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(Background: Recent GWA studies have demonstrated an association between the endocytic clathrin adaptor PICALM and
Results: Manipulation of PICALM expression selectively alters APP endocytosis and A3 production in neural cells and plaque

Conclusion: PICALM is involved in intracellular APP processing and plaque pathogenesis.
Significance: Understanding cellular mechanisms involved in APP processing may reveal novel targets for intervention.
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One of the pathological hallmarks of Alzheimer disease is the
accumulation of amyloid plaques in the extracellular space in
the brain. Amyloid plaques are primarily composed of aggre-
gated amyloid 8 peptide (Af), a proteolytic fragment of the
transmembrane amyloid precursor protein (APP). For APP to
be proteolytically cleaved into Af, it must be internalized into
the cell and trafficked to endosomes where specific protease
complexes can cleave APP. Several recent genome-wide associ-
ation studies have reported that several single nucleotide
polymorphisms (SNPs) in the phosphatidylinositol clathrin
assembly lymphoid-myeloid leukemia (PICALM) gene were sig-
nificantly associated with Alzheimer disease, suggesting a role
in APP endocytosis and A generation. Here, we show that
PICALM co-localizes with APP in intracellular vesicles of N2a-
APP cells after endocytosis is initiated. PICALM knockdown
resulted in reduced APP internalization and A generation.
Conversely, PICALM overexpression increased APP internal-
ization and AP production. In vivo, PICALM was found to be
expressed in neurons and co-localized with APP throughout the
cortex and hippocampus in APP/PS1 mice. PICALM expression
was altered using AAV8 gene transfer of PICALM shRNA or
PICALM cDNA into the hippocampus of 6-month-old APP/PS1
mice. PICALM knockdown decreased soluble and insoluble A3
levels and amyloid plaque load in the hippocampus. Conversely,
PICALM overexpression increased A levels and amyloid
plaque load. These data indicate that PICALM, an adaptor pro-
tein involved in clathrin-mediated endocytosis, regulates APP
internalization and subsequent A generation. PICALM con-
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tributes to amyloid plaque load in brain likely via its effecton A3
metabolism.

A hallmark pathological feature of AD? is the amyloid plaque,
extracellular deposits of aggregated amyloid 3 peptide (AB). A3
is a proteolytic fragment of the amyloid precursor protein
(APP), a transmembrane protein found primarily in neurons
(1), which can be cleaved by several enzyme complexes. The
major fraction of APP is proteolyzed by a-secretase, which
cleaves the protein within the A region, rendering the result-
ing fragments, soluble APPa and o C-terminal fragment
(a-CTF), nonpathogenic (2). This is known as the non-amy-
loidogenic pathway. Alternatively, AB can be generated by the
serial proteolytic cleavage of APP with - and then y-secreta-
ses, and this is known as the amyloidogenic pathway (3). Both
enzyme complexes cleave APP intracellularly, requiring inter-
nalization of APP (2, 4). After AB is generated in the endocytic
pathway, some of it is secreted into the extracellular space
where it is found even in normal individuals.

The requirement for APP endocytosis to generate A3 was
found after mutation of an internalization motif in the cytoplas-
mic tail of APP inhibited APP internalization and prevented A3
generation (5). Subsequent studies demonstrated that APP
internalization and A production were clathrin-mediated (2,
6). Clathrin interacts with a variety of assembly proteins and
adaptor proteins, including AP1, AP2, and AP3 (7), which reg-
ulate and aid in the formation of clathrin-coated pits (8).
Despite strong evidence that clathrin-mediated endocytosis is

2 The abbreviations used are: AD, Alzheimer disease; PICALM, phosphatidyl-
inositol clathrin assembly lymphoid-myeloid leukemia; APP, amyloid pre-
cursor protein; AB, amyloid B peptide; CTF, C-terminal fragment; AAV,
adeno-associated virus; PGK, phosphoglycerate kinase; eGFP, enhanced
GFP; NHS, N-hydroxysuccinimide; GFAP, glial fibrillary acidic protein; Bis-
Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.
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required for A generation, the precise molecular mechanisms
of APP internalization have not been fully defined.

Recent genome wide association studies have identified sev-
eral novel loci that were significantly associated with AD risk
(9-12). One of the identified genes, phosphatidylinositol clath-
rin assembly lymphoid-myeloid leukemia (PICALM), which
had no previously known association with AD, appears to play a
critical role in clathrin-mediate endocytosis.

