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In recent years, remarkable contributions to our under-
standing of how the brain develops have come from the
field of genetics. The study of brain development is im-
portant, not only to further our understanding of this
complex phenomenon, but because gross brain malfor-
mations are now recognized to cause significant pro-
portions of cognitive and neurologic disorders. When
the cerebral cortex fails to form properly, the result is
often severe mental retardation. Even mild dysgenesis of
the cortex is frequently associated with epilepsy. Modern
genetics affords us the opportunity to explain these de-
velopmental mishaps at a molecular level and provides
critical insight into nature’s program for brain devel-
opment, adding an important new dimension to the ex-
tensive neuroanatomic work of the last 100 years.

Neurons that populate the adult cortex are not born
in place. Instead, they are born deep within the brain,
in the germinal layer of the ventricular zone, which de-
velops from the lining of the lumen of the neural tube.
To get to their proper adult location, most cerebral cor-
tical neurons migrate hundreds to thousands of cell body
lengths along tracks of radially oriented glial cells, which
stretch from the ventricular zone to the outer, pial sur-
face. These cortical neurons migrate in waves to build
layers in the cortex, with each successive wave migrating
past earlier-born neurons to add a more superficial layer
(fig. 1A). This migration pattern is referred to as “inside
out” and must be faithfully executed for the adult cortex
to form and function properly. When migration is com-
plete, the cortex is a six-layered structure (fig. 1B), with
each layer comprising different types of neurons that
form discrete connections within the CNS and perform
distinct functions.
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Several groups of researchers, hoping to identify the
causes of various epilepsies and cognitive disorders, have
applied genetics to the study of cerebral cortex devel-
opment and neuronal migration. These cloning efforts
have been remarkably successful over the past few years,
uncovering several genes that, when mutated, cause dis-
orders of neuronal migration and cerebral cortical de-
velopment in mice and in humans.

Insights from Mouse Mutants

In the classic mouse mutant, reeler, the layers of the
cortex are nearly inverted relative to the wild type, and
the cerebellum is significantly underdeveloped. The
reeler gene, Reln, was cloned in 1995 (D’Arcangelo et
al.), and the protein, reelin, was found to resemble ten-
ascin and other large extracellular matrix molecules. On
the basis of its restricted pattern of expression in the
brain (fig. 1A), reelin is thought to act as a stop signal
for migrating cortical neurons (D’Arcangelo et al. 1995)
as well as cerebellar Purkinje cells (Miyata et al. 1996),
instructing them to release from the radial glial cells and
to begin to differentiate. The receptor for reelin has not
yet been identified, however, and thus the mechanism by
which this protein transmits a signal to migrating neu-
rons is still unknown.

The scrambler mouse is behaviorally and morpholog-
ically indistinguishable from the reeler mouse (Gonzalez
et al. 1997), an observation that led many to expect the
scrambler gene to encode the receptor for the reelin pro-
tein. The identification of the scrambler gene as Dab1
(Sheldon et al. 1997; Ware et al. 1997), encoding a cel-
lular protein that interacts with nonreceptor tyrosine ki-
nases like Src and Abl (Howell et al. 1997), came as a
surprise. However, recent evidence suggests that Dab1
and reelin do lie within a common signaling pathway.
Dab1 is upregulated in the absence of reelin in vivo (Rice
et al. 1998), and reelin induces phosphorylation of Dab1
when applied to neurons in culture (Howell et al. 1999).
It is therefore possible that Dab1 binds an intracellular
domain of the receptor for reelin, and it may be possible
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Figure 1 Normal and PH cerebral cortical development. A, Neu-
rons are formed deep within the germinal layer of the ventricular zone
(VZ) and migrate through the cell sparse intermediate zone (IZ). Newly
formed neurons migrate along radially oriented glial cells, past all
earlier-formed neurons, to form a new superficial layer in the cortex.
The exception to this rule is the marginal zone (MZ), which remains
the external layer throughout development though its neurons are the
earliest formed. These MZ, or layer I, cells secrete reelin and may act
as a stop signal for subsequent waves of migrating neurons. Earlier-
formed neurons are lighter; later-formed neurons are shaded darker.
B, The mature cortex has six layers, each with different cell types that
make distinct connections within the CNS. After migration is complete,
the radial glial cells lose their extended morphologic structure and
condense into astrocytes (not shown). C, A magnetic resonance image
(MRI) of a normal human cortex, showing ventricles with a smooth
neuroepithelial lining. D, In PH, subsets of neurons of various types
fail to exit the VZ and remain as clumps, or nodules, of differentiated
neurons, often making connections within the CNS. A proper, six-
layered cortex also forms. E, MRI of a PH cortex. Arrows indicate a
continuum of nodules lining the neuroepithelium of the right ventricle.
The ventricles also appear enlarged. An asterisk indicates an area of
the left ventricle that is free from heterotopias. F, A postmortem section
of a PH cortex, with arrows again indicating a continuous lining of
nodules along the right ventricle.

