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Although deficiencies in the retromer sorting pathway have been
linked to late-onset Alzheimer’s disease, whether these deficien-
cies underlie the disease remains unknown. Here we characterized
two genetically modified animal models to test separate but
related questions about the effects that retromer deficiency has on
the brain. First, testing for cognitive defects, we investigated
retromer-deficient mice and found that they develop hippocampal-
dependent memory and synaptic dysfunction, which was associ-
ated with elevations in endogenous A� peptide. Second, testing
for neurodegeneration and amyloid deposits, we investigated
retromer-deficient flies expressing human wild-type amyloid pre-
cursor protein (APP) and human �-site APP-cleaving enzyme (BACE)
and found that they develop neuronal loss and human A� aggre-
gates. By recapitulating features of the disease, these animal
models suggest that retromer deficiency observed in late-onset
Alzheimer’s disease can contribute to disease pathogenesis.

flies � mice � pathophysiology

An abnormal elevation in A� peptide is thought to represent
a neurotoxic agent in Alzheimer’s disease (1, 2). A� is

produced when its parent protein, the amyloid precursor protein
(APP), is sequentially cleaved by two enzymes, first by BACE
(�-site APP-cleaving enzyme) and then by the multimeric
�-secretase. APP and BACE are transmembrane proteins, and
in the last few years many of the molecular mechanisms that
regulate the sorting of APP and BACE through membrane
compartments of the cell have been elucidated (3). Among these,
retromer sorting is a pathway recently implicated in late-onset
Alzheimer’s disease (LOAD) (4–7). First described in yeast, the
retromer sorting pathway consists of a multimeric retromer
complex—comprising VPS35, VPS26, VPS29, VPS5, and
VPS17—and retromer-binding receptors, in particular VPS10
(8) (Fig. 1a). Except for VPS17, mammalian homologues of the
retromer complex have been identified (9) and are expressed in
the brain among other tissue types. Mammals express a family of
VPS10-containing molecules (10), and to date two members of
this family, sorLA (5, 7) and sortilin (11), have been shown to act
as retromer-binding receptors.

Three lines of evidence have implicated the retromer sorting
pathway in LOAD. First, elements related to this pathway are
deficient in the brains of LOAD patients, including VPS35,
VPS26, and the VPS10-containing receptor sorLA (4). Second,
down-regulating any of these three elements in cell culture
causes abnormal elevation of A� (5, 7). Third, genetic variations
in sorLA have been linked to LOAD (7).

Although implicated in LOAD, it is unknown whether defi-
ciencies in the retromer sorting pathway cause key features of the
disease. We set out to address this issue by investigating two
retromer-deficient animal models, with each model addressing
separate but related questions. Because A� is produced in
LOAD brains that express nonmutated APP, BACE, and

�-secretase, it was important to investigate retromer deficiency
on a nonmutated genetic background. To determine whether
retromer deficiency causes hippocampal dysfunction, a key
clinical feature of Alzheimer’s disease, we began by investigating
retromer deficiency in genetically modified mice. Our results
suggest that retromer deficiency causes hippocampal dysfunction
by elevating concentrations of endogenous A� peptide.

Although APP and BACE are highly homologous across species,
important sequence differences do exist, and these differences can
affect their intracellular transport, APP processing, and the neu-
rotoxicity of APP end products (12). Thus, guided by our first series
of findings, it became important to investigate the effect that
retromer deficiency has on a model brain expressing both human
wild-type APP and human wild-type BACE. Exploiting the relative
ease of modifying the Drosophila genome, we turned to flies in our
second series of studies, showing that retromer deficiency increases
human A� levels and leads to neurodegeneration.

