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m Abstract The neurological mutant mouseelerhas played a critical role in the
evolution of our understanding of normal brain development. From the earliest neu-
roanatomic studies akeler, it was anticipated that the characterization of the gene
responsible would elucidate important molecular and cellular principles governing cell
positioning and the formation of synaptic circuits in the developing brain. Indeed, the
identification ofreelin has challenged many of our previous notions and has led to a
new vision of the events involved in the migration of neurons. Several neuronal pop-
ulations throughout the brain secrete Reelin, which binds to transmembrane receptors
located on adjacent cells triggering a tyrosine kinase cascade. This allows neurons to
complete migration and adopt their ultimate positions in laminar structures in the cen-
tral nervous system. Recent studies have also suggested a role for the Reelin pathway
in axonal branching, synaptogenesis, and pathology underlying neurodegeneration.

INTRODUCTION

One of the fundamental issues facing the field of developmental neurobiology is
to understand the mechanisms that control the deployment of neurons with similar
properties into specific layers. This is a daunting question given the fact that
there are so many different types of neurons that must be precisely connected for
proper brain function. Neuronal positioning is critical for the formation of cytoar-
chitecturely distinct brain regions such as the cerebral cortex, hippocampus, and
cerebellum. During development of laminated brain structures a series of coordi-
nated migrations takes neurons from their site of origin to their final destinations,
where they adopt definitive morphological phenotypes by elaborating dendritic
and axonal processes (Ramy Cajal 1955).

The analysis of neurological mutant mice has led to dramatic progress in the
identification and characterization of genes important for neuronal migration in
the developing brain (Rice & Curran 1999). Over a relatively short period of time,
genetic and biochemical studies have identified a new signaling pathway that
controls neuronal cell positioning. The gene disruptedegler mice encodes a
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TABLE 1 Mouse genes implicated, genetically or biochemically,
in the Reelin signaling pathway

Description Gene Name Reference
Extracellular ApoE ApolipoproteinE D’Arcangelo et al 1999
Bdnf Brain-derived neurotrophic factor Ringstedt et al 1998
Reln Reelin D’Arcangelo et al 1995
Transmembrane ApoER2 Apolipoprotein E receptor 2 Trommsdorff et al 1999
CNR Cadherin-related neuronal receptor Senzaki et al 1999
itga3 a3 integrin Dulabon et al 2000
PS-1 Presenilin-1 Hartmann et al 1999
VIdir Very low—density lipoprotein receptor ~ Trommsdorff et al 1999
Cytoplasmic Abl Abelson proto-oncogene Howell et al 1997a
CASK Membrane-associated Hsueh et al 2000
guanylate kinase
Cdk5 Cyclin-dependent kinase 5 Ohshima et al 1996
Cdk5r p35 Chae et al 1997
Dab-1 Disabled 1 Sheldon et al 1997
Src Src proto-oncogene Howell et al 1997a
Nuclear Emx2 Related teempty spiracles Mallamaci et al 2000
P73 Transformation-related protein 73 Yang et al 2000
Thbr-1 T-box brain-1 Bulfone et al 1995

large extracellular protein, Reelin, that is produced by discrete populations of cells
inthe brain (D’Arcangelo etal 1995). Reelin bindstotransmembrane receptors, the
very low—density lipoprotein receptor (VIdIr), and the apolipoprotein E receptor 2
(ApoERZ2) present on migrating neurons (D’Arcangelo et al 1999, Hiesberger et al
1999). The cytoplasmic domains of these receptors bind to disabled-1 (Dab1l),
an intracellular adapter protein (Trommsdorff et al 1999). Binding of Reelin
to lipoprotein receptors induces tyrosine phosphorylation of Dabl (Howell et al
1999a), triggering an intracellular signaling cascade that instructs neurons to oc-
cupy their proper locations in the developing central nervous system (CNS). Other
genes have been implicated in the Reelin signaling pathway, although their role
is not fully understood (Table 1). Collectively, these genes provide a molecular
starting point for biological, biochemical, and cellular studies that are providing
important and exciting insights into the molecular mechanisms that control brain
development and, potentially, the pathogenesis of neurodegenerative disorders.

HISTORICAL PERSPECTIVE

The study of heritable mutations in mice can be traced back to 2000 BC in the
Middle East and the Orient. While most of the world viewed mice as pests and
carriers of disease, China and Japan embraced the mouse as a symbol of prosperity
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(Keeler1931). So-called white mice were known to breed true and other coat-color
variations, and behavioral mutant mice were collected or “fancied” as long ago as
80 BC. Many of these fancy mice made their way from Japan to Europe through
the hands of British traders. Breeding studies on the propagation of colorful traits,
such as white English sables and creamy buffs, were performed on mice before the
rediscovery of Mendel’s Law of Heredity (Davenport 1900). Therefore, modern
mouse genetics in the United States was built on a foundation of pet mice through
the studies of William E Castle and his students (Morse 1981). The practice of
inbreeding mouse strains to study cancer was implemented in the early twentieth
century. Shortly thereafter, the first scientific report of an inheritable defect in the
CNS of mice was published in tHeroceeding of the National Acadamy of Sci-
encegKeeler 1924). Theodlessphenotype, which is how known to result from

a mutation in the gene encoding thesubunit of cGMP phosphodiesterase, was
identified by analysis of histological sections of mouse retinas (Pittler et al 1993).
Inbreeding of mouse stocks propagated this mutation in many of the standard lines
of mice used today. Inbreeding also increased the likelihood of recessive char-
acteristics appearing in offspring, some of which produced noticeable behavioral
phenotypes. Over time, more “deviant” mice were reported, and the first database
of mutations affecting the development of the CNS, produced in 1965, contained
over 100 records (Sidman et al 196Reelemice represented one of the found-

ing members of the behavioral mutants reported in the first record, and they were
recognized to exhibit widespread neuroanatomic defects in the cerebral cortex,
cerebellum, and hippocampus. Additional anatomical abnormalities are also ev-
ident in other important brain structures, such as the thalamus, midbrain, brain
stem, and spinal cord (Yip et al 2000, Caviness et al 1988). The neuroanatomical
disruptions in theeelerbrain suggested that the mutation affected a gene that is
critical for controlling cell positioning in the developing CNS.

THE NEUROLOGICAL MUTANT MOUSE reeler

Thereelermutation arose spontaneously in a stock of “snowy-bellied” mice at the
Institute of Animal Genetics in Edinburgh, Scotland. Falconer (1951) described
the locomoter abnormality ireeler and in another neurological mutant named
trembler In the first description of theseler cerebellum Hamburgh (1960:460)
reported, “The typical appearance of the folia is missing. The arrangement of
Purkinje cells which normally surround the granular layer is severely disturbed.
The granular layer is much reduced and the area of white matter contains large
numbers of cells, which resemble Purkinje cells.” There are several known alleles
of reeler, all of which exhibit identical phenotypes (D’Arcangelo & Curran 1998).
Recently, mutations ireelinwere also reported in humans with autosomal reces-
sive lissencephaly with cerebellar hypoplasia (Hong et al 2000). Lissencephaly is
a condition of severe neuronal migration disorders that result in a smooth appear-
ance of the brain surface in humans. Although mice are normally lissencephalic,
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migration disorders result in similar misplacements of neurons in laminated brain
regions in both mice and humans.

THE reeler MUTATION DISRUPTS CELL
POSITIONING IN THE BRAIN

In mammals the organization of the cerebral cortex follows a stereotypic plan
during development. Neurons with similar morphologies and connections are po-
sitioned in the same layer. This cellular organization reflects the patterning of
neuronal processing that occurs in the cerebral cortex, where certain layers receive
input and connect to other layers, allowing multiple levels of information integra-
tion, modulation, and extraction. One of the most revealing techniques used to
characterize theselerbrain was neuronal “birthdating” analysis. This approach
employed autoradiography of brain slices after administration of tritiated thymi-
dine to mice, which is permanently incorporated into DNA during synthesis. Cells
that undergo their final division and adopt a postmitotic phenotype are strongly
marked by radioactivity, whereas those that re-enter the cell cycle further dilute
the label through successive rounds of cell division. Therefore, the temporal and
spatial assembly of cells can be revealed by autoradiographic analysis of brains
that received tritiated thymidine at specific stages during development. The rela-
tive position of neurons with respect to their birthdate in the adult cortex is shown
schematically in Figure 1. Using this approach, it was found that cortical neurons
in the mouse are generated between embryonic days (E) 10 to 18 and that the
6 layers of the cerebral cortex assemble in an inside-out sequence (Angevine &
Sidman 1961). These studies demonstrated that, in addition to morphological and
physiological characteristics, neurons positioned within specific cortical layers
also share a common birthdate.

Thereelercerebral cortex violates this fundamental plan of cortical assembly
(Caviness & Sidman 1973a). Layer | is not discernible in the mutant, and the posi-
tion of cells comprising other layers is relatively inverted (Figure 1). Importantly,
all major morphological cell classes are present indedercortex, and cohorts of
neurons comprising specific layers are generated on schedule (Caviness & Sidman
1973b). The neuronal classeg@elercortex fail to align in an inside-out fashion
like their counterparts in the normal cortex.reler, neurons born relatively late
during corticogenesis reside in deep layers beneath the older neurons (Caviness &
Sidman 1973b). These comparative studies demonstrated thegeflee muta-
tion affects the positioning of neurons within specific layers. Thus, the molecular
mechanisms controlling cell positioning are distinct from those that determine the
number and proportion of cell types constituting various layers of the cerebral
cortex (McConnell & Kaznowski 1991, Herrup 1987).

Disorganization of fiber patterns representing the major afferent and efferent
systems accompanies cellular ectopia in the mutant cerebral cortex (Caviness et al
1988). Thereforereeler mice provide a model system in which to address the
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Figure 1 The position of cells born at specific developmental times is relatively inverted in the
adultreelercerebral cortex. In this schematic the pial surface is at the top and the white matter
is at the bottom. Injections ofiH] thymidine were administered at 48-hour intervals throughout
corticogenesis. Cells generated on E11 are located in Layer VI in the wild-type cortex, whereas
cells with similar birthdates and morphologies are located near the surface @fetbebrain.

Other neuronal classes are generated on schedwelier, but they obtain an incorrect location

in the adult cerebral cortex. A similar situation is observed irstramblercortex. This data was
taken from Caviness 1982.

relationship between cell positioning and synaptic circuit formation during de-
velopment of the nervous system. Careful studiesesefer provided conclusive
evidence that the molecular mechanisms controlling cell positioning are distinct
from those that control axonal guidance, which is a key first step in the formation
of synaptic circuitry (Caviness & Rakic 1978). Afferent projections to the visual,
olfactory, somatosensory, and motor cortices rearrange their trajectories and actu-
ally find their correct target cells even though they are located in ectopic positions
(Terashima et al 1983, Simmons et al 1982, Caviness 1976). Some of the axonal
projections take circuitous routes to their postsynaptic targets ireétercortex.
Thalamocortical projections that are normally restricted to deep cortical layers,
namely Layer IV, ascend to the superficial aspect ofréeder cerebral cortex
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before “looping” down to their correct target cells (Caviness 1976, Steindler &
Colwell 1976). Studies akelerdemonstrated that the overall organization of the
major systems and the physiological responses of individual neurons are compara-
ble to those in normal brain (Silva et al 1991, Lemmon & Pearlman 198igépr”
1981). The conclusion from these studies is that the general wiring pattern of the
brain is independent of cell position, implying that other genes control axon guid-
ance. However, changes in synaptic density, distribution, and topology are present
in a number of brain structures faelerincluding the cerebellum, hippocampus,
and piriform cortex (Borrell et al 1999a, Caviness 1977, Mariani etal 1977). Thus,
while the overall mechanisms of axon guidance appear unaffectedlar, other
attributes of synaptic circuit formation are abnormal.

