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The processing of amyloid precursor protein (APP) to A� is an important event in the pathogenesis of Alzheimer’s disease, but the
physiological function of APP is not well understood. Our previous work has shown that APP processing and A� production are regulated
by the extracellular matrix protein Reelin. In the present study, we examined whether Reelin interacts with APP, and the functional
consequences of that interaction in vitro. Using coimmunoprecipitation, we found that Reelin interacted with APP through the central
domain of Reelin (repeats 3– 6) and the E1 extracellular domain of APP. Reelin increased cell surface levels of APP and decreased
endocytosis of APP in hippocampal neurons in vitro. In vivo, Reelin levels were increased in brains of APP knock-out mice and decreased
in APP-overexpressing mice. RNA interference knockdown of APP decreased neurite outgrowth in vitro and prevented Reelin from
increasing neurite outgrowth. Knock-out of APP or Reelin decreased dendritic arborization in cortical neurons in vivo, and APP overex-
pression increased dendritic arborization. APP and Reelin have previously been shown to promote neurite outgrowth through interac-
tions with integrins. We confirmed that APP interacted with �3�1 integrin, and �3�1 integrin altered APP trafficking and processing.
Addition of an �3�1 integrin antibody prevented APP and Reelin-induced neurite outgrowth. These findings demonstrate that Reelin
interacts with APP, potentially having important effects on neurite development.

Introduction
Alzheimer’s disease (AD) is characterized by the presence of
�-amyloid plaques, composed predominantly of the A� peptide,
a 40 or 42 aa cleavage product of the amyloid precursor protein
(APP). Although much is known about the processing of APP to
generate or prevent generation of A� (Selkoe, 2001), relatively
little is known about the physiological function of APP itself.
Several lines of evidence have revealed that APP may be involved
in cell adhesion, cell migration, and neurite outgrowth (Perez et
al., 1997; Small et al., 1999; Siemes et al., 2006; Young-Pearse et
al., 2007; Hoareau et al., 2008).

The extracellular domain of APP interacts with the extracel-
lular matrix (ECM) protein F-spondin (Ho and Südhof, 2004;
Hoe et al., 2005), and F-spondin alters the trafficking of APP and
its processing to A� (Hoe et al., 2005). F-spondin also interacts

with members of the low-density lipoprotein (LDL) receptor
family (Zisman et al., 2007) and alters axonal pathfinding (Zis-
man et al., 2007). Reelin is another large, multidomain, extracel-
lular protein that interacts with members of the LDL receptor
family. Reelin is expressed in Cajal-Retzius cells during embry-
onic neocortical development, some of which persist in the adult
brain, and in a subgroup of interneurons (Miettinen et al., 2005).
Reelin affects neurite outgrowth in vitro (Niu et al., 2004) and
regulates neuronal migration in development via phosphoryla-
tion of the cytoplasmic adaptor protein Disabled (Dab-1). Dab-1
interacts with the cytoplasmic domains of the proteins in the LDL
receptor and APP families (Gotthardt et al., 2000; Hoe et al.,
2006).

Another important class of molecules involved in neurite out-
growth, cell adhesion, and cell migration is the family of integrins
(DeFreitas et al., 1995; Andressen et al., 1998). Integrins are trans-
membrane proteins that form the link between the ECM and
intracellular components (Wei et al., 2001; Demali et al., 2006).
APP interacts and colocalizes with �1 integrin (Yamazaki et al.,
1997; Sabo et al., 2003), a molecule that is important for proper
laminar organization and capable of enhancing neurite out-
growth (Milward et al., 1992; Qiu et al., 1995). �1 integrin inter-
acts with Reelin, and this interaction is important for its effects on
neuronal migration (Dulabon et al., 2000). Together, these di-
verse findings led us to hypothesize that Reelin might be a ligand
for APP and may regulate APP-mediated neurite outgrowth.
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In the present study, we examined the molecular interaction
of APP with Reelin and �3�1 integrin, and additionally, the effect
of Reelin on APP processing and A� production. We found a
novel interaction between Reelin and APP that leads to an in-
crease in cell surface levels of APP and affects APP processing and
A� production. Furthermore, we observed that interactions
among Reelin, APP, and �3�1 integrin promote neurite out-
growth in cultured neurons and that APP and Reelin affected
dendritic processes in vivo. These interactions could help explain
the functions of APP in cell adhesion, neuronal migration, and
neurite outgrowth.

Materials and Methods
Animal use. All animals used in the study were maintained according to
protocols approved by the Animal Welfare and Use Committee at
Georgetown University and adhering to all animal welfare laws. For stag-
ing of the embryos, the day of vaginal plug detection was considered as
embryonic day 0 (E0), and for postnatal experiments, the day of birth was
postnatal day 0 (P0). Wild-type C57BL/6J and APP knock-out mice
(B6.129S7-APP tm1DBo/J) and Reeler mice (B6C3Fe-a/a-Relnrl/�) were
obtained from The Jackson Laboratory. APP transgenic mice (Tg2576)
[129S6.Cg-Tg(APPSWE)2576Kha N20] and wild-type C57/BL/B6SJLF1
were obtained from Taconic Farms.

Vector construction. We produced several deletion constructs of hu-
man APP770. Each APP construct was generated with a signal peptide
and a C-terminal myc tag in the pSecTag2/HygroB expression vector. We
also generated a secreted APP-Fc fusion construct. Additionally, we gen-
erated constructs of mouse �3 and �1 integrins with a signal peptide and
an N-terminal hemagglutinin (HA) tag. The recombinant DNA was con-
firmed by sequencing, and expression of correctly sized proteins was
confirmed by Western blotting. Reelin and several deletion constructs of
Reelin with C-terminal myc tags were kind gifts from Dr. Andre Goffinet
(University of Louvain, School of Medicine, Brussels, Belgium).

Antibodies. The following antibodies were used: anti-HA (Abcam),
anti-c-myc (Abcam), anti-�M (R&D Systems), anti-�3�1 (Millipore
Bioscience Research Reagents), and anti-�5�1 (Millipore Bioscience Re-
search Reagents). For analysis of APP, APP antibodies recognizing the
extracellular domain of APP (Sigma-Aldrich) (22C11, Millipore Bio-
science Research Reagents) and a 6E10 antibody identifying secreted
APP� (sAPP�) and �-C-terminal fragment (�-CTF) (Signet) were used.
Dr. Paul Mathews (Nathan S. Kline Institute, Orangeburg, NY) provided
antibody c1/6.1, and Dr. Sam Gandy (Thomas Jefferson University, Phil-
adelphia, PA) provided antibody 369, both of which recognize the C
terminus of APP. Reelin was recognized using the monoclonal antibody
G10 (Calbiochem).

Primary and secondary cell lines and culture conditions. COS7 and
Neuro2a cells were maintained in Opti-MEM (Invitrogen) with 10%
FBS. Reelin and control conditioned media were prepared as described
previously (Chen et al., 2004). Briefly, COS7 cells were transfected with
Reelin plasmids or with an empty pSecTag2/HygroB vector. After 24 h,
cells were incubated in Opti-MEM serum-free medium, and conditioned
medium was collected at 48 h after transfection. Conditioned medium
was concentrated 50-fold using a Centricon centrifugal filter with a
10,000 molecular-weight cutoff (Millipore), aliquoted and stored at
�80°C.

Primary mouse embryonic cortical neuron cultures were prepared
from E16 Swiss-Webster mice as previously described (Qiu et al., 2002).
Brain cortices were chopped and trypsinized for 10 min at 37°C. After
trypsinization, 0.4 �g/ml trypsin inhibitor, 0.025% DNase, and 12 mM

MgSO4 were added and mixed until tissue was thoroughly homogenized.
Cells were then transferred to Neurobasal medium containing B27 serum
supplement, 1 mM glutamine, gentamycin, and Ara-C (Sigma-Aldrich).
Neurons were seeded on 50 �g/ml poly-D-lysine-coated 12 well tissue
culture plates at a density of 2 � 10 6 cells per well.

Primary hippocampal neurons from E18 –E19 Sprague Dawley rats
were cultured at 150 cells/mm 2 as described previously (Pak et al., 2001).
Neurons were transfected at 10 or 12 d in vitro (DIV) by calcium phos-
phate precipitation (4 –5 �g of DNA per well). Six or 8 d after transfec-

tion, we analyzed cell surface expression levels of APP and endocytosis of
APP in vitro (DIV 16 –18) (see below).

