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Abstract

The spectrum of neuronal migration disorders (NMD) in humans encompasses developmental
brain defects with a range of clinical and pathological features. A simple classification
distinguishes agyria/pachygyria, heterotopia, polymicrogyria and cortical dysplasia as distinct
clinico-pathological entities. Many of these conditions are associated with intractable epilepsy.
When considering the pathogenesis of NMD, a critical developmental process is the migration of
neuroblasts along the processes of radial glia during the formation of the layered structure of the
cerebral cortex. In addition, faulty cytodifferentiation and programmed cell death play important
roles in the generation of dysplasias and heterotopias respectively. A number of genes have been
identified that participate in the regulation of neuronal migration. Mouse models, in which these
genes are mutated, provide insight into the developmental pathways that underlie normal and
abnormal neuronal migration.

Introduction

Neuronal migration disorders (NMD) are developmental malformations of the cerebral
hemispheres, frequently associated with severe epilepsy in children and adults. They can be
defined as “cerebral malformations characterised by malpositioning and faulty
differentiation of cortical grey matter”. Clinically and pathologically, the spectrum of NMD
is complex and several classification schemes have been suggested. The purpose of this
article is to review the main types of NMD in terms of their pathological and clinical
characteristics, and to relate the origin of these defects to the main cellular events that
comprise the development of the layered structure of the mammalian cerebral cortex. Recent
studies on animal models of NMD are reviewed with the aim of defining the critical
embryonic/fetal developmental events that are disturbed, leading to NMD.

Clinical/pathological subtypes of NMD

One simple pathological classification of NMD distinguishes: (1) agyria/pachygyria
(including lissencephaly), (2) heterotopia, (3) polymicrogyria and (4) cortical dysplasia
(Figure 1).
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1. Agyria/pachygyria

This refers to the condition of absent or abnormally broad gyri in the cerebral hemispheres, a
condition known clinically as lissencephaly (smooth brain). Agyria/pachygyria is associated
with mental retardation and severe epilepsy and comprises several subtypes. These include
syndromic Miller-Dieker lissencephaly and the Isolated Lissencephaly Sequence (Dobyns et
al. 1993), both of which are frequently associated with genetic deletions or mutations
affecting the LIS1 gene on chromosome 17p13.3 (Hattori et al. 1994; Reiner et al. 1993). An
X-linked form of lissencephaly was recently found to result from mutations in a novel gene,
doublecortin, that maps to Xq22.3-Xg23 (Des Portes et al. 1998; Gleeson et al. 1998).

2. Heterotopia

These are misplaced neurons within the white matter of the cerebral hemispheres that may
serve as foci for epileptogenic activity (Raymond et al. 1994). There is a wide spectrum of
severity ranging from isolated grey matter nodules in the marginal zone or peri-ventricular
regions, to broad ‘band’ heterotopias in the sub-cortical white matter. An X-linked gene has
been identified in families exhibiting peri-ventricular heterotopias (Eksioglu et al. 1996),
while the doublecortin gene has been implicated in the aetiology of band heterotopia in
females (Des Portes et al. 1998; Gleeson et al. 1998).

3. Polymicrogyria

This is a condition in which there is excessive folding of an abnormally thin cortex which
can be focal or generalised. In some cases, the gyri are apparently ‘“fused’, giving a false
impression of a smooth brain surface. The polymicrogyric appearance is evident from brain
sections. Clinically, mental retardation and severe epilepsy are common findings. The
aetiology is generally considered more related to environmental insults, for instance
intrauterine ischaemia or infection, than to developmental abnormalities of genetic origin
(Harding and Copp, 1997).

