Neuron, Vol. 27, 33-44, July, 2000, Copyright (12000 by Cell Press

Reelin Binds a3B1 Integrin and Inhibits

Neuronal Migration

Lori Dulabon,*Il Eric C. Olson,tl

Mary G. Taglienti,¥ Scott Eisenhuth,*
Barbara McGrath,* Christopher A. Walsh,t
Jordan A. Kreidberg,* and E. S. Anton*8#
*Department of Biology and Neuroscience
Pennsylvania State University

University Park, Pennsylvania 16802

T Department of Neurology

Beth Israel Deaconess Medical Center
Harvard Institutes of Medicine
¥Department of Medicine

Children’s Hospital

and Department of Pediatrics

Harvard Medical School

Boston, Massachusetts 02115

Summary

Mice that are mutant for Reelin or Dabl, or doubly
mutant for the VLDL receptor (VLDLR) and ApoE re-
ceptor 2 (ApoER2), show disorders of cerebral cortical
lamination. How Reelin and its receptors regulate lam-
inar organization of cerebral cortex is unknown. We
show that Reelin inhibits migration of cortical neurons
and enables detachment of neurons from radial glia.
Recombinant and native Reelin associate with a331
integrin, which regulates neuron-glia interactions and
is required to achieve proper laminar organization. The
effect of Reelin on cortical neuronal migration in vitro
and in vivo depends on interactions between Reelin
and a3B1 integrin. Absence of a3p1 leads to a reduc-
tion of Dabl, a signaling protein acting downstream
of Reelin. Thus, Reelin may arrest neuronal migration
and promote normal cortical lamination by binding
a3pB1 integrin and modulating integrin-mediated cellu-
lar adhesion.

Introduction

Normal development of the mammalian cerebral cortex
requires the coordinated migration of postmitotic neu-
rons from the proliferative ventricular zone to the outer-
most layer of the developing cortical plate. Migrating
neurons travel hundreds to thousands of cell body
lengths through varying environments, migrate past pre-
viously generated neuronal cohorts of the cortical plate,
and organize themselves into precise layers. Although
a number of genes have recently been implicated in this
process (Komuro and Rakic, 1998; Hatten, 1999; Walsh,
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1999), three mutant mice show a remarkably similar cel-
lular phenotype, suggesting that the corresponding pro-
teins represent a biochemical pathway that mediates
proper formation of cerebral cortical lamination. In the
reeler mouse, the disorganized cortex is approximately
inverted, with early born neurons occupying abnormal
superficial positions and later born neurons adopting
abnormal deep positions (Caviness and Sidman, 1973).
Reelin, the product of the reeler gene (D’Arcangelo et
al., 1995), acts non cell autonomously (Miyata et al.,
1997), and the protein is synthesized and secreted in
the cerebral cortex predominantly by the Cajal-Retzius
cell of the marginal zone, the outermost layer of the
developing cortex (D’Arcangelo et al., 1995; Ogawa et
al., 1995).

Mutations at a second locus, dabl, have been found
to produce a phenotype indistinguishable from muta-
tions in the reeler gene (Howell et al., 1997b; Sheldon
et al., 1997; Ware et al., 1997). The Dabl gene encodes
a cytoplasmic adaptor protein (Dab1l) expressed by neu-
rons in the developing cortical plate, suggesting that
Dabl represents a link in the signaling pathway that
receives the Reelin signal. This idea is confirmed by the
observation that Reelin expression is normal in the dabl1
mutant cortex (Gonzalez et al., 1997), but Dabl protein
accumulates in the reeler mouse brain (Rice et al., 1998),
and Dabl is phosphorylated in response to applied re-
combinant Reelin (Howell et al., 1999a). The phospho-
tyrosine-interacting/phosphotyrosine binding (PI/PTB)
domain of Dabl binds proteins that contain an NPXY
motif (Howell et al., 1997a, 1999b; Trommsdorff et al.,
1998), a motif that has been implicated in clathrin-medi-
ated endocytosis (Chen et al., 1990) and integrin signal-
ing (Law et al., 1999).

More recently, mice with compound mutations in both
the VLDL receptor (VLDLR) and the ApoE receptor 2
(ApoER2) have been found to have a phenotype indistin-
guishable from reeler and dabl mutants (Trommsdorff
et al., 1999). VLDLR and ApoER2 are members of the
low-density lipoprotein (LDL) receptor superfamily, and
they interact with Dabl in two-hybrid screens through
the PI/PTB domain of Dabl and the NPXY motif of LDL
superfamily members (Howell et al., 1997a; Trommsdorff
et al.,, 1998). The NPXY motif of LDL receptor family
members is essential for clathrin-mediated endocytosis
(Chen et al., 1990). Recent studies have demonstrated
that both recombinant ApoER2 and the VLDLR bind
Reelin and that this binding leads to both the tyrosine
phosphorylation of Dab1 and, in the case of VLDLR, the
internalization of the receptor and Reelin (D’Arcangelo
et al., 1999; Hiesberger et al., 1999). Thus, there is com-
pelling evidence that Reelin, VLDLR, ApoER2, and Dab1
function in a common signaling pathway between Cajal-
Retzius cells and cortical plate neurons.

Despite the identification of other molecules in the
Reelin signaling pathway, the response of cortical neu-
rons to the Reelin signal remains unknown. Reelin is
thought to regulate cortical plate organization by initiat-
ing the splitting of preplate into the marginal zone and
the subplate, by acting as an attractant of neurons to
the top of the cortical plate, or by functioning as a stop
signal for neuronal migration at the interface between
the marginal zone and the developing cortical plate.
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% Figure 1. Reelin Inhibits Neuronal Migration
In Vitro

(A) Neurons migrating on a glial cell process
were monitored prior to (panels to the left of
black arrow) and after (panels to the right of
black arrow) addition of Reelin. Time elapsed
between each panel is 1 hr. Neurons were
motile prior to the addition of Reelin. After
exposure to Reelin, neurons reduced their

h rate of migration (e.g., see neuron next to
asterisk).
— (B) Detachment of a migrating neuron from

the glial process following Reelin exposure.
Prior to exposure to Reelin, these two neu-
rons migrated actively. However, 1 hr after
exposure to Reelin, one of them detached
(see neuron next to asterisk), and the other
one ceased to migrate.