Purification of the APP-Fc fusion protein. Soluble ectodomains of APP
fused to human Fc were expressed in COS7 cells. Two days later, the
medium was collected and centrifuged at 15,000 rpm, at 4°C for 15 min
using a Sorvall SS34 centrifuge. A Pro-G-Sepharose column was equili-
brated using binding buffer (50 mM Na phosphate, pH 6; 500 mM NaCl),
before applying the centrifuged medium to the washed column, which
was followed by two more washes with 100 ml of binding buffer. We then
eluted the protein with elution buffer (0.1 M glycine, pH 2.7), collecting 3
ml of elute per tube, and the first tube was discarded. After nine fractions,
we added more binding buffer to ensure optimal recovery of the protein.
To each of the fractions, we immediately added 150 �l of K-phosphate to
neutralize the pH. The fractions were centrifuged with a YM-100 filter to
eliminate any calf serum Ig and then with a YM-10 filter to concentrate
the fusion protein (Millipore).

Coimmunoprecipitations. Transfected COS7 cells were washed with
PBS and lysed in buffer containing 50 mM Tris-HCl, pH 8.0, 0.15 M NaCl,
1% Nonidet P-40, phosphatase inhibitors (Sigma-Aldrich), and protease
inhibitors (Roche). For immunoprecipitation, the lysates were incubated
for 2 h at 4°C with the anti-myc antibody or an anti-C1/6.1 antibody
bound to protein G-Sepharose beads (GE Healthcare). The precipitates
were then washed three times with lysis buffer and resuspended in SDS
sample buffer. For APP pull-down assays, we incubated protein
G-Sepharose beads with the ectodomain of APP protein and control or
Reelin conditioned medium for 24 h at 4°C with the anti-Reelin anti-
body. Protein A/G-Sepharose beads were washed five times with lysis
buffer and resuspended in SDS sample buffer. The samples were sepa-
rated by SDS-PAGE on 4 –15% polyacrylamide gels, transferred onto a
polyvinylidene difluoride (PVDF) membrane, and blocked with 5%
nonfat dry milk. The blots were incubated with antibodies at room tem-
perature for 1 h. Horseradish peroxidase-conjugated secondary antibod-
ies were visualized using an enhanced chemiluminescence detection sys-
tem and exposed to film.

Measurement of APP proteolytic fragments by Western blot and ELISA.
COS7 cells were transiently transfected with APP using Fugene 6 (Roche)
according to the manufacturer’s protocol and cultured in DMEM con-
taining 10% FBS for 24 h. Cells were maintained for another 24 h in
serum-free media with or without Reelin conditioned medium. Proteins
from cell extracts or conditioned media were separated using Tris-
glycine PAGE. Proteins were transferred onto a PVDF membrane and
probed with relevant primary antibodies for 1 h at room temperature.
Horseradish peroxidase-conjugated secondary antibody was visualized
by ECL detection system (Pierce) and exposed to film. Secreted frag-
ments were determined from the media (sAPP�; 6E10 antibody). CTFs
were measured by Western blot from cell lysates (APP CTF; C1/6.1).
A�40 and A�42 levels in the conditioned media were determined by
ELISA, using 1A10 (anti-A�40) or 1C3 (anti-A�42) as capture antibod-
ies and 12B2, which recognizes both mouse and human A�, as a detec-
tion antibody (Immunobiological Laboratories) (Horikoshi et al., 2004).

Biotin-labeled cell surface proteins. COS7 cells were transiently trans-
fected with APP and cultured for 24 h in DMEM containing 10% FBS.
After 24 h, serum-free medium was added with or without Reelin condi-
tioned medium. After 24 h, cells were washed and surface proteins were
labeled with Sulfo-NHS-SS-Biotin at 500 �g/ml PBS (Pierce) under gen-
tle shaking at 4°C for 30 min. After quenching, cells were lysed, disrupted
by sonication, and clarified by centrifugation (10,000 � g; 2 min). To
isolate biotin-labeled proteins, lysate was added to immobilized NeutrA-
vidin TM Gel and incubated for 1 h at room temperature. Gels were
washed and incubated with SDS-PAGE sample buffer including 50 mM

DTT. Eluants were analyzed for APP by immunoblotting.
Live cell surface staining. Surface immunostaining in hippocampal

neurons was performed as described previously (Hoe et al., 2007).
Briefly, neurons were transfected with APP fused at its N terminus to the
green fluorescent protein (GFP-APP) at 10 or 12 DIV by calcium phos-
phate precipitation. Live cultures were incubated with 6E10 or APP
N-terminal antibody (10 �g/ml in conditioned medium) for 10 min to
specifically label surface APP, then lightly fixed for 5 min in 4% parafor-
maldehyde (4% PFA) (nonpermeabilizing conditions). After fixation,
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antibody-labeled APP (surface APP) was detected with Alexa Fluor 555-
linked anti-mouse or anti-rabbit secondary antibodies for 1 h. The cells
were then washed in PBS and permeabilized by incubating the coverslips
in cold (�20°C) methanol for 90 s. Total levels of APP were measured by
GFP immunostaining, using Alexa Fluor 488-linked secondary
antibodies.

Internalization assay. The surface APP internalization assay was per-
formed as described previously (Hoogenraad et al., 2005). Cultured hip-
pocampal neurons transfected with GFP-APP constructs were treated
with or without Reelin for 24 h. Cells were incubated live with 6E10 or
APP N-terminal antibodies (10 �g/ml in conditioned medium) for 10
min without cell permeabilization to label surface APP. After a brief wash
with prewarmed DMEM, cells were placed in conditioned medium with
or without Reelin, and incubated at 37°C for 30 min to allow for inter-
nalization of labeled APP. After fixation in 4% PFA for 5 min, the surface-
remaining antibody-labeled APP was saturated with Alexa 647-linked
anti-rabbit secondary antibody for 2 h. The internalized cell surface APP
was subsequently labeled with Alexa 555-conjugated anti-mouse or anti-
rabbit secondary antibodies for 1 h after cell permeabilization in �20°C
methanol.

Quantitation and image analysis. Images were collected using a Zeiss
LSM510 confocal microscope (Carl Zeiss). Confocal z-series image
stacks encompassing entire neurons were analyzed using MetaMorph
software (Molecular Devices). For measures of surface or internalized
APP, dendrites from hippocampal neurons were carefully traced and
surface fluorescence intensities were determined for the traced region.

Golgi staining and analysis of dendrite morphology in vivo. Golgi stain-
ing was performed on APP Tg2576 (4 weeks of age; n � 4), APP knock-
out mice (4 weeks of age; n � 4), Reeler mice (3 weeks of age; n � 4), and
wild-type littermates (3 weeks of age; n � 4 for each group). For these
experiments, we used FD Rapid GolgiStain kit (FD NeuroTechnologies).
The dissected brains were immersed in solution A and B for 2 weeks at
room temperature and transferred into solution C for 24 h at 4°C. The
brains were sliced using a Vibratome (VT1000S; Leica) at a thickness of
150 �m. Bright-field microscopy (Axioplan 2; Zeiss) images (at 63�
magnification) were taken of pyramidal neurons in cortical layers II/III
in APP Tg2576 and APP knock-out mice brains and compared with their
wild-type equivalents. In Reeler mice, cortical layer formation was se-
verely disrupted, which caused difficulties identifying pyramidal neurons
in specific layers. However, we observed some pyramidal neurons that
exhibited preserved orientation of apical and basal dendrites. For image
analysis, primary length was measured from the cell body to a branching
point from which secondary dendrites bifurcate. Secondary dendritic
length was measured to a branching point from which trimeric dendrites
bifurcate. The numbers of primary and secondary dendrites per neuron
were counted. Neurolucida software (MicroBrightField) was used to
trace dendrites.

Sholl analysis. Using the center of the soma as a focal point, we gener-
ated concentric circles around the center. The initial circle was of 10 �m
radius and each circle increased the radius by 10 �m increments. We
counted the number of intersections on the perimeter of each circle per
neuron. A total of 100 neurons was used in this analysis.