4. Focal cortical dysplasia

Nodules of atypical cortical structure are common causes of intractable epilepsy, which
often require neurosurgical intervention to suppress the seizures (Taylor et al. 1971). The
appearance is of abnormal neuronal and glial morphology and positioning, with associated
lamination defects. Neurons are frequently enlarged, exhibit atypical Nissl staining and
bizarre dendritic tree structures. ‘Balloon cells’ are characteristically found in dysplastic
cortex; these cells appear to be arrested in their progression along the glial pathway of
cytodifferentiation. Cells of indeterminate neuronal/glial identity are also observed (Vinters
et al. 1992). More extensive lesions, with similar cytopathology, may involve large areas of
one hemisphere (e.g. one form of hemimegalencephaly) or may be multi-focal, as in
tuberous sclerosis.
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Development of the cerebral cortex - overview of the embryonic and fetal

events

The cerebral cortex arises from the telencephalic vesicle of the embryonic forebrain. Early
specification of the forebrain depends on appropriate expression of a number of homeobox-
containing and winged helix-containing genes, including members of the Otx, Emx, DIx, BF,
Mf, Lhx and Gsh families. Loss of function of several of these genes in mice leads to
structural abnormalities in forebrain specification and development (Szucsik et al. 1997;
Porter et al. 1997; Labosky et al. 1997; Yoshida et al. 1997; Matsuo et al. 1995; Qiu et al.
1995; Acampora et al. 1995). Mutations in the EMX2 gene have been found in humans with
schizencephaly (Brunelli et al. 1996).

The primitive neuroepithelial cells of the embryonic neural tube are the precursors of
neurons and glia within the central nervous system. These cells undergo many cycles of
proliferation in the ventricular zone of the first trimester cerebral wall and then exit from the
cell cycle, leave the ventricular zone and migrate centrifugally, in a series of waves, across
the intermediate zone to form the layered structure of the cerebral cortex (Rakic, 1972). This
process occupies the eighth to fourteenth weeks post-fertilisation in human development and
occurs between embryonic days 11 and 18 in the mouse (Gillies and Price, 1993).

The earliest migrating neuroblasts form a transient structure, the pre-plate, between the pial
surface and the intermediate zone, which subsequently becomes split into deep and
superficial layers by later-migrating neuroblasts which form the cortical plate. Most pre-
plate neurons are lost by programmed cell death during subsequent fetal development (Price
et al. 1997; Allendoerfer and Shatz, 1994). The deep component of the pre-plate, called the
sub-plate, plays a role in axonal guidance by serving as an intermediate target for the axons
of thalamic neurons during their ascent to synapse with the cortical plate neurons
(Allendoerfer and Shatz, 1994). The superficial layer of the pre-plate forms the cell-sparse
marginal zone. The resident Cajal-Retzius neurons, which characterise the marginal zone,
are the remnants of the pre-plate neurons.

The cortical plate is constructed from inside to outside, with later-arriving cells migrating
past early-arriving cells, to populate progressively more superficial layers (Sidman and
Rakic, 1973). The cortical plate thus expands as development proceeds, giving rise to the
bulk (layers Il to V1) of the definitive cerebral cortex (Figure 2). Studies with the developing
ferret brain have shown that the final layer occupied by the migrating neuroblasts is
determined while the cells are still resident in the ventricular zone, prior to the onset of
migration (McConnell and Kaznowski, 1991). It appears that a ‘clock’ is running in the
ventricular zone, closely related to the cell cycle, so that progressively later-emerging post-
mitotic neuroblasts are determined to migrate to more superficial layers of the cortex than
earlier-emerging neuroblasts. The precise nature of this cellular clock is unknown.
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Possible cellular disturbances underlying human “neuronal migration
disorders”

Although many types of developmental brain disorder are conventionally grouped within the
NMD spectrum, close examination of each pathology suggests that disordered neuronal
migration, although critical in the generation of many defects, cannot explain the entire
range of disorders. Other cellular processes, for instance aberrant neuronal
cytodifferentiation and disturbance of programmed cell death, may also be important
pathogenetic factors.

1. Abnormalities of cytodifferentiation

The lesions of focal cortical dysplasia show clear morphological signs of disturbed
cytodifferentiation, with aberrant expression of markers of neuronal and glial differentiation
in dysplastic lesions. It is possible that dysplastic lesions are generated when the
development of neuroepithelial cells becomes arrested at various stages in the progression
towards increased cell specialisation. Clonal analysis in experimental animals indicates that
the decision to follow a pathway of neuronal or glial differentiation may occur early in
neuroepithelial differentiation, even prior to the cessation of cell proliferation and exit from
the ventricular layer of the neural tube (Grove et al. 1993). This would suggest that
dysplastic lesions containing cells with intermediate neuronal/glial characteristics must have
a very early origin during prenatal development. On the other hand, recent studies have
identified putative stem cells in the postnatal nervous system that retain the ability to
differentiate along either neuronal or glial lineages (McKay, 1997). This finding would
suggest, therefore, that dysplastic lesions may arise at almost any stage of development, as a
result of the aberrant differentiation of groups of previously multipotential stem cells.