DEVELOPMENT OF CELL LAMINATION
IN THE CEREBRAL CORTEX

The mammalian brain is assembled through a choreographed series of far-ranging
migrations that results in the segregation of neurons with similar properties into dis-
crete layers. Theinitial alignment of neuronsinthe CNS relates to the time atwhich
they exit the cell cycle and migrate to their ultimate locations where they adopt
a definitive neuronal phenotype (McConnell & Kaznowski 1991, Luskin & Shatz
1985, Rakic 1974). Two modes of migration, tangential and radial, are recognized
in the developing brain. Radial migration is the most common form of migration
in the developing cortex and it relies on a specialized scaffold of cells that span
the cerebral wall (Hatten 1999, Rakic 1972). This scaffold is comprised of bipolar
cells, known as radial glia, that were first described using the Golgi technique, but
they can also be visualized with immunohistochemical markers (Bentivoglio &
Mazzarello 1999). The descriptive name accurately depicts the morphology of
radial glia, which send a short process from the cell soma to the ventricular surface
and a long process that spans the width of the neural axis. The ascending process
splits into several branches near the pial surface. Migrating cortical neurons
physically associate with radial glia during their ascent to the top of the cor-
tex, and their migratory paths are likely guided by molecules expressed on the
plasma membrane (Anton et al 1996, Cameron & Rakic 1994). Radial glia are
present only during neuronal development. Subsequently, they transform into
astrocytes in the cerebral cortex and Bergmann fibers in the cerebellum (Hatten
1999).

Neocortical development begins with the appearance of the preplate or pri-
mordial plexiform layer above the ventricular zone (Figuf.Zlhe preplate is
composed of subcortical afferents and two populations of postmitotic neurons,
the Cajal-Retzius cells and the subplate neurons (Marin-Padilla 1998, Super et al
1998). Cajal-Retzius cells are among the earliest neurons to be generated in
the mammalian neocortex, where they occupy positions near the pial surface on
the superficial aspect of the brain (Meyer & Goffinet 199&ni¢ et al 1977).
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Subplate neurons are born slightly later than Cajal-Retzius cells and they serve as
transient synaptic targets for thalamocortical projections (Allendoerfer & Shatz
1994). The next phase of development occurs when the cortical plate neurons
exit the cell cycle near the ventricular surface and invade the preplate. Migrating
neurons move past the subplate, displacing this layer away from the Cajal-Retzius
cells, which remain adjacent to the pial surface in a cell-sparse area known as the
marginal zone (FigureA). As new cortical plate neurons arrive on the radial glial,
they migrate past the older subplate and cortical plate neurons before inserting
directly beneath Cajal-Retzius cells. The systematic migration of younger neu-
rons past their predecessors results in the “inside-out” pattern of development,
in which the cortical plate (future Layers 1I-VI) develops between the marginal
zone (future Layer I) and the subplate (Marin-Padilla 1998, Angevine & Sidman
1961).

Histological and ultrastructural studies on the embryoe@ercortex demon-
strated that cell position defects arise during the formation of the cortical plate. The
preplate develops normally and migration of cortical plate neurons commences on
schedule. Shortly thereafter, disorganization of the cortical plate becomes apparent
when the first cohort of migrating neurons fails to invade the preplate (Fid®)re 2
As aresult, the preplate is not split into the marginal zone and the subplate (Shep-
pard & Pearlman 1997, Hoffarth et al 1995, Ogawa et al 1995, Caviness et al
1988, Caviness 1982, Pinto Lord & Caviness 1979, Goffinet 1979). As additional
cohorts of neurons arrive on the radial glia guides, they are unable to bypass their
predecessors. This leads to formation of a disorganized cortical plate underneath
the superplate. FigureA2shows the histotypical appearance of a normal cerebral
cortex compared to@elercerebral cortex at E16.5. The marginal zone in normal
mice contains fibers and Cajal-Retzius cells. However, the marginal zoeelén
is replaced by a relatively cell-dense region known as the superplate, which con-
tains Cajal-Retzius cells, subplate neurons and a few cortical plate neurons (Derer
1985, Caviness 1982). Cells in theeler cortical plate are frequently displaced
by fibers that run obliquely through the cerebral wall (Goffinet 1979). This gives
the appearance of cell-free rifts in theeler cortex on histological examination
(Figure 20). It is important to note that the cortical plate does formealerand
that migrating cells reach this level. Ultrastructure analysis oféléercerebral
cortex at E17 revealed that several postmigratory neurons remain closely associ-
ated with the radial glia (Pinto-Lord et al 1982). Leading processes of migrating
cellsinreelerare apparently unable to breach these inappropriate contacts and their
ascent to the marginal zone is impeded. Moreover, the characteristic appearance
of the radial glia scaffold is disturbed during later stages of corticogenesis in the
reeler cortex, and radial fibers are deployed at oblique angles (Hunter-Schaedle
1997, Mikoshiba et al 1983). These studies led to the suggestion theaeles
mutation affects molecular interactions between migrating neurons and the glial
guides.

An alternative proposal suggested that theler mutation affects interactions
among cortical neurons destined for particular layers. Thisidea is based on studies
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conducted in vitro by De Long & Sidman (1970), in which neurons isolated from
reeler cortex fail to show the typical patterns of cell aggregation. This obser-
vation was confirmed and extended by Hoffarth et al (1995) using a similar in
vitro assay. Analysis ofeeler neurons generated during the earliest stages of
corticogenesis (ca E11-12) revealed that they clump together more frequently
than their normal counterparts. Moreover, retrograde labeling of different neu-
ronal populations revealed that tfezlermutation preferentially targeted the ear-
liest born cortical neurons. These studies suggested that the mutant gene affected
neuron-neuron interactions. In addition, chimeric mouse studies indicated that
the gene functioned extrinsically (Terashima et al 1986, Mullen 1984). The two
prevailing models at the time proposed disruptions of cellular interactions ei-
ther between migrating neurons and radial fibers or among migrating neurons
themselves. Whereas these models could explain certain aspects reklkbe
phenotype, it was hoped that identification of tkeler gene would resolve the
cellular target and clarify the molecular events underlying the neuroanatomic
disruptions.

Figure 2 A simplified view of corticogenesis and the histological appearance of the de-
veloping cerebral wall. A) Corticogenesis in mammals begins with the appearance of
the preplate (pp), which is located directly above the proliferating cells in the ventricular
zone (vz). The preplate forms around embryonic days (E) 11-12 in mice and it contains
Cajal-Retzius neurons (CR) and subplate (SP) neurons, among others. Cells destined for
the cortical plate are generated over the next week. The first cohort of cortical plate cells
(gray) migrates past the subplate and stops beneath the Cajal-Retzius cells in the marginal
zone (mz). Successively generated waves (gray to white) of cells migrate past their prede-
cessors and stop beneath the Cajal-Retzius cells. Therefore, by E16.5 in the mouse young
cortical plate neurons are positioned above the older neurons, with the exception of the
Cajal-Retzius cells. Cortical plate neurons mature into adult neurons in the cerebral cortex
by the elaboration of dendritic and axonal fibers. A disruption in cortical development in
reeleris obvious at E16. The marginal zone in the wild-type is relatively cell-free, except for
Cajal-Retzius and several other neurons. The cortical plate (cp) contains tightly packed cells
with a radial alignment. The subplate is beneath the cortical plate. Many neurons destined
for superficial layers migrate along radial glia in the intermediate zone (iz). Cells continue
to divide in the ventricular zone (vz). Although the overall divisions of the cerebral wall are
obvious inreeler, the cortical plate is disorganized and cells are displaced by fibers that run
obliquely in the cerebral wall. Many subplate cells are located with the Cajal-Retzius cells
in a relatively cell-dense region known as the superplate (spp)l'H{e defect in theeeler

cortex is apparent at the onset of cortical plate formation. In wild-type cortex the first cohort
of cortical plate neurons (gray) positions itself between the Cajal-Retzius cells (black)
that produce Reelinstippleg and the subplate layer. heelerthe first cohort of cortical

plate neurons fails to migrate past the subplate and instead accumulates in a disorganized
fashion in the superplate. Subsequently, many cortical neurons lose their radial alignment
and deploy dendritic and axonal projections at oblique angles.
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REELIN IS A SECRETED PROTEIN

The identification and characterization of theelin gene Rell have been re-
viewed recently (D’Arcangelo & Curran 1998). Briefly, a transgene insertion into
thereeler locus led directly to the isolation of a large MRNAL2 kb) that con-

tains an open reading frame of 10,383 bases encoding a protein of approximately
385 kDa (D’Arcangelo et al 1995). Several isoforms of Reelin are present in brain
extracts and in the supernatant of primary neuronal cultures. These isoforms arise
via cleavage of full-length Reelin into two smaller proteins of approximately 250
and 180 kDa (D’Arcangelo et al 1999, de Rouvroit et al 1999). The N-terminus
of Reelin contains a cleavable signal peptide and a region of similarity with

A wild type reeler

e

E11 ——» E16

wild type
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Figure 3 Thereelin open reading frame predicts a novel protein of 3461 amino acids (aa) at a
molecular mass of approximately 385 kDa. Reelin contains a cleavable signal peptide at the N-
terminus, followed by a region of similarity to F-spondin, a secreted protein produced by floor plate
cells that controls cell migration and neurite outgrowth. The most striking feature of Reelin is the
presence of a series of eight internal repeats comprising 350—390 aa. These so-called Reelin re-
peats contain two related subdomains, A and B, separated by a stretch of 30 aa harboring an
epidermal growth factor—like motif. A region rich in arginine residues at the C-terminus of Reelin

is required for secretion. A monoclonal antibody named CR-50 recognizes an epitope defined to
aa 230-346, which is C-terminal to the F-spondin region but before the first Reelin repeat. This
antibody blocks Reelin function in vivo and in vitro.

F-spondin (Figure 3), a protein secreted by floor plate cells that directs neural
crest cell migration and neurite outgrowth (Klar et al 1992). The main body of
Reelin consists of a series of eight internal repeats (Reelin repeats) of 350-390
amino acids. Each Reelin repeat contains two related subdomains flanking a pat-
tern of conserved cysteine residues related to epidermal growth factor—like motifs.
These motifs are related to those in other extracellular proteins such as tenascin
and restrictin and in the integrin family of receptors. Deletion analyses demon-
strated that a short region of positively charged amino acids near the C-terminus is
required for secretion of Reelin (D’Arcangelo etal 1997). InederOrleans mu-
tant ¢1°") Reelin is made but not secreted due to the insertion of a L1 transposable
element that alters the amino acid sequence of the C-terminus (de Bergeyck et al
1997).

One of the most surprising findings uncovered by the identificatiorelfn
was the elucidation of its expression pattern in the developing brain. By using in
situ hybridizationreelinwas found to be present in a relatively small population
of cells located in the marginal zone of the cerebral cortex (Figije Phese
cells were identified as Cajal-Retzius neurons by their position and morphology
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(D’Arcangelo et al 1995). At the same tinmeelin was described, Ogawa et al
(1995) reported the generation of a monoclonal antibody by immunizelgr

mice with brain extracts from normal mice. Immunohistochemical studies in
wild-type mice revealed that this antibody labeled Cajal-Retzius cells, which also
express the calcium-binding protein calretinin. Importantly, the cerebral cortex
of reeler mice did not react with this antibody, although Cajal-Retzius neurons
are present (Ogawa et al 1995, Derer 1985). Subsequent studies demonstrated
that the CR-50 antibody recognizes Reelin (D’Arcangelo et al 1997). Importantly,
several experimental approaches revealed that CR-50 functions as a blocking an-
tibody both in vivo and in vitro (Borrell et al 1999a, Miyata et al 1997, Nakajima

et al 1997, Ogawa et al 1995). In an elegant series of experiments, Ogawa et al
(1995) employed a cortical cell aggregation assay to address the physiological ef-
fects of the CR-50 antibody. Neurons dissociated from normal cortices distributed
into a radial pattern as viewed with antibodies specific for microtubule-associated
protein-2. In parallel cultures dissociated neurons obtained fromettler cor-

tex formed large clumps of microtubule-associated protein-2—positive neurons
that lacked radial organization. When the CR-50 antibody was added to cultures
of normal neurons at the time of cultivation the resulting cellular organization
of the aggregates appeared very similar to those obtainedragter neurons.

The histotypic conversion of wild-type neuronsraeler neurons was abolished
when CR-50 was preabsorbed against normal cortices butepsér cortices.
Recently, Reelin was shown to form multimeric complexes through the CR-50
epitope region (Utsunomiya-Tate et al 2000). These complexes were disrupted in
the presence of CR-50, suggesting that multimerization of Reelin is required for its
function.

