
Introduction

During the past few years, new data and
observations have been reported on the
molecular and cellular mechanisms of cere-
bral cortex development. Although it is still

impossible to integrate them into a coherent
view, a global picture is progressively emerg-
ing. This article focuses on the mechnisms
that control neuronal migration and posi-
tioning, with particular emphasis on Reelin
signaling.

Molecular Neurobiology 225 Volume 30, 2004

Molecular Neurobiology
Copyright © 2004 Humana Press Inc.
All rights of any nature whatsoever reserved.
ISSN0893-7648/04/30(3): 225–251/$25.00

Neuronal Migration and the Role of Reelin During Early
Development of the Cerebral Cortex

Yves Jossin*

Developmental Neurobiology Unit, University of Louvain Medical School, 
Brussels, Belgium. E-mail: Yves.Jossin@dene.ucl.ac.be

Abstract

During development, neurons migrate to the cortex radially from periventricular germinative
zones as well as tangentially from ganglionic eminences. The vast majority of cortical neurons set-
tle radially in the cortical plate. Neuronal migration requires an exquisite regulation of leading
edge extension, nuclear translocation (nucleokinesis), and retraction of trailing processes. During
the past few years, several genes and proteins have been identified that are implicated in neuronal
migration. Many have been characterized by reference to known mechanisms of neuronal and
non-neuronal cell migration in culture; however, probably the most interesting have been identi-
fied by gene inactivation or modification in mice and by positional cloning of brain malformation
genes in humans and mice. Although it is impossible to provide a fully integrated view, some pat-
terns clearly emerge and are the subject of this article. Specific emphasis is placed on three
aspects: first, the role of the actin treadmill, with cyclic formation of filopodial and lamellipodial
extensions, in relation to surface events that occur at the leading edge of radially migrating neu-
rons; second, the regulation of microtubule dynamics, which seems to play a key role in nucleoki-
nesis; and third, the mechanisms by which the extracellular protein Reelin regulates neuronal
positioning at the end of migration.
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The Development 
of the Cerebral Cortex

The formation of the cortex requires wide-
spread cell migration from germinal zones to
the cortical anlage. In the mouse, founder pro-
liferating cells complete 11 cell cycles over 6 d,
from 10 d postcoitus (E10) to E16 for the lateral
cortical zone, and from E11 through E17 for the
dorsomedial cortical zone (1). During the cell
cycle, cells undergo an interkinetic nuclear
migration: nuclei move away from the apical,
ventricular surface during G1 to occupy the
basal half of the ventricular zone during S-
phase and return apically in G2 so that mitosis
occurs at the ventricular surface. Movement of
the nucleus could allow regionally different
cytoplasmic factors to enter the nucleus and
promote differential gene activity. A fraction of
postmitotic cells leave the ventricular zone
with each cycle and migrate toward the surface
of the hemispheres.

Multipotent progenitors are present in the
ventricular zone, some of which are believed to
be self-renewing stem cells (2). They could be
generated by progenitors dividing symmetri-
cally in a plane roughly perpendicular to the
ventricular surface (vertical cleavage) to pro-
duce two identical daughter cells that remain
within the ventricular zone, thus expending the
proliferative population. As cortical neurogene-
sis progresses, asymmetrical division, which
occurs in a plane parallel to the ventricular sur-
face (horizontal cleavage), starts to predomi-
nate. It has been proposed that asymmetrical
division produces two different daughter
cells—one that remains within the ventricular
zone as a progenitor and one that migrates
away to differentiate (3,4). Although these
hypotheses are attractive, no direct evidence
proves that the symmetry of division predicts
cell fate. The mechanisms that regulate the cell
cycle of cortical progenitors and the transition
from predominantly symmetrical to predomi-
nantly asymmetrical divisions in the ventricu-
lar zone remain poorly understood. Recently,
evidence was presented that the transcription
factor Pax6 is involved in the regulation of this

progression (5). From E12.5 to E15.5, the pro-
portion of asymmetrical divisions increased
more rapidly in Pax6 mutants than in wild-type
embryos.

The first neurons that reach the cortical
anlage form a horizontal, loose network known
as preplate. These neurons include pioneer neu-
rons in the future marginal zone, such as Cajal-
Retzius cells (Reelin and p73 positive cells), and
future subplate cells. Some preplate neurons
migrate radially from the ventricular zone,
whereas others (including some Cajal-Retzius
cells) may follow a tangential route (6). Recent
work has indicated that radially migrating pre-
plate neurons may not need to extend a leading
edge and could migrate by simple somal
translocation (also called nucleokinesis) (7).
They are attached to the pial surface by a radi-
ally oriented process that shortens in parallel to
translocation of the nucleus followed by detach-
ment of the apical process from the ventricle.

After preplate formation, two distinct modes
of radial and tangential migration occur in the
cortex. Tangentially migrating neurons move
parallel to the pial surface, along axons or other
neurons. They are principally γ-aminobutyric
acid (GABA)ergic interneurons and originate in
the medial ganglionic eminences in the basal
forebrain (8,9). During radial migration, neu-
rons generated in the proliferative ventricular
zone move perpendicularly to the surface
(along radial glial fibers that span the whole
thickness of the tissue) from the ventricular to
the marginal zone where they form endfeet.
Thus, radial migration is also called gliophilic
migration. Radially migrating neurons (the
majority of cortical neurons) form principally
glutamatergic cells. During radial migration,
the leading process is not in contact with the
pial surface, and it is shorter than the one that
leads somal translocation to the preplate (7).
The cell moves intermittently (saltatory migra-
tion) and has resting periods, and each move-
ment is preceded by an increase of intracellular
calcium. A similar sequence is observed in tan-
gentially migrating cells from the medial gan-
glionic eminences (10). At the end of migration,
when their leading processes reach the vicinity
of the pial surface, neurons stop gliophilic
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migration and terminate their journey by a
nucleokinetic movement.

During the formation of the cortical plate,
neurons invade the preplate, which is split into
two parts. Some preplate neurons particularly
(but not exclusively) Cajal-Retzius cells, are
displaced outward, in the marginal zone, and
become pioneer neurons. Others are displaced
inward to form the subplate and probably will
become future polymorphic neurons of cortical
layer VIb. Within the cortical plate, younger
neurons migrate beyond the older, previously
established contingent and settle beneath the
marginal zone. This results in an “inside-to-
outside” layering, with younger neurons in the
outermost field of the cortical plate and older
neurons more toward the inside (11) (Fig. 1).

Mechanisms of Cell Migration

Similarly to other motile cells, neurons
migrate by extending a leading process (a
growth cone or a dendritic tip) that attaches to a
substratum. This is followed by a nuclear trans-

location (nucleokinesis) within this extended
furrow and then by retraction of the trailing
process (12). The actin and microtubule cyto-
skeletons are involved and interact with each
other to regulate these events.

Leading Edge Extension

Leading edge extension is characterized by
a high dynamic instability of actin-based com-
plexes, with forming and disassembling of
filopodia and lamellipodia, which sense
attractive or repulsive molecules in the envi-
ronment (13).

Modifications of the actin cytoskeleton local-
ized at the migration tip are controlled by
small Rho GTPases (14). This family is divided
into three groups: Rho (RhoA, RhoB, RhoC,
RhoD, RhoE, TTF), Rac (Rac1, Rac2, Rac3,
RhoG), and Cdc42 (Cdc42 and TC10) (15); the
latter two families are particularly important at
this level.