Lentiviral constructs and short hairpin RNA production. APP constructs
were introduced into plasmid FSW lentiviral vectors under the synapsin
promoter. To generate the APP short hairpin RNA (shRNA), target se-
quences were designed against rat APP and used to synthesize oligonu-
cleotides comprising a forward and reverse sequence separated by a
linker sequence (CGAA). Lentiviral vectors expressing shRNA were then
constructed using the BLOCK-iT system according to manufacturers’
instructions (Invitrogen). Briefly, oligonucleotides were ligated into the
pLL 3.7 vector. Two target sequences (APP-7, GGTGCCTAGTTGGT-
GAGTT; APP-14, GCACTAACTTGCACGACTA) proved competent for
reduction of APP expression. To produce the lentivirus, 293FT cells were
transiently transfected with constructs: 5 �g of VSVg, 15 �g of �-8.9, and
20 �g of promoter-reporter plasmid. Approximately 4 h after transfec-
tion, the medium was changed and incubated for an additional 48 – 60 h.
The virus was concentrated and stored at �80°C. Primary neurons were
infected with FSW vector, APP, or APP shRNA for 3 d.

Statistical analyses. All data were analyzed with GraphPad Prism 4

software using either Student’s t test or one-way ANOVA followed
by a Newman–Keuls post hoc test. Descriptive statistics were displayed as
an expressed mean � SEM. Differences were deemed significant when
p � 0.05.

Results
Reelin interacts with APP in primary hippocampal neurons
and brain lysates
To examine whether APP and Reelin physically interacted in
mouse brain lysates, we immunoprecipitated APP and probed
the precipitates for Reelin. Immunoprecipitation of APP resulted
in coprecipitation of the 300 kDa form of Reelin (Fig. 1A). Reelin
was not detected in control experiments performed with a con-
trol antibody [�-phospho-c-Jun N-terminal kinase (�-P-JNK)]
(Fig. 1A). We also immunoprecipitated Reelin from brain lysates
and probed the precipitates with APP. In confirmation of the
previous result, APP coprecipitated with Reelin (Fig. 1B). As an-
other control for these experiments, we examined brains from
APP/APLP1 double knock-out (APP/APLP1 DKO) mice. The
APP immunoprecipitation resulted in Reelin precipitation from
wild-type, but not from APP/APLP1 DKO mouse brains (Fig.
1C). Immunoprecipitation of APP from primary cortical neu-
rons resulted in coprecipitation of Reelin (Fig. 1D). We also iden-
tified a similar coprecipitation of APP with Reelin in COS7 cells
transfected with APP and Reelin cDNAs (supplemental Fig.
1A,B, available at www.jneurosci.org as supplemental material).
To further confirm the interactions with APP and Reelin, we
generated a purified secreted APP-Fc fusion protein. We precip-
itated anti-Fc with protein G and ran a Western blot for Reelin
(supplemental Fig. 1C, top panel, available at www.jneurosci.org
as supplemental material). We also did the reverse experiment, im-
munoprecipitating with anti-Reelin and probing with anti-Fc (sup-
plemental Fig. 1C, middle panel, available at www.jneurosci.org as
supplemental material). We found that Reelin coprecipitated with
APP. Additionally, we also conducted a control experiment to en-
sure that Reelin was not interacting with the Fc control vector (sup-
plemental Fig. 1D, available at www.jneurosci.org as supplemental
material). For this experiment, we used purifed Fc control vector or
APP-Fc protein. We immunoprecipitated with anti-Reelin in both
conditions and ran a Western blot with anti-Fc. We found that Ree-
lin interacted with APP but not with the control Fc vector (supple-
mental Fig. 1D, available at www.jneurosci.org as supplemental
material).

To test whether Reelin and APP colocalize in primary hip-
pocampal neurons, we immunostained primary neurons at DIV
14 with antibodies against Reelin and APP. Reelin showed strong
expression in the cell body and punctate patterns along the den-
drites in �25% of the hippocampal neurons. APP showed strong
expression in the cell body and punctate patterns along the den-
drites in all of the hippocampal neurons. Colocalization of APP
with Reelin was observed throughout dendritic regions of hip-
pocampal neurons (Fig. 1E).

In the controls to the above experiments, we were interested to
observe increased levels of Reelin in APP/APLP1 DKO mouse
brains compared with brains of control mice (Fig. 1C, bottom
panels, both the 300 kDa and 180 kDa forms of Reelin). To test
whether the Reelin levels were altered by APP in vivo, we per-
formed Western blot analysis of Reelin in brain lysates from APP
single knock-out mice and APP-overexpressing mice (Tg2576).
The pattern of Reelin immunoreactivity was strikingly different
in the APP knock-out brains (Fig. 1F). The levels of the 300 and
180 kDa forms of Reelin were consistently increased in 1-year-old
APP knock-out mice compared with control C57/BL/6J mice
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(Fig. 1F, first and second panels). In 1-year-old Tg2576 mice, the
larger 300 kDa form of Reelin was not altered compared with
controls C57/BL/B6SJLF1, whereas the level of the 180 kDa form
of Reelin was decreased (Fig. 1G). Quantification of the 180 kDa
band for Reelin using four different Western blots demonstrated
that Reelin was significantly (133%) increased in APP�/� mice

compared with wild-type controls for APP ( p � 0.01, n � 5) (Fig.
1H), and significantly (87%) decreased in APP Tg2675 mice
compared with wild-type controls for APP Tg2576 ( p � 0.01)
(Fig. 1H). These findings suggest an interaction between APP
and Reelin that is important for maintaining normal Reelin levels
in the brain.

Figure 1. Reelin interacts with APP in primary cortical neurons and mouse brain. A, Mouse brain lysates (200 �g) were immunoprecipitated with 22C11 antibody against APP and probed with
an anti-Reelin antibody (lanes 2 and 4). As a negative control, an irrelevant antibody (�-P-JNK) was included in the experiment (lanes 1 and 3). The asterisks denote antibody heavy and light chains.
The bottom panels demonstrate total levels of APP and 300 kDa Reelin in the different cell lysates. B, Mouse brain lysates (200 �g) were immunoprecipitated with anti-Reelin antibody and probed
with 22C11 antibody against APP (lane 2). C, Mouse brain lysates from wild-type and APP/APLP1 DKO were immunoprecipitated with anti-APP antibody and probed with anti-Reelin antibody.
Interaction of APP with Reelin was detected in brain lysates from wild-type mice, but not from APP/APLP1 DKO mice. D, Primary cortical neuronal lysates were immunoprecipitated with anti-APP
antibody and probed with the antibody against Reelin. Levels of APP or Reelin were measured in lysates from A–D. E, Cultured hippocampal neurons were fixed and immunostained at DIV 14 for APP
and Reelin. Primary antibodies were detected with Alexa Flour 488 anti-rabbit antibody (in green; left panel) and Alexa Fluor 555 anti-mouse antibody (in red; middle panel). Immunolabeled
neurons were imaged by confocal microscopy (63�). Colocalization of APP and Reelin appears as yellow in the right panel. F, Levels of both the 300 and 180 kDa forms of Reelin were detected using
Western blot analyses with G10 antibody and compared between APP-deficient mice (n � 5) and wild-type mice (n � 5). Increased levels of the 300 and 180 kDa (top panel) were observed in the
brain lysates from APP knock-out mice in comparison with wild-type mice for APP �/�. Additional Western blot analysis confirmed these observations for the 180 kDa (middle panel) and 300 kDa
(data not shown). G, Levels of 300 and 180 kDa forms of Reelin were compared between APP Tg2576 mice (n � 3) and wild-type controls for APP Tg2576 mice (n � 3). H, Quantification of the levels
of the Reelin 180 kDa band in four different Western blots (2 of which are shown in F and G) show that Reelin was increased in APP knock-out mice (n � 5; by 133%; *p � 0.01) and decreased in
APP Tg 2576 mice (n � 3; by 87%; *p � 0.01). Error bars indicate SEM. I, Levels of APP, Reelin, and �1-integrin in mouse brain were examined by Western blots at various developmental stages
(n � 3 at each age). APP was increased between P1 and P36, a critical period for development of neuronal processes and synaptogenesis. Levels of Reelin were also highest between P1 and P10.
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We next tested whether APP and Reelin colocalized in the
embryonic and postnatal brain. APP and Reelin levels are highest
between P1 and P10, an important period for synaptogenesis
(Fig. 1 I). We also tested for levels of �1 integrin, since it has been
found to interact with both APP and Reelin. �1 integrin levels
were more variable from E13 to P10 and sharply lower at P36
(Fig. 1 I). Thus, the timing of expression is consistent with the
idea that all three proteins play a role in neuronal development
and circuitry formation.