to isolate this elusive reelin receptor by taking advantage
of this interaction.

The targeted disruption of Cdk5, which encodes a
protein that resembles cyclin-dependent kinases (Gil-
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more et al. 1998), leads to defects in cortical lamination
that are similar but not identical to the defects seen in
the reeler and scrambler mice. Similar defects occur in
mice that lack p35, a brain-specific regulator of Cdk5
(Chae et al. 1997). Like the reeler and scrambler mice,
the CdkS5-deficient mice have a severe defect of the cer-
ebellum, likely reflecting the importance of granule cell
migration in the development of this structure and in-
dicating that neuronal migration in both the cortex and
cerebellum may employ a common mechanism. Recent
work suggests that CdkS and p3$5 act in a signal trans-
duction pathway with the small GTPase Rac and the
p21-activated protein kinase family member Pak1 (Ni-
kolic et al. 1998). Rac and Pak1 are known to localize
to the leading edge of neurites during outgrowth through
interactions with the actin cytoskeleton (Nikolic et al.
1998), and it may be through this cytoskeletal interac-
tion that Cdk5/p35 regulates neuronal migration.

Human Disorders of Neuronal Migration

Two genes have been identified recently that, when
mutated in humans, produce a severe cortical defect
called lissencephaly, or “smooth brain.” In lissencephaly,
neurons migrate only partially toward their proper cor-
tical destination so that a mature cortex, possessing gyri
and sulci, fails to form. Patients are left with profound
mental retardation and epilepsy. LIS1, the gene for an
autosomal form of lissencephaly, was isolated in 1993
(Reiner et al.) and encodes a protein similar to the 3
subunit of heterotrimeric G proteins. LIS1 functions as
a regulatory subunit of platelet-activating factor acetyl-
hydrolase (PAF-AH), an enzyme that degrades the bioac-
tive lipid PAF (Hattori et al. 1994). A reduction in the
migration of cerebellar granule cells in vitro occurred on
treatment with a PAF agonist (Bix and Clark 1998),
implying that LIS1 function in PAF-AH is related to its
essential role in migration. Interestingly, LIS1 has been
shown to colocalize with microtubules and to promote
their stabilization (Sapir et al. 1997), and an ortholog
of LIS1 in Aspergillus nidulans, nudF, mediates nuclear
translocation, probably by interacting with microtubules
(Morris et al. 1998). Thus, it may be through micro-
tubules that LIS1 exerts it effects on migration, perhaps
as a component of PAF-AH.

The second lissencephaly syndrome, whose gene was
recently cloned, is X-linked. Female patients present as
mosaics with a less severe, although striking, “double
cortex” phenotype, in which a second band of cortical
neurons exists within the white matter below the true
cortex. The gene for this double-cortex/X-linked lissen-
cephaly syndrome, doublecortin (DCX), encodes a novel
protein (des Portes et al. 1998; Gleeson et al. 1998).
Extensive mutational analysis (Gleeson et al. 1999) and
sophisticated protein modeling have uncovered potential
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protein-protein interaction domains of DCX, and recent
work has again implicated an interaction with micro-
tubules through which DCX may exert its effect on mi-
gration (Gleeson et al., in press). The interaction of both
LIS1 and DCX with microtubules may explain the strik-
ing similarities between the lissencephalic phenotypes
produced by mutations in these two genes. A direct mo-
lecular link between these proteins has yet to be dem-
onstrated, however.

Although it is apparent that more than one molecular
mechanism will be defined by the various murine and
human neuronal migration disorders mentioned, these
disorders do share one common feature. In each disorder,
cortical neurons migrate some distance, sometimes com-
pletely, into the developing cortex. A human disorder
that seems to violate this central tenet, and that therefore
might define an additional molecular mechanism that is
absolutely required for neuronal migration of any kind,
is periventricular heterotopia (PH).