(C) No changes in migratory behavior were
observed after exposure to control 293T su-
pernatants.
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Since such Reelin function may involve the modulation
of neuronal-radial glial interaction, molecules that mod-
ulate neuron-glia interactions are logical targets of
Reelin’s effects. The o3 integrin-deficient mouse shows
abnormal cortical lamination due to an apparent deficit
in neuronal migration along radial glial fibers (Anton et
al., 1999). Integrins are transmembrane receptors that
link the extracellular matrix (ECM) to the cytoskeleton
and have demonstrated functions in cell migration and
adhesion in many cell types, including neurons (Fishman
and Hatten, 1993; DeFreitas et al., 1995; Andressen et
al., 1998; Georges-Labouesse et al., 1998; Zhang and
Galileo, 1998). In vitro studies show that blocking 31
integrin function with function-blocking antibodies leads
to deadhesion of migrating neurons from the radial glial
fiber (Anton et al., 1999). Deficiency in a3B1 integrin
appears to switch embryonic cortical neurons from glio-
philic adhesive preference to a neurophilic adhesive
preference. Thus, the overly adhesive phenotype of early
born neurons in the reeler cortex (Hoffarth et al., 1995),
the persistent apposition of reeler mutant neurons with
radial glial fibers (Pinto-Lord et al., 1982), and the struc-
tural homology of Reelin to ECM molecules are sugges-
tive of potential a3p1-Reelin interactions. We have
therefore examined the function of Reelin during laminar
organization of cerebral cortex and the possible connec-
tion between Reelin and integrins during this process.

We show here that Reelin arrests radial migration of

neurons. Native and recombinant Reelin proteins asso-
ciate with native a3B1 integrin, a receptor previously
shown to mediate neuronal adhesion to radial glial fibers
and radial migration (Anton et al., 1999). In embryonic
cortical neurons, a3B1 integrin is coexpressed with
Dab1, and these two proteins show overlapping subcel-
lular localization. Consistent with a biochemical interac-
tion between Reelin and integrins, deficiency in func-
tional «3B1 integrins leads to deficiency in Reelin
function, in vitro and in vivo. In cerebral cortices of a331
integrin—deficient mice, deficiency in functional a3p1
integrins leads to a reduction of Dabl protein levels
and to elevated expression of a 180 kDa Reelin frag-
ment. These results suggest that Reelin may regulate
neuronal migration and layer formation through modula-
tion of a3B1 integrin-mediated neuronal adhesion and
migration.

Results

Reelin Inhibits Neuronal Migration In Vitro

Reelin secreted by the Cajal-Retzius neurons at the top
of the developing cortical plate is hypothesized to influ-
ence the migratory behavior of incoming neurons during
layer formation. We therefore analyzed the function of
Reelin in radial glial guided neuronal migration in vitro.
In the cortical imprint migration assay, neurons migrate
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Figure 2. Reelin Inhibits Neuronal Migration In Vivo

(A) Reelin- or control CM-coated fluorescent microspheres (arrow) were deposited in the intermediate zone of the developing cerebral wall.
Neurons being generated just prior to microsphere injection were labeled with BrdU (pink). Nuclei in this section were counterstained with
bisbenzimide (blue/purple).

(B) Twenty-four hours later, once BrdU-labeled neurons (red) had migrated into the cerebral wall, interactions between microspheres (green)
and labeled neurons were evaluated. In this panel, labeled neurons migrate past control microspheres coated with 293T CM with no apparent

effect.

(C-I) Higher magnification views of neuronal distribution around Reelin-coated [E-J] or control [C and D] microspheres.

(C and D) Control microspheres injected into the rat embryonic cerebral cortex do not inhibit neuronal migration.

(G and H) Reelin microspheres injected into the rat embryonic cerebral cortex inhibit neuronal migration. Neurons either do not migrate past
Reelin-coated microspheres or generally avoid them (dotted lines outline the area devoid of labeled cells).

(E and F) Reelin-coated microspheres inhibit neuronal migration in wt mouse cerebral cortex.

(I and J) a3B1 integrin-deficient neurons, however, migrate past Reelin-coated microspheres, indicating that a3p1 integrin is essential to

produce Reelin-inhibited neuronal migration in vivo.
Scale bar, 20 pm (A); 17.5 pm (B); 10 pm (C-I).

atan average rate of 11.62 pum/hr (n = 508) on radial glial
processes. Exposure to full-length recombinant Reelin
inhibits neuronal migration in this assay. Neurons re-
duced their rate of migration by 64% in response to
Reelin (Figures 1A, 1B, and 1D); 44.1% of the neurons
observed detached from their radial glial guides follow-
ing Reelin exposure. When Reelin-containing media
were depleted of Reelin with an antibody to Reelin
(CR50) prior to its use in our assays, the Reelin-depleted
media showed no effect on neuronal migration (Figure
1D). Similarly, control 293T conditioned medium (CM)
did not induce any significant changes in neuronal mi-
gration (Figures 1C and 1D). Only 1.2% and 6.3% of the
neurons analyzed detached from their radial glial guides
following perfusion of Reelin-depleted medium or con-
trol 293T supernatants, respectively.

Reelin Inhibits Neuronal Migration In Vivo

To further test Reelin’s function, we presented Reelin
to migrating neurons in vivo, midway in their migration.
Fluorescent microspheres (Lumafluor) were coated with
Reelin or Reelin-negative control media (293T CM), and
small volumes (0.1-0.2 pl) of these beads were injected
into the developing rat cerebral wall at embryonic day
16.5-17 (E16.5-E17) using a picospritzer (Figure 2A).
Analysis of Reelin-coated and control beads with an

anti-Reelin antibody indicated that all of the beads incu-
bated with Reelin were coated with Reelin. Newly gener-
ated neurons were pulse labeled with bromodeoxyuri-
dine (BrdU) 2 hr prior to the bead injection (Figure 2A).
As the BrdU-labeled neurons migrate into the cerebral
wall from the ventricular zone, if they come in contact
with the microspheres they will encounter focal sources
of Reelin. After 24 hr, brains were removed, sectioned,
and analyzed for the pattern of BrdU-labeled cell distri-
bution around Reelin-coated beads in the intermediate
zone (Figure 2B). We only analyzed brain sections in
which the coated microspheres were deposited in the
intermediate zone, since almost all of the neurons in this
division of the cerebral wall are actively migrating, and
this region is far from the endogenous Reelin present
in the marginal zone. This method allows for the focal
ectopic presentation of Reelin to the migrating cells in
vivo, thus enabling us to test whether Reelin modulates
neuronal migration in vivo.

