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The Reelin signaling cascade plays a crucial role in the correct positioning of neurons during embryonic
brain development. Reelin binding to apolipoprotein E receptor 2 (ApoER2) and very-low-density-lipoprotein
receptor (VLDLR) leads to phosphorylation of disabled 1 (Dabl), an adaptor protein which associates with the
intracellular domains of both receptors. Coreceptors for Reelin have been postulated to be necessary for Dabl
phosphorylation. We show that bivalent agents specifically binding to ApoER2 or VLDLR are sufficient to
mimic the Reelin signal. These agents induce Dabl phosphorylation, activate members of the Src family of
nonreceptor tyrosine kinases, modulate protein kinase B/Akt phosphorylation, and increase long-term poten-
tiation in hippocampal slices. Induced dimerization of Dabl in HEK293 cells leads to its phosphorylation even
in the absence of Reelin receptors. The mechanism for and the sites of these phosphorylations are identical to
those effected by Reelin in primary neurons. These results suggest that binding of Reelin, which exists as a
homodimer in vivo, to ApoER2 and VLDLR induces clustering of ApoER2 and VLDLR. As a consequence,
Dab1 becomes dimerized or oligomerized on the cytosolic side of the plasma membrane, constituting the active
substrate for the kinase; this process seems to be sufficient to transmit the signal and does not appear to

require any coreceptor.

Correct positioning of neurons of the cortical plate depends
on Reelin, an extracellular matrix protein produced by Cajal-
Retzius cells (10), on the Reelin receptors apolipoprotein E
receptor 2 (ApoER?2) and very-low-density-lipoprotein recep-
tor (VLDLR) (35), and on the intracellular adaptor protein
disabled 1 (Dabl) (30). Mutations in the corresponding genes,
i.e., the Reelin gene (as in the reeler mouse) (12) and the Dab!
gene (as in the scrambler and yotari mice) (16, 32, 37), and
deletions of the genes for both ApoER2 and VLDLR (35)
result in identical cortical layering defects, suggesting that the
gene products are part of the same signaling pathway. The
current working model proposes that Reelin binds to ApoER2
and VLDLR (11, 14). Subsequent phosphorylation of Dabl is
a key event leading to the ultimate cell responses required for
correct positioning of newly generated neurons (17, 18). Dabl
was originally identified as an interaction partner of Src (15)
and contains a phosphotyrosine binding domain which inter-
acts with the unphosphorylated NPXY motif present in the
cytoplasmic domains of ApoER2 and VLDLR (19, 34). Phos-
phorylation of Dabl induced by Reelin is dependent on the
presence of ApoER2 and VLDLR (5) and occurs on Tyr198
and Tyr220 (20). Recent studies demonstrated that members
of the Src family of nonreceptor tyrosine kinases (SFKs) are
involved in Dab1l phosphorylation in neurons (2, 6). Corecep-

* Corresponding author. Mailing address: Department of Medical
Biochemistry, Division of Molecular Genetics, Biocenter and Univer-
sity of Vienna, Dr. Bohrgasse 9/2, A-1030 Vienna, Austria. Phone:
43-1-4277-61808. Fax: 43-1-4277-9618. E-mail: Johannes.Nimpf
(@univie.ac.at.

1378

tors, such as members of the family of cadherin-related neu-
ronal receptors (CNRs), have been proposed to be involved in
this pathway (31). Neuronal migration is also regulated by
cyclin-dependent kinase 5 (27, 28), but whether this pathway is
connected to the Reelin pathway is still not fully explored.
Very little is known about the signaling cascade downstream of
Dabl; however, recent results demonstrated that Reelin acti-
vates SFKs (2, 6) and modulates phosphoinositide 3-kinase-
mediated phosphorylation of protein kinase B (PKB)/Akt (4)
by a direct interaction of Dabl with the regulatory subunit
p85a (7).

An interesting mechanistic aspect of the function of Reelin
was recently elucidated. Reelin molecules form higher-order
complexes in vitro and in vivo (36). This observation was fur-
ther refined by showing that Reelin is secreted in vivo as a
disulfide-linked homodimer (22). Deletion of a short region,
called the CR-50 epitope, located at the N terminus of the
molecule abolishes oligomerization, and the mutated Reelin
fails to induce Dabl phosphorylation in primary mouse neu-
rons. These results are in accordance with earlier observations
that an antibody against the CR-50 epitope antagonizes Reelin
function in vitro and in vivo (25, 26).

Here we show that clustering of ApoER2 and/or VLDLR
induces Dab1 phosphorylation and downstream events includ-
ing activation of SFKs and modulation of PKB/Akt. Further-
more, modulation of long-term potentiation (LTP), one of the
biological effects of Reelin, is also mediated by Reelin-inde-
pendent receptor clustering. These results strongly suggest that
receptor-induced dimerization or oligomerization of Dabl is
sufficient for its phosphorylation and downstream events with-
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out the need for an additional coreceptor providing tyrosine
kinase activity.

