DCX (also encod-
ing GFP) were electroporated into the right
lateral ventricular wall at E13.5 and analyzed
at E17.5. In control, positive cells were scat-
tered throughout the width of the cortical
mantle, with an appreciable number of cells
(asterisk) visible within the upper part of the
cortical plate (delineated by white bracket).
DCLK or DCX RNAi resulted in few neurons
positioned in the upper cortical plate. In-
stead, most neurons were positioned in
deeper regions of the cortical mantle in the
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et al.,, 2003) together with a GFP reporter plasmid,
we found that the majority of electroporated neurons
were positioned within the subplate, with other positive
neurons scattered in other cerebral wall locations as
reported (data not shown). Electroporation of a DCX
RNAi construct in which the GFP was expressed from
the same plasmid produced similar results, with very
few labeled cells positioned within the cortical plate.
Electroporation of two different DCLK siRNA plasmids
produced results very similar to the DCX targeting con-
struct, with cells positioned predominantly in the sub-
ventricular and subplate zones. This effect was quanti-
tated by bin analysis, by dividing the cortical wall into
ten equally spaced divisions, and identifying the per-
centage of neurons in each bin. We noted that DCLK
or DCX RNA. led to near absence of positive neurons
within the upper cortical layers, as was found in the
scrambled control, and bin distribution was similar for
the DCLK and DCX RNAi experiments. We also com-
pared the effect of double electroporation of constructs
to target DCLK and DCX together. In this experiment, we
observed few cells in the cortical plate, with most posi-
tive cells positioned within the subventricular and sub-
plate zones, comparable to what was observed with
either single RNAi construct alone. Bin distribution
analysis showed similar results for the single versus
double electroporations. We conclude that acute RNAI-
mediated knockdown of DCLK results in cortical neu-
ronal migration defects similar to DCX.

Discussion
Here, we show that DCLK is expressed both in popula-

tions of neurons during periods of migration, as well as
in major cortical axonal fiber tracts during development

subplate (SP) and subventricular (SVZ) zones
(arrows). Results repeated in triplicate, and
data from one of two DCLK constructs are
representative.

(B) Bin distribution of migration distance. The
cortical mantle was divided into ten equally
spaced bins, and percentage of cells in each
binwas represented. In control, approximately
25% of cells were positioned in the upper two
bins, whereas RNAi targeting separately or
together resulted in few than 10% in upper
bins (asterisk). No appreciable difference was
noted with single (DCX or DCLK) or double
(DCX plus DCLK) RNAi. Data summarizes
three serial sections for each condition. n >
250 cells for each condition. Error bar, SEM.

20 30%

in a pattern that overlaps with DCX. Homozygous dele-
tion of Dclk alone does not produce a hippocampal lam-
ination defect as was observed in the Dcx knockout.
Instead, Dclk is required for formation of the corpus
callosum, one of the major interhemispheric axonal fiber
tracts. Dclk and Dcx show redundancy and dosage-
dependent genetic interactions in interhemispheric con-
nectivity because stepwise reduction in dose shows
progression of phenotype from hypoplasia to aplasia
of the CC, HC, and AC and defects in cortical lamination
and neuronal migration. Surprisingly, RNAi-mediated
gene knockdown of Dclk showed an essential function
in neuronal migration similar to Dcx. Together, the data
suggest that Dclk and Dcx cooperate in axonal tract de-
velopment and neuronal migration.

Requirement for DCLK in Interhemispheric
Connectivity

Our targeting strategy was aimed at determining the role
of the DCX domain of the Dclk locus. We removed the
second coding exon of DCLK that encodes an essential
domain, predicted to result in premature protein trunca-
tion. We show that this strategy, as predicted, results in
absence of both full-length DCLK as well as DCLK DCX
like, thus completely removing any DCX-like function
from encoded proteins. Additionally, there was no noted
compensatory increase in expression of the two other
close family members DCX or DCK2.