In fibroblasts, formation of filopodia at the cell
periphery is followed by formation of lamellipo-
dia, membrane ruffles, and focal complexes and
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Fig. 1. Preplate splitting and inside-out layering during the formation of the cortical plate. At the preplate stage
(between 12.5 and 13.5 d of embryonic age in mice). neurons form a horizontal loose network that will be split-
ted into marginal zone (mz; orange) cells and subplate (sp; pink) cells by insertion of first neurons (green) of the
future cortical plate (cp). During the formation of the cp, youger neurons (blue) migrate past the sp and layers of
neurons already installed and set off just beneath the mz. This phenomenon is called “inside-out layering.”

The sagittal view of an embryonic mouse brain cortex at 16.5 d exhibits a cell-poor mz; the tightly packed
cells of the cp; the sp; the intermediate zone (iz), which contains migrating cells; and the ventricular zone (vz)
of precursor cell proliferation.



then by formation of focal adhesions and stress
fibers in the cell body (16,17). The formation of
filopodia is regulated by the binding of Cdc42
and phosphatydylinositol biphosphate to neural
Wiscott-Aldrich Syndrome protein (N-WASP),
which stabilizes its active conformation. N-
WASP binds the actin-related protein 2 (Arp2)
and (Arp3) complex, thereby stimulating actin
nucleation and polymerization to form filopodia
(18,19). The formation of lamellipodia and mem-
brane ruffles is regulated by Rac proteins that
activate p21-activated kinases (PAKs) and Arp2
and -3 (20–22). PAKs inhibit actomyosin contrac-
tility and actin depolymerization (23–26). In the
cell body, Rho proteins stimulate actin–myosin
contraction and the formation of stress fibers
and focal adhesion via the activation of Rho-
associated serine-threonine kinases (ROCKs)
and the mammalian homolog of Diaphanous
(24,27–30). Rac and Cdc42 also promote the for-
mation of small adhesive structures called focal
complexes, which resemble the focal adhesions
induced by Rho but are smaller and appear only
at the cell periphery (31).

Similar mechanisms have been demon-
strated during growth cone and neurite exten-
sion in neurons, which are blocked by
dominant negative Rac or Cdc42 in neuroblas-
toma cells (32). By contrast, Rho activation,
which induces stress fibers and focal adhesion
in fibroblast, triggers neurite retraction in
neural cells (32–34). GTP-bound Rac and
Cdc42 may induce the GDP-bound state of
Rho that is permissive for axonal growth.
Thus, GTP-loaded Cdc42 and Rac may allow
axonal growth by controlling the nucleotide
content of Rho (35).

Chemoattractants or repellents may act on
the growth cone by locally activating Rac
and/or Cdc42 or Rho to guide axonal growth
and cell migration. In hippocampal neurons,
activation of plexin-B1 by semaphorin 4D reg-
ulates the activity of the Rho guanine
nucleotide exchange factors PDZ-RhoGEF and
LARG, leading to RhoA activation and growth
cone collapse (36). Similarly, Ephrin-A5
induces growth cone collapse by activating
RhoA and ROCK and inhibiting Rac1 and

Cdc42 (37,38). The RhoGEF ephexin, which
acts downstream of the Ephrin receptor EphA,
is required for Ephrin-A-induced growth cone
retraction (38). The Netrin-1 receptor deleted
in colorectal cancer (DCC) promotes filopodia
formation and cell spreading in embryonic rat
spinal commissural neurons (39) and induces
neurite outgrowth in neuroblastoma cells (40)
by activating Cdc42 and Rac1.

It is tempting to infer a similar role of RhoGT-
Pases in neuronal migration. For example, Robo
activation by Slit activates the GTPase-activat-
ing protein (GAP) that inactivates CDc42
srGAP1. This inhibits neurite growth and
induces repulsion of migratory cells from the
anterior subventricular zone of the forebrain
(41). Haploinsufficiency of LIS1—a gene that is
implicated in lissencephaly discussed later—is
associated with upregulation of RhoA and
downregulation of Rac1 and Cdc42 activity at
the leading edge of migrating neurons, with a
reduction of filamentous actin (42).

Studies of mammalian enabled (Mena)/
vasodilator-stimulated phosphoprotein (VASP)
proteins extended our understanding of the rela-
tionship between leading edge extension and
cell migration. In fibroblasts, IRSp53 serves as an
adapter between Cdc42 and Mena and stimu-
lates filopodial extension (43). Unexpectedly,
this inhibited motility, because Mena/VASP-
deficient fibroblasts exhibited increased motility
(44). Moreover, constitutive membrane targeting
of Mena/VASP increased lamellipodia dynam-
ics and ruffling and reduced motility, whereas
cells with sequestered Mena displayed more sta-
ble lamellipodia and increased motility (45). A
mechanism has been suggested by which
Mena/VASPs bind to the barbed ends of actin
filaments and compete with capping proteins,
allowing formation of longer filaments that are
presumably too flexible to counteract the forces
of membrane tension (45). Whole cell speed
probably correlates with the persistence of
lamellipodial protrusion rather than the velocity
of extension of individual protrusions.
Mena/VASP proteins have a profound influence
on neuronal motility. They are concentrated in
filopodial tips and at the edge of lamellipodial
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veils in neurons (46). Inhibition of Mena/VASP
function through retroviral injections in utero led
to aberrant placement of early-born pyramidal
neurons in the superficial layers in a cell-
autonomous fashion (47). This aberrant migra-
tion does not result from a delayed onset of
neuronal migration; the abnormally placed
pyramidal neurons exhibit grossly normal mor-
phology and polarity, and glial cells are not
affected. A role is also established for Ena/ VASP
proteins for filopodia formation in neurons (48).
It would be interesting to determine whether the
Reelin pathway influences Mena/ VASP pro-
teins during corticogenesis. However, genetic
studies are complicated because mutant mice
with double inactivation of the two Mena/VASP
genes die during embryonic development.

As discussed previously, cell migration
requires polarization, characterized by ori-
ented protrusions containing actin that is
organized into lamellipodia and filopodia. It
also requires a reorientation of the micro-
tubule organizing center (MTOC), the micro-
tubule cytoskeleton, and the Golgi to face the
direction of migration. Cdc42, in synergy with
a Par6-atypical protein kinase C(aPKC) com-
plex, is required to establish cellular asymme-
try during directed migration, as shown in
astrocyte migration assays (49) and in cul-
tured hippocampal neurons (50). This com-
plex leads to the phosphorylation and
inactivation of GSK3-β (a “τ” kinase) and to
the spatially restricted association of adeno-
matous polyposis coli protein, with the “plus”
end of microtubules at the leading edge,
which is essential for establishing polarity
(51). Cdc42 also regulates MTOC reorienta-
tion in a dynein–dynactin-dependent manner
(52). Golgi reorientation in a scratch-wound
assay is actin-dependent in National Insti-
tutes of Health (NIH)-3T3 cells but not in
astrocytes (53). In NIH-3T3 cells, MTOC and
Golgi polarization are separately controlled,
because the relocation of the MTOC is inde-
pendent of actin but inhibited by disruption
of microtubules, whereas Golgi polarity is
dependent on actin and independent of
microtubules (53).

Nucleokinesis

The control of nucleokinesis differs from that
of leading edge extension. An obvious exam-
ple includes the migration of inferior olivary
neurons that first emit a leading process in
which the nucleus translocates until it reaches
the floorplate. At this level, the leading process
crosses the midline, whereas the nucleus
remains homolateral (54–56). In comparison to
leading edge extension, nucleokinesis relies
more on the microtubule cytoskeleton (57). As
discussed later, mutation in the LIS1 gene leads
to a defect in neuronal migration. The LIS1
protein is homologous to NudF and interacts
with orthologs of other Nud proteins that are
involved in nuclear translocation in Aspergillus
nidulens. Like other Nud genes, LIS1 interacts
directly with microtubules.

