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The reelin (reln) and disabled 1 (dab1) genes both ensure
correct neuronal positioning during brain development.
We have found that the intracellular Dab1 protein re-
ceives a tyrosine phosphorylation signal from extracel-
lular Reln protein. Genetic analysis shows that reln
function depends on dab1, and vice versa, as expected if
both genes are in the same pathway. Dab1 is expressed at
a higher level, yet phosphorylated at a lower level, in
reln mutant embryo brains. In primary neuronal cul-
tures, Dab1 tyrosine phosphorylation is stimulated by
exogenous Reln. These results suggest that Reln regu-
lates neuronal positioning by stimulating Dab1 tyrosine
phosphorylation.
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Mammalian brain development requires the correct po-
sitioning of over 100 billion neurons, each of which
makes thousands of connections. The majority of neu-
rons migrate to their final destinations from proliferative
zones in which they undergo their final mitoses. For in-
stance, most pyramidal neurons of the cerebral cortex
migrate radially from the proliferative zone adjacent to
the ventricle before they differentiate (Hatten 1993; Mc-
Connell 1995; Lumsden and Gulisano 1997; Lambert de
Rouvroit and Goffinet 1998; Pearlman et al. 1998). Dur-
ing differentiation the neurons extend axons that follow
specific paths directed by growth cones on their tips. The
mechanisms that control the timing and directions of
migrations of neurons and of their growth cones are
clearly critical for creating a functional nervous system.

Tyrosine kinases and phosphatases regulate many as-
pects of cell behavior, including proliferation, apoptosis,
and differentiation. A growing body of evidence shows
that tyrosine phosphorylation also regulates growth cone
movements (Desai et al. 1997; Goodman and Tessier-
Lavigne 1997; Holland et al. 1998). Similarly, tyrosine
phosphorylation may also regulate migrations of neuro-
nal precursors. Neural crest cells that express EphB ki-
nases migrate preferentially into the rostral sclerotome,
avoiding the caudal sclerotome in which their Ephrin
ligand is expressed (Drescher 1997; Robinson et al. 1997).
In Caenorhabditis elegans, the vab-1 gene, which en-
codes an Eph kinase, is required for migration of certain

neuroblasts (George et al. 1998). Furthermore, undiffer-
entiated cortical neurons utilize the protein tyrosine
phosphatase (PTP) z/RPTPb to migrate along radial glia
(Maeda and Noda 1998), suggesting that the dephos-
phorylation of certain proteins may contribute to neuro-
nal movement. However, proteins within neurons that
are tyrosine phosphorylated or dephosphorylated in re-
sponse to migration signals have not been identified.

Mutation of either the reelin (reln) (D’Arcangelo et al.
1995) or disabled (dab1) (Howell et al. 1997b; Sheldon et
al. 1997; Ware et al. 1997) gene causes neuronal hetero-
topia or malpositioning. Neurons appear to be specified
correctly and migrate out of their proliferative zones, but
differentiate in the wrong locations. As a result, layered
structures in the cerebral cortex, hippocampus, cerebel-
lum and elsewhere are abnormal (Hoffarth et al. 1995;
Ogawa et al. 1995; Gonzalez et al. 1997; Howell et al.
1997b; Sheppard and Pearlman 1997; Rice et al. 1998). A
number of other mutations also cause heterotopias (Hat-
ten 1993; Rakic and Caviness 1995; Pearlman et al.
1998). Mutation of LIS1 (Hattori et al. 1994), doublecor-
tin (des Portes et al. 1998; Gleeson et al. 1998), cdk5
(Ohshima et al. 1996), or p35 (Chae et al. 1997) cause
anomalous cortical lamina but the defects are distinct
from those of dab1 and reln mutants (Lambert de Rou-
vroit and Goffinet 1998).