MATERIALS AND METHODS

Antibodies. Antibodies against the entire ligand binding domains of ApoER2
(AD 186) and VLDLR (Ab 187) were raised in rabbits by using the corresponding
maltose binding protein (MBP) fusion proteins as antigens. Rabbit anti-ApoER2
(Ab 20), which is directed against the intracellular domain of the receptor (33),
rabbit anti-Dab1 (2720) (35), and rabbit anti-receptor-associated protein (anti-
RAP) (24) are described in the indicated references. Monoclonal mouse anti-
Dabl (D4), mouse anti-Reelin (G10), and mouse anti-VLDLR (6G6) were kind
gifts from Andre Goffinet (University of Louvain, Brussels, Belgium). The fol-
lowing antibodies were purchased from the indicated sources: mouse antiphos-
photyrosine (PY99), Santa Cruz; horseradish peroxidase (HRP)-coupled anti-V5
antibody, Invitrogen; phosphorylation site-specific antibodies against phospho-
SFK (Y418), BioSource, Camarillo, Calif.; phospho-Akt (Ser473; catalog no.
44-622), BioSource; anti-PKB/Akt (catalog no. 9272), Cell Signaling Technology;
and anti-Fyn, Upstate Biotechnology. Mouse anti-myc (9E10) was used as the
supernatant of the hybridoma cell line 9E10 from the American Type Culture
Collection at a dilution of 1:100. The phosphotyrosine-specific anti-Dab antibod-
ies (anti-Dab1-PY198 and anti-Dab1-PY220) were generous gifts from Tom
Curran (Department of Developmental Neurobiology, St. Jude’s Children’s Re-
search Hospital, Mempbhis, Tenn.).

Expression of recombinant proteins, preparation of cell extracts, electro-
phoresis, and Western blotting. Reelin was expressed in 293T cells, and condi-
tioned media were prepared as described previously (8). Reelin-conditioned
medium was concentrated by ultrafiltration by using Ultrafree-15 (Millipore).
Preparation of myc-tagged RAP and MBP fusion proteins containing the entire
ligand binding domains of ApoER2 (ApoER2A4-6-MBP/His) and VLDLR
(VLDLR1-8-MBP/His) was performed as described in reference 21.

The expression plasmid coding for Fc-RAP was constructed using a PCR
fragment coding for full-length rat RAP lacking the endoplasmic reticulum signal
HNEL and the stop codon which was amplified using the following primer pair:
3’-RAPrev, 5'-GCCCTCTAGACTCCGAGCCCTTGAGACCCTGCT-3’, and
5'-RAPforw, 5'-CGTGGATCCACCATGCCGCCTCTTAGAGACAGG-3'. The
PCR fragment was cloned into pcDNA3.1/V5/His-TOPO. The insert was re-
leased with BamHI and Xbal and cloned into the backbone of the VLDLR-FC
expression vector (14) cleaved with the same enzymes. A stable cell line express-
ing the Fc-RAP construct was created as follows. HEK293 cells in four 100-mm-
diameter dishes (8 X 10° cells/dish) were transfected using the MBS kit (Strat-
agene). G418 selection was started 24 h later and was continued for 15 days (0.8
mg of active G418/ml). Twenty surviving colonies were tested for expression and
secretion of Fc-RAP. Secreted RAP-VS5-Fc samples from two clones with high
expression levels were tested by ligand blotting for their ability to bind to
lipoprotein receptor-related protein and megalin.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed according to the method of Laemmli (23), and proteins were trans-
ferred onto nitrocellulose membranes by semidry blotting. For Western blotting
with antibodies 20, 186, 187, and G10, nitrocellulose membranes were blocked
for 1 h in Tris-buffered saline (TBS)-0.1% Tween (pH 7.4) containing 5% milk
powder. For Western blotting using PY99, D4, anti-phospho-Akt, and anti-
phospho-SFK, 5% bovine serum albumin instead of milk powder was used.
Appropriate HRP-conjugated secondary antibodies (1:20,000; Jackson Immuno
Research) were used for detection with enhanced chemiluminescence (Pierce).

Dab1 phosphorylation assay. The Dab1 phosphorylation assay was performed
essentially as described previously (11, 14). Briefly, brains from embryonic-
day-15 mouse embryos were homogenized in Hank’s balanced salt solution,
centrifuged (200 X g for 4 min), resuspended in medium (Dulbecco’s modified
Eagle medium—nutrient mixture F-12 [Ham] containing B27 supplement [Gibco
BRL], 10 mM glutamine, and antibiotics), and plated onto poly-L-ornithine-
coated 6-cm-diameter dishes. After 3 days in culture, the cells were washed with
Hank’s balanced salt solution and incubated with different media containing the
indicated ligands (see figures). After 20 min at 37°C, cells were washed again,
scraped into 350 ul of radioimmunoprecipitation assay (RIPA) buffer (10 mM
sodium phosphate [pH 7.4], 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 2 mM
Na;VO,, 1% B-mercaptoethanol, 1% Triton X-100, 1% sodium deoxycholate,
0.1% SDS, and complete protease inhibitor cocktail [Roche]), and lysed for 30
min on ice. The lysates were centrifuged at 20,000 X g for 30 min, and the
supernatants were immediately used for immunoprecipitation of Dab1 with 4 pl
of 2720 antiserum. After 2 h at 4°C, 20 ul of a suspension containing protein A
beads (Amersham) was added for 2 h at 4°C. The beads were washed with RIPA
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buffer and boiled in reducing Laemmli buffer prior to SDS-PAGE and Western
blotting.