Results
Retromer Deficiency Causes Hippocampal-Dependent Memory and
Synaptic Dysfunction. A range of behavioral, imaging, and histolog-
ical studies have established that hippocampal dysfunction is a
dominant clinical feature of Alzheimer’s disease (13–15). To test
whether retromer deficiency causes hippocampal dysfunction we
examined genetically engineered mice. First, extending studies in
nonneuronal cell lines (7, 11), we performed coimmunoprecipita-
tion experiments in extracts from mouse brain to show that sorLA
and sortilin bind VPS35, confirming that they are neuronal
retromer-binding receptors (Fig. 1a). By exploring anatomical
expression maps (16), we find that genes related to the retromer
complex, including VPS26 and VPS35, are highly and differentially
expressed in the hippocampal formation [supporting information
(SI) Fig. S1]. In contrast, sortilin and sorLA are diffusely expressed
throughout the brain. This observation suggests that, within the
retromer sorting pathway, molecules related to the retromer com-
plex might confer hippocampal vulnerability.

To test this hypothesis, we investigated VPS26 heterozygote
knockout (KO) mice that, in contrast to homozygote KO mice,
survive into adulthood and do not manifest gross developmental
abnormalities (17). Western blot analysis confirmed that VPS26
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protein levels are reduced in the brains of the heterozygote KO
mice (�/�) compared with wild-type littermates (�/�) (five mice
per group; t � 4.1, P � 0.001) (Fig. 1b). Furthermore, consistent
with previous studies (18) in which a primary reduction in VPS26
causes a secondary reduction in VPS35, VPS35 protein levels were
also reduced in the brains of heterozygote KO mice (five mice per
group; t � 2.9, P � 0.01) (Fig. 1b). Thus, the retromer-deficient
state in the heterozygote KO mice is similar to that observed in the
hippocampal formation of LOAD patients (5).

To test for hippocampal-dependent memory deficits we used the
modified radial-arm maze, a behavioral task used to assess the
hippocampal formation in other mouse models of Alzheimer’s
disease (19). Compared with wild-type littermates, the perfor-
mance of the retromer-deficient mice was found to be defective [18
�/� and 15 �/� mice; a multivariate test revealed a global effect
(F � 5.6, P � 0.025) whereas univariate tests revealed that the effect
was driven by defects at time 4 (P � 0.014) and time 5 (P � 0.001)]
(Fig. 1c). In contrast, both heterozygous KO mice and wild-type
mice performed similarly in a visible platform task indicating
normal motor, sensory, and motivational capabilities.

Memory defects observed in LOAD correlate with histolog-
ical markers of hippocampal synaptic dysfunction (20), and a
range of recent studies suggest that synaptic dysfunction is an
early hallmark of the disease (21, 22). Accordingly, we used
electrophysiological techniques to investigate hippocampal syn-
aptic integrity of retromer-deficient mice. Compared with wild-
type littermates, heterozygous KO mice were found to have
significant defects in long-term potentiation (18 �/� and 16 �/�
mice; F � 5.1, P � 0.025) (Fig. 1c) with preserved paired-pulse
facilitation and basal synaptic transmission.

Retromer Deficiency Elevates Levels of Endogenous A� in the Mouse
Brain. The hippocampal-dependent memory dysfunction ob-
served in LOAD correlates with elevated levels of soluble, not
insoluble, forms of the A� peptide (21), and it is generally
acknowledged that soluble forms of A� are neurotoxic. Com-
pared with wild-type littermates, heterozygous KO mice were
found by ELISA to have elevated brain levels of endogenous
A�40 (16 mice per group; F � 11.4, P � 0.002) and A�42 (F �
8.6, P � 0.007) (Fig. 2a). No difference in the level of full-length
APP was observed (Fig. 2b). To establish a stronger link between
the observed elevation in A� and hippocampal dysfunction we
replicated the electrophysiological studies and found that per-
fusing the slices with the �-secretase inhibitor L-685,458 rescued
the LTP defects observed in the heterozygous KO mice (five
�/� and six �/� L-685,458-treated mice; F � 0.03) (Fig. 2c).