The primary defect identified in the Dclk null mice was
agenesis of the corpus callosum. Corpus callosum
agenesis is associated with several mouse mutants of
diverse genes and human neurological syndromes and
consists of fascicles of axons from neurons positioned
in predominantly in layer 2/3, but all cortical layers
show evidence of projections to the callosum (Yorke
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and Caviness, 1975). During development as these neu-
rons are in the intermediate zone en route to the cortical
plate, they extend an axon that begins to project toward
the midline. The callosal axon remains associated with
the radial glia on which the neuron is migrating (Norris
and Kalil, 1991). Callosal axons extend through a corridor
defined by two midline cell populations, the glial wedge
and the indusium griseum (Shu and Richards, 2001),
which release chemoactive factors essential for axonal
crossing (Shu et al., 2003). Callosal axons decussate
across the midline around E16 and do not reach their
target until around P2 to P3 (Rash and Richards, 2001).

We considered each of these developmental steps in
determining the mechanism of the callosal defect in the
Dclk mutant. We found no defect in neuronal migration
in the Dclk™'~ mutant that would account for callosal de-
fect. There was no defect observed in the radial glial
scaffold during late prenatal development upon immu-
nostaining for vimentin (Figure S3) or in the structure
of the glial wedge or indusium griseum at PO based on
GFAP staining (Figure S4). Finally, we found no defect
in projection of intrahemispheric corticothalamic projec-
tions upon labeling with Dil. Together, the data suggest
a selective requirement for Dclk in interhemispheric cal-
losal projections.

This conclusion was further supported by our obser-
vation of the interaction of Dclk and Dcx in the decussa-
tion of the AC and HC, the other major long distance in-
terhemispheric commissures. It is possible that these
defects are a result of impaired cortical neuronal migra-
tion and as a result impaired axonal initiation in the dou-
ble knockout. However, in all of the genotypes tested,
the ipsilateral fasiculus was evident but the commissure
failed to cross at the midline following dosage reduction,
suggesting a defect in axon elongation or guidance but
not initiation.

Genetic Interactions of Dclk and Dcx
in Neuronal Migration
Interactions between Dclk and Dcx were identified in mi-
gration of neurons to the cerebral cortex. Related de-
fects were observed after in utero electroporation,
which likely preferentially labels cortically derived neu-
rons rather than interneurons. This leaves open the
question whether the migration of interneurons that de-
rive from subcortical locations is also disrupted. Our
preliminary data indicates that at least a fraction of these
interneurons also fail to migrate correctly because calre-
tinin-positive neurons were not apparent in upper corti-
cal layers in the Dclk™'~;Dcx ™'~ mutant (Figure S5) (Gon-
char and Burkhalter, 1997; Kawaguchi and Kubota,
1997). This data suggests the DCX family of genes is im-
plicated in migration of both cortically and subcortically
derived neurons. Because subcortically derived neu-
rons are the main source of the inhibitory neurotransmit-
ter GABA in the brain (Lavdas et al., 1999; Xu et al., 2004),
this may account for the extremely high incidence of ep-
ilepsy observed among patients with DCX mutations.
Because detailed neuropathological examination in hu-
man patients with classical lissencephaly is lacking, it
is not possible to compare directly, but we would expect
defects in both of these populations.

We noted the neuronal migration defect for cortically
derived neurons was most apparent in the upper cortical

layers. This may reflect the fact that upper cortical layer
neurons have greater migration distances or may reflect
other genetic or environmental susceptibilities. We also
noted that cytoarchitechtonic defects for both cortically
and subcortically derived neurons were most apparent
in lateral cortex. The basis for these regional selectivities
was not apparent in this study, but similar findings have
been reported in humans with Dcx mutations, which
produce more severe migration abnormalities in frontal
as compared with occipital brain regions (Dobyns
et al., 1999). Marker analysis excluded an inversion in
lamination of the cortical plate, as observed in reeler-
pathway mutants (Caviness, 1982), and no defect in ra-
dial glial morphology was detected in any of the geno-
types (Figure S3), supporting a direct role for these
genes in migration of neurons.

Given the human double cortex phenotype in DCX*/~
women, we tested for this in mice with dosage reduction
of Dclk, namely in mice with Dclk*’~;Dcx*'~ and Delk™'=;
Dcx*'~ genotype. In neither did we observe a heterotopic
band of neurons in the subcortical white matter. In con-
trast, RNAi-mediated knockdown of Dcx in rat but not in
mouse has shown this effect. Thus, it may not be pos-
sible to model this phenotype in mouse with genetic al-
teration of the Dcx pathway, possibly because of the
smaller width of the cortical wall. Alternatively, there
may be further genetic redundancy with the Dck2 gene
(Edelman et al., 2004).