Several hypotheses were proposed to explainréieder phenotype and the
function of Reelin in the developing cerebral cortex. The spatial and tempo-
ral expression pattern of Reelin suggested that it was important during the final
phases of migration. Reelin is expressed by Cajal-Retzius before the first wave of
cortical plate neurons reaches the preplate and it is secreted precisely at the loca-
tion where these neurons stop migrating and detach from radial glia (Figre 2
Therefore, Reelin was suggested to provide positional information to migrating
neurons that instructs them to stop and detach from their guides. Reelin expres-
sion persists in the marginal zone throughout corticogenesis, implying that all
migrating neurons encounter Reelin after their ascent to the top of the radial glia
(Alcantara et al 1998). Reelin may act as an attractant molecule that enables
each wave of cortical neurons to bypass their predecessors. Alternatively, Reelin
could repel subplate neurons, thereby facilitating the invasion of the cortical plate
(D’Arcangelo & Curran 1998). Although these ideas have merit in explaining
the cortical defect imeeler, they rely on the assumption that Reelin binds corti-
cal neurons directly. After identification of Reelin, the major question facing the
field was, “How is the extracellular signal received and interpreted by migrating
neurons?”
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DISRUPTION OF THE Disabled-1 GENE CAUSES
reeler-LIKE PHENOTYPES

Davisson and colleagues atthe Jackson Laboratory repegttlike phenotypes
in a new neurological mutant namedrambler(Sweet et al 1996).Scrambler
arose spontaneously and the mutants were ataxic by 2 weeks of age. This behavior
was attributed to the abnormal cerebellum, which was small and lacked foliation.
Closer examination revealed a reduction in the number of granule cells and Purkinje
cell ectopia that were identical to thatrgeler(Goldowitz et al 1997). Similarities
betweemeelerandscramblerextended to the hippocampus and the cerebral cortex.
Detailed studies of the histology and sequence of corticogenesisrambler
demonstrated that Layer | was absent and the normal “inside-out” patterning of
neurons was relatively inverted (Gonzalez et al 1997). These neuroanatomical
defects were associated with an autosomal recessive mutation, and genetic mapping
studies proved that the gene responsible was distinctrieefin (Sweet et al 1996).
The striking similarities betweestramblerandreelersuggested that thleerambler
gene controls Reelin expression, either directly or indirectly by affecting cells that
normally produce Reelin. However, immunohistochemical studies failed to reveal
alterations in Reelin expression, and primary neuronal cultures obtained from
scramblermice produced and secreted Reelin (Gonzalez et al 1997, Goldowitz
etal 1997). This genetic evidence suggesteddti@mblerfunctions downstream
of Reelin in a common signaling pathway.

Thescramblerdocus was mapped near tbisabled-1(Dab1l) gene on chromo-
some 4, and mice with a targeted disruptiorbatb1were found to exhibit ataxia
and neuroanatomical defects indistinguishable from thoserammblerandreeler
(Howell et al 1997b). Immunoblotting studies with Dab1-specific antibodies re-
vealed a substantial decrease in Dabkéramblerbrain (Sheldon et al 1997).
Northern blot analysis demonstrated that the levels of the normal 5.5 kb Dabl
MRNA in scramblerwere dramatically decreased. Furthermore, an additional
MRNA species of approximately 7 kb was present that arose as a consequence of
splicing defects irbabl1 (Sheldon et al 1997, Ware et al 1997). Splicing defects
at the same nucleotide Pablare also responsible foeelerlike traits observed
in yotari mice, which appeared in a colony of mice carrying a disruption of the
gene encoding the receptor for inositol-1,4,5-trisphosphate (Sheldon et al 1997,
Yoneshima et al 1997). These studies provided convincing evidence that disrup-
tion of Dab1, either by spontaneous or targeted mutation, results in behavioral and
anatomical abnormalities that are indistinguishable from those describszlén

Dabl encodes a cytoplasmic protein containing a motif known as a protein
interaction/phosphotyrosine binding (PI/PTB) domain (Figure 4). This domain
was originally identified in the adapter protein Shc as a region required for binding
to the epidermal growth factor receptor, the insulin receptor, and other tyrosine-
phosphorylated proteins (Margolis 1996). Mammalian Dab1 was originally iden-
tified as a Src-binding protein in a yeast two-hybrid screen (Howell et al 1997a).
It is expressed at high levels in the developing CNS and it is phosphorylated on
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Figure 4 Thedisabled-lopen reading frame predicts a protein of 555 amino acids that exhibits
properties of adapter proteins. Near the N-terminus of Disabled-1 (Dabl) is a region of approxi-
mately 150 amino acids known as a protein interaction/phosphotyrosine binding domain (PI/PTB).
The PI/PTB domain of Dab1l is most closely related to that in p96 (Dab2pessbphilaDisabled.

The PI/PTB domain binds to NPxY-containing motifs present in several proteins such as members
of the low-density lipoprotein receptor family and the amyloid precursor protein family. Dab1 also
binds to the NPxY motif in SHIP, an inositol polyphosphatgsbosphatase. A cluster of tyrosine
residues (Y) downstream of the PI/PTB domain serve as docking sites for SH2 domain—containing
proteins, such as the nonreceptor tyrosine kinases Src, Fyn, and Abl. LDLR, low-density lipopro-
tein receptor; VLDLR, very low—density lipoprotein receptor; ApoER2, Apolipoprotein E receptor
2; LRP, low-density lipoprotein receptor—related protein; APP, amyloid precursor protein; APLP1
and APLP2, amyloid precursor-like protein 1 and 2, respectively.
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tyrosine residues during brain development. Tyrosine phosphorylation of Dabl
promotes an interaction with several nonreceptor tyrosine kinases, including Src,
Fyn, and Abl through their SH2 domains, implying Dabl functions in kinase
signaling cascades during development (Howell et al 1997a).

Dabl-related genes in other species are involved in kinase signaling pathways
that function during brain development. TBab gene inDrosophilawas first
discovered as a genetic modifier of the Abl tyrosine kinase (Gertler et al 1989).
Flies deficient in Abl die as adults and their eyes appear rough owing to irregular
spacing of retinal cells (Henkemeyer et al 1987). Haploinsufficien&adifin an
Abl-deficient fly results in axonal pathway defects, and flies that lack both Dab and
Abl exhibit frequent breaks in axonal tracts in the CNS (Gertler et al 1993). Dab
also physically associates with the sevenless (Sev) receptor tyrosine kinase and
contributes tdrosophilaeye development (Le & Simon 1998). Flies in which
the Dab gene is inactivated have disorganized eye structures and a frequent loss
of R7 photoreceptors. These results demonstrate that Dab is an important adapter
protein in both receptor and nonreceptor tyrosine kinase signaling pathways that
control formation of the nervous system in flies.

One important binding site for the PTB domain of Dab1l is the peptide se-
quence Asn-Pro-x-Tyr (NPxY). The NPxY motif was first recognized in mem-
bers of the low-density lipoprotein receptor (LDLR) family and it is present in
several other transmembrane proteins where it functions in clathrin-mediated
endocytosis (Chen et al 1990). Interactions between the PTB domains in several
adapter proteins and the NPxY motif are dependent on tyrosine phosphorylation
(Margolis 1996). However, the PTB domain of Dabl can bind to NPxY mo-
tifs in a phosphotyrosine-independent manner. Biochemical protein interaction
assays identified F/YXNPxY motifs in the cytoplasmic domains of the LDLR fam-
ily and the amyloid precursor protein (APP) family as binding partners of Dabl
(Homayouni et al 1999, Howell et al 1999b, Trommsdorff et al 1998). The PI/PTB
domain of Dab1 has also been shown to bind to phosphoinositides presentin phos-
pholipid bilayers. The association between Dab1 and phosphoinositides does not
interfere with its ability to bind to peptides, suggesting that these two ligands do
not compete for the PI/PTB domain (Howell et al 1999b). Therefore, Dabl could
interact with the plasma membrane while simultaneously docking another protein
involved in signal transduction events.

The similar neuroanatomical phenotypes observed in mice deficigaelim
or Dablimply that these genes function in a signaling pathway that controls cell
positioning in the CNS. The spatial and temporal patterns of Reelin and Dabl
expression in several brain regions support this notion (Figure 5). For example,
in the cerebellum, Reelin is expressed as early as E13.5 by cells in the nuclear
transitory zone (ntz) and the external germinal layer (egl), which contains granule
cell precursors (Schiffmann et al 1997, Miyata et al 1996, D’Arcangelo et al
1995). Purkinje cells arise between E11 and E13 from the proliferative zone
lining the fourth ventricle and they migrate along glial fibers in the direction
of the cells producing Reelin (Goldowitz et al 1997). In situ hybridization and
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Figure 5 A simplified view of cerebellar development at embryonic days 13.5 and 16.5
and the histological appearance of the cerebellum atembryonic day 16.5 in wildegies,
andscramblermice. The IV ventricle is at the bottom of each pandl) $chematic of a
sagittal view of the developing cerebellum at approximately embryonic day 13.5. Reelin
(black) is present in the nuclear transitory zone (ntz) and in the external germinal layer (egl)
during the initial phase of cerebellar development. The Purkinje cell precursors (pp), which
express high levels of Dabl, arise from the ventricular zone (vz) located beneath these
Reelin-rich areas and move towards the surface of the cerebelBinSeyeral days later

in the wild-type, Purkinje cells form a rudimentary Purkinje cell plate (pcp) that is located
beneath the egl. Reelinis produced by the granule cell precursors in the egl, which continues
toincrease in thickness owing to the proliferation of precursors. The cerebellar nuclei (cn),
which are likely comprised of cells that moved through the ntz, are located beneath the pcp.
These cells eventually lose expression of Reelin. In bedher and scramblerPurkinje

cells migrate away from the vz, but many fail to form the Purkinje cell plate beneath the egl.
Instead, clusters of Purkinje cells are present in the cerebell@y Ségittal view of the
cerebellum stained with cresyl violet from wild-typeeler, andscramblermice. Rostral

is to the left in these micrographs. The Purkinje cell plate (arrowheads) is obvious in the
wild-type beneath the egl (arrow). In battelerandscramblerthe Purkinje cell plate does

not form beneath the egl (arrows).
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immunohistochemical studies revealed that Purkinje cells express high levels of
Dabl mRNA and protein during the migratory phase of Purkinje cell development
(Rice etal 1998, Sheldon etal 1997, Howell etal 1997b). Inthe normal cerebellum
at E16.5 Purkinje cells have already migrated away from their site of origin to
form a structure known as the Purkinje cell plate located directly beneath cells
that produce Reelin (Miyata et al 1996). However, the Purkinje cell plate does not
form in mice lackingeelinor Dabl(Gallagher et al 1998, Goffinet 1984, Mariani
etal 1977).

Two sources of Reelin are present near the Purkinje cell precursors that express
Dabl (Figure 5). Reelin is produced by cells in the ntz and egl, implying that one
or both sources could provide a signal to Purkinje cells. Recent genetic evidence
suggests that both sources of Reelin are required for the proper positioning of
Purkinje cells. Mice with a targeted disruptionMath-1fail to form an egl, and
consequently the cerebellum lacks granule cells (Ben-Arie et al 1997). Never-
theless, the majority of Purkinje cells migrate to the surface of the cerebellum,
implying that transient expression of Reelin by cells in the ntz is sufficient for the
migration of many Purkinje cells (Jensen et al 2000). The fact that some Purk-
inje cells fail to migrate implies that Reelin produced by granule cells in the egl
is also required for proper migration. Multiple sources of Reelin are present in
other structures affected by theelermutation. For example, Reelin is expressed
initially in the marginal zone of developing cortex, followed by a population of
deep cortical plate cells around E17 (Alcantara et al 1998). This additional source
of Reelin may contribute to the proper migration of the last cohort of cortical plate
neurons.

The close proximity of Reelin-producing cells to the Purkinje cells that express
Dab1 is critical for the subsequent organization of the cerebellar cortezelin-
or Dabl-deficient mice the cerebellum lacks characteristic foliation, and the ma-
jority of Purkinje cells are found in several clusters beneath the cortex (Figure 5).
The lack of cerebellar foliation in the mutants arises as a consequence of a decrease
in the number of granule cells. Purkinje cells are known to produce the mitogenic
factor sonic hedgehog that acts on granule cell precursors. Presumably, the overall
levels of sonic hedgehog that reach the egl are reduced in the mutants owing to
the misplacement of Purkinje cells (Wechsler-Reya & Scott 1999). This does not
affect the remaining granule cells, which are located in an internal granule cell
layer (Goldowitz et al 1997, Mariani et al 1977). Therefore, Reelin and Dab1 are
required for the proper placement of Purkinje cells, but not granule cells, in the
developing cerebellum.