Eukaryotic expression constructs. Constructs Dab wt-1FKBP, containing wild-
type (wt) Dabl and one copy of FK506 binding protein (FKBP12), and Dab
SF-1FKBP, containing FKBP and a mutated version of Dab1 with the relevant
five tyrosine residues replaced by phenylalanines (Dabl-5F), were prepared
using a dimerizer kit from ARIAD Pharmaceuticals. Briefly, cDNAs for Dabl
and Dabl1-5F (18) were amplified by PCR as Xbal-Spel fragments and cloned
into the Xbal site of the pC4-F,1E plasmid that contains FKBP12 harboring an
F36V mutation and a C-terminal hemagglutinin epitope. To generate constructs
with wt Dabl and two copies of FKBP (Dabl wt-2FKBP), Dab wt-1FKBP
plasmids were digested with Xbal/Spel and the resulting fragment was again
cloned into the Xbal site of pC,-F 1E.

Dabl dimerization assay. For expression of wt Dabl, Dab wt-1FKBP, Dab
wt-2FKBP, and Dab1 5F-2FKBP, the human embryonic kidney cell line 293 was
transfected with the respective constructs using Lipofectin reagent (Life Tech-
nologies, Inc.) according to the manufacturer’s protocol. For dimerization of
FKBP12 chimeras, cells were treated 48 h after transfection with the chemical
dimerizer AP20187 (ARIAD Pharmaceuticals) for 20 min at 37°C. AP20187 was
used at a final concentration of 40 or 100 nM. Cells were subsequently washed,
scraped into RIPA buffer, and lysed on ice for 30 min. Lysates were centrifuged
at 21,000 X g for 30 min, and the supernatants were subjected to SDS-PAGE and
Western blotting

Phosphorylation of Akt/PKB and SFKs. Phosphorylation of Akt/PKB and
SFKs was measured directly in crude cell extracts derived from primary embry-
onic rat neurons as described previously (6). Briefly, equal amounts of protein
(10 pg) from cell lysates from neuronal cultures treated with control medium,
Reelin-conditioned medium, or Ab 186 were separated by 4 to 15% gradient
SDS gel electrophoresis, transferred onto nitrocellulose membranes, and
blocked in Blotto (5% milk in phosphate-buffered saline with 0.05% Tween 20,
pH 7.4; Sigma) for 1 h. Membranes were incubated overnight at 4°C with
polyclonal or monoclonal antibodies directed against Dabl, phospho-Akt/PKB
(Ser473), and phospho-SFK (Y418). After washing, secondary HRP-linked an-
tibodies (Amersham Biosciences) were applied at 1:20,000 in phosphate-buffered
saline-Tween for 1 h, washed, developed with SuperSignal West Pico chemilu-
minescent substrate (Pierce), and exposed to X-Omat Blue XB-1 film (Eastman
Kodak Co.).

Hippocampal slice preparation and electrophysiology. Adult mice were sac-
rificed by decapitation, and brains were rapidly removed and briefly submerged
in ice-cold cutting saline (110 mM sucrose, 60 mM NaCl, 3 mM KCl, 1.25 mM
NaH,PO,, 28 mM NaHCOj;, 0.5 mM CaCl,, 5 mM b-glucose, and 0.6 mM
ascorbate). All solutions used were saturated with 95% O, and 5% CO,. Whole
brains were dissected on cutting solution-soaked filter paper mounted on a glass
platform resting on ice. Hippocampal slices (400 um) were made using a vi-
bratome and allowed to equilibrate in a 50% cutting saline-50% artificial cere-
brospinal fluid (ACSF) solution (125 mM NaCl, 2.5 mM KCl, 1.24 mM
NaH,PO,, 25 mM NaHCO3;, 10 mM b-glucose, 2 mM CaCl,, and 1 mM MgCl,)
at room temperature for a minimum of 30 min. Slices were transferred into an
interface chamber supported by a nylon mesh and allowed to recover for a
minimum of 1 h prior to recording. Extracellular field recordings were obtained
from the area CAl stratum radiatum. Stimulation was given using a bipolar
Teflon-coated platinum electrode, and recordings were obtained with the use of
a glass microelectrode filled with ACSF (resistance, 1 to 4 M{). The 100-Hz
stimulation protocol consisted of two trains of 100-Hz frequency stimulation for
1 s with each train separated by a 20-s interval. Stimulus intensities were adjusted
to give population excitatory postsynaptic potentials (pEPSP) with slopes that
were =50% that of the maximum determined from an input-output curve. The
calculated 50% maximum stimulus intensity was used for the 100-Hz LTP-
inducing protocol. Potentiation was measured as the normalized increase of the
mean pEPSP following tetanic stimulation normalized to the mean pEPSP for
the duration of the baseline recording. Experimental results were obtained from
those slices that exhibited stable baseline synaptic transmission for a minimum of
30 min prior to the delivery of the LTP-inducing stimulus. Fc-Rap, Fc, or control
medium was diluted in oxygenated ACSF and perfused onto hippocampal slices
at 1 ml/min.