Within the soma, a cagelike distribution of
microtubules surrounds the nucleus. During
the translocation of the nucleus of migrating
cerebellar granules, “plus” ends of micro-
tubules assemble at the leading edge, and the
depolymerizing “minus” ends face the nucleus.
Microtubule polymerization in the direction of
the leading edge could help in the extension of
the leading process, whereas depolymerization
in front of the nucleus may assist nuclear move-
ment toward the front of migration. By con-
trast, microtubules in the trailing process are of
mixed polarity and cannot induce any moving
force. This model is consistent with the salta-
tory movement of migrating neurons, with a
slow microtubule association phase reflecting
the slow leading process extension and the
rapid nuclear translocation reflecting the rapid
dissociation of tubulin subunits. The influx of
cytosolic Ca++ that is seen during movement
may reflect calcium’s need for tubulin polymer-
ization (58).

Interactions Between Actin 
and Microtubules

There is ample evidence of interactions
between the actin and microtubule networks
during migration. For example, cytochalasin B,
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which inhibits assembly of actin subunits,
reversibly inhibits gliophilic migration (59)
and disturbs microtubules (60). Reciprocally,
the depolymerization of microtubules in
fibroblasts perturbs cell shape polarization and
increases the size of focal adhesions via activa-
tion of RhoA (61,62), whereas repolymeriza-
tion of microtubules following their
disassembly is associated with the activation of
Rac1 (63). Therefore, the microtubule network
can modulate the activation of Rho GTPases,
which in turn influence the actin cytoskeleton.

In fibroblasts, microtubule growth—and not
the sole presence of microtubule polymers—at
the leading edge promotes lamellipodia protru-
sion through activation of Rac1 (63–65). More-
over, as focal complexes or focal adhesions
polymerize toward the cell periphery micro-
tubules specifically target them and promote
their disassembly (66). There are several interac-
tions between microtubules and proteins that
regulate the actin network: the Rac1-GTP binds
to tubulin (67); the guanine nucleotide exchange
factor GEF-H1, an activator of Rac1 and RhoA,
is localized to microtubules (68); and RhoG
(which is closely related to Rac1) activates Rac1
and Cdc42 in a microtubule-dependent manner
(69). Therefore, microtubules may act, at least
partly, by modulating adhesion site turnover
through the local delivery of signaling mole-
cules that inhibit Rho activity and activate Rac1.

Retraction of the Trailing Process 
and Actomyosin Tension

In some slowly moving cells, tail detachment
depends on the action of the protease calpain
that degrades focal adhesions at the rear (70). In
migrating leukocytes, ROCK, through myosin
light-chain phosphorylation, is essential for
detachment (71). The intracellular tension
induced by RhoA-mediated acto-myosin con-
traction is correlated with an increase of large
and elongated focal contacts localized to the
ends of actin stress fibers and with increased
integrin density and turnover. In focal adhesion
sites, integrins are anchored within the actin
cytoskeleton. Contraction of the actin filament

backbone induced by myosin II may lead to
increased integrin density and mobility and is
blocked by an inhibitor of myosin contraction
(72,73). At the rear of the cell, focal adhesions
are more dense and mobile; this mobility may
be important for retraction and migration (72).
Many studies have pointed to physical tension
as a key factor in the development and dissolu-
tion of adhesion complexes; however, other sig-
nals, such as cellular homologue of the chicken
oncogen of Rous Sarcoma Virus (Src), focal
adhesion kinase (FAK), and PAK, can also
induce focal adhesion disassembly and con-
tribute to tail detachment (74).

The role of microtubules in trail retraction is
not clear and is cell type-dependent. Contrary
to fibroblasts and epithelial cells, the micro-
tubule polymerization inhibitor nocodazole
does not affect rapidly migrating cells such as
neutrophils (which do not have focal adhesions)
and keratinocytes (74). However, in slow mov-
ing cells, tension in the actin cytoskeleton is nec-
essary for the formation of focal adhesions and
for the retraction of the trailing process. Micro-
tubules target focal adhesions and induce their
relaxation and dissolution, perhaps by activat-
ing Rac or Cdc42 (66); this may explain the rea-
son that microtubules are required for tail
retraction in some cells (75). The local applica-
tion of inhibitors of contractility mimics the
microtubule-mediated cell edge retraction and
induces the depolymerization of microtubules
(66). Tension may induce the polymerization of
microtubules that target focal adhesion where
they deliver signals that inhibit tension to
reverse focal adhesion development.

Intracellular Molecules That
Influence Cortical Plate Formation

Studies of human and mouse cortical mal-
formations led to the discovery of genes that
are involved in the radial migration of neurons
into the cortex. Many of the corresponding
proteins have a tight relationship with the
microtubule or actin cytoskeletons, and defects
in leading edge extention or in nucleokinesis
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may explain some of the phenotypes that
result from their deficiency.

Type I Lissencephaly

LIS1, the gene mutated in the Miller-Dieker
Syndrome and type I lissencephaly, encodes the
noncatalytic β-subunit of platelet-activating fac-
tor (PAF) acetylhydrolase AH1-β1, an enzyme
that inactivates PAF; however, there is no appar-
ent relationship between this function and
lissencephaly. LIS1 binds to dynein motor pro-
teins and to microtubules and may stabilize the
microtubule network during cell migration
(57,76). In both humans and mice, homozygous
LIS1 mutations are lethal, and heterozygotes are
characterized by a migration disorder in the
neocortex, hippocampus, olfactory bulb, and
cerebellum. Using knock-in strategies, mice
were generated that express reduced levels of
LIS1 in the brain. Compared to control animals,
null/heterozygotes express 45% LIS1 protein
and compound null/hypomorphics express
35% (77,78). The development of the preplate,
Cajal-Retzius cells and the radial glial scaffold
are unaffected by LIS1 levels. Contrary to the
reeler cortex, the preplate is split correctly and
the layering of the cortex proceeds from inside
to outside. However, there is a dose-dependent
disorganization of the subplate and a cell
autonomous slowing of migration in vivo and
in vitro (77–79). Additionally, LIS1 influences
the interkinetic nuclear migration and neurob-
last proliferation. LIS1 is similar to nuclear dis-
tribution (Nud) protein F (80) and interacts
physically and biochemically with the mam-
malian ortholog of NudC and with mNudE and
mNudeL during neuronal migration in vivo
(81). Nud proteins are required for nuclear
translocation in Aspergillus nidulans, a process
that is controlled by dynein, dynactin, and other
components of microtubules (57). This suggests
that the LIS1 gene product may have a function
similar to that of NudF and supports the
hypothesis that nuclear migration (nucleokine-
sis) plays a key role in neuronal migration.

In a model for the cooperation of NudC,
LIS1, and dynein in mediating nuclear move-

ment in migrating neurons, NudC and LIS1
may be involved in targeting and regulating
the function of dynein at the leading pole of
migrating neurons. The minus end-directed
activity of dynein could pull the MTOC and
the associated nucleus in the direction of
migration. NudC, LIS1, and dynein also may
be involved in tethering the nucleus to the
MTOC and transporting it along microtubules
(81). Moreover, neurons from LIS1 haploinsuf-
ficient mice exhibit a reduced F-actin content
associated with upregulation of RhoA activity
at the leading edge and shorter filopodia. The
use of an inhibitor of p 160 ROCK rescues their
motility defect (82), although the effect of LIS1
on Rho GTPases does not result from a direct
interaction. LIS1 may act on actin through its
effect on microtubules. Alternatively, migrat-
ing neurons may use dynein to transport sig-
naling molecules from the leading process to
the nucleus to convey cortical positioning
information (57).