The expression patterns mfelin andDablin the developing cerebral cortex
are consistent with the notion that these genes function during the onset of cortico-
genesis.Dablis expressed in the forebrain at relatively low and uniform levels
throughout the ventricular zone as early as E11.5, wheesdig is present in the
Cajal-Retzius cells in the preplate (Rice et al 1998). A dramatic incred3ahit
occurs at the onset of cortical plate formation. Migrating neurons destined to form
the cortical plate expre€3abl when they invade the preplate. The first cohort of
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cortical plate neurons is unable to invade the preplasinl-deficient mice, even
though Reelin is presentin the marginal zone. This disturbance is similar to thatin
reelermice, in which the preplate fails to split into the marginal zone and subplate
(Figure 2). Immunohistochemical studies using Dab1-specific antibodies revealed
more intense staining in threelercerebral cortex at E16.5 compared with normal,
suggesting that there is an increase in Dab1l levels. Immunoblotting analysis con-
firmed that Dabl accumulatesneelerbrain to a level approximately 5 to 10-fold
greaterthanthatin normal brain (Rice etal 1998). The peak time of over-expression
of Dabl corresponds to the period in which neuronal migration is underway and
when Reelin is required for normal positioning of neurons in the CNS.

Recent biochemical and genetic data suggest that intracellular transduction of
the Reelin signal involves activation of a tyrosine kinase cascade involving Dab1l
(Howelletal 1999a). Dablis phosphorylated in both wild-typerasterneurons,
as revealed by immunoprecipitation with Dab1-specific antibodies followed by im-
munoblotting with antiphosphotyrosine antibodies. Inrgederbrain the amount
of phosphotyrosine in Dabl is lower than that in normal brain, despite the presence
of elevated levels of Dabl. Primary neurons exposed to Reelin-conditioned media
display an increased level of phosphorylated Dabl (Howell et al 1999a). This
response is dependent on divalent cations and is not mimicked by a phosphatase
inhibitor, suggesting that the Reelin action is mediated through specific receptors
expressed on target neurons. The biochemical data imply that Reelin binding to
receptors stimulates a kinase that phosphorylates Dab1l, leading to the activation
of an intracellular signaling cascade.

There are five potential sites for Reelin-induced tyrosine phosphorylation of
Dabl immediately C-terminal to the PI/PTB domain (Figure 4). Analysis of the
predicted amino acid sequence indicated that this region is a good substrate for
both receptor and nonreceptor tyrosine kinases, such as Src and Abl (Howell et al
2000). To determine if these sites are important during Reelin-induced signaling
cascades, mice were generated that express a mutant form of Dab1l, in which the
five tyrosines were substituted with phenylalanine. Remarkably, these mutant
mice display ataxia and disruptions of cell positioning in the cerebral cortex,
cerebellum, and hippocampus that closely resemble thoseelim- and Dab1-
deficient mice (Howell et al 2000). Immunoblotting studies revealed that Dab1 is
present and that it lacks detectable tyrosine-phosphorylated residues. Moreover,
Dabl levels are slightly elevated in the phosphotyrosine Dabl—deficient brain,
implying that Reelin signaling affects turnover of Dabl. Alterationsin Dabl levels
likely represent a secondary consequence of Reelin-induced signaling and they are
not responsible for the cell positioning defects observedter, scrambleror
yotari mice. Dabl is phosphorylated on tyrosine residues in kesterand wild-
type brain, suggesting that phosphorylation of Dab1l at basal levels is independent
of Reelin. It will be interesting to determine the kinase(s) involved and the specific
residues that are phosphorylated in response to Reelin. These sites of Reelin-
induced phosphorylation are likely to represent docking areas for protein-protein
interactions that are involved in downstream signaling events.
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GENETIC EVIDENCE IMPLICATES LIPOPROTEIN
RECEPTORS IN REELIN SIGNALING

The PI/PTB in Dabl binds to the cytoplasmic tails of the five members of the
LDLR family and the three members of the APP family of proteins (Homayouni
et al 1999; Trommsdorff et al 1998, 1999; Howell et al 1999b). The first indica-
tion that lipoprotein receptors function in the Reelin pathway came from a gene
disruption study (Trommsdorff et al 1999). Mice deficient in both the very low—
density lipoprotein receptok/(dIr) and the apolipoprotein E receptorZ{0ER2
exhibit behavioral and neuratomical defects that are identical to thoselér. The
double mutants are smaller and they exhibit ataxia at two weeks after birth. The
cerebellum is decreased in size and lacks foliation. In situ hybridization with a
riboprobe recognizingalbindin a gene expressed specifically in cerebellar Purk-
inje neurons, revealed large clusters of cells beneath the cerebellar cortex. In the
hippocampus pyramidal cells are loosely arranged in multiple layers, and granule
cells fail to form the histotypical layers in the dentate gyrus. Lamination defects in
the cerebral cortex cApoER2andVIdIr double mutants are also highly reminis-
cent of those seen meelin or Dabl mutants, in which Layer | is not discernible,
and there is an apparent increase in cell density in this area. This observation
suggests that both receptors are capable of transmitting the Reelin signal to Dabl
and proper splitting of the preplate. Moreover, Dabl levels are elevated in mice
that lack bothvIdlr and ApoERZ2 implying that signaling through Reelin and the
lipoprotein receptors results in increased turnover of Dabl.

In contrast, mice deficientin onlidIr or ApoERZexhibit subtle neuroanatom-
ical defects that do not resembéeler. For example, Layer | in the cerebral cortex
appears normal in eith&fdIr or ApoERZnock-out mice, implying that the early
events of corticogenesis occur properly. However, cell positioning defects are
obvious in other cortical layers in mice lacki®gpoERZ2 as revealed by birth-
dating experiments (Trommsdorff et al 1999). In mice that lelchr, a small
subset of Purkinje cells is inappropriately positioned in the cerebellum, which
appears slightly reduced in size. The CALl region of the hippocampus proper
is thinner, and several pyramidal cells fail to align in the appropriate layer in
mice lackingApoER2 Abnormalities in the hippocampus are less dramatic in
the VIdIr-deficient mice. These comparative studies suggest that each receptor is
important during neuronal migration, but that they may exhibit both overlapping
and distinct functions in transmission of a signal from Reelin in different brain
regions.

The intracellular domains of LDLR family members bind, at least in vitro, to
a variety of proteins implicated in kinase signaling, cell adhesion, cytoskelatal
organization, vesicle transport, and synaptic transmission (Gotthardt et al 2000).
ApOoER2 contains a domain in its cytoplasmic tail that associates with the JINK
family of interacting proteins, JIP-1 and JIP-2, which are highly expressed in
the developing CNS (Stockinger et al 2000). JIPs are kinase scaffolding proteins
importantin the JNK kinase signaling pathway, and JIP-1 associates with the RhoA
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GTPase exchange factor, rhoGEF (Meyer et al 1999). Therefore, extracellular
guidance cues could bind to lipoprotein receptors and initiate different responses
depending on the adapter molecules and signaling proteins associated with the
receptor complex. This may explain the different phenotypes of mice deficient in
VIdIr compared to those that laéipoER2

REELIN IS A LIGAND FOR LIPOPROTEIN RECEPTORS

BothVIdIr andApoER?2are expressed in the target cells of Reelin in several differ-
ent brain regions during the critical period in which Reelin directs cell positioning
(Trommsdorff et al 1999). For example, VIdIr and ApoER2 are expressed in
the developing cortical plate and the intermediate zgxgoER2is more widely
expressed compared witldlr, and both receptors are present in similar cell
populations that contaibabl (Trommsdorff et al 1999). Although genetic evi-
dence suggested that lipoprotein receptors functioned in the Reelin pathway, it
was necessary to obtain direct biochemical evidence to support their role as
Reelin receptors. Two different experimental strategies demonstrated that Reelin
binds to both VIdIr and ApoER2 with an apparent affinity in the 0.5 nM range
(D’Arcangelo et al 1999, Hiesberger et al 1999). The binding was inhibited by the
CR-50 antibody, which binds to the N-terminus of Reelin and blocks its function
in vivo and in vitro (D’Arcangelo et al 1999, Nakajima et al 1997, Ogawa et al
1995). CR-50 also decreased Reelin-induced phosphorylation of Dab1 in primary
neurons, suggesting that Reelin binding to these receptors is critical for activa-
tion of a downstream kinase (Senzaki et al 1999). The association of Reelin with
the lipoprotein receptors is also blocked by the receptor-associated protein, which
acts as a molecular chaperon for the LDLR family (Willnow 1998). The presence
of receptor-associated protein or fragments of the VLDLR receptor also blocked
Reelin-induced tyrosine phosphorylation of Dabl (Hiesberger et al 1999). These
biochemical studies demonstrate that Reelin binds to VIdIr and ApoER2, resulting
ininternalization of Reelin and activation of atyrosine kinase signaling cascade that
results in phosphorylation of Dabl (D’Arcangelo et al 1999). Thus, both genetic
and biochemical evidence suggest that Reelin is a ligand for lipoprotein receptors.
Dab1 binds to the cytoplasmic domains of VLDLR, ApoER2, and other LDL-
receptor family members, including LDLR, LRP, and Megalin (Howell etal 1999b,
Trommsdorff et al 1998). The LDLR family of receptors does not possess intrinsic
tyrosine kinase activity, and they have not been shown to physically associate with
tyrosine kinases or phosphatases. This raises a question regarding the mechanism
whereby Reelin binding to the receptors activates a tyrosine kinase that phospho-
rylates Dabl. The PI/PTB domain in Dabl interacts with the receptor tails via an
association with the NPxY motif, which is important in clathrin-mediated endo-
cytosis and receptor cycling (Chen et al 1990). Reelin is internalized after binding
lipoprotein receptors, suggesting that endocytosis may recruit a tyrosine kinase to
Dab1 in vesicles and further activate additional signaling molecules (D’Arcangelo
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et al 1999). Alternatively, Reelin may also bind to coreceptors expressed on
migrating neurons that have an associated kinase activity.

REELIN BINDS TO OTHER TRANSMEMBRANE
PROTEINS EXPRESSED ON NEURONS

Recently, it was reported that Reelin binds to a novel class of proteins (Senzaki
et al 1999). This family of transmembrane proteins, known as cadherin-related
neuronal receptors (CNRs), contains six ectodomains that are similar to those found
in cadherins. CNRs diverge from cadherins in the sequence of their cytoplasmic
domains (Kohmura et al 1998). CNR proteins were discovered through their
ability to interact specifically with the nonreceptor tyrosine kinase Fyn in yeast
two-hybrid assays. Expression studies demonstrated that CNRs are present in
synapses throughout the adult brain (Kohmura etal 1998). The function of CNRs is
unclear at present, although the similarity of the extracellular domains to cadherins
implies that CNRs are involved in homophilic or heterophilic cell-cell interactions.

To investigate the possibility that Reelin binds to CNRs, alkaline phosphatase
fusion proteins containing a partial Reelin N-terminal region (amino acids 28—-911)
were coprecipitated with an Fc fusion protein corresponding to the extracellular
domain of CNR1 (Senzaki et al 1999). Using these truncated proteins, it was
found that the B domain in the first Reln repeat (Figure 3) bound to CNR1 in
vitro. The binding region was mapped to a domain in CNR1 that contains an RGD
motif, which functions in ligand receptor interactions (Pierschbacher & Ruoslahti
1984). Mutation of the arginine residue in this motif abolished Reelin binding to
CNRL1. Rotation cultures, in which cortical neurons were dissociated and allowed
to self-aggregate in the presence of an antibody recognizing the RGD region of
CNR1, were used to examine the function of CNRs in corticogenesis. In normal
aggregates, microtubule-associated protein-2—positive neurons were located on
the surface of the aggregate. However, in the presence of the CNR1 antibody
many neurons were clustered in the central region, and the aggregate was smaller
than controls (Senzaki et al 1999). As noted by the investigators, the histotypic
appearance of aggregates obtained following treatment with CNR1 antibodies
was quite distinct from that obtained in the presence of CR-50 antibody or in
aggregates prepared usireglerneurons (Ogawa et al 1995, De Long & Sidman
1970). It is possible that CNRs participate in neurophilic interactions based on
the aggregation results. The fact that the cytoplasmic domains of CNRs bind
to a kinase that phosphorylates Dab1l in vitro raises the possibility that CNRs
participate in a complex with lipoprotein receptors on the surface of migrating
neurons. Unlike the situation with the lipoprotein receptors, genetic evidence has
not been presented that supports a role for CNR genes in Reelin signaling.