Solid phase binding assay. One hundred microliters of TBS (2 mM CaCl,)
containing 10 wg of ApoER2A4-6-MBP/His or VLDLR1-8-MBP/His/ml was
incubated on a 96-well plate overnight at 4°C. All further incubations were
carried out at room temperature for 1 h, and Reelin or antibodies were diluted
in blocking solution (2% bovine serum albumin in TBS, 2 mM CaCl,, 0.05%
Tween). After blocking and binding of Reelin, anti-Reelin antibody (G10) fol-
lowed by HRP-conjugated secondary antibody was used for detection of bound
Reelin. For the color reaction, 0.1 mg of 3,3',5,5'-tetramethylbenzidine/ml was
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FIG. 1. A dimeric form of RAP induces tyrosine phosphorylation
of Dabl in primary embryonic neurons. (a) Structure of the dimeric
Fc-RAP and the monomeric myc-RAP. hu-Fc, human Fec. (b) 293T
cells were transfected with the cDNA encoding Fc-RAP. Ten micro-
liters of the respective cell supernatant (1, 3) as well as 10 .l of control
supernatant (2, 4) was analyzed by Western blotting using the indi-
cated antibodies. myc-RAP expressed in E. coli (5) was analyzed by
Western blotting using an anti-RAP antibody. Molecular size markers
are shown to the left of each panel. a-hu Fc, anti-human Fc; a-V5,
anti-V5; a-RAP, anti-RAP. (c) Microtiter plates were coated with
ApoER2A4-6-MBP/His or VLDLRI1-8-MBP/His. After incubation
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used in 0.1 M sodium acetate, pH 6.0, containing 10 mM H,O,. The reaction was
stopped after 5 min by addition of 0.3 M H,SO,, and bound secondary antibody
was photometrically quantified at 450 nm. For the sandwich binding assay, plates
were coated with ApoER2A4-6-MBP/His as described above. Plates were over-
laid with concentrated (100X) Reelin-containing medium followed by the addi-
tion of 10 pg of VLDLR1-8-MBP/His/ml. Bound receptor fragments were de-
tected by the addition of a monoclonal antibody against VLDLR (6G6) in
combination with an anti-mouse immunoglobulin G (IgG) coupled to HRP.

RESULTS

Recent results demonstrated that Reelin is secreted as a
disulfide-linked homodimer (22) and that a truncated version
of Reelin, which lacks the N-terminal CR-50 epitope, does not
form oligomers and fails to induce Dab1 phosphorylation (36).
In analogy to growth factor receptor signaling, these results are
compatible with a mechanism in which Reelin dimers may
transmit the signal by receptor dimerization or receptor clus-
tering on the surface of target neurons. To test this possibility,
we designed specific bivalent ligands for ApoER2 and VLDLR
and tested their ability to mimic Reelin signaling in primary
mouse neurons. First, we expressed RAP fused to a V5 epitope
and the Fc portion of human IgG in 293T cells (Fig. 1a). RAP
is a specialized chaperone for endocytic receptors which binds
to most members of the low-density-lipoprotein receptor
(LDLR) family (39). Due to two disulfide bonds between the
Fc portions, the recombinant fusion protein is secreted as a
dimer with a molecular mass of approximately 85 to 90 kDa
(Fig. 1b), representing a bivalent ligand for ApoER2 and
VLDLR. As a control, we used monomeric myc-RAP (Fig. 1a
and b) which binds with high affinity to both receptors (21).
Demonstrated in Fig. 1c, Fc-RAP binds to both receptors with
an affinity similar to that described for myc-RAP (21). myc-
RAP added simultaneously with Reelin to primary neurons
abolishes Reelin-induced Dab1 phosphorylation by competing
for receptor binding sites (Fig. 1d). Furthermore, myc-RAP
reduces the baseline phosphorylation of Dabl, which is sus-
tained by Reelin produced by a small portion of neurons in the
culture (21). In contrast, addition of Fc-RAP is able to induce
Dabl phosphorylation which reaches the intensity of that in-
duced by Reelin in the presence of protein A (Fig. 1d). These
experiments demonstrate that binding of a bivalent or multi-
valent (Fc-RAP plus protein A) ligand to the Reelin receptors
is sufficient to transduce a Reelin-like signal, suggesting that
dimerization or oligomerization of the receptors plays a role in
this process. Since RAP does not discriminate between
ApoER2 and VLDLR, it is not clear from this experiment