Reelin domain 3– 6 interacts with APP domain E1
To determine which domain of Reelin interacts with APP, we
cotransfected COS7 cells with full-length APP and various Reelin
constructs containing C-terminal myc tags (Fig. 2A, constructs
R1–R6). Reelin consists primarily of eight structural repeats, and
we analyzed constructs with various repeats deleted. Proteins of
variable sizes were measured with conditioned medium ex-
pressed from Reelin constructs R1–R5, as determined by Western
blotting with a myc antibody (Fig. 2B, left panel) (Jossin et al.,
2003). For Reelin construct R6, we observed �300 and 180 kDa
fragments, supportive of the extracellular cleavages of Reelin re-
ported in previous studies (Fig. 2B, right panel) (Jossin et al.,
2003). Using cell lysates containing the various Reelin constructs,
we immunoprecipitated APP, and probed for Reelin with an anti-
c-myc antibody. APP precipitated each of the first four Reelin
constructs containing the repeats from 3 to 6 (Fig. 2C). However,
the Reelin construct containing repeats 7– 8 did not coprecipitate
with APP.

We examined which domain of APP mediates the interaction
with Reelin. COS7 cells were transfected with an N-terminal con-
struct of Reelin (Fig. 2A, construct R6) and APP deletion con-
structs containing myc tags (Fig. 2D). Proteins of expected sizes
were expressed from each APP construct, as determined by West-
ern blotting (Fig. 2E). We immunoprecipitated Reelin and
probed for APP (anti-myc). APP constructs containing all or
most of its extracellular domain (constructs A1 and A4) immu-
noprecipitated with Reelin (Fig. 2F), but the construct contain-
ing only amino acids 430 –770 (construct A2) did not. Con-
versely, we immunoprecipitated with anti-myc (for APP) and
probed for Reelin. We found that Reelin coprecipitated with APP
constructs A1 and A4, but not with the APP intracellular domain
(construct A3) (Fig. 2G). To further define the extracellular do-
main of APP that binds Reelin, we transfected COS7 cells with the
N-terminal construct of Reelin (R6) and APP deletion constructs
containing only the E1 or the E2 extracellular domains (Fig. 2H,
constructs A5 and A6). We found that the E1 domain of APP
immunoprecipitated with Reelin, but the E2 domain did not (Fig.
2 I). For these experiments to determine interacting domains of
APP and Reelin, we used coexpression systems, so we did not
determine whether the APP–Reelin interactions occurred intra-
cellularly or extracellularly. In subsequent experiments, we
treated cells with Reelin extracellularly, to specifically examine
the biological effects of Reelin.

Reelin increases cell surface APP and its processing
To examine whether extracellular Reelin altered the cellular traf-
ficking of APP, we transfected COS7 cells with APP and then
treated them with Reelin-containing medium in a time-
dependent manner. Cell surface proteins were biotinylated, iso-
lated with avidin beads, and immunoblotted for APP. Reelin
treatment increased cell surface APP at 6, 12, and 24 h. However,
after 48 h of Reelin treatment, cell surface levels of APP were
decreased compared with the earlier time points (Fig. 3A). Quan-

tification demonstrated that Reelin significantly increased cell
surface levels of APP at 6, 12, and 24 h (Fig. 3B) (n � 3; by 39, 77,
and 69%, respectively; *p � 0.05). To test whether there were
changes in cell surface expression of APP in the absence of Reelin,
we transfected COS7 cells with APP and then treated them with
control conditioned medium using the same method described
above. Control treatment increased cell surface APP by 36% at
6 h. However, after 12 h of control treatment, cell surfaces levels
of APP were similar to untreated cells (Fig. 3C,D). Thus, we con-
clude that Reelin caused long-lived effects on cell surface APP
trafficking.

We also examined surface APP levels in cultured cortical neu-
rons and found similarly increased surface levels of endogenous
APP after 24 h of Reelin treatment (Fig. 3E) (53% increase com-
pared with control cells; p � 0.05; n � 3). As an independent
assay to measure the cell surface levels of APP, we performed a
FACSCalibur in Neuro2A cells. Neuro2A cells stably expressing
APP were treated with control or Reelin for 30 min. Cells were
then incubated with anti-APP antibody on ice to label the cell
surface APP and analyzed by flow cytometry. Consistent with the
previous assay, Reelin treatment increased cell surface levels of
APP in Neuro2A cells (data not shown).

We also tested whether Reelin altered surface APP levels using
live-cell immunostaining. We transfected hippocampal neurons
with plasmid expressing a GFP-APP fusion protein (to increase
the assay signal) and treated them with Reelin for 24 h. To spe-
cifically label surface APP, we incubated live neurons with APP
N-terminal antibody for 10 min without permeabilization. After
a brief wash and light fixation in 4% PFA, the surface-remaining
antibody-labeled APP was labeled with anti-mouse or anti-rabbit
secondary antibodies conjugated to Alexa Fluor 555 for 1 h. Total
levels of APP were measured by GFP immunostaining after per-
meabilization. Fluorescent intensity of cell surface APP immuno-
staining was increased in the presence of Reelin in neurons (Fig.
3F). Quantitative analysis revealed a 36% increase in levels of cell
surface of APP by Reelin ( p � 0.01; n � 10). Thus, three inde-
pendent assays demonstrated increased surface APP levels in-
duced by Reelin.

We reasoned that the interaction between Reelin and surface
APP might reduce internalization of APP, resulting in the in-
creased surface levels of APP. To test this hypothesis, we con-
ducted an internalization assay of APP (Fig. 3G). Hippocampal
neurons transfected with GFP-APP constructs were treated with
or without Reelin for 24 h. After having surface APP labeled with
APP N-terminal antibodies, cells were returned to the condi-
tioned medium and incubated for 30 min to allow for internal-
ization of labeled APP. We then stained the surface-remaining
APP N-terminal antibody-labeled APP with Alexa 647-linked
anti-rabbit IgG antibody. The internalized cell surface APP was
subsequently labeled with Alexa 555-conjugated anti-mouse IgG
antibodies after cell permeabilization. Quantification of both to-
tal APP (GFP signal) and internalized APP revealed that Reelin
significantly decreased internalization of APP by 41% ( p � 0.05;
n � 10).

These changes to APP trafficking by Reelin suggested that
Reelin may also alter APP processing. Thus, we transfected COS7
cells with APP and treated cells with control or Reelin-containing
medium for 24 h. Secreted APP measured in conditioned me-
dium, and full-length APP and APP CTF were assayed in cell
lysates. Reelin treatment increased secreted APP� in conditioned
media and total APP CTF in cell lysates (Fig. 3H), both consistent
with increased �-cleavage of APP. Reelin treatment significantly
decreased levels of secreted A�40 and A�42 as determined by
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ELISA (n � 6; by 75 and 54%, respectively; *p � 0.01). These data
suggest that Reelin increased �-cleavage of APP and decreased its
�-cleavage. These findings are consistent with our previous data
showing Reelin decreased A� production in primary neurons
from APP transgenic mice (Hoe et al., 2006).

APP and Reelin promote neurite outgrowth in vitro
Reelin and APP have both been shown to promote neurite out-
growth in neuronal cultures (Qiu et al., 1995; Ohsawa et al., 1997;
Niu et al., 2004). To measure the effects of Reelin on neurite
outgrowth in our system, we cultured hippocampal neurons at