PICALM, also known as CALM, is a cytoplasmic adaptor
protein that plays a critical role in clathrin-mediated endocyto-
sis. PICALM binds to clathrin, phosphatidylinositol, and AP2
to aid in the formation of clathrin-coated pits (13—15). Deletion
of the PICALM homolog AP180 in Drosophila and yeast
resulted in impairment in clathrin-mediated endocytosis (16 —
18). Deletion of the PICALM homolog UNC-11 in Caenorhab-
ditis elegans resulted in the mislocalization of VAMP2, a pro-
tein involved in docking and fusion of synaptic vesicles at
presynaptic terminals (19), an effect replicated in human
HEK?293 cells (20), suggesting a role in synaptic VAMP2 endo-
cytosis. A more recent study demonstrated direct interactions
between PICALM and the R-SNAREs VAMPS8, VAMP3, and
VAMP2, indicating a role in the fusion of endocytic clathrin-
coated vesicles with endosomes and subsequent trafficking
(21).

Based on the role of PICALM in clathrin-mediated endocy-
tosis, we hypothesize that PICALM may play a role in APP
endocytosis and thus regulate A generation. In this study, we
tested this hypothesis in a cell culture model of APP processing
and an animal model of AD.

EXPERIMENTAL PROCEDURES

Cell Culture—N2a-APP695 cells (neuroblastoma N2a cells
overexpressing APP695) were grown in DMEM/Opti-MEM
(50:50) supplemented with 5% FBS and 200 ug/ml G418.

Plasmid Construction and Cell Transfection—PICALM
c¢DNA containing a C-terminally linked HA tag was PCR-am-
plified from a mouse cDNA library and cloned into a pAAV
vector containing the PGK promoter. For the generation of the
PICALM shRNA construct, the human U6 promoter region
and the shRNA sequence 5'-GGAAATGGAACCACTAAGA-
TTCAAGAGATCTTAGTGGTTCCATTTCCTTTTTTAC-
GCGT-3' were inserted into the pAAV vector containing the
eGFP gene driven by the PGK promoter. N2a-APP695 cells
were transfected with the above mentioned constructs or the
control vectors for 24 h and harvested for further analysis.

APP Internalization Assay—N2a-APP695 cells were plated
on 8-well chamber slides, washed with cold PBS, and incubated
at 4 °C with 6E10 antibody (Covance; 1:200 in PBS) for 30 min
to label surface APP. Cells were carefully washed with ice-cold
PBS and incubated at 37 °C for 0, 5, and 10 min to permit inter-
nalization. Cells were fixed in 4% paraformaldehyde in PBS for
10 min at room temperature, permeabilized in 0.1% Triton
X-100, and blocked in 1% bovine serum albumin in PBS/Triton
X-100. Cell preparations were incubated with goat anti-
PICALM primary antibody (C-18) (Santa Cruz Biotechnology,
sc6433), washed, and then incubated with donkey Alexa Fluor
488-conjugated anti-mouse IgG (Invitrogen) and donkey Cy3-
conjugated anti-goat IgG (Jackson ImmunoResearch Laborato-
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ries). Cells were mounted and examined using a confocal
microscope (Zeiss LSM).

Cell Surface Biotinylation and Internalization Assays—Cell
surface biotinylation and internalization assays were performed
as described (22) with modifications. Briefly, cells in 6-well
plates were washed with cold PBS, and surface proteins were
labeled with a non-membrane-permeant, cleavable biotin
derivative, sulfo-NHS-SS-biotin (1 mg/ml in PBS). Cells were
kept at 4 °C for 30 min in the dark and gently rocked during the
incubation period. The biotin reagent was quenched by treating
the cells with two 15-min washes of 0.1 M glycine in PBS. Cells
were rinsed with PBS and lysed in radioimmune precipitation
assay buffer containing 50 mm Tris-HCI, pH 7.5, 150 mm NaCl,
1% (v/v) Nonidet P-40, 0.5% (w/v) deoxycholate, and 1 X prote-
ase inhibitor mixture. Lysates were incubated with Dynabeads
MyOne Streptavidin T1 (Invitrogen) for 2 h in a rotary mixer to
isolate biotin-labeled proteins. For the internalization assay,
surface biotin-labeled cells were incubated for varying times at
37 °C to allow internalization. Internalization was stopped by
rapid cooling on ice. To cleave biotin exposed at the cell surface,
cells were incubated three times for 20 min at 4 °C with 50 mm
2-mercaptoethanesulfonic acid (Sigma) in 50 mm Tris-HCI, pH
8.7, 100 mm NaCl, and 2.5 mm CacCl,. After thorough rinsing
with PBS containing 20 mm Hepes, cells were lysed in radioim-
mune precipitation assay buffer, and internalized biotinylated
proteins were immunoprecipitated with streptavidin and sub-
jected to immunoblotting for APP (CT695; Invitrogen).