with the indicated amounts of Fc-RAP (top) or myc-RAP (bottom),
bound Fc-RAP was detected with protein A-HRP and myc-RAP was
detected with 9E10 and an appropriate HRP-conjugated secondary
antibody. OD,s, optical density at 450 nm. (d) Primary mouse neurons
were incubated with different conditioned or control media as indi-
cated. myc-RAP was used at a concentration of 100 pg/ml. Cells were
processed for immunoprecipitation with anti-Dabl antibody, and
Western blotting was subsequently performed using antiphosphoty-
rosine (a-PY) and anti-Dab1 (a-Dab1) antibodies. Bands were scanned
with a personal densitometer (Molecular Dynamics), and the antiphos-
photyrosine signal was normalized to the anti-Dab1 band. The level of
Dabl phosphorylation induced by Reelin was set at 100% in each
individual experiment. Relative intensities are shown boxed in the
corresponding panels. Prot. A, protein A; +, present; —, absent.
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whether both receptors must be recruited into such a signaling
complex. To answer this question, we expressed the ligand
binding domains of both receptors in Escherichia coli (21) and
developed specific polyclonal antibodies against the receptor
fragments. Due to their structure, antibodies could mimic biva-
lent ligands, inducing clustering of receptor molecules. To test
for the specificity of Ab 186, which was raised against the
ligand binding domain of ApoER?2, the full-length cDNA for
ApoER?2 was expressed in 293T cells (Fig. 2a, lanes 1 and 2).
Ab 186 (lane 2) recognized the same double band as Ab 20
(lane 1), which was previously prepared against the intracellu-
lar domain of the receptor (33). The double band originates
from differential glycosylation of the receptor in 293T cells.
Analysis of VLDLR-expressing cells (lane 3) and mock-trans-
fected cells (lane 4) demonstrated that Ab 186 is specific for
ApoER?2 and does not cross-react with VLDLR, which has a
structurally related ligand binding domain. In addition to these
analyses, the specificity of the antibody was confirmed by flu-
orescence microscopy using neurons from ApoER2™/~ mice
(data not shown). To test whether the antibody-mediated clus-
tering of ApoER?2 is sufficient to induce Dabl phosphoryla-
tion, primary neurons were incubated with Ab 186 and Dabl
phosphorylation was monitored. As shown in Fig. 2b, this an-
tibody induced a signal comparable to that of Reelin. In con-
trast, Ab 20 had no effect. The effect of Ab 186 was dose
dependent, showing maximal Dab1 phosphorylation at an an-
tiserum dilution of 1:1,000 (final dilution of antibody-contain-
ing serum in the culture medium) (Fig. 2b). This effect is
significantly higher than that of Reelin. However, at higher
concentrations of the antibody, the phosphorylation signal de-
creased. This observation is compatible with the concept of
receptor clustering, which decreases at nonstoichiometric con-
centrations of the interacting partners. To test for the speci-
ficity of the effect, we incubated neurons with the optimal
concentration of Ab 186 (1:1,000) in the presence of the sol-
uble recombinant ligand binding domain of ApoER2 or
VLDLR. As demonstrated in Fig. 2c, the stimulatory effect of
Ab 186 was abolished by the ligand binding domain of
ApoER?2 but not by the corresponding domain of VLDLR.

To genetically test the specificity of the effect of Ab 186 on
Dabl phosphorylation, primary neurons derived from wt,
ApoER27/7, or VLDLR ™/~ mice were stimulated with Ab
186. As demonstrated in Fig. 2d, Reelin induced Dabl phos-
phorylation in all three types of neurons. However, Ab 186
induced the signal only in neurons derived from wt mice and
from VLDLR /" mice but not in neurons derived from
ApoER2™'~ mice. These experiments demonstrated that the
effect of Ab 186 is indeed transmitted by ApoER2 and that
clustering of both or one receptor, namely, ApoER?2, is suffi-
cient to transduce the signal.

Next, we tested an antibody against the ligand binding do-
main of VLDLR (Ab 187). The specificity of this antibody was
tested by Western blot assays and immunoprecipitation exper-
iments (data not shown). This antibody stimulates Dab1 phos-
phorylation in a manner similar to that of Ab 186 (Fig. 2e).
Using neurons from VLDLR /~ mice demonstrated that the
effect of Ab 187 is also specific and depends on the presence of
VLDLR (Fig. 2e).

As recently demonstrated, activation of members of the
SFKs (2, 6) and modulation of PKB/Akt phosphorylation (4, 6)
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are downstream effects of Reelin-induced Dabl phosphoryla-
tion. To test whether these effects can also be mimicked by the
clustering of ApoER2 and/or VLDLR on the cell surface, we
incubated primary neurons with increasing concentrations of
Ab 186 and measured SFK and PKB/Akt phosphorylation. As
a control, Dabl phosphorylation was monitored directly by
blotting the cell extract with an antiphosphotyrosine antibody
(4). As shown in Fig. 3, addition of Ab 186 not only induces
Dab1 phosphorylation but also stimulates SFK and Akt phos-
phorylation without affecting total levels of Fyn and Akt. These
results demonstrate that the specific antibody is able to mimic
Reelin effects downstream of Dab1 phosphorylation.

Reelin modulates synaptic plasticity in the adult brain by
enhancing LTP induction and maintenance (38). To test
whether induced receptor clustering is sufficient to mimic this
biologic effect of Reelin, we examined the effect of Fc-RAP on
hippocampal synaptic plasticity. As demonstrated in Fig. 4,
perfusion with 10 wg of Fc-RAP/ml enhanced LTP induction
and maintenance compared to perfusion with control Fc or
nontreatment of slices. Baseline synaptic responses were un-
changed in the presence of Fc-RAP or control Fc protein (Fig.
4, section a). Fc-RAP-treated slices showed an elevated poten-
tiation immediately following high-frequency stimulation
(HFS) (Fig. 4, section b) (Fc-RAP, 288.4% * 16.6% [n = 5];
Fc only, 239.5% =+ 19.1% [n = 5]; no treatment, 232.7% =
33.4% [n = 5]; P = 0.246). LTP induction was significantly
enhanced in hippocampus slices perfused with Fc-RAP 60 min
posttetanus (Fig. 4, section ¢) (187.3% = 10.6%; n = 5) com-
pared to that in slices perfused with Fc only (145.4% = 5.0%;
n = 5) or that in untreated slices (149.6% * 5.9%; n = 5) (P
= 0.0038). These effects are comparable to the effects seen
with Reelin (compare Fig. 5 in reference 38) and demonstrate
that receptor clustering with a synthetic ligand is sufficient for
this effect of Reelin.