Figure 2. The Reelin 3– 6 domain interacts with the APP E1 domain. A, Schematic diagrams of Reelin constructs, with rectangles indicating signal peptides and circles indicating myc tags. B,
Western blot analysis showing comparable expression levels of different Reelin constructs. C, COS7 cells were transfected with plasmids expressing different Reelin C-terminal constructs (indicated
along the top of the panel) and APP. Cell lysates (200 �g) were immunoprecipitated with an anti-6E10 antibody and probed with an anti-myc antibody. Reelin constructs containing 3– 6 domains
coimmunoprecipitated with APP (constructs R1–R4), whereas the Reelin construct containing the 7– 8 domains (construct R5) did not. The APP immunoblotting (bottom panel) showed similar
expression levels of APP in all transfected cells. D, Schematic diagram of APP constructs. E, Western blot analysis with an anti-myc antibody exhibiting expression levels of individual APP constructs.
F, COS7 cells were transfected with different APP constructs (indicated along the top of the film) and an N-terminal construct of Reelin (construct R6). Cell lysates (200 �g) were immunoprecipitated
with anti-G10 and probed with anti-myc antibody. Reelin was immunoprecipitated with APP constructs containing the extracellular domain (constructs A1 and A4), but not with APP construct
containing 430 –770 aa (construct A2). G, COS7 cells were transfected with different APP constructs (indicated along the top of the film) and an N-terminal construct of Reelin (construct R6). Cell
lysates (200 �g) were immunoprecipitated with anti-myc and probed with G10 antibody. Reelin was immunoprecipitated with full-length APP and the construct containing the extracellular domain
of APP (constructs A1 and A4), but not with the construct containing intracellular domain of APP (construct A3). The Reelin immunoblot (bottom panel) showed comparable expression levels of
Reelin in all transfected cells. H, Western blot with anti-myc antibody demonstrating expression levels of APP E1 and APP E2 domain. I, COS7 cells were cotransfected with N-terminal construct of
Reelin (construct R6) and either APP E1 domain or APP E2 domain. Cell lysates (200 �g) were immunoprecipitated with G10 and probed with anti-myc antibody. Coimmunoprecipitation of Reelin
was only detected when transfected with the construct containing the APP E1 domain (construct A5), but not with APP E2 domain (construct A6). The Reelin immunoblot (bottom panel) showed
similar expression levels of Reelin in all transfection conditions. The asterisks shown in F, G, and I indicate IgG heavy and light chains.
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DIV 1 with Reelin-containing medium for 24 h. Neuronal pro-
cesses were visualized using an anti-MAP2 antibody and primary
neurite length was assessed by measuring the length of a neurite
from the cell body to the first branch point. Reelin significantly

increased primary neurite outgrowth and
dendrite number (supplemental Fig.
2A,B, available at www.jneurosci.org as
supplemental material). We also asked
whether full-length APP affected dendritic
neurite outgrowth. Therefore, we infected
hippocampal neurons with lentiviral vec-
tors containing GFP, APP, or shRNA
against APP. APP overexpression signifi-
cantly increased neurite outgrowth com-
pared with GFP, and APP shRNA signifi-
cantly decreased neurite outgrowth
(supplemental Fig. 2C, available at www.
jneurosci.org as supplemental material).

We then sought to determine whether
the interaction between Reelin and APP
was important for dendritic neurite out-
growth. We infected hippocampal neu-
rons with GFP or APP lentivirus at DIV 1,
and treated the cells with Reelin for 24 h at
DIV 2 (Fig. 4A). Using Sholl analysis, we
measured dendritic complexity at incre-
mental lengths from the soma. We also
measured the neurite length, which in-
cluded the actual primary and secondary
dendritic lengths (noted as neurite length)
(Fig. 4D,E). We found that treatment with
Reelin or overexpression of APP alone in-
creased the complexity and length of den-
drites compared with controls (neurons
infected with GFP) (Fig. 4B,D,E). Reelin
combined with overexpression of APP fur-
ther increased dendritic neurite complex-
ity and length (Fig. 4B,D).

We also infected hippocampal neurons
with GFP or APP shRNA at DIV 1 and
treated with control conditioned media or
Reelin for 24 h. Reelin treatment in GFP-
infected neurons promoted neurite com-
plexity and length consistent with Figure
4B. Knockdown of endogenous APP sig-
nificantly reduced dendritic length but not
complexity compared with GFP control
(Fig. 4C,E). However, APP knockdown
prevented the effect of Reelin on neurite
outgrowth (Fig. 4C,E). These data support
the hypothesis that a Reelin–APP interac-
tion is critical for induction of dendritic
neurite outgrowth in primary hippocam-
pal neurons.

To test the specificity of the effect of the
APP knockdown, we performed a rescue
experiment (Alvarez et al., 2006). We con-
firmed that the APP shRNA based on the
rat APP sequence differed from the human
APP sequence in 4 of 21 nt. Then, we con-
ducted rescue experiments by infecting
GFP, human APP, APP (rat) shRNA, or
APP and APP shRNA together in primary

cortical neurons and immunoblotting with c1/6.1. APP knock-
down did not inhibit human APP expression in primary cortical
neurons, consistent with previous findings (Young-Pearse et al.,
2007) (Fig. 4F). We then measured the effects of APP on neurite

Figure 3. Reelin regulates APP trafficking and processing. A, COS7 cells expressing APP were treated with Reelin-containing
medium for indicated times (6, 12, 24, or 48 h). Cell surface proteins were biotinylated, isolated with avidin-conjugated beads, and
immunoblotted with 6E10 antibody against APP. Total APP in cell lysates were measured in the bottom panel. B, Quantification of
surface APP by Reelin in COS7 cells. Cell surface APP levels significantly increased after 6, 12, and 24 h of Reelin treatment (n � 3;
by 39, 77, 69%; *p � 0.05). C, COS7 cells expressing APP were treated with control conditioned medium for indicated times (6, 12,
or 24). Cell surface proteins were biotinylated, isolated with avidin-conjugated beads, and immunoblotted with 6E10 antibody
against APP. Total APP in cell lysates were measured in the bottom panel. Error bars indicate SEM. D, Quantification of surface APP
by control conditioned medium in COS7 cells. Cell surface APP levels were significantly increased after 6 h of control treatment
(n � 4; by 36%; *p � 0.05), but not at 12 or 24 h. E, Cultured cortical neurons were treated with control or Reelin-containing
medium for 24 h and analyzed for surface APP as in A. Cell surface proteins were labeled with biotin, isolated with avidin-
conjugated beads, and immunoblotted with 22C11 antibody against APP. F, Cultured hippocampal neurons were transfected at
DIV 12 with GFP-APP, treated with Reelin for 24 h, and stained with an antibody recognizing the N terminus of APP under
impermeable conditions. Left panels, GFP-APP; right panels, surface APP (n � 8 –10). G, Neurons were transfected with GFP-APP
and treated with or without Reelin-containing medium for 24 h. After labeling cell surface APP, internalization was measured after
30 min with Alexa Fluor 555 anti-rabbit antibody (right) (n � 8 –10). H, COS7 cells were transfected with APP and treated with
control or Reelin-containing medium for 24 h. Secreted APP was measured in conditioned medium (15 �l) with antibody 6E10;
APP CTF was detected from cell lysates (20 �g) with antibody c1/6.1.
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lengths. Consistent with our previous findings, overexpression of
APP promoted neurite outgrowth (by 42%), whereas APP
shRNA decreased neurite outgrowth (39%) (Fig. 4G,H). Human
APP rescued the effect of knockdown of the rat APP (Fig. 4G,H),
resulting in a significant 27% increase in neurite outgrowth.

APP and Reelin promote dendritic arborization in vivo
Overexpression of APP increased neurite outgrowth, whereas
APP knockdown decreased neurite outgrowth in cultured hip-
pocampal neurons (Fig. 4). We tested whether these results were
supported by in vivo studies. We conducted Golgi staining of APP
transgenic mice (4 weeks of age; at this age, the APP transgenic
mice do not have A� accumulation) (Hsiao et al., 1995), APP
knock-out mice (4 weeks of age), and Reeler mice (3 weeks of
age), as well as littermate controls for each line. Using pyramidal

cells in cortical layers II/III, we measured the number of primary
dendrites originating from the cell body, secondary dendrites
that bifurcated from the primary dendrite, and dendrite length.
Compared with their wild-type littermates, APP transgenic mice
had significantly increased numbers of primary (n � 23; 6.91 �
0.22 vs 5.50 � 0.20; mean � SEM; p � 0.001) and secondary (n �
23; 16.81 � 0.56 vs 13.17 � 0.46; mean � SEM; p � 0.001)
dendrites (Fig. 5G,H), as well as increased neurite length from the
apical shaft (n � 23; 110.20 � 6.21 �m vs 85.64 � 6.97 �m;
mean � SEM; p � 0.01) and basal dendrites (n � 23; 25.68 � 1.57
vs 18.99 � 1.67 �m; mean � SEM; p � 0.01) (Fig. 5E,F). In
contrast, APP knock-out mice had significantly decreased num-
bers of primary (n � 23; 5.08 � 0.14 vs 5.81 � 0.20; mean � SEM;
p � 0.01) and secondary (n � 23; 11.36 � 0.41 vs 13.70 � 0.48;
mean � SEM; p � 0.01) dendrites (Fig. 5G,H), and decreased