Other transmembrane receptor classes function to direct cell migration in the
brain. Gene disruption analysis has shown th&tintegrin plays a role in cell
migration during corticogenesis. The migratory patterns of neurons in the cortex
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lacking @3 integrin are somewhat distinct from thosere€ler. For example,
neuronal heterotopias are present in the intermediate zone, implying that neurons
failed to migrate properly. Neurons born on E13.5 are normally located in the
deep layers of the cortical plate, but @B integrin—deficient mice these cells

are scattered throughout the cortical plate and the intermediate zone (Anton et al
1999). Thex3 integrin protein is highly expressed in ventricular zone, migrating
neurons in the intermediate zone, and at low levels in the cortical plate (Anton
et al 1999). Studies carried out using in vitro migration assays suggested that the
primary function ofa381 integrin is to promote association between migrating
neurons and their radial glia guides. In the absenae3ohtegrin, neurons alter

their preference for radial glia and exhibit an increased propensity to associate with
other neurons (Anton et al 1999). Thus, ectopic cells in the cortex and neuronal
heterotopias in mice lacking the3 integrin may arise because of a failure in
cell-cell interactions between migrating neurons and the radial glia.

Integrin receptors bind a variety of ligands associated with the extracellular mat-
rix and they mediate cell-cell interactions in many tissues. Functional receptors
consist of heterodimers between two subunits encoded by different genes. There
are over 20 integrin receptors comprising different combinationsaridg sub-
units, with differing ligand-binding specificity and associated intracellular signal
transduction cascades (Hynes 1992). Recently, Reelin was suggestedit8ind
integrin, resulting in an alteration in neuronal migration in vitro (Dulabon et al
2000). Incubation with Reelin-conditioned medium reduced the rate of migration
and stimulated neurons to detach from the radial glia in cortical imprint assays.
Importantly, these effects were abolished when Reelin was inhibited by treatment
with the CR-50 antibody. Moreover, neurons obtained from mice lacking 3he
integrin did not respond to Reelin-conditioned medium in the imprint assay. To
determine if Reelin binding ta3 integrin is relevant in vivo, Reelin-coated beads
were injected into the intermediate zone of the developing cerebral cortex. This
treatment prevented the subsequent migration of BrdU-labeled neurons, whereas
neurons that failed to express th8 integrin ignored the Reelin-coated beads.
These observations led to the proposal that Reelin acts as a negative regulator of
neuronal migration by inducing changes in cell-cell interactions and detachment
from radial glia. Protein association assays carried out using the CR-50 antibody
and antibodies againgtl integrin,« 3 integrin, and a myc epitope tag on Reelin
suggested that Reelin boundgd and, to a lesser degree3 integrin (Dulabon
etal 2000). Surprisingly, in contrast to the interaction of Reelin with lipoprotein re-
ceptors and in vivo and in vitro biological assays of Reelin function, CR-50 did not
inhibit the interaction of Reelin with integrin. This implies that multimerization
of Reelin is not required for this activity.

The cytoplasmic tail of31 integrin contains two NPxY motifs, one of which
has been suggested to function in cell migration by targeting integrin to focal
adhesions (Vignoud et al 1994, 1997). Integrins are known to trigger activation
of tyrosine kinases such as Fak and Syk, which are involved in signaling trans-
duction pathways that affect cytoskeletal organization (Clark & Brugge 1995).
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Interestingly,a3 integrin does not appear to be required for the Reelin-induced
tyrosine phosphorylation of Dabl in primary neurons (Dulabon et al 2000). This
implies that the kinase activity associated with Reelin binding to the lipoprotein
receptors on neurons is independent of integrin signaling. Moreover, Dab1 levels
are decreased i3 integrin—deficient mice. This is in stark contrast to the situa-
tion in reelerbrains or those that lack both thédIlr andApoER2genes, in which
Dabl accumulates in neurons that go astray (Trommsdorff et al 1999, Rice et al
1998).

GENES THAT MODULATE THE REELIN
SIGNALING PATHWAY IN BRAIN

A number of genes have now been suggested to play a role in the Reelin signaling
pathway that controls neuronal positioning during development (Table 1). Al-
though many of these have been directly implicated in the Reelin pathway, others
appear to influence Reelin signaling through effects on the generation or survival
of Cajal-Retzius cells. Targeted disruption of either cyclin-dependent kinase 5
(Cdkb) or its regulatory subunit p35 produce migration defects in brain regions af-
fected inreeler. Cdk5 is a member of the cyclin family of serine/threonine kinases
that is widely expressed in postmitotic neurons. Cdk5 phosphorylates a variety of
substrates associated with the cytoskeleton (Tsai et al 1993). Cdk5 is activated by
association with its regulatory subunits p35 or p39 that are expressed in postmitotic
neurons (Cai etal 1997, Tsai et al 199€dk5null mice die shortly after birth with

failed migrations in the cerebral cortex, cerebellum, and hippocampus (Ohshima
et al 1996). The cerebellar phenotype in the CdkSnice is characterized as a
complete block in Purkinje cell migration and a failure in the inward migration of
some granule cells towards the internal granule cell layer (Ohshima et al 1999).
Less severe, but similar defects are present in the p35-deficient cerebellum (Chae
et al 1997). This contrasts witeeler, in which granule cell migration is appar-
ently normal, and a small subset of Purkinje cells is capable of migrating to the
cerebellar cortex (Mariani et al 1977).

During corticogenesis the preplate splits into the marginal zone and subplate
in both Cdk5- and p35-deficient mice. This implies that the migration of the first
cohort of cortical plate neurons is independent of Cdk5/p35 (Kwon & Tsai 1998,
Gilmore etal 1998). Similar to the situation in the embryardntegrin—deficient
cortex, there is an increase in the apparent cell density in the intermediate zone
in mice that lack either Cdk5 or p35. Recently, Li et al (2000) demonstrated that
a1B1 integrin stimulated Cdk5 kinase activity. It is conceivable thgg1 inte-
grin activates Cdks5 in the later cohorts of migrating neurons, allowing them to
traverse the intermediate zone. Indeed, Cdk5 has been shown to negatively regu-
late N-cadherin-mediated adhesion via an association between p35aatdnin
(Kwon et al 2000). This led to the proposal that Cdk5 kinase activity functions to
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silence N-cadherin-mediated adhesion in migrating neurons during corticogenesis
(Kwon et al 2000). In this model integrin stimulation of Cdk5 would suppress
N-cadherin-mediated adhesion among neurons migrating through the intermedi-
ate zone and cortical plate, which contains high levels of N-cadherin (Redies &
Takeichi 1993). This may explain the failed migrations in later cohorts of neurons
in mice that lack eithe3 integrin or Cdk5 (Anton et al 1999, Kwon & Tsai 1998,
Gilmore et al 1998).

It is interesting to compare the cortical defects observed in mice lackith$
to those inreeler. In contrast taeeler, the preplate splits in Cdk%~ mice, sug-
gesting that the Reelin/lipoprotein receptor/Dabl pathway is distinct from that af-
fected by Cdk5. However, it remains possible that Reelin has different effects
on early- and late-born cortical neurons. In the later phases of cortical neuron
migration Reelin could influence Cdk5 kinase activity, resulting in abrogation
of N-cadherin-mediating adhesion (Homayouni & Curran 2000). Thus, Reelin
binding to lipoprotein receptors may simultaneously suppress neuronal-glia inter-
actions by internalization of integrin receptors, which may stimulate neurophilic
interactions by reducing Cdk5 kinase activity.

ADDITIONAL FUNCTIONS OF THE REELIN
SIGNALING PATHWAY IN THE BRAIN

Recent evidence suggests that the Reelin pathway is involved in other aspects of
neurodevelopment and in the mature CNS. Soriano and colleagues have shown
that Reelin and Cajal-Retzius cells are important for the correct formation of
synaptic circuits in the hippocampuReelermice display several alterations in

the entorhino-hippocampal projections, including reduced axonal branching, de-
creased number of synapses, and abnormal topography of synapses (Borrell et al
19994, Del Rio et al 1997). Others have shown colocalization of Reelin and inte-
grins in synaptic clefts, implicating a role for Reelin in synaptogenesis (Rodriguez
et al 2000). Application of the Reelin-blocking antibody CR-50 to organotypic
cultures obtained from normal entorhino-hippocampal slices recapitulated the fiber
pathway abnormalities observedreeler. Moreover, the length of axonal collat-
erals in the stratum lacunosum-moleculare is decreasestlar, suggesting that
Reelin promotes neurite outgrowth (Borrell et al 1999a). In addition, misrouting of
commissural afferents is a feature of teelerhippocampus (Borrell et al 1999b).

This was attributed to loss of some Cajal-Retzius cells in hippocampus, particu-
larly in the CA3 region, ofreeler Orleans. These studies show that the overall
layer specificity and targeting of afferent projections to the hippocampus are nor-
mal inreeler, which implies that Reelin may not function as a long-range attractant
molecule. This conclusion is consistent with other observations on the major fiber
pathways in theeelermutant (Caviness and Rakic 1988). Rather, Reelin functions
locally to promote synaptogenesis, axonal branching and collateral outgrowth in
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the developing hippocampus. Therefore, Reelin acts in conjunction with other
short- and long-range chemoattractive and chemorepulsive cues during formation
of synaptic circuitry (Chedotal et al 1998).

Several components of the Reelin signaling pathway have also been reported to
be expressed in neurons after completion of cell positioning. In the neural retina
reelin is expressed by retinal ganglion cells, amacrine cells, and cone bipolar
cells (Rice & Curran 2000b). Reelin is present at high levels in the outer and
inner synaptic layers. Dabl becomes apparent during the first postnatal week
in a subpopulation of cells in the inner nuclear layer (Rice & Curran 2000a).
Interestingly, at postnatal day 6 Dab1 was found to accumulate in type All amacrine
cells ofreelermice, suggesting that the Reelin pathway is active in the retina during
the period of synaptogenesis. Indeed, the synaptic layering of type All amacrine
cells and rod bipolar cells is defective in mice deficient in Reelin and Dabl. These
findings suggest that the Reelin pathway modulates the formation of the scotopic
synaptic circuitry in mammalian retina.

The complementary patterns of Reelin and Dabl expression in other brain
regions suggest that they may have functions in adults. For example, in the mature
cerebellum, Reelin is expressed in the granule cell layer and the molecular layer,
which contains the parallel fibers that synapse on Purkinje cell dendrites expressing
Dabl (Pesold et al 1998, Ikeda & Terashima 1997). Lipoprotein receptors are
also present in adult neurons, where they could potentially contribute to a signal
transduction pathway affecting the stability of the cytoskeleton (Trommsdorff et al
1999). Many neurons in the adult cerebral cortex that proguaeninobutyric
acid (GABA) as their primary neurotransmitter also expressin (Alcantara et al
1998). These inhibitory interneurons modulate cortical synaptic circuitry and they
synapse on cortical pyramidal cells expressing Dab1 (Rodriguez et al 2000, Pesold
et al 1999). Mitral cells and a subpopulation of periglomerular neurons express
very high levels ofeelinin the adult olfactory bulb (Alcantara et al 1998, Ikeda &
Terashima 1997). The olfactory bulb actively remodels synaptic connections,
suggesting that Reelin may participate in synaptic maintenance or plasticity. In
addition, Reelin may be a component of the extracellular matrix that is important
for the localization of neurotrophic factors, which contribute to the survival of
neurons (Celio & Blumcke 1994). This may relate to the modest loss of certain
subpopulations of neurons in theelerbrain (Wyss et al 1980, Stanfield & Cowan
1979, Mariani et al 1977).

IS THE REELIN SIGNALING PATHWAY INVOLVED
IN NEUROPATHOLOGY?

The interaction of Reelin with lipoprotein receptors is inhibited in the presence of
another ligand of the LDL receptor family, apolipoprotein E (ApoE), which is a ma-
jor constituent of very low—density lipoproteins (D’Arcangelo et al 1999, Mahley
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1988). Three alleles dkpoEare present in humans, and epidemiological studies
have linkedApoE4with late-onset and sporadic Alzheimer’s disease (Strittmatter &
Roses 1996). ApoE3 and ApoE4, but not ApoE2, inhibit Reelin binding to the
lipoprotein receptors in vitro (D’Arcangelo et al 1999). Furthermore, whereas
the basal level of tyrosine phosphorylation of Dabl is not altered by treatment
of primary neurons with ApoE3 alone, Reelin-induced tyrosine phosphorylation
of Dabl is inhibited. Transgenic mice that express human ApoE4 in neurons
display progressive motor abnormalities, wasting, and premature death (Tesseur
et al 2000). These mice also exhibit elevated levels of hyperphosphorylated tau,
a microtubule-associated protein important in the organization of the cytoskele-
ton. Hyperphosphorylation of tau, which leads to dissociation of microtubules,
has been associated with Alzheimer’s disease, and mutatidas are linked to
dementia (Hardy et al 1998, Hong et al 1998). A recent study has indicated that
increased levels of tau phosphorylation can be detected in mice deficieetim

or bothVIdIr andApoER2(Hiesberger et al 1999).