To analyze transferrin uptake, cells were rinsed with DMEM
twice and cultured in serum-free medium for 2 h. Cells were
incubated with biotin-labeled transferrin (20 ug/ml) in serum-
free medium for various time periods at 37 °C. Cells were then
placed on ice, washed with ice-cold PBS twice, and then subse-
quently incubated three times for 10 min on ice in 25 mm
MesNa, pH 5.0 containing 150 mm NaCl and 50 um deferoxam-
ine mesylate and for 10 min in PBS. Cells were lysed with radio-
immune precipitation assay buffer, and the lysates were frac-
tionated by SDS-PAGE followed by immunoblotting with
anti-biotin antibody (Cell Signaling Technology) to detect
transferrin uptake.

Transgenic Mice with Viral Injection—Animal care and sur-
gical procedures were approved by the Animal Studies Com-
mittee of Washington University School of Medicine in accor-
dance with guidelines of the United States National Institutes of
Health. APPswe/PS1AE9 transgenic mice (APP/PS1; The Jack-
son Laboratory) (23) were injected with AAV8 viral particles
(generated by Hope Center Viral Core at Washington Univer-
sity) using defined stereotaxic coordinates for the hippocam-
pus. APP/PS1 mice at 6 months of age were divided into four
groups. Each group was injected with 2 ul of AAV8 viral parti-
cles (1.5 X 10'? viral genomes/ml) into hippocampi bilaterally.
Four different viral injections, balancing male and female mice,
were performed: 1) AAV-shPICALM-eGFP (five males and
seven females), 2) AAV-shScrambled-eGFP (five males and
seven females), 3) AAV-eGFP (six males and 12 females), and 4)
AAV-PICALM-HA (six males and 12 females). Virus was
slowly infused through a 30-gauge needle (0.2 ul/min) over 10
min; the syringe was left in place for an additional 10 min before
it was slowly withdrawn. Mice were sacrificed 4 month later.
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Brain Tissue Preparation—Mice were deeply anesthetized
with isoflurane and transcardially perfused with PBS. Brains
were extracted and cut into two hemispheres. Right hemi-
spheres were immediately dissected, snap frozen on dry ice, and
stored at —80 °C for biochemical analysis. Left hemispheres
were fixed in 4% paraformaldehyde for 24 h followed by 30%
sucrose in PBS at 4 °C. Coronal sections (50 wm) were cut on a
freezing-sliding microtome. Collected slices were stored in
cryoprotectant solution (0.2 M phosphate-buffered saline, 30%
sucrose, and 30% ethylene glycol) at —20 °C.

Immunohistochemistry—Sections were incubated in 0.3%
H,O, in Tris-buffered saline for 10 min, washed with TBS,
blocked with 3% dry milk in TBS-X (0.25% Triton X-100 in
TBS) for 1 h, and incubated with primary antibody overnight. A
solution from the Vectastain ABC kit (1:400) was applied to
brain slices for 1 h followed by 0.025% 3,3’-diaminobenzidine
tetrachloride in 0.25% NiCl, and 0.05% H,O, for 10—15 min.
The slices were placed on glass slides, dried overnight, dehy-
drated, and mounted.

X-34 Plaque Staining—Brain slices were mounted on Super-
frost Plus slides, permeabilized with 0.25% Triton X-100 for 30
min, and stained with X-34 (a generous gift from Robert Mach)
dissolved in 40% ethanol and 60% water, pH 10 for 20 min.
Tissue was then thoroughly rinsed in PBS and mounted with
Fluoromount mounting medium.