Figure 4. Interaction of APP with Reelin promotes neurite outgrowth. A, Neurons were infected with lentiviral constructs expressing GFP, human APP, or rat APP shRNA. After 24 h, cells were
treated with control (top panels; n � 240, n � 191, n � 167) or Reelin (bottom panels; n � 218, n � 199, n � 199) and imaged after 24 h. B, C, Using Scholl analysis of cells in A, we graphed the
average intersections per shell per neuron against the distance from the soma (in micrometers). D, E, The average actual neurite length for primary and secondary dendrites for each group from A.
Results were pooled from 3 to 10 sets of cultures, and each culture included 20 random fields containing 5– 8 cells/field. *p � 0.05. Error bars indicate SEM. F, Primary cortical neurons were infected
with GFP, APP, APP shRNA, or APP and APP shRNA together and immunoblotted with c1/6.1, which recognizes both rat and human APP. shAPP only decreased rat APP levels (lane 4) but did not
reduce human APP levels (lane 3). G, Neurons were infected with GFP (n � 87), APP (n � 69), APP shRNA (n � 55), or APP and APP shRNA together (n � 91), and then neurite lengths were
measured. H, Averaged data include primary neurite lengths from each group. Results were pooled from 3 to 10 sets of cultures, and each culture included 20 random fields containing 5– 8 cells per
field. *p � 0.05.
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neurite length from the apical shaft (n � 23; 69.02 � 2.23 vs
87.65 � 4.53 �m; mean � SEM; p � 0.01) and basal dendrites
(n � 23; 13.39 � 0.81 vs 21.08 � 1.69 �m; mean � SEM; p �
0.01) compared with wild-type mice (Fig. 5E,F). In addition, we
found that Reeler mice had significantly decreased numbers of
primary (n � 25; 5.00 � 0.19 vs 5.58 � 0.14; mean � SEM; p �

0.05) and secondary (n � 25; 10.91 � 0.42
vs 13.74 � 0.35; mean � SEM; p � 0.01)
dendrites (Fig. 5G,H) and decreased neu-
rite length from the apical shaft (n � 23;
64.39 � 3.12 vs 88.08 � 5.25 �m; mean �
SEM; p � 0.01) and basal dendrites (n �
23; 15.18 � 1.20 vs 20.466 � 1.62 �m;
mean � SEM; p � 0.01) compared with
control littermates (Fig. 5E,F). Impor-
tantly, there were no significant differ-
ences in any of these measurements be-
tween the three groups of control mice.
These data demonstrate that APP and Ree-
lin are important for neurite complexity in
vivo.

APP interacts with �3 and �1 integrin
Neurite outgrowth and actin reorganiza-
tion are both dependent on cell surface in-
tegrins (Wei et al., 2001; Demali et al.,
2006). APP colocalizes with �1 integrin in
growth cones (Yamazaki et al., 1997). To
confirm that APP colocalizes with �1 inte-
grin in primary hippocampal neurons, we
immunostained primary neurons at DIV 5
with antibodies against APP and �1 inte-
grin. APP immunoreactivity was strong in
all neurons and showed a punctate pattern
through the neuronal processes (Fig. 6A).
Similarly, �1 integrin was present in cell
bodies and expressed in a punctate pattern
throughout the neuronal processes that
colocalized with APP (Fig. 6A, top panel).
We also tested whether APP colocalized
with �3 integrin, an integrin that com-
monly associates with �1 integrin. In these
hippocampal neurons, APP also colocal-
ized with �3 integrin (Fig. 6A, bottom
panel).

Next, we conducted biochemical frac-
tionation of brain samples to determine
whether APP, �3 integrin, and �1 integrin
have overlapping subcellular distribu-
tions. For these experiments, we homoge-
nized adult mouse forebrains and sepa-
rated presynaptic fractions containing
synaptic vesicles (SVs) (marked by the
presence of synaptophysin) from postsyn-
aptic densities (PSDs) (marked by PSD-
95). We observed APP, �3 integrin, and �1
integrin in both presynaptic and postsyn-
aptic fractions (Fig. 6B).

To examine whether native integrin
subunits interacted with APP in vivo, we
performed coimmunoprecipitations using
mouse brain lysates. We incubated brain
lysates with APP antibody or IgG (as a con-

trol), and probed the precipitates with Reelin, �3 integrin, �1
integrin, �M integrin, or APP. Immunoprecipitation of APP re-
sulted in precipitation of Reelin, �3 integrin, and �1 integrin, but
not �M integrin (Fig. 6C). These data show that APP and some
integrin subtypes interact in the brain.

We further tested whether �3 or �1 integrin levels were al-

Figure 5. Dendritic numbers and lengths are increased in APP transgenic mice and decreased in APP knock-out and Reeler
mice. Mouse brains were Golgi stained and cortical neurons (layers II/III) imaged. A, Three-dimensional graphical tracing repre-
senting dendrite morphology. The numbers of primary and secondary dendrites were counted; the lengths of apical and basal
dendrites were measured in micrometers. B–D, Representative Golgi impregnations for each condition. Scale bar, 100 �m. E,
Averaged data include apical dendritic length from 3- to 4-week-old wild type, APP Tg2576, APP knock-out, and Reeler knock-out
mice, analyzing 23–25 neurons from each. Error bars indicate SEM. F, Averaged data include basal dendritic length from each
group, analyzing 23–25 neurons. G, Averaged data include number of primary dendrites from each group, analyzing 23–25
neurons. H, Averaged data include number of secondary dendrites from each group, analyzing 23–25 neurons. *p � 0.05; **p �
0.01.
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tered by APP in vivo. We performed West-
ern blot analysis of �3 and �1 integrin in
brain lysates from APP single knock-out
mice and APP-overexpressing mice
(Tg2576). The levels of �3 and �1 inte-
grins were significantly increased in
1-year-old APP knock-out mice (Fig.
6D,E) (n � 3; 59 and 83%, respectively;
*p � 0.05). In 1-year-old Tg2576 mice, the
level of �3 integrin was not altered com-
pared with controls, whereas the level of
�1 integrin was significantly decreased by
48% (Fig. 6F,G) (n � 3; *p � 0.01). These
findings support our hypothesis that APP
and �1 integrin may interact in the brain.

Reelin increased coprecipitation of APP
and �1 integrin in primary neurons
As Reelin repeats 1 and 2 interact with �1
integrin (Dulabon et al., 2000; Schmid et
al., 2005) and Reelin repeats 3– 6 interact
with APP (Fig. 2C), we hypothesized that
Reelin may form an extracellular link be-
tween APP and �1 integrin. To look for an
APP–Reelin–�1 integrin complex, we
treated primary neuronal cells with con-
trol or Reelin-containing medium for
24 h. We immunoprecipitated with
anti-�1 integrin and probed for APP. Un-
der control conditions, �1 integrin and
APP coprecipitate (Fig. 7A, left panel, lane
1). Reelin increased coprecipitation be-
tween APP and �1 integrin (Fig. 7A, left
panel, lane 2). Conversely, we also immuno-
precipitated with anti-APP and probed for
�1 integrin. Again, we found that Reelin in-
creased coprecipitation between APP and �1
integrin (Fig. 7A, right panel, lane 2). These
data suggest that Reelin can form an extra-
cellular link of APP with �1 integrin.

Given the interaction between APP and
�1 integrin, we subsequently tested
whether �1 integrin could affect the traf-
ficking and processing of APP. We trans-
fected COS7 cells with APP and vector or
APP and �1 integrin, and we treated cells
with control or Reelin-containing me-
dium for 24 h. Cell surface proteins were
biotin labeled, isolated with avidin beads,
and immunoblotted for APP. We ob-
served that �1 integrin increased cell sur-
face levels of APP (Fig. 7B, first panel). The
addition of Reelin led to a greater increase
in cell surface levels of APP in the presence
of �1 integrin (Fig. 7B, first panel). Reelin
also increased the surface levels of �1 inte-
grin (Fig. 7B, third panel). Quantification
of Figure 7B demonstrated that cell surface
levels of APP were significantly increased
when COS7 cells were cotransfected with �1 integrin and further
by cotreatment with Reelin (Fig. 7C).

