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Summary

Recently, we and others reported that the doublecortin
gene is responsible for X-linked lissencephaly and
subcortical laminar heterotopia. Here, we show that
Doublecortin is expressed in the brain throughout the
period of corticogenesis in migrating and differentiat-
ing neurons. Immunohistochemical studies show its
localization in the soma and leading processes of tan-
gentially migrating neurons, and a strong axonal label-
ing is observed in differentiating neurons. In cultured
neurons, Doublecortin expression is highest in the dis-
tal parts of developing processes. We demonstrate by
sedimentation and microscopy studies that Double-
cortin is associated with microtubules (MTs) and pos-
tulate that it is a novel MAP. Our data suggest that
the cortical dysgeneses associated with the loss of
Doublecortin function might result from abnormal cy-
toskeletal dynamics in neuronal cell development.

Introduction

During development of the mammalian brain, neurons
migrate long distances to form the complex laminar
structures of the cerebral cortex (reviewed by McCon-
nell, 1995). Neocortical neurons arise in the ventricular
neuroepithelium, which contains proliferating precursor
cells. Postmitotic neurons exit the neuroepithelium in
waves, the earliest to arrive in the cortical plate settle
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in the deeper layers, while later born neurons cross
through these layers to successively reach regions
closer to the cerebral surface (reviewed by McConnell,
1995; Caviness et al., 1997). In this way, a six-layered
neocortex develops. Migrating neurons mainly travel in
association with radially extending glial fibres (Rakic,
1971; Luskin et al., 1988); however, tangential and chain
migration have also been observed in some brain re-
gions (Luskin, 1993; Tan and Breen, 1993; O’Rourke et
al., 1995; Lois et al., 1996). Many questions still remain
concerning the corticogenesis process: the signals that
determine the timing of cells leaving the proliferative
pool, which ultimately affects their laminar fate (Frantz
and McConnell, 1996), the mechanism and direction of
cell locomotion, and the recognition of the final desti-
nation.

Lissencephaly is a cortical malformation disorder as-
sociated with severe mental retardation and epilepsy
(Harding, 1996), which exists as an X-linked disease (X-LIS)
caused by mutations in the doublecortin gene (des
Portes et al., 1998a; Gleeson et al., 1998). Another re-
lated disorder is Miller Dieker syndrome consisting of
lissencephaly with characteristic facial abnormalities
(Dobyns et al., 1991), which is associated with the loss
of function of the LIS1 gene product (Reiner et al., 1993;
Hattori et al., 1994). Patients with lissencephaly have a
thickened disorganized cortex, lacking the characteris-
tic laminar pattern, and the surface of the brain is smooth
without the gyri or folds found in normal individuals.
X-LIS is often associated within the same pedigree with
a second cortical dysgenesis disorder, subcortical lami-
nar heterotopia (SCLH, Pinard et al., 1994), which mainly
affects females, and is characterized by an apparently
true cortex, but with a heterotopic layer of misplaced
neurons. Mutations in the doublecortin gene account
for most cases of SCLH (des Portes et al., 1998b). Both
X-LIS and SCLH are believed to be disorders of neuronal
migration; however, the function of Doublecortin and
the pathophysiological mechanisms that result from its
deficit remain unknown.

Several other genes have been isolated that, when
disrupted, cause neuronal migration disorders in mice.
One of them encodes Reelin, an extracellular matrix
protein expressed by the Cajal-Retzius cells of the mar-
ginal zone (D’Arcangelo et al., 1995; Hirotsune et al.,
1995), which is mutated in the reeler mouse. Since Reelin
is a secreted protein, its mode of action may be as a
guidance molecule or stop signal for migrating neurons
(reviewed by Pearlman et al., 1998). Mdab1l, a protein
involved in signaling, is mutated in scrambler and yotari
mice, which have a very similar phenotype to reeler
(Howell, et al., 1997; Sheldon et al., 1997; Ware et al.,
1997). Two other signaling genes implicated in neuronal
migration are cyclin-dependent kinase 5 (Cdk 5), a brain-
specific kinase, and its neuronal specific activator p35
(Ohshima et al., 1996; Chae et al., 1997). Multiple molec-
ular mechanisms are thus implicated in the formation
of the cortex.

Major cytoskeletal changes are required in active mi-
gration (Rivas and Hatten, 1995; Rakic et al., 1996): the
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neuronal cell extends a leading process toward the tar-
get destination, followed by a translocation of the
nucleus and of cytoplasmic components (Rakic, 1971,
Komuro and Rakic, 1995). Axonal elongation is similarly
dependent upon cytoskeletal dynamics (reviewed by
Gordon-Weeks, 1991; Tanaka and Sabry, 1995). Identi-
fying the molecules that participate in these cytoskeletal
events is thus of considerable interest. It is clear that
both microtubules (MTs) and actin filaments are impor-
tant: both are present in leading and axonal processes,
and the nucleus is surrounded by a MT network underly-
ing a rim of actin filaments (Rivas and Hatten, 1995).
Interestingly, LIS1 was shown to interact with tubulin
and to have an effect on MT dynamics (Sapir et al.,
1997). Other recent data suggest that Cdk5 and p35
influence the reorganization of the actin cytoskeleton
(Nikolic et al., 1998).

In the present study, we have begun to explore the
role of Doublecortin in neuronal development. We show
that Doublecortin is a developmentally regulated, neu-
ron-specific phosphoprotein, localized in cell bodies
and the leading processes of migrating neurons and the
axons of differentiating neurons. Our ex vivo and in vitro
data show that Doublecortin is associated with MTs,
suggesting that it is involved in the regulation of MT
dynamics.

