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Alzheimer’s disease (AD) involves activation of apoptotic pathways that may be regulated through signaling cascades initiated by the
amyloid precursor protein (APP). Enlarged endosomes have been observed in postmortem AD brains at very early stages of the disease.
We show here that exogenous expression of a familial AD (FAD) mutant of APP or of the APP binding protein APP–BP1 in neurons causes
enlargement of early endosomes, increased receptor-mediated endocytosis via a pathway dependent on APP–BP1 binding to APP, and
apoptosis. Levels of both APP–BP1 and Rab5 are elevated in early endosomes in cortical embryonic neurons expressing APP(V642I) or
APP–BP1, in cultured skin fibroblast cells from Down syndrome subjects, and in postmortem hippocampal tissue of individuals with AD.
Indeed, Rab5 was found to bind specifically to APP–BP1, between amino acids 443 and 479. Inhibition of Rab5 or dynamin activity, but
not of Eps15 (epidermal growth factor receptor pathway substrate 15) activity, rescued neurons from apoptosis induced by either
APP(V642I) or APP–BP1, without affecting levels of intracellular or secreted amyloid-� (A�). Induction of Rab5 activity via expression
of a constitutively active mutant led to an increase in neuronal apoptosis more than twice that attributable to induction of endosome
enlargement via a Rab5-independent mechanism, regardless of A� production. Together, these findings suggest that Rab5 activation via
an APP/APP–BP1-initiated signaling pathway mediates neuronal apoptosis caused by FAD mutants of APP and that, within this pathway,
Rab5 has a specific role in signaling that is distinct from, although not independent of, its role in trafficking.
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Introduction
The amyloid precursor protein (APP) is the source of the
�-amyloid peptides that accumulate in brains of patients with
Alzheimer’s disease (AD). APP primacy in the etiology of AD is
underscored by the fact that virtually all individuals with Down
syndrome (DS), who as a result of chromosome 21 trisomy over-
express APP, develop AD if they live past the age of 40 years. This,
combined with the fact that specific mutations in APP or dupli-
cation of the APP gene locus (Rovelet-Lecrux et al., 2006; Sleegers
et al., 2006) cause some forms of familial AD (FAD), raises the
possibility that an alteration of normal APP function may con-
tribute to AD neuropathology. Kang et al. (1987) were the first to
propose that APP might act as a signaling receptor. The first
direct evidence in support of this notion was the finding that the
APP cytodomain interacts with the heterotrimeric G-protein Go

(Nishimoto et al., 1993; Brouillet et al., 1999). Subsequently, we
described a second binding protein for the APP cytodomain,

APP–BP1 (Chow et al., 1996). APP–BP1 is a cell cycle protein that
drives the S to M transition in dividing cells (Y. Chen et al., 2000).
Exogenous expression of APP–BP1 in neurons has been shown to
cause DNA synthesis and consequent apoptosis via a signaling
pathway that is dependent on APP–BP1 binding to APP (Chen et
al., 2003).

During our characterization of this signaling pathway, we ad-
dressed the possibility that it may be at least partly routed through
endosomes. Endosomal abnormalities, including enlarged Rab5-
positive endosomes, comprise one of the earliest neuropatholog-
ical alterations in sporadic and familial AD (Cataldo et al., 2000,
2001). Threonine-668 phosphorylated APP cofractionates with
endosome markers and is present in enlarged endosomes of AD
hippocampal neurons (Lee et al., 2003), and C-terminal frag-
ments of APP localize to endocytic compartments (Grbovic et al.,
2003). Interestingly, upregulation of the endocytic pathway by
overexpression of the early endosome protein Rab5 increases the
level of C-terminal fragments of APP and the secretion of
amyloid-� (A�) (Grbovic et al., 2003).

We showed previously that exogenous expression of FAD APP
mutations in primary neurons causes the same intracellular ac-
cumulation of C-terminal fragments of APP and increased A�
secretion, with subsequent apoptosis (McPhie et al., 1997, 2001).
Given the similarities between the consequences of overexpres-
sion of Rab5 and expression of FAD APP, we asked whether
expression of FAD APP in primary neurons could lead to abnor-
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mal endosomal activation. We show that herpes simplex virus
(HSV)-mediated expression of APP(V642I) (numbering accord-
ing to that of APP-695) or of the APP–BP1 increases both Rab5
levels and the number and size of Rab5-positive structures and
enhances receptor-mediated endocytosis in a pathway dependent
on APP–BP1 binding to APP. It also causes increased levels of
both APP–BP1 and Rab5 in early endosomes, a phenomenon also
seen in skin fibroblasts from DS subjects and in postmortem
hippocampal tissue of individuals with AD. Rab5 specifically
binds to a region between amino acids 443 and 479 in APP–BP1.
Finally, we find that dominant-negative mutants of Rab5 and
dynamin, but not of Eps15 (epidermal growth factor receptor
pathway substrate 15), a protein that mediates a Rab5-
independent component of clathrin-mediated endocytosis, in-
hibits the neuronal apoptosis caused by APP(V642I) or APP–
BP1. Conversely, expression of constitutively active Rab5 leads to
an increase in neuronal apoptosis that is twice that induced by
endosome enlargement via a Rab5-independent mechanism.
These data suggest that Rab5 activation mediates neuronal apo-
ptosis caused by FAD mutants of APP and that this Rab5-
mediated pathway has a specific role in signaling that is distinct
from, but likely linked to, trafficking endocytosis.

Materials and Methods
Primary rat embryonic cortical culture and HSV infection
Primary cortical cultures from embryonic day 17 rat embryos were plated
at a density of 2.5 � 10 5 cells per 17 mm well on glass coverslips coated
with poly-D-lysine. Four days after plating, neurons were infected with
the appropriate viruses at a multiplicity of infection (MOI) of 1 per virus.
At this MOI, 70% or more of the neurons in the cultures express
the exogenous cDNAs. HSV expressing Escherichia coli �-galactosidase
(HSV–LacZ) was used as a control. In experiments in which two different
viruses were coexpressed, HSV–LacZ was added to the conditions involv-
ing expression of single viruses to equalize the amount of virus in all
conditions. The cells were processed for analysis 16 h after infection.

Culture of skin fibroblasts from Down syndrome subjects
and controls
Skin fibroblasts from a 5-month-old Down syndrome subject and
matched control skin fibroblasts (Coriell Institute for Medical Research,
Camden, NJ) were grown at 37°C in the presence of 5% CO2. The growth
medium, MEM with 2 mM L-glutamine and non-inactivated 10% fetal
bovine serum, was changed every 2 d.

Plasmid construction
All plasmid constructs were made in the pHSVPrpUC vector using stan-
dard techniques. The APP–BP1 and dominant-negative hUbc12(C111S)
HSV vectors have been described previously (Y. Chen et al., 2000), as has
the APP(V642I) HSV vector (McPhie et al., 1997). The HSV vectors
expressing FAD presenilin 1 (PS1) mutants were constructed in the same
manner as described for the HSV vectors expressing wild-type PS1 and
PS1 A246E by Bursztajn et al. (1998). cDNAs for green fluorescent pro-
tein (GFP)–Rab4 and GFP–Rab7 and for dominant-negative mutants of
these cDNAs were subcloned into HSVPrpUC from plasmids obtained
from Dr. Angela Wandinger-Ness (University of New Mexico, Albu-
querque, NM). Rab5 and Rab5(S34N) cDNAs were subcloned into HS-
VPrpUC from plasmids provided by Dr. Marianne Wessling-Resnick
(Harvard School of Public Health, Boston, MA). Dominant-negative
Eps15 and hepatocyte growth factor-regulated kinase substrate (Hrs)
cDNAs were provided by Drs. Alexandre Benmerah (Université Paris
Descartes, Paris, France) and Masayuki Komada (Tokyo Institute of
Technology, Yokohama, Japan), respectively.

