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DEFINITION
Lissencephaly, derived from the Greek 

works “lissos” meaning smooth and 
“enkephalos” which means brain, is a de-
scriptive term defining a class of human 
cerebral malformations characterized by 
the agyric surface of the brain. In fact, 
most cases of lissencephaly do not have 
a complete loss of gyri; often the most 
ventral and medial gyri are relatively 
spared along with other brain regions that 
are variable preserved depending on the 
specific genetic mutation. 

e underlying defect in lissencephaly 
is a defect in cell migration. Cell mi-
gration has been implicated in many 
disorders (chapters 5, 6, 7, 9); however, 
lissencephaly, along with heterotopia, are 
the only disorders that are clearly patho-
genetically proven to be cell migration 
defects. Resulting from a slowing or delay 
in cell migration and not an absolute loss 
of movement, a second hallmark of lis-
sencephaly is a thickening of the cerebral 
cortex. In addition to the absence of gyri 
and the thickening of the cerebral cortex, 
brains from patients with lissencephaly 
may show a variety of associated malfor-
mation. 

Lissencephaly is not a single malforma-
tion, but a descriptive term applied to 
many malformations with distinct genetic 
etiologies. is chapter will focus on the 
lissencephalies associated with a failure in 
normal cell migration as opposed to the 
next chapter that will examine the lissen-
cephalies resulting from an apparent over 
migration of neurons (chapter 5). Het-
erotopia, also a migration disorder, will be 
addressed in chapter 7. e lissencepha-
lies described in this chapter have also 

been referred to as type I lissencephaly or 
classical lissencephaly. For the purposes 
of this chapter these disorders will be 
defined as type I lissencephaly. As the 
genetic basis of lissencephaly continues to 
be delineated, these definitions will likely 
evolve to include specific genetic defects. 

SYNONYMS AND HISTORICAL 
ANNOTATIONS

Lissencephaly, agyria and pachygyria 
have, at various times, been used to 
describe an overlapping spectrum of 
disorders. Pachygyria has generally been 
reserved for cases with patchy or focal 
malformations whereas agyria and lissen-
cephaly are used to describe a diffuse mal-
formation of the cerebral hemispheres. 
Recent studies indicate the same genetic 
mutation can give a spectrum of disorders 
ranging from localized lissencephaly or 
pachygyria to diffuse lissencephaly. An 
understanding of how the same mutation 
can give rise to distinct morphological 
anomalies is beginning to be understood. 
However, it is also important to recognize 
that this may not be the only explanation 
for pathological heterogeneity.

EPIDEMIOLOGY

Incidence and prevalence. e inci-
dence of type I lissencephaly is difficult 
to estimate due to the paucity of reports. 
e best data comes from the Nether-
lands where 22 cases were identified in 
11.7 million births giving an incidence of 
approximately 1:500 000 (18). As a result 
of diagnostic difficulties and subtleties 
in the classification, this incidence is be-
lieved to be an underestimate by as much 
as 10 fold. 

Sex and age distribution. Type I lis-
sencephaly is often cited to affect males 
and females equally; the presence of at 
least two X-linked forms suggests males 
are affected more frequently. e failure 
of epidemiologic studies to recognize this 
is likely a reflection of the overall low inci-
dence and small numbers evaluated. 

Risk Factors. ere are no known risk 
factors for type I lissencephaly. All cases 

where the etiology is defined are clearly 
genetic in origin. Whether pachygyria has 
environmental, toxic, infectious or other 
associated risk factors remains to be estab-
lished (see below). 