Plaque Quantification—Brain sections (50 um) were col-
lected every 300 um from rostral anterior commissure to cau-
dal hippocampus. Sections were stained with X-34 or immuno-
stained with HJ3.4 antibodies (n = 12-18 per group). Four
slices per animal were used. A NanoZoomer Digital Scanner
(Hamamatsu Photonics) was used to create high resolution dig-
ital images of the stained brain slices. The total area of plaque
coverage in the hippocampus and cortex was measured using
NIH Image] software and expressed as percent total area for
each slice. The results for an animal included four different
percent total area values, which were averaged to represent
each animal. Plaque number was also determined using Image],
averaged from four sections from each animal, and expressed as
number of plaques/section.

Immunofluorescence—The immunofluorescence double label-
ing method has been described (24). A mixture of goat anti-
PICALM (C-18; 1:100) and a cell-specific antibody was applied to
the sections overnight at 4 °C. The cell-specific antibodies
included mouse anti-NeuN antibody (Sigma; 1:1000) to identify
neurons, mouse anti-GFAP antibody (Sigma; 1:100) to identify
astrocytes, and rabbit anti-Ibal (Wako Chemicals; 1:1000) to
identify microglia. The APP C-terminal antibody (CT695)
(Invitrogen; 1:200) was used to detect APP. A secondary anti-
body mixture of Cy3-conjugated donkey anti-goat IgG (Jackson
ImmunoResearch Laboratories) and Alexa Fluor 488-conju-
gated donkey anti-mouse IgG or anti-rabbit IgG (Invitrogen)
was applied. Sections were examined for staining and co-local-
ization by confocal microscopy.

AP ELISA—AQR in the conditioned medium and cell lysates
from transfected N2a-APP695 cells was detected by sandwich
ELISA. To detect AB in the hippocampus, dissected hippocam-
pus was sequentially homogenized in PBS and then in 5 m gua-
nidine in TBS, pH 8.0. All ELISA samples were diluted in a final
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buffer of 1.5% BSA, 300 mm Tris-HCI, pH 8.0, 0.05% azide, and
protease inhibitors. ABx—40 and ABx—42 were assessed with
mouse monoclonal coating antibodies HJ2 (anti-A835-40) and
HJ7.4 (anti-AB37-42), respectively, and a biotinylated central
domain antibody, HJ5.1 (anti-A313-28), as the detecting anti-
body followed by streptavidin-poly-HRP-40 (Fitzgerald Indus-
tries). All ELISAs were developed using Super Slow ELISA
3,3",5,5'-tetramethylbenzidine (Sigma), and absorbance was
read on a Bio-Tek Epoch plate reader (Winooski, VT) at 650
nm. Standard curves were generated from synthetic human
AB1-40 or AB1-42 peptides (American Peptide).

Western Blot—Equal amounts of protein for each sample
were run on a 4—12% Bis-Tris gel (Invitrogen) and transferred
to PVDF membranes. Blots were probed with the following anti-
bodies: PICALM (Santa Cruz Biotechnology; 1:200), APP-CT695
(1:500), Biotin (Cell Signaling Technology; 1:500), and actin (Sig-
ma; 1:2000). Normalized band intensity was quantified using
Labworks software.

Statistical Analysis—All data were analyzed by two-tailed
Student’s ¢ test and expressed as mean * S.E. Differences
between two sets of data were deemed significant at p < 0.05 (*)
and p < 0.01 (**).

RESULTS

PICALM and APP Co-localize during Endocytosis in Vitro—
To examine the cellular localization of PICALM and APP, N2a
neuroblastoma cells stably overexpressing APP695 (N2a-
APP695) were incubated at 4 °C (to inhibit endocytosis) while
the cell surface APP was labeled using the 6E10 antibody. The
cells were subsequently warmed to 37 °C for varying times (0, 5,
and 10 min) to permit endocytosis, then fixed, and immuno-
stained with PICALM antibodies to permit double staining of
internalized APP and PICALM (Fig. 1). The specificity of the
PICALM antibody has been demonstrated in previous knock-
down studies (25). Prior to endocytosis (0 min), surface-labeled
APP was observed exclusively on the cell surface, separate from
PICALM immunostaining largely found on vesicles in the cyto-
sol (Fig. 1), as would be expected in the absence of endocytosis.
After warming cells to 37 °C, cell surface-labeled APP was
observed in intracellular vesicles double labeled with PICALM,
clearly demonstrating that the two proteins co-localize after
initiation of endocytosis. PICALM and APP immunostaining
during steady-state conditions was identical to the images
obtained 5 and 10 min after rewarming the cells to 37 °C (data
not shown).

