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A Critical Function for �-Amyloid Precursor Protein in
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Physiological processing of the �-amyloid precursor protein (APP) generates amyloid �-protein, which can assemble into oligomers that
mediate synaptic failure in Alzheimer’s disease. Two decades of research have led to human trials of compounds that chronically target
this processing, and yet the normal function of APP in vivo remains unclear. We used the method of in utero electroporation of shRNA
constructs into the developing cortex to acutely knock down APP in rodents. This approach revealed that neuronal precursor cells in
embryonic cortex require APP to migrate correctly into the nascent cortical plate. cDNAs encoding human APP or its homologues,
amyloid precursor-like protein 1 (APLP1) or APLP2, fully rescued the shRNA-mediated migration defect. Analysis of an array of muta-
tions and deletions in APP revealed that both the extracellular and cytoplasmic domains of APP are required for efficient rescue. Whereas
knock-down of APP inhibited cortical plate entry, overexpression of APP caused accelerated migration of cells past the cortical plate
boundary, confirming that normal APP levels are required for correct neuronal migration. In addition, we found that Disabled-1 (Dab1),
an adaptor protein with a well established role in cortical cell migration, acts downstream of APP for this function in cortical plate entry.
We conclude that full-length APP functions as an important factor for proper migration of neuronal precursors into the cortical plate
during the development of the mammalian brain.
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Introduction
�-amyloid precursor protein (APP) has become the subject of
intense study because of its apparently causative role in the
pathogenesis of Alzheimer’s disease. APP is a type I transmem-
brane glycoprotein that is cleaved by either �- or �-secretase to
release its large extracellular domain (APPs). Subsequently, the
membrane-retained C-terminal fragments are subjected to an
intramembranous scission by the �-secretase complex (Wolfe et
al., 1999) to generate the APP intracellular domain and simulta-
neously release p3 (after �-secretase cleavage) or A� (after
�-secretase cleavage). Over 20 mutations in APP have been
linked to familial AD, all of which enhance the generation and/or
aggregation of A�42 (Hardy and Selkoe, 2002). Because several
therapeutic strategies chronically target the enzymes that process
APP, it is essential to understand the physiological function of
APP and its proteolytic derivatives in vivo.

In vitro studies have provided insights into the functional ac-
tivities of APP. Cell culture studies have shown that APP can
mediate cell-cell and cell-matrix adhesion (for review, see Matt-
son, 1997). APP is expressed in part at the cell surface, and its

large extracellular domain is capable of binding to several extra-
cellular matrix proteins. In neurons, APP is present in growth
cones of neurites and at both presynaptic and postsynaptic sites
(Ferreira et al., 1993; Yamazaki et al., 1997; Sabo et al., 2003) and
studies in cultured neurons have shown that APP plays a role in
neurite outgrowth (Small et al., 1994; Perez et al., 1997) and
synaptogenesis (Priller et al., 2006).

Studies in mice lacking APP have suggested roles in aspects of
neuronal development and function, but the defects observed
have been subtle relative to the functional activities observed for
APP in vitro (for review, see Anliker and Muller, 2006). Lack of a
robust phenotype is believed to result in part from compensation
by its family members, amyloid precursor-like protein 1 (APLP1)
and APLP2 (Zheng et al., 1995; von Koch et al., 1997; Heber et al.,
2000). Mice with a triple deletion of all three family members
exhibit early postnatal lethality, with two thirds of the embryos
displaying focal regions of neuronal overmigration in the cortex
(Herms et al., 2004). However, in these mice only small subsets of
cortical cells are affected, despite the fact that APP, APLP1 and
APLP2 are expressed in the developing and mature cerebral cor-
tex (Wasco et al., 1993; Slunt et al., 1994; Lorent et al., 1995).
These findings suggest that additional factors either play redun-
dant roles with APP family members or compensate for their
chronic loss.

To circumvent compensatory mechanisms that may be mask-
ing in vivo functions for APP, we sought to acutely eliminate APP
expression in neuronal precursor cells of the living cortex, using
the method of in utero electroporation of shRNAs. Using this
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approach, we identify a role for APP in neuronal migration into
the cortical plate and show that both the extra- and intracellular
domains of APP are required for this function. This experimental
paradigm allows for the efficient introduction of multiple DNA
constructs into subsets of cortical cells, providing direct insights
into how APP mediates this process in vivo.

Materials and Methods
Plasmid generation. ShRNA constructs were generated in the pENTR-U6
vector (Invitrogen, Eugene, OR). APP target sequences were as follows:
shRNA-1 (partial), gcacatgaatgtgcagaatgg; shRNA-2 (active), gcactaact-
tgcacgactatg; shRNA-3 (inactive), gctgacaagaaggccgttatc; Dab shRNA,
gcatcaatgcgagctcatggag. For testing shRNA constructs, full-length mouse
APP (695-residue variant) was C-terminally tagged with the FLAG
epitope (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys) in pCDNA 3.1. All of the
other constructs used here were generated in the pCAG vector, which has
the chick �-actin promoter and cytomegalovirus immediate-early gene
enhancer. All APP constructs were generated in human APP 695 unless
otherwise stated, and amino acid numbering listed below is for hAPP
695. APP � C-term encodes amino acids 1– 651 followed by a stop codon.
APP AenAtA was generated through mutation of tyrosine 682, proline
685, and tyrosine 687 to alanine. C99 encodes the C-terminal 99 amino
acids of APP (amino acids 597– 695), from the �-secretase cleavage site.
APP-s� (amino acids 1– 612) and APP-s� (amino acids 1–596) are the
N-terminal amino acids from the start methionine to the �- and
�-secretase cleavage sites. The APP construct harboring two familial Alz-
heimer’s disease (FAD) mutations [Swedish (Mullan et al., 1992) and
Indiana (Murrell et al., 1991)] had the following mutations: K676N;
M677L; and V642F.