Immunocytochemistry of cultured cells
Primary cortical neurons were infected with the appropriate viruses at an
MOI of 1 and, 16 h later, were fixed for 20 min with 4% paraformalde-
hyde (PFA). Cultures were washed three times with 5% normal goat
serum (NGS) in PBS and were incubated overnight with the appropriate

antibody made up in 5% NGS containing 0.3% Triton X-100. Cells were
then washed three times with PBS and incubated for 1 h with a
fluorescent-tagged secondary antibody. After the incubation, cells were
washed once with PBS, and the coverslips were mounted on slides using
Gel/Mount (Biomeda, Foster City, CA). The antibodies used were rabbit
anti-Rab5A (1:400; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit
anti-Rab7 (1:250; Santa Cruz Biotechnology), rabbit ant-early endoso-
mal antigen 1 (EEA1) (1:250; Abcam, Cambridge, MA), and mouse anti-
APP–BP1 (1:100; BD Transduction Laboratories, San Jose, CA).

Immunocytochemistry of postmortem tissue
Forty-micrometer-thick postmortem brain tissues from the prefrontal
cortex of subjects diagnosed with neuropathological evidence of early
stage AD (described in detail by Cataldo et al., 2000), fixed in PFA, were
immersed in TBS (20 mM Tris, pH 7.4, and 8.75% NaCl), rinsed three
times with PBS, and rinsed twice with diluting buffer (10 mM phosphate
containing 2% BSA, 0.4% Triton X-100, and 1% normal goat serum).
The tissue sections were incubated in 20% normal goat serum in 10 mM

phosphate buffer for 10 min, after which they were incubated with rabbit
anti-APP–BP1, BP339, and mouse anti-Rab5 at room temperature for
40 h. Sections were washed once in 10 mM phosphate buffer and twice in
diluting buffer. The sections were incubated with Alexa Fluor 488 goat
anti-mouse and Alexa Fluor 555 goat anti-rabbit overnight and washed
before they were mounted onto slides.

Immunoblots
Sixteen hours after infection of the cultures with HSV vectors, primary
neurons were homogenized in lysis buffer [100 mM Tris-HCl, 20 mM

NaCl, 10 mM EDTA, 10 mM EGTA, 1% SDS with 10 �g/ml leupeptin, 10
�g/ml aprotinin, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride
(PMSF), 1 mM benzamidine, and 10 mM �-glycerol phosphate], and
proteins in the lysates were separated by SDS-PAGE. Proteins were then
transferred to polyvinylidene difluoride (Millipore, Bedford, MA) mem-
branes for immunoblot analysis (Western Star immunodetection sys-
tem; Tropix Applied Biosystems, Foster City, CA). The antibodies used
for the immunoblots were rabbit anti-Rab5A (1:1000; Santa Cruz Bio-
technology), mouse anti-Rab11 (1:1000; BD Transduction Laborato-
ries), mouse anti-APP–BP1 (1:1000; BD Transduction Laboratories),
rabbit anti-EEA1 (1:1000; Abcam), and mouse anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (1:1000; Abcam). Densitometry
analysis was performed with NIH ImageJ software, and levels were stan-
dardized to GAPDH.

Apoptosis assays
Bisbenzimide staining. For analysis of condensed nuclei, primary cortical
cultures were infected with the appropriate viruses at an MOI of 1, and
16 h later the cells were fixed for 20 min with 4% paraformaldehyde and
stained with bisbenzimide as described previously (McPhie et al., 2001).
Ten random fields of 150 –250 cells were analyzed for each condition.
The number of cells with condensed nuclei relative to the total number of
cells per field was calculated and expressed as a percentage. All experi-
ments were repeated three to four times. The statistical analysis has been
described in detail by Chen et al. (2003).

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling assay. Apoptosis was independently assessed by the ApopTag
Plus Apoptosis Detection kit (Chemicon Temecula, CA). The assay was
applied according to the instructions of the manufacturer. In brief, neu-
rons were fixed in 1% paraformaldehyde, pH 7.4, washed, and then
incubated in ethanol/acetic acid 2:1 for 5 min. After equilibration with
buffer, cells were incubated at 37°C for 1 h with TdT enzyme. The reac-
tion was stopped and the cells were incubated for 30 min at room tem-
perature with anti-digoxigenin conjugate, after which they were washed,
counterstained with propidium iodide, and mounted.

Receptor-mediated endocytosis
Receptor-mediated uptake was examined according to Grbovic et al.
(2003) using fluorescent tagged transferrin–Alexa 588 (Invitrogen,
Carlsbad, CA). Primary neurons grown in 24-well plates were washed
and incubated for 30 min at 37°C in PBS containing 0.1% bovine serum
albumin and 20 mM HEPES. Cells were then incubated with transferrin

7142 • J. Neurosci., July 4, 2007 • 27(27):7141–7153 Laifenfeld et al. • Rab5 and APP-Mediated Apoptosis



(50 �g/ml) on ice for 1 h, after which they were washed three times before
being warmed to 37°C for 5 min (to initiate uptake specifically by early
endosomes). After this incubation, cells were fixed with 4% paraformal-
dehyde for 20 min.

Quantitative transferrin uptake assay
Quantitation of transferrin uptake was based on the method of Fuku-
mori et al. (2006). Briefly, internalized transferrin was assessed by wash-
ing cells three times in HBSS (Sigma, St. Louis, MO), pH 7.4. Cells were
incubated 30 min on ice with 8 �g/ml biotin–transferrin (Sigma) in
conditioned medium, after which they were incubated for 7 min at 37°C.
Cells were then washed three times with HBSS, pH 4.0, and harvested for
immunoblot analysis. To determine levels of surface-bound transferrin,
cells were incubated for 30 min with biotin–transferrin at 4°C and
washed three times with HBSS, pH 7.4. Cells were then harvested for
immunoblot analysis.

Endosome fractionation
Fractionation of endosomes was based on the method of Seemann et al.
(1997) and was described previously (McPhie et al., 2003). Briefly, 100
mg of frozen hippocampal postmortem tissue (Harvard Brain Tissue
Resource Center) (Table 1) was lysed in 2 ml of homogenization buffer
(HB) plus protease inhibitors. The lysate was passed 10 times through a
26 gauge needle. After a 1300 � g spin at 4°C, the postnuclear superna-
tant was adjusted to 40.6% sucrose and 3 mM imidazole, pH 7.4, and
transferred to an SW41 tube (Beckman Coulter, Fullerton, CA). The
sample was overlaid successively with the following: 4 ml of 35% sucrose,
3 mM imidazole, pH 7.4; 3 ml of 25% sucrose, 3 mM imidazole, pH 7.4;
and 2 ml of HB. This sucrose gradient was centrifuged at 160,000 � g for
90 min. The late endosome fraction (at the 25% sucrose–HB interface),
early endosome fraction (at the 25–35% sucrose interface), and heavy
membrane fraction (at the 35– 40.6% sucrose interface) were taken.
Twenty micrograms of each sample, in triplicate, were then electropho-
resed on an SDS-PAGE gel.