Several protein kinases have been implicated in tau hyperphosphorylation, in-
cluding Cdk5. Recently, p25, a truncated isoform of p35, the regulatory subunit
of Cdk5, was found to accumulate in Alzheimer’s disease. This isoform constitu-
tively activates Cdk5, resulting in elevated levels of tau phosphorylation (Patrick
et al 1999). This may lead to disruption of the cytoskeletal network and for-
mation of paired helical filaments, which are characteristic of Alzheimer’'s and
other neurodegenerative diseases. Dabl was reported to be an in vitro substrate
of Cdk5, and it is tempting to speculate that Cdk5 activity may be modulated by
the Reelin signaling pathway (Homayouni et al 1999). Dabl may affect Cdk5
kinase activity directly or indirectly by interacting with its binding partners such
as Abl (Zukerberg et al 2000). Alternatively, Dabl could influence Cdk5 func-
tion by binding to its substrates such as APP (lijima et al 2000, Homayouni et al
1999, Howell et al 1999b). Thus, it is possible that the Reelin signaling pathway,
which controls cell positioning and branching of neuronal fibers during develop-
ment, may also participate in communicating extracellular signals to alterations
in the cytoskeleton, which affect cell shape and physiology in the adult brain.
Conceivably, the transmission of a signal from Reelin through lipoprotein recep-
tors to tyrosine phosphorylation of Dabl may act antagonistically with a pathway
involving ApoE, protein kinases, and tau phosphorylation.

Dabl interacts with the cytoplasmic tails of all three members of the APP
family (Homayouni et al 1999, Howell et al 1999b, Trommsdorff et al 1998). A
proteolytic product of APP, amyloid-protein, accumulates in amyloid plaques,
and mutations in APP are associated with familial Alzheimer’s disease (Selkoe
1998). Dabl may mediate the intracellular sorting of the cytoplasmic cleavage
product of APP, which has recently been associated with neuronal death (Lu et al
2000). Alternatively, Dabl could affect the production or localization of the mature
form of APP by interacting with its cytoplasmic NPxY motif. It is also plausible
that Dabl modulates the endocytotic pathway by competing with other adapter
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proteins involved in APP trafficking (Guenette et al 1999). Therefore, it will be
interesting to determine if Reelin signaling through Dab1 affects generation of the
amyloid-protein peptide and other APP peptides associated with the pathological
progression of Alzheimer’s disease (Selkoe 1998).

CONCLUSIONS

According to legend, there is an ancient Chinese curse that states, “May you live
in interesting times!” The Reelin field has now entered an interesting period. Over
the past few years, a number of proteins have been shown to function in the Reelin
signaling pathway. We are now faced with the challenging task of integrating
almost 50 years of research on the anatomy and biology aétiermouse with
knowledge of the biochemical properties and expression patterns of these proteins
in the developing brain. Although the earliest descriptionseefer defined the
mutation as a disorder of cell migration, it is now clear that the genetic lesion
compromises a signaling pathway whose biological role is context dependent. For
example, in the cerebral cortex migration per se is not affected; rather, there is
a failure in cell positioning in the final phase of cortical plate formation. In the
cerebellum Purkinje cells complete the first phase of migration, but they fail to form

a Purkinje cell plate. Hippocampal pyramidal neurons do not align appropriately,
and granule cells of the dentate gyrus are dispersed. Furthermore, the Reelin
pathway does not function exclusively in cell positioning, because entorhino-
hippocampal projections and retinal synaptic layering are disrupted in the mutant
mice. Thus, indiscussing the function of Reelin it may not be appropriate to ascribe
biological properties such as “attractant” or “stop signal” to an intercellular signal
that depends on additional cues in each specific context to elicit an appropriate
response.

The biochemical role of Reelin is emerging from studies of the molecular prop-
erties of components of the pathway. Reelin is an extracellular protein that is
present at specific locations throughout the developing brain. It binds to lipopro-
tein receptors and is internalized, while activating a tyrosine kinase cascade that
leads to phosphorylation of Dabl (Figure 6). In the developing cerebral cortex
the reeler phenotype is apparent when the first cohort of cortical plate neurons
encounters the preplate (Caviness 1982, Goffinet 1979). This implies that Reelin
alters the surface properties of migrating neurons and causes them to insert into
the preplate. Itis difficult to present a model that accounts for all of the events that
have been associated with the Reelin pathway. It is possible that the interaction
of Reelin with lipoprotein receptors changes the properties of leading processes
on migrating cells or synaptic structures by redistributing and reorganizing cell
surface molecules. This could be accomplished by downregulation of adhesion
molecules such as integrin, which are thought to mediate the cell-cell contacts
among migrating neurons and radial glia, or changes in molecules such as CNRs
that could influence homotypic interactions among neurons. Alternatively, Reelin
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Figure 6 Model of the Reelin signaling pathway based on both genetic and biochemical data.
Reelin is an extracellular protein that binds to lipoprotein receptors, VIdIr and ApoER2, expressed
onneurons. Dabl is an adapter protein that associates with an NPxY motif (star) in the cytoplasmic
domain of these receptors. Reelin binding to lipoprotein receptors activates a tyrosine kinase,
resulting in phosphorylation of Dabl. This effect is inhibited by ApoE. Reelin is internalized
following binding to lipoprotein receptors, and Dab1 is degraded. The Reelin signaling pathway
activates a complex array of biological responses. Mutations in Cdk5, p35, and integrin elicit
similar responses that may be mediated through interactions with the Reelin pathway.

could provoke a more global response through effects on endocytosis, changes
in the distribution of intracellular signal transduction molecules such as protein
kinases, or through targeting of other proteins to the cell surface. In addition
to activating second-messenger cascades, the Reelin pathway may also provoke
changes in gene expression that lead to long-lasting alterations in neuronal prop-
erties. We hope clues about the molecular events initiated in the target cells of
Reelin will emerge in the coming years.



1032 RICE m CURRAN

ACKNOWLEDGMENTS

This work was supported in part by NIH Cancer Center Support CORE grant P30
CA21765, NIH grants F32 EY06972 (DSR), RO1 NS36558 (TC), Human Fron-
tiers Science Program RG67/98, and the American Lebanese Syrian Associated
Charities (ALSAC). Special thanks to Lakhu Keshvara, Ramin Homayouni, Susan
Magdaleno, Victor Borrell, and Patricia Jensen for helpful comments.

Visit the Annual Reviews home page at www.AnnualReviews.org

LITERATURE CITED

Alcantara S, Ruiz M, D’Arcangelo G, Ezan F,Borrell V, Ruiz M, Del Rio JA, Soriano E.
de Lecea L, et al. 1998. Regional and cellu- 1999b. Development of commissural con-
lar patterns of reelin MRNA expression inthe nections in the hippocampus of reeler mice:
forebrain of the developing and adult mouse. evidence of an inhibitory influence of Cajal-
J. Neuroscil8:7779-99 Retzius cellsExp. Neurol156:268-82

Allendoerfer KL, Shatz CJ. 1994. The sub-Bulfone A, Smiga SM, Shimamura K, Peterson
plate, a transient neocortical structure: its A, Puelles L, Rubenstein JL. 1995. T-brain-
role in the development of connections be- 1: ahomolog of Brachyury whose expression
tween thalamus and corteXnnu. Rev. Neu-  defines molecularly distinct domains within
rosci.17:185-218 the cerebral corteXNeuron15:63—-78

Angevine JB, Sidman RL. 1961. Autoradio-Cai XH, Tomizawa K, Tang D, Lu YF, Mori-
graphic study of cell migration during histo- waki A, et al. 1997. Changes in the expres-
genesis of cerebral cortex in the mousa- sion of novel Cdk5 activator messenger RNA
ture 192:766—68 (p39nck5ai mMRNA) during rat brain develop-

Anton ES, Cameron RS, Rakic P. 1996. Role ment.Neurosci. Re28:355-60
of neuron-glial junctional domain proteinsCameron RS, Rakic P. 1994. Identification
in the maintenance and termination of neu- of membrane proteins that comprise the
ronal migration across the embryonic cere- plasmalemmal junction between migrating
bral wall.J. Neurosci16:2283-93 neurons and radial glial cellsl. Neurosci.

Anton ES, Kreidberg JA, Rakic P. 1999. Distinct  14:3139-55
functions of alpha3 and alpha(v) integrin re-Caviness VS Jr. 1976. Patterns of cell and fiber
ceptors in neuronal migration and laminar distribution in the neocortex of the reeler mu-
organization of the cerebral corteMeuron tant mouseJ. Comp. Neurol170:435-47
22:277-89 Caviness VS Jr. 1977. Reeler mutant mouse:

Ben-Arie N, Bellen HJ, Armstrong DL, Mc-  a genetic experiment in developing mam-
Call AE, Gordadze PR, et al. 1997. Mathl malian cortexNeurosci. Sym®R:27—-46
is essential for genesis of cerebellar granul€aviness VS Jr. 1982. Neocortical histogenesis

neuronsNature390:169-72 in normal and reeler mice: a developmental
Bentivoglio M, Mazzarello P. 1999. The history  study based uporfifijthymidine autoradiog-
of radial glia.Brain Res. Bull49:305-15 raphy.Brain Res256:293-302

Borrell V, Del Rio JA, Alcantara S, Derer Caviness VS Jr, Crandall JE, Edwards MA.
M, Martinez A, et al. 1999a. Reelin reg- 1988. The Reeler Malformation: implica-
ulates the development and synaptogenesistions for neocortical histogenesis. Qere-
of the layer-specific entorhino-hippocampal bral Cortex Vol 17, ed. A Peters, EG Jones,
connectionsJ. Neuroscil9:1345-58 pp. 59-89. New York: Plenum



REELIN PATHWAY IN BRAIN 1033

Caviness VS Jr, Rakic P. 1978. Mechanisms M, Mikoshiba K, Curran T. 1997. Reelinis a
of cortical development: a view from mu- secreted glycoprotein recognized by the CR-
tations in miceAnnu. Rev. Neuroscl:297— 50 monoclonal antibody. Neuroscil7:23—
326 31

Caviness VS Jr, Sidman RL. 1973a. Retrohipbavenport CB. 1900. Review of von Guaita’s
pocampal, hippocampal and related struc- experiments in breeding micdiol. Bull.
tures of the forebrain in the reeler mutant 2:121-28
mouseJ. Comp. Neurol147:235-54 de Bergeyck V, Nakajima K, Lambert de Rou-

Caviness VS Jr, Sidman RL. 1973b. Time of ori- vroit C, Naerhuyzen B, Goffinet AM, et al.
gin of corresponding cell classes in the cere- 1997. A truncated Reelin protein is produced
bral cortex of normal and reeler mutant mice: but not secreted in the ‘Orleans’ reeler mu-
an autoradiographic analysis.Comp. Neu-  tation (Reln[rl-Orl]). Brain Res. Mol. Brain
rol. 148:141-51 Res50:85-90

Celio MR, Blumcke I. 1994. Perineuronal nets-De Long GR, Sidman RL. 1970. Alignment
a specialized form of extracellular matrix in  deficit of reaggregating cells in culture of de-
the adult nervous systerBrain Res. Brain  veloping brains of reeler mutant micBev.
Res. Rev19:128-45 Biol. 22:584—-600

Chae T, Kwon YT, Bronson R, Dikkes P, Li Del Rio JA, Heimrich B, Borrell V, Forster E,
E, Tsai LH. 1997. Mice lacking p35, a neu- Drakew A, et al. 1997. A role for Cajal-
ronal specific activator of Cdk5, display cor- Retzius cells and reelin in the development
tical lamination defects, seizures, and adult of hippocampal connectiondature385:70—
lethality. Neuron18:29—42 74

Chedotal A, Del Rio JA, Ruiz M, He Z, Bor- Derer P. 1985. Comparative localization of
rell V, et al. 1998. Semaphorins Ill and IV  Cajal-Retzius cells in the neocortex of nor-
repel hippocampal axons via two distinct re- mal and reeler mutant mice fetusNeurosci.
ceptorsDevelopmen125:4313-23 Lett.54:1-6

Chen WJ, Goldstein JL, Brown MS. 1990.de Rouvroit CL, de Bergeyck V, Cortvrindt
NPXY, a sequence often found in cytoplas- C, Bar I, Eeckhout Y, Goffinet AM. 1999.
mic tails, is required for coated pit-mediated Reelin, the extracellular matrix protein defi-
internalization of the low density lipoprotein  cient in reeler mutant mice, is processed by
receptorJ. Biol. Chem265:3116-23 a metalloproteinaséexp. Neurol.156:214—

Clark EA, Brugge JS. 1995. Integrins and sig- 17
nal transduction pathways: the road takerDrager UC. 1981. Observations on the organi-
Science268:233-39 zation of the visual cortex in the reeler mouse.