Cells that came into direct contact with Reelin beads
did not migrate past the beads, and labeled cells nearby
appeared to avoid contact with the beads, thus creating
an area devoid of labeled cells above the beads (see
area outlined by dotted lines; Figures 2G and 2H). In
contrast, neurons migrated past control beads without
any hindrance (Figures 2B-2D). Densitometric estimates
of BrdU-labeled cells around microspheres indicate
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Figure 3. Reelin Binds «3B1 Integrin

(A and B) Sepharose beads were linked to
CR50 (an anti-Reelin antibody) or anti-v-src,
as a control antibody, and then incubated
with recombinant Reelin-containing superna-
tants. After washing, the beads were incu-
bated with (A) octylglucoside-solubilized
whole-brain homogenates or (B) Triton X-100—
solubilized neuronal membrane extracts for
12 hr. Beads were then washed with PBS
buffer. Retained proteins were removed from
the beads by boiling SDS sample buffer and
were subjected to SDS-PAGE and immu-
noblotting. B1 integrin, the ApoE2, and the
VLDLR are detected in the retained fraction
from the Reelin complexed beads but not the
control beads.

(C) Myc-tagged Reelin secured to sepharose
beads with the 9E10 anti-Myc antibody also
immunoprecipitates 1 integrin, whereas con-
trol beads, in this case linked to mAb48, an
anti-synaptic vesicle antibody, do not immu-
noprecipitate g1 integrin.

(D) To determine if «3B1 integrin associates
with Reelin, immunoprecipitations were re-
peated with membrane extracts prepared
from o3 integrin—-deficient brains (—/—) and
compared with wt littermates (+/+). The «3
band is detected in the wt lane and is absent
in the immunoprecipitation from the a3-defi-
cient membrane extracts (upper panels). The
lower molecular weight bands below the o3
band in lane 2 are likely due to degradation
during the immunoprecipitation, whereas the
higher molecular weight band is likely to be
a larger a3 subunit previously reported (Ded-
har et al., 1992). 1 integrin was immunopre-
cipitated by Reelin from both wt and o3/~
homogenates (lower panels).

IPed with cont. abs
IPed with @3 integrin

~330 kD
180 kD

(E) The immunoprecipitation was repeated using anti-g1 integrin or anti-a3 integrin—coated beads. Reelin was coimmunoprecipitated by g1
integrin or a3 integrin-coated beads but not by the control beads (coated with rabbit anti-GFAP polyclonal antibodies), suggesting a direct
in vivo association between Reelin and «3B1 integrins. In immunoprecipitations with anti-integrin antibodies, the 180 kDa Reelin component
(large arrow) was detected prominently. Faint bands of higher molecular weight fragments (~330 kDa) of Reelin (small arrowheads) were

detected in B1 integrin immunoprecipitates.

49.5% reduction in labeled neurons around Reelin-
coated microspheres, when compared with that of con-
trol (Figure 5A). Together, these in vivo observations
support the inhibitory function of Reelin observed in
vitro.

a3B1 Integrin Is a Receptor for Reelin

To identify Reelin binding proteins in embryonic brain,
an immunoprecipitation protocol was developed that
exposed brain membrane extracts or total brain homog-
enates to Reelin-coated beads. Recombinant Reelin se-
creted by 293T cells was immobilized to IgG-sepharose
beads with the CR50 antibody, which recognizes and
binds Reelin (Ogawa et al., 1995; D’Arcangelo et al.,
1997). Immunoprecipitation with Reelin-linked beads
was compared with immunoprecipitations with control
antibody-coated beads or IgG beads alone, which also
had been incubated in 293T supernatants containing
Reelin but did not bind Reelin (Figure 3). These Reelin-
coated or control beads were used to immunoprecipi-
tate Reelin binding proteins from either whole brain ho-
mogenates solubilized in 100 mM octylglucoside (Figure
3A; Busk et al., 1992) or membrane extracts solubilized
in 1% Triton X-100 (Figure 3B; Kaprielian and Patterson,

1993). Beads were then washed, and proteins bound to
Reelin and control beads were analyzed by SDS-PAGE
and immunoblotting.

Reelin-coated beads robustly immunoprecipitated p1
integrin, while control immunoprecipitations using either
an anti-v-src antibody or the anti-mouse IgG beads
themselves (Zymed), which do not recognize Reelin,
showed no bound B1 integrin (Figures 3A and 3B).
Strong B1 integrin signal was observed in the Reelin
immunoprecipitation using both solubilization protocols
(Figures 3A and 3B). To test the specificity of the interac-
tion between Reelin and B1 integrin, the immunoprecipi-
tation was repeated from wild-type (wt) brain homoge-
nates using Myc-tagged Reelin, and the recombinant
Reelin was bound to the IgG beads by an anti-Myc
antibody. Again, 31 integrin was immunoprecipitated by
beads coated with Reelin but not control beads (Figure
3C), indicating that the B1 integrin association with
Reelin is not dependent on the CR50 antibody used to
secure Reelin to the sepharose beads. Direct immuno-
precipitation of native Reelin under nonreducing condi-
tions also coimmunoprecipitates native 1 integrin, sug-
gesting a complex of the native proteins exists in vivo
(data not shown).
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As a control, we also tested whether Reelin immuno-
precipitates any of the other previously characterized
Reelin receptors in our assay. At least two isoforms of
ApoER2 and VLDLR are also immunoprecipitated by
Reelinin this assay. The 160 kDa isoform probably corre-
sponds to the glycosylated receptor, while the 120 kDa
form is most likely the unmodified protein (Figures 3A
and 3B; Tolleshaug et al.,, 1982; Patel et al., 1997).
ApoER2 immunoprecipitation appeared more robust
than did VLDLR binding, likely reflecting the greater sen-
sitivity of the detecting antibody and/or higher protein
expression in the homogenate. Reprobing of the same
samples with antibodies to E-cadherin, antisera to 36
integrin, or «l integrin (data not shown) exhibited no
signal and therefore serves as a negative control for the
protocol. The amyloid precursor protein (APP), another
transmembrane receptor identified as a Dabl-inter-
acting protein (Homayouni et al., 1999; Howell et al.,
1999b), also showed little immunoprecipitation by Reelin
(Figures 3A and 3B).

To determine if the a3B1 integrin complex is associ-
ated with Reelin, the immunoprecipitation was repeated
using brain membrane homogenates prepared from wt
and «3B1 integrin—deficient brains. a3B1 integrin is de-
tected in immunoprecipitations using the Reelin-coated
beads, and the identity of the «3 integrin subunit is
confirmed by the absence of the band in the immunopre-
cipitations from the a3p1-deficient membrane extracts
(Figure 3D, upper panels). The SDS gel separation and

immunoblotting were repeated with the remaining por-
tion of the same immunoprecipitations and probed for

Figure 4. Overlapping Distribution of a3p1
Integrin and Dabl Expression in Developing
Cortical Neurons

Embryonic cortical cells were double labeled
either with anti-g1 integrin (A and D) and
Dabl antibodies (B and E) or with anti-a3
integrin (G and J) and Dab1 antibodies (H and
K). Colocalization of 31 integrin (A) and Dabl
(B), as well as a3 integrin (G) and Dabl (H),
is observed. Extensive overlap (yellow) is ob-
served in soma and processes of the merged
image (C and ).