Coimmunoprecipitation
Primary cortical neurons were seeded at 5 � 10 6 cells per dish in 60 mm
poly-D-lysine-coated dishes. Neurons were infected with HSV–myc–
APP–BP1 and HSV–Rab5 for 16 h. Coimmunoprecipitation was per-
formed at 4°C throughout and was based on the procedure described by
Enouf et al. (2003). In brief, cells were washed in Dulbecco’s PBS (in
g/liter: 0.1 anhydrous CaCl2, 0.2 KCl, 0.2 KH2PO4, 0.1 MgCl2�6H2O, 8.0
NaCl, and 2.16 Na2HPO4�7H2O) and lysed with 10 mM potassium ace-
tate/10 mM HEPES, pH 7.3, containing 50 mM NaF, 1 mM PMSF, 10
�g/ml aprotinin, 10 �g/ml leupeptin, 1 mM Na3VO4, 1 mM iodoacet-
amide, 1 mM benzamidine, and 10 mM �-glycerol phosphate. The lysates
were subjected to 10 passages through a 26 gauge needle, after which the
buffer was adjusted to 25 mM potassium acetate/125 mM HEPES, pH 7.3.
The homogenate was centrifuged at 2000 � g for 20 min to remove
nuclei, followed by centrifugation at 18,600 � g for 15 min. Lysates were
precleared with either protein G [for monoclonal antibody (mAb)] or
protein A (for polyclonal antibody) beads for 1 h, after which they were
incubated with 3 �g of 9E10 anti-myc antibody (Upstate Biotechnology,
Lake Placid, NY), anti-hemagglutinin (HA) antibody (Roche Diagnos-
tics, Indianapolis, IN), or anti-APP–BP1 antibody (BD Transduction

Laboratories) overnight at 4°C. Subsequently, protein G was added for
2 h, after which the beads were washed four times in 25 mM potassium
acetate/125 mM HEPES, pH 7.3, with protease inhibitors. The proteins in
the immune complexes were separated by SDS-PAGE.

Analysis of A� levels
Secreted and intracellular A� levels were analyzed by sandwich ELISA as
described previously (Murphy et al., 2000). Media were collected 16 h
after infection, and cell debris was removed by centrifugation. Cells were
lysed with 0.1% Triton X-100 and pelleted at 20,000 � g. Complete
protease inhibitor cocktail (Roche Diagnostics) was added to the media
and to the cell lysate. A�40 and A�42 were quantified by mAb9/mAb40.1–
HRP and mAb42.2/mAb9 –HRP ELISAs, respectively. All measurements
were performed in triplicate.

Confocal microscopy
Confocal images were obtained using a Leica (Nussloch, Germany)
TCS-NT laser confocal microscope.

Results
Exogenous expression of APP(V642I) or APP–BP1 increases
the number and size of Rab5-positive structures in neurons
Abnormalities in the endosomal pathway represent one of the
earliest manifestations of AD pathology. Therefore, we examined
the morphology of early endosomes in primary neuronal cultures
infected with an HSV vector expressing the FAD APP mutant
V642I (McPhie et al., 1997). Immunocytochemical analysis of
HSV vector-infected cortical neurons with an antibody to the
early endosomal protein Rab5 revealed that, whereas HSV–LacZ-
infected control cells displayed small uniform vesicular compart-
ments immunoreactive with anti-Rab5, cells infected with HSV–
APP(V642I) contained more numerous and atypically large
Rab5-positive structures (Fig. 1). Structures positive for Rab7, a
late endosomal marker, did not differ in size between experimen-
tal and control cultures. These data suggest that an FAD mutant
of APP can cause enlargement of early endosomes in primary
neuronal cultures.

We showed previously that APP interacts at its C terminus
with the cell cycle protein APP–BP1 (Chow et al., 1996; Y. Chen et
al., 2000) and that expression of APP(V642I) in neurons causes
an increase in the levels of APP–BP1 (Chen et al., 2003). There-
fore, we ectopically increased the levels of APP–BP1 in primary
neuronal cultures by infecting them with an HSV vector encod-
ing APP–BP1 (HSV–APP–BP1). Immunoblots confirmed over-
expression of APP–BP1 (data not shown). Immunocytochemical
analysis of the cultures with the antibody to Rab5 demonstrated
that, similar to HSV–APP(V642I)-infected cells, cells infected
with HSV–APP–BP1 contained more numerous and larger
Rab5-positive structures than control HSV–LacZ-infected cells
(Fig. 1), whereas Rab7-positive structures remained unchanged.

HSV-mediated APP–BP1 or APP(V642I) expression enhances
receptor-mediated endocytosis
As described above, HSV-mediated expression of APP–BP1 or of
APP(V642I) in neurons in vitro causes increases in the number
and size of Rab5-positive structures, which are probably early
endosomes. To examine whether APP–BP1 or APP(V642I) ex-
pression not only causes structural changes in early endosomes
but also alters endosomal function, we analyzed the effects of
exogenous APP–BP1 and APP(V642I) expression on receptor-
mediated endocytosis. Primary neuronal cultures infected with
HSV–APP–BP1 or HSV–APP(V642I) were incubated with flu-
orophore Alexa 588-conjugated transferrin for 5 min. Cells in-
fected with HSV–APP–BP1 or with HSV–APP(V642I) showed a
qualitative increase in the number of transferrin-positive vesicles

Table 1. Demographic data for postmortem hippocampal tissue

Tissue number Group Age (years) Sex PMI

B5095 Control 82 M 17.16
B5140 Control 74 F 23.00
B5803 Control 74 M 14.33
B5919 Control 80 M 18.68
B5985 Control 77 M 24.58
B5033 AD/Braak 5 74 M 14.75
B5480 AD/Braak 5 80 M 17.08
B5929 AD/Braak 6 74 F 17.50
B5939 AD/Braak 5/6 82 M 17.92

M, Male; F, female; PMI, postmortem interval.
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relative to control HSV–LacZ-infected cells, indicating an in-
crease in constitutive receptor-mediated endocytosis (Fig. 2A).
We quantified the increases in receptor-mediated endocytosis by
measuring the ratio of internalized versus bound transferrin in
APP–BP1- and APP(V642I)-expressing cells. Primary cortical
neurons infected with HSV–APP–BP1 or with HSV–APP(V642I)
showed a quantitative and significant increase in the ratio of in-
ternalized to bound transferrin relative to controls (Fig. 2B).

Exogenous expression of APP–BP1 or APP(V642I) in neurons
causes increases of Rab5 and EEA1 protein levels but not of
Rab11 levels
To confirm our immunocytochemical results at the biochemical
level, we infected primary neuronal cultures with HSV–APP–BP1
or HSV–APP(V642I). The cell lysates were immunoblotted with
antibodies to specific proteins involved in the endocytic pathway.
As shown in Figure 3, the levels of Rab5 and of another marker of
early endosomes, EEA1, are increased in cultures infected with
HSV–APP–BP1 or HSV–APP(V642I) relative to control cultures.
However, the levels of Rab11, involved in endosome recycling,
are not increased in these same cultures. This result suggests that

the endosome abnormalities caused by exogenous expression of
APP–BP1 or of APP(V642I) are specific for early endosomes.

APP–BP1- and APP(V642I)-mediated changes in the
morphology and the function of early endosomes are
dependent on the binding of APP–BP1 to APP but are
independent of the neddylation pathway
We showed previously that APP–BP1 interacts directly with APP
(Chow et al., 1996). To test whether this interaction was necessary
for APP–BP1- or APP(V642I)-mediated changes in the structure
and function of early endosomes, we used HSV vectors to coex-
press in neurons a peptide representing the domain of APP–BP1
that binds to APP (Chow et al., 1996; Y. Chen et al., 2000), to-
gether with APP–BP1 or APP(V642I). Expression of this peptide,
APP–BP1(145–251), blocks both the enlargement of endosomes
(Fig. 4A) and the enhanced receptor-mediated endocytosis (Fig.
5A) caused by exogenous expression of APP–BP1 or
APP(V642I), suggesting that interaction of APP with APP–BP1 is
required for the endosomal changes caused by these proteins. We
cannot, however, rule out the possibility that expression of APP–
BP1(145–251) blocks interactions of the C terminus of APP with

Figure 1. Exogenous expression of APP–BP1 or APP(V642I) increases the number and size of Rab5-positive structures in neurons. Primary neurons were infected with HSV vectors expressing
APP–BP1, APP(V642I), or LacZ control. Sixteen hours later, the infected cells were harvested, and their proteins were analyzed by immunoblot to confirm expression of the transgene (data not
shown). Cells were fixed and stained with rabbit polyclonal anti-Rab5 plus Alexa 555-conjugated secondary (red). Cells expressing APP–BP1 (B) or APP(V642I) (C) present larger and more numerous
Rab5-positive structures than do the control HSV–LacZ-infected cells (A). D, E, and F are the corresponding differential interference contrast images for A, B, and C, respectively. Scale bar, 5 �m.
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other proteins that bind to it as well and that these disruptions
contribute to the abnormal endocytosis.