The elevation of both A�40 and A�42 observed in the retromer-
deficient mice is characteristic of the profile observed in LOAD
(21), and as predicted by this profile a growing number of studies
are reporting an up-regulation of BACE activity (as reviewed in ref.
23). BACE cleaves APP into sAPP� and CTF�, the membrane-
bound C-terminal fragment that contains the A� sequence.
�-Secretase then cleaves CTF� to liberate the A� peptide. In
secondary analyses, we explored the profile of intermediate APP
end products to assess which cleavage step is most affected by
retromer deficiency. Compared with wild-type littermates, levels of
sAPP�, but not sAPP�, were found to be elevated in the hetero-
zygote KO mice, suggesting that retromer dysfunction increases

(Lower Left) and immunocytochemistry (Lower Right) are shown for individ-
ual examples. (c) Retromer-deficient mice have defects in hippocampal-
dependent memory, as measured in the radial-arm water maze (Upper). The
mean number of errors (y axis) are shown for retromer-deficient mice (solid
line, �/�) and for wild-type littermates (stippled line, �/�) measured every
90 s during the first four trials and then after a 30-min delay. Retromer-
deficient mice have defects in long-term potentiation (Lower), recorded from
acute hippocampal slices (filled circles, �/�; open circles, �/�).

Anti-sorLA

VPS35

cont co-IPhom

sorLA

Anti-VPS35

cont co-IPhom

Anti-sorLA

VPS35

cont co-IPhom cont co-IPhom

sorLA

Anti-VPS35

cont co-IPhom

sorLA

Anti-VPS35

cont co-IPhom cont co-IPhom

Anti-sortilin

VPS35

Anti-VPS35

sortilin

cont co-IPhom

cont co-IPhom

Anti-sortilin

VPS35

Anti-VPS35

sortilin

cont co-IPhom cont co-IPhom

cont co-IPhom cont co-IPhom

Retromer 
Complex

VPS26

7`/5
S

P
V

92
S

P
V

VPS35

VPS10
Retromer-Binding  

receptor

Retromer 
Complex

VPS26

7`/5
S

P
V

92
S

P
V

VPS35

VPS10

VPS26

7`/5
S

P
V

92
S

P
V

VPS35

VPS10
Retromer-Binding  

receptor

37KDa

91KDa

62KDa

VPS26

VPS35

Actin

37KDa

91KDa

62KDa

VPS26

VPS35

Actin 62KDa

+/+    +/- +/+     +/-

VPS26

VPS35

Actin
WT KO

+/+ +/-

1

1.2

1.4

1.6

1.8

WT KO

slevel 
dezila

mr
o

N

VPS35

1

1.2

1.4

1.6

1.8

WT KO

slevel 
dezila

mr
o

N

VPS35

1

1.2

1.4

1.6

1.8

+/+ +/-

slevel 
de zila

m r
o

N

VPS35VPS35

0

0.4

0.8

1.2

WT KO

VPS26

sleve l 
dezila

mr
o

N

0

0.4

0.8

1.2

WT KO

VPS26

sleve l 
dezila

mr
o

N

0

0.4

0.8

1.2

+/+ +/-

VPS26slevel 
dezila

mr
o

N

37KDa

91KDa

62KDa

VPS26

VPS35

Actin

37KDa

91KDa

62KDa

VPS26

VPS35

Actin 62KDa

+/+    +/- +/+     +/-

VPS26

VPS35

Actin
WT KO

+/+ +/-
WT KO

+/+ +/-

1

1.2

1.4

1.6

1.8

WT KO

slevel 
dezila

mr
o

N

VPS35

1

1.2

1.4

1.6

1.8

WT KO

slevel 
dezila

mr
o

N

VPS35

1

1.2

1.4

1.6

1.8

+/+ +/-

slevel 
de zila

m r
o

N

VPS35VPS35

1

1.2

1.4

1.6

1.8

WT KO

slevel 
dezila

mr
o

N

VPS35

1

1.2

1.4

1.6

1.8

WT KO

1

1.2

1.4

1.6

1.8

WT KO

slevel 
dezila

mr
o

N

VPS35

slevel  
dezila

mr
o

N

VPS35

1

1.2

1.4

1.6

1.8

WT KO

1

1.2

1.4

1.6

1.8

WT KO

slevel 
dezila

mr
o

N

VPS35

slevel  
dezila

mr
o

N

VPS35

1

1.2

1.4

1.6

1.8

+/+ +/-

slevel 
de zila

m r
o

N

VPS35VPS35

0

0.4

0.8

1.2