In utero electroporation. Sprague Dawley rats (Charles River Labora-
tories, Wilmington, MA) were housed and cared for under the guidelines
established by University of Connecticut and Harvard University’s Insti-
tutional Animal Care and Use Committees in compliance with federal
standards. Timed pregnant rats [embryonic day 13 (E13)–E17] were
anesthetized with ketamine/xylazine (100/10 mixture, 0.1 mg/g body
weight, i.p.). The uterine horns were exposed, and a lateral ventricle of
each embryo injected with DNA constructs and Fast Green (2 mg/ml;
Sigma, St. Louis, MO) via a microinjector (Picospritzer III; General
Valve, Fairfield, NJ) and pulled glass capillaries. For characterization of
APP and Dab1 shRNA phenotypes, 1.0 –1.5 �g/�l of shRNA was coelec-
troporated with 0.5 �g/�l pCAG-green fluorescent protein (GFP). For
rescue experiments, 0.5 �g/�l shRNA was coelectroporated with 0.5
�g/�l pCAG-GFP and 3.0 �g/�l rescue constructs, unless otherwise
stated. For C60 and C60NATA electroporations, 3 �g/�l was coelectro-
porated with 0.5 �g/�l pCAG-GFP. For 3 d harvests, APP and AP-
PAenAtA was electroporated at 2 �g/�l with 0.5 �g/�l pCAG-GFP. Elec-
troporation was accomplished by discharging a 500 �F capacitor charged
to 50 –100 V with a sequencing power supply or with a BTX square wave
electroporator, at 50 –75 V, for 50 ms on followed my 950 ms off for 5
pulses. The voltage was discharged across copper alloy oval plates placed
on the uterine wall across the head of the embryo. Brains from rat em-
bryos or postnatal pups were harvested in 4% paraformaldehyde by im-
mersion or cardiac perfusion, respectively.

Immunofluorescent staining and confocal microscopy. Para-
formaldehyde-fixed brains were washed in PBS, embedded in 2% aga-
rose, and vibratome sectioned (50 –100 �m). Sections were incubated in
blocking buffer (2% donkey or goat serum; 0.001%– 0.1% Triton X-100
in PBS) for �1 h. Sections were then incubated in primary antibody
[anti-APP C9, Selkoe Lab, 1:500; anti-APP 22C11, 1:200 (Millipore,
Temecula, CA); anti-MAP2, 1:10,000 (Abcam, Cambridge, UK); anti-
NeuN, 1:800 (Millipore); anti-APLP1 1Cta, 1:500, gift from D. Walsh
(University College Dublin, Dublin, Ireland); anti-APLP2 W2CT, 1:500,
gift from D. Walsh; anti-GFAP, 1:1000 (Abcam); anti-nestin, 1:500 (BD
Biosciences, San Jose, CA); anti-Tbr1, 1:2500, gift from R. Hevner (Uni-
versity of Washington, Seattle, WA); anti-Oct6, 1:200 (Santa Cruz Bio-
technology, Santa Cruz, CA); anti-CTIP2, 1:500 (Abcam)] between 6 h
and overnight at 4°C, followed by three washes in PBS. Sections were then
incubated with Cy3-, Cy2- and Cy5-conjugated secondary antibodies

(1:500 –1:1000; Jackson Immunoresearch, West Grove, PA) for �2 h
followed by four PBS washes. Sections were mounted on glass slides using
GelMount (Biomeda, Foster City, CA). Images were acquired using a
Zeiss (Oberkochen, Germany) LSM 510 confocal microscope with Axio-
vert 100M system.

Quantitative analyses of cortical plate entry. For quantitative analyses,
all electroporations were performed targeting the same region of the
developing cortex. This resulted in a reliable electroporation of the
dorsal-lateral region of the neocortex adjacent to the lateral ventricle (see
Fig. 2 A, B). After harvest, brains were vibratome sectioned (100 �m) in
the coronal plane and immunostained for microtubule-associated pro-
tein 2 (MAP2) to delineate the cortical plate. For each electroporation
condition (i.e., each set of electroporated DNAs), greater than a total of
1500 cells were counted and assessed for their location in either the
MAP2� cortical plate or the intermediate zone. To determine significant
changes relative to control electroporations, at least three independent
brains were electroporated and analyzed for each DNA condition. For
each independent brain, the percentage of cells in the intermediate zone
(IZ) and cortical plate (CP) were calculated. These values were then
compared between electroporation conditions using GraphPad (San Di-
ego, CA) InStat. Using this program, one-way ANOVA tests were per-
formed with the Bonferroni multiple comparisons test. This analysis was
used to determine that the percentage of cells in the CP in the noted
electroporation conditions was significantly different from the percent-
age cells in the CP of the control electroporations (similarly, these same
conditions were statistically significant when comparing the percentage
cells in the IZ for each condition).

Cell lines and Western blot analysis. To test shRNA constructs, COS
cells (monkey kidney cell line) were transiently transfected using Lipo-
fectamine 2000 (Invitrogen) in 6-well dishes in duplicate with pCDNA-
mAPP-FLAG (500 ng), pCAG-GFP (500 ng), and each shRNA construct
(1000 ng). Cells were lysed after 48 h in 1% Nonidet P-40 (NP-40) STEN
buffer [150 mM sodium chloride, 50 mM Tris, 2 mM EDTA, and 1.0%
(v/v) NP-40]. Lysates were electrophoresed on 10 –20% Tricine gels (In-
vitrogen) and transferred to nitrocellulose. Western blotting was per-
formed with anti-M2 FLAG (1:1000; Sigma), anti-GFP (1:1000; Invitro-
gen), and IRDye680- and IRDye800-conjugated secondary antibodies
(1:10,000; Rockland Immunochemicals, Gilbertsville, PA), and detected
using the LiCor detection system.