To explore the possibility that receptor-independent dimer-
ization of Dab1 is sufficient for its phosphorylation, we used an
inducible homodimerization system (ARIAD) (9). Dabl was
fused to either one or two copies of FKBP12 and expressed in
293 cells. Addition of a cell-permeable synthetic ligand
(AP20187) induces dimerization or multimerization (depen-
dent on whether one or two copies of FKBP are present) of the
fusion protein by linking the FKBP moieties (Fig. 5a). As
shown in Fig. 5b, expression of wt Dab in these cells does not
result in detectable amounts of phosphorylated Dabl. How-
ever, expression of the fusion proteins (Dab wt-1FKBP or Dab
wt-2FKBP) resulted in weak but detectable phosphorylation of
the fusion proteins even in the absence of AP20187. Addition
of the dimerizer to the cells induced a dramatic increase in the
phosphorylation of the fusion proteins but did not result in the
phosphorylation of wt Dabl. As a control, we used a corre-
sponding fusion protein containing a mutated version of Dabl
in which the five tyrosine residues involved in Reelin-induced
phosphorylation were replaced by phenylalanine (18). As
shown in Fig. 5b, this fusion protein (Dab1 SF-2FKBP) was not
phosphorylated under the same experimental conditions. To
test whether phosphorylation of Dab1 induced by its dimeriza-
tion in 293 cells is mediated by the same family of kinases
which phosphorylates Dabl in neurons upon Reelin stimula-
tion (2, 6), we carried out the same experiment in the presence
of PP2 [4-amino-5-(4-chlorophenyl)-7-(¢-butyl)pyrazolo(3,4-
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FIG. 2. Polyclonal antibodies directed against the ligand binding
domains of ApoER2 and VLDLR induce Dabl phosphorylation in
primary embryonic neurons. (a) 293T cells were transfected with con-
structs encoding ApoER2 (ApoER2A4-6) (lanes 1 and 2) or VLDLR
(lane 3) or with the empty vector (lane 4). The corresponding cell
extracts were separated using SDS-8% PAGE under reducing condi-
tions, and Western blotting was performed using Ab 20 (lane 1) or Ab
186 (lanes 2 to 4). Molecular size markers are shown at the left. (b)
Primary mouse neurons were incubated with Reelin-conditioned me-
dium, control medium, or antiserum 20 or 186 (1:1,000) (left panel).
Neurons were stimulated with different concentrations of Ab 186 (right
panel). Cells were processed for immunoprecipitation with anti-Dabl1,
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FIG. 3. Ab 186 induces activation of SFKs and PKB/Akt in primary
embryonic neurons. Primary rat neurons were incubated with Reelin-
conditioned medium, control medium, or Ab 186, and the phosphor-
ylation of Dab1, SFKs, and PKB/Akt was analyzed by Western blotting
of crude cell lysates using the indicated antibodies. The IgG heavy
chain marked by the arrow in the phospho-Akt immunoblot originates
from Ab 186 added in this experiment. Molecular size markers are
shown at the left. a-PY, antiphosphotyrosine; p-Dab1, phospho-Dabl;
a-Dabl, anti-Dabl; a-p-SFK, anti-phospho-SFK; a-Fyn, anti-Fyn; a-p-
AKT, anti-phospho-Akt; a-AKT, anti-Akt.

p)pyramidine], which selectively inhibits Dabl phosphoryla-
tion induced by members of the Src family and Abl (2). As
demonstrated in Fig. 5c, preincubation of transfected 293 cells
with PP2 completely abolished dimerization-induced Dabl
phosphorylation. Addition of PP3, a structural analogue of PP2
which does not inhibit Src family kinases, is without effect.

and Western blotting was subsequently performed using antiphospho-
tyrosine (a-PY) or anti-Dab1 (a-Dab1) antibody as indicated. (c) Pri-
mary neurons were incubated with the preimmune serum from the
rabbit producing Ab 186 or with Ab 186 alone or in the presence of an
excess of soluble ligand binding domains of ApoER2 (AA4-6) or
VLDLR (V1-8). Immunoprecipitation and Western blot analysis were
performed as described for panel b. (d) Primary neurons from wt,
ApoER27/~, and VLDLR ™/~ mice were stimulated with Reelin, con-
trol medium, or Ab 186 (1:1,000). Immunoprecipitation and Western
blot analysis were performed as described for panel b. (e) Primary
mouse neurons derived from wt or VLDLR ™/~ mice were incubated
with Reelin-conditioned medium, control medium, or serum from the
rabbit producing Ab 187 at a dilution of 1:800. Cells were processed for
immunoprecipitation with anti-Dabl antibody, and Western blotting
was subsequently performed using anti-PY and anti-Dabl antibodies
as indicated. Bands were scanned with a personal densitometer (Mo-
lecular Dynamics), and the antiphosphotyrosine signal was normalized
to the anti-Dab1 band. The level of Dabl phosphorylation induced by
Reelin was set at 100% in each individual experiment. Relative inten-
sities are shown boxed in the corresponding panels.
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FIG. 4. Perfusion with Fc-RAP enhances hippocampal LTP induc-
tion. Hippocampal slices were perfused with Fc-RAP (10 pg/ml), Fc
(10 pg/ml), or control medium. Baseline synaptic responses (a) and
potentiation immediately following HFS (b) and up to 60 min after
HEFES (c) were recorded. The arrowhead represents LTP induced with
two trains of 1-s-long, 100-Hz stimulation, separated by 20 s. The
horizontal line indicates application of Fc-RAP, Fc, or control me-
dium. Results are shown as means * standard errors of the mean.
fEPSP, field excitatory postsynaptic potential.