Female patients with mutations of the X-
linked doublecortin (DCX) gene have a “dou-
ble cortex” syndrome in which a band of gray
matter is embedded within the cortical white
matter, whereas male patients with DCX
demonstrate lissencephaly. The difference in
phenotypes is attributed to mosaicism in
females that reflect X-inactivation. Surpris-
ingly, the mouse Dcx mutant has no defect in
cortical development (83), showing that this
gene is less important in rodents than in man.
This difference may result from the presence of
proteins that are homologous to Dcx and are
able to support neuronal migration in mice but
not in the human brain, in which migration is
more complex.

Doublecortin binds to tubulin and has a
microtubule stabilizing activity in vitro (84,85).
Doublecortin and LIS1 interact physically
(coprecipitation assays) and functionally (micro-
tubule polymerization assays) and probably
function in the same pathway (86). Similarly to
other microtubule interacting proteins, function
of Dcx is regulated by phosphorylation. Its asso-
ciation with microtubules is inhibited through
phosphorylation by PKA, microtubule affinity
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regulating kinase (MARK) (orthologs of which
in Caenorhabiditis elegans [PAR-1] and Drosophila
[dPAR-1] are involved in cell polarity), and
Cyclin-dependent kinase 5 (Cdk5) (87,88).

Cdk5 is a member of the cyclin-dependent
serine/threonine kinase family. However,
unlike other Cdks, it does not associate with
cyclins and does not regulate the cell cycle. In
mammals, Cdk5 messenger RNA (mRNA) and
protein are expressed in the kidney, testes, and
ovary, with the highest expression in postmi-
totic neurons in the developing and adult ner-
vous system (89,90). The Cdk5 activity is
detected only in the brain, because it depends
on the presence of the regulatory subunit p35 or
p39 (91). Mutant mice that are defective in Cdk5
or, to a lesser extent, its activator p35 have
defects in radial migration that exhibit some
similarity to the reeler phenotype, with inver-
sion of cortical layering but a correct preplate
splitting (92). Whereas inactivation of p39
(another activator of Cdk5) causes subtle abnor-
malities, a combined defect of p35 and p39
induces the same malformation as Cdk5 inacti-
vation (93), suggesting functional redundancy
of these two proteins in the activation of Cdk5.

Cdk5 associates directly with Pak1 and Rac.
It phosphorylates and downregulates the
activity of Pak1, an effector of the Rac GTPase
involved in actin reorganization and in the
progression of the leading process, as men-
tioned previously (94).

In addition to its role on the actin cytoskele-
ton, Cdk5/p35 may be involved in the control
of microtubule dynamics and may affect neu-
ronal migration though interference with
nucleokinesis. The LIS1 interacting protein
Nudel and the microtubule-associated proteins
τ, MAP2, and doublecortin all are substrates of
Cdk5/p35 (88,95,96). Cdk5 phosphorylates
FAK on Ser 732, which may be important for
nuclear movement during neuronal migration
(97). However, the role of FAK in neuronal
migration has not been confirmed with the
analysis of conditional Fak mutant mice. Inac-
tivation of FAK in radial glia precursors that
express the Emx1 promoter resulted in disrup-
tion of the external limiting membrane, with

excessive migration of neurons in the marginal
zone and even in the meninges. This pheno-
type, which we call “overmigration” for short,
is reminiscent of type II cobblestone
lissencephaly and different from defective or
slow migration. However, no anomaly was
observed when FAK was inactivated in cells
that expressed the neuron-specific Nex1 pro-
moter (98).

X-Linked Periventricular Heterotopia

Studies of human X-linked periventricular
heterotopias confirmed the involvement of actin
binding proteins in radial migration. In affected
female subjects, this disorder is characterized by
the failure of a subset of neurons to migrate to
cerebral cortex. Migrational arrest results in the
formation of nodules of ectopic neurons in the
periventricular zone. The heterotopias lie
beneath a normal-appearing cerebral cortex.
Some periventricular heterotopias result from
mutations in the X-linked gene filamin A
(FLNA), a member of a family of three (FLNA, -
B, and -C) (99). Similarly to DCX, the presence
of two populations of normal and ectopic neu-
rons is believed to reflect mosaicism resulting
from X-inactivation. FLNA encodes an actin-
binding protein and may be involved in the
extension of filopodia along glial fibers (100).
Filamin cooperates with other actin-binding
proteins, including the Arp2–Arp3 complex, to
promote orthogonal actin polymerization (101)
and is able to bind membrane proteins such as
β-1 integrin (102). It also binds to Rho, Rac,
Cdc42, RalA (a Ras-related small GTPase) (103),
PAK (104), and Trio (a Rho guanine nucleotide-
exchange factor that controls the GTPases
RhoG, Rac1, and RhoA) (105). Therefore, fil-
amin may serve as a scaffolding protein for Rho
GTPases-mediated signaling and may regulate
the assembly of integrin-actin structures. Fil-
amin also may serve to anchor actin filaments to
mitogen inducible gene-2, thus recruiting
Migfilin to cell–extracellular matrix adhesions
(106). Another FLNA interacting protein, FILIP,
binds to and induces the degradation of filamin
in cos-7 cells. Its overexpression in cells of the
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ventricular zones in vitro inhibits neuronal
migration (107). Periventricular heterotopias
are also induced by mutations in the adeno-
sine-diphosphate-ribosylation factor guanine
nucleotide exchange factor, an autosomal gene
that encodes the BIG2 protein involved in vesi-
cle and membrane trafficking from the trans-
Golgi network. Inhibition of BIG2 by brefeldin
A decreases cell proliferation and prevents
transport of E-Cadherin and β-catenin from the
Golgi to the surface (108).

“Overmigration” in the Meninges 
and Type 2 Lissencephaly

Several disorders in man and mice are asso-
ciated with migration of cortical neurons in
the marginal zone and even in the meninges,
an anomaly that is occasionally referred to as
“overmigration.” In man, when overmigration
is profuse, it results in a lissencephaly called
cobblestone or lissencephaly type 2. In mice,
deficiency in the myristoylated alanine-rich C
kinase substrate (MARCKS) induces overmi-
gration with invasion of the marginal zone
and formation of neuronal streams through
the basal lamina and limiting membrane (109).
MARCKS is a prominent substrate for PKCs
that might bridge filamentous actin and the
plasma membrane (110). A similar phenotype
observed in Dreher mutant mice is an autoso-
mal recessive mutation in the LIM homeobox
transcription factor-α1, Lmx1a (111). Prese-
nilin-1 (PS1)-deficient mice develop a cortical
dysplasia with leptomeningeal fibrosis and
migration of cortical-plate neurons beyond
their normal position into the marginal zone
and subarachnoid space (112). PS1 is a trans-
membrane protein located in the endoplasmic
reticulum and the cis Golgi apparatus. A
depletion of the ECM proteins Reelin and
chondroitin sulfate proteoglycans in the mar-
ginal zone could contribute to neuronal over-
migration.