Manipulation of PICALM Expression Alters APP Internaliza-
tion, Processing, and AB Production in Vitro—To investigate
the effect of PICALM on APP internalization and processing,
we developed several constructs to knock down or overexpress
PICALM. An shRNA construct directed against PICALM was
generated; a scrambled shRNA (shScrambled) served as a con-
trol. To overexpress PICALM, a construct carrying PICALM
linked to an HA tag driven by a PGK promoter (PICALM-HA)
was generated; the empty vector served as a negative control.
N2a-APP695 cells were transfected with these constructs.
Twenty-four hours later, cells were incubated at 4 °C with
sulfo-NHS-SS-biotin to biotinylate cell surface proteins. After
warming to 37 °C for varying times to permit endocytosis, sur-
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FIGURE 1. APP co-localizes with PICALM after endocytosis. Live N2a-
APP695 cells were surface-labeled with 6E10 antibodies at 4 °C to prevent
endocytosis. The cells were then warmed to 37 °C for varying times to allow
internalization, fixed, and immunostained for PICALM and surface-labeled
APP. Prior to endocytosis (0 min), no co-localization of surface APP and
PICALM was observed. Only after endocytosis was permitted was co-localiza-
tion of surface-labeled APP and PICALM seen in intracellular vesicles.

face biotin was removed, cells were lysed, and internalized
biotinylated proteins were precipitated with streptavidin beads
and immunoblotted with anti-APP antibodies to quantify inter-
nalized APP.

Cells transfected with shPICALM showed a 70% decrease in
PICALM expression compared with cells transfected with
shScrambled (Fig. 2, A and B), demonstrating successful knock-
down. PICALM knockdown resulted in a significant decrease in
APP internalization and concomitant accumulation of steady-
state cell surface APP (Fig. 2, A and C). In addition, there was a
trend toward a decrease in -CTF/total CTF ratio and an
increase in a-CTF/total CTF (Fig. 2, A and C). Conversely, cells
transfected with PICALM-HA demonstrated greater than a
4-fold increase in expression compared with cells transfected
with empty vector (Fig. 2, A and B). PICALM overexpression
resulted in a significant increase in internalized APP with a
decrease in steady-state surface APP (Fig. 2, A and D). Again,
there was a trend toward an increase in 3-CTF/total CTF and a
decrease in a-CTF/total CTF (Fig. 2, A and D). The expression
of full-length APP in cells was unchanged by PICALM knock-
down or overexpression (Fig. 2, A, C, and D). Collectively, these
results demonstrate that PICALM is involved in APP
internalization.

To determine the specificity of the effect of PICALM on
endocytosis, we examined its effect on transferrin internaliza-
tion. The transferrin receptor is ubiquitously expressed and is
known to undergo clathrin-mediated endocytosis with rapid
recycling to the cell surface (26). PICALM, however, can selec-
tively internalize some cargoes over others (20, 27). A time
course of transferrin uptake performed in N2a cells revealed
rapid uptake saturating at ~6—8 min after initiation of endo-
cytosis (Fig. 2E). Therefore, for the remaining experiments,
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FIGURE 2. PICALM manipulation alters cell surface APP and APP internal-
ization. N2a-APP695 cells were transfected with shPICALM, shScrambled
(shScr), PICALM-HA, or empty vector. Twenty-four hours after transfection,
cell surface proteins were biotinylated at 4 °C. To examine cell surface APP,
cells were lysed, immunoprecipitated with streptavidin beads, and immuno-
blotted with APP antibody (CT695). To determine APP internalization, sur-
face-biotinylated cells were returned to 37 °C for 10 min to permit endocyto-
sis. The remaining cell surface biotin was cleaved, and internalized
biotinylated proteins were extracted, immunoprecipitated, and then immu-
noblotted for APP (CT695). PICALM knockdown reduced PICALM expression
by greater than 70%, whereas overexpression increased PICALM by 4 -5-fold
(A and B). PICALM knockdown resulted in significant increases in steady-state
surface APP accumulation while decreasing internalized APP (C). Likewise,
PICALM overexpression decreased surface APP accumulation while increas-
ing internalized APP (D). PICALM knockdown resulted in a trend toward a
decrease in B-CTF/total CTF (p = 0.107) and an increase in a-CTF/total CTF
(p = 0.122) (C). Conversely, PICALM overexpression increased 3-CTF/total CTF
(p = 0.146) and decreased «-CTF/total CTF (p = 0.142), but these changes did
not reach statistical significance (D). Full-length APP expression was
unchanged by the manipulations (Cand D). A time course of transferrin inter-
nalization showed saturation by 6-8 min after the initiation of endocytosis
(E). Neither knockdown nor overexpression of PICALM resulted in any change
in transferrin internalization (F and quantified in G); the control consisted of
cells permitted to bind transferrin but prevented from internalizing it. Values
are mean = S.E. (error bars); n = 3 each.*, p < 0.05; **, p < 0.01 by Student's t
test.