Results

Characterization of Polyclonal Antibodies

Specific to Doublecortin

Two different polyclonal antibody preparations, one di-
rected against synthetic peptides (anti-Doublecortin
pep) and the other against an N-terminal fusion protein
(anti-N-term), were used to detect Doublecortin. As
shown in Figure 1A, anti-Doublecortin pep antibodies
reveal in human fetal brain a band of approximately 40
kDa, which is the predicted molecular weight of Dou-
blecortin. In mouse extracts from E12.5 to newborn, a
band of the same size and higher molecular weight
bands were detected (the upper band is a doublet as
shown in Figure 1B). These bands were absent at E10.5
and in the adult indicating that Doublecortin expression
is developmentally regulated. The bands detected are
likely to be specific since preincubation of antisera with
the synthetic peptides completely blocked the detection
of all bands, and preimmune sera gave no signal on the
Western blots. The presence of several bands (Figure
1B) suggests that Doublecortin may be posttransla-
tionally modified. Treatment of neonatal mouse brain
protein extracts with alkaline phosphatase led to the
disappearance of the upper doublet (Figure 1B). Addi-
tion of sodium pyrophosphate, a phosphatase inhibitor,
prior to the phosphatase, resulted in the detection of all
bands. Hence, Doublecortin exists in a phosphorylated
form, and indeed several potential phosphorylation sites
were previously predicted (des Portes et al., 1998a;
Gleeson et al., 1998).

In order to explore Doublecortin expression in matur-
ing neurons, cell extracts from primary cultures grown
for 2, 6, 9, 12, 18, 24, and 30 days (Berwald-Netter et
al., 1981) were screened with Doublecortin antibodies,
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Figure 1. Doublecortin Antibodies Detect a 40 kDa Phosphoprotein
in Developing Mouse and Human Tissues and in Neuronal Cultures
(A) Anti-Doublecortin pep antibodies (Anti-dbcn pep) were used to
probe Western blots of extracts from total mouse embryo at day
10.5-14.5, fetal mouse head extracts from embryonic day 16.5-20.5,
mouse brain extracts from neonates (NN), and adult mice, and hu-
man fetal brain extracts (HFB). Expanded region (B) shows the three
bands detected.

(B) Anti-Doublecortin pep antibodies were used to probe extracts
from mouse neonatal brain that had been treated with alkaline phos-
phatase. Lane 1, treatment with 30 U of alkaline phosphatase for
30 min at 30°C, followed by the addition of 10 mM sodium pyrophos-
phate (inhibitor); lane 2, treatment with alkaline phosphatase alone;
lane 3, treatment with alkaline phosphatase in the presence of the
inhibitor; and lane 4, control sample incubated for 30 min at 30°C.
In lanes 1 and 2, the upper doublet of Doublecortin bands are sus-
ceptible to alkaline phosphatase treatment.

(C) Anti-N-term antibodies were used to probe extracts from primary
cultures of mouse brain neurons grown for 2, 6, 9, 12, 18, 24, and
30 days. Doublecortin expression diminishes with increasing time
in culture.

(D) The same extracts as in (C) were screened with antibody, GT335
specific for glutamylated tubulin (Anti-glutamy! tubulin).

which revealed an expression in young neurons that
diminishes with neuronal maturation and is undetect-
able in extracts from 24- and 30-day-old cultures (Figure
1C). Phosphorylated forms of Doublecortin were ob-
served as noted previously with the mouse tissue ex-
tracts. An antibody, GT335, directed at glutamylated
tubulin was used in parallel against the same extracts:
a band of 50 kDa (corresponding to ap-tubulin) was
detected in all samples (Figure 1D), with a slight increase
in expression with time in culture, as expected during
neuronal maturation (Audebert et al., 1994). Hence, Dou-
blecortin is only detected in young differentiating neu-
rons in culture. Western blot analysis was also per-
formed on cultured glial cells obtained from newborn
mice, and no Doublecortin was detected, confirming
that its expression is specific to neurons (data shown
in Figure 5).

Temporal and Spatial Expression Patterns

of Doublecortin

A series of RNA in situ hybridizations and immunohisto-
chemical studies were performed on mouse and rat em-
bryo sections of different stages in order to define more
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accurately the temporal and spatial profile of Doublecor-
tin expression. Observations were made initially at low
magnification in order to determine the regional distribu-
tion. Using a 5 UTR RNA probe, no specific signals
were observed at mouse embryonic day 9.5, whereas
at day 10.5 very weak signals were visible in the neuro-
epithelium. Sections of mouse embryos taken at ages
115, 12.5, 14.5, and 16.5 show a noticeably stronger
labeling in the telencephalon, diencephalon, and mesen-
cephalon, in the olfactory lobes, the developing cerebel-
lum, the brain stem, the spinal cord, and the dorsal
root ganglia (Figure 2A). In brain sections from 18 day
embryos and neonates, labeling was observed in all
brain regions examined.

Interestingly, in the developing cerebral cortex, very
little label was seen in the ventricular and intermediate
zones, but instead a high deposition of silver grains
was observed in the cells of the developing preplate or
cortical plate/marginal zone regions (Figures 2C and
2D). The distribution of Doublecortin examined by immu-
nohistochemistry with the two antisera was found to be
very similar to the doublecortin transcript. In Figure 2E,
high magnification of a section through the ventricular

Figure 2. Localization of Doublecortin mRNA
and Protein in Mouse Embryonic Sections
(A and B) Sagittal sections from E14.5 mouse
embryos viewed in dark field. (A), the anti-
sense probe; (B), the sense probe.