The similarity of the dab1 and reln phenotypes sug-
gests that these two genes may be involved in the same
process (Howell et al. 1997b; Sheldon et al. 1997; Galla-
gher et al. 1998; Rice et al. 1998). Reln is a secreted
400-kD glycoprotein that is restricted to specific parts of
the brain (D’Arcangelo et al. 1995, 1997; Ogawa et al.
1995; Miyata et al. 1996; Nakajima et al. 1997). In the
neocortex, Reln is expressed by Cajal-Retzius (CR) cells,
adjacent to the region in which radially migrating neu-
rons normally stop migrating and form the cortical plate
(D’Arcangelo et al. 1995; Ogawa et al. 1995). Thus it
seems likely that Reln signals to migrating cortical plate
neurons, but its receptor and signaling mechanism are
presently unknown. Dab1 is an 80-kD cytoplasmic pro-
tein that is expressed in many neurons, including corti-
cal plate neurons (Howell et al. 1997a,b; Sheldon et al.
1997; Gallagher et al. 1998). The structure of Dab1 sug-
gests it may be an intracellular signaling protein (Howell
et al. 1997a). Thus it is possible that Dab1 is involved in
relaying the Reln signal.

In this report we provide evidence that Reln and Dab1
act in the same signaling pathway, and that Reln stimu-
lates Dab1 tyrosine phosphorylation in cortical neurons
in vitro and in vivo. This suggests that tyrosine phos-
phorylation of Dab1 is a signal that a neuron has reached
its final destination.

Results and Discussion

Genetic evidence for a common signaling pathway

The phenotypes of reln and dab1 mutants are extremely
similar, suggesting that these genes may control the
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same process. dab1 could lie on a linear pathway up-
stream or downstream of Reln, or on a parallel pathway
that is required, together with the Reln signal, for cessa-
tion of migration. If Dab1 and Reln are on parallel path-
ways, it is possible that each pathway may have partial
function in the absence of the other. If the pathways are
parallel, absence of both Dab1 and Reln may cause more
severe neuronal malpositioning than the absence of ei-
ther protein alone. To investigate whether there is a
worsening of phenotype in dab1 reln double mutants,
double heterozygous dab1−/+ reln−/+ animals were gen-
erated and interbred.

Double homozygous mutant progeny were obtained at
expected frequency and resembled the single homozy-
gotes. The cerebral cortex had lost lamination, the hip-
pocampal scrolls were split, and the granule cells of the
dentate gyrus were intermingled (data not shown). One
characteristic of the neocortex in dab1 and reln homo-
zygotes is invasion of the marginal zone by neurons that
are normally found deep in the cortex (Fig. 1A, MZ).
Increased neuron numbers were also detected in the mar-
ginal zone of compound homozygotes, but there was no
significant quantitative difference between the marginal
zone population in single and double homozygotes (Fig.
1C). The cerebella of the double mutant mice were also
indistinguishable from the single mutants (Fig. 1B). Mu-
tant cerebella were unfoliated and small. A molecular
layer (M) was present but the granule cells (G) were re-
duced in number. Furthermore, the Purkinje cells (ar-
rowheads), which normally express Dab1, were found
clustered in central regions. In contrast, the Purkinje
cells in a wild-type cerebellum form a monolayer above
a dense granule cell layer. The compound mutants were
also indistinguishable behaviorally from the single mu-
tants. Thus it seems unlikely that either Reln or Dab1
has residual function in the absence of the other protein.

The lack of additional defects in double mutants sup-
ports a model with Reln and Dab1 acting on the same
signaling pathway. As the Reln protein and RNA are
made appropriately in brains of dab1 mutants (Goldow-
itz et al. 1997; Gonzalez et al. 1997; Howell et al. 1997b;
Sheldon et al. 1997; Yoneshima et al. 1997), it seems
unlikely that Dab1 is required for Reln expression. In-
stead, Dab1 is likely to act within the migrating neurons
responding to the Reln signal. For example, it may be
part of a signal transduction pathway from a Reln recep-
tor. Alternatively, Reln may stimulate the expression of
another autocrine or paracrine factor that may signal via
Dab1. Dab1 may also be involved in modifying the Reln
protein so it can bind a receptor, or in expressing the
Reln receptor or another component of the pathway. To
distinguish some of these possibilities, biochemical
studies were performed.

In vivo phosphorylation of Dab1 depends
on reln gene expression

Dab1 is tyrosine phosphorylated in developing but not
adult brains (Howell et al. 1997a), suggesting that Dab1
function may be regulated by tyrosine phosphorylation

during development. Therefore, we tested whether Reln
affects Dab1 protein expression or tyrosine phosphoryla-
tion. Embryonic and postnatal brains were collected
from timed matings of reln−/+ mice and genotyped by
PCR. Dab1 protein quantity and phosphotyrosine levels
were determined by Western blot analysis of Dab1 im-
munoprecipitates prepared from equal quantities of total
brain protein. Reln-dependent changes were observed
in both Dab1 expression and tyrosine phosphorylation
(Fig. 2).