EMBRYOLOGY
Lissencephaly is generally agreed to be 

a defect in radial cell migration. During 
development newly born neurons must 
migrate from the inner most layer of the 
neural tube, where a cell exits the cell 
cycle (defining the birthdate) outwards 
toward the surface of the brain (Figure 1). 
e radial pathway of cell migration was 
first postulated by Ramon y Cajal in the 
1890s and experimentally delineated in 
the 1960s and 1970s (38, 67, 68). Upon 
exiting from the cell cycle, the newly born 
neuroblast associates with specialized glia 
known as radial glial cells. Radial glia are 
bipolar cells with one short process ex-
tended to the adjacent ventricular surface 
and a second projecting to the pial surface 
(66). Recently radial glia have been shown 
to be neural stem cells in addition to their 
role as a scaffold for radial cell migration 
(58). A 2-way signaling process occurs be-
tween the migrating neuron and the radi-
al glial fiber that permits the neuroblast to 
migrate and provides a signal to maintain 
the structure of the radial glial fiber (38). 
is process requires known receptors and 
ligands such as neuregulin and ErbB4 (2, 
70), cell adhesion molecules (3, 36, 62), 
putative ligands with unknown recep-
tors such as astrotactin (25, 76, 81), and 
extracellular matrix molecules (45) and 
their cell surface receptors (28). Blocking 
any of these components can slow down 
or prevent radial cell migration and thus 
are candidate pathways for the develop-
ment of type I lissencephaly. 

e cerebral cortex of higher vertebrates 
is organized into 6 layers or laminae. 
ese layers are generated in an inside-to-
outside sequence (6). e first cells to exit 
the ventricular zone (VZ) and populate 
the cortical plate (future cortex) segregate 
into 2 specialized cell types. An outer cell 
layer composed largely of Cajal-Retzius 
neurons and an inner layer composed of 
subplate neurons (Figure 1). Once the 
pre-plate is established, subsequent cells 
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migrate out of the VZ and settle between 
these 2 layers. e first cells to arrive will 
eventually reside in the deepest layer, layer 
6. Later born cells will migrate past the 
existing cells to reside in progressively 
more superficial layers (Figure 1).

Cells migrating into the cortical plate 
must also stop at the appropriate location. 
is choice point is essential for normal 
cerebral cortical laminar development. 
Insights into the mechanisms governing 
how cells know when to stop have begun 
to be elucidated through the analysis of 
several mouse mutants. In particular, the 
characterization of the Reeler mutant 
mouse has provided the first insights 
into the process of laminar organization. 
e Reeler mouse was first identified as 
a postnatal behavioral defect (1) and the 
neuropathology has been extensively 
studied (8, 9). In Reeler mutant mice the 
cortical layering appears inverted (8, 9). 
In other words, the first cells of the defini-
tive cortex to migrate out of the VZ end 
up residing in the superficial cortical plate 
and subsequent cells migrate to and stop 
in progressively deeper positions. is 
pattern is opposite of the normal inside 
to outside development of the cerebral 
cortex. e Reelin gene was subsequently 
cloned and shown to encode a putative 
extracellular matrix protein (16). Reelin 
is expressed by Cajal-Retzius cells and 
is found extracellularly in the molecular 
layer (layer 1) (16, 17, 60). ese data 
suggest Reelin is required for the normal 
inside to outside positioning of cells as 
they migrate from the VZ (38, 51). is 
was the first component of a signaling 
pathway guiding cells to the correct loca-
tion in the cerebral cortex. Confirming 
the relationship of radial cell migration to 
type I lissencephaly, mutations in the hu-
man RELN have now been identified in 
patients with lissencephaly and cerebellar 
hypoplasia (42).

GENETICS
Sporadic, autosomal dominant, autoso-

mal recessive, and X-linked inheritance of 
type I lissencephaly are all well defined. 
To date 4 genes have been causally linked. 
e first to be identified was LIS1 on 
chromosome 17p. LIS1 is deleted in all 
patients with the Miller-Dieker syndrome 
(MDS) (see signs and symptoms below 

for more on the MDS) and many patients 
with isolated lissencephaly sequence. e 
more severally affected MDS patients are 
likely a reflection of larger deletions that 
include other genes. Recent evidence sug-
gests one of the critical genes for the more 
severe neurologic and neuropathologic 
abnormalities in patients with the MDS 
is the loss of 14-3-3e, located telomeric 
to LIS1 (11, 46, 79). e LIS1 transcript 
encodes a 410 amino acid protein known 
as LIS1, or PAFAH1B1 (see below). 