(D-F) High magnification view of a neurite and
growth cone immunolabeled with B1 integrin
(D) and Dabl (E). Extensive punctate cola-
beling is seen in the neurite and growth
cone (F).

(J-L) Similar colocalization (L) is evident be-
tween «3 integrin (J) and Dabl (K).

Scale bar, 15 pm (A-C); 4 pm (D-F); 25 pm
(G-I); 7 pm (3-L).

B1integrin. B1integrinis detected in the immunoprecipi-
tation from both the «3 integrin—-deficient brains and
wt littermates. However, relatively less B1 integrin is
detected in the immunoprecipitation from the «3-defi-
cient brains compared with the wt littermates (Figure
3D, lower panels), which is reflective of reduced levels
of Bl integrin expression in a3-deficient mice (Hodivala-
Dilke et al., 1998). To further confirm the Reelin-a3p1
integrin association, we performed immunoprecipita-
tions with B1 integrin— or «3B1 integrin—coated sepha-
rose beads. Both g1 and a3 integrins immunoprecipitate
native Reelin from embryonic brain extracts, and Reelin
was not retained by control beads (Figure 3E). Together,
these results indicate that «3B1 integrin associates with
Reelin in embryonic brain.

Colocalization of Dabl and a3B1 Integrin

in Cortical Neurons

To determine if individual cells coexpress both a3p1
integrin and Dab1, immunolabeling was performed on
cultured cortical neurons from E16 brains at 1 day in
vitro (DIV) after dissociation and plating on polylysine-
coated coverslips. Cultured neurons were fixed in para-
formaldehyde (4%) and were labeled with either a rat
monoclonal antibody against the cytoplasmic tail of 1
integrin (Chemicon) or a mouse monoclonal antibody
against Dabl (mAbD1, generous gift of A. Goffinet) and
visualized using appropriate FITC- and Cy3-linked sec-
ondary antibodies (Jackson Laboratories). Some cul-
tures were double labeled with a polyclonal anti-a3 inte-
grin antibody (Ab8-4, generous gift of Dr. M. DiPersio)
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and the mouse monoclonal antibody against Dab1. Con-
sistent with previous descriptions of cellular Dabl ex-
pression detected by a polyclonal antiserum (Howell et
al., 1997a, 1999b), the monoclonal antibody detected
Dabl both in the cell soma and in the processes of
cultured neurons (Figure 4). As previously described, g1
integrin shows a similar expression pattern (Grabham
and Goldberg, 1997), with strong staining around the
perimeter of the soma and in the cell processes (Figure
4B). The merged image reveals colabeled regions in the
soma, process, and growth cone (Figure 4C). Higher
magnification views of the neurite and growth cones
show punctate, fiber-like labeling of both Dab1 (Figure
4D) and B1 integrin (Figure 4E), with frequent double
labeled punctae in the processes and both double and
single labeled areas in the merged image of the growth
cones (Figure 4F). a3 integrins were also found to be
expressed in a punctate fashion in the cell soma and
processes and, like 1 integrin, showed significant colo-
calization with Dabl (Figures 4G-4l). This overlapping
localization was further evident in higher magnification
views of growth cone regions (Figures 4J-4L). Cells from
a3 integrin—-deficient cortices do not label with anti-a3
antibodies and served as control for the a3 integrin/
Dabl colocalization studies. Together, these results in-
dicate that a3B1 integrin is coexpressed in developing
cortical neurons with Dab1l, a downstream component
of the Reelin signaling pathway, and shows a predomi-
nantly overlapping expression within these cells.

Role of «3B1 Integrin in Reelin Function

To determine if Reelin’s interaction with a3B1 integrin
is functionally important, we tested the effect of Reelin
on neuronal migration of cortical cells from wt and 331
integrin mutant embryos, in vitro and in vivo. If Reelin
binding to «3B1 integrin is crucial for Reelin’s effect on
neuronal migration, embryonic cortical cells from normal
and mutant cerebral cortices may respond differently
to Reelin. Reelin significantly reduced the rate (—64%)
of radial migration of wt cortical neurons (Figure 5C); in
contrast, Reelin did not inhibit the migration of a3p1
integrin mutant cortical neurons (Figure 5C): 56% of wt
neurons detached from their radial glial guides following
Reelin exposure, whereas only 2.4% of «3p1 mutant
cortical neurons detached from radial guides in response
to Reelin. Control 293T CM were ineffective in modulat-
ing the radial migration of either wt or mutant neurons
(Figure 5C). Furthermore, in long-term migration assays,
in which we monitored the number of migrating neurons
at the beginning of and 24 hr after Reelin addition, Reelin
significantly reduced the number of migrating neurons
from wt but not from the mutant cortices (Figure 5D).
When Reelin was preabsorbed with anti-CR50 antibod-
ies, Reelin’s effect was abolished (Figure 5D).

We also tested whether one of the recently identified
receptors for Reelin, CNR (cadherin-related neuronal
receptor; Senzaki et al., 1999) had any influence on neu-
ronal migration. Inhibition of the Reelin binding domain
(RBD) of CNRs with an antibody to this site did not affect
Reelin-induced inhibition of neuronal migration (Figure
5D), suggesting that CNRs may not influence Reelin’s
regulation of neuronal migration. Antibodies to the RBD
of CNRs alone did not affect neuronal migration (Figure
5D). Together, these results suggest that Reelin—a3p1
integrin binding is essential for Reelin’s inhibitory effect
on neural migration. In the absence of functional 331
integrins, Reelin did not inhibit migration. Furthermore,

this function of Reelin is specific to Reelin-a3B1 integrin
signaling, and the Reelin-CNR signaling pathway ap-
pears not to be involved in this process.

To further assess the influence of Reelin-a3B1 integrin
interactions on neuronal migration, we tested the effect
of Reelin on neuronal migration in vivo with wt and a331
integrin—deficient cerebral cortex. Reelin-coated and
control microspheres were injected into the developing
cerebral cortex as described above; 2 hr prior to mi-
crosphere injection, neurons were pulse labeled with
BrdU. This method allows us to evaluate the response
of wt and «3B1 integrin—-deficient cortical neurons to
ectopically presented Reelin in vivo. Wt neurons did
not migrate past and generally avoided Reelin-coated
microspheres (Figures 2E and 2F), whereas they con-
tinued to migrate past control microspheres. o331
integrin—deficient neurons, however, did not alter their
migration in response to Reelin-coated beads (Figures
2l and 2J). «3B1 integrin-deficient neurons migrated
normally past both Reelin-coated and control beads.
Densitometric measurements of BrdU-labeled neurons
around the two types of microspheres indicate a 55%
reduction in labeled neurons around Reelin-coated mi-
crospheres, when compared with that of control micro-
spheres in wt cerebral cortex (Figure 5B). No such dif-
ference was observed between Reelin and control
microspheres in a3p1 integrin—deficient cerebral cortex
(Figure 5B). These results further confirm our in vitro
observations that Reelin-induced inhibition of cortical
neuronal migration depends on Reelin-a3B1 integrin
signaling.