transferrin internalization was determined 4 min after initia-
tion of endocytosis in N2a cells transfected with shPICALM,
shScrambled, or PICALM-HA. Neither knockdown nor over-
expression of PICALM altered transferrin uptake (Fig. 2, F and
G), consistent with prior reports (20, 27). These results suggest
that the effect of PICALM on endocytosis is cargo-specific. APP
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FIGURE 3. Manipulation of PICALM expression alters Af3 synthesis and
release. Conditioned media from N2a-APP695 cells transfected with knock-
down or overexpression vectors were collected, and AB levels were quanti-
fied using ELISA. PICALM knockdown decreased A40, whereas PICALM over-
expression increased AB40 levels in conditioned medium (A). Similar changes
in AB42 levels were found after PICALM manipulation (B). Cell lysates from
N2a-APP695 cells showed similar changesin AB40 levels (C). AB42 levels were
undetectable in cell lysates. Values are mean = S.E. (error bars); n = 3 each.
*,p < 0.05; **, p < 0.01. shScr, shScrambled.

endocytosis was regulated by PICALM, but transferrin endocy-
tosis is not.

To examine the effect of PICALM on A peptide production,
we transfected N2a-APP695 cells with the four constructs
described above. Conditioned media from cells and cell lysates
were collected for quantification of AB using ELISA. PICALM
knockdown resulted in a decrease in AB40 and AB42 in
conditioned media compared with cells transfected with
shScrambled (Fig. 3, A and B). In addition, AB40 levels in cell
lysates were decreased (AP42 was undetectable in cell lysates
from both groups) (Fig. 3C). Conversely, overexpression of
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PICALM resulted in increases in A in conditioned media and
in cell lysates (Fig. 3, A—C). These results indicate that PICALM
influences A3 peptide production and release from the cell.

PICALM Is Expressed in Neurons and Co-localizes with
APP/AB in APP/PS1 Mice—To examine the localization of
PICALM in mouse brain, we performed immunostaining on
APP/PS1 brain sections using PICALM, NeuN, GFAP, Ibal,
and APP antibodies. In cortex and hippocampus, PICALM was
expressed primarily in neurons (NeuN+ cells) (Fig. 4, A-F)
with no co-labeling in astrocytes (GFAP+ cells) or microglia
(Ibal+ cells) (data not shown). Furthermore, PICALM + cells
also were co-labeled with the APP antibody, suggest that
PICALM is expressed in neurons, which also express APP/AS
in the brains of APP/PS1 mice (Fig. 4, G-L).

Manipulation of PICALM Expression in APP/PS1 Mice Alters
APP Processing and A3 Generation in Vivo—Picalm knock-out
mice have recently been generated; however, these mice are
embryonic lethal due to defects in brain development.® Thus, to
examine the influence of PICALM on amyloid plaque patho-
genesis in the absence of developmental defects, we used a viral
gene transfer approach to alter PICALM expression in the hip-
pocampus of mature APP/PS1 mice. To knock down PICALM,
we used the shRNA construct described above packaged in an
AAVS vector driven by a U6 promoter (also expressing eGFP as
a reporter). A scrambled shRNA packaged in the same AAVS8
vector served as a control. To overexpress PICALM, the same
PICALM-HA construct described above (inserted into an
AAV8 viral vector driven by a PGK promoter) was used. The
viral vector carrying eGFP served as a control. The viral vectors
were injected into the hippocampus of 6-month-old APP/PS1
mice. The hippocampus was chosen for viral targeting because
of its easily accessible location and discrete containment for
viral gene transfer. In addition, it was chosen for its character-
istic and representative deposition of amyloid plaques in APP/
PS1 mice. Four months after injection (at 10 months of age),
mice were sacrificed and assessed for viral gene transfer using a
variety of criteria. Sections from brains injected with knock-
down vectors were examined for GFP fluorescence. Brains
demonstrating uniform expression of GFP throughout the
hippocampus were selected for further analysis. In these
brains, GFP was observed throughout the anterior hip-
pocampus, spanning 3—4 mm in the anterior-posterior
direction (Fig. 54). The major cell type expressing GFP was
neurons (based on cellular morphology) and appeared in
several layers of the hippocampus.