(C and D) Higher magnifications of the ven-
tricular wall ([C], dark field; [D], bright field);
note intense labeling in the cortical plate/
marginal zone regions. In bright field, this la-
beling is shown as deposited small black
grains. cp, cortical plate; iz, intermediate
zone; vz, ventricular zone.

(E) Immunodetection of an area from the ven-
tricle wall from a sagittal section of E11.5
mouse. Strong Doublecortin labeling is ob-
served in the preplate region (pp).

(F) Immunostaining of a dorsal root ganglion
(drg) taken from the same embryo section
as (E). Note localization of Doublecortin in
neuronal somata and fibers.

(G and H) Developing spinal cord (sc) and
ganglia (drg) at E11.5 (G) in situ RNA hybrid-
ization viewed at dark field; note intense la-
beling of the ventral horn region (vh). (H) A
corresponding region in a serial section where
Doublecortin protein is detected with anti-N-
term antibody. nc, neural canal.

Scale bars are as follows: (A and B), 550 wm;
(C), 25 wm; (D), 8 pm; (E and F), 15 um; (G
and H), 50 pm.

wall at E11.5 shows staining of neurons in the preplate,
and Doublecortin is detectable in the cell somata as well
as the fibers. This localization is also visible in Figure
2F in dorsal root ganglia neurons. In sections of the
spinal cord at E11.5 (Figures 2G and 2H), Doublecortin
is predominantly expressed in the ventral horn region,
suggesting that it is abundant in long projecting neurons.

Double-labeling experiments were performed in rat
brain sections: Doublecortin was compared to B Il tu-
bulin, which has been previously shown to be present
in migrating and differentiating, postmitotic neurons in
the developing cortex (Lee et al., 1990). In general, Dou-
blecortin antibodies decorated the same cells as those
labeled for B Il tubulin, and labeling was observed at
all embryonic stages examined (E14, E15, E16, E18, and
E19). Staining of E14 brain sections (approximately equiv-
alent to mouse stage E12) showed strong Doublecortin
expression in the preplate region (Figures 3A-3C). In
sections from older embryos (Figures 3D-3G), there was
extensive labeling in the cortical plate and intermediate
zone regions. Doublecortin labeling in the intermediate
zone was verified in comparison with Syto 11 staining of
cell nuclei, which are particularly dense in the ventricular
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zone (Figure 3G). A strong labeling of axons (giving rise
to a striped appearance in Figures 3D-3F) makes it diffi-
cult to determine if radially migrating neurons are also
labeled. Higher magnification nevertheless revealed the
presence of Doublecortin in tangentially migrating neu-
rons in the ventricular zone (Figures 3H-3J) coexpress-
ing B Il tubulin. In these migrating cells, Doublecortin
is clearly distributed in the leading processes and cell
bodies.

Expression of Doublecortin in Primary

Cultures of Brain Neurons

The use of neuronal cell cultures enabled us to further
investigate the subcellular distribution of Doublecortin
and to assess its evolution in the course of neuronal
maturation. Cells were doubly labeled with anti-Dou-
blecortin pep and antibodies directed against cytoskele-
tal proteins (Figure 4). Interestingly, Doublecortin anti-
bodies revealed a nonhomogeneous distribution of the
protein with a bright staining in the distal parts of many
neurites, and much fainter labeling observed elsewhere
(Figure 4A). In contrast, the anti-a-tubulin antibodies
gave a relatively even labeling of neuronal somata and
fibers (Figure 4B). Doublecortin expression was followed
in neurons during their maturation in culture: the particu-
lar distribution in the distal parts of neurites was already
present in immature neurons grown for only 16 hr and
persisted throughout the time period of Doublecortin
expression indicated by the Western blot results. Neu-
rons grown for 21 to 30 days in culture, although strongly
labeled with anti-tubulin antibodies, were not labeled
with anti-Doublecortin pep antibodies, indicating a large
reduction of expression. The expression of Doublecortin
and its distribution were not modified when neurons
were grown on a matrix of glial cells. The staining was
also assessed with the anti-N-term antibody, and its
concentration was varied to help assess the localization

Figure 3. Doublecortin and B Il Tubulin Are
Coexpressed in the Developing Rat Brain

(A-F) Double immunostained sections of fetal
rat neocortex at E14 (A-C) and E18 (D-F),
stained for Doublecortin using anti-N-term
([A, D, and H], pseudocolored green) and B
11l tubulin using TuJdl ([B, E, and 1], pseudocol-
ored red).

(G) E16 section where DNA staining is red
(Syto-11 labeling) and Doublecortin is green.
(H-J) Higher magnification of tangentially
migrating neurons in E18 ventricular zone.
Merged images of Doublecortin and TuJ1 (C,
F, and J) show extensive overlap of ex-
pression.

Scale bars: (C), 75 pm; (F), 50 pm; (G), 25 pm;
(9), 25 pm.

of Doublecortin. Indeed, at high concentrations, the anti-
N-term antibody decorates neuronal somata and the
whole-length of the neurites; however, their distal parts
were most strongly labeled, confirming the enrichment
of Doublecortin in these regions.

We further examined the extent of the Doublecortin
staining with respect to the growth cones that were
present at the ends of some neurites. Staining for actin
revealed the entire growth cone, of which Doublecortin
was found in only the proximal part (Figure 4C). It was
not possible to distinguish between dendrites and axons
in the young cultured neurons: MAP2, which is known to
be abundant in dendrites in vivo (Bernhardt and Matus,
1984), was detected in almost all neurites. Interestingly,
double labeling with anti-MAP2 and anti-Doublecortin pep
shows bright MAP2 staining along the length of the neurite
tapering off at approximately the same region where
Doublecortin becomes abundant (Figures 4E and 4F).