Expression of Dabl and Reelin in a3
Integrin-Deficient Embryos

If «3B1 integrin is part of the Reelin signaling pathway,
it would be expected that a3B1 integrin would regulate
Dabl, a cytoplasmic adaptor protein downstream of
Reelin. Therefore, we analyzed Dabl protein levels in
a3B1 integrin—deficient animals. Homogenates of «3-
deficient brains (E16.5) were compared with brain ho-
mogenates from wt and heterozygote littermates. Pro-
teins were separated by SDS gel and immunoblotted
with an anti-Dabl, anti-Reelin, or anti-tubulin (loading
control) antibody. We noticed a significant downregula-
tion of Dabl protein levels in a3B1 integrin—deficient
brains (Figure 6A). a3B1 integrin mutant embryonic
brains contained ~50% less Dabl protein than did the
wt littermates. This observation is in marked contrast
with previous studies in which the absence of Reelin or
Reelin receptors (VLDL/ApoE) has led to significant
Dabl protein accumulation.

To further assess this issue, we compared the levels of
Reelin in wt, heterozygous, and «3B1 integrin—deficient
brains (Figure 6A). A prominent increase in the amount
of the 180 kDa fragment of Reelin was observed in a3
integrin—deficient brains in comparison to brains from
wt littermates (~4- to 7-fold). The 180 kDa fragment of
Reelin is produced by a zinc-dependent protease, most
likely after Reelin is secreted by the Cajal-Retzius cells
(Lambert de Rouvroit et al., 1999). The enhanced levels
of 180 kDa Reelin and Reelin’s ability to bind and activate
multiple other cell surface receptors may contribute to
the downregulation of Dabl in 331 mutants.

We next asked if «3p1 integrin function was required
for Reelin-dependent Dabl phosphorylation (Howell et
al., 1999a). Wt and «3B1 integrin—deficient cortical neu-
rons were treated with recombinant Reelin. After Reelin
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Figure 5. Reelin-Induced Inhibition of Neuronal Migration Is Mediated through «3B1 Integrin

(A and B) Quantification of the effect of control or Reelin beads on neuronal migration in vivo. A 225K um? grid was placed on cortical sections
with the microspheres at the center of the grid. OD (minus that of the microspheres) was then measured in the grid using NIH Image 1.6. OD
reflects the number of BrdU-labeled neurons around the different types of microspheres. Measurements from Reelin microsphere-containing
sections were normalized to the OD of littermate control microsphere-containing sections (set to 100). Reelin inhibited neuronal migration
when injected into embryonic rat cerebral wall (A) and wt mouse cerebral wall (B). However, Reelin did not affect migration when injected
into the a3B1-deficient (—/—) embryonic cerebral cortex (B). Data shown are mean = SEM for each group. Measurements were averaged
from seven different brain sections from three different experiments. Asterisk indicates significance, p < 0.05.

(C) Essential role of a3B1 integrin in Reelin’s effect. The rate of neuronal migration of wt and «3B1 integrin-deficient neurons was measured
before and after exposure to Reelin or control supernatants. Exposure to Reelin reduced the rate of migration of wt neurons by 69% =+ 5.9%.
In contrast, «3B1 integrin-deficient neurons were not responsive to Reelin. Control 293T CM did not alter the rate of migration of either wt or
«3B1 integrin—deficient neurons significantly. Asterisk indicates significance, p < 0.05. Data shown are mean = SEM for each group (n > 35
for each group).

(D) Reelin-induced inhibition of neuronal migration depends on a3B1 integrins. In long-term migration assays, the number of migrating neurons
in cultures from wt and «3B1-deficient cerebral cortices was counted before and after addition of Reelin, control 293T CM, Reelin + anti-
Reelin CR50 antibodies (incubated together for 1 hr prior to addition), anti-RBD antibodies + Reelin (Reelin added 60 min after anti-RBD
antibodies), anti-RBD antibodies alone, or control antibodies (10 pg/ml of mouse and rat immunoglobulins). In wt cultures, Reelin reduced
the number of migrating neurons, and this effect was observed even when the RBDs of CNRs were blocked with anti-RBD antibodies. This
indicates that Reelin—-CNR interaction is not essential for Reelin’s effect on neuronal migration. However, Reelin’s effect on neuronal migra-
tion was not observed in a3B1-deficient cells, indicating that «3B1 integrin is an essential component of Reelin signaling. Data shown are
mean + SEM for each group (number of cells analyzed is >400 for each group). Asterisk indicates significance, p < 0.05. Abbreviation: RBD,
Reelin binding domain of cadherin-related neuronal receptors.
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Figure 6. Downregulation of Dab1 and Accumulation of Reelin Frag-
ment in a3 Integrin-Deficient Mice

(A) After PCR genotyping, E16.5 brains were homogenized in STM
buffer, run on SDS-PAGE gel, and immunoblotted. Western blots of
brain homogenates from «3 integrin—deficient mice reveal elevated
levels of the 180 kDa fragment of Reelin and reduced levels of Dab1
in comparison to wt controls. The same samples were probed with
anti-tubulin as control for sample loading in individual wells. Sam-
ples from two different litters are shown.