To test for expression of various APP constructs, COS cells were tran-
siently transfected using Lipofectamine 2000 in 6-well dishes in duplicate
with each DNA construct (2 �g). After 48 h, media were collected and
cells lysed in 1% NP-40 STEN buffer. Conditioned media or lysates were
electrophoresed on 10 –20% Tricine gels (Invitrogen). Western blotting
was performed with anti-APP antibodies: C9 (1:1000, Selkoe laboratory),
22C11 (1:500, Millipore), and 1736 (1:2000, Selkoe laboratory) and de-
tected as above.

Results
Expression of APP in the developing cortex
Previous studies have used in situ hybridization to describe APP
mRNA expression in the cortical plate and intermediate zone of
the embryonic mouse cortex (Lorent et al., 1995). To confirm the
localization of APP protein in the developing cortex, E15 rat
cortices were sectioned coronally and immunostained with an
antibody to the APP C terminus (C9) (Kimberly et al., 2005). APP
immunoreactivity was widespread throughout the cortical plate,
and also was observed in a subset of cells in the intermediate zone
and ventricular zone (Fig. 1A). These APP immunoreactive cells
were frequently aligned with nestin-positive radial glial fibers
(Fig. 1A,B), a result that indicates the expression of APP in mi-
grating neuronal precursors.

Generation of shRNA constructs to knock-down APP
To investigate the function of APP in the developing cortex, we
sought to decrease the expression of APP in neural precursor cells
of the cortex using shRNA. Three shRNA constructs were de-
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signed to target both mouse and rat APP. BLAST (NCBI) searches
of the shRNA sequences revealed no significant homology to
genes other than APP in the mouse or rat genomes. The shRNAs
were driven by the U6 promoter in the pENTR vector (Invitro-
gen). Each construct was tested for its ability to knock-down APP
levels in a transient transfection assay, in which C-terminally
FLAG-tagged murine APP was cotransfected with GFP and the
shRNA construct into Chinese hamster ovary (CHO) cells. Cells
were lysed 48 h post-transfection, and Western blots were per-
formed with anti-FLAG and anti-GFP antibodies. Cotransfection
with APP shRNA 3 (subsequently called shRNA-inactive) did not
reduce APP expression, such that APP-FLAG levels were similar
to transfection with an empty shRNA vector (Fig. 1C). In con-
trast, transfection with APP shRNA 2 (shRNA-active) fully elim-
inated expression of APP-FLAG (Fig. 1C). A third construct,
shRNA 1, had an intermediate effect on APP levels (APP shRNA-
partial). These shRNA constructs did not affect expression of
APLP1 or APLP2 using a transient transfection assay (data not
shown).

In utero electroporation allows for acute introduction of DNA
constructs to knock-down or misexpress genes in the embryonic
cortex. Coelectroporation of a DNA encoding a fluorescent pro-
tein (such as GFP or red fluorescent protein) allows the electro-
porated cells to be readily identified, as �90% of electroporated
cells have been shown to express both plasmids using this tech-
nique (Bai et al., 2003). Active or inactive APP shRNA constructs

were coinjected with GFP plasmid into a
lateral ventricle of E13 rat embryos. Appli-
cation of a small voltage across the head of
each embryo resulted in coelectroporation
of the DNAs into a subset of cells of the
ventricular zone lining the ventricle, where
neural precursor cells reside (Tabata and
Nakajima, 2001; Bai et al., 2003). The em-
bryonic brains were harvested 6 d later
(E19). Coronal sectioning and APP immu-
nostaining of these brains revealed that
cells coelectroporated with GFP and APP
shRNA-active no longer expressed detect-
able APP (supplemental Fig. 1, available
at www.jneurosci.org as supplemental
material).

Migration of neuronal precursors after
APP knock-down
Electroporation of GFP alone or of GFP
plus an inactive shRNA did not affect the
normal migration of the electroporated
cells from the ventricular zone into the
cortical plate over 6 d. In contrast, electro-
poration of APP shRNA-active prevented
migration of these cells; Figure 2, A and B,
shows the extent of GFP/shRNA-
electroporated cells in the cortex. MAP2
immunostaining was used to mark the dif-
ferentiated neurons of the cortical plate
(Fig. 2D,G,H). Cells electroporated at E13
with GFP alone or GFP plus APP shRNA-
inactive were primarily distributed
throughout the cortical plate by E19, with
a limited number of cells still in the inter-
mediate zone (Fig. 2A,C–E,G). In con-
trast, the majority of cells electroporated

with APP shRNA-active were tightly packed directly below the
cortical plate in the intermediate zone, with a small minority of
cells in the cortical plate (Fig. 2B,F,H). This phenotype was ob-
served in every brain electroporated with APP shRNA-active, in
�30 rat brains from more than 20 independent experiments.
This phenotype was never observed with shRNA-inactive electro-
poration, which was indistinguishable from electroporation of
GFP alone.

Examination of coronal sections of these electroporated
brains revealed that electroporation of APP shRNA-active in-
duced ectopic MAP2 expression in the retarded cells in the inter-
mediate zone (supplemental Fig. 2C,F, available at www.
jneurosci.org as supplemental material). Electroporation of APP
shRNA-partial resulted in the same migration phenotype but
with a smaller subset of cells retained in the intermediate zone,
and these cells also expressed MAP2 (supplemental Fig. 2B,E,
available at www.jneurosci.org as supplemental material).