PH

PH differs from each of the mentioned disorders of
neuronal migration in that migration is neither misdi-
rected nor interrupted; instead, there is a total failure of
migration of some neurons. Consequently, many neu-
rons remain in the ventricular zone as clumps or nodules
of differentiated neurons, while the remainder of the
neurons migrate normally and completely to form the
propert, six-layered cortex (fig. 1D—F). This cortex func-
tions surprisingly well, despite the presence of a large
population of ectopic neurons, as most patients with PH
have normal intelligence. PH is an X-linked dominant
disorder that displays embryonic hemizygous male le-
thality (Eksioglu et al. 1996). PH is therefore generally
regarded as a cell-autonomous mosaic phenotype, in fe-
males, due to random X inactivation, where neurons that
express the mutant X chromosome fail to migrate and
neurons that express the normal X chromosome migrate
properly. The major neurologic manifestation in female
patients is epilepsy, ranging in severity from mild to in-
tractable, with the age at onset usually in the mid teens.
Many patients with PH also present with cerebellar
anomalies, a common finding among disorders of neu-
ronal migration, and some show defects of the corpus
callosum (Fox et al. 1998). This latter finding may sug-
gest some additional defect in long-range axonal path
finding in these patients.

The identification of the PH gene began with linkage
mapping to Xq28 (Eksioglu et al. 1996), which was
followed by the study of a chromosomal rearrangement
and candidate gene analysis. This work implicated the
well-characterized filamin 1 (FLN1) gene (also known
as FLNA, actin-binding protein 280, ABP-280, and non-
muscle filamin) as causative in PH (Fox et al. 1998). We
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identified several loss-of-function, likely null, mutations
at the 5" end of the coding region in a large pedigree, a
small pedigree, and several sporadic patients, and we
demonstrated for the first time that FLN1 shows a high
level of expression in the developing mammalian brain
(Fox et al. 1998).

FLNT

FLN1 is a 280-kD actin-binding protein composed
almost entirely of 24, 96 amino acid repeats, interrupted
only by two flexible hinge regions (Gorlin et al. 1990).
The exception is the N terminus, which encodes an actin-
binding domain similar to that of dystrophin. The 24th
repeat is truncated, allowing dimerization of two FLN1
molecules at the C terminus (Gorlin et al. 1990). FLN1
dimers bind membrane-associated proteins such as 81
and 32 integrins (Sharma et al. 1995; Loo et al. 1998),
tissue factor (Ott et al. 1998), and presenilin 1 (Zhang
et al. 1998). FLN1 can also bind other membrane-as-
sociated molecules, such as glycoprotein Ibe, through
repeats further from the C terminus (Meyer et al. 1997).

FLNT1 is the most widely expressed of the family of
filamins, appearing to some degree in most cell types
except muscle. The filamins were originally identified as
high-molecular weight biochemical activities that
caused purified actin to gel and precipitate (Hartwig and
Stossel 1975). FLN1 promotes orthogonal branching of
actin filaments (Gorlin et al. 1990) and is important for
coagulation and vascular development. FLN1 binds the
intracellular domain of glycoprotein Iba in platelets
(Meyer et al. 1997). Mutation of glycoprotein Iba results
in the bleeding disorder known as Bernard-Soulier syn-
drome (Nurden et al. 1981). FLN1 also binds the in-
tracellular domain of tissue factor in vascular cells. The
extracellular domain of tissue factor initiates the extrin-
sic coagulation cascade, and tissue factor also functions
to maintain vascular integrity in the developing embryo
(Ott et al. 1998). Targeted disruption of tissue factor in
mice causes embryonic lethality due to widespread hem-
orrhage (Bugge et al. 1996). These coagulation and vas-
cular-related functions of FLN1 likely account for the
prenatal male lethality observed in most pedigrees, a
hypothesis supported by the birth of a male infant to a
mother with PH, who shared her affected haplotype, and
who died postnatally of severe, widespread hemorrhage
(Fox et al. 1998).