Increased levels of Dab1 protein were observed in reln
brain relative to wild-type or heterozygotes, both at em-
bryonic day 16 (E16) and postnatal day 21 (P21) (Fig. 2).
Analysis of different quantities of extract suggests that
the increase is approximately threefold (right panel). The
increase in Dab1 protein in reln brain suggests that Reln
is regulating Dab1 expression, and has been reported
recently by other investigators (Rice et al. 1998). How-
ever, it seems unlikely that changes in Dab1 protein

Figure 1. Histology of wild-type, single, and compound mu-
tant brains. (A,B) Histology (hematoxylin and eosin stain) at
postnatal day 23 (P23). The wild-type (wt) mouse was inbred
strain 129/Sv. The single and compound homozygous mutant
mice were siblings. (A) Coronal sections of cerebral cortex. The
marginal zone (MZ) is cell poor in wild-type mice and densely
packed in the mutants. Scale bar is 50 µm. (B) Sagittal sections
of cerebella. (M) Molecular layer; (G) granule cell layer; (arrow-
heads), Purkinje cells. Scale bar is 50 µm. Note that the wild-
type cerebellum is foliated, and the lower half of the section
shown is a mirror image of the upper half. The mutant cerebella
are not foliated. (C) Nuclei in the marginal zone (0.09 mm2)
were counted and expressed as a ratio to the number of nuclei in
layer 6 (0.13 mm2). Counts were within 15% on duplicate sec-
tion. (D) PCR genotypes of dab1 reln, dab1, and reln samples.
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level regulate neuronal position directly because the
phenotype of reln mutants, which have excess Dab1, and
dab1 mutants, which lack Dab1, are indistinguishable.
Rather, it is possible that the reduced Dab1 protein level
in embryos that express Reln is a down-regulation phe-
nomenon.

Despite the increase in Dab1 protein content, the
amount of phosphotyrosine in Dab1 was decreased
slightly in E16 reln brain (Fig. 2). Based on three inde-
pendent experiments, we estimate that the stoichiome-
try of Dab1 tyrosine phosphorylation was 3–6 times
lower in reln than wild-type embryos. The decrease in
Dab1 tyrosine phosphorylation in the mutant suggests
that Reln stimulates Dab1 tyrosine phosphorylation di-
rectly or indirectly, and this phosphorylation may be im-
portant for the Reln- and Dab1-dependent positioning of
neurons. However, the detection of some phosphotyro-
sine in Dab1 from reln mutant brain indicates that Reln-
independent tyrosine phosphorylation of Dab1 also oc-
curs. In contrast to embryonic brains, P21 wild-type and
reln mutant brains had undetectable Dab1 phosphotyro-
sine (Fig. 2). This indicates that both the Reln-indepen-
dent and -dependent mechanisms that regulate the phos-
photyrosine content of Dab1 p80 act predominantly dur-
ing embryogenesis, and is consistent with diminished
signaling through Reln and Dab1 after birth. After birth
the Reln expression declines in the prenatal sources such
as the CR cells and increases in a number of interneu-
rons throughout the neocortex and hippocampus (Al-
cántara et al. 1998; Pesold et al. 1998). The prenatal and

postnatal roles for Reln are likely distinct and may op-
erate through different signaling cascades.

Dab1 phosphorylation is stimulated
directly by Reln in vitro

To test whether Reln would activate tyrosine phos-
phorylation of Dab1 directly or indirectly, we added Reln
protein to embryonic brain cells. Reln was prepared by
transfecting 293T cells with an expression vector
(D’Arcangelo et al. 1997) and collecting conditioned me-
dia (Materials and Methods). Media from cells trans-
fected with the expression vector but not with control
DNA contained immunoreactive Reln at an estimated
350–700 pM concentration (Fig. 3A). Cell suspensions
were prepared from E16 reln mutant forebrains and
treated with fresh medium or conditioned media for 10
min. Protein phosphorylation was detected with anti-
bodies to phosphotyrosine (Fig. 3B). Reln induced the
tyrosine phosphorylation of an 80-kD protein specifi-
cally. To test whether this protein was Dab1, we immu-
noprecipitated Dab1 with affinity-purified anti-Dab1 (+)
or control (−) antibodies, and analyzed the immunopre-
cipitates by Western blotting (Fig. 3C). Dab1 was de-
tected in the immunoprecipitates and was specifically
tyrosine phosphorylated in Reln-treated cultures. Reln-
induced Dab1 tyrosine phosphorylation was observed in
three independent experiments, using treatment times
of 5, 10, 30, 60, or 240 min, and estimated Reln concen-
trations of 100–250 pM (data not shown).