RNAi-Mediated Knockdown of Dclk Shows

Migration Defects

We found that RNAi against DCLK alone produced a mi-
gration defect in electroporated neurons that was very
similar to that observed with DCX RNAi. Neurons were
heterotopically located within the subcortical white mat-
ter in the vicinity of the intermediate and subplate zone.
Surprisingly, RNAi targeting of both DCLK and DCX led
to no worsening of the observed migration defect over
single RNAi targeting, despite dosage-dependent ef-
fects after germline gene inactivation. Although these
results appear at odds, it is possible that the phenotype
observed after RNAi was terminal and not susceptible to
further worsening or that the RNAi machinery was in lim-
iting concentration.

Why does RNAi to DCLK and DCX produce a defect in
neuron migration when germline deletion of the gene
does not produce this effect? There are several possibil-
ities (Bai et al., 2003; Gotz, 2003) including the following.
(1) Acute inactivation via RNAi may not be capable of in-
ducing compensatory mechanisms that are invoked af-
ter germline inactivation. (2) Inactivation via electropora-
tion in a subset of cells may lead local disruption of
migration. In other words, migration of a mutant cell sur-
rounded by wild-type cells may be more severely af-
fected than a mutant cell surrounded by other mutant
cells. (3) RNAi may mediate off-target effects on other
neuronal migration genes. We found that RNAi targeting
of DCX does not significantly effect DCLK levels and
vice versa, and these effects on migration are present
with at least two different nonoverlapping RNAi con-
structs (data not shown), making the last possibility
less likely. The first and second possibility can be ad-
dressed by testing whether acute gene inactivation
with a different method can recapitulate this phenotype,
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an experiment that is possible with a conditional allele of
Dclk that was produced in the course of this study, fol-
lowed by electroporation of Cre-GFP in embryos. The
third possibility can be addressed through demonstra-
tion of rescue of the migration defect by coelectropora-
tion with a wild-type gene not susceptible to targeting or
by demonstration of no phenotype after electroporation
of RNAI into the corresponding knockout. It will be im-
portant to address these possibilities in order to fully un-
derstand the role of DCX family members in migration.

Selective Requirement for Microtubule Regulators

in the Combined Axonal Extension/Neuronal
Migration Phenotype

What may be the basis for the genetic interactions be-
tween DCX and DCLK? We favor the model in which
the molecules function in parallel to mediate microtu-
bule stability during neuronal morphogenesis. Neurite
outgrowth is likely required for both neuronal migration
and axonal extension, as exemplified by combined phe-
notype associated with several gene mutations includ-
ing KAL-1, Ephrins, and Cdk5 (Ohshima et al., 1996;
Teng et al., 2001; Zhou et al., 2001). We found no direct
effect of RNAi to DCX and DCLK on neurite outgrowth in
cultured neurons, however (data not shown). More di-
rect interactions between DCX and DCLK are possible
as well. For instance, we found that DCX and DCLK
are part of a complex in both transfected cells and in de-
veloping brain (Figure S6), suggesting that these may
form a heterodimer similar to the homodimer that Dcx
has been reported to form (Caspi et al., 2000). Therefore,
additional studies may indicate further biochemical
modulation of this interaction or its effect on microtu-
bule stability. Together, these studies suggest abundant
functional redundancy in modulation of the microtubule
cytoskeleton during development.

Experimental Procedures

Gene Targeting

The pflox vector was engineered to translocate the HSV-TK cassette
from a site adjacent to the PGK-neo to a site outside of the short arm.
PCR amplicons for the short arm, long arm, and exon 3 were created
based on the most recent consensus mouse sequence from the
C57BL/6 strain (http://www.genome.ucsc.edu/) and used to amplify
from 129/SvJ strain. The pflox vector was engineered to introduce
HSV-TK gene with PyF (viral polyoma) enhancer, derived from
TK1-TK2A vector (kindly gift from Mario Capecchi) (Li et al., 1998)
outside of the 3-loxP cassette (kindly gift from J. Marth). Mice carry-
ing the 3-loxP Dclk conditional allele were crossed with Ella-Cre
transgenic mice (kindly gift from A. Wynshaw-Boris) (Laksok et al.,
1996) in order to delete the loxP site. Offspring from these intercross
generated Dclk heterozygous mice (complete deletion of 3-loxP site)
or Dclk mosaic mice. Dclk heterozygous mice were used for subse-
quent analysis.