e second gene to be identified 
was XLIS, which encodes doublecortin 
(DCX) (19, 31). DCX is a microtubule 
associated protein, however its exact func-
tion remains uncertain (32). XLIS maps 
to Xq22.3-23 and mutations result in 
lissencephaly in males. Females heterozy-
gous for XLIS show subcortical band het-
erotopia (33), the presence of the normal 
overlying cortex and the subcortical band 
of cortical neurons presumably reflecting 
2 populations of migratory neurons that 
are distinguished by normal Lyonization 
(X chromosome inactivation). ose cells 
randomly inactivating the X chromosome 
with the mutant allele will only express 
the normal allele and should migrate 
normally to form the cortex. Cells inacti-
vating the normal allele will only express 

the mutant allele and will not migrate 
normally, thus residing in the subcortical 
region. 

e third gene to be identified was 
RELN (42). RELN is required for normal 
migration into appropriate layers. Reeler 
mice show an inverted cortex and severe 
migrational anomalies of the cerebellum 
(8, 35). An autosomal recessive form of 
lissencephaly with cerebellar hypoplasia 
characterizes patients with RELN muta-
tions. Lymphedema and neuromuscular 
problems are seen in some patients (42).

e most recently identified gene is the 
transcription factor ARX (49). Mutations 
in this gene, which is also located on the 
X chromosome, result in lissencephaly 
and ambiguous genitalia in males. e 
spectrum of disorders in females is more 
heterogeneous but does not appear to 
include lissencephaly.

CLINICAL FEATURES

Signs and symptoms. e clinical pre-
sentation of all type I lissencephaly syn-
dromes show considerable overlap. Most 
patients exhibit moderate to severe devel-
opmental delay and neuromotor impair-
ment. Patients with isolated type I lissen-
cephaly most commonly have profound 

Figure 1. Schematic outline of early mouse cortical development. At E 8.5 the wall of the neural 
tube consists of a pseudostratified neuroepithelium (band of blue cells). Cell processes maintain 
contact with both the inner (bottom of figure) and outer (top of figure) surfaces of the neural tube. 
However, the nucleus migrates according to the cell cycle with mitoses (M phase) occurring at the 
ventricular surface and S-phase at the pial surface.  At E10, the first cells delaminate from the germinal 
neuroepithelium, which defines the VZ, and form the preplate. The preplate is composed of Cajal-
Retzius neurons (light green cells) and subplate neurons (yellow cells). During the ensuing days those 
VZ cells which exit the cell cycle become neuroblasts (dark blue cells) and migrate from the VZ along 
radial glia (red cells in the VZ) to populate the definitive cortical plate. The neuroblasts that become 
layers II-VI split the preplate, leaving the subplate neurons adjacent to the VZ while the Cajal-Retzius 
cells remain in contact with the pial surface. Cells accumulate from inside-to-out beginning with layer 
6 (purple cells) and ending with layer II neurons (pink cells).
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mental retardation and seizures that are 
often intractable. Infantile spasms may be 
present, however they are most common 
with mutations in ARX (73, 77). Patients 
with isolated lissencephaly may be less se-
verely affected than those with the MDS. 
is is likely due to deletions involving 
14-3-3e in addition to LIS1 (79). 

Patients with type I lissencephaly may 
also exhibit extra CNS abnormalities. Pa-
tients with isolated lissencephaly typically 
have acquired microcephaly and mild 
dysmorphic facial features. In contrast, 
patients with the MDS have bitemporal 
hollowing, hypertelorism, frontal bossing, 
a short-upturned nose, a small jaw and a 
prominent upper lip with a thin vermil-
lion border. Other anomalies occasionally 
associated with the MDS include clinod-
actyly, polydactyly, cryptorchidism, sacral 
dimples and congenital heart defects. 
Patients with ARX mutations exhibit mi-
crophalus (and thus ambiguous genitalia) 
and small adrenal glands giving rise to the 
X-linked lissencephaly with ambiguous 
genitalia (XLAG) syndrome. RELN mu-
tations result in congenital lymphedema 
in a subset of patients.