Association with MTs

The subcellular distribution of Doublecortin and the fact
that LIS1 was shown to interact with tubulin (Sapir et
al., 1997) led us to hypothesize that Doublecortin may
also be associated with MTs. Neuronal cultures were
treated with nocodazole and taxol in order to test, re-
spectively, the effect of the depolymerization and hyper-
polymerization of MTs on the distribution of Doublecor-
tin. As shown by immunocytofluorescence, nocodazole
treatment leads to a redistribution of Doublecortin label-
ing in parallel with that of tubulin: Doublecortin staining
becomes diffuse and uniformly distributed in the neuron
(Figures 4G and 4H). Treatment of the cells with cytocha-
lasin B, which disrupts the actin cytoskeleton, showed
no differences in the distribution of the protein com-
pared to control cells (data not shown). Hence, the en-
richment of Doublecortin in the distal regions of the
neurites is dependent upon MT organization. There was
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Figure 4. Subcellular Localization of Doublecortin in Brain Neurons
in Culture, Compared to Tubulin, Actin, or MAP2

(A and B) Neurons grown for 6 days in culture were doubly labeled
with anti-Doublecortin pep (A) and anti-a-tubulin (B).

(C and D) Details of growth cones in neurons grown 2 days in culture
doubly stained with anti-Doublecortin pep (C) and anti-actin (D).
(E and F) Neurons (6 days) were doubly labeled with anti-Doublecor-
tin pep (E) and anti-MAP2 (F).

(G and H) The effect of microtubule disruption by nocodazole treat-
ment shown by double labeling with anti-Doublecortin pep (G) and
anti-a-tubulin (H). The scale bar corresponds to 25 pm.

little or no effect of taxol on the Doublecortin staining
pattern.

The results of these experiments were investigated
by Western blot analysis. As shown in Figures 5A and
5B, three Doublecortin-specific bands are detected in
control cells, whereas with nocodazole treatment the
upper doublet is absent. These data hence suggest that
the phosphorylated forms of Doublecortin are decreased
in the presence of nocodazole. Neuronal cells were ex-
tracted with detergent in order to separate soluble pro-
teins from the detergent-insoluble matrix, which con-
sists of cytoskeletal polymers and associated proteins.
Doublecortin, similar to MAP2, was found in both soluble
and detergent-insoluble fractions (Figure 5C), suggest-
ing that both free and cytoskeletal-associated forms
exist. The proportions of insoluble and soluble «-tubulin
after the detergent extraction were as expected (Aude-
bert et al., 1993).

The association of Doublecortin with MTs was further
tested. In sedimentation experiments using tubulin en-
riched from brain, native Doublecortin was found to
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Figure 5. Association of Doublecortin with the Cytoskeleton

(A) Nonphosphorylated and phosphorylated Doublecortin (dbcn)
was detected in neurons grown for 6 days (D6) and those treated
with DMSO and taxol. Cells treated with two different amounts of
nocodazole (D6 + Nocl, D6 + Noc2) retain only nonphosphorylated
Doublecortin. A replicate Western blot was screened with an anti-
body directed against anti-a-tubulin. No Doublecortin expression
was detected in glial cell extracts.

(B) Western blots were performed with the D6 and D6 + Nocl
samples, and the leftmost blot was screened with anti-Doublecortin
pep antibodies as before, and the right blot with antibodies ad-
sorbed with the synthetic peptide antigen.

(C) Detergent extraction of neuronal cells. Cells (T, total extract)
were incubated in PEM = 0.1% Triton X-100, and supernatants (Sup,
Sol) and cell extracts (Cells, InSol) were analyzed for the presence of
MAP2, a-tubulin, and Doublecortin. After extraction with detergent,
Doublecortin was found in both soluble and insoluble fractions.
(D) Native Doublecortin is reversibly associated with MTs through
cycles of polymerization and depolymerization and is mainly associ-
ated with MTs, which are stable at 0°C. Western blots (20 wg protein/
lane) contain total mouse brain extracts (T), soluble cell components
(S0), and insoluble cell components (P0). Both Doublecortin and
MAP2 are found in both the soluble and insoluble fractions. The
tubulin in the SO fraction was polymerized to form MTs and sedi-
mented, resulting in soluble (S1) and pellet (P1) fractions. Microtu-
bules in P1 were incubated at 0°C for 1 hr and resedimented (S'1
and P’1). Note that the major proportion of Doublecortin cosedi-
ments with cold-stable MTs, whereas approximately 50% of MAP2
is found in the soluble fraction. The S'1 fraction was subjected to
a further cycle of polymerization, followed by sedimentation (S2, P2).
Doublecortin and MAP2 both associate with the newly formed MTs.

cosediment with MTs in the same fraction as MAP2
(Figure 5D). With successive cycles of polymerization,
Doublecortin was consistently found to sediment with
newly formed microtubules. Interestingly, a depolymeri-
zation step at 0°C followed by sedimentation showed
that the majority of Doublecortin remained associated
with cold-stable microtubules whereas MAP2 was equally
distributed between pellet and supernatant fractions
(Figure 5D).