Altering the position of the electrodes for voltage application
can target different subsets of cells lining the lateral ventricle.
Electroporation of slightly more lateral cells at the cortical–stria-
tal boundary targets cells known to migrate along the lateral cor-
tical stream (LCS). These cells migrate along radial glial fibers to
the LCS and then migrate radially into the cortical plate of the
ventral-most forebrain (Bayer and Altman, 1991; Bayer et al.,
1991). Targeting of APP shRNA-active to the cortical-striatal
boundary resulted in initially normal migration along the LCS,

Figure 1. Generation of shRNA constructs targeting endogenous rodent APP in embryonic cortex. A, B, Coronal sections of E15
mouse cortex immunostained for APP (red) and nestin (green). Magnified view of IZ/SVZ/VZ (box in A) is shown in B. SVZ,
Subventricular zone; VZ, ventricular zone. C, FLAG-tagged murine APP construct was cotransfected into CHO cells with an empty
vector or with 3 different shRNA constructs targeting rodent APP (shRNA1, shRNA2, shRNA3), along with a GFP construct to control
for transfection efficiency. Transfections in duplicate wells are shown. 48 h post-transfection, cells were lysed and Western blotted
for FLAG (green) and GFP (red). shRNAall, Mix of all three shRNAs.
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but an impaired ability to then migrate ra-
dially into the cortical plate (Fig. 2 I–L).

Initial effects of altered APP levels in
neuronal precursor cells
To examine the more immediate effects of
APP knock-down, embryos electropo-
rated at E13 were harvested 3 d after elec-
troporation (E16). In performing the in
utero electroporations, cells lining the ven-
tricular zone are transfected. These in-
clude both newly postmitotic neuronal
precursor cells and radial glial cells. How-
ever, 72 h after electroporation, radial glial
cells lose expression of GFP, perhaps be-
cause of their rapid division. To examine
the morphology of radial glial fibers, coro-
nal sections from electroporated brains
were immunostained with an anti-brain
lipid-binding protein (BLBP) antibody.
Cortical sections from brains electropo-
rated with GFP alone (Fig. 3A,C,E,G) or
coelectroporated with GFP and inactive
shRNA (data not shown) displayed radi-
ally aligned BLBP-positive glial fibers, and
GFP-positive electroporated cells ex-
tended radial processes along these BLBP-
positive fibers. BLBP-positive radial glial
fibers looked unchanged in sections from
brains electroporated with GFP plus APP
shRNA-active versus GFP alone (Fig. 3B).
However, the cells receiving APP shRNA
did not extend radial processes along the
BLBP-positive glial fibers 3 d postelectro-
poration (Fig. 3D) and arrested just below
the MAP2�, cell-dense cortical plate (Fig.
3D,H). Although there does not appear to
be an effect of APP shRNA-active on radial
glial morphology, there may be a cell non-
autonomous effect of APP shRNA-active
to retard in the intermediate zone a subset
of neighboring cells that had not received
the APP shRNA and GFP constructs (sup-
plemental Fig. 2D–F, available at www.
jneurosci.org as supplemental material).

Coronal sections from these electropo-
rations also were immunostained for
MAP2. At this time point (E16), cells
transfected with GFP alone had begun to
enter the cortical plate, but many cells
were in the process of migrating through
the intermediate zone (Fig. 3C,G). In the
case of cells electroporated with APP

Figure 2. Electroporation of APP shRNA in embryonic rat cortex. DNA encoding GFP and APP shRNA was coelectroporated into
one lateral ventricle of an E13 rat and harvested 6 d later. Cells of the ventricular zone lining the ventricle are electroporated. A–H,
Location of the electroporated cells (green) is shown 6 d after electroporation of GFP alone (C, D), GFP with an inactive shRNA

4

(A, E, G), or GFP with an active shRNA targeting APP (B, F, H ).
White boxes delineate electroporated regions (A, B) that are
magnified (E–H ). I–L, Electroporation of the corticostriatal
boundary with GFP alone (I, J ) or APP shRNA-active (K, L).
A–H, Immunostaining for MAP2 (red) denotes the differenti-
ated neurons of the cortical plate. Nuclei are stained with
DAPI (blue). I–L, Immunostaining for MAP2 is shown in blue,
and Tbr-1 is shown in red. Str, Striatum; ctx, cortex.
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shRNA-active, few had entered the cortical plate by E16, as ex-
pected, so that the majority of these cells remained in the inter-
mediate zone (Fig. 3H). Interestingly, these APP shRNA receiv-
ing cells retained in the intermediate zone already expressed the
neuronal marker MAP2 (Fig. 3D,F), whereas the cells in the
intermediate zone that had been electroporated with GFP alone
did not express MAP2 at E16 (Fig. 3C,E).

To examine whether the altered positioning of neuronal pre-
cursor cells having decreased APP levels is directly related to their
migration into the cortical plate, we performed experiments to
examine the effects of APP overexpression. Overexpression of
wild-type APP (the 695-residue splice variant) at E13 did not
appear grossly different from control electroporations when har-
vested 6 d later at E19 (data not shown). However, harvest of
APP-electroporated brains 3 d after electroporation revealed that
overexpression of APP caused an acceleration of migration into
the cortical plate (Fig. 3 I,K). Over 75% of cells electroporated
with APP at E13 had already entered the cortical plate after 3 d, in
contrast to just 25% in control (GFP only) electroporations (Fig.
3G,K). Electroporation of APP with mutations in its YENPTY

domain (APP AENATA) at E13 eliminated the acceleration phe-
notype of APP overexpression at E16 (Fig. 3 J,K).

Late effects of embryonic APP knock-down in the
mature brain
To determine the ultimate fate of APP shRNA electroporated
cells, brains of E13 electroporated rats were harvested at postnatal
day 30. At this late time the cortex is fully developed, and control
(GFP only) electroporated cells had fully migrated and differen-
tiated (Fig. 4B,D). In contrast, cells electroporated with APP
shRNA-active remained trapped below the cortical plate and
formed a macroscopically visible heterotopia (Fig. 4A,C). These
cells took on an abnormal cuboidal morphology (Fig. 4E). The
cells did not express GFAP, but GFAP-positive cells were inter-
spersed throughout the heterotopia (Fig. 4G,I). In addition, these
cells did not express significant amounts of Prominin-1, an
ependymal marker, and they lost the high levels of expression of
MAP2 observed at earlier time points (Fig. 4, compare H, F,
labeling in cortical plate). Additional characterization of these
cells showed that cells trapped in the heterotopia expressed both