WT KO

VPS26

sleve l 
dezila

mr
o

N

0

0.4

0.8

1.2

WT KO

VPS26

sleve l 
dezila

mr
o

N

0

0.4

0.8

1.2

+/+ +/-

VPS26slevel 
dezila

mr
o

N

0

0.4

0.8

1.2

WT KO

VPS26

sleve l 
dezila

mr
o

N

0

0.4

0.8

1.2

WT KO

0

0.4

0.8

1.2

WT KO

VPS26

sleve l 
dezila

mr
o

N

0

0.4

0.8

1.2

WT KO

0

0.4

0.8

1.2

WT KO

VPS26

sleve l 
dezila

mr
o

N

0

0.4

0.8

1.2

+/+ +/-

VPS26slevel 
dezila

mr
o

N

0 20 40 60

P
S

P
Ef

)e
n ilesa

b f
o  

%(  e
p

o ls

Time (min)

50

100

150

200

250

300

350

400

0 20 40 60

P
S

P
Ef

)e
n ilesa

b f
o  

%(  e
p

o ls

50

100

150

200

250

300

350

400

Time (min)

0

2

4

6

8

1 2 3 4 30 minute
delay

Trials

sr
orr

E

0

2

4

6

8

1 2 3 4 30 minute
delay

Trials

sr
orr

E

a

b

c

Fig. 1. Retromer deficiency causes hippocampal-dependent memory and
synaptic dysfunction. (a) (Top) The retromer sorting pathway, as first de-
scribed in yeast, is made up of a multimeric retromer complex, including VPS35
and VPS26, and a retromer-binding receptor, VPS10. (Middle and Bottom)
SorLA and sortilin are VPS10-containing receptors that coimmunoprecipitate
with VPS35 in the mouse brain. hom, homogenate; cont, no primary antibody
control; co-IP, coimmunoprecipate. (b) Retromer-deficient mice, VPS26 het-
erozygote KO mice (�/�), have diminished brain levels of VPS26 and VPS35, as
shown in bar graphs representing mean levels (normalized to actin) measured
from the brains of five �/� and five wild-type (�/�) mice. Immunoblots
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BACE activity (24) (12 mice per group; F � 4.9, P � 0.038) (Fig.
2a). CTF� levels, however, were not significantly elevated in the
retromer-deficient mice (Fig. 2b), suggesting that the mild increase
in CTF� fragments induced by retromer deficiency might be fully
cleaved by �-secretase. This interpretation is supported by our
observation that sAPP� and averaged A� levels were significantly
correlated among individual mice (� � 0.47, P � 0.027) (Fig. 2a).
Nevertheless, we have not excluded the possibility that retromer
deficiency acts by decreasing clearance or stabilizing sAPP� or
another APP end product.

Retromer Deficiency Elevates Levels of Human A� in the Fly Brain and
Causes Neurodegeneration. Although highly homologous across
species, murine APP and BACE have important sequence differ-
ences from their human counterparts that affect the cell biology of

APP and BACE and the toxicity of APP end products (12).
Therefore, we examined the effect of retromer deficiency in ani-
mals that express both human wild-type APP and human BACE.
Because of the difficulty in engineering the complex genotype in
mice, a Drosophila Alzheimer’s disease model (25) in which human
wild-type APP and BACE are expressed using the GAL4/UAS
system (26) was used. UAS-APP and UAS-BACE were driven
ubiquitously by using an actin-GAL4 (Act-GAL4) driver. These
flies were crossed to line DfVPS35, which has a deletion in the
Drosophila VPS35 ortholog. Sibling flies were ACT-GAL4, UAS-
APP, and UAS-BACE and carried either two copies of VPS35 (�/�)
or just one (�/�), enabling us to investigate the phenotypic
consequences of reducing retromer expression by 50%.