In man, lissencephaly type 2 is part of several
syndromes, such as Walker-Warburg syndrome
(WWS), muscle-eye-brain disease (MEB) and
Fukuyama muscular dystrophy (FCMD), all of

which are associated with mutations in genes
that encode known or putative glycosylation
enzymes. WWS is caused by mutation in the
POMT1 gene in 20% of patients. POMT2, a
closely related protein, may account for some
of the other cases. POMT1 is a putative O-man-
nosyltransferase that catalyses the transfer of
mannose to a Ser or Thr residues (113).
Attempts to detect the O-mannosyltransferase
activity of POMT1 or POMT2 alone have not
been successful, but coexpression of both
enzymes shows activity in vitro (114).
POMGnT1 is mutated and inactivated in MEB.
POMGnT1 encodes the protein O-linked man-
nose β1,2-N-acetylglucosaminyltransferase 1,
which catalyses the transfer of N-acetylglu-
cosamine from uridyl di-phosphate (UDP)-
GlcNAc to O-mannosyl glycoproteins (115).
FCMD is caused by mutation of the protein
Fukutin. Its sequence predicts a glycosylation
activity that has not yet been demonstrated
(116). Interestingly, a loss-of-function mutation
of the protein Large (a putative glycosyltrans-
ferase) in mice is responsible for myodystrophy
(myd mouse) and neuronal migration abnor-
malities that resemble lissencephaly type 2.

In patients with WWS, MEB, and FCMD and
in the myd mouse, α-dystroglycan is deficient
and/or hypoglycosylated. The brain-selective
deletion of dystroglycan in mice produces a
phenotype with neuronal overmigration (117).
Dystroglycan is a component of the dys-
trophin–glycoprotein complex (DGC) in the
sarcolemmal muscle membrane, and some
DGC components are associated with dystro-
glycan and dystrophin isoforms in other tis-
sues, including the brain (118,119). In the
mouse, dystroglycan, fukutin, and POMGnT1
are coexpressed in late embryonic and early
postnatal cerebellar neurons and glial cells
(120). DGC is involved in linking cytoskeletal
actin (via dystrophin) to components of the
ECM (via α-dystroglycan). α-dystroglycan
binds to laminin-α1 and -α2, agrin, perlecan,
and neurexin in a calcium-dependent manner
(121). The importance of this interaction is
underlined by the fact that lissencephaly type 2
is also associated with merosin (laminin-α2)
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deficiency (122) or perlecan deficiency (123,
124). Disruption of the ECM protein-binding
activity of α-dystroglycan through aberrant
glycosylation seems a plausible mechanism of
muscle cell degeneration and abnormal neu-
ronal migration in WWS, MEB, and FCMD in
humans and in myd mice.

Laminin is a ligand for α-dystroglycan and
α6β1 and α6β4 integrins, and defects similar to
lissencephaly type 2 are observed in mice that
are deficient in β-1 (125) and α-6 integrins
(126). The signaling pathways triggered by
laminin binding appear to be essential for
basement membrane integrity. The FAK is acti-
vated following integrin binding to the ECM,
and the deficiency of FAK in meningeal cells of
the dorsal telencephalon resulted in cobble-
stone lissencephaly, whereas removal of FAK
in neurons had no effect (98). DGC, integrins,
and FAK can associate, and there is an inte-
grin-dependent tyrosine phosphorylation of
the DGC components α- and γ-sarcoglycan,
perhaps through FAK activity (127). Alto-
gether, these data point to the importance of
the structure of the basal lamina, limiting
membrane, and local ECM to limit neuron
migration. However, more data are required—
particularly to define the cell autonomy of the
different gene products concerned.

Guidance Molecules That Influence
the Formation of the Cortical Plate

Neurons that move tangentially extend a
growth cone that is similar to axonal growth
cones. This migration proceeds in apposition
to other neurons or axons and is sometimes
called “neuronophilic.” Radially migrating
neurons extend a dendritic tip that becomes
the dendritic pole and is closely apposed to
and follows glial fibers; this mode of migration
is referred to as “gliophilic” (128).

Many molecules that influence tangential
migration are the same as those that influence
axonal guidance. Although many molecules
that modulate axonal guidance also regulate
dendritic growth (129), most have no effect on

radial migration. The two known proteins that
regulate axonal and dendritic growth and
influence radial migration do so indirectly.
The Notch receptor regulates axon and den-
dritic outgrowth (129) and influences radial
migration via the formation of radial glia
(130), and the neurotrophin brain-derived
neurotrophic factor (BDNF) (129) influences
radial migration by regulating the expression
of Reelin by Cajal-Retzius cells (131).

Four main classes of attractive or repulsive
guidance molecules regulate tangential migra-
tion: Ephrins, Semaphorins, Slit, and Netrins
(132,133). For example, Slit expressed in the
ventricular zone of the ganglionic eminences
(GEs) repels subventricular zone neurons that
leave the GE to settle in the striatum or migrate
to the cortex (134). The striatum expresses
Semaphorins, which repel neurons of the GE
that express the neuropilin receptor, thus
allowing these neurons to avoid the striatum
and migrate into the cortex (135).

Although tangential migration is consid-
ered independent of glia, the Rostral Migra-
tory Stream (RMS) interacts closely with glial
cells. In the RMS, inhibitory interneurons
migrate tangentially from the subventricular
zone of the cortex to the olfactory bulb inside
“tubes” of astrocytic cells that appear to sur-
round migrating neurons (136). Moreover,
migration-inducing activity (MIA), a soluble
peptide produced by astrocytes, modulates
the migration of RMS cells by converting the
inhibitory effect of Slit (expressed in the sep-
tum) into a repulsive action (137).

Unlike tangential migration, attractive or
repulsive guidance cues have not been identi-
fied in radial migration, which appears to be
primarily guided by radial glia. Accordingly,
the molecules involved in radial migration act
on the interactions between neurons and glial
cells and include astrotactin, neuregulins
(NRGs), epidermal growth factor (EGF) recep-
tors, integrins, and Reelin. Although Reelin
also has been proposed to be an attractive cue
(138), its mechanism of action remains largely
debated. To date, very little is known of mole-
cular action of their molecules on migration.
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Astrotactin is expressed in early postmitotic
neurons in the cerebellum, hippocampus, cere-
brum, and olfactory bulb. In migrating cerebel-
lar granule cells, it mediates interactions
between neurons and Bergmann fibers (139). In
astrotactin null mutant mice, the cerebellum is
diminutive and granule cells migration is slow
because of a decreased neuron–glia interaction
(140). Cerebellar granule cells express NRG, the
ligand of the ErbB4 receptor that is present on
the surface of radial glial cells. Blocking radial
glial differentiation by anti-NRG antibodies
reduces the rate of granule cell migration (141).
NRG may regulate the differentiation of the
radial glia in the cerebellum, and the elongation
of radial glial cells is essential for radial migra-
tion. This effect also occurs in the cortex (142).
Radial glial cell generation is significantly
impaired in the cerebral cortex of NRG mutants
and can be rescued by exogenous NRG (143).
The NRG receptor ErbB2 is required to promote
the radial glial phenotype.

The EGF receptor (EGFR) also seems to be
important because Egfr –/– mutant mice exhibit
accumulation of precursor cells in the ventricu-
lar zone (144). Moreover, Caric et al. (145)
showed that cells overexpressing EGFR dis-
played increased radial migration in the cortex
and olfactory bulb.