Animal Breeding

Mice were maintained on a mixed background consisting of pre-
dominantly 129/SvJ and C57BL/6, Ella-Cre on a mixed 129/SvJ/
Black Swiss background, and Dcx knockout on a mixed 129/SvJ/
Black Swiss background. All experiments were performed on litter-
mates whenever possible and in accordance with UCSD Animal
Care Program approved protocols.

Western Analysis

Protein lysates were analyzed on 12% PAGE-SDS gels as described
(Tanaka et al., 2004). Antibody to DCLK was made in rabbit against
the N-terminal 12 amino acids by standard protocols. Primary anti-

bodies were used at following concentrations: anti-DCLK N-terminal
polyclonal antisera, 1;2000; anti-DCLK C-terminal polyclonal anti-
sera, 1:5000; goat polyclonal anti-DCX (sc-8066, Santa Cruz Bio-
technology), 1:1000; anti-DCK2 N-terminal polyclonal antisera,
1:2000.

Dil Labeling

E17.5 brains were fixed with 4% paraformaldehyde/PBS, Dil (Molec-
ular Probes) crystals were needle injected into the cortex, allowed to
diffuse for 4-8 weeks in 4% PFA at 37°C, and then the brains were
sectioned with a sliding microtome.

Histology and Immunohistochemistry

Brains were dissected and drop fixed for embryonic or neonatal
brain, or perfusion fixed for adult with 4% paraformaldehyde/PBS.
After cryoprotection in 30% sucrose/PBS, brain sections were ob-
tained with a sliding microtome at 50 um and stained according to
standard protocols. Anti-DCLK N-terminal polyclonal antisera,
1:400; anti-DCLK C-terminal polyclonal antisera, 1:800; goat poly-
clonal anti-DCX (sc-8066, Santa Cruz Biotechnology), 1:400; rat
monoclonal anti-L1CAM (Chemicon), 1:200; anti-testis-1 polyclonal
antisera, 1:1000; anti-Tbr-1 polyclonal antisera, 1:100; anti-GFAP
polyclonal antisera (DAKO), 1:1000; anti-calretinin polyclonal anti-
sera (Swant), 1:200; and monoclonal anti-vimentin (Sigma), 1:200,
were used per standard protocol.

BrdU Analysis

Pregnant mice were injected intraperitoneally with BrdU (sigma) at
100 pg/g body weight. Brains were fixed and treated with 2 N HCI,
and BrdU-positive neurons were detected by immunostaining with
monoclonal anti-BrdU (Becton Dickinson), 1:100, and Vector ABC
detection system (Vector Laboratories).

RNAI Constructs

Oligonucleotides were ligated into the pPGE2HRGFPII vector (Strata-
gene), which utilizes an EGFP reporter cassette on the same vector
for identification of electroporated cells. The sequence of the two
RNAi targets for DCLK was GGTTCGATTCTACAGAAAT and GGAAT
TGTGTATGCCATCT. For DCX, we used GGAGTGCGCTACATTTA
TA. The negative control scrambled sequence did not align with any
known mammalian genes (Stratagene).

In Utero Electroporation

Pregnant CD1 dams were anesthetized with isoflurane, and the em-
bryos visualized after laparotomy. Pulled capillary pipettes were
filled with DNA solution (3-4 pg/ul) with 0.1% Fast Green for visual-
ization of injection. Approximately 1 pl of DNA in injected into the lat-
eral ventricle. A BTX Squarewave Electroporater ECM 830 was used
to pass current across the brain at five pulses of 40 volts. This pro-
tocol resulted in embryonic lethality in approximately 25% of pups,
but the remaining pups survived until euthanasia at E17.

Microscopy Imaging

Images were acquired with an inverted Nikon TE300 epifluorescent
microscope, an Olympus FV1000 confocal microscope, or a Delta-
Vision image deconvolution microscope. Image processing was
performed with MetaMorph or Softworks software.

Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/49/1/55/DC1/.
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