To confirm knockdown, hippocampal extracts were sub-
jected to Western blotting using anti-PICALM antibodies,
which demonstrated ~50% knockdown in overall hippocampal
PICALM protein levels (Fig. 5, B and C). PICALM knockdown
altered APP processing but not APP expression. The expression
of full-length APP was unchanged by PICALM knockdown;
however, similar to the N2a studies, 3-CTF/total CTF demon-
strated a trend toward a decrease with a concomitant trend
toward an increase in a-CTF/total CTF (Fig. 5, B and D).

The overexpression vectors also successfully transduced
neurons in the hippocampus as assessed by HA immuno-

3T. Maeda, personal communication.
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Cortex

Hippocampus

staining (Fig. 5A) and increased PICALM expression by almost
3-fold (Fig. 5, B and C). PICALM overexpression resulted in a
trend toward increased B-CTF/total CTF expression and a
decrease in a-CTF/total CTF (Fig. 5, B and E). PICALM over-
expression did not alter expression of full-length APP (Fig. 5, B,
D, and E).

To determine whether these manipulations in PICALM
expression in the hippocampus impacted AB production,
transduced hippocampi from the 10-month-old mice above
were serially homogenized in PBS and then in guanidine to
extract PBS-soluble and -insoluble fractions. Each fraction was
quantified using ELISAs to measure both AB40 and Af42.
PICALM knockdown resulted in a decrease in both PBS-solu-
ble and -insoluble fractions of AB40 and AB42 (Fig. 6, A and B).
These findings are consistent with the in vitro studies, which
demonstrated decreases in A production following PICALM
knockdown in N2a-APP695 cells. PICALM overexpression
resulted in an increase in hippocampal AB40 and AB42 levels in
both PBS-soluble and -insoluble fractions (Fig. 6, C and D).
Again, these findings were consistent with the in vitro studies
above.

Manipulation of PICALM Expression Alters Amyloid Plaque
Load in Vivo—To determine whether PICALM manipulations
influenced amyloid plaque pathogenesis, we stained brains with
X-34 to assess compact plaques and immunostained with HJ3.4
antibodies to assess A plaque load. PICALM knockdown in
the hippocampus resulted in significant decreases in both
X-34-stained and A 3-immunostained plaque number and load
(Fig. 7, A, B, and D). As expected, both X-34-stained and
AB-immunostained plaques did not change in the correspond-
ing cortex (Fig. 7, A, C, and E). Conversely, PICALM overex-
pression in the hippocampus resulted in increases in plaque
number and load defined by both X-34 staining and A3 immu-
nostaining (Fig. 7, F, G, and I), but no increases were seen in the
cortex (Fig. 7, H and J). These data are consistent with the
changes in the insoluble AB concentrations from the hip-
pocampal homogenates (above). Collectively, these results
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FIGURE 4. Neuronal localization of PICALM in APP/PS1 mice. Double labeling of PICALM (red) and neuronal cell-specific marker NeuN (green) (A-F) in the
cortex (left panel) and hippocampus (right panel) of 3-month-old APP/PS1 mice was performed. PICALM (A and D) co-localizes with NeuN (B and E) in neurons
(best seen in the merged images (Cand F)). The boxed insets (upper right corner) show higher power images of individual double labeled cells. PICALM and APP
co-localize in neurons of the cortex and hippocampus (G-L). Scale bar, 20 pum.

indicate that PICALM expression influences amyloid plaque
accumulation likely by regulating brain AB levels via APP
metabolism.