Integrin receptors consist of membrane-
spanning heterodimers of α- and β-subunits.
More than 20 integrin receptors can be formed
by combinations of 18 α- and 8 β-subunits.
Mice that are deficient in most integrin sub-
units have been produced. Some of them, such
as α2, α5, and β1, die during early embryonic
development, precluding analysis of cortical
development (146). Others (α1, -4, -7, -8, and -9
and β2, -3, -5, -6, and -7) have a normal cortex.
Knockout mice for α3, α6, and αv and a brain-
specific mutant for β1 exhibit cortical malfor-
mations similar to lissencephaly type 2. Anton
et al. (147) suggested that integrin α3β1 and αv
integrins are implicated in interaction between
radially migrating cortical neurons and radial
glial fibers. The involvement of the integrins in
the Reelin pathway is discussed in the follow-
ing section.

The Reeler Mutant Mouse and the
Reelin Signaling Pathway

Reeler is an autosomal recessive mutation in
a gene that encodes Reelin (148). In man, defec-
tive Reelin is the cause of the Norman-Roberts-
type lissencephaly (149) Online Mendelian
Inheritance in Man (OMIM 257320). Reelin
mutant mice exhibit neuronal ectopia in lami-
nated brain structures such as cerebral and
cerebellar cortices and the hippocampus.
Additionally, there are subtle anomalies in the
facial nerve nucleus, inferior olivary complex,
olfactory bulb, cochlear nuclei, thalamus, tec-
tum, retina, spinal cord, and throughout the
brain (150–152). Here, we focus on the cortical
phenotype.

In Reeler mutant mice, neurons are gener-
ated in normal numbers and at the normal
time. The preplate is also formed normally.
However, the neurons destined for the cortical
plate settle beneath the preplate, which is not
split into the marginal zone and the subplate
but is displaced en bloc externally to form a
“superplate.” At the end of development, the
marginal zone is absent, and cells are closely
apposed to the basal lamina (Fig. 2).

Young neurons are unable to migrate past
their predecessors, and maturation of the cor-
tex proceeds from outside to inside. Thus, the
Reeler defect is a failure in cell positioning in
the terminal stage of radial migration rather
than a disorder of cell migration per se
(150,153,154). Besides neurons, radial cells and
their radial fibers ramify abnormally.

In addition to Reelin, a Reeler-like pheno-
type results from mutations in the Disabled1
(Dab1) gene (155–157) and from a double inac-
tivation of the lipoproteins receptor genes very
low-density lipoprotein receptor (VLDLR) and
Apolipoprotein E Receptor type 2 (ApoER2)
(158).

Reelin

Reelin is a secreted glycoprotein detected by
11 to 12 d of embryonic age in mice. Its con-
centration increases until birth and decreases
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with maturation. It is secreted by several neu-
rons, such as Cajal-Retzius cells in the cortex
and hippocampus, granule cells in the cerebel-
lum, mitral cells in the olfactory bulb, gan-
glion cells in the retina, and neurons of the
spinal cord (152,159,160). After birth, Reelin is
expressed by a subset of cortical GABAergic
interneurons in the cortex and hippocampus
and by glutamatergic granule cells in the cere-
bellum (161). It is also expressed in peripheral
organs such as liver and kidney and is present
in the plasma and cerebrospinal fluid
(162,163), but its function in these sites is
unknown.

Reelin is a large extracellular protein of 420
to 450 kDa. Its structure is described in ref. 148
and is shown in Fig. 3.

A signal peptide (25–27 residues) is followed
by an F-spondin homology domain (163
residues) and a unique region (309 residues). Its
main body consists of eight repeats of 350 to 390
amino acids. Each repeat consists of two related
subdomains (A and B) flanking a pattern of con-
served cystein residues that form EGF-like
motifs that are very similar to each other and
are most closely related to those of the ECM
proteins tenascin C, tenascin X, restrictin, and
the integrin β-chain family. The protein ends
with a basic stretch of 33 amino acids.

Reelin is cleaved in vivo (164). The use of a
Reelin C-terminal antibody in Western blot
reveals three bands (approx 450, 370, and 180
kDa), whereas the use of Reelin N-terminal
antibodies also reveals three fragments (450,
270, and 80 kDa). Comparison of the sizes of
these immunoreactive products and of recom-
binant Reelin proteins suggests that two cleav-
age sites are located between repeats 2 and 3
and between repeats 6 and 7 (Fig. 3). Recently,
we raised an antibody against the central frag-
ment and this antibody revealed four frag-
ments (450, 370, 270, and 190 kDa; Gui et al.,
unpublished data 2004) in Western blots, thus
confirming cleavage at two sites.

Disabled 1

Dab1 is mostly expressed in the nervous sys-
tem, with traces of mRNA in the kidney and a
few other organs. It is expressed by cortical
plate neurons in the neocortex and hippocam-
pus, Purkinje cells in the cerebellum, inferior
olivary cells, cranial nerve nuclei, and several
others, all of which are target cells of Reelin
(165).

The Dab1 gene encodes an intracellular pro-
tein with a protein interaction/phosphotyrosine
binding domain (PI/PTB) and tyrosine residues
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in the right sequence to bind to SH2 domains,
suggesting that it is an adaptor protein.

The NPxY (Asp-Pro-any amino acid-Tyr)
sequences in the cytoplasmic tail of transmem-
brane receptors of the LDLR family (LDLR,
VLDLR, ApoER2, LRP, megalin) and amyloid
precursor proteins (APP; APLP1, APLP2) bind
Dab1 through the PI/PTB domain (158,166–169).
However, unlike other PI/PTB domains (i.e.,
Shc, IRS1), the Dab1 PTB motif binds preferen-
tially to unphosphorylated NPxY sites (170).

Some phosphatidyl inositols, especially phos-
phatidylinositol-4,5-bisphosphate (PI4,5P2) can
bind the PTB domain of Dab1 without affecting
its interaction with lipoprotein receptors (167,
171,172).

Dab 1 mutations, either induced (157) or
spontaneous (in scrambler and yotari mutant
mice), generate a Reeler-like phenotype (155,
156,173). There is no additional cortical defect
in mice that lack both Reelin and Dab1, sug-
gesting that the two proteins function in a lin-
ear pathway (170). Dab1 is phosphorylated on
five tyrosine residues by Src in vitro (174); this
allows binding to the SH2 domain of Src, Fyn,

Abl, and, probably, of the p85 regulatory sub-
unit of PI3K (175) and Nckβ (176). Two of these
five tyrosine residues, Y198 and Y220, are phos-
phorylated in vivo in response to the binding of
Reelin to lipoprotein receptors VLDLR and
ApoER2 (177). Knock-in mice that express a
complementary DNA (cDNA) in which the five
tyrosine residues are replaced by phenylala-
nines have a Reeler-like phenotype (174), and
the replacement of the Dab1 gene by a partial
cDNA that encodes its PTB domain and the
stretch of the five tyrosine residues is able to
rescue most, but not all, features of the Dab1
mutant phenotype (178). This suggests that
tyrosine phosphorylation is essential, but not
sufficient, for all Dab1 functions and that the C-
terminal part of Dab1 may serve unidentified
roles. Interestingly, it contains consensus S/T
phosphorylation sites, some of which can be
phosphorylated by Cdk5-p35 independently of
Reelin (179,180). The Dab1 gene is highly com-
plex. It extends over more than 1 MBp of
genomic DNA and possesses at least five alter-
native promoters. Additionally, many internal
alternative splicing events generate several
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isoforms of the protein. The respective roles of
the different promoters and protein isoforms
are unknown (181).