(B) Reelin-a3B1 integrin interactions do not regulate Dabl phos-
phorylation. Western blots of immunoprecipitations from whole-cell
lysates of cultured cortical neurons reveal that in both wt and 381
integrin-deficient (—/—) cortical neurons, application of Reelin (R)
for 15 min causes tyrosine phosphorylation of Dab1l in comparison
to CM application alone (C). In contrast, pretreatment of wt cortical
cultures with 1 pg/ml GST-RAP, a competitive inhibitor of ligand
binding by LDL receptor family members, reduced Dab1 phosphory-
lation, while GST control (1 wg/ml) had no effect. Dabl was immuno-
precipitated with a mixture of C-terminal and N-terminal anti-Dab1
antibodies, and Western blots were probed with anti-phosphotyro-
sine antibody (pY99, Santa Cruz) and anti-Dabl monoclonal an-
tibody.

incubation, cells were lysed, and Dabl was immuno-
precipitated using a mixture of N-terminal and C-ter-
minal anti-Dab1 polyclonal antibodies. Precipitated pro-
teins were then separated by SDS gel electrophoresis
and immunoblotted with anti-phosphotyrosine antibody
(pY99, Santa Cruz) followed by immunoprobing with
mADbE1, an anti-Dabl antibody (Figure 6B). In both wt
and a3p1 integrin—deficient cortical neurons, application
of Reelin for 15 min caused a significant increase in the
amount of Dabl phosphorylation in comparison to CM
application alone (Figure 6B). In contrast, preincubation
(30 min) with GST-RAP (1 pwg/ml), a universal inhibitor
of ligand binding to LDL receptor family members (Will-
now et al., 1996), blocked this Dabl phosphorylation
(Figure 6B), as has been previously shown (Hiesberger
et al., 1999). Application of control glutathione S-trans-
ferase (GST; 1 pg/ml) had no effect. Together, these

results demonstrate that Reelin-a3B1 integrin interac-
tions regulate Dabl protein levels but not Dabl phos-
phorylation.

Discussion

Laminar organization of neurons in cerebral cortex re-
quires Reelin signaling. Reelin’s effect on cortical lay-
ering is hypothesized to result from three distinctly dif-
ferent cellular effects. First, Reelin may regulate cortical
plate organization by initiating the splitting of preplate
into marginal zone and subplate. Failure of this process
in reeler mutants leads to the accumulation of cortical
neurons underneath the preplate neurons. Second, a
Reelin gradient may act as an attractant of neurons
to the top of the cortical plate, thus enabling newly
generated neurons to migrate past earlier generated
ones in the developing cortical plate. Third, Reelin may
induce detachment of neurons from their radial glial
guides and thus stop neuronal migration at the marginal
zone-developing cortical plate interface and initiate the
differentiation of neurons into distinct layers. In the pres-
ent study, we provide a direct demonstration of the
effect of Reelin protein upon migrating cerebral cortical
neurons. We have shown that Reelin retards neuronal
migration and induces neuronal detachment from radial
glial guides. This particular function of Reelin depends
on Reelin-a3B1 integrin interactions, since in the ab-
sence of a3B1 integrin, Reelin does not measurably af-
fect neuronal migration in vitro and in vivo. Neurons
have to stop their migration, detach from their radial
glial guides, and begin elaborating neurites in order to
generate the synaptic connectivity characteristic of dis-
tinct layers. By triggering the appropriate termination of
neuronal migration and initiation of postmigratory neu-
ronal differentiation, Reelin controls cortical layer forma-
tion. The functional role of Reelin in modulating integrin-
mediated adhesion is reflected in the overly adhesive
phenotype of early born neurons in the reeler cortex
(Hoffarth et al., 1995) and the persistent apposition of
reeler mutant neurons with radial glial fibers (Pinto-Lord
et al., 1982).

Our data do not exclude alternate or additional func-
tions for Reelin during layer formation, since other cell
surface molecules, such as VLDLR and ApoER2, or
members of the cadherin-related neuronal receptor fam-
ily (CNRs) are found to bind Reelin and mediate signaling
to Dabl (Senzaki et al., 1999). In addition, APP and
APLP1 bind to Dabl (Trommsdorff et al., 1998; Homa-
youni et al., 1999; Howell et al., 1999b) and may be
targets of Reelin as well. The endocytic compartment
is increasingly recognized as a critical site at which
adhesion molecules converge with LDL receptors (Pol
et al., 1997), and Reelin may thus in principle regulate
a number of adhesion receptors simultaneously if they
are complexed in sufficiently tight proximity to the VLDL/
ApOE receptor that contains the endocytic motif. Reelin
concentration, like laminin concentration, may deter-
mine the surface levels of integrins by regulating the
rate at which integrin receptor is removed from the cell
surface (Condic and Letourneau, 1997). Ligands can
also regulate polarized flow of integrins toward or away
from growth cone membranes (Grabham and Goldberg,
1997). Reelin, released from the layer 1 cortical neurons,
is likely to be present in a top-down gradient in the
developing cortical plate. Thus, Reelin gradient-medi-
ated modulation or endocytosis of a large adhesion
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In (1), «3B1 integrin is required for neuronal migration along the radial glial fiber and may interact with glial cell surface molecules, such as
laminin, during migration. In (2), at the top of the cortical plate, the ligand preference of «31 integrins changes from radial glial cell surface
molecules to Reelin. Reelin binds to a3B1 integrin and forms a complex with VLDLR and ApoER2. This Reelin-receptor complex causes Dab1l
to be phosphorylated, probably by a nonreceptor tyrosine kinase. In (3) and (4), the binding of Reelin to the complex of receptors leads to
modulation of a3B1 integrin function and endocytosis. Endocytosis results in the degradation of Reelin and Dab1. Modulation of a331 integrin
receptor function and levels leads to a switch from a gliophilic adhesion system to a neurophilic adhesion system, such that the migratory
neuron detaches from the radial glial fiber and begins to differentiate in its “home” cortical layer. The absence of the Reelin signal causes
early born neurons to retain their gliophilic adhesion system, preventing their appropriate detachment from the radial glial fiber. Abbreviations:

MZ, marginal zone; 1Z, intermediate zone; VZ, ventricular zone.

complex, including a3p1 integrins, might be necessary
to “switch” migrating neurons from a gliophilic adhesive
preference to a neurophilic adhesive preference.

While it is clear that other proteins in addition to a331
integrin bind Reelin, interactions between Reelin and
a3B1 integrin appear to be crucial for the effects of
Reelin upon migrating neurons. Reelin induces arrest of
migrating cells and release from radial glia, and muta-
tions in Reelin prevent normal dissociation of migratory
neurons from radial glia, which has been described mor-
phologically (Pinto-Lord et al., 1982). Inhibition of B1
integrins with blocking antibodies releases neurons from
radial glia (Fishman and Hatten, 1993; Anton et al., 1999),
and inhibition of B1 integrins with antisense retroviruses
also blocks radial migration (Galileo et al., 1992). Simi-
larly, targeted mutation of the a3 integrin gene causes
inhibition of radial migration, possibly via premature re-
lease from radial glia. These data suggest that a3p1
integrin, either alone or in association with other part-
ners, is necessary for radial glial guided migration and
that inhibition of the «3B1 integrin complex is sufficient
to induce release of neurons from radial glia.