We have shown that one of the pathways initiated by APP–
BP1 is the neddylation pathway (Y. Chen et al., 2000). This path-
way includes hUbc12, the NEDD8-conjugating enzyme in the
neddylation pathway. To determine whether the neddylation
pathway mediates the effects of APP–BP1 or APP(V642I) expres-
sion on endosome structure and function, we coexpressed in
neurons a dominant-negative mutant (C111S) of hUbc12 with
APP–BP1 or APP(V642I). As shown in Figures 4B and 5B, inhi-
bition of the neddylation pathway by expression of
hUbc12(C111S), which blocks apoptosis caused by exogenous
expression of APP–BP1 or APP(V642I) (Chen et al., 2003), does
not block either the enlargement of endosomes (Fig. 4B) or the
enhanced receptor-mediated endocytosis (Fig. 5B) caused by AP-
P–BP1 or APP(V642I). These data suggest that the endosomal
changes caused by these proteins are independent of neddylation,
which may occur downstream of Rab5 activation or in an inde-
pendent APP–BP1-mediated pathway.

Rab5 binds to a subregion of APP–BP1 between amino acids
443 and 479
Given that the effects on endosomes of exogenous expression of
APP–BP1 are independent of the neddylation pathway, we ad-
dressed the possibility that direct interaction of APP–BP1 with
Rab5 might mediate the endosomal abnormalities seen in neu-
rons infected with HSV–APP–BP1. To determine whether APP–
BP1 and Rab5 interact directly in neurons, we infected primary
rat embryonic cortical neurons with HSV vectors expressing myc
epitope-tagged APP–BP1 and Rab5, or myc-APP–BP1 and Rab7.
Myc-APP–BP1 was immunoprecipitated from the neuronal cell
lysates with 9E10, an antibody specific for the myc epitope. The

immunoprecipitated material was blotted with antibodies to
Rab5 or to Rab7. As shown in Figure 6, the antibody to Rab5
immunodetected a specific protein band in the immunoprecipi-
tated fraction that comigrates with myc–Rab5 in the lysate from a
culture infected with HSV–myc–Rab5 (Fig. 6A). The Rab7 anti-
body did not immunodetect a protein in the immunoprecipi-
tated fraction (Fig. 6B). These data suggest that APP–BP1 inter-
acts specifically with Rab5 in cells in rat primary cortical cultures.

To define the subregion of APP–BP1 to which Rab5 binds, we
coinfected cortical neurons with HSV–Rab5 and one of three
vectors expressing three different APP–BP1 peptides: APP–
BP1(�401– 479), HA-tagged APP–BP1(443– 479), or HA-tagged
APP–BP1(145–225). APP–BP1(�401– 479) was immunopre-
cipitated with anti-APP–BP1, and HA–APP–BP1(443– 479) or
HA–APP–BP1(145–225) was immunoprecipitated with anti-
HA. The immunoprecipitated material was blotted with an anti-
body to Rab5. As shown in Figure 6C, the antibody to Rab5
immunodetected a specific protein band in cells overexpressing
full-length APP–BP1, as well as in those expressing APP–

Figure 2. Exogenous expression of APP–BP1 or APP(V642I) causes a quantitative increase in
receptor-mediated endocytosis. A, Primary neurons expressing APP–BP1, APP(V642I), or the
LacZ control were incubated on ice with fluorescent-tagged transferrin for 1 h before being
incubated for 5 min at 37°C and then fixed. Cells expressing APP–BP1 or APP(V642I) show
higher levels of receptor-mediated endocytosis, as indicated by the higher level of transferrin
uptake at 5 min compared with control LacZ-expressing cells. Scale bar, 10 �m. B, Cells infected
with HSV–APP–BP1, HSV–APP(V642I), or HSV–LacZ were incubated for 30 min on ice with
biotin transferring (Tf), after which they were harvested to assess bound transferring, or incu-
bated at 37°C for 5 min to assess internalized transferrin. ANOVA showed that neurons express-
ing APP–BP1 or APP(V642I) present a significantly higher ratio of internalized to bound trans-
ferrin compared with control. *p � 0.01. The inset shows a representative blot depicting
internalized transferrin in the different conditions.

Figure 3. Exogenous expression of APP(V642I) or APP–BP1 in neurons causes increases of
Rab5 and EEA1 protein levels but not of Rab11 levels. Primary neurons were infected with HSV
vectors expressing APP–BP1, APP(V642I), or LacZ; 16 h later, the cells were lysed. Equal
amounts of protein were separated by SDS-PAGE on three separate gels, and each was trans-
ferred to a polyvinylidene difluoride (PVDF) membrane. Blots were probed with rabbit poly-
clonal anti-Rab5, rabbit polyclonal anti-EEA1, or mouse monoclonal anti-Rab11. Each blot was
also probed with mouse monoclonal anti-GAPDH to standardize for loading differences be-
tween samples. ANOVA revealed that neurons expressing APP–BP1 or APP(V642I) presented a
significant increase in Rab5 and EEA1 protein levels, but not in Rab11 levels, compared with
mock- or HSV–LacZ-infected control neurons. *p � 0.01. Values shown are densitometry val-
ues standardized to GAPDH. Insets show a representative gel for each condition.
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BP1(443– 479), but not in those express-
ing APP–BP1(�401– 479) or APP–
BP1(145–225). This suggests that Rab5
binds to a region within amino acids 443–
479 in APP–BP1.

APP–BP1 and Rab5 proteins colocalize
in cultured neurons and in neurons in
control and AD frontal cortex
To determine whether APP–BP1 and
Rab5 were present in the same subcellular
compartments, we infected primary cul-
tures of rat cortical neurons with an HSV
vector expressing APP–BP1. Immunocy-
tochemical analysis of the cultures with
antibodies to APP–BP1 and Rab5 revealed
overlap in their subcellular distributions,
primarily in punctuate endosome-like
structures (Fig. 7A). To determine
whether these in vitro data are reflected in
vivo, postmortem prefrontal cortex tissue
from AD and control human brains was
stained with antibodies to APP–BP1 and
Rab5. The staining confirmed the exis-
tence of enlarged Rab5-positive endo-
somes in AD brain compared with control
and revealed a significant overlap between
APP–BP1 and Rab5, in both control and
AD brain, that was particularly pro-
nounced in the enlarged endosomes in AD
brain (Fig. 7B).

Figure 4. APP–BP1- and APP(V642I)-mediated changes in the morphology of early endosomes are dependent on the binding of APP–BP1 to APP but are independent of the neddylation
pathway. Primary neurons expressing exogenous APP–BP1 or APP(V642I) were coinfected with either APP–BP1(145–251), the region to which APP binds, or Ubc12(C111S), a dominant-negative
mutant in the neddylation pathway. Neurons were then fixed and stained with mouse anti-EEA1 (red) and rabbit anti-Rab5 (green). The right side of each image shows the merged image of EEA1
and Rab5, depicting early endosomes. The insets are enlarged images demonstrating discrete endosomes in single neurons. A, Coexpression of APP–BP1(145–251) with APP–BP1 or APP(V642I) in
primary neurons blocks the increase in number and size of early endosomes seen in neurons expressing APP–BP1 or APP(V642I) alone. B, In contrast, coexpression of Ubc12(C111S) does not block
the increase in number and size of early endosomes seen in neurons expressing APP–BP1 or APP(V642I) alone. Scale bar, 5 �m.