To characterize the response further, and facilitate the
assay, we cultured embryonic forebrain cells before ex-
posing them to Reln (Fig. 4). Culturing for 3 days did not

Figure 2. Comparison of Dab1 protein and phosphotyrosine
levels between wild-type and reln mutant brains. Brains were
collected either at E16 or at P21 from wild-type or mutant ani-
mals, weighed, and homogenized in RIPA buffer. Lysates were
normalized for total protein concentration, then immunopre-
cipitated with either anti-Dab1 (+), or preimmune (−) antibodies.
Immunoprecipitates were analyzed by SDS-PAGE, followed by
Western blotting with either anti-phosphotyrosine (top) or anti-
Dab1 antibody (middle). Relative levels of Dab1 protein were
estimated by dilution of reln mutant samples (right). High Dab1
tyrosine phosphorylation was observed only in the embryonic
samples. Equivalent protein concentration in cell lysates was
confirmed by Coomassie stain (not shown) and blotting with
anti-enolase antibody (bottom). Enolase is more highly ex-
pressed in P21 brain. (wt) Wild-type; (rl) reln; (arrow) position of
Dab1.

Figure 3. Tyrosine phosphorylation of Dab1 p80 is induced by
the addition of Reln to dissociated embryonic brain cells. (A)
Detection of Reln protein (triangle) by Western blot in condi-
tioned media used to treat brain cells. (C) pCDNA3 vector; (R)
Reln-expressing pCrl plasmid. (B) Cells isolated from E16 reln
forebrains were treated for 0 or 10 min with fresh medium (−) or
control (C) or Reln (R) conditioned media. Total cell lysates
were analyzed using antiphosphotyrosine antibody. A Reln-in-
duced 80-kD tyrosine phosphorylated protein is indicated by the
arrow. (C) Cell lysates were immunoprecipitated with either
anti-Dab1 (+) or preimmune (−) antibodies, and analyzed by
Western blotting with anti-phosphotyrosine (top) or anti-Dab1
(bottom) antibodies. The Dab1 p80 doublet (arrow) may repre-
sent differential serine-threonine phosphorylation.

Reelin-induced phosphorylation of Disabled 1

GENES & DEVELOPMENT 645



interfere with detection of Reln-induced tyrosine phos-
phorylation of Dab1 (Fig. 4A). Analysis of different quan-
tities of sample showed that 30 min exposure to 350–700
pM Reln induced an estimated fourfold increase in phos-
photyrosine content of Dab1 (Fig. 4A, right panel). Sen-
sitivity of the assay was greatly increased by using reln
mutant embryo brain cells. When samples from wild-
type or reln heterozygous animals were analyzed, basal
tyrosine phosphorylation of Dab1 was higher, and the
Reln-induced increase was lower (Fig. 4A; data not
shown). This may reflect the decreased quantity of Dab1
that is available for phosphorylation in wild-type em-
bryos (Fig. 2), or Reln-dependent down-regulation of the
signaling cascade. In three experiments with cultured
embryonic brain cells, tyrosine phosphorylation was in-
creased strongly at 5, 10, 30, and 60 min, and declined by
4 hr (Fig. 4B; data not shown). The response requires
extracellular divalent cations (Fig. 4C, EDTA), suggest-
ing that the receptor or ligand requires divalent cations
for interaction, or that uptake of an extracellular diva-
lent cation is required to activate the phosphorylation
event. Addition of the generic phosphotyrosine phospha-

tase inhibitor, sodium orthovanadate,
does not increase the basal phosphoryla-
tion of Dab1 significantly (Fig. 4C, VO4),
suggesting that Reln is more likely to in-
duce Dab1 tyrosine phosphorylation by
activating a tyrosine kinase than inhibit-
ing a phosphotyrosine phosphatase. A
high dose of orthovanadate actually inhib-
its Reln-induced phosphorylation, possi-
bly indicating a phosphatase-activated ty-
rosine kinase is involved. Additional stud-
ies will be needed to identify the tyrosine
kinases and phosphatases regulated by
Reln.