A third possibility is that normally differentiated cortical cells undergo a genetic change,
triggering the development of a dysplastic lesion, and that some of the cells within the lesion
begin to ‘re-express’ genes normally only expressed by cells at an earlier stage of
differentiation, or genes that characterise a different cell lineage. Somatic mutation is
commonly observed in the generation of tumours of many types (knudson, 1986), and has
also been inferred from the finding of ‘loss of heterozygosity” for polymorphic DNA
markers in the lesions of tuberous sclerosis (Green et al. 1994). It remains to be determined
whether somatic mutation or chromosomal damage, followed by clonal expansion, plays a
significant role in the development of dysplastic cortical lesions.

2. Disturbance of programmed cell death

Anomalies of programmed cell death (apoptosis) have been implicated in the pathogenesis
of certain types of NMD, particularly heterotopias (Volpe, 1996; Rorke, 1994). These
suggestions have followed the demonstration that certain neuronal populations, particularly
those derived from the early migrating pre-plate neuroblasts, die by apoptosis during brain
development (Allendoerfer and Shatz, 1994). In recent years, a great deal of information has
emerged on the cellular process of apoptosis, in which cells die as part of a gene expression-
related programme of cytodifferentiation (Jacobson et al. 1997). Both ‘pro-death’ genes (e.g.
Bax, Bad) and “anti-death’ genes (e.g. Bcl) are expressed in cells in varying combinations
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and amounts, under the influence of exogenous influences such as survival factors, for
instance neurotrophins (Davies, 1994), and apoptosis-inducing factors, including proteolytic
fragments of laminin (Chen and Strickland, 1997). The balance within the cell of ‘pro-death’
and ‘anti-death’ gene products determines whether a cell will survive or die.

One critical gene in the apoptotic process is CPP32, a member of the Caspase gene family
which includes genes that mediate the final steps in the molecular pathway leading to
programmed cell death (Salvesen and Dixit, 1997). Mice homozygous for a null mutation of
CPP32 exhibit diminished apoptosis with the presence of heterotopic neuronal masses in the
cerebral cortex (Kuida et al. 1996). Thus, persistence of cells that normally die during brain
development can yield neuronal heterotopias. Such “apoptosis-related’ heterotopias may be
difficult to distinguish from those arising as a result of disturbed neuronal migration, and it
is unclear to what extent failure of programmed cell death should be considered a critical
pathogenetic event in the origin of human NMD.

Failure of neuronal migration: defining the critical events by studies of

mouse mutants

Migration of neuroblasts to form the pre-plate, and subsequently the cortical plate, involves
guidance by the processes of radial glial cells which, at this stage of development, stretch
from the ventricular zone to the pial surface. A growing list of genes is known to regulate
this process of neuronal migration, with NMD involving faulty layering of the cerebral
cortex resulting in the mutant situation (Table 1). Evidence is accumulating, from the
appearance of the brain in mutant individuals, to indicate how the process of neuronal
migration may be disturbed in each of the mutants. The genes listed in Table 1 appear to fall
into several functionally related groups, as follows:

1. Reelin and mdab1l

The genes reelin (D’ Arcangelo et al. 1995) and mdabl1 (Howell et al. 1997; Sheldon et al.
1997; Ware et al. 1997) appear to act early in the pathway of neuronal migration since the
pre-plate does not become split into deep and superficial layers in mice mutant for these
genes. Subsequently, the cortical plate develops with an inverted structure, in which the
early-generated neurons are located superficially and the latest-generated neurons occupy
the most internal positions. This suggests that the reelin and mdabl genes may be needed for
neuroblasts to pass one another as they migrate centrifugally. Reelin is expressed mainly on
Cajal Retzius cells (D’ Arcangelo et al. 1997) and, since these cells are descendants of the
pre-plate, it is possible that reelin expression is also necessary on the pre-plate precursors to
enable the cortical plate precursors to pass through and split the pre-plate. Indeed, reelin
protein is expressed on a population of early-generated neurons in the developing
cerebellum (Miyata et al. 1996).