Imaging. MRI is the modality of choice 
for evaluating the lissencephalic brain for 
structural anomalies. e loss of sulci and 
gyri over the surface of the brain com-
bined with the thickened cerebral cortex 
(1-2 cm in contrast to the normal 0.3-0.5 
cm) is characteristic of type I lissenceph-
aly. In addition, heterotopia, subcortical 
bands, hydrocephalus, and posterior fossa 
anomalies can be evaluated and may be 
helpful in guiding genetic testing. Fur-
thermore, the pattern of the structural 
anomalies of the brain may assist in guid-
ing genetic testing. A loss of posterior gyri 

(occipital) with relative sparing anteriorly 
(frontal lobes; a posterior to anterior gra-
dient) favors a LIS1 mutation, whereas an 
anterior to posterior gradient (more severe 
in the frontal lobes) suggests a mutation 
in DCX (37). An anterior to posterior 
gradient with severe cerebellar hypoplasia 
would favor a RELN mutation. Grading 
of the lissencephaly is generally based on 
the MRI (21). 

Laboratory findings. ere are no spe-
cific laboratory findings associated with 
type I lissencephaly. e 2 families that 
have been described with mutations in 
RELN had an absolute or near complete 
loss of REELIN in their serum suggest-
ing this as a possible diagnostic test for 
patients that fit the phenotype of a RELN 
mutation.

MACROSCOPY
e external surface of the brain from 

patients with lissencephaly reveals a 
marked paucity of gyri and sulci (Figure 
2). e abnormality need not include the 
entire brain and as described above relative 
sparing of the frontal or occipital gyri and 
sulci usually reflects mutations in distinct 
genes. Gross sectioning of the brain re-
veals a markedly thickened cerebral cortex 

and loss of the underlying white matter 
(Figure 3). A transition to a more normal 
thickness of the cortex is seen in areas that 
are grossly spared. Transition areas can 
include areas that have a subcortical band 
heterotopia phenotype. Periventricular 
heterotopia and white matter heterotopia 
may also be observed. In older individuals 
a white matter band can be seen in the 
superficial cortex corresponding to layer 
3. e ventricles are usually generous in 
size. e cerebellum may be hypoplastic 
in some cases, again corresponding to 
the genetic mutation in some patients. 
Inferior olivary dysplasias may be present 
in the medulla of many cases, including 
those with a LIS1 mutation.

Pachygyria is a localized thickening 
of the cortex, which in most other ways 
resembles lissencephaly. It can involve a 
single gyrus or a greater region of one or 
both hemispheres. When extensive and 
bilateral it can be difficult to distinguish 
from lissencephaly, although multifocal 
pachygyria is usually not bilaterally sym-
metric.

HISTOPATHOLOGY
e cerebral cortex of type I lissenceph-

aly is classically described as a 4-layered 
cortex replacing the normal 6-layered 
ribbon (Figure 4). e outermost layer is 
the molecular layer, which contains Cajal-
Retzius neurons in most cases (layer 1). 
Layer 2 is a band of primarily medium to 
large pyramidal neurons that may be cor-
rectly oriented but more often show vari-
able degrees of disorganization. e third 
layer has a decreased density of neurons 
and contains numerous axons, which in 
children older than one to 2 years is my-
elinated. is layer can be seen by neuro-
imaging. Finally, layer 4 is composed of a 
broad band of disorganized neurons (59). 
Layer 4 can be of variable thickness but 
always contains a mixed population of 
small and medium sized neurons that have 
no clear organization or orientation. e 
white matter, which is severely reduced in 
volume, occasionally contains individual 
neurons or collections of neurons forming 
heterotopia. is description corresponds 
to the areas of classic lissencephaly. Sam-
pling other cortical regions give a variety 
of pathological features ranging from a 
normal cortex, through areas where an 

Figure 2. External view of brain with lissencephaly. 
Note the complete absence of gyri and sulci on 
the surface.