These results were further investigated using purified
tubulin and a Doublecortin fusion protein. MTs were
formed by polymerization with Taxol and incubated with
GST-Doublecortin. Soluble proteins were separated
from MTs by sedimentation. Using a constant amount
of GST-Doublecortin and an increasing concentration
of MTs resulted in the recruitment of Doublecortin to
the pellet fraction. Treatment with 500 mM NacCl led to
a release of Doublecortin into the supernatant fraction,
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Figure 6. Doublecortin Interacts Directly with MTs and Remains As-
sociated with Cold-Stable MTs In Vitro

(A) Affinity of Doublecortin for polymerized MTs at increasing tubulin
concentrations. Coomassie blue-stained gels show that GST-
Doublecortin (Mw, 66 kDa) cosediments with Taxol-stabilized MTs
(P) assembled from purified tubulin. GST-Doublecortin is completely
associated with the pellet fraction at high tubulin concentrations.
In the presence of 500 mM NaCl, GST-Doublecortin dissociates
from MTs.

(B) Equivalent concentrations of GST control protein remain in the
supernatant (S). The acrylamide concentration of the GST gel is
higher (10%) than that of the GST-Doublecortin gel (8%) resulting
in the differing mobilities of tubulin. The assembly of tubulin in the
presence of GST-Doublecortin at either 37°C with taxol or nocoda-
zole or at 4°C in their absence was performed. GST-Doublecortin
is present in the supernatant fraction in the absence of MTs.

(C) The amount of GST-Doublecortin (Dbcn) bound to microtubules
was quantified by densitometry and plotted to calculate the Kd. Half
of the GST-Doublecortin (1 wM) is bound at 2 puM MTs.

(D) Doublecortin (dbcn) is associated with cold-stable MTs. Dou-
blecortin was mixed with purified tubulin and allowed to polymerize
(T). Sedimentation analysis shows that Doublecortin is associated
with the formed MTs (P1). After depolymerization GST-Doublecortin
is still found in the pellet fraction (P2) with the cold-stable MTs.
GST-Doublecortin alone under the same conditions is soluble. With
a further assembly cycle of the soluble tubulin (S2), the tubulin does
not polymerize and remains in the supernatant (S3); however, with
the addition of GST-Doublecortin, microtubules are re-formed (P4).

whereas 5 mM GTP, GDP, ATP, and ADP had no effect
(data not shown). GST control protein under the same
conditions was exclusively present in the supernatant
fraction (Figure 6B). Further controls using soluble puri-
fied tubulin were performed to demonstrate that the
sedimented Doublecortin was associated with MTs. Pu-
rified tubulin was incubated either at 4°C or with taxol
or nocodazole at 37°C in the presence of GST-Double-
cortin (Figure 6B). In the presence of taxol, MTs are
assembled and a proportion of Doublecortin is found in
the pellet fraction. In the presence of nocodazole or
at 4°C, no polymerization occurs and the tubulin and
Doublecortin remain in the soluble fraction. Hence, Dou-
blecortin cosediments specifically with MTs.

The data presented in Figure 6A were quantified by
densitometry and plotted (Figure 6C), to estimate the
binding affinity (Kd), determined as the quantity of MTs
required to bind half of the available protein (Butner and
Kirschner, 1991). At a concentration of 2 uM MTs, 50%
of the Doublecortin present was bound (Figures 6A and
6C). We next tested the in vitro association of GST—
Doublecortin and MTs through cycles of polymerization
and depolymerization (Figure 6D). After the first poly-
merization cycle, Doublecortin was found to be associ-
ated with the MTs, as expected. The sedimented material
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Figure 7. Doublecortin Induces MT Polymerization Shown by Sedi-
mentation Studies and Fluorescence Microscopy

(A) Tubulin alone at 5 uM does not form MTs and, hence, remains
in the supernatant fraction (S). With increasing concentrations of
Doublecortin, MTs are formed as shown by increasing amounts of
tubulin found in the pellet fraction.

(B) GST control protein does not cause polymerization of MTs.
(C-E) As observed by fluorescence microscopy, tubulin polymerizes
at high concentrations (5 mg/ml) in the absence of Doublecortin (C),
whereas at low concentrations (0.5 mg/ml) and in the presence of
GST control, no MTs are formed (D). On addition of Doublecortin
to low concentrations of tubulin (molar ratio, 1:5), MTs are formed
(E). Scale bar, 5 um.

was depolymerized at 0°C for 30 min and recentrifuged.
A large amount of Doublecortin was found to be still
associated with a proportion of cold-stable MTs, mim-
icking results observed with native Doublecortin. GST-
Doublecortin alone under the same conditions was pres-
ent in the soluble fraction. It was not possible to re-form
MTs using the S3 tubulin fraction alone, suggesting that
the concentration was too low. A further polymerization
step, however, with added GST-Doublecortin led to MT
assembly (P4). These latter data suggest that Dou-
blecortin reduces the critical concentration of tubulin
required for MT assembly.

The effect of GST-Doublecortin on the polymerization
of MTs was further tested. As shown by sedimentation,
at low concentrations (5 wM) soluble tubulin alone does
not polymerize; however, in the presence of GST-
Doublecortin, increasing quantities of MTs were sedi-
mented (Figure 7A). The GST control protein had no
effecton tubulin polymerization (Figure 7B). Hence, Dou-
blecortin reduces the critical concentration required for
MT formation. Similar results were observed by micros-
copy using rhodamine-labeled tubulin (Figures 7C-7E).
Immunofluorescence studies further showed a direct colo-
calization between MTs and GST-Doublecortin (data not
shown). Taken together, these data indicate that Dou-
blecortin binds to MTs in vitro with an affinity similar to
other microtubule-associated proteins (Gustke et al.,
1994). In addition, Doublecortin is capable of inducing
the polymerization of purified tubulin, and its association
with cold-stable MTs suggests that it may play a role in
MT stabilization.
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Discussion