Figure 3. Early effects of acutely altering APP levels in embryonic cortex. A–J, Electroporation of GFP alone (A, C, E, G) or coelectroporation of GFP plus active APP shRNA (B, D, F, H ), GFP plus APP
(I ), or GFP plus mutant APP AenAtA (J ) into E13 cortex and harvesting 3 d later. Electroporated cells are green (GFP). Immunostaining for BLBP (A–F ) is blue and MAP2 is red (C–J ). A, B, BLBP
immunostaining in upper cortical plate in electroporated region. C–F, MAP2 with BLBP double staining at the cortical plate/intermediate zone boundary. K, Quantification of cells in the IZ and CP
for each condition shown in G–J. Error bars indicate SD; *p � 0.05; ***p � 0.001, percentage of cells in IZ and CP relative to the corresponding values in GFP control. Numbers above bars show the
number of independent brains analyzed for each condition.
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�III-tubulin and Uch-L1, a highly expressed neuronal deubiq-
uitinating enzyme (supplemental Fig. 3, available at www.
jneurosci.org as supplemental material). Interestingly, in brains
electroporated at E13 and harvested at postnatal day 5, APP
shRNA electroporated cells trapped in the intermediate zone
strongly expressed MAP2, NeuN, and Oct6, a transcription factor
expressed by layer III and V neurons (data not shown). Thus,
during and immediately after the window of cortical cell migra-
tion, cells receiving APP shRNA that are trapped in the interme-
diate zone express neuronal markers. However, between P5 and
P30, cells forming a heterotopia change morphology and lose
expression of some neuronal markers.

Rescue of the APP shRNA phenotype with full-length
human APP
To confirm that the effects observed after APP knock-down were
specific to the observed loss of APP expression, rescue experi-
ments, were performed by coelectroporating full-length human
APP with APP shRNA-active and GFP. Because of interspecies
variation in the shRNA target sequence we had selected, APP
shRNA-active does not effectively target human APP, as con-
firmed in a CHO transfection assay with Western blot analysis
(data not shown). Embryonic day 13 cortices were again electro-
porated and harvested 6 d later (E19). Brains were fixed, sec-
tioned coronally and immunostained for MAP2 (Fig. 5A,B) and
NeuN (data not shown) to delineate the boundaries of the corti-
cal plate, as before. The number of GFP-positive electroporated
cells in the cortical plate and intermediate zone were counted in a
blinded manner after electroporation with GFP alone (no
shRNA) or with GFP plus APP shRNA-active plus the designated
rescue construct (Fig. 5D). As imaged in Figure 2, �90% of con-
trol (GFP) electroporated cells enter the cortical plate 6 d after the
electroporation at E13. In contrast, with APP shRNA-active elec-
troporation, only 19% (SD, �8.2%) enter the cortical plate (Fig.
5D). Coelectroporation of full-length human APP 695 is able to
effectively rescue this defect at doses of either 1.5 �g/�l of DNA
(88.5 � 2.9% in the cortical plate) or 3.0 �g/�l (89.7 � 5.6%).
Full-length human APP 751, a splice variant of APP that has an
additional Kunitz protease inhibitory domain, also efficiently
rescued the APP shRNA effect (Fig. 5D). Like full-length APP,
full-length constructs encoding APLP1 or APLP2 each rescued
APP knock-down (Fig. 5D).

Analysis of domains of APP required for cortical
cell migration
APP is a type-I transmembrane protein that has a large extracel-
lular N-terminal domain and a short intracellular C-terminal
domain. Each of these domains has been proposed to play roles in
the function of APP (for review, see Reinhard et al., 2005). To test
whether different regions of APP are necessary for the above
described rescue function of APP to confer proper neuronal mi-
gration in vivo, expression plasmids were made from the human
APP 695 construct and coelectroporated at the “high” concentra-
tion (3.0 �g/�l) with the active APP shRNA. Before doing so,
each plasmid had also been transfected into COS cells, and West-
ern blotting had confirmed the correct expression, size and ex-
pected processing of each APP construct (supplemental Fig. 4,
available at www.jneurosci.org as supplemental material). After
electroporation, immunofluorescent staining for APP was per-
formed on brain sections to confirm that each construct had been
expressed above endogenous levels (supplemental Fig. 5, avail-
able at www.jneurosci.org as supplemental material).

Constructs encoding the full extracellular and transmem-

brane domains but lacking the intracellular domain (APP �CT)
or else containing mutations of just three critical amino acids in
the YENPTY motif in the intracellular domain (APP AENATA)
were unable to efficiently rescue the shRNA defect (Fig. 5D). A
construct encoding solely the transmembrane and intracellular
domains (i.e., the naturally occurring APP C99 fragment, which
begins at the �-secretase cleavage site) had no rescue ability (Fig.
5D). Electroporation of both the APP �CT and C99 constructs

Figure 4. Cells electroporated with active APP shRNA remain trapped in the intermediate
zone and form a heterotopia. Cortices were coelectroporated at E13 with GFP and APP shRNA-
active (A, C, E, F, G, H, I ) or with control DNA (B, D) and harvested 30 d postnatally. Brightfield
image of a coronal section of a cortex electroporated with active APP shRNA (A). Arrows point to
a heterotopia only present in the electroporated hemisphere. B–I, Electroporated cells are
shown in green. Location and morphology of control electroporated cells in the CP (B, D) and of
APP shRNA-active electroporated cells in the IZ (C, E). MAP2 (red) and NeuN (blue) immuno-
staining of APP shRNA electroporated cells in the IZ (H ) and CP (F ) at P30. G, I, GFAP immuno-
staining (red) in the heterotopia.
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together also did not efficiently rescue the APP shRNA phenotype
(Fig. 5D), indicating that the intact APP holoprotein is necessary
to rescue the APP shRNA phenotype.