Figure 3. Hemisection of brain from patient with 
lissencephaly. The cerebral cortical grey matter 
is markedly thickened and the white matter is 
diminished. Myelination is layer 3 can be seen 
(arrow). There is mild sparing of the temporal 
lobe where some evidence of gyral formation is 
present and the hippocampus is preserved. 
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apparently normal 6 layer cortex exists 
but a subcortical band heterotopia is 
present below the cortex separate by a 
swath of white matter. Finally, a disorga-
nized and thickened cortex that does not 
strictly coincide with the classic 4-layer or 
normal 6-layered cortex frequently exists 
(47). Inferior olivary nucleus heterotopia 
and simplification of the inferior olivary 
nucleus, cerebellar cortical dysplasias, and 
corticospinal anomalies may also be pres-
ent (26, 59). 

Pachygyria histologically resembles 
lissencephaly but is more localized, in-
volving only a single gyri upto a lobe. It 
can also be multifocal. Pachygyria charac-
teristically shows a loss of the grey-white 
junction along with the thickening of the 
cortex and the border with normal cortex 
is difficult to identify. is is in distinc-
tion to polymicrogyria (chapter 6) where 
the grey-white junction and the border 
with adjacent normal cortex are usually 
well defined.

IMMUNOHISTOCHEMISTRY AND 
ULTRASTRUCTURAL FINDINGS

Immunohistochemistry with neuro-
filament antibodies is often helpful in 
defining the cortical architecture. Anti-
RELN antibodies can be used to localize 
Cajal-Retzius neurons. Other studies are 
generally non-contributory, including 
Ultrastructural studies. 

DIFFERENTIAL DIAGNOSIS
e differential diagnosis of lissenceph-

aly is limited. When bilaterally symmetric 
and involving the entire brain the primary 
consideration is which gene to study first. 
Features such as the pattern of the lis-
sencephaly by imaging or gross pathol-
ogy, sex, and coexisting malformations all 
guide molecular genetic investigations. In 
less severe cases the differential diagnosis 
may include pachygyria, and this can be 
difficult to distinguish from polymicro-
gyria (chapter 6) and cortical dysplasia 
(chapter 9). Although radiographically 
distinguishable by MRI in some cases, 
this is not always true and only pathology 
can definitively separate out these entities 
in many cases.

EXPERIMENTAL MODELS AND 
PATHOGENESIS

e genes mutated in several human 
disorders of neuronal migration also 
provided a basis for linking the cytoskel-
eton to neuronal migration. e human 
LIS1 gene was positionally cloned from 
patients with MDS and isolated lissen-
cephaly sequence (ILS) both associated 
with type I lissencephaly (classical-LIS). It 
was found to encode the 45-kD enzymat-
ic β-subunit of platelet-activating factor 
(PAF) acetylhydrolase, PAFAH1B1 (42-
44). PAFAH1B1 homozygous mutant 
mice die at the trophoblast stage (41). 
Heterozygote mice are grossly normal, 
but show a dose dependent histopatho-
logical disorganization of cerebral cortical 
lamination, cerebellar cortical defects and 
disruptions of the pyramidal cell layer in 
the hippocampus (41). In vitro analysis of 
heterozygous cerebellar granule neurons 
show slowed migration but no alteration 
of neurite dynamics (5, 41). is reduced 
rate of migration has been hypothesized 
to be basis for the observed pathologic 
phenotype. 