Next we tested whether the same tyrosines of Dab1 which are
phosphorylated by Reelin-induced stimulation of neurons (20)
become phosphorylated by forced dimerization of Dab1 in 293
cells. Western blotting with phosphotyrosine-specific antibod-
ies (20) demonstrated that Dab wt-1FKBP indeed becomes
phosphorylated at positions 198 and 220 upon addition of
AP20187 (Fig. 5d). These results suggest that dimerization-
induced phosphorylation of Dabl in 293 cells is caused by a
mechanism similar to that in Reelin-stimulated neurons.
Taken together, these experiments demonstrate that under
certain conditions, tyrosine phosphorylation of Dabl can be
induced by dimerization or oligomerization of the protein in-
dependently of its interaction with the Reelin receptors,
ApoER2 and VLDLR.

These results are compatible with a model in which Dabl
phosphorylation and downstream events of this pathway are
induced in target neurons by clustering of ApoER2 and/or
VLDLR by Reelin dimers. To test whether Reelin indeed is a
bi- or polyvalent ligand for the receptors, we used a recently
developed enzyme-linked immunosorbent assay-based binding
assay which allows quantitative evaluation of binding parame-
ters for ApoER2 and VLDLR (21). As demonstrated in Fig.
6a, Reelin has very similar affinities to both receptors. To test
the polyvalent character of Reelin, we coated the plates with
ApoER2 and added Reelin at a concentration of approxi-
mately 200 nM. This amount is well above the concentration at
which maximal binding of the receptor is achieved (Fig. 6a).
Under these conditions, free binding sites must be available on
the bound Reelin if more than one binding site is present on
the dimeric Reelin molecule. Indeed, soluble VLDLR frag-
ments could be bound to Reelin bound to ApoER2 under
these conditions (Fig. 6b). As a control, medium from mock-
transfected cells was used instead of Reelin. This experiment
demonstrates that Reelin is able to bind to more than one
receptor molecule, suggesting that it is indeed able to cluster
the receptors on the cell surface.
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FIG. 5. Dimerization and oligomerization of Dabl lead to recep-
tor-independent phosphorylation in 293 cells. (a) Cartoon demonstrat-
ing dimerization of the Dabl-FKBP fusion protein by addition of
AP20187. (b) Wt Dabl, fusion proteins containing wt Dab1 and one
(Dab wt-1FKBP) or two (Dab wt-2FKBP) copies of FKBP, and a
fusion protein containing a mutated version of Dab1 with the relevant
five tyrosine residues replaced by phenylalanines and containing two
copies of FKBP (Dab SF-2FKBP) were expressed in 293 cells and
treated with the indicated amounts of the FKBP-dimerizing agent
AP20187 for 20 min. Dab1 phosphorylation was analyzed by Western
blotting with the indicated antibodies by using crude cell lysates. a-PY,
antiphosphotyrosine; a-Dab1, anti-Dab1; n.d., not determined. (c) 293
cells expressing Dab wt-1FKBP were treated for 1 h with or without
(w/0) 10 uM PP2 or PP3 prior to the addition of 50 nM AP20187 or
medium. After 20 min, Dab1 phosphorylation was analyzed by West-
ern blotting with the indicated antibodies by using crude cell lysates. +,
present; —, absent. (d) 293 cells expressing Dab wt-1FKBP or control
cells (contr.) were treated with 50 nM AP20187, and after 20 min Dab1
phosphorylation was analyzed by Western blotting with the indicated
antibodies by using crude cell lysates. Bands were scanned with a
personal densitometer (Molecular Dynamics), and the antiphosphoty-
rosine signal was normalized to the anti-Dabl band. The level of Dab1
phosphorylation induced by the highest concentration of AP20187 was
set at 100% in each individual experiment. Relative intensities are
shown boxed in the corresponding panels.
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FIG. 6. Reelin acts as a multivalent ligand for ApoER2 and
VLDLR. (a) Microtiter plates were coated with ApoER2A4-6-MBP/
His or VLDLR1-8-MBP/His (10 pg/ml). After incubation with the
indicated amounts of Reelin, bound protein was detected with anti-
Reelin antibody (G10) and HRP-conjugated secondary antibody as
described in Materials and Methods. OD 5, optical density at 450 nm;
Kd, dissociation constant. (b) Microtiter plates were coated with
ApoER2A4-6-MBP/His and incubated with Reelin (200 nM) or con-
centrated mock medium. After the plates were washed, VLDLR1-8-
MBP/His (10 pg/ml) was added and bound VLDLR was detected
using a monoclonal anti-VLDLR antibody (6G6) and HRP-conjugated
secondary antibody.