FLNT1 is important for the migration of several non-
neural cell types, such as macrophages (Stendahl et al.
1980) and cultured melanocytes (Cunningham et al.
1992). Melanocytes lacking FLN1 show defects in fil-
opodia formation and abnormal surface blebbing, which
are corrected on transfection with FLN1-expressing
clones (Cunningham et al. 1992). Further, melanocytes
lacking FLN1 fail to accumulate actin at sites of me-
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chanical stress (Glogauer et al. 1998), implying a nec-
essary role for FLN1 in promoting the assembly of the
cortical actin network. Motile Dictyostelium amoebae
that lack ABP-120, a FLN1 homologue, show profound
defects in actin cross-linking and cytoskeletal structure
(Saxe 1999 [in this issue]) that disrupts pseudopod for-
mation, cell motility, and chemotaxis (Cox et al. 1996).
Restoring ABP-120 activity rescues each of these phe-
notypes. Taken together, these findings argue strongly
that FLN1 creates or maintains actin networks at the
leading edge of motile cells that are required for the
migration of these cells.

FLNT in the Developing Cortex

FLN1 may act in migrating neurons of the cortex the
same way it acts in nonneural, migratory cell types, by
structuring actin networks at the leading edge of motile
cells. It is not surprising that the actin cytoskeleton is
essential for migration of axonal growth cones and neu-
rons because structured actin networks are required for
filopodia and lamellipodia formation within the leading
edge of migrating neurons (Rivas and Hatten 1995) and
migrating growth cones (Letourneau and Shattuck
1989). Treatment of migrating cerebellar granule cells
with cytochalasin C to disrupt actin filaments completely
blocks migration (Rivas and Hatten 1995). Cross-link-
ing of actin filaments in lamellipodia and bundling of
actin filaments in filopodia are important for the for-
mation of these structures and therefore for leading edge
migration in both growth cones and migrating neurons.
FLNT1 could be required for promoting or maintaining
these actin networks, and it may act in conjunction with
the Cdk5/p35/Rac/Pak1 complex to regulate neurite out-
growth (Nikolic et al. 1998). An adapter molecule, Trio,
that binds to and activates Rac, also binds FLN1 (Bel-
langer et al. 1998). Thus, the association of Cdk5/p35
with the cytoskeleton might be mediated through FLN1,
or FLN1 may be a substrate for Cdk5 phosphorylation.
This latter idea is supported by the identification of sev-
eral potential Cdk5 phosphorylation sites near the C
terminus of FLN1 (Fox et al. 1998).

This first model of FLNT1 function is straightforward,
postulating that, in FLN1-deficient neurons, part of the
essential migratory motor is defective and that these de-
fective neurons are wholly incapable of migration. An
alternative model proposes that FLN1 acts earlier in de-
velopment, not as a component of the migratory motor
but instead as a component of a switch that is required
for a neuron to become competent for subsequent mi-
gration. In the latter model, FLNT1 still functions by
structuring actin networks at the cell periphery, but in-
stead of acting at the leading edge of the migrating neu-
ron, FLN1 maintains a static focal contact between a
stationary neuron and a neighboring radial glial cell.
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This tight association may facilitate the exchange of
chemical signals between the neuron and glial cell that
promote neuronal migration. Candidates for mediating
this association may be found in the family of integrins,
which FLN1 is known to bind (Sharma et al. 1993;
Glogauer et al. 1998; Loo et al. 1998) and which are
required for neuron-glial interactions in the developing
cerebellum and cortex (Anton et al. 1999).

Other models may be invoked to explain the total
failure of neuronal migration in PH. Unfortunately, it
will not be practical to distinguish among the possible
roles for FLN1 in the brain by studying the human cor-
tex. Generation of a targeted disruption of the Fln1 gene
in the mouse may reproduce the PH phenotype in an
organism more amenable to anatomic and molecular
genetic studies.

Conclusions

We are in the earliest stages of understanding the ge-
netics of development of the cerebral cortex. Although
no clear molecular pathway has yet been revealed, ge-
netic analyses appear to have defined at least three dis-
tinct stages of migration. The first is a premigratory
stage, during which FLN1 bestows migrational com-
petence to newborn neurons. The second stage is the
migratory phase, which depends upon the function of
DCX and LIS1, possibly for nuclear migration, and
which may also rely upon the Cdk5/p35/Rac/Pak1 com-
plex to regulate actin dynamics at the leading edge of
migrating neurons. In the third and final stage, reelin
and Dab1 transmit a stop signal to neurons, instructing
them to end migration and to release from radial glia.
The concerted effort of the players at each stage guides
a neuron from just after its birth in the ventricular zone,
through its long migration into and through the devel-
oping cortex and until it comes to rest in a new cortical
layer.
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