e available data do not distinguish 
between a direct role for PAFAH in 

transducing guidance signals to the 
cytoskeletal machinery versus a loss of 
component of the migration apparatus. 
However, the yeast homolog of the hu-
man LIS1 gene, NudF (85) has provided 
some insight into the possible function of 
LIS1. Proper nuclear migration in the As-
pergillus nidulans depends on NudF (85). 
NudF associates with NudC in yeast (55). 
NudC is a tyrosine kinase, and its binding 
partner, NudA, is a cytoplasmic dynein 
(85). e human homolog of NudC is 
highly conserved in higher vertebrates 
and in conjunction with the LIS1 gene 
product regulates dynein activity dur-
ing mitosis in vertebrate cells (29, 83). 
ese data suggest that classical-LIS, due 
to LIS1 mutations, is caused by a loss of 
dynein function, which is required for 
nuclear translocation. e inhibition or 
slowing of nuclear movement during cell 
migration may, in turn, retard the rate of 
cell migration. 

Further evidence to support this 
hypothesis came from 4 laboratories 
reporting that LIS1 also interacts with 
NUDEL and mNudE (24, 48, 56, 72). 
is interaction again parallels that found 
in Aspergillus nidulans where NudF inter-

Figure 4. Neurofilament stained section from patient with lissencephaly and schematic of normal 
cortical laminar orginazation and that found in classical lissencephaly. Neurofilament staining 
highlights the few cells in layer 1, the numerous large and disorganized pyramidal neurons found in 
layer II, the relatively hypocellular layer III, which becomes myelinated (Figure 3), and the thick layer 
IV composed of medium and small neurons. The schematic highlights the normal organization of the 
cortex in contrast to that found in classical lissencephaly. Note the apparent reversal of layers with the 
exception of Cajal-Retzius neurons in layer I (green). 
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acts with NudE, the homolog of mNudE 
and NUDEL. rough a series of experi-
ments they have shown that NUDEL, 
and possibly mNudE, directly interact 
with LIS1 and that together they regulate 
cytoplasmic dynein motor function and 
location within the cell (84). Disruption 
in LIS1 results in abnormal localization 
of NUDEL and likely a defect in cyto-
plasmic dynein motor function leading 
to a defect in cell migration or at least 
nuclear migration. It is interesting to note 
that one feature that separates axon guid-
ance, another form of migration found in 
the developing nervous system, from cell 
migration, is nuclear translocation. LIS1 
mutations may result in specifically a 
nuclear movement defect and therefore a 
preferential defect in cell migration rather 
than an axon guidance defect. Finally, the 
LIS1/NUDEL pathway has also been 
linked to the Reelin/Cdk5/p35 pathway 
described above. NUDEL is a direct 
target of Cdk5 (56, 72). e phosphory-
lation of NUDEL by Cdk5 appears to 
control its cellular localization and thus is 

likely to influence dynein motor function 
(Figure 5). 

In addition to its role in cell migration, 
cell proliferation may also be influenced 
by LIS1. A series of experiments again 
linked interactions of LIS1 with cyto-
plasmic dynein and dynactin (23). Both 
of these proteins are important in mitotic 
cell division and cytokinesis. Although a 
role for NUDEL or mNudE has not been 
directly investigated in cell division, given 
the data reviewed above it is interesting to 
speculate on such an association. Further 
evidence LIS1 may have a role in cell 
proliferation comes from observations 
in mutant mice and in humans with 
lissencephaly. Mice engineered to have 
incremental decreases in LIS1 show a pro-
gressive thinning of the cortex suggesting 
a cell proliferation defect (41). e brains 
of patients with lissencephaly are usually 
small, again implying a possible prolif-
eration defect (26, 59). Together these 
data imply LIS1 may have a role in cell 
proliferation and in cell migration, both 

contributing to the human phenotype of 
lissencephaly.