DISCUSSION

Reelin, an extracellular matrix protein, initiates a signal cas-
cade in neurons which plays a key role in the positioning of
neuronal layers in the central nervous system during embry-
onic development. Ample genetic and biochemical evidence
defines this pathway as follows. Reelin is secreted by special-
ized neurons and binds to ApoER2 and VLDLR, two mem-
bers of the LDLR family. This leads to the phosphorylation of
Dab1, which binds to the cytoplasmic domains of both recep-
tors. Further downstream events are still poorly defined but
have been suggested to involve the activation of Src family
members (2, 6), modulation of PKB/Akt phosphorylation (4,
7), and redistribution of Nckp from the cell soma into distal
sites of neuronal processes (29). It is unclear how the phos-
phorylation of Dabl is generated at the receptor level. Since
neither ApoER2 nor VLDLR have detectable kinase activity,
coreceptors like CNRs (31) or integrins (13) have been postu-
lated. However, direct involvement of these receptors in Dabl
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phosphorylation has not yet been demonstrated. In vivo, Ree-
lin is secreted as a disulfide-linked homodimer (22). In this
regard, it is of interest that a truncated version of Reelin, which
lacks the N-terminal CR-50 epitope, does not form oligomers
and fails to induce Dab1 phosphorylation (36). If dimerization
of the Reelin molecule is the key to its signaling function,
receptor clustering on the surface of target cells may be the
primary effect of ligand binding. We reasoned that mimicking
Reelin action with artificial dimeric or multivalent ligands for
ApoER2 and VLDLR would help us understand the action of
Reelin at the molecular level. Thus, we constructed a bivalent
RAP molecule in which two RAP moieties were fused together
via a human Fc domain. RAP acts as a molecular chaperone
for members of the LDLR family by preventing their intracel-
lular interaction with ligands present in the secretory pathway
(39). RAP binds with high affinity to the ligand binding do-
mains of these receptors and inhibits binding of all known
cognate ligands in vitro and in vivo. In contrast to the RAP
monomer, which inhibits Reelin signaling by inhibiting Reelin
binding to ApoER2 and VLDLR, the dimeric Fc-RAP con-
struct mimics the Reelin signal by inducing Dab1 phosphory-
lation in primary embryonic neurons. This experiment demon-
strates that binding of a monovalent ligand to the receptors is
not sufficient to induce a Reelin-like signal. Interaction of the
receptors with a bivalent agent, however, is sufficient to induce
Dabl phosphorylation. Since we cannot exclude a priori that
RAP also interacts with other putative coreceptors, we pro-
duced polyclonal antibodies against the ligand binding do-
mains of ApoER2 and VLDLR. Both antibodies induce Dabl
phosphorylation in primary embryonic neurons. Using neurons
from ApoER2™/~ and VLDLR /" mice, we demonstrated
that the capacity of these agents to mimic Reelin signaling is
specific and indeed transduced by these receptors. The obser-
vation that the effect is concentration dependent points to
clustering of the receptors as an important mechanistic aspect.
Due to the specificity of the antibodies, we conclude that co-
receptors are not required for the primary action of Reelin,
i.e., induction of Dab1 phosphorylation. Furthermore, the an-
tibody induces phosphorylation of SFKs and PKB/Akt. Espe-
cially in the case of Akt, these experiments confirm recent
reports demonstrating that activation of Akt is a direct conse-
quence of Dabl phosphorylation and does not involve addi-
tional phosphoinositide 3-kinase activation by another pathway
(3, 7). In addition, Fc-RAP mimics the effect of Reelin on L'TP
modulation in hippocampal slices. This demonstrates that biva-
lent synthetic ligands are able to mimic several Reelin-induced
actions without the necessity for another receptor.

How can Reelin-induced receptor dimerization lead to the
phosphorylation of Dab1? Since both receptors bind Dabl1 via
a shared sequence motif in their intracellular domains, the
clustering of the receptors may lead to dimerization or oli-
gomerization of Dabl1. As the results of Fig. 5 show, dimeriza-
tion of Dabl is sufficient for its phosphorylation in 293 cells. In
contrast, no phosphorylation was observed under the same
experimental conditions with a mutant version of Dab1l which
lacks the tyrosine residues that become phosphorylated in re-
sponse to Reelin. Furthermore, a specific inhibitor of Src fam-
ily kinases (PP2) inhibits phosphorylation of the dimer in 293
cells, and using phosphotyrosine-specific antibodies (20) dem-
onstrates that Dab wt-1FKBP becomes phosphorylated at the
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same positions as in the case of Reelin stimulation of primary
neurons. These results show that ApoER2 and VLDLR to-
gether are not per se necessary for inducing the phosphoryla-
tion of Dab1 but serve to induce dimerization or oligomeriza-
tion of Dabl upon binding of Reelin. This mode of action
implies that Reelin associates with more than one receptor
molecule simultaneously. In fact, as our results presented in
Fig. 6 demonstrate, Reelin has more than one binding site for
ApoER2 and VLDLR. This finding is supported by a recent
study which also demonstrates that Reelin associates with two
or more receptor molecules simultaneously (1).

In summary, these data allow us to postulate the following
model for Reelin action. Reelin is secreted by specialized neu-
rons as an oligomeric protein which binds to ApoER2 and
VLDLR on the cell surface, thereby inducing homo- or het-
erodimerization or clustering of the receptors. As a conse-
quence, Dab1l becomes dimerized or oligomerized on the cy-
tosolic side of the plasma membrane and thereby constitutes
an active substrate for Src family members or an as yet un-
identified kinase. Subsequent tyrosine phosphorylation of
Dabl triggers the intracellular part of the complex Reelin
pathway. Thus, Reelin regulates the actual amount of Dabl
dimers within target neurons by binding to ApoER2 and
VLDLR, and as revealed here, this process is independent of
coreceptors. However, it cannot be excluded that the interac-
tion of Reelin with CNRs or other receptors is needed for the
induction of parallel pathways which act independently of
Dabl phosphorylation. Thus, clustering of ApoER2 and
VLDLR may not be sufficient to mimic all effects of Reelin, but
it seems to be the only requirement for the induction of Dabl
phosphorylation.
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