D’Arcangelo G, Curran T. 1998. Reeler: new J. Comp. Neurol201:555-70
tales on an old mutant mousBioEssays Dulabon L, Olson EC, Taglienti MG, Eisen-
20:235-44 huth S, McGrath B, et al. 2000. Reelin binds

D’Arcangelo G, Homayouni R, Keshvara L, alpha-3-beta-1 integrin and inhibits neuronal
Rice DS, Sheldon M, Curran T. 1999. Reelin migration.Neuron27:33-44
is a ligand for lipoprotein receptorbleuron Falconer DS. 1951. Two new mutants trembler
24:471-79 and reeler, with neurological actions in the

D’Arcangelo G, Miao GG, Chen SC, Soares house mousel. Genet50:192-201
HD, Morgan JI, Curran T. 1995. A protein re- Gallagher E, Howell BW, Soriano P, Cooper JA,
lated to extracellular matrix proteins deleted Hawkes R. 1998. Cerebellar abnormalities
in the mouse mutant reelétature374:719— in the disabled (mdab1-1) mousk.Comp.
23 Neurol.402:238-51

D’Arcangelo G, Nakajima K, Miyata T, Ogawa Gertler FB, Bennett RL, Clark MJ, Hoffmann



1034 RICE m CURRAN

FM. 1989. Drosophila abl tyrosine kinase in  ropathology of “reeler”, a neurological mu-
embryonic CNS axons: a role in axonogen- tation in mice. Experiential6:460—61
esis is revealed through dosage-sensitive idardy J, Duff K, Hardy KG, Perez-Tur J, Hutton
teractions with disabledCell 58:103-13 M. 1998. Genetic dissection of Alzheimer's
Gertler FB, Hill KK, Clark MJ, Hoffmann  disease and related dementias: amyloid and
FM. 1993. Dosage-sensitive modifiers of its relationship to tauNat. Neuroscil:355—
Drosophila abl tyrosine kinase function: 58
prospero, a regulator of axonal outgrowthHartmann D, De Strooper B, Saftig P. 1999.
and disabled, a novel tyrosine kinase sub- Presenilin-1 deficiency leads to loss of Cajal-
strate.Genes Dev/:441-53 Retzius neurons and cortical dysplasia simi-
Gilmore EC, Ohshima T, Goffinet AM, Kulka-  lar to human type 2 lissencephaBurr. Biol.
rni AB, Herrup K. 1998. Cyclin-dependent 9:719-27
kinase 5-deficient mice demonstrate noveHatten ME. 1999. Central nervous system
developmental arrest in cerebral cortdx. neuronal migration.Annu. Rev. Neurosci.
Neurosci18:6370-77 22:511-39
Goffinet AM. 1979. An early development de-Henkemeyer MJ, Gertler FB, Goodman W,
fectinthe cerebral cortex of the reeler mouse. Hoffmann FM. 1987. The Drosophila Abel-
A morphological study leading to a hypothe- son proto-oncogene homolog: identification
sis concerning the action of the mutant gene. of mutant alleles that have pleiotropic effects
Anat. Embryol157:205-16 late in developmentCell 51:821-28
Goffinet AM. 1984. Events governing organi-Herrup K. 1987. Roles of cell lineage in the de-
zation of postmigratory neurons: studies on veloping mammalian brairCurr. Top. Dev.
brain developmentin normal and reeler mice. Biol. 21:65-97
Brain Res319:261-96 Hiesberger T, Trommsdorff M, Howell BW,
Goldowitz D, Cushing RC, Laywell E, Goffinet A, Mumby MC, et al. 1999. Di-
D’Arcangelo G, Sheldon M, et al. 1997. rectbinding of Reelin to VLDL receptor and
Cerebellar disorganization characteristic of ApoE receptor 2 induces tyrosine phosphory-
reeler in scrambler mutant mice despite pres- lation of disabled-1 and modulates tau phos-
ence of reelind. Neuroscil7:8767-77 phorylation.Neuron24:481-89
Gonzalez JL, Russo CJ, Goldowitz D, SweeHoffarth RM, Johnston JG, Krushel LA, van der
HO, Davisson MT, Walsh CA. 1997. Birth- Kooy D. 1995. The mouse mutation reeler
date and cell marker analysis of scrambler: causes increased adhesion within a subpop-
a novel mutation affecting cortical develop- ulation of early postmitotic cortical neurons.
ment with a reeler-like phenotypd. Neu- J. Neurosci15:4838-50
rosci.17:9204-11 Homayouni R, Curran T. 2000. Cortical de-
Gotthardt M, Trommsdorff M, Nevitt MF, Shel-  velopment: Cdk5 gets into sticky situations.
ton J, Richardson JA, etal. 2000. Interactions Curr. Biol. 10:R331-34
of the low density lipoprotein receptor geneHomayouni R, Rice DS, Sheldon M, Curran T.
family with cytosolic adaptor and scaffold 1999. Disabled-1 binds to the cytoplasmic
proteins suggest diverse biological functions domain of amyloid precursor-like protein 1.
in cellular communication and signal trans- J. Neuroscil19:7507-15
duction.J. Biol. Chem275:25616-24 Hong M, Zhukareva V, Vogelsberg-Ragaglia V,
Guenette SY, Chen J, Ferland A, Haass C, Wszolek Z, Reed L, et al. 1998. Mutation-
Capell A, Tanzi RE. 1999. hFE65L influ- specific functional impairments in distinct
ences amyloid precursor protein maturation tau isoforms of hereditary FTDP-13cience
and secretionl). Neurochem?73:985-93 282:1914-17
Hamburgh M. 1960. Observations on the neuHong SE, Shugart YY, Huang DT, Shahwan



REELIN PATHWAY IN BRAIN 1035

SA, Grant PE, et al. 2000. Autosomal reces- section of the cellular and molecular events
sive lissencephaly with cerebellar hypoplasia that direct cerebellar developme8bc. Neu-
is associated with human RELN mutations. rosci.26 (1):58 (Abstr.)
Nat. Genet26:93-96 Keeler CE. 1924. The inheritance of a retinal
Howell BW, Gertler FB, Cooper JA. 1997a. abnormality in white miceProc. Natl. Acad.
Mouse disabled (mDabl): a Src binding Sci. USA10:329-33
protein implicated in neuronal developmentKeeler CE. 1931The Laboratory Mouse: Its
EMBO J.16:121-32 Origin, Heredity, and CultureCambridge:
Howell BW, Hawkes R, Soriano P, Cooper JA. Harvard Univ. Press
1997b. Neuronal position in the developingKlar A, Baldassare M, Jessell TM. 1992. F-
brain is regulated by mouse disabled\ia- spondin: a gene expressed at high levels in
ture 389:733-37 the floor plate encodes a secreted protein that
Howell BW, Herrick TM, Cooper JA. 1999a. promotes neural cell adhesion and neurite ex-
Reelin-induced tryosine phosphorylation of tension.Cell 69:95-110
disabled 1 during neuronal positioning.Kohmura N, Senzaki K, Hamada S, Kai N, Ya-
Genes Devl3:643-48 suda R, et al. 1998. Diversity revealed by a
Howell BW, Herrick TM, Hildebrand JD, novel family of cadherins expressed in neu-
Zhang YN, Cooper JA. 2000. Dab1 tyrosine rons ata synaptic compleXeuron20:1137—
phosphorylation sites relay positional signals 51
during mouse brain developme@urr. Biol.  Kbnig N, Valet J, Fulcrand J, Marty R. 1977.
10:877-85 The time of origin of cajal-retzius cells in
Howell BW, Lanier LM, Frank R, Gertler the rat temporal cortex, an autoradiographic
FB, Cooper JA. 1999b. The disabled 1 study.Neurosci. Lett4:21-26
phosphotyrosine-binding domain binds taKwon YT, Gupta A, Zhou Y, Nikolic M,
the internalization signals of transmembrane Tsai LH. 2000. Regulation of N-cadherin-
glycoproteins and to phospholipidé/ol. mediated adhesion by the p35-Cdk5 kinase.
Cell. Biol. 19:5179-88 Curr. Biol. 10:363-72
Hsueh YP, Wang TF, Yang FC, Sheng M. 2000Kwon YT, Tsai LH. 1998. A novel disruption of
Nuclear translocation and transcription regu- cortical developmentin p35(-/-) mice distinct
lation by the membrane-associated guanylate from reelerJ. Comp. Neurol395:510-22
kinase CASK/LIN-2 Nature404:298-302 Le N, Simon MA. 1998. Disabled is a putative
Hunter-Schaedle KE. 1997. Radial glial cell de- adaptor protein that functions during signal-
velopment and transformation are disturbed ing by the sevenless receptor tyrosine kinase.
in reeler forebraind. Neurobiol.33:459—72 Mol. Cell. Biol. 18:4844-54
Hynes RO. 1992. Integrins: versatility, mod-Lemmon V, Pearlman AL. 1981. Does laminar
ulation, and signaling in cell adhesio@ell position determine the receptive field prop-
69:11-25 erties of cortical neurons? A study of corti-
lijima K, Ando K, Takeda S, Satoh Y, Seki T, cotectal cells in area 17 of the normal mouse
et al. 2000. Neuron-specific phosphorylation and the reeler mutani. Neurosci1:83-93
of Alzheimer’s beta-amyloid precursor pro-Li BS, Zhang L, Gu JG, Amin ND, Pant HC.
tein by cyclin-dependent kinase 3. Neu- 2000. Integrin alpha(l)beta(1)-mediated ac-
rochem.75:1085-91 tivation of cyclin-dependent kinase 5 activity
Ikeda Y, Terashima T. 1997. Expression of is involved in neurite outgrowth and human
reelin, the gene responsible for the reeler mu- neurofilament protein H Lys-Ser-Pro tail do-
tation, in embryonic development and adult- main phosphorylationl. Neurosci20:6055—
hood in the mouséev. Dyn.210:157-72 62
Jensen P, Zoghbi HY, Goldowitz D. 2000. Dis-Lu DC, Rabizadeh S, Chandra S, Shayya RF,