We have shown that Doublecortin is widely expressed
in the CNS and at least in some parts of the PNS. In
mouse, its expression begins at embryonic day 10.5/
11 and widespread expression continues until neonatal
stages. The start of Doublecortin expression therefore
corresponds to the early stages of neurogenesis, when
neocortical neurons destined for the developing cortex
are generated and begin their migration process (re-
viewed by Caviness et al., 1997). This process takes
place during mouse embryonic day 11 and embryonic
day 17. Our data show that Doublecortin expression is
not limited to this period and continues in cells that have
completed their migration. Indeed, in the developing
cortex of both mouse and rat, Doublecortin was found
to be abundantly expressed in the cells of the preplate
and cortical plate. A strong axonal labeling in the inter-
mediate zone was observed showing that Doublecortin
is expressed in differentiating neurons.

Previously, it has been shown that tangentially migrat-
ing neurons exist within the proliferative layers of the
developing cortex (O’Rourke et al., 1992; Menezes and
Luskin, 1994; O’Rourke et al., 1995). Doublecortin was
found to be expressed in ventricular zone neurons of
tangential orientation, which coexpressed g Il tubulin
(Lee et al., 1990). These cells showed a characteristic
neuronal morphology, with long leading processes sug-
gesting they were actively migrating. It is still unclear if
radially migrating neurons in the intermediate zone also
express Doublecortin, because axonal tracts mask their
signal. Thus, the question still remains as to whether
Doublecortin is critical for the migration of all types of
neuron, including the limited numbers of migrating cells
in the adult brain (Doetsch and Alvarez-Buylla, 1996).
Further studies including a comparison of expression in
other species are required to fully answer these ques-
tions. The clear expression of Doublecortin in neurons
that have apparently reached their final destination
might suggest that axonal pathfinding errors are the
primary defect in X-linked lissencephaly and SCLH,
challenging the current hypothesis that these are neu-
ronal migration disorders. It is also interesting to note
that the process of corticogenesis is specifically dis-
rupted in affected individuals, contrasting with the wide
expression of Doublecortin in the developing nervous
system. It is very likely that Doublecortin is critical for
cortical development but perhaps its function can be
replaced by homologous proteins in other regions. In-
deed, at least one homologous gene has been identified
(des Portes et al., 1998a; Gleeson et al., 1998).

Developing neurons in culture extend neuritic pro-
cesses that take on the characteristics of axons and
dendrites. Growth cones can be observed at the tips of
some growing neurites, and cytoskeletal components,
such as the heterogeneous forms of tubulin have been
shown to be regulated with a temporal pattern mimick-
ing that observed during development in vivo (Audebert
et al., 1994). The expression of Doublecortin in cultured
neurons is concentrated in the distal regions of neurites.
Similar distribution patterns have been recently reported
for a MT motor protein, Eg5, in cultures of hippocampal
neurons (Ferhat etal., 1998). Interestingly, MAP2 expres-
sion was low or absent from the regions that stained

intensely for Doublecortin, suggesting that these two
proteins have nonredundant roles. The significance of
these staining patterns with respect to neuronal migra-
tion and differentiation is unclear. It is difficult to ex-
trapolate from results obtained in maturing neurons in
culture, to neurons that are actively migrating or differ-
entiating in vivo. Unlike neurite outgrowth, neuronal mi-
gration involves an extension of a leading process to-
ward the target destination followed by the translocation
of the nucleus and other cytoplasmic organelles (Ko-
muro and Rakic, 1995). The leading process exhibits
rapid extensions and retractions during cell locomotion
(Rivas and Hatten, 1995), whereas axon extension re-
sults in net lengthening. In growing axons, MTs are dis-
tributed into distinct compartments: stabilized, bundled
MTs are found along their whole length (reviewed by
Gordon-Weeks, 1991), whereas in the growth cone, sin-
gle MTs and unpolymerized tubulin provide a more dy-
namic component allowing growth cone flexibility and
its ability to respond to directional information (reviewed
by Tanaka and Sabry, 1995). Several stabilization pro-
cesses presumably occur in the transition region of the
neurite shaft-growth cone boundaries where Doublecor-
tin is enriched in neurons in culture.

We have performed experiments indicating that Dou-
blecortin is associated with MTs and cosediments in
the same fraction as MAP2. Experiments using phos-
phocellulose purified tubulin and a purified Doublecortin
fusion protein demonstrate a direct interaction. The af-
finity of Doublecortin for MTs is comparable with that
of conventional MAPs (Gustke et al., 1994), although
tubulin-binding motifs found in MAP2 and tau are not
evident in the Doublecortin sequence. Conditions of
high ionic strength lead to the dissociation of Doublecor-
tin from the MTs, as has previously been determined
with other MAPSs (Vallee, 1982). Doublecortin was further
shown to induce polymerization of MTs in vitro in both
microscopical and sedimentation studies. These com-
bined data suggest that Doublecortin is a novel MT-
associated protein. However, our preliminary data sug-
gest that Doublecortin exhibits a different behavior to
MAP2 and tau (reviewed by Goedert et al., 1991). Dou-
blecortin is associated with stable MTs that are resistant
to cold treatment. In this respect, Doublecortin is more
similar to the STOP proteins, which are MAPs involved
in MT stabilization (Guillard et al., 1998).