Patients with MDS usually have lissen-
cephaly at the severe end of the spectrum 
with complete agyria. In ILS the cortical 
malformation ranges between agyria and 
pachygyria (Figure 3). A patient with 
subcortical band heterotopia (SBH) and 
a LIS1 mutation has also been reported 
(63). e cortical malformation with a 
LIS1 abnormality is more severe pos-
teriorly (21, 64, whereas patients with 
lissencephaly and DCX mutations show 
a more severe involvement of the frontal 
lobes. Recent data also suggest that the 
overall severity of the lissencephaly in ILS 
is related to the type and location of the 
mutation (11).

Mutations in the DCX gene located on 
the X-chromosome are associated with 
subcortical bond heterotopia, also known 
as “double cortex,” in females (20, 31). 
Males with DCX mutations usually have 
classical lissencephaly (34, 63-65), but 
have also presented with subcortical bond 
heterotopia. Both the type of mutation 
and somatic mosaicism have been associ-
ated with this milder phenotype in males 
(34, 63). In pedigrees, where females have 
subcortical bond heterotopia and males 
lissencephaly, a DCX mutation has so far 
always been identified. In females with 
sporadic subcortical bond heterotopia 
the figures vary (19, 33, 54), but in those 
with bilateral diffuse bands, or thin fron-
tal bands only, the mutation rate appears 
to be high. is again emphasizes the 
severity gradient of the cortical malfor-
mation in relation to the gene mutation, 
with a frontal, or more severe frontal, 
malformation of the brain associated with 
DCX mutations. Random versus skewed 
X-inactivation was thought to determine 
the thickness and extent of the band. 
However studies on lymphocytes did not 
confirm this hypothesis, although they 
may not reflect the inactivation ratio in 
the brain. However it has become clear 
that the type of mutation also determines 
the phenotypic spectrum in females (33, 
54). Mutations in either LIS1 or DCX 
both result in disruptions of cell migra-
tion. In the case of LIS1, cell migration 
appears to be slowed. Cells that must 
travel the furthest would be predicted to 
be the most retarded. is appears to be 

Figure 5. Summary of the LIS1 and RELN signaling pathways for neural migration. Extracellular Reln 
binds to one of three receptor complexes: cadherin-related neural receptor (Cnr), VldlR/ApoER2, or 
3β1 integrin. Receptor stimulation causes activation of mDab1, which, via c-Abl or other pathways, 
can activate Cdk5/p35. Cdk5 can phosphorylate many intracellular targets, including regulators of 
the actin cytoskeleton and Nudel. Phosphorylated Nudel forms a complex with Lis1, mNudE, Dynein, 
and microtubules. This complex is required for nuclear positioning and cell migration. Dcx is also 
believed to modulate microtubule function. Adapted from Wynshaw-Boris and Gambello, 2001.
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the case. e superficial layer of the cor-
tex, layer 2, is predominately populated 
by large pyramidal cells that usually reside 
in the deeper layers of the cortex. ese 
are among the first cells to migrate from 
the VZ and because the intermediate zone 
is relatively thin earlier in development, 
they have the shortest distance to travel. 
In contrast, the later born cells normally 
destined for the more superficial layers 
must travel the farthest and are the cells 
found closer to the ventricle in classical 
lissencephaly, implying they are affected 
for a longer period of time or more se-
verely affected.

Dcx was disturpted in mice using tar-
geted mutagenesis, however these mice 
did not have a cortical defect (they did 
have a hippocampal cell positioning 
phenotype) (14). More recently, using a 
method to inhibit RNA function, Dcx 
function was reduced in a rat and mouse 
model that did result in subcortical band 
heterotopia resembling that seen in hu-
mans (4). Understanding the differences 
between these models and the intracel-
lular function of Dcx is an areas of active 
investigation. 