We hypothesized that the increase in surface levels of APP by
�1 integrin and Reelin might reflect a decrease in internalization

of APP. To test this hypothesis, we transfected hippocampal neu-
rons with APP and vector or APP and �1 integrin and treated
them with control or Reelin-containing medium. �1 integrin
alone or �1 integrin combined with Reelin significantly de-

Figure 6. APP interacts with �3 and �1 integrin. A, Primary cortical neurons were fixed and immunostained at DIV 5 with
c1/6.1 and anti-�1 or anti-�3 antibody. The antibodies were detected with Alexa Fluor 488 anti-mouse antibody (left panel) and
Alexa Fluor 594 anti-rabbit antibody (middle panel). The neurons were observed under a confocal laser-scanning microscope
(40�). Colocalization of APP and �1 integrin or �3 integrin is shown in the right panel. B, We performed immunoblot analysis
of APP, �3 integrin, �1 integrin, synaptophysin, and PSD-95 in presynaptic vesicles (SV) and postsynaptic density (PSD) fractions.
APP, �3 integrin, and �1 integrin were present in the presynaptic and postsynaptic fractions; PSD-95 was present in the postsyn-
aptic fractions; synaptophysin was present presynaptically. C, Mouse brain lysates (300 �g) were immunoprecipitated with
c1/6.1 and probed with G10, �3 integrin, �1 integrin, �M integrin, and APP. Interaction of APP with Reelin, �3 integrin, and �1
integrin was detected. D, Levels of �3 and �1 integrin were measured by Western blot analysis with �3 or �1 integrin antibody
and compared between APP-deficient mice (n � 3) and wild-type mice (n � 3). E, Quantification of the levels of �3 and �1
integrins shown in D, demonstrating that both �3 and �1 integrins were significantly increased in APP knock-out mice, respec-
tively (n � 3; by 59 and by 83%; *p � 0.05). Error bars indicate SEM. F, Protein levels of �3 and �1 integrins were analyzed and
compared between APP Tg2576 mice (n � 3) and wild-type controls (n � 3). G, Quantification of the levels of �3 or �1 integrin
shown in F, demonstrating that �1 integrin was significantly decreased in APP Tg2576 mice (n � 3; by 48%; *p � 0.01) but that
�3 integrin was unaltered.
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creased internalization of APP (Fig. 7D,
sixth panel). Quantitative analysis showed
significant 29 and 47% decreases in APP
internalization by �1 integrin or �1 inte-
grin combined with Reelin (Fig. 7E),
respectively.

Next, we tested whether �1 integrin or �1
integrin combined with Reelin affected APP
processing in COS7 cells. Secreted APP was
measured in conditioned medium, and full-
length APP or APP CTF was assayed in cell
lysates. Cotransfection with �1 integrin in-
creased secreted APP and APP CTF (Fig. 7F,
lane 2). Reelin alone increased the levels of
APP proteolytic fragments (Fig. 7F, lane 3),
and Reelin and �1 integrin together further
increased them (Fig. 7F, lane 4).

The effect of Reelin and APP on neurite
outgrowth requires integrins
�3�1 integrin is an important component
of neurite outgrowth (Mechai et al., 2005).
We tested whether the interactions of Ree-
lin or APP with �3�1 integrin affected
dendritic neurite outgrowth in vitro. For
these experiments, we infected cultures of
hippocampal neurons with lentivirus ex-
pressing GFP or APP at DIV 1 and treated
them with blocking antibodies to integrin
or Reelin-containing medium. APP in-
creased dendritic outgrowth (Fig. 8A),
consistent with our previous finding (Fig.
4). The �3�1 integrin antibody decreased
neurite outgrowth and, importantly, pre-
vented the effect of APP on neurite out-
growth (Fig. 8A). Reelin (as above) (Fig. 4)
promoted neurite outgrowth (Fig. 8B).
The presence of the �3�1 integrin anti-
body significantly decreased neurite out-
growth and prevented the effect of Reelin
on neurite outgrowth (Fig. 8B). The �5�1
integrin antibody had no effect on either
basal neurite outgrowth or outgrowth in-
duced by Reelin. Together, these data
demonstrate that Reelin–�3�1 integrin or
APP–�3�1 integrin interactions have a
potential role for induction of dendritic
neurite outgrowth of neurons in culture.

Discussion
In this study, we demonstrate that Reelin
interacts with APP and affects its traffick-
ing and processing. Based on our findings
regarding APP–integrin interactions, we
hypothesize that the complex of APP and
Reelin could form an extracellular link be-
tween APP and �3�1 integrin (Fig. 8C, di-
agram). In addition, we observed that
these molecules contribute to the structure
of neuronal processes in vitro, with sup-
porting data in vivo from several lines of
knock-out and transgenic mice.

Figure 7. Reelin increases coprecipitation between APP and �1 integrin in primary neurons. A, Primary neuronal lysates (1
mg) were treated with control or Reelin-containing medium for 24 h and immunoprecipitated with a �1 integrin antibody and
probed with c1/6.1 antibody (left panel). Inversely, primary neurons (1 mg) were immunoprecipitated with c1/6.1 and probed
with anti-�1 integrin antibody (right panel). B, COS7 cells expressing APP or both APP and �1 integrin were treated with control
or Reelin-containing medium for 24 h. Cell surface proteins were labeled with biotin, isolated with avidin beads, and immuno-
blotted with 6E10 for APP and anti-HA for �1 integrin (n � 3). C, Quantification of surface APP by Reelin in the presence of �1
integrin in COS7 cells. Cell surface levels of APP were significantly increased when COS7 cells were cotransfected with �1 integrin
(n � 5; by 63%; *p � 0.05) and further by cotreatment with Reelin (n � 5; by 89%; *p � 0.05). Error bars indicate SEM. D,
Primary hippocampal neurons were transfected with GFP-APP and vector or GFP-APP and �1 integrin and treated with control or
Reelin-containing medium for 24 h. Internalized APP was labeled after 30 min with Alexa Fluor 555 anti-rabbit antibody. E,
Quantitative analysis showed significant 29% (*p � 0.05; n � 6) and 47% (*p � 0.01; n � 6) decreases in APP internalization
by �1 integrin or �1 integrin combined with Reelin, respectively. F, COS7 cells were transfected with APP and vector or APP and
�1 integrin and treated with control or Reelin-containing medium for 24 h. Secreted APP was measured in conditioned media (15
�l) with antibody 6E10; APP CTF was detected from cell lysates (20 �g) with antibody c1/6.1 (n � 3). Reelin alone increased APP
proteolytic fragments, and Reelin and �1 integrin together further increased them.
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APP interactions with Reelin
The interaction between Reelin and APP was demonstrated in
this study by a number of independent techniques. APP and Ree-
lin coprecipitated in brain lysates, primary neurons, and trans-
fected cells (these latter assays allowed us to define specific inter-
acting domains of APP and Reelin). Extracellular Reelin altered
APP trafficking and processing in a number of independent as-
says, including cell surface biotinylation studies, live-cell stain-
ing, Western blot analysis of APP proteolytic fragments, and A�
ELISA. In vivo, APP and Reelin demonstrate similar regulation
through brain development, with both peaking early in postnatal

development. From these data, we propose that Reelin is another
extracellular matrix protein that can be a ligand for APP.

Studies in several systems have suggested that APP and Reelin
may be functionally related. Overexpression of APP interferes
with the effects of Reelin on Dab1 phosphorylation in cortical
neurons in Drosophila (Pramatarova et al., 2006), and Reelin af-
fects the trafficking and proteolysis of APP in cells in culture (Hoe
et al., 2006). The CNS phenotypes of Dab1 hypomorphism in
mice are altered by increasing and reducing expression of APP,
suggesting that APP may be involved in the Reelin signaling path-
way (Pramatarova et al., 2008). Reelin and Dab1 knock-out mice
have increased levels of tau phosphorylation (Hiesberger et al.,
1999), and quantitative trait locus (QTL) analysis was conducted
in Dab1 knock out mice to further determine the effect of Dab1
on tau phosphorylation. These studies found that one of the QTL
regions (chromosome 16) (60 centimorgans) includes APP, and
the authors suggested that Reelin signaling may involve APP
(Brich et al., 2003). An effect of APP on Reelin signaling was also
demonstrated by a study finding that the APP C-terminal domain
prevented the inhibition of neuritogenesis by Reelin (Hoareau et
al., 2008), although another study did show an opposing effect of
Reelin on neurite outgrowth (Niu et al., 2004). In this study, we
found that mice with increased or decreased levels of APP dem-
onstrated compensatory changes in Reelin levels, consistent with
previous findings that the number of Reelin-expressing neurons
was decreased in transgenic APP mice (Botella-López et al., 2006;
Chin et al., 2007). Together, these studies support the idea that
APP and Reelin functionally interact in vitro and in vivo.