DISCUSSION

Endocytosis of APP from neuronal plasma membranes is a
key event leading to generation of AB. Therefore, understand-
ing the factors that regulate APP uptake, trafficking, and pro-
cessing may be critical for designing therapeutic strategies for
AD. Several recent genome-wide association studies have
reported that a PICALM SNP is associated with late onset AD
(9, 11, 12, 28); however, its role in disease pathogenesis is
unknown. In the present study, we demonstrate that PICALM
co-localizes with APP/AB in N2a-APP cells in vitro and in neu-
rons in APP/PS1 mice. Furthermore, PICALM manipulation
alters both cell surface and internalized APP, suggesting a reg-
ulatory role of PICALM in APP internalization. This regulatory
role appears somewhat cargo-specific as transferrin uptake was
unaltered by PICALM manipulation. We also present evidence
that PICALM influences processing of APP and resultant A3
production. These in vitro findings are consistent with the in
vivo experiments. Knockdown of PICALM in the hippocampus
of APP/PSI1 transgenic mice decreased AB production and amy-
loid plaque deposition, whereas overexpression of PICALM
increased hippocampal A concentration and plaque load. There-
fore, our studies provide evidence that PICALM-mediated
endocytosis may play a critical role in the pathogenesis of amy-
loid plaques.

Endocytic pathways have been known to be involved in AB
generation for some time. Deletion of the internalization motif
YENPTY within the cytoplasmic domain of APP or disruption
of the clathrin lattice by potassium depletion resulted in
reduced APP internalization and diminished AB release (5).
Furthermore, inhibition of clathrin-dependent endocytosis by
overexpression of the dominant negative mutant dynamin I
reduced AB production and release into the extracellular space
(29). PICALM is an adaptor protein that plays a critical role in
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FIGURE 5. Manipulation of PICALM expression in vivo using viral gene
transfer. Fluorescence images of GFP (green) and PICALM-HA (red) expres-
sion in the hippocampus of APP/PS1 mice injected with AAV8-shPICALM-GFP
vectors are shown. Sequential images of brain sections confirm high trans-
duction efficiency throughout the anterior hippocampus; expression is pri-
marily in neurons based on cell morphology (A). Extracts from hippocampi
transduced with knockdown and overexpression viral vectors were subjected
to Western blotting (B). PICALM expression was decreased after transduction
with knockdown viral vectors and increased with overexpressing viral vectors
(C). PICALM knockdown revealed a trend toward a decrease in B-CTF relative
to total CTF (p = 0.121), whereas a-CTF relative/total CTF showed an increas-
ing trend (p = 0.111) (D). Likewise, PICALM overexpression resulted in an
increasing trend in 3-CTF/total CTF (p = 0.114),and a trend toward a decrease
in a-CTF/total CTF (p = 0.114) (E). Full-length APP after PICALM knockdown
and overexpression demonstrated no change (D and E). Values are mean *=
S.E. (error bars); n = 5 mice/group. **, p < 0.01. shScr, shScrambled.

clathrin-mediated endocytosis (13, 14). Depletion of PICALM
affects clathrin coat formation (15) and inhibits EGF receptor
internalization (27). Consistent with these findings, we found
that inhibition of PICALM expression in N2a-APP695 cells
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FIGURE 6. PICALM manipulation via viral gene transfer alters A synthe-
sis in hippocampus of APP/PS1 mice. Dissected hippocampi from PICALM
knockdown and overexpression animals were homogenized first in PBS and
then in 5 mm guanidine, and AB was quantified using ELISA. PICALM knock-
down resulted in an ~30% decrease in PBS-soluble AB40 and AB42 levels (A).
In addition, insoluble guanidine fractions showed a similar decrease in AB40
and ApB42 levels (B). Conversely, PICALM overexpression resulted in a 40 -50%
increase in PBS-soluble AB40 and AB42 levels (C) and a 20—40% increase in
insoluble AB40 and AB42 (D). Values are mean = S.E. (error bars); n = 7-9
mice/group. ¥, p < 0.05. shScr, shScrambled.
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resulted in the reduction of APP internalization. However,
PICALM appears to show specificity for its effects on internal-
ized cargo. Consistent with previous reports (14, 20, 27), we
found that transferrin uptake was unaffected by PICALM
manipulation. This specificity suggests that PICALM may be a
potential target for intervention to prevent disease pathogene-
sis; however, much more characterization of the effects of
PICALM on internalization of other cargo is needed.

Many adaptor proteins with a phosphotyrosine binding
domain, including Fe65, X11/Mint, Disabled-1 (Dab-1), and
JNK-interacting protein family members, have been shown to
bind