To test whether retromer deficiency affects APP processing,
Western blot analysis revealed that, compared with �/� flies, the
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Fig. 2. Retromer deficiency elevates levels of endogenous A� in the mouse brain. (a) Retromer-deficient mice (�/�) have elevated levels of endogenous A�40
and A�42 (Upper, measured in 16 �/� and 18 �/� mice). Retromer-deficient mice (�/�) have elevated levels of endogenous sAPP� (Lower Left). Levels of sAPP�

and A� are significantly correlated (Lower Right). (b) Immunoblots from the brains of three retromer-deficient mice (�/�) and two wild-type littermates (�/�)
show that, except for sAPP�, no differences were observed for full-length APP, CTFs, or sAPP�. (c) Administration of the �-secretase inhibitor L-685,458 rescues
the LTP defects in retromer-deficient mice (filled circles, �/�; open circles, �/�).
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�/� flies had elevated levels of human A� peptide (t � 4.8, P �
0.009) (Fig. 3a). Moreover, immunocytochemistry using anti-A�
antibodies revealed that, compared with �/� flies, the �/� flies
had greater deposition of A� aggregates (t � 6.2, P � 0.001) (Fig.
3c). A� accumulation was associated with a substantial reduction in
lifespan in �/� compared with �/� flies (7 days vs. 16 days at 50%
survivorship) and more severe manifestation of a defect in wing
vein development (25) (Fig. S2) and, most importantly, was asso-
ciated with extensive neurodegeneration throughout the central
brain (Fig. 3c). At least 50% of the �/� flies showed clear evidence
of neurodegeneration, and a significant fraction showed dramatic
loss of brain tissue. In contrast, the incidence and the severity of
neurodegeneration in �/� flies were far less. Only �10% of these
flies showed any indication of neurodegeneration, and no flies
manifested the extreme tissue loss that was found regularly in the
�/� flies. These phenotypes are due to loss of VPS35, because
comparable results were observed in flies in which DfVPS35 was
replaced by a UAS-RNAi construct that specifically reduced VPS35
expression.

Discussion
Developing and characterizing animal models that express molec-
ular defects found in early-onset Alzheimer’s disease is one of the
major achievements in the field (27, 28). Nevertheless, the defects
in APP or presenilins observed in early-onset Alzheimer’s disease
do not exist in LOAD, the form of the disease accounting for �95%
of all cases. Thus, developing animal models that express molecular
defects found in LOAD, on the background of nonmutated APP
and presenilin, has emerged as an important goal. With this in mind,
we have exploited the strengths provided by different animal
models to address complementary questions about the retromer-
deficient state observed in LOAD. Taken together, our findings

show that deficiencies in the retromer sorting pathway can cause
hippocampal dysfunction, neurodegeneration, and A� accumula-
tion. By establishing that retromer-deficient animals recapitulate a
number of LOAD features, these findings contribute to the growing
body of evidence implicating the retromer sorting pathway in the
pathogenesis of the disease.

APP is a transmembrane protein that is actively sorted through
many membrane compartments of the cell, and sorLA has been
shown to act in APP sorting (6, 29). Extending previous studies (7),
we find that sorLA is a binding receptor of the neuronal retromer
complex. Mechanistically this suggests that deficiencies in VPS26
and VPS35 accelerate A� production by increasing the resident
time of APP within a given membrane compartment, thereby
increasing its colocalization with BACE and accelerating �-cleav-
age. Future studies are required to test this proposed cellular
mechanism, but it can account for why levels of both A�40 and
A�42 are typically increased in the brains of LOAD patients even
in the absence of defects in APP or BACE.