Reelin is a secreted protein with similarities to the extracellular matrix molecule tenascin,
whereas mdabl encodes a cytoplasmic protein that is likely to function as an adapter
molecule, binding non-receptor tyrosine kinases including Abl and Fyn. In view of the close
similarity between the mutant phenotypes of reeler and mdabl mutants, it has been
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suggested that mdabl may play a role in transducing intracellular signals arising from
occupancy of the putative reelin receptor. Reelin expression is not altered in mdabl mutant
embryos, whereas mdabl expression is up-regulated in reeler mutants (Rice et al. 1998).
These findings suggest that reelin may lie upstream of mdabl in a genetic pathway to
control neuronal migration.

2. Cdk5 and p35

Mice homozygous for null mutations in Cdk5 (Ohshima et al. 1996), or in its binding protein
p35 (Chae et al. 1997), display a different brain phenotype from reelin and mdabl mutants.
Here, the pre-plate appears to be split normally and the early stages of cortical plate
formation are relatively unimpaired. Later-migrating neuroblasts do not appear to be able to
pass these early migrating neurons, with the result that the structure of the cortical plate is
disorganised (Chae et al. 1997). It seems likely, therefore, that Cdk5/p35 mutants fail at a
later stage in the generation of the cerebral cortex from reelin/mdabl mutants. Both Cdk5
and p35 are expressed on post-mitotic, migratory neuroblasts (unusually for genes of the
Cdk family which are usually expressed during the cell cycle) and it seems likely that the
function of these genes may be critical to the later-generated neuroblasts of the cortical
plate.

3. LIS1 and doublecortin

The LIS1 and doublecortin genes have both been implicated in the aetiology of
lissencephaly in humans. Mutations in LISL cause autosomal lissencephaly (Hattori et al.
1994; Reiner et al. 1993), whereas doublecortin mutations are responsible for X-linked
lissencephaly in males and subcortical band heterotopia in females (Des Portes et al. 1998;
Gleeson et al. 1998). As X-inactivation mosaics, females heterozygous for a doublecortin
mutation have two populations of cortical plate neurons: those expressing the wild type
allele and those expressing the mutant allele. It is argued that the subcortical band
heterotopia arises from cortical plate cells that express the mutant doublecortin gene
(Gleeson et al. 1998).

The lissencephaly brain phenotypes are closely similar in both autosomal and X-linked
conditions pointing to a potential interaction between the LIS1 and doublecortin gene
products in neuronal migration. The doublecortin gene product contains a consensus
phosphorylation site for the protein kinase Abl. It could interact with the L1S1 gene product,
the B-subunit of platelet activating factor acetylhydrolase (PAFAH1B1), which is also known
to be bound by protein kinases. Interactions are also possible with the reelin-mdabl
molecular pathway, and this will become clearer as mouse knockouts for these genes
become available (Hirotsune et al. 1998).

4. Genes required for termination of neuronal migration

A further type of gene function is essential to ensure that late-generated neuroblasts
terminate their migration at the boundary between the most superficial layer of the cortical
plate (layer 11) and the marginal zone. The protein kinase C substrate MARCKS appears to
be needed to define the pial basement membrane that serves as the external anchoring point
for radial glial end feet. Homozygotes for a null mutation in MARCKS exhibit aberrant
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localisation of various extracellular matrix molecules, for instance laminin and collagens, at
the pial limiting membrane. Without correct function of these molecules, layer Il neurons
are found heterotopically in the marginal zone or in the subarachnoid space (Blackshear et
al. 1997). We recently found similar abnormalities in mice homozygous for the dreher
mutation (Costa, Harding and Copp, unpublished), in which heterotopic neurons are
observed in the marginal zone of homozygotes (Sekiguchi et al. 1994).