Immunostaining of the cultured brain
cells with antibody Tuj1, which recog-
nizes a neuron-specific type III b tubulin,
showed that 98% (n = 250) of the cells are
neurons (Fig. 4D, left). Of these cells, 60%
immunostain for Dab1 (Fig. 4D, right). Al-
though it is possible that Reln induces the
release of a secreted protein that induces
Dab1 tyrosine phosphorylation by an au-
tocrine or paracrine mechanism, the speed
of the response and the lack of non-neu-
ronal cells in the cultures indicates that
tyrosine phosphorylation of Dab1 is prob-
ably induced by Reln acting on a specific
receptor on the Dab1-expressing neurons.

Whereas the presence of Reln correlates
with reduced Dab1 protein levels during
embryo development (Fig. 2), Reln treat-
ment of disaggregated embryonic neurons
did not induce rapid loss of Dab1 protein
(Fig. 4B). This contrasts with some tyro-
sine kinase substrates, which are degraded
in the presence of the cognate tyrosine ki-
nase (Dai et al. 1998). Indeed, Dab1 is not

degraded when co-expressed with the tyrosine kinase Src
in 293 cells, despite extensive tyrosine phosphorylation,
and Dab1 is not degraded in an in vitro degradation sys-
tem that depends on the tyrosine kinase Abl (Dai et al.
1998; data not shown). Thus, the reduction of Dab1 pro-
tein levels observed in E16 embryos might be a slower
adaptive process than the rapid induction of Dab1 tyro-
sine phosphorylation.

Implications for neuronal positioning

These results show that Dab1 and Reln act on the same
pathway to control neuronal positioning in the develop-
ing brain. The kinetics of tyrosine phosphorylation sug-
gest that Reln interacts directly with a receptor on neu-
rons that express Dab1, and the effects of a generic phos-
photyrosine inhibitor suggest that the Reln receptor is
linked to a tyrosine kinase. Reln may also stimulate
other signaling pathways that may act in parallel to
Dab1 tyrosine phosphorylation, but the genetics suggest
that Dab1 tyrosine phosphorylation is one step in an
essential, nonredundant pathway that regulates neuron

Figure 4 Cultured neurons respond to Reln: effect of genotype, time of exposure,
and inhibitors. (A) E16 wild-type (wt) and reln (rl) mutant forebrain cells were
dissociated and cultured for 3 days before treatment with fresh (−), control (C) or
Reln (R) conditioned media for 30 min. Lysates were incubated with anti-Dab1 (+)
or preimmune (−) antibodies, and immunoprecipitated proteins were Western blot-
ted with anti-phosphotyrosine (top) and anti-Dab1 (bottom) antibodies. Anti-phos-
photyrosine signal was quantitated by dilution of Reln-stimulated samples com-
pared to undiluted control sample (right). (B) Reln mutant cells were treated for 0,
10, 30, or 240 min with fresh, control, or Reln media. (C) Reln mutant cells were
treated for 30 min with control or Reln media in the presence or absence of EDTA
(5 mM) or Na3VO4 (0.2 or 2 mM). (D) Cultured cells were fixed and stained with
neuronal specific anti b-tubulin antibody Tuj1 (green, left), anti-Dab1 (red, right)
and Dapi (blue) to determine the percentage of cells that were neurons and express
Dab1.
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position. Because Reln is also involved in the ingrowth
of entorhinal afferents into the hippocampus (Del R’io et
al. 1997), and Dab1 is in growth cones (data not shown),
a Reln–Dab1 pathway may also regulate growth cone
migration.

Increased tyrosine phosphorylation of Dab1 is ex-
pected to potentiate interactions with proteins that con-
tain SH2 domains or other phosphotyrosine-dependent
domains. These interactions may arrest neuronal migra-
tion by modulating the actin cytoskeleton, membrane
flow, or adhesion complexes. Elucidation of the specific
tyrosine residues on Dab1 p80 that are phosphorylated in
response to Reln signaling should aid the identification
of critical binding partners that may include proteins
known to regulate adhesion. In addition, the biochemi-
cal assay for Reln signaling will facilitate the identifica-
tion of a Reln receptor and other proteins in the signal-
transduction pathway.