Anatomically, the differential expression pattern of VPS35
and VPS26 suggests that it is the retromer complex itself, not
the retromer-binding receptors, that impose the regional
vulnerability of defects in this sorting pathway. More generally,
understanding why the hippocampal formation differentially
expresses retromer complex molecules might provide insight
into disease-related regional vulnerability. In this regard, it is
interesting that numerous recent studies have shown that the
retromer complex plays a role in wnt signaling (as reviewed in
ref. 30), a morphogenic pathway that is inf luenced by prese-
nilin (31) and that has been genetically implicated in LOAD
(32). The hippocampal formation, and in particular the ento-
rhinal cortex (33), have a number of distinct morphogenic
features, and future studies are required to test the hypothesis
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Fig. 3. Retromer deficiency elevates levels of human A� in the brains of flies expressing human APP and BACE and causes neurodegeneration. (a)
Retromer-deficient flies (�/� for VPS35) expressing human APP and human BACE have elevated brain levels of human A� compared with control flies (�/� for
VPS35) expressing human APP and human BACE. Immunoblots in Upper show individual examples (note reduction in full-length APP), and the bar graph in Lower
shows means levels from 10 flies per genotype. (b) High-magnification view of frontal brain sections at approximately midbrain from control (�/�) and
retromer-deficient (�/�) flies expressing human APP and human BACE stained with 4G8 antibody to detect A� deposits (arrowheads). These deposits are larger
and more numerous in the retromer-deficient flies. Each section shows a portion of the central neuropil located to the left and adjacent to the esophagus (Es).
Anterior is toward the top. (c) Frontal brain sections at the midbrain level shown for control (�/�) and retromer-deficient (�/�) flies expressing human wild-type
APP and human BACE. The left half of the central brain and optic lobe are shown. Esophagus is in the middle of the section at the right margin. Extensive
neurodegeneration can be seen in the neuropil of retromer-deficient flies. (Scale bar: 50 �m.)
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that retromer–wnt interactions support the morphogenic com-
plexity of the hippocampal formation, thereby predisposing
this structure to LOAD pathogenesis.

As in other animal models of disease, retromer-deficient mice
and flies only partially phenocopy the disease itself. We are
currently aging our colony of retromer-deficient mice to test
whether these mice develop amyloid plaques, cell loss, or abnormal
tau hyperphosphorylation. Even as partial models, however, the
retromer-deficient animals introduced here can be used to further
enhance our cellular and molecular understanding of LOAD and
provide in vivo models with which to screen pharmacological agents
against this devastating and undertreated disorder.

Materials and Methods
Mouse Experiments. Genetically modified mice. Congenic VPS26 heterozygote
KO mice were crossed for 10 generations on a 129/SvEv background and then
maintained by brother–sister mating (34). Three- to 6-month-old VPS26 KO
and wild-type littermates were used for all experiments.
Western blotting. Mouse brain samples were homogenized in ice-cold buffer,
10 mM HEPES (pH 7.4) containing 0.32 M sucrose, 0.5 mM CaCl2, 1 mM MgCl2,
1 mM AEBSF-HCl (Calbiochem), 3 �g/ml aprotinin, 3 �g/ml pepstatin A, 10
�g/ml leupeptin, and Protease Inhibitor Mixture (Roche). After centrifuga-
tion, �20 �g of soluble brain proteins were resolved by SDS/PAGE and elec-
trotransferred to PVDF membrane (Bio-Rad). The immobilized blot was briefly
soaked in TBS and subsequently in blocking solution: 1:1 Odyssey blocking
buffer (LI-COR Biosciences, catalog no. 927-40000) and TBS plus 0.1% Tween
20 overnight. After washing, the blot was immunoreacted with a primary
antibody (1:1,000 dilution) in blocking solution for 3 h at room temperature.
The images were acquired with the Odyssey Infrared Imaging System (LI-COR
Biosciences) at channel 700 and analyzed by the software program as specified
in the Odyssey software manual.
Coimmunoprecipitation. Coimmunoprecipitation was performed by using a
fraction of mouse brain in a buffer (1% Nonidet P-40/20 mM HEPES, pH 7.4/125
mM NaCl/50 mM NaF/protease inhibitors) as previously described (18), using 5
�g of primary antibody against VPS35, SorLA, and APP antibodies and Tosy-
lactivated Dynabeads M-280 (Dynal).
Cognitive testing. The radial-arm water maze task has been described previously
(35). Each day of testing included four consecutive acquisition trials and a fifth
retention trial with a 30-min delay after the fourth trial. Each trial lasted 1 min.
Errors were counted when the mouse went to an arm without platform or took
�10 s to enter any arm of the maze. The number of errors in each trial in the last
3 days of testing was averaged and used for statistical analysis.
Electrophysiology. Transverse slices (400 �m) were cut with a tissue chopper
(Electron Microscopy Sciences) and maintained in an interface chamber at
29°C for 90 min before recording, as previously reported (35). Briefly, CA1 field
excitatory postsynaptic potentials (fEPSPs) were recorded by placing both the
stimulating and the recording electrodes in CA1 stratum radiatum. BST was
assayed either by plotting the stimulus voltages (V) against slopes of fEPSP or
by plotting the peak amplitude of the fiber volley against the slope of the
fEPSP to generate input–output relations. After a 15-min baseline in which
responses were evoked at an intensity of �35% of the maximum evoked
response, LTP was induced by using a �-burst stimulation (four pulses at 100
Hz, with bursts repeated at 5 Hz and each tetanus including three 10-burst