1036 RICE m CURRAN

Ellerby LM, et al. 2000. A second cytotoxic cerebellum: an immunohistochemical study
proteolytic peptide derived from amyloid b- with an allogeneic antibody CR-50 on normal
protein precursoNat. Med.6:397—-404 and reeler micel. Comp. Neurol372:215—
Luskin MB, Shatz CJ. 1985. Neurogenesis of 28
the cat’s primary visual corted. Comp. Neu- Miyata T, Nakajima K, Mikoshiba K, Ogawa M.
rol. 242:611-31 1997. Regulation of Purkinje cell alignment
Mahley RW. 1988. Apolipoprotein E: choles- by reelin as revealed with CR-50 antibody.
terol transport protein with expanding role in  Neurosci.17:3599—-609
cell biology. Science240:622—-30 Morse HC Ill. 1981. The Laboratory Mouse-
Mallamaci A, Mercurio S, Muzio L, Cecchi C, a historical perspective. IiThe Mouse in
Pardini CL, et al. 2000. The lack of Emx2 Biomedical Researched. HL Foster, D
causes impairment of Reelin signaling and Small, JG Fox, pp. 1-16. New York: Aca-
defects of neuronal migration in the devel- demic
oping cerebral cortexl. Neurosci20:1109— Mullen RJ. 1984. Ontogeny and genetics of the
18 mammalian nervous system. Ghimeras in
Margolis B. 1996. The PI/PTB domain: a Developmental Biologyd. N LeDouarin, A
new protein interaction domain involved in  McLaren, pp. 353—-68. London: Academic
growth factor receptor signalind.Lab. Clin. Nakajima K, Mikoshiba K, Miyata T, Kudo C,
Med.128:235-41 Ogawa M. 1997. Disruption of hippocampal
Mariani J, Crepel F, Mikoshiba K, Changeux development in vivo by CR-50 mAb against
JP, Sotelo C. 1977. Anatomical, physiologi- reelin.Proc. Natl. Acad. Sci. US84:8196—
cal and biochemical studies of the cerebellum 201
from Reeler mutant mousBhilos. Trans. R. Ogawa M, Miyata T, Nakajima K, Yagyu
Soc. Londor281:1-28 K, Seike M, et al. 1995. The reeler gene-
Marin-Padilla M. 1998. Cajal-Retzius cells and associated antigen on Cajal-Retzius neurons
the development of the neocortekrends is a crucial molecule for laminar organization
Neurosci21:64—-71 of cortical neuronsNeuron14:899-912
McConnell SK, Kaznowski CE. 1991. Cell cy- Ohshima T, Gilmore EC, Longenecker G, Ja-
cle dependence of laminar determination in cobowitz DM, Brady RO, et al. 1999. Mi-
developing neocorteXscience254:282-85 gration defects of cdk5/~) neurons in the
Meyer D, Liu A, Margolis B. 1999. Interaction  developing cerebellum is cell autonomous.
of c-Jun amino-terminal kinase interacting J. Neurosci19:6017-26
protein-1 with p190 rhoGEF and its localiza-Ohshima T, Ward JM, Huh CG, Longenecker
tion in differentiated neurond. Biol. Chem. G, Veeranna, etal. 1996. Targeted disruption
274:35113-18 of the cyclin-dependent kinase 5 gene results
Meyer G, Goffinet AM. 1998. Prenatal devel- in abnormal corticogenesis, neuronal pathol-
opment of reelin-immunoreactive neurons ogy and perinatal deattiProc. Natl. Acad.
in the human neocortex. Comp. Neurol.  Sci. USA93:11173-78
397:29-40 Patrick GN, Zukerberg L, Nikolic M, de la
Mikoshiba K, Nishimura Y, Tsukada Y. 1983. Monte S, Dikkes P, Tsai LH. 1999. Conver-
Absence of bundle structure in the neocor- sion of p35 to p25 deregulates Cdk5 activ-
tex of the reeler mouse at the embryonic ity and promotes neurodegeneratiblature
stage. Studies by scanning electron micro- 402:615-22
scopic fractographyev. Neurosci6:18-25 Pesold C, Impagnatiello F, Pisu MG, Uzunov
Miyata T, Nakajima K, Aruga J, Takahashi S, DP, Costa E, et al. 1998. Reelin is pref-
Ikenaka K, et al. 1996. Distribution of a erentially expressed in neurons synthesiz-
reeler gene-related antigen in the developing ing gamma- aminobutyric acid in cortex and



REELIN PATHWAY IN BRAIN 1037

hippocampus of adult ratBroc. Natl. Acad. pressed in type All amacrine cells in the
Sci. USA95:3221-26 mouse retinal. Comp. Neurol424:327-38
Pesold C, Liu WS, Guidotti A, Costa E, Carun-Rice DS, Curran T. 2000b. Role of reelin and
cho HJ. 1999. Cortical bitufted, horizontal, disabled-1 in the development of the retina.
and Martinotti cells preferentially express Investig. Ophthalmol. Vis. Set1(Suppl):S7
and secrete reelininto perineuronal nets, norRice DS, Sheldon M, D’Arcangelo G, Naka-
synaptically modulating gene expression. jima K, Goldowitz D, Curran T. 1998.
Proc. Natl. Acad. Sci. US86:3217-22 Disabled-1 acts downstream of Reelin in a
Pierschbacher MD, Ruoslahti E. 1984. Cell at- signaling pathway that controls laminar or-
tachment activity of fibronectin can be du- ganization in the mammalian braiBevel-
plicated by small synthetic fragments of the opmentl25:3719-29
molecule Nature309:30-33 Ringstedt T, Linnarsson S, Wagner J, Lendahl
Pinto-Lord MC, Caviness VS Jr. 1979. Deter- U, Kokaia Z, et al. 1998. BDNF regulates
minants of cell shape and orientation: acom- reelin expression and Cajal-Retzius cell de-
parative Golgi analysis of cell-axon interre- velopment in the cerebral cortedeuron
lationships in the developing neocortex of 21:305-15
normal and reeler micel. Comp. Neurol. Rodriguez MA, Pesold C, Liu WS, Kriho V,
187:49-69 Guidotti A, et al. 2000. Colocalization of in-
Pinto-Lord MC, Evrard P, Caviness VS Jr. 1982. tegrin receptors and reelin in dendritic spine
Obstructed neuronal migration along radial postsynaptic densities of adult nonhuman
glial fibers in the neocortex of the reeler primate cortexProc. Natl. Acad. Sci. USA
mouse: a Golgi-EM analysiBrain Res. 97:3550-55
256:379-93 Schiffmann SN, Bernier B, Goffinet AM. 1997.
Pittler SJ, Keeler CE, Sidman RL, Baehr W. Reelin mRNA expression during mouse
1993. PCR analysis of DNA from 70-year- brain developmenEur. J. Neurosci9:1055—
old sections of rodless retina demonstrates 71
identity with the mouse rd defed®roc. Natl. Selkoe DJ. 1998. The cell biology of beta-
Acad. Sci. US®0:9616-19 amyloid precursor protein and presenilin
Rakic P. 1972. Mode of cell migration to the in Alzheimer’'s diseaseTrends Cell Biol.
superficial layers of fetal monkey neocortex. 8:447-53
J. Comp. Neurol145:61-83 Senzaki K, Ogawa M, Yagi T. 1999. Proteins
Rakic P. 1974. Neurons in rhesus monkey vi- of the CNR family are multiple receptors for
sual cortex: systematic relation betweentime reelin.Cell 99:635-47
of origin and eventual dispositiorscience Sheldon M, Rice DS, D’'Arcangelo G,
183:425-27 Yoneshima H, Nakajima K, et al. 1997.
Ranon y Cajal S. 1955 [1911Histology of Scrambler and yotari disrupt the disabled
the Nervous System of Man and Vertebrates gene and produce a reeler-like phenotype in
Transl. L Swanson, N Swanson. Oxford, UK: mice.Nature389:730-33
Oxford Univ. Press (From Spanish) Sheppard AM, Pearlman AL. 1997. Abnor-
Redies C, Takeichi M. 1993. Expression of N- mal reorganization of preplate neurons and
cadherin mRNA during development of the theirassociated extracellular matrix: an early
mouse brainDev. Dyn.197:26—-39 manifestation of altered neocortical develop-
Rice DS, Curran T. 1999. Mutant mice with ment in the reeler mutant mous&. Comp.
scrambled brains: understanding the signal- Neurol.378:173-79
ing pathways that control cell positioning inSidman RL, Green MC, Appel SH. 1965ata-
the CNS.Genes Dew13:2758-73 log of the Neurological Mutants of the Mouse
Rice DS, Curran T. 2000a. Disabled-1 is ex- Boston: Harvard Univ. Press



1038 RICE m CURRAN

Silva LR, Gutnick MJ, Connors BW. 1991. teintau in the brains of transgenic midem.
Laminar distribution of neuronal membrane J. Pathol.156:951-64
properties in neocortex of normal and reelefrommsdorff M, Borg JP, Margolis B, Herz J.
mouse.J. Neurophysiol66:2034—40 1998. Interaction of cytosolic adaptor pro-

Simmons PA, Lemmon V, Pearlman AL. 1982. teins with neuronal apolipoprotein E recep-
Afferent and efferent connections of the stri- tors and the amyloid precursor proteih.
ate and extrastriate visual cortex of the nor- Biol. Chem273:33556-60
mal and reeler mousel. Comp. Neurol. Trommsdorff M, Gotthardt M, Hiesberger
211:295-308 T, Shelton J, Stockinger W, et al. 1999.

Stanfield BB, Cowan WM. 1979. The morphol- Reeler/Disabled-like disruption of neuronal
ogy of the hippocampus and dentate gyrus migration in knockout mice lacking the
in normal and reeler micd. Comp. Neurol.  VLDL receptor and ApoE receptor Zell
185:393-422 97:689-701

Steindler DA, Colwell SA. 1976. Reeler mu-Tsai LH, Delalle I, Caviness VS Jr, Chae T,
tant mouse: maintenance of appropriate and Harlow E. 1994. p35 is a neural-specific reg-
reciprocal connections in the cerebral cortex ulatory subunit of cyclin-dependentkinase 5.
and thalamusBrain Res113:386-93 Nature371:419-23

Stockinger W, Brandes C, Fasching D, HerTsai LH, Takahashi T, Caviness VS Jr, Har-
mann M, Gotthardt M, etal. 2000. The reelin low E. 1993. Activity and expression pat-
receptor ApoER2 recruits JNK-interacting tern of cyclin-dependent kinase 5 in the em-
proteins-1 and-2]. Biol. Chem?275:25625—  bryonic mouse nervous systebevelopment
32 119:1029-40

Strittmatter WJ, Roses AD. 1996. Apolipopro-Utsunomiya-Tate N, Kubo K, Tate S, Kainosho
tein E and Alzheimer's diseas@nnu. Rev. M, KatayamakE, etal. 2000. Reelinmolecules
Neurosci19:53-77 assemble together to form a large protein

Super H, Soriano E, Uylings HBM. 1998. The complex, which is inhibited by the function-
functions of the preplate in development and blocking CR-50 antibodyProc. Natl. Acad.
evolution of the neocortex and hippocampus. Sci. USA97:9729-34
Brain Res. Re27:40-64 Vignoud L, Albiges-Rizo C, Frachet P, Block

Sweet HO, Bronson RT, Johnson KR, Cook SA, MR. 1997. NPXY motifs control the recruit-
Davisson MT. 1996. Scrambler, anew neuro- ment of the alpha-5-beta-1 integrin in focal
logical mutation of the mouse with abnormal- adhesions independently of the association
ities of neuronal migratiorMamm. Genome  of talin with the beta-1 chainJ. Cell Sci.
7:798-802 110:1421-30

Terashima T, Inoue K, Inoue Y, Mikoshiba K, Vignoud L, Usson Y, Balzac F, Tarone G, Block
Tsukada Y. 1983. Distribution and morphol- MR. 1994. Internalization of the alpha-5-
ogy of corticospinal tract neurons in reeler beta-1 integrin does not depend on “NPXY”
mouse cortex by the retrograde HRP method. signals. Biochem. Biophys. Res. Commun.
J. Comp. Neurol218:314-26 199:603-11

Terashima T, Inoue K, Inoue Y, YokoyamaWare ML, Fox JW, Gonzalez JL, Davis NM, de
M, Mikoshiba K. 1986. Observations on the Rouvroit CL, et al. 1997. Aberrant splicing
cerebellum of normal-reeler mutant mouse of a mouse disabled homolog, mdabl, in the
chimeraJ. Comp. Neurol252:264-78 scrambler mouséNeuron19:239-49

Tesseur |, Van Dorpe J, Spittaels K, Van deWechsler-Reya RJ, Scott MP. 1999. Control of
Haute C, Moechars D, Van Leuven F. 2000. neuronal precursor proliferation in the cere-
Expression of human apolipoprotein E4 in  bellum by Sonic Hedgehodleuron22:103—
neurons causes hyperphosphorylation of pro- 14



REELIN PATHWAY IN BRAIN 1039

Willnow TE. 1998. Receptor-associated protein neurons in the spinal cor@roc. Natl. Acad.
(RAP): A specialized chaperone for endo- Sci. USA97:8612-16
cytic receptorsBiol. Chem.379:1025-31  Yoneshima H, Nagata E, Matsumoto M, Ya-
Wyss JM, Stanfield BB, Cowan WM. 1980. mada M, Nakajima K, et al. 1997. A
Structural abnormalities in the olfactory bulb  novel neurological mutant mouse, yotari,
of the Reeler mous&rain Res188:566—71  which exhibits reeler-like phenotype but ex-
Yang A, Walker N, Bronson R, Kaghad M, presses CR-50 antigen/reelieurosci. Res.
Oosterwegel M, et al. 2000. p73-deficient 29:217-23
mice have neurological, pheromonal and inZukerberg LR, Patrick GN, Nikolic M, Hum-
flammatory defects but lack spontaneous tu- bert S, Wu CL, etal. 2000. Cables links Cdk5
mours.Nature404:99-103 and c-Abl and facilitates Cdk5 tyrosine phos-
Yip JW, Yip YPL, Nakajima K, Capriotti C.  phorylation, kinase upregulation, and neurite
2000. Reelin controls position of autonomic outgrowth.Neuron26:633—-46