Previous studies have shown that �-secretase substrates can
compete with one another for cleavage when overexpressed in
cells (LaVoie and Selkoe, 2003; Lleo et al., 2003). Thus, it is pos-
sible that removal of a substrate, such as occurs with APP knock-
down, may increase the cleavage of other substrates by
�-secretase. However, we do not believe that the APP shRNA
phenotype that we observe is attributable to an indirect effect on

�-secretase activity, as expressing C99 or
APP Aenata (which are both efficiently
cleaved by �-secretase) did not rescue the
phenotype. In addition, shRNA induced
knock-down of APP in primary neurons
did not affect �-secretase cleavage of
Notch, as detected by Western blot analy-
sis (data not shown).

APPs is a naturally occurring secreted
product of holoAPP. APPs-� results from
�-secretase cleavage, whereas APPs-� de-
rives from �-secretase cleavage. APPs has
been shown to have biological activity in a
variety of in vitro and in vivo assays (for
review, see Reinhard et al., 2005; Ring et
al., 2007). However, we found that APPs-�
695, APPs-� 751 and APPs-� 695 were
each unable to rescue the APP shRNA mi-
gration defect (Fig. 5D).

The extracellular domain of APP has
been proposed to have at least three disul-
fide bridges that help determine its sec-
ondary structure (Rossjohn et al., 1999).
Mutation of one of the disulfide bridge
cysteines, C117, to alanine, which has been
reported to alter the structure of the
ectodomain (Rossjohn et al., 1999), im-
paired the ability of full-length APP to res-
cue (Fig. 5D).

FAD can be caused by one of several
missense mutations in APP immediately
flanking the A� region. These mutations
increase A� generation and/or increase the
ratio of A�42 to A�40 (Hardy and Selkoe,
2002). Consistent with the hypothesis that
these are not loss-of-function mutations,
an APP695 construct harboring two of
these FAD-causing mutations [K595N/
M596 (“Swedish”) (Mullan et al., 1992)
and V642F (“Indiana”) (Murrell et al.,
1991)] was able to rescue the APP shRNA
phenotype with the full efficiency of wild-
type APP (Fig. 5D).

The intracellular domain of APP has
been shown to be necessary for proper en-
docytosis of APP and to interact with a
number of cytoplasmic factors through its
NPTY motif (Fiore et al., 1995; Tromms-
dorff et al., 1998; Howell et al., 1999; Perez
et al., 1999). It has been postulated that
full-length APP may function by recruit-
ing these factors to the cell surface, and
that this recruitment is regulated via cleav-

age of APP by �-secretase (Cao and Sudhof, 2004; Hass and
Yankner, 2005). Thus, overexpression of the free APP intracellu-
lar domain might act as a dominant negative by competing with
endogenous, full-length APP for cytoplasmic binding partners.
To assess the effects of overexpressing the intracellular domain in
the absence of shRNA, nonmembrane tethered APP intracellular
domain (C60) was coelectroporated with GFP at E13 and har-
vested 6 d later. In these brains, although the majority of electro-
porated cells were able to enter the cortical plate normally, sub-
sets of neurons in focal regions of the electroporated region were

Figure 5. Rescue of APP shRNA-induced migration defects. Embryos were electroporated at E13, harvested after 6 d in utero,
and brain sections immunostained for MAP2 (red). A, B, Representative sections from APP shRNA-active plus APP695 (A) and APP
shRNA-active alone (B) are shown. Scale bars, 200 �m. C, Image of section from an E13 embryo electroporated with only the
C-terminal 60 aa of APP (C60) and GFP (green). Immunostaining for MAP2 shown in red and for NeuN in blue. Scale bar, 100 �m.
D, Quantification (top graph) of cells in the IZ and CP for each of the rescue constructs diagramed below. Error bars indicate SD;
***p � 0.001, percentage of cells in IZ and CP relative to the corresponding values with control DNA (no shRNA). The numbers
above the bars show the number of independent brains analyzed for each condition.
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retarded in the intermediate zone (n � 4). In contrast, electropo-
ration of C60 harboring two mutations in the NPTY motif (to
NATA) did not alter correct neuronal migration into the cortical
plate (n � 6) (data not shown). Thus, not only was the intracel-
lular domain of APP unable to rescue the effects of APP knock-
down (Fig. 5D), but overexpression of the free intracellular do-
main alone, in the absence of APP knock-down, induced a
migration defect in a subset of cells (Fig. 5C).

The mechanism of APP in neuronal migration involves
Disabled-1 as a downstream mediator
It was shown previously that Dab1 physically binds to the NPTY
motif of APP (Trommsdorff et al., 1998; Homayouni et al., 1999;
Howell et al., 1999), and we have confirmed this data here (sup-
plemental Fig. 6, available at www.jneurosci.org as supplemental
material). Previous studies have demonstrated that knock-down
of Dab1 using in utero electroporation prevents proper neuronal
migration through the cortical plate (Ware et al., 1997; Dulabon
et al., 2000; Olson et al., 2006). Based on this knowledge, we
directly compared the previous findings on Dab1 with results
with APP knock-down. Dab1 shRNA was electroporated into
cortices of E13 embryos, and the brains were harvested 3 or 6 d
later. Neuronal precursors receiving Dab1 shRNA were unable to
enter the cortical plate and were arrested in the intermediate
zone, reminiscent of the effects observed with APP knock-down
(Figs. 3K, 6A,C,E). Moreover, simultaneous knock-down of both
APP and Dab1 resulted in an enhanced phenotype, with essen-
tially no cells entering the cortical plate after 6 d (Fig. 6D,E).
Importantly, overexpression of Dab1 (as a Dab1-GFP fusion pro-
tein) was able to rescue the phenotype of APP knock-down, al-
though not completely (Fig. 6B,E). In accord, the accelerated
migration observed on wild-type APP overexpression 3 d post
electroporation (i.e., at E16) was eliminated either by mutating
the YENPTY-motif of APP (Fig. 3 J,K), or by coelectroporating
wild-type APP with Dab1 shRNA (Fig. 3K). The latter result also
reveals that simultaneous overexpression of APP cannot rescue
the effects of Dab1 knock-down. Together, these findings indi-
cate that Dab1 acts downstream of APP in mediating proper
neuronal migration.