5. Molecules mediating the interaction between neuroblasts and radial glia

A number of molecules have been shown to play a role in mediating the interaction between
neuroblasts and radial glia. These molecules, for instance astrotactin and neuregulin (glial
growth factor) have mainly been studied in cerebellar culture systems and their role in
neuronal migration within the developing cerebral cortex is less well understood. Astrotactin
is a heterophilic cell adhesion protein expressed on migrating neuroblasts that enables their
adhesion to the radial glia and, in addition, regulates the adoption of an extended cell
phenotype by the glia (Zheng et al. 1996). Neuregulin is also expressed on migrating
neuroblasts and, similarly, has a role in modulating radial glial cell shape, possibly via
inducing the expression of brain lipid-binding protein (BLBP). While the glial receptor for
astrotactin is yet to be determined, erbB receptors are known to transduce signals from
neuregulin. Recent studies demonstrate a neuronal migration disorder in mice homozygous
for a knockout mutation of the erbB2 gene (Rio et al. 1997).

Conclusion

This review has demonstrated the range of clinical phenotypes encompassed by the term
‘neuronal migration disorder’, and has highlighted the role played by faulty migration,
differentiation and apoptosis of neuroblasts in the generation of these malformations. The
recent development, in the mouse, of several genetic model systems of neuronal migration
disorder, promises to reveal important information on the underlying molecular and cellular
control mechanisms. It should be borne in mind, however, that brain corticogenesis in the
mouse exhibits certain differences from the corresponding process in humans, for instance
as exemplified by the absence of gyri even in the normal adult mouse brain. Hence, it may
be not always be straightforward to model specific human malformations (e.g.
lissencephaly) using the mouse. Clearly the direct study of humans must proceed in parallel
with the analysis of mouse models, if we are to gain a thorough understanding of neuronal
migration disorders and their functional consequences.
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Figure 1.

Diagrammatic representation of the various types of ‘neuronal migration disorder’, projected
onto the outline of an adult human brain section. Positioning of the different lesions types is
for illustration purposes only, and does not necessarily indicate the most frequent site of
occurrence.
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Figure 2.

Di%\gram to illustrate the formation of the cerebral cortex. This process involves the
centrifugal migration of waves of post-mitotic neuroblasts along the processes of radial glia
(A), to establish the ‘inside-out’ structure of the cortical plate (shown schematically in B).
Late migrating neurons pass earlier migrating neurons, and take up the most superficial
positions in the cortex.
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Table 1

Genes regulating neuronal migration

Genel Species?  Seizures?3  Geneidentification method References 4
Pafahlbl H,M Yes Positional cloning (LISL in human), knockout (Pafah1bl in Mouse) 1
Doublecortin - H Yes Positional cloning (X-linked lissencephaly) 2
Reelin M No Positional cloning (reeler mutant) 3
Mdabl M No Positional cloning (scrambler and yotari mutants) 4
Cdk5 M No Knockout 5
p35 (Cdk5r) M Yes Knockout 6
MARCKS M No Knockout 7
Pax6 H, M No Positional cloning (aniridia in humans, small eye mutant mouse) 8
ErbB2 M No Knockout 9
Neuregulin R - Antibody studies in vitro 10
Astrotactin M - Antibody studies in vitro 11

Page 13

1Pafahlbl is platelet activating factor acetylhydrolase 31 subunit; mdabl is mouse disabled 1; Cdk5 is cyclin dependent kinase 5; MARCKS s
myristoylated alanine-rich C kinase substrate.

2Species in which gene has been identified or mainly studied: H, human; M, mouse; R, rat.

Seizures have been described in humans with mutations in genes affecting neuronal migration, but not in all mouse models. This may reflect
insufficiently detailed study of some of the mouse mutants.

4 . . .
References: 1, (Hirotsune et al. 1998; Hattori et al. 1994; Reiner et al. 1993); 2, (Des Portes et al. 1998; Gleeson et al. 1998); 3, (D’Arcangelo et
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al. 1995); 4, (Howell et al. 1997; Sheldon et al. 1997; Ware et al. 1997); 5, (Ohshima et al. 1996); 6, (Chae et al. 1997); 7, (Blackshear et al. 1997);
8, (Schmahl et al. 1993; Caric et al. 1997); 9, 10, (Anton et al. 1997; Rio et al. 1997); 11, (Zheng et al. 1996; Fishell and Hatten, 1991).