The elevated levels of cleaved Reelin (180 kDa) ob-
served in the absence of «3B1 integrin suggest that a

normal function of a3B1 integrin is to inhibit the produc-
tion or enhance the clearance of the Reelin fragment.
a3B1 integrin could inhibit production of 180 kDa Reelin
by modulating the activity of the zinc-dependent metal-
loproteinase that normally cleaves Reelin (Lambert de
Rouvroit et al., 1999). Attractive candidates for the metal-
loproteinase would include brain-expressed members
of the metalloproteinase-disintegrin family (ADAMS),
which are zinc dependent and have integrin binding sites
(Poindexter et al., 1999). In addition, «3B1 integrins may
also bind to the 180 kDa fragment and promote its clear-
ance. Although it is unclear at this juncture whether the
180 kDa Reelin fragment is functionally active, upregula-
tion of this Reelin fragment may contribute to the aber-
rant cortical lamination observed in 331 integrin mutant
cerebral cortex (Anton et al., 1999).

The analysis of a3B1 integrin deficiency is compli-
cated by the fact that «3B1 can function as a trans-
dominant inhibitor of other integrin receptor functions
(Hodivala-Dilke et al., 1998). In keratinocytes, a3B1 defi-
ciency leads to increased activity of fibronectin and col-
lagen type IV receptors, possibly including o581 inte-
grins, which can bind Reelin. Similar upregulation of
other integrin receptor activity may also occur in a3p1
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mutant cerebral cortex and contribute partially to the
aberrant phenotype. Increased levels of cleaved Reelin,
release of trans-dominant inhibition of other integrins
capable of interacting with Reelin, and the availability
of multiple other cell surface receptors for Reelin (Sen-
zaki et al., 1999; Trommsdorff et al., 1999) may account
for the downregulation of Dabl protein levels in the
absence of a3B1 integrins.

Our data allow a tentative model of Reelin function
(Figure 7). Migration along radial glial cells is mediated
by «3B1 integrin in addition to other adhesive or signal-
ing molecules (Komuro and Rakic, 1998; Maeda and
Noda, 1998). Neuronal «3B1 integrin may interact with
ligands such as laminin, distributed along the radial glial
strands (Liesi, 1990), during neuronal translocation from
the ventricular zone to the cortical plate. In the cortical
plate, when migrating neurons encounter Reelin, the
ligand preference of a3B1 integrins in neurons changes
from a radial glial cell surface molecule such as laminin
to Reelin. Reelin binds to a3B1 integrin in a complex
thatincludes the VLDLR, the ApoER2, and a3B1 integrin,
and the formation of this complex leads to altered inte-
grin-mediated adhesion, perhaps due to internalization
of the integrin receptor along with the ApoER2 and
VLDLR (D’Arcangelo et al., 1999). The altered ligand
preference of a3B1 integrins, coupled with the endocy-
tosis-driven removal of a3B1 integrins from the cell sur-
face, may then cause rapid dissociation of migrating
neurons from radial glia. Reelin undoubtedly also in-
duces other downstream effects, exemplified by its ef-
fects on the phosphorylation of Tau (Hiesberger et al.,
1999), that may also be crucial to its inhibitory effects
on migration; however, regulation of availability, func-
tion, and ligand preference of integrins appears to be
critical for the dissociation of neurons from radial glia.
Cultured cells rapidly regulate the surface expression
of integrins in response to ligand (Raub and Kuentzel,
1989), and neurons regulate integrin surface expression
to alter adhesion and neurite extension (Condic and
Letourneau, 1997). Regulation of ligand preference and
endocytosis may be a general means for rapid, region-
ally specific removal of adhesive or signaling molecules
from the leading edge of migrating neurons as they ter-
minate their migration and begin their aggregation into
distinct layers in cerebral cortex.

Experimental Procedures

Antibodies and Immunoblotting

Mouse monoclonal anti-Reelin antibodies CR50 and 5A5 were gen-
erously gifted by Dr. M. Ogawa (RIKEN) and Dr. A. Goffinet (Univer-
sity of Liege, Belgium). Affinity-purified polyclonal antibodies to
Dab1 were obtained from Dr. B. Howell (National Institutes of Health).
Affinity-purified monoclonal antibodies to mDabl were obtained
from Dr. A. Goffinet (University of Liege, Belgium). The RBD antibody
was obtained from Dr. T. Yagi (RIKEN). Immunoblots were probed
with the following antibodies diluted in blocking solution: 1:100 anti-
Dab1l E1 monoclonal antibody (gift of A. Goffinet), 1:250 anti-Dabl
B3 rabbit polyclonal antibody (gift of B. Howell and J. Cooper),
1:1000 anti-ApoER2 (gift of J. Herz), 1:1000 anti-VLDLR (gift of J.
Herz), 1:100 anti-VLA3 (V76720, Transduction Laboratories), 1:250
anti-phosphotyrosine pY99 (sc-7020, Santa Cruz Biotechnology,
Santa Cruz, CA), 1:4000 anti-amyloid precursor protein (Ab681, gift
of D. Selkoe), 1:2500 anti-E-cadherin (C20820, Transduction Labora-
tories), 1:500 anti-B1 integrin (Ab1952, Chemicon), and 1:500 anti—36
integrin (sc-6632, Santa Cruz). An enhanced chemiluminescence kit
(Amersham) was used to detect horseradish peroxidase-labeled
secondary antibodies (Bio-Rad).

Mice

Mice were cared for according to animal protocols approved by
the Institutional Animal Care and Use Committees of Children’s
Hospital, Beth Israel Deaconess Medical Center, and Pennsylvania
State University. Genotypes of the a3 integrin mutant embryos and
reeler mice were determined by PCR as described earlier (D’Ar-
cangelo et al., 1996; DiPersio et al., 1997).

Reelin-Containing Supernatants

293T cells were cultured in Dulbecco’s modified Eagle’s medium
with 10% fetal calf serum (Life Technologies). Cells were transfected
with Reelin constructs encoding either full-length Reelin or Myc-
tagged full-length Reelin (D’Arcangelo et al., 1997; gift of G. D’Ar-
cangelo and T. Curran) using lipofectamine reagent as per the pro-
tocol of the manufacturer (Life Technologies). After transfection,
serum-containing media were exchanged with 293 serum-free me-
dia (SFM; Life Technologies). The supernatant fraction was collected
1-3 days later. The supernatants were filtered and in most cases
used directly; otherwise, supernatants were stored at 4°C.

Cortical Cultures

Cortical cultures were made from individual E16-E18 embryos using
minor modifications to the previously described papain dissociation
method (Murphy et al., 1989). For Dabl phosphorylation assays,
dissociated cortical cells were suspended (at 10° cells/ml) in
«-MEM + Glutamax + 2% B-27 supplement (Life Technologies) and
plated into 35 mm tissue culture dishes pretreated with a 1:60 dilu-
tion of Matrigel (Becton Dickinson).