Materials and methods
Mice
Mice heterozygous for mutations in the dab1 gene, C57BL/6J-129/Sv
hybrids, were bred with reln heterozygous mice (B6C3Fe-a/a-Relnrl; Jack-
son Labs). Progeny that were doubly heterozygous at the dab1 and reln
loci were identified by PCR-based genotyping (D’Arcangelo et al. 1996;
Howell et al. 1997b), and interbred to obtain single and compound mu-
tant mice. All genotypes were obtained in ratios predicted by Mendelian
inheritance including the reln dab1 double homozygous animals, which
were identified 6 times out of 108 births (predicted: one out of 16).

Immunoprecipitation and Western blot analysis
Brains from E16 or P21 mice were homogenized in RIPA buffer (0.15 M

NaCl, 1% Triton X100, 1% sodium deoxycholate, 0.1% sodium dodecyl
sulfate (SDS), 10 mM sodium phosphate (pH 7.0), 2 mM EDTA, 14 mM

2-mercaptoethanol, 50 mM NaF, 2 mM Na3VO4, 1 mM phenylarsine oxide,
20 µg aprotinin/ml, 10 µg pepstatin/ml, and 10 µg leupeptin/µl) at 70 mg
tissue weight per ml. Lysates were clarified by centrifugation at 20,000g
for 30 min after a 10-min incubation on ice. Samples were normalized for
total protein concentrations, and incubated with anti-Dab1 (B3) (Howell
et al. 1997a) or preimmune antibodies that were cross-linked to protein
A sepharose with dimethyl pimelimidate at 4°C for 2 hr, followed by
three washes with RIPA buffer. Proteins were eluted with twice-concen-
trated gel-loading buffer (4% SDS, 40% glycerol, 0.2 M Tris-HCl at pH
6.8, 5.6 M 2-mercaptoethanol, 5 mM EDTA, and 0.02% bromophenol
blue) at 100°C for 10 min, followed by resolution by 7.5% SDS–poly-
acrylamide gel electrophoresis. Anti-Dab and anti-phosphotyrosine
(4G10 monoclonal) Western blot analysis has been described previously
(Howell et al. 1997a).

Reln was detected by Western blot with a mixture of three anti-Reln
monoclonal antibodies (G10, 74, and 142; gifts from A. Goffinet, Lambert
de Rouvroit and Goffinet 1998).

Dissociation of neurons and Reln treatment
Reln protein production was initiated 14 days after mating reln hetero-
zygotes. 293T cells were transfected with the Reln-encoding plasmid,
pCrl, or the control vector, pCDNA3 (D’Arcangelo et al. 1997). After 24
hr, 2 × 106 cells were transfered to 1 ml of Opti-MEM reduced serum
media (Gibco-BRL) and incubated in suspension for 18 hr. The condi-
tioned media were collected into siliconized tubes, and stored at 4°C. By
labeling cultures with [35S] methionine and determining the percent of
labeled, secreted protein that is Reln, we estimate that the concentration
of Reln produced is 350–700 pM.

Embryos (E16) were collected from a pregnant dam and treated identi-
cally, but separately, pending genotyping. Forebrains were isolated and
the meninges were discarded. The brains were then dissociated in 1 ml of
Opti-MEM with a polished glass Pasteur pipet. Aliquots (200 µl) of dis-
sociated brain cells, were rotated with 100 µl of fresh, Reln- or control-
conditioned media at 37°C for times between 5 and 240 min. Reactions

were stopped by centrifuging the cells at 1000g and washing with PBS.
Cell pellets were snap frozen and stored at −70°C. After genotyping,
samples derived from reln homozygous embryo brains were thawed and
analyzed by immunoprecipitation and Western blotting as described
above. In experiments with cultured neurons, cells were plated onto ECL
cell attachment matrix (entactin, collagen IV, laminin; UBI), grown ac-
cording to Maeda and Noda (1998) for 3 days, removed by aspiration, and
dispersed by trituration. Tuj1 antibody was from BabCo.
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