Discussion
We used in utero electroporation to uncover a role for APP in
neuronal cell migration into the cortical plate. Knock-down of
endogenous APP expression using shRNA in newly postmitotic
cells of the cortical ventricular zone prevents their entrance into
the cortical plate. These cells prematurely differentiate into
MAP2-positive cells in the intermediate zone and later lose their
expression of neuronal markers and form a permanent heteroto-
pia just below the cortical plate. Our observations are shown to be
specific for a loss of APP through the use of two independent
shRNAs to knock down APP and through the rescue of the APP
shRNA phenotype with full-length human APP. Overexpression
of APP in neuronal precursor cells accelerates their migration
into the cortex, supporting the hypothesis that APP plays a quan-
titative role in the proper migration of neuronal precursor cells in
the developing cortex.

Two features of our approach provided unique advantages for
the detection of this APP phenotype that are not achievable with
genomic disruption. First, acute knock-down of APP in migrat-
ing cells of the cortex bypasses compensatory mechanisms that
are implemented with a chronic germline deletion. Second, in
APP knock-out mice, all neurons and glia in the brain lack APP
and its cleavage products. In contrast, in our experimental para-

digm only a subset of cortical cells lack APP, generating a cortex
that is mosaic for APP expression. We hypothesize that it is pre-
cisely this juxtaposition of APP-expressing and nonexpressing
cells that allowed for the detection of this hitherto unknown
function for APP in cortical plate entry.

APP and its two mammalian family members, APLP1 and
APLP2, are known to compensate functionally for one another,
as evidenced by the perinatal lethality of APP/APLP2 and APLP1/
APLP2 double knock-out mice that is not observed in deletions of
the individual genes (Zheng et al., 1995; von Koch et al., 1997;
Heber et al., 2000). We found that overexpression of APLP1 or
APLP2 rescued the loss of APP function in cells receiving APP
shRNA, providing direct evidence that these proteins can func-
tionally compensate for a loss of APP in cortical plate entry. We

Figure 6. APP and Disabled-1 functionally interact to affect neuronal migration in the cor-
tical plate. A–D, Embryos were electroporated at E13, harvested after 6 d in utero, and brain
sections immunostained for MAP2 (blue) and Tbr1 (red). E, Quantification of cells in the IZ and
CP for each of the indicated constructs; n � 3 independent brains for each condition. Error bars
indicate SD; **p � 0.01.
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hypothesize that endogenous APLP1 and APLP2 are not ex-
pressed appropriately to be able to “rescue” APP knock-down in
the �80% of cells trapped in the intermediate zone. However,
�20% of cells receiving APP shRNA are able to cross the cortical
plate border, and this may be because of endogenous expression
of APLP1 and APLP2 in these cells. With a chronic loss of APP, we
hypothesized that APLP1 and/or APLP2 may be upregulated to
compensate for APP loss. To address this question, we performed
an Affymetrix analysis on E16 cortex from genomic APP knock-
out versus wild-type littermates. We found that APLP2 RNA is
upregulated approximately twofold in APP knock-out animals.
Conversely, Affymetrix analysis of APP shRNA electroporated
versus control electroporated cortical cells shows no change in
APLP2 levels (T. L. Young-Pearse and D. J. Selkoe, unpublished
observation). These findings support the hypothesis that other
APP family members can compensate for a chronic loss of APP
activity, whereas acute disruption of APP expression bypasses
this compensatory mechanism.

Triple deletion of all three genes in mice results in perinatal
lethality and an over-migration of subsets of neurons in highly
focal regions of the embryonic cortex (Herms et al., 2004). This is
in contrast to our result, which shows that acute knock-down of
APP results in a defect in the ability of cells to enter the cortical
plate. As discussed above, there are critical differences between
these two experimental paradigms, which may account for the
illumination of two different but related roles for APP family
members in cortical cell migration: acute versus chronic deletion,
and mosaic expression versus complete loss of expression. With a
germline deletion, the observation that a limited number of cells
were affected by a loss of all three family members while the
majority of cells migrated correctly indicates that other molecules
can compensate functionally for, or play redundant roles with,
APP family members. Type I transmembrane domain proteins
with similar structures and binding partners to APP would be
potential candidates for this functional compensation.

The APP family members share many similarities to the low-
density lipoprotein receptor (LDL-R) family of proteins. Mem-
bers of both families are type I transmembrane domain proteins
that share several binding partners at their common NPXY cyto-
plasmic motif (Asn-Pro-X-Tyr). APP is known to interact bio-
chemically with at least two members of the LDL-R family, apo-
lipoprotein receptor 2 (ApoER2) and LDL-R related protein,
although the functional consequence of these interactions is not
understood in vivo. In addition, similar to the phenotype we ob-
served after APP knock-down, members of the LDL-R family are
known to play key roles in neuronal migration. Very low-density
lipoprotein receptor or ApoER2 knock-out mice do not show any
overt phenotype individually, but in combination display a dis-
ruption of cortical cell migration similar to the well characterized
Reelin and Dab1 phenotype (for review, see Tissir and Goffinet,
2003). Additional studies are required to address whether mem-
bers of the LDL-R family could be compensating in the germline
deletion of APP family members, and whether they functionally
interact with APP in cortical plate entry.