Figure 5. Enhanced receptor-mediated endocytosis caused by exogenous expression of APP–BP1 or APP(V642I) in neurons is
inhibited when APP binding to APP–BP1 is blocked but not when the neddylation pathway is blocked. Primary neurons coexpress-
ing APP–BP1 (145–251) together with APP–BP1 or APP(V642I) do not show an increase in receptor-mediated endocytosis, as
indexed by transferrin uptake, which is observed in neurons expressing APP–BP1 or APP(V642I) alone. In contrast, neurons
coexpressing Ubc12(C111S) together with APP–BP1 or APP(V642I) retain the enhanced receptor-mediated endocytosis caused by
these proteins. Scale bar, 10 �m.
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APP–BP1 and Rab5 levels are increased in early endosomes in
primary neurons expressing exogenous APP–BP1 or
APP(V642I), in DS skin fibroblasts, and in AD hippocampus
Subcellular fractionation of rat brain tissue (Fig. 8A) was per-
formed to confirm the localization of APP–BP1 in a fraction
enriched in Rab5-containing endosomes. Whole rat brain tissue
was fractionated into heavy membranes, early endosomes, and
late endosomes (Seemann et al., 1997). Equal amounts of protein
from the three fractions were subjected to immunoblot analysis
with antibodies to APP–BP1 and Rab5. Indeed, APP–BP1 was
enriched in the Rab5-positive early endosome fraction.

Levels of both APP–BP1 and Rab5 were assessed specifically in
early endosomes in primary neurons expressing exogenous APP–
BP1 or APP(V642I), in DS skin fibroblasts, or in AD hippocam-
pus relative to controls (Table 1). Rat primary cortical embryonic
neurons infected with HSV–APP–BP1 or with HSV–APP(V642I)
were fractionated and subjected to immunoblot analysis with
antibodies to APP–BP1 and Rab5. As shown in Figure 8B, APP–
BP1 and Rab5 levels are increased specifically in early endosomes
after exogenous expression of either APP–BP1 or APP(V642I).
To determine whether this elevation of APP–BP1 and Rab5 in
early endosomes is also seen in DS and AD, lysates of skin fibro-
blasts from DS subjects, as well as from postmortem hippocam-
pal tissue from AD brains, were similarly fractionated and sub-
jected to immunoblot analysis. Figure 8 demonstrates a
significant increase in levels of APP–BP1 and Rab5 in early endo-
somes in DS cells (Fig. 8C) as well as in AD brain (Fig. 8D) relative
to controls, confirming the relevance to DS and AD of these
alterations in APP–BP1 and Rab5.

Exogenous expression of FAD mutants of presenilin does not
affect the number or size of Rab5-positive structures in
neurons
Cataldo et al. (2001) reported that endocytic pathway abnormal-
ities are present in the brains of individuals with Alzheimer’s

disease caused by certain FAD APP mutations but are not detect-
able in the brains of individuals with Alzheimer’s disease caused
by FAD mutants of PS1. To test whether the same was true in our
in vitro model, we infected primary neuronal cultures with HSV–
APP(V642I), HSV–PS1(A280E), or HSV–PS1(M146L) and ana-
lyzed the cultures immunocytochemically with an antibody to
Rab5 (Fig. 9). Consistent with the observations of Cataldo et al.
(2001), we detected numerous enlarged Rab5-positive structures
in neurons infected with HSV–APP(V642I) but not in neurons
infected with HSV vectors expressing either of the FAD PS1
mutations.

Dominant-negative Rab5 blocks apoptosis caused by either
APP–BP1 or APP(V642I)
We have shown here that primary neurons expressing
APP(V642I) or APP–BP1 manifest endosomal abnormalities
similar to those observed in AD brain. We showed previously that
exogenous expression of APP(V642I) or APP–BP1 in primary
neurons in culture caused the neurons to enter apoptosis (Chen
et al., 2003). To determine whether the endosomal abnormalities
caused by expression of these proteins in neurons is related to
neuronal apoptosis, we used HSV vectors to coexpress a
dominant-negative mutant of Rab5 (S34N) with APP–BP1 or
APP(V642I) in primary neuronal cultures. Immunocytochemi-
cal analysis of the infected cultures with an antibody to the early
endosomal antigen EEA1 showed that coexpression of the
dominant-negative mutant of Rab5 with either APP–BP1 or
APP(V642I) inhibited the endosome enlargement caused by ex-
pression of either of these proteins alone (Fig. 10A). In addition,
incubation of neurons coexpressing the Rab5 mutant with APP–
BP1 or APP(V642I) with fluorophore Alexa 588-conjugated
transferrin for 5 min showed an inhibition of receptor-mediated
uptake compared with neurons expressing APP–BP1 or
APP(V642I) alone (Fig. 10B).

As shown in Figure 10C, apoptosis caused by exogenous ex-
pression of APP–BP1 or APP V642I also is inhibited when Rab5
function is blocked by expression of a Rab5 dominant-negative
mutant (S34N). In contrast, coexpression of dominant-negative
mutants of Rab7 (N125I) or of Rab11 (S27N) with APP–BP1 or
APP(V642I) did not inhibit neuronal apoptosis caused by these
proteins. The apoptosis data were obtained by bisbenzimide
staining and were independently confirmed by terminal deoxy-
nucleotidyl transferase-mediated biotinylated UTP nick end la-
beling assay.

Dominant-negative Eps15 does not rescue neurons from
apoptosis caused by APP–BP1 or APP(V642I) but dominant-
negative dynamin does
Rab5 has been shown to play direct signaling roles that are inti-
mately tied to the endocytosis machinery but are distinct from its
housekeeping role in endocytosis (Lanzetti et al., 2004; Miaczyn-
ska et al., 2004). We asked whether the rescue effect of
rab5(S34N) on APP–BP1- or APP(V642I)-induced apoptosis
was the consequence of inhibiting endocytosis or of inhibiting
a direct Rab5-mediated signaling pathway within the endo-
somal compartment. Eps15 is a constitutive component of
clathrin-coated pits, and the dominant-negative Eps15 mutant,
Eps15�95–295, inhibits both ligand-induced and constitutive en-
docytosis by sequestering the endocytic adaptor protein AP2
(Benmerah et al., 1999), without directly affecting Rab5. Coex-
pression of Eps15�95–295 with APP–BP1 or APP(V642I) in pri-
mary cortical embryonic neurons did not rescue neurons from
their apoptotic fate (Fig. 11A), suggesting that the involvement of

Figure 6. Rab5 binds to a subregion of APP–BP1 within amino acids 443– 479. Primary
neurons were infected with HSV vectors expressing myc–APP–BP1 and Rab5 or myc–APP–BP1
and Rab7. myc–APP–BP1 was precipitated from the cell lysate with the anti-myc antibody 9E10
or with an irrelevant anti-HA antibody. A, B, The blots were probed with anti-Rab5 (A) or
anti-Rab7 (B). Rab5, but not Rab7, coprecipitated with myc–APP–BP1. The lane labeled “whole
cell” represents 4% of the lysate used for immunoprecipitation (i.p.). C, To determine the sub-
region of APP–BP1 to which Rab5 binds, neurons were coinfected with HSV–Rab5 and HSV
vectors expressing APP–BP1(�401– 479), HA–APP–BP1(443– 479), or HA–APP–BP1(145–
251). Immunoprecipitation was performed with anti-APP–BP1 or anti-HA, and the immuno-
precipitate was blotted with an antibody to Rab5. A specific protein band was detected in cells
coexpressing APP–BP1 or APP–BP1(443– 479) with Rab5 but not in those coexpressing APP–
BP1(�401– 479) or APP–BP1(145–225), suggesting that Rab5 binds to a region within amino
acids 443– 479 in APP–BP1.
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Rab5 in the APP signal transduction path-
way may be distinct from its role in
endocytosis.