Dab1 Phosphorylation Assay

Media (0.5 ml) were removed from each 35 mm dish of cultured 1
DIV cortical neurons and replaced with 0.5 ml of 293T Reelin-con-
taining CM. After 15 min, cultures were placed on ice and lysed and
scraped in 300 pl RIPA buffer. Dab phosphorylation determinations
were performed essentially as described (Howell et al., 1999a).

Cortical Homogenates

Brains were excised, the vesicles of the telencephalon were pinched
off, and the meninges were removed. The dorsal lateral telencepha-
lon was separated from the ganglionic eminences and then homoge-
nized in TX-IPB buffer (Howell et al., 1997a) and clarified by centrifu-
gation at 14,000 X g. E16.5 «3 integrin mutant and littermate brains
were homogenized in STM buffer (10 mM Tris-HCL (pH 8.0), 0.25 M
sucrose, 10 mM MgCl,, 1 mM DTT, and protease inhibitors). Protein
amounts were measured using the Bio-Rad microassay protocol,
and constant amounts of protein were loaded into each lane for
SDS-PAGE analysis and immunoblotting.

Immunoprecipitation of Reelin and Integrins
Equal volumes of anti-mouse 1gG sepharose beads (Zymed, South
San Francisco, CA) were incubated either with CR50 (gift from M.
Ogawa), a monoclonal anti-Reelin antibody, or with mAb48, a mono-
clonal anti-synaptic vesicle antigen antibody, or anti-v-src (OP07,
Calbiochem). mAb48 and anti-v-src are of the same isotype as CR50.
After 12 hr at 4°C, beads were washed three times with phosphate-
buffered saline (PBS) and incubated in siliconized (Sigmacote,
Sigma) tubes with Reelin-containing 293T cell CM for another 12
hr. The Reelin-coated or control beads were then washed three
times and incubated with either octylglucoside-solubilized E16 brain
membrane homogenates (Busk et al., 1992) or Triton X-100- (1%)
solubilized brain membrane extracts (Kaprielian and Patterson,
1993). Immunoprecipitations from brain membrane extracts were
washed three times with PBS +1% Triton X-100, while immunopre-
cipitations from brain membrane homogenates were washed three
times with buffer containing 25 mM octylglucoside followed by three
washes in PBS + 1 mM CaCl,. Proteins were eluted by boiling in SDS
sample buffer and analyzed by SDS-PAGE and immunoblotting.
In some experiments, anti-rabbit IgG beads (Zymed) were incu-
bated with either polyclonal anti-g1 integrin (Chemicon) or anti-a3
integrin antibodies (Ab8-4, gift from Dr. M. DiPersio). Beads were
then washed and incubated with brain membrane extracts to deter-
mine if native integrins associated with endogenous Reelin.
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Immunochemistry

Immunocytochemistry was performed on cortical cultures plated on
poly-D-lysine-treated coverslips as described previously (Fox et al.,
1998; Anton et al., 1999). Primary antibodies were anti-Dabl D1
(1:100), anti-B1 integrin (1:100, Ab1997, Chemicon), and anti-a3
integrin (1:100; DiPersio et al., 1997).

In Vitro Migration Assay

Cortical imprint assays containing intact radial glial cells with migrat-
ing neurons attached to them were made as described previously
(Anton et al., 1999). Cortical neurons migrating on radial glial cells
were monitored using a Zeiss Axiovert 135 microscope. After 60-120
min of baseline recording, Reelin supernatants or control 293T CM
were added to the cultures, and monitoring continued for an addi-
tional 60-180 min. Changes in the rate of cell migration, morphologi-
cal features of migrating neurons and glial cell substrates, and the
extent of neuron-glia cell contact were monitored. The extent of
cell soma movement was divided by time elapsed between observa-
tions to obtain the rate of cell migration for each neuron studied.
Statistical difference between experimental groups was tested by
student’s t test.

In long-term migration assays, the number of migrating neurons
was counted in four predefined regions in each well. Reelin, control
293T CM, anti-CR50 antibodies, anti-RBD antibodies, or control
mouse/rat immunoglobulins (10 pg/ml) were then added to the cul-
tures. After 24 hr, the number of migrating cells in the four predefined
regions in each well was counted again. Change in the number of
migrating neurons was determined for each group.

In Vivo Migration Assay

Fluorescent latex beads (Lumafluor) were incubated overnight at
4°C with Reelin or 293T CM. Microspheres (10 pl) were incubated
with 500 pl of 5X concentrated Reelin or control solution. Micro-
spheres were centrifuged and suspended in 7.5 pl of sterile saline.

Pregnant rats (E17) or mice (E16) were injected twice with BrdU
(50 wg/g body weight) at 1 hr intervals. Animals were then anesthe-
tized with a cocktail (2 ml/kg body weight) of 50 mg/ml ketamine,
2.6 mg/ml xylazine, and 0.5 mg/ml acepromozine. A midline incision
was made through the abdominal wall under sterile conditions, em-
bryos were exposed, and the abdominal cavity was continuously
perfused with saline. After positioning the embryos with sterile cot-
ton balls, they were illuminated with a high intensity illuminator.
Microspheres (~100-200 nl) were pressure injected (Picospritzerll,
Parker Instrumentation) into the cerebral wall of the telencephalon
using a pulled glass micropipette with a tip diameter of ~20-40
wm (Sutter Instruments). The abdominal wall was sutured, and the
animal was placed in warm recovery chamber. After 24 hr, embryos
were removed, fixed in 4% paraformaldehyde, postfixed in 30%
sucrose/PBS, and frozen in OCT, and 15 wm coronal sections were
made in a cryostat. Sections were then labeled with anti-BrdU anti-
bodies (Becton Dickenson), and the interaction between labeled
neurons and microspheres deposited in the intermediate zone of
the cerebral wall was analyzed.

Images of microsphere deposits and BrdU-labeled cells in cortical
sections were acquired using a an ORCA-1 CCD camera attached
to a Zeiss Axiophot microscope. A 225k square micrometer grid
was placed on the images with the microspheres at the center of
the grid. Optic density (OD) of the grid, an indicator of the number
of labeled neurons in the area surrounding the microspheres, was
measured using NIH Image 1.6. OD values from Reelin bead-con-
taining sections were normalized to the values of littermate sections
containing control beads.

To ensure Reelin coating of microspheres, aliquots of unused
Reelin and control microspheres were incubated with blocking solu-
tion for 1 hr at room temperature and suspended in anti-Reelin CR50
antibodies overnight, and CR50 binding was visualized with anti-
mouse antibodies conjugated to Cy3.
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