APP extracellular and intracellular domains are both
necessary for proper entry into the cortical plate
The studies presented here show that, after acute reduction of
APP, neuronal precursors can migrate out of the ventricular zone
and into the intermediate zone, but accumulate just below the
cortical plate in a tightly packed manner (Fig. 2H). These cells
displayed a multipolar morphology without radially aligned pro-
cesses (Fig. 3, compare B, D). Our finding that APP knock-down

cells are able to migrate along the lateral cortical stream, but then
cannot enter the cortical plate argues against a general defect in
motility. Rather, together these data point to a specific defect in
entry into the cortical plate after APP deletion. The cortical plate
is defined molecularly by the presence of extracellular factors
distinct from those in the intermediate zone, and we hypothesize
that it may be the binding of the APP ectodomain to these factors
that influences differential adhesion between the IZ and the CP
and that, in turn, mediates migration past this boundary.

The rescue studies presented in Figure 5 provide evidence that
the APP holoprotein is required for proper migration of neuronal
precursors. Deletion of the APP extracellular domain or a point
mutation important for its structure (C117A) prevented efficient
rescue of APP knock-down. In accord with its demonstrated abil-
ity to act as an adhesion molecule that mediates cell-cell and
cell-cell matrix attachment, APP has been described to bind to
several extracellular factors in vitro, including heparan sulfate
proteoglycans (Schubert et al., 1989; Narindrasorasak et al.,
1991), laminin (Narindrasorasak et al., 1992; Kibbey et al., 1993),
collagen (Breen, 1992; Narindrasorasak et al., 1995), F-spondin
(Ho and Sudhof, 2004), and APP family members themselves
(Soba et al., 2005). All of these proteins are present in the devel-
oping cortex and are candidates to interact with the extracellular
domain of APP in migrating cells.

Although the cleaved extracellular domain of APP (APPs-� or
-�) alone was unable to rescue APP shRNA in neural precursor
migration, this result does not preclude an essential role for APPs
in cortical plate entry. Recently, a knock-in of APPs-� into the
APP genomic locus has shown that APPs-� can rescue many of
the defects observed in the APP knock-out mice, such as in grip
strength, body and brain weight, and long term potentiation
(Ring et al., 2007). However, other functions for APP, such as its
role in neurite outgrowth and neuronal migration into the corti-
cal plate, are not rescued by APPs-�/�. We hypothesize that the
presence of APPs-�/� may actually exacerbate certain APP loss-
of-function phenotypes. This hypothesis is based on the effects of
APP in neurite outgrowth assays: both the deletion of APP in
mixed neuronal and glial cultures and the addition of APPs-� to
cultured neurons independently increased neurite outgrowth in
vitro (Araki et al., 1991; Milward et al., 1992; Ohsawa et al., 1995,
1997; Perez et al., 1997; Wallace et al., 1997). Studies from our lab
suggest that this activity of APPs in the neurite outgrowth assay
may result from its competition with cell surface APP for inter-
action with binding partners (T. L. Young-Pearse and D. J.
Selkoe, unpublished observation). APPs can bind to several of the
same extracellular factors as full-length APP (Reinhard et al.,
2005), supporting the hypothesis that it may play a key role in
regulating the activity of cell surface APP.

The intact intracellular domain of APP, specifically the
YENPTY motif, was necessary for the efficient rescue of failed
cortical plate entry. The YENPTY motif of APP is well established
to bind to Dab1, Fe65, and X11/MINT-1 (munc18-interacting
protein 1) (for review, see Van Gassen et al., 2000). The physical
interactions between APP and these proteins may have regulatory
activities on signal transduction pathways as well as on the rate of
APP endocytosis. The interaction between APP and Dab1 is of
particular interest, as the phosphorylation of Dab1 has been well
established to play an essential role in migration (for review, see
Tissir and Goffinet, 2003). In this regard, our results suggest that
Dab1 acts downstream of APP: Dab1 expression rescued the APP
knock-down phenotype, APP expression did not rescue Dab1
knock-down, and Dab1 needed to be present for APP overexpres-
sion to accelerate neuronal migration. Binding of Dab1, Fe65,
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and X11/Mint-1 to the NPTY domain of APP is known to regu-
late APP endocytosis, its cleavage by �- and �-secretases and,
thus, the amount of full-length APP available at the cell surface
for binding to extracellular cues (Mueller et al., 2000; Guenette et
al., 2002; Hoe et al., 2006; Parisiadou and Efthimiopoulos, 2006).
Considering that the half-life of APP is relatively short (Perez et
al., 1999) and that APP has been shown to localize to sites of
dynamic adhesion (Yamazaki et al., 1997; Sabo et al., 2001),
proper regulation of the amount of holoAPP at the cell surface
may be essential for the dynamic adhesion of motile regions of
migrating neurons, in particular to radial glial surface proteins
and the extracellular matrix proteins of the cortical plate.

Conclusions
The function of APP in proper neuronal migration into the cor-
tical plate described here is likely to generalize to other cell types,
as suggested by in vitro studies describing a role for APP in the
migration of Madin-Darby canine kidney cells (Sabo et al., 2001).
We speculate that the activity of holoAPP that we show here
could be biochemically related to its function in the adult brain.
For example, APP is upregulated in the adult brain in response to
injury (for review, see Koistinaho and Koistinaho, 2005), and the
function of this upregulation may be to help mediate the migra-
tion of various cell types to the site of injury. In this context, the
further dissection of the pathways by which APP mediates early
neuronal migration may reveal specific biochemical functions
that should be known in order to anticipate potential side effects
of chronic inhibition of APP processing in humans with Alzhei-
mer’s disease or mild cognitive impairment.

Neuronal migration disorders in humans range in severity
and can lead to epilepsy, mental retardation and premature
death. Identification of the genes involved in these disorders has
provided key insights about normal cortical cell migration. Using
the technique of in utero electroporation, we have identified a
new participant involved in correct neuronal positioning in the
cortex. The unique advantages of in utero electroporation will
now allow us and others to systematically examine additional
factors to learn which can compensate for APP loss-of-function,
and which exacerbate the phenotype when knocked down or
overexpressed. In this manner, the protein–protein interaction
pathways that mediate APP function in neuronal migration can
be elucidated.
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