VLDLR and ApoER2

Mice with double inactivation of the lipopro-
tein receptor genes coding for VLDLR and
ApoER2 have a Reeler-like phenotype, whereas
single receptor gene mutations generate subtle
phenotypes. The analysis of single mutants
suggests that VLDLR is most important in the
cerebellum and ApoER2 is most important in
the cortex and hippocampus (158). Reelin binds
directly to the ectodomains of these receptors
(182,183), and Dab1 docks to their cytoplasmic
NPxY motif. Both receptors are expressed by
neurons of the cortex and other areas that also
express Dab1, and both are Reelin target cells
(158). The other major sites of expression of
VLDLR are the heart, skeletal muscle, and
endothelial cells of major blood vessels.
ApoER2 expression is almost exclusively lim-
ited to the brain, testes, and placenta (184–186).

VLDLR and ApoER2 are similar to the LDL
receptor. They contain eight complement-type
repeats implicated in ligand binding for
VLDLR or four, five, seven, or eight for
ApoER2. These repeats are 40 amino acids long
and are rich in cystein and negatively charged
amino acids. The repeats are followed by EGF-
precursor homology domains essential for the
pH-dependent release of ligands in endosomes
(185,187). Their cytoplasmic tails contain one
NPxY motif involved in the internalization of
receptors via clathrin-coated pits (188) and in
docking PTB domain-containing cytoplasmic
adaptors (189,190).

Alternative splicing generates a variant of
ApoER2, with an insert of 59 amino acids in the
cytoplasmic tail. This insert, which is rich in
proline, contains two potential SH3 domain
binding sites and is responsible for the binding
to JIP1 and JIP2 (JNK interacting protein 1 and
2), which cannot bind to VLDLR (191). The
expression of this variant coincides with neu-
ronal differentiation. JIPs are kinase scaffolding
proteins involved in the JNK pathway by bind-

ing to mixed lineage kinase 3 (MLK3), mitogen-
activated protein kinase 7 (MKK7), and JNK.
They also interact with RhoGEF and a subunit
of the kinesin anterograde microtubule motor
that is involved in transport of signaling mole-
cules (192,193). JIPs are localized to the neurite
tips (192), where neurons sense their environ-
ment, making them candidates in the Reelin
pathway. However, the cortex and cerebellum
of Jip1–/– are normally laminated (193),
although it may reflect the compensatory effect
of JIP2. Another argument against the involve-
ment of JIPs in Reelin signaling is the subtle
phenotype observed in ApoER2–/– mice, indi-
cating that VLDLR (which cannot bind to JIPs)
can transduce the Reelin signal by itself.

Other functions of ApoER2 and VLDLR still
are not fully defined, despite their broad panel
of potential ligands, such as ApoE, the activated
form of α2-macroglobulin, thrombospondin 1,
lipoprotein lipase, urokinase-type plasminogen
activator (uPA), vitellogenin (187). For instance,
VLDLR is involved in the internalization and
clearance from the membrane of the complex
formed by uPA, the uPA-plasminogen activator
inhibitor-1 and the uPA receptor (195,196). This
receptor is also involved in the endocytosis of
vitellogenin and VLDL from the yolk by the
endodermal endothelial cells and subsequently
delivered to the embryos during oogenesis in
the chicken (197,198). In mice, VLDLR has been
shown to play a role in cholesterol homeostasis
in heart and skeletal muscle when LDLR is
absent (199).

The Reelin Signaling Pathway

The components described in the previous
section define a new signaling pathway that is
identified genetically but still poorly character-
ized at the cellular and biochemical levels
(200–202). The role of the Reelin pathway dur-
ing cortical development can be summarized
as follows: Reelin, secreted by Cajal-Retzius
cells in the marginal zone of the cortex, is
cleaved in vivo after secretion, probably by a
metalloproteinase (164). Reelin, or a processing
fragment, binds to VLDLR and ApoER2 that
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are present on migrating neurons. This induces
tyrosine phosphorylation of Dab1, which is
attached to the NPxY cytoplasmic motif of
receptors, thus triggering an intracellular cas-
cade that instructs neurons to assume their
proper shape and location. The NPxY motif is
involved in internalization of lipoprotein
receptors, but it remains unclear whether
receptor internalization plays a role in Reelin
signaling.

The importance of proteolytic processing for
Reelin function is also unknown. It has been
reported that the N-terminal fragment of Reelin
binds to the protocadherin cadherin-related
neuronal receptor 1 (CNR1), which could act as
a coreceptor for Reelin (203), but this finding is
controversial (204). There is evidence that CR-
50, an antibody against the N-terminal region
of Reelin, could block its function in vivo and
in vitro (205–207). This antibody interferes with
the aggregation of Reelin, which may affect its
function (208,209). However, an N-terminal
Reelin protein containing the first 437 amino
acids, including the F-spondin homology
domain and the CR-50 epitope, does not bind
to VLDLR and ApoER2 (183). The observation
that the central cleavage fragment is sufficient
to bind to the VLDLR and ApoER2 receptors, to
induce Dab1 phosphorylation, and to rescue
the Reeler phenotype in a slice culture assay
(whereas N- and C-terminal fragments that
lack this central portion are not) demonstrated
that the proteolytic processing of Reelin does
not inhibit its function (204). Contrary to a pre-
vious report, the binding of CNR1 to Reelin
was not confirmed in a pull-down assay (204),
and this protocadherin is probably not a Reelin
receptor.

The tyrosine kinases that phosphorylate
Dab1 were recently identified. Yeast-two-
hybrid experiments showed that Dab1 inter-
acts with Abl, Src, and Fyn (166), and studies in
mutant mice indicated that Fyn and, to a lesser
extent, Src are involved in Dab1 phosphoryla-
tion, whereas Yes is not (210,211). As in Reelin-
and receptor-deficient mice, the concentration
of the Dab1 protein is increased in Fyn-defi-
cient tissue and even more so in Fyn and Src

compound mutant mice but not in Src and Yes
compound mutant animals, suggesting that
phosphorylation by Fyn and Src kinases con-
trols Dab1 levels. Following tyrosine phospho-
rylation, Dab1 is polyubiquitinated and
degraded by the proteasome; this may be
important to ensure a transient response to
Reelin (212).

The addition of Reelin to neurons from
Fyn–/–Src+/–, Fyn+/–Src–/–, or Fyn–/–Src–/–
mice still induces normal levels of Dab1 tyro-
sine phosphorylation, and no mutant mice
exhibit a Reeler-like phenotype. To our knowl-
edge, Fyn–/–Src–/– mutants die perinatally
and have not been studied. Among the eight
members of Src kinases, Src, Fyn, and Yes are
highly expressed in postmitotic developing
neurons, whereas expression of Blk, Fgr, Hck,
Lck, and Lyn is restricted to hematopoietic cell
lineages (213). However, weak expression of
Lck and Lyn has been described in neurons
(214–216). Using the slice culture assay, we
demonstrated that the use of PP2, a well-vali-
dated cell permeant inhibitor of the Src family
and Abl kinases induced a Reeler-like pheno-
type, with poor definition of the marginal zone,
disorganization of the cortical plate, inversion
of the inside-out layering, absence of preplate
splitting, inhibition of Dab1 phosphorylation,
and increase of Dab1 protein levels (217).
Gleevec, which inhibits Abl but not Src kinases,
had no effect on radial migration and cortical
plate formation. These results provide strong
evidence that Src family kinases, perhaps
including Abl kinases, are responsible for
Reelin-induced Dab1 phosphorylation.