Arole of Doublecortin as a MAP that induces polymer-
ization and enhances stabilization is in agreement with
a protein required for either neuronal migration or differ-
entiation. Induction of polymerization in the migrating
cell may contribute to the forces required for locomo-
tion. Although MAP2 and tau have functions in both the
developing and adult brain (reviewed by Tucker, 1990),
to our knowledge, their specific role in neuronal migra-
tion has not been documented. Doublecortin may hence
be a MAP specifically required in neuronal migration. In
addition, unlike the STOP proteins, MAP2 and tau do
not confer cold-stability to MTs (Baas et al., 1994). Dou-
blecortin may thus be a specific neuronal MAP regulat-
ing stabilization processes in certain neuronal cells dur-
ing development.

Altogether, our data provide new insights into the mo-
lecular and cellular mechanisms underlying the severe
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cortical malformations resulting from a deficit of Dou-
blecortin. It appears from our study that Doublecortin
is not expressed in proliferating cells but is present in
young migrating and differentiating neurons. An associ-
ation with MTs could equally suggest a role in neuronal
locomotion or a role in morphogenesis, since MTs are
critical for both processes. It is interesting to point out
that LIS1 has recently been shown to influence MT dy-
namics (Sapir et al., 1997) and that Lis1 knockout mice
exhibit abnormal neuronal migration (Hirotsune et al.,
1998). Further studies including animal models, aiming
to dissect the interaction between Doublecortin, the cy-
toskeleton, and other regulating or interacting proteins,
are required to gain a better understanding of the regula-
tion of MT dynamics and its involvement in neuronal
migration and differentiation.

Experimental Procedures

Antibodies

Synthetic peptides corresponding to Doublecortin amino acids 1-10,
287-296, and 350-360 (GenEmbl sequence AJ003112) were used
to produce polyclonal antibodies (anti-Doublecortin pep). A BamHI
N-terminal GST fusion protein was produced in pGEX-4T1, con-
taining the first 110 amino acids (N-term), and was also used to
produce polyclonal antibodies. A full-length Doublecortin fusion
protein was similarly prepared in pGEX-4T1; this and GST control
protein were column purified using glutathionine sepharose 4B
(Pharmacia Biotech, Orsay, France).

For Western blot analysis, anti-Doublecortin pep antibodies were
used at 1:1000 and anti-N-term at 1:8000. GT335, a mAb specific
for glutamylated tubulin (Wolff et al., 1992), was used at 1:10,000.
A monoclonal antibody directed against a-tubulin (Amersham, N.
356 [Les Ulis, France]) was used at 1:10,000. Anti-MAP2 (Sigma-
Aldrich, M-4403 [Saint Quentin Fallavier, France]) was used at 1:4000
and recognizes MAP2a, MAP2b, and MAP2c; the latter (70 kDa) is
the major form expressed in the developing brain.

Cell Cultures

Primary neuronal cultures were prepared from fetal mouse brain at
15 days of gestation as previously described (Berwald-Netter et al.,
1981). In some experiments, neurons were treated for 4 hr with taxol
(10 pg/ml) or nocodazole (3.5 or 8 uM). DMSO, which was used to
solubilize the drugs, was added in controls (1/1000 vol/vol). Glial
cultures containing > 95% astrocytes and devoid of neurons were
prepared according to Nowak et al. (1987) from newborn mouse
cerebral hemispheres and used as secondary cultures. The deter-
gent extraction of neuronal cells was performed as described pre-
viously (Audebert et al., 1993).

Cell and Tissue Extracts

Cell and tissue extracts were prepared according to conventional
methods. Samples were loaded on 11% SDS-PAGE separation gels,
and immunodetection was performed using an ECL detection kit
(Amersham) following manufacturer’s instructions.

Phosphatase Treatment of Tissue Extracts

Frozen neonatal mouse brain tissue (100 mg) was finely ground in
liquid nitrogen and taken up in 1 ml of 50 mM Tris-HCI (pH 7.5), 1 mM
MgCl,, with protease inhibitors (Complete [Boehringer Mannheim
Biochemicals, Mannheim, Germany]). The resuspension was centri-
fuged at 15,500 g at 4°C for 1 hr and 50 pl aliquots of the supernatant
were diluted 1:2 in a phosphatase assay (detailed in figure legends).
Each sample (25 wl) was subjected to Western blot analysis.

Immunocytochemical Staining

Neurons grown on coverslips were fixed in 2% paraformaldehyde,
0.1% picric acid in PBS for 1 hr at room temperature. After four
washes in PBS, fixed cells were processed forimmunocytochemical
staining and incubated overnight at 4°C with the primary antibodies

(anti-Doublecortin pep, 1:300; anti-N-term, 1:300-1:4000; anti-actin,
1:200; anti-MAP2, 1:500; and anti-a-tubulin, 1:1000). After three
washes, cells were incubated for 1 hr at room temperature with
affinity-purified secondary antibodies (FITC conjugated goat anti-
rabbit Ig [Biosys, Compiegne, France]; Texas Red-conjugated goat
anti-mouse lg [Jackson ImmunoResearch Laboratories, West
Grove, PA)). After three washes, cells were finally rinsed in TBS,
mounted in Mowiol, and examined using a Zeiss microscope
equipped with epifluorescence illumination.