Effect of Reelin and �1 integrin on APP trafficking
and processing
Cleavages of APP are altered by interactions with extracellular
ligands. We and others have found that F-spondin, an ECM pro-
tein, interacted with APP (Ho and Südhof, 2004; Hoe et al., 2005)
and increased cell surface levels of APP (Hoe et al., 2005). The
interaction of F-spondin with APP led to increased �-cleavage
and decreased �-cleavage of APP (Ho and Südhof, 2004; Hoe et
al., 2005). F-spondin interacted with the E2 domain of APP (Ho
and Südhof, 2004), whereas we found that Reelin interacted with
the E1 domain of APP, suggesting that both interactions with
APP may occur simultaneously. These interactions between the
full-length form of APP bound to the cell membrane and extra-
cellular compounds may be regulated by cleavage of APP from
the cell surface. This hypothesis is further supported by our ob-
servations that Reelin inhibits endocytosis of APP from the cell
surface and prevents its trafficking to endosomes where APP is
cleaved by �-secretase to generate A�.

The interaction between APP and �1 integrin was first shown
in growth cones at contact sites in neuronal cells (Yamazaki et al.,
1997). In the present study, we demonstrate that �1 integrin
increased cell surface levels of APP and decreased internalization
of APP (Fig. 7D,E), providing evidence that �1 integrin also may
regulate APP trafficking. These in vitro findings suggest that both
Reelin and �1 integrin can alter APP trafficking, perhaps through
direct interactions. To test this idea, we performed an APP inter-
nalization assay in hippocampal neurons and found that �1 in-
tegrin combined with Reelin significantly decreased internaliza-
tion of APP. These results support our hypothesis that Reelin
stabilizes the interaction between APP and �1 integrin on the cell
surface. We found that �3 integrin did not alter APP processing
with or without Reelin (data not shown), although �3 integrin
interacted with APP in brain lysates. Integrins form heterodimers
of � and � subunits (Chan et al., 2006); therefore, it is possible

Figure 8. The effect of Reelin and APP on neurite outgrowth requires integrins. A, Hip-
pocampal neurons were infected with lentiviral vectors expressing GFP (n � 163) or APP (n �
201) and treated with �3�1 antibody (n � 193). Average length of total dendrites was quan-
tified. Results were pooled from 3 to 10 sets of cultures. Twenty random fields containing 5– 8
neurons per field were taken from each culture (*p � 0.05). Error bars indicate SEM. B, Neurons
were incubated in control (n � 100) or Reelin-containing medium (n � 100) and either anti-
�3�1 antibody (control, n � 203; Reelin, n � 203) or anti-�5�1 antibody (control, n � 199;
Reelin, n � 208) was added to the media. The length of dendritic neurites was quantified. The
presence of the �3�1 integrin antibody significantly decreased neurite outgrowth and pre-
vented the effect of Reelin on neurite outgrowth. C, A model of APP, Reelin, and �3�1 integrin
interactions. Reelin repeats 1 and 2 interact with �3�1 integrin subunits, and the Reelin 3– 6
domain interacts with APP E1 domain. The Reelin–�3�1 integrin and integrin–APP interac-
tion may lead to reorganization of the cytoskeleton, or it may stabilize the actin cytoskeleton by
inducing n-cofilin phosphorylation.
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that APP may directly interact with �1 integrin at first, and sub-
sequently indirectly interact with �3 integrin or other � subunits.
In this study, we did not define which domains of APP and �1
integrin interacted.

The biological effects of APP–Reelin–�3�1 on
neurite development
Several studies show that Reelin signaling has an important role
in neuronal migration through its interaction with ApoE recep-
tor 2 and the VLDL (very low-density lipoprotein) receptor, and
the subsequent phosphorylation of Dab-1. After removal of any
of these components (Reelin, receptors, or Dab-1), cortical layer
formation is severely disrupted, leading to the model that these
interactions are important for laminar organization in develop-
ment (Hiesberger et al., 1999). However, each of these compo-
nents is also present in the adult brain, and their functions there
are not as well defined. In synapses, Reelin promotes tyrosine
phosphorylation of NMDA receptor subunits (e.g., NR2A) and
facilitates long-term potentiation (LTP) (Beffert et al., 2005).
Reelin signaling has an important role in NMDA and AMPA
receptor function (Qiu et al., 2006), maturation of glutamatergic
synapses (Qiu and Weeber, 2007), regulation of neurite out-
growth in vitro (Niu et al., 2004), and dendritic spine density (Niu
et al., 2008). Our study confirmed that Reelin knock-out mice
have decreased dendrite numbers and decreased dendrite lengths
compared with littermate controls, supporting a role for Reelin in
dendritic complexity.

Similarly, integrins play important roles in neurite develop-
ment, neuronal migration, and synapse functions. �1 integrin
facilitates reorganization of actin filaments (Wei et al., 2001; De-
mali et al., 2006) and affects neuronal migration (Dulabon et al.,
2000) and neurite outgrowth (Niu et al., 2004; Mechai et al.,
2005). The Reelin–�3�1 integrin interaction regulates neuronal
migration (Dulabon et al., 2000), perhaps by reorganizing the
actin cytoskeleton, or by stabilizing the cytoskeleton through
n-cofilin phosphorylation (Chai et al., 2009). Integrins also reg-
ulate synaptic glutamate receptor function, synaptic plasticity,
working memory, and LTP (Kramár et al., 2002; Chan et al.,
2006). The APP–�1 integrin interaction is also important in neu-
rite outgrowth (Young-Pearse et al., 2008). We suggest that the
functions of Reelin and �1 integrins on these processes may be
modulated by APP (or other APP family members). Our findings
raise an interesting question of whether a Reelin–APP–�3�1 in-
tegrins interaction facilitates neuronal migration during devel-
opment and synaptic plasticity in the adult brain, although addi-
tional in vivo work needs to be done to thoroughly test these
ideas.

To define conditions of interaction of Reelin with the different
cell surface molecules, it will be necessary to determine the bind-
ing affinities of Reelin for the apoE receptors and for APP, and
determine whether these molecules compete for Reelin, or bind it
cooperatively. One argument against a simple functional interac-
tion between APP and Reelin is that APP knock-out mice do not
show the dramatic neuronal migration deficits seen in mice lack-
ing functional Reelin (Zheng et al., 1996; Andrade et al., 2007).
Recently, however, several studies have shown that APP, like Ree-
lin, has important functions in neuronal development and mi-
gration. APP promotes postdevelopmental neurite arborization
through the interaction with Abelson tyrosine kinase (Leyssen et
al., 2005), and neurons from APP�/� mice show impaired den-
drite neurite outgrowth in vitro (Perez et al., 1997). In this study,
we found that APP transgenic mice had increased dendritic com-
plexity and length (at a young age), whereas APP knock-out mice

showed decreased dendritic numbers and length. In the retino-
tectal system, APP interacts with contactin 4 and NgCAM (neu-
ron– glia cell adhesion molecule), increasing retinal axon growth
(Osterfield et al., 2008). Inhibition of APP in the subventricular
zone in utero prevents correct neuronal migration during cortical
development (Young-Pearse et al., 2007). Finally, the brains of
mice lacking all three APP family members (APP, APLP1, and
APLP2) demonstrate type 2 lissencephaly, indicative of a major
neuronal migration defect (Herms et al., 2004). Thus, APP may
have important roles in neuronal migration, and these functions
may be partially redundant with functions of other APP family
members.

Reelin and Alzheimer’s disease
Although this work focused on the effects of Reelin on the
normal functions of APP, there are also data that suggest Ree-
lin may also be involved in pathogenic mechanisms in AD.
Reelin protein and mRNA are decreased in AD brains
(Botella-López et al., 2006; Chin et al., 2007) and Reelin pro-
tein is found in the plaques of double transgenic APP/PS1
mice (Wirths et al., 2001). APP is present in dystrophic neu-
rites around amyloid plaques (Motoi et al., 2004), implying
that a possible interaction between Reelin and APP contrib-
utes to an accumulation of dystrophic neurites. Finally, our
findings of dendritic abnormalities in young APP transgenic
mice suggest that mouse models of AD may demonstrate some
behavioral problems dependent on the overexpression of APP
and not on the accumulation of the A� peptide.

Conclusion
In summary, using an array of biochemical and cell biological
techniques, we identified Reelin/APP/integrins interactions that
are critical for regulating neurite outgrowth. Consistent with our
in vitro results, we found that APP and Reelin knock-out mice
have decreased dendritic complexity and length. Our finding that
Reelin interacts with APP adds to work linking APP to the ECM,
supporting findings about the effects of APP on neuronal migra-
tion and synaptic function. The alteration of APP trafficking and
processing by extracellular ligands may contribute to the devel-
opment of new therapeutic approaches for AD.
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