Because, lipoprotein receptors have no
intrinsic kinase activity and are not directly
associated with tyrosine kinases or phos-
phatases, a coreceptor that is able to dock Src
family kinases might be involved in Reelin
signaling. Our observation that the induction
of Dab1 phosphorylation in Reeler slices by
addition of antireceptor antibodies is not suffi-
cient to correct their phenotype suggests the
presence of a coreceptor that is not involved in
the recruitment of Src kinases (204). Other
results using a divalent RAP-Fc fusion protein
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support this observation (218). However, this
negative result could result from other causes,
and the presence of a Reelin coreceptor
remains to be demonstrated.

α3β1 integrins apparently are able to bind
Reelin; this could inhibit neuronal migration
by stimulating the detachment of neurons
from radial glia (147,219). However, mice with
a brain-specific inactivation of β1 integrins
induced a phenotype reminiscent of cobble-
stone lissencephaly and very different from
Reeler, suggesting that these integrins regulate
the anchorage of glial endfeet to the basal lam-
ina but are not essential for neuronal migra-
tion per se (125). Mutation in the α3-subunit
induces neuronal heterotopias in the interme-
diate zone, with premature transformation of
radial glial cells into astrocytes and impaired
neuron–glia interaction (147). In an in vitro
assay, α3β1 promoted association of neurons
with radial glia. In the absence of α3 integrin,
the preference of neurons for glia changed to
an increased association with other neurons
(147), providing an explanation for the neu-
ronal heterotopias in mice that lack α3 inte-
grin. The relatively high expression of the
180-kDa N-terminal Reelin fragment and the
reduction of Dab1 protein levels in cerebral
cortices of α3 integrin-deficient mice also sug-
gest an interaction with the Reelin pathway
(219). Although no single integrin defect gen-
erates a Reeler-like phenotype, redundancy
may hamper the evaluation of interactions
with the Reelin pathway. For example, αv-
containing integrins can bind Reelin and may
compensate for the absence of α3 integrins
(147). Therefore, integrins remain interesting
candidates as partners of Reelin signaling.

At least two models have been proposed to
explain the effect of Reelin on migrating neu-
rons. Reelin, which is secreted in the mar-
ginal zone, might serve as an attractant for
radially migrating neurons, enabling them to
move beyond their predecessors that are
already installed in the cortical plate. Alter-
natively, Reelin may provide a stop signal to
migrating neurons, helping to detach them
from the radial glia, which would then be

free to guide the migration of the next wave
of neurons.

Ectopic expression of Reelin in the ventricu-
lar zone was induced in transgenic mice that
expressed the Reelin cDNA under control of
the nestin promoter. Interestingly, Reelin
expression in the ventricular zone did not stop
premature neuronal migration but partially res-
cued the Reeler phenotype—namely, the
restoration of preplate splitting but not of the
normal, inside-to-outside gradient of cortical
plate formation (220). Similarly, addition of
Reelin to a Reeler slice in culture partially res-
cued the Reeler phenotype, with induction of
preplate splitting and development of a better
defined cortical plate, suggesting that the tissue
localization of Reelin was not essential to its
activity (204). These data argue against a direct
attractant or stop signal effect of Reelin. How-
ever, Reelin may allow neurons to respond to
another signal present that is in the marginal
zone, or reception of the Reelin signal may
require another cue present in the marginal
zone; for example, Reelin may concentrate
locally by binding to a component of the ECM.

Finally, recent observations point to a possible
role of Reelin not only on end-migrating neu-
rons but also on radial precursor cells. ApoER2,
VLDLR, and Dab1 are expressed in radial glia
precursors (221), and recombinant Reelin induce
branching of glial processes in vitro (222). There-
fore, Reelin may affect the differentiation of the
glia via a Dab1-dependent mechanism. In the
Reeler mouse, the radial glial scaffold fails to
form normally and this may also impact on the
radial migration of cortical neurons. Reelin,
Dab1, and Reelin receptors are expressed in
neural stem cells and may be important for their
migration and differentiation during embryoge-
nesis and in the adult brain (223).

Downstream Elements 
of the Reelin/Dab1 Pathway

Increased phosphorylation of the micro-
tubule-associated protein τ is present in mice
that are deficient in Reelin, Dab1, or both
VLDLR and ApoER2 (183,224). Strain back-
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ground has a major influence of this phenome-
non, suggesting the presence of modifier genes
that need to be further identified (225). Reelin
stimulation of cultured neurons triggers the
interaction of Y-phosphorylated Dab1 with the
regulatory p85α-subunit of PI3K and increases
Akt phosphorylation at S473 and GSK-3β
phosphorylation at S9 in a VLDLR-, ApoER2-,
and Dab1-dependent manner (175,224,226).
GSK-3β acts on many downstream targets that
include τ and the microtubule motor kinesin
(227). In an astrocyte scratch wound assay, this
is regulated by the Par6–aPKC complex, which
promotes the polarization of the centrosome
and controls the direction of cell protrusions
(51). Unfortunately, disruption of the murine
GSK3β gene results in embryonic lethality at
13.5 and 14.5 d (228), precluding analysis of its
role in cortical development.

The aPKC (ζ and λ/ι) also phosphorylate
GSK3β at S9, and we recently showed that
inhibition of aPKC in a Slice culture induces a
Reeler-like phenotype. However, additional
data are needed to more accurately assess
whether aPKCs interact directly with, or in
parallel to, the Reelin pathway (217).

As summarized earlier, Cdk5/p35, another
main τ kinase, is implicated in neuronal migra-
tion. Cdk5 null mice die shortly after birth,
with defective migration in the cerebral cortex,
cerebellum, and hippocampus (229). The activ-
ity of Cdk5 is not affected by Reelin stimula-
tion of primary neuronal culture and is
unchanged in mice with mutations of Reelin,
Dab1, or VLDLR and ApoER2 (226). The phos-
phorylation of Dab1 by Cdk5 is independent of
Reelin (179). Mice lacking both Cdk5/p35 and
Reelin/Dab1 exhibit some synergistic pheno-
types, but most defects in neuron migration
are additive, suggesting that Reelin and Cdk5s
do function in parallel rather than serially
(180). Both pathways affect τ phosphorylation,
but τ knockout animals display normal brain
organization and neuronal migration (230).
However, functional redundancies between τ
and other microtubule-associated proteins
such as mitogen activated protein-1B must be
taken into account (231,232).

Reelin and Axonal Guidance

In addition to its role in architectonic devel-
opment, Reelin has been suggested to influ-
ence axonal guidance (233). Hippocampal CR
cells are able to guide entorhinal axons to the
stratum lacunosum moleculare. However, hip-
pocampal afferents successfully reach their tar-
get in Reeler mice, despite a significant delay
(234,235), and we showed that Reelin is neither
attractive nor repulsive for embryonic cortical
axons (236). In this regard, Teillon et al. (237)
showed that Reelin expressed in the accessory
olfactory system does not provide a guidance
cue for vomeronasal axons. Thus, the effect of
the Reelin deficiency on axons may be sec-
ondary to the profuse architectonic malforma-
tion resulting from the absence of Reelin.

Concluding Remarks

Neuronal migration is a complex biological
mechanism in which the Reelin signal plays a
key part in instructing neurons to achieve a
normal differentiation when they reach their
final destination at the end of radial migration.
Reelin signaling seems very different from
canonical signal transduction pathways, mak-
ing it quite refractory to mechanistic dissec-
tion. The involvement of a coreceptor and the
putative role of Reelin processing remain open
issues, and events downstream of Dab1 phos-
phorylation have only started to yield to inves-
tigation. We hope that improvements of in
vitro techniques to study radial migration will
enable identification of the different compo-
nents of the signal and, most of all, better
understanding of the overall control that
Reelin exerts on end migrating neurons.
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