trains separated by 15 s). In some experiments slices were perfused with the
�-secretase inhibitor L-685,458 at 0.5 �M (for 2 h before applying the �-burst
stimulation). In these experiments the inhibitor did not affect LTP in wild-type
slices.
Western blot analysis of APP and its end products. Western blotting was per-
formed as described (36), and soluble species of APP in diethyl acetate extracts
were detected with m3.2 antibody (detects sAPP�; generous gift of Paul
Mathews, Nathan S. Kline Institute, Orangeburg, NY) or sAPP� antibody
(Signet Laboratories). Full-length APP and CTFs were detected with C1/6.1
(generous gift of Paul Mathews) on radioimmunoprecipitation assay extracts
from frozen tissues (37).
A� ELISA. ELISA for murine A� 40 and 42 was performed as previously de-
scribed (38, 39) using diethyl acetate extracts from fresh hemibrains and
antibodies from Centocor.

Fly Experiments. Genetically modified Drosophila. We obtained the UAS-APP/
CyO; UAS-BACE406/UASBACE406 stock constructed by Greeve et al. (25). To
delete a copy of VPS35, we used Df(2R)Egfr/CyO obtained from the Bloom-
ington Drosophila Stock Center at Indiana University (Bloomington, IN). Here
we refer to this deficiency as DfVPS35. We generated a DfVPS35/CyO; Act-
GAL4/TM6 stock through standard crosses. Males from this stock were crossed
with UAS-APP/UAS-APP; UAS-BACE406/UAS-BACE406 females to generate
DfVPS35/UAS-APP; Act-GAL4/UAS-BACE406 and CyO/UAS-APP; Act-GAL4/
UAS-BACE406 siblings. Both sets of offspring express UAS-APP and UAS-BACE
driven by Act-GAL4. However, offspring of the former genotype are deleted
for one copy of VPS35 whereas the latter have the normal two doses of this
gene. For simplicity, we refer to these two genotypes as �/� and �/�,
respectively. Crosses were carried out on standard cornmeal/molasses/agar
medium at �22°C.
Western blot of APP and its end products. Ten brains from each group (double and
triple mutant) flies were homogenized with 100 �l of Tricine sample buffer
(Bio-Rad) and heated for 3–5 min. After centrifugation the clear supernatant
(20 �l for each lane) was loaded on 10–20% Tricine gels (Invitrogen) and
resolved by electrophoresis. The blots were probed for APP by using the C/16.1
antibody and for A� peptide by using the 6E10 antibody (1:1,000, Signet). The
signals were detected as described above.
Histology. Newly eclosed adults were shifted to 25°C and aged for 7–10 days.
Heads were dissected and placed in fresh Carnoy’s fixative for 24 h at 22°C,
washed in 70% ethanol, and processed into paraffin by using standard histo-
logical procedures. Serial 6� frontal sections were taken, stained in hematox-
ylin and eosin, and examined under a light microscope. To assess plaque load,
4G8 antibody (1:200, Signet) was used to incubate 6� brain sections overnight
at 4°C. To assess plaque load, 4G8 antibody (1:200, Signet) was used to
incubate 6-�m-thick brain sections overnight at 4°C. Secondary antibody
Alexa Fluor 488 (1:200, Invitrogen) was used for fluorescent staining. Photos
were taken by using a SPOT Insight 4Mp 14.2 camera (Diagnostic Instruments)
with SPOT Advanced (Spot Software version 4.6; Diagnostic Instruments).
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