e Reeler mouse and its function have 
been described in part above. Since Ree-
lin is an extracellular matrix molecule, a 
receptor for Reelin would be required for 
signaling to the migrating cell. Reelin has 
been found to bind to cadherin-related 
receptors (CNRs) (74), at least 2 mem-
bers of the LDL receptor family (17, 40, 
80), and α3β1-integrin (22). Binding 
of Reelin to α3β1-integrin functions as 
a stop signal, however the downstream 
components within the cell that regulate 
the migration stop are not known. Upon 
contact with Reelin the CNRs initiates 
phosphorylation of the cytoplasmic sec-
ond messenger mDab1, possibly through 
a CNR associated tyrosine kinase Fyn 
(74) or through the LDL receptor (17, 
40). e Scrambler and Yotari mutant 
mice have been identified as mutations in 
the mDab1 gene (75). Scrambler, Yotari 
and mDab1-/- all exhibit a Reeler pheno-
type further supporting the notion that 
they lie the same pathway. Phosphory-
lated mDab1 can interact with a variety of 
proteins including the SH2 domain of Src 
(44). Src has been shown to interact with 
actin and affect cytoskeletal remodeling 

(7, 52, 78). Src deficient cells show strong 
adhesion to surfaces and low migration 
capacity (50). us, these data tie Reelin 
signaling directly into cell migration. 

mDab1 also activates the protoonco-
gene c-Abl. Once activated, c-Abl can 
phosphorylate Cdk5, a process that is en-
hanced by Cables, thus activating Cdk5 
(82). Cdk5 and p35 (another activator 
of Cdk5) have also been implicated in 
directing neurons to the appropriate 
location within the cerebral cortex (12, 
30, 61). Both are highly expressed in the 
developing CNS and mice engineered 
to be homozygous mutant for Cdk5 or 
p35 also show a cortical defect similar, 
although not identical, to the Reeler phe-
notype (30). Cdk5 co-localization with 
p35, Rac and Pak-1 in neurons (57). ey 
suggest that a Rac dependent hyperphos-
phorylation of Pak-1 results in a dynamic 
down-regulation of actin polymerization 
and enhancement of new focal complex 
formation during cell migration and pro-
cess outgrowth (57). Activation of Pak has 
also been shown to result in a loss of stress 
fibers and focal adhesions (53). ese data 
indicate that the Rac family of GTPases 
along with Src family members can regu-
late cytoskeletal remodeling and therefore 
transduce guidance signals from the cell 
membrane to the cytoskeleton.

e most recently identified gene for 
human lissencephaly is ARX. A mouse 
mutant for this gene has also been gener-
ated and shows a defect in at least radial 
cell migration (49). Further studies are in 
progress to better understand the role of 
this transcription factor in cell migration 
and the pathogenesis of lissencephaly.

FUTURE DIRECTIONS AND THERAPY
Several other syndromes with lissen-

cephaly as a component have been identi-
fied (http://www.geneclinics.org). e best 
characterized of these is lissencephaly 
with cerebellar hypoplasia (LCH). Several 
families have been published suggesting 
autosomal recessive inheritance (43, 47, 
71). Additional variants of lissencephaly 
have been identified radiographically and 
pathologically, and we predict that muta-
tions affecting proteins related to cyto-
skeletal dynamics such as DCX and LIS1 
along with proteins involved in guiding 
cells to the appropriate location such as 

Reelin, will eventually be identified as the 
basis of these related disorders.

erapy may be well established for 
some disorders while in other disorders 
there may be no treatment. It may be 
possible for the discussion of future direc-
tions to interface with the previous sec-
tion on pathogenesis.

e fields of developmental biology, 
genetics, pathology, neurology and neu-
roimaging have come together to begin 
providing detailed explanations for the 
pathogenesis of several human conditions 
resulting from cell migration anomalies. 
e rate of progress in this field of study 
will no doubt provide many advances over 
the next few years. Linking the known 
genes into pathways from extracellular 
signaling to cytoskeletal dynamics will be 
important for a complete understanding 
of the processes involved. Finding addi-
tional molecules in these pathways along 
with defining the genetic defects in other 
families and other syndromes will no 
doubt provide further insights into cell 
migration during normal CNS develop-
ment and in the pathogenesis of human 
malformations.
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