However, despite the fact that
Eps15�95–295 appeared to inhibit the in-
crease in endosome size caused by exoge-
nous expression of APP–BP1 or
APP(V642I) in neurons, it remained pos-
sible that a subpopulation of endosomes
outside of the clathrin-dependent endo-
cytic pathway remained enlarged in the
presence of Eps15�95–295 and that this
subpopulation mediated apoptosis caused
by APP–BP1 or APP(V642I). To test this
hypothesis, we coexpressed dominant-
negative dynamin(K44A) with APP–BP1
or APP(V642I). Dynamin is a large
GTPase that plays an essential role in ves-
icle scission during endocytosis. Whereas
Eps15 participates strictly in clathrin-
mediated endocytosis, dynamin partici-
pates not only in clathrin-mediated endo-
cytosis but also in calveolin-mediated
endocytosis and may play a role in mito-
genic signaling that is distinct from its role
in receptor-mediated endocytosis (for re-
view, see Sever, 2002). As shown in Figure
11B, dynamin(K44A) partially inhibits
neuronal apoptosis caused by APP–BP1 or
APP(V642I), suggesting that the apoptosis
may be attributable in part to either
calveolin-mediated endocytosis and/or
rab5 signaling that is distinct from, but not
independent of, endocytosis.

Induction of enlarged endosomes
through a Rab5-dependent mechanism
leads to an increase in neuronal
apoptosis greater than that induced by
enlargement of endosomes via a Rab5-
independent mechanism
The data from the previous experiment
suggested that at least part of the function
of Rab5 in the apoptotic pathway initiated
by APP may be a specialized endocytic
event distinct from its housekeeping role
in endocytosis, because inhibiting
clathrin-dependent endocytosis did not in
itself result in neuronal rescue. We there-
fore asked whether using a Rab5-
independent mechanism to enlarge endo-
somes in cortical neurons would have a
different effect on apoptosis from that
seen by expressing a constitutively active
mutant of Rab5(Q79L). Expression of
Rab5(Q79L) causes endosome enlarge-
ment (Stenmark et al., 1994) and regulates
specific mitogenic signaling (Dinneen and
Ceresa, 2004) in cultured cells. Hrs is an
early endosomal protein that, when over-
expressed, also causes enlargement of en-
dosomes (Komada et al., 1997). Hrs does
not interact with Rab5 (Hayakawa and

Figure 8. APP–BP1 and Rab5 levels are increased relative to controls in early endosomes in primary neurons expressing
exogenous APP–BP1 or APP(V642I), in DS skin fibroblasts, and in AD hippocampus. A, Subcellular endosomal fractionation of rat
brain tissue shows increased levels of APP–BP1 specifically in the Rab5-positive early endosome fraction. H, Heavy membranes; L,
late endosomes; E, early endosomes. B, Primary cortical rat embryonic neurons expressing APP–BP1 or APP(V642I) were fraction-
ated and subjected to immunoblot analysis. Equal amounts of protein were loaded for all samples, and densitometry values were
standardized to levels of GAPDH. Neurons expressing APP–BP1 or APP(V642I) show an increase in standardized APP–BP1 and
Rab5 levels in early endosomes (EE) relative to controls (neurons expressing LacZ). C, D, Lysates of skin fibroblasts from DS subjects
(C) and from postmortem hippocampal tissue from control and AD brains (D) were similarly fractionated and subjected to immu-
noblot analysis. In D, each lane represents a postmortem tissue sample from a distinct control (con) or AD subject (see Table 1).
ANOVA showed significant increases in standardized levels of APP–BP1 and Rab5 in early endosomes in DS cells and in AD brain
relative to controls. *p � 0.001.

Figure 7. APP–BP1 and Rab5 colocalize in cultured neurons overexpressing APP–BP1 and in neurons in control and AD frontal
cortex, as shown by confocal microscopy. A, Immunocytochemical analysis of neuronal cultures expressing exogenous APP–BP1
revealed close to a 63% overlap in their subcellular distributions, primarily in punctuate endosome-like structures. Scale bar, 5
�m. B, To determine whether these data are reflected in vivo, we stained postmortem prefrontal cortex tissue from AD and control
human brains with antibodies to APP–BP1 and Rab5. The staining reveals an average of 82% overlap between APP–BP1 and Rab5
in control and AD brain, particularly in the enlarged endosomes in AD (arrows). Scale bar, 5 �m. Overlap was determined by
comparing the number of costained cells with the total number of stained cells.
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Kitamura, 2000), suggesting that Hrs-induced enlargement of
endosomes proceeds by a pathway independent of Rab5. Figure
12 shows that, although either expression of Rab5(Q79L) or over-
expression of Hrs in primary neurons in culture leads to apopto-
sis, the increase in neuronal apoptosis induced by Rab5(Q79L) is
more than twofold greater than that observed in Hrs-
overexpressing cells.

Levels of A� do not correlate with effects on
neuronal apoptosis
The endocytic pathway is thought to be involved in APP metab-
olism, and endosomes have been shown to be an intracellular site
of A� generation (Perez et al., 1999; Soriano et al., 1999). To
determine whether APP–BP1- or APP(V642I)-mediated neuro-
nal apoptosis correlates with intracellular or secreted A� levels,
we assessed A� levels after blocking APP–BP1- or APP(V642I)-
induced enlargement of endosomes by coexpression of
dominant-negative mutants of Rab5 or Eps15. Although intra-
cellular and secreted A� levels were increased in cells expressing
APP(V642I) and intracellular levels were increased, to a lesser
degree, by APP–BP1, no difference in either intracellular or se-
creted A� levels was found consequent to coexpression of either
of the dominant-negative mutants. Secreted A� levels were in-
creased to a similar extent consequent to the induction of en-
larged endosomes by expression of either constitutively active
Rab5 or overexpressed Hrs. However, the former resulted in an
increase in neuronal apoptosis more than twice that caused by
overexpression of Hrs, demonstrating a lack of correlation be-
tween A� levels and endocytic effects on apoptosis (data not
shown).

Discussion
We show here that exogenous expression of APP(V642I) or the
APP binding protein APP–BP1 increases the number and size of
Rab5-positive early endosomes in neurons and enhances
receptor-mediated endocytosis. We further demonstrate that
APP–BP1 or APP(V642I) exogenous expression increases pro-
tein levels of Rab5 in neurons, suggesting that this may be the
mechanism by which exogenous expression of these cDNAs
causes endosomal enlargement and activation. The activation of
endosomes by APP(V642I) or APP–BP1 did not occur when APP
binding to APP–BP1 was inhibited or when a dominant-negative
mutant of Rab5 was coexpressed. These data confirm the involve-
ment of APP and APP–BP1 in a Rab5-dependent signaling path-
way linked to endosomal enlargement and activation.

Endocytosis has been linked to the cell cycle (Sager et al., 1984;
Warren et al., 1984; Warren, 1989; Polo et al., 2004), leading us to
focus in the current study on APP–BP1, an APP binding partner

and a cell cycle protein (Y. Chen et al.,
2000), as a potential candidate mediating
the FAD APP-initiated signaling pathway
that regulates Rab5 activity. Exogenous
expression of APP–BP1 in neurons has
been shown to cause DNA synthesis and
consequent apoptosis via a signaling path-
way that is dependent on APP–BP1 bind-
ing to APP (Chen et al., 2003). We show
here that APP–BP1 binds not only to APP
but also to Rab5 in neurons. Indeed, we
were able to pinpoint the Rab5 binding
site within APP–BP1 to amino acids 443–
479, the same region to which hUba3, the
APP–BP1 partner in the neddylation
pathway, binds.

The functional role of APP–BP1 in modulating Rab5 activity
is not known. However, it is possible that APP–BP1 acts as a
guanine nucleotide exchange factor (GEF) for Rab5. GEFs stim-
ulate the exchange of GDP for GTP, thereby generating the active
forms of small GTPases such as Rab5. It is interesting that exog-
enous expression of another Rab5 GEF, ALS2 (amyotrophic lat-
eral sclerosis 2), which is mutated in a number of motor neuron
diseases, causes the protein to colocalize with Rab5 and EEA1 in
early endosomal compartments and stimulates the enlargement
of endosomes in cultured cortical neurons (Otomo et al., 2003).
We have not shown that APP, APP–BP1, and Rab5 exist as a
tripartite complex, but if they do, APP–BP1, acting as a GEF,
could actually initiate the recruitment of Rab5 to the membranes.

Although dominant-negative mutants in the neddylation
pathway prevent neuronal apoptosis mediated by APP–BP1 or
FAD APP, they did not prevent endosome enlargement and acti-
vation by these same proteins. These data suggest that the neddy-
lation cascade lies downstream of endocytic activation in the ap-
optotic pathway induced by APP–BP1 or APP(V642I) or that it
represents a separate pathway. Our finding that inhibition of
neddylation by expression of either Ubc12(C111S) or the dened-
dylating enzyme NEDP1 does not alter Rab5(Q79L)- or Hrs-
mediated apoptosis (D.Laifenfeld, D. L. McPhie, and R. L. Neve,
unpublished data) favors the latter interpretation.

The data presented in this paper support the idea that APP–
BP1 links APP signaling to Rab5 and endocytosis in vitro, but is
this pathway mechanistically relevant to AD? We demonstrated
previously that the increase in APP–BP1 protein in neurons ex-
pressing exogenous APP(V642I) is mirrored in neurons in af-
fected regions of AD brain and that NEDD8 is translocated to the
cytoplasm in both cultured neurons overexpressing APP–BP1
and hippocampal neurons in AD brain (Chen et al., 2003). Here,
we extend these findings by showing that APP–BP1 and Rab5
colocalize in punctuate structures in both cultured neurons and
human postmortem brain. Moreover, this colocalization is en-
hanced in enlarged endosomes in both cultured neurons express-
ing exogenous APP–BP1 or APP(V642I) and in AD prefrontal
cortex relative to controls. We further demonstrate a significant
increase in the expression of both APP–BP1 and Rab5 in early
endosomes of primary neurons expressing exogenous APP–BP1
or APP(V642I), skin fibroblasts from DS subjects, and neurons in
AD hippocampus. These data suggest that this pathway, which
links APP signaling directly to endosomes, may play a role in the
development of neuropathology in both DS and AD.

FAD can be caused by mutations in the APP gene or in the
presenilin genes PS1 and PS2. We reported previously that, in
contrast to FAD mutant APPs, neither wild-type nor FAD mu-

Figure 9. Expression of FAD mutants of presenilin does not affect the number or size of Rab5-positive structures in neurons.
Primary neurons were infected with HSV vectors expressing either of two presenilin 1 mutations (M146L or A280E) or APP(V642I),
fixed, and stained with rabbit polyclonal anti-Rab5. The cells expressing either of the two presenilin 1 mutations did not show an
increase in the number or size of Rab5-positive structures relative to those observed in cells expressing APP(V642I). Each panel
shows a single neuron. Scale bar, 5 �m.
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tant PS1 enhances apoptosis in neurons (Bursztajn et al., 1998).
Similarly, in the present study, we showed that neurons express-
ing exogenous wild-type or FAD PS1 mutations differed from
those expressing exogenous FAD APP in that they did not display
an increase in the number or size of Rab5-positive structures.
Thus, the APP-APP–BP1–Rab5 signaling pathway is distinct
from presenilin signaling pathways or �-secretase activity. This
finding is consistent with the report by Cataldo et al. (2001) that
the presence of enlarged endosomes distinguished FAD APP-
caused AD from FAD PS1-caused AD. Notably, expression of
FAD APP leads to increased levels of secreted �-APP and �-APP
and to elevation of levels of specific C-terminal fragments of APP
in addition to A�, whereas the only known effect of FAD prese-
nilins on APP processing is alteration of the ratio of A�42 to A�40.
These data suggest that fragments of APP other than A� may play
a role in endocytic abnormalities in AD.

Neuronal loss is associated with AD. There is considerable
evidence that one mechanism by which neurons die in AD is
apoptosis (for review, see LeBlanc, 2005). Indeed, several groups
have reported the presence of activated caspases in the postmor-
tem brains of individuals with AD (Selznick et al., 1999; Stadel-
mann et al., 1999; Raina et al., 2001) and have described apoptotic
neurons in the brains of transgenic mouse models for AD
(LaFerla et al., 1995; Chui et al., 1999; Xie et al., 2001; Hwang et
al., 2004). We showed previously that exogenous expression of
FAD APP mutations or of APP–BP1 in primary neurons causes
cell cycle entry followed by apoptosis (McPhie et al., 1997, 2001).

We now demonstrate that the endosomal enlargement in-
duced by exogenous expression of APP(V642I) or APP–BP1 is
linked to the induction of apoptosis in these neurons, in that
coexpression of a dominant-negative mutant of Rab5, which
blocks the endosomal enlargement, inhibits the apoptosis. In

Figure 10. Dominant-negative Rab5 blocks apoptosis caused by exogenous expression of either APP–BP1 or APP(V642I). A, Coexpression of a dominant-negative mutant of Rab5 (S34N) with
either APP–BP1 or APP(V642I) inhibits the early endosome enlargement caused by expression of either of these proteins alone. Primary neurons were infected with HSV vectors expressing APP–BP1
and APP(V642I) alone or together with Rab5(S34N), fixed, and stained with the rabbit polyclonal anti-EEA1. Neurons coexpressing Rab5(S34N) did not show the increase in amount and size of early
endosome staining that is observed in neurons expressing either APP–BP1 or APP(V642I) alone. Each panel presents endosomes in a single neuron. Scale bar, 5 �m. B, Coexpression of a
dominant-negative mutant of Rab5, Rab5(S34N), with either APP–BP1 or APP(V642I) inhibits enhancement of receptor-mediated endocytosis that is caused by expression of either of these proteins
alone. Primary neurons were infected with HSV vectors expressing APP–BP1 or APP(V642I), alone or together with Rab5(S34N), and incubated for 5 min with transferrin at 37°C. Cells coexpressing
Rab5(S34N) present more membrane-bound transferrin and less uptake of transferrin than do cells expressing APP–BP1 or APP(V642I) alone. Each panel presents endosomes in a single neuron.
Scale bar, 5 �m. C, Dominant-negative Rab5 blocks neuronal apoptosis caused by exogenous expression of either APP–BP1 or APP(V642I). Primary neurons were infected with HSV vectors
expressing APP–BP1 or APP(V642I), alone or together with Rab5(S34N), Rab7(N125I), or Rab11(S27N), fixed, and stained with bisbenzimide to assess apoptosis. Apoptosis induced by exogenous
expression of APP–BP1 or APP(V642I) was blocked by coexpression of Rab5(S34N) but not by coexpression of either Rab7(N125I) or Rab11(S27N). ANOVA for differences between expression of
APP–BP1 alone or with the dominant-negative mutants by ANOVA revealed significant differences only between APP–BP1 versus APP–BP1/Rab5(S34N). The analysis for differences between
expression of APP(V642I) alone or with the dominant-negative mutants showed a significant difference only between APP(V642I) versus APP(V642I)/Rab5(S34N). *p � 0.001. Inset shows
bisbenzimide staining of condensed nuclei in representative fields for each condition.

7150 • J. Neurosci., July 4, 2007 • 27(27):7141–7153 Laifenfeld et al. • Rab5 and APP-Mediated Apoptosis



contrast, suppression of clathrin-dependent endocytosis without
directly affecting Rab5, by coexpressing dominant-negative
Eps15, did not affect either APP–BP1- or APP(V642I)-induced
apoptosis. However, inhibition of more global endocytosis by
coexpression of dominant-negative dynamin partially inhibited
both APP–BP1- and APP(V642I)-mediated apoptosis. Con-
versely, induction of enlarged endosomes via expression of a con-
stitutively active form of Rab5 led to an increase in neuronal
apoptosis that was more than twice that induced via a Rab5-
independent pathway, by overexpression of the early endosomal
protein Hrs. These data suggest that the signaling cascade in-
duced by APP–BP1 or APP(V642I) that leads to apoptosis is only
partly caused by endosomal enlargement and may also involve a
Rab5 signaling function that is distinct from, but not indepen-
dent of, trafficking endocytosis.

Notably, the role of Rab5 in apoptosis induced by the APP
pathway was shown to be independent of endosomal effects on
A� levels. Inhibiting APP–BP1- or APP(V642I)- induced endo-
some enlargement by either dominant-negative Rab5 or
dominant-negative Eps15 (with only the former leading to rescue
from neuronal apoptosis) had no affect on levels of A� in cells
expressing exogenous APP–BP1 or APP(V642I). Similarly, al-
though increasing endosome size by either expression of consti-
tutively active Rab5 or overexpression of Hrs led to a similar
increase in levels of A�, Rab5 activation led to a greater than
twofold greater increase in neuronal apoptosis relative to overex-
pression of Hrs.

Together, our findings point to a pathway initiated by exoge-
nous expression of APP or expression of FAD mutants of APP
that is routed through APP–BP1 and Rab5 and that culminates in
apoptosis. Recent compelling evidence suggests that, in addition
to playing a role in endocytosis, Rab5 can serve as a signaling
molecule in other pathways (Barbieri et al., 2004; Lanzetti et al.,
2000; Tall et al., 2001; Miaczynska et al., 2004). The present find-
ing that apoptosis induced by APP–BP1 or APP(V642I) is differ-
entially affected by Rab5-dependent versus Rab5-independent
inhibition of enlarged endosomes may point to the importance of
Rab5 in a signaling pathway separate from its role in trafficking
endocytosis, in this pathway. It has been suggested that endo-
somes may serve as intermediates within signaling pathways that
regulate apoptosis (Nixon, 2005). In this regard, proteins such as
Alix/AIP (apoptosis-linked gene 2 interacting protein
X/apoptosis-linked gene 2 interacting protein) that indirectly
regulate endosome formation, shape, and function (for review,
see Katzmann et al., 2002) have been found to modulate apopto-
sis in diverse ways (Missotten et al., 1999; B. Chen et al., 2000). By
analogy, APP may serve a similar role. Recently, Miaczynska et al.
(2004) identified APPL (adaptor protein containing PH domain,
PTB domain, and leucine zipper motif) proteins as Rab5 effectors
that transduce signals between the plasma membrane and the
nucleus, whereas Lanzetti et al. (2004) identified RN-tre (related
to the N terminus of the tre oncogene product) as a Rab5 effector
that transduces signals that cause actin remodeling, suggesting
additional pathways through which APP/APP–BP1 could prop-
agate Rab5-mediated downstream signaling.

An APP(V642I)- or APP–BP1-induced increase in Rab5 levels
affecting Rab5 signaling could lead to a secondary effect on en-
docytosis, which could result in a cumulative stimulation of ap-
optosis by the two pathways. Indeed, our data demonstrate that
activating the endocytic machinery by overexpression of Hrs led
to a low level of neuronal apoptosis. Modulation of the endocy-
tosis machinery by signaling pathways has been shown previ-
ously. For example, the epidermal growth factor (EGF) regulates

Figure 11. Dominant-negative Eps15 fails to rescue, and dominant-negative dynamin par-
tially rescues, neurons from apoptosis caused by exogenous expression of APP–BP1 or
APP(V642I). We coexpressed Eps15 �95–295 (labeled EPSDN in the figure) or dynamin(K44A)
with APP–BP1 or APP(V642I) in primary cortical embryonic neurons and stained the neurons
with bisbenzimide to assess apoptosis. A, ANOVA for differences between apoptosis levels in
neurons coexpressing Eps15 �95–295 revealed no significant differences between levels of
apoptosis caused by APP–BP1, APP–BP1/Eps15 �95–295, APP(V642I), or APP(V642I)/
Eps15 �95–295. *p � 0.001 compared with control. B, In contrast, coexpression of dynamin
K44A significantly reduced apoptosis caused by APP–BP1 or APP(V642I) ( p � 0.01).
*p � 0.001, APP–BP1 or APP(V642I) versus lacZ control.

Figure 12. Exogenous expression of a constitutively active Rab5(Q79L) leads to an increase
in neuronal apoptosis that is more than twofold greater than that induced by overexpression of
Hrs. Primary rat cortical embryonic neurons infected with HSV vectors expressing Rab5(Q79L),
Hrs, or LacZ (control) were stained with bisbenzimide to assess apoptosis. ANOVA for differences
between levels of apoptosis revealed that neurons infected with Rab5(Q79L) showed an in-
crease in the level of apoptosis that was more than two times greater (140 vs 60%) than that
observed in neurons infected with Hrs relative to control. *p � 0.001 compared with control.
**p � 0.001 compared with Hrs.

Laifenfeld et al. • Rab5 and APP-Mediated Apoptosis J. Neurosci., July 4, 2007 • 27(27):7141–7153 • 7151



clathrin-coated membrane formation and trafficking and subse-
quent endocytosis of EGF, via activation of src kinase (Wilde et
al., 1999). Such signaling pathways appear to intersect specifically
with Rab5 (Cavalli et al., 2001). Thus, EGF activates Rab5 (Bar-
bieri et al., 2004) as well as the Rab5 GTPase-activating protein
RN-tre (Lanzetti et al., 2000).

Altered endocytosis can promote neurodegeneration in sev-
eral ways. For example, neurons rely on endocytosis to commu-
nicate with peripheral tissues (Sofroniew et al., 2001), and signal-
ing endosomes, possessing the characteristics of early
endosomes, participate in the transduction of signals that pro-
mote neuronal survival and differentiation (Delcroix et al., 2003).
These properties of endosomes may explain the failure of retro-
grade signaling by NGF that has been observed in a mouse model
of Down syndrome (Cooper et al., 2001). Alternatively, endo-
some dysfunction could lead to altered APP processing (Grbovic
et al., 2003) or to disturbed vesicular transport in AD (Burke et
al., 1990; Stokin et al., 2005).

We have shown previously (Chen et al., 2003) that APP–BP1
binds to the C-terminal 31 amino acids of APP (APP–C31). APP–
C31 has physiological significance: APP is cleaved by caspases
intracytoplasmically at Asp-664 to generate APP–C31, which is
cytotoxic (Lu et al., 2000). Both our laboratory and others have
reported that exogenous expression of APP–C31 specifically in
neurons causes apoptosis (Bertrand et al., 2001; McPhie et al.,
2003). In vivo, cleavage of FAD APPs at Asp-664 in transgenic
mice appears to be necessary for these genes to cause Alzheimer’s-
like pathology and defects in synaptic transmission and learning
(Galvan et al., 2006; Saganich et al., 2006). It will be interesting to
find out whether generation of APP–C31 by caspase cleavage of
FAD APPs causes also the endosome abnormalities described in
the current study.
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