In Situ Hybridizations and Peroxidase Immunodetection

in Mouse Embryonic Sections

In vitro transcription was performed using a doublecortin clone con-
taining sequences of the 5" UTR exons 1A and 1B (des Portes et
al., 1998a) and upstream sequences. For all experiments, sense
and antisense probes were generated in parallel in order to assess
specificity of the signal. Mouse embryos were fixed in 2%-4% para-
formaldehyde, cryoprotected with 30% sucrose in phosphate buffer,
frozen with isopenthan, and stored at —20°C until sectioning. Briefly,
hybridization of sections (15-20 um thick) with o®S-labeled RNA
probes was carried out in a 50% formamide solution at 58°C. Sec-
tions were washed in 50% formamide and then successively strin-
gent SSC wash solutions, with a final wash at 0.1 X SSC at 60°C.
Slides were dipped in diluted Kodak NTB2 emulsion and exposed
for 5 to 15 days. Emulsions were developed and sections counter-
stained with toluidine blue, mounted in Eukitt, and examined under
light microscopy. Immunodetections were performed using a Vec-
tastain kit (Vector Laboratories, CA) following manufacturer’s in-
structions. In all experiments, results with preimmune sera were
compared with anti-Doublecortin antibodies, and endogeneous per-
oxidase was assessed in the absence of antibodies.

Rat Embryonic Brain Histochemistry

Sections (20 pm) from Long Evans (Sprague Dawley) rats (vaginal
plug is counted as embryonic day 1) were permeabilized and
blocked overnightin a humidified chamber with blocking buffer: 15%
normal goat serum/1 mg/ml BSA/0.5% triton X-100 in phosphate
buffered saline (pH 7.0). Preimmune, anti-Doublecortin pep, and
anti-N-term sera were all used at a 1:500 dilution in blocking buffer
at room temperature for 2-12 hr. Anti- Ill tubulin (TuJ1) monoclonal
antibodies (BAbCO, Richmond, CA) were also used at 1:500. Sec-
ondary antibodies (Texas Red goat anti-rabbit and Cy-2 donkey
anti-mouse [Jackson Immunoresearch, PA]) were used at 1:200 dilu-
tion in blocking buffer for 45 min, at room temperature. DNA was
visualized in some cases using 1 mM Syto-11 (Molecular Probes,
Eugene, OR) included with the secondary antibodies. Slides were
mounted in Fluoromount-G (Southern Biotechnology Associates,
Birmingham, AL) and imaged using a MRC-600 confocal scanning
microscope (BioRad, Richmond, CA). Images were merged using
Adobe Photoshop 4.0.

Purification of Tubulin and Sedimentation Experiments

The temperature-dependent polmerization-depolymerization ex-
periment was performed as follows: a brain fraction enriched in
tubulin was prepared from 2-day-old mice by homogenization in
MEM buffer (50 mM MES [pH 6.8], 2 mM EGTA, 2 mM MgCl,) with
protease inhibitors and ultracentrifugation (150,000 g at 4°C for 1
hr). Soluble tubulin (SO) was incubated in the presence of 1 mM
GTP and 25% glycerol for 40 min at 37°C to form MTs that were
sedimented (150,000 g) for 60 min at 30°C. The resulting pellet (P1)
was depolymerized for 60 min at 0°C and gently homogenized. Sedi-
mentation of the insoluble (P’1) from soluble components (S'1) was
performed. Soluble tubulin (S'1) was repolymerized as before giving
rise to P2 and S2 fractions.

Purified tubulin was prepared from a 100,000 g supernatant of
adult mouse brain by two cycles of assembly-disassembly and fur-
ther purified by phosphocellulose (PC) column chromatography (P11
[Whatman, Maidstone, United Kingdom]) in MEM buffer containing
1 mM GTP and a mixture of protease inhibitors. This tubulin was
used for assembly and control experiments. MTs were formed by
taxol hyperpolymerization of a MAP-depleted tubulin fraction. In-
creasing amounts of MTs (0-10 wM) were added to a constant
amount of precleared GST-Doublecortin (2 pM). MTs and bound
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Doublecortin were separated from soluble forms by ultracentrifuga-
tion through a 60% glycerol cushion (10 min at 30,000 g on Airfuge
[Beckman, Palo Alto, CA]). Samples were analyzed by Coomassie
blue staining, and quantities of bound Doublecortin assessed by
densitometry (Multi-Analyst [BioRad, Hercules, CA]). Further treat-
ments of the Doublecortin associated MTs included the addition
of NaCl (final concentration, 500 mM), GTP, GDP, ATP, or ADP
nucleotides (each 5 mM).

To test the effect of Doublecortin on polymerization, PC-purified
tubulin (5 wM) was polymerized in the presence of 1 mM GTP, and
with increasing concentrations of GST-Doublecortin (0-7.6 n.M) for
20 min at 37°C. To test the association of Doublecortin through
cycles of polymerization and depolymerization, MTs (7.5 wM) were
assembled under the same conditions in the presence of GST-
Doublecortin (2 uM), the sedimented MTs were depolymerized by
incubation at 0°C for 30 min and recentrifuged. The supernatant (S2)
was repolymerized alone and sedimented. The soluble fraction (S3)
was further polymerized in the presence of 0.75 pM GST-
Doublecortin. Samples were analyzed by Coomassie blue staining.

Rhodamine-Tubulin Microscopy Experiments

Tubulin and rhodamine-tubulin were purchased from Molecular
Probes (Eugene, OR) and mixed at a ratio of 4:1 unlabeled to labeled
at a final concentration of either 5 mg/ml (positive control), or 0.55
mg/ml when testing the effect of the added fusion protein. Reactions
were performed in 1X GPEM buffer (1 mM GTP, 80 mM PIPES [pH
7.0], 1 mM EGTA, 5 mM MgCl,) with 10% glycerol at either 37°C for
30 min (positive control) or 26°C. Either purified GST-Doublecortin
or GST control were mixed with tubulin ata 1:5 molar ratio. Reactions
were diluted in 1X GPEM with 60% glycerol, spread on microscope
slides, and observed using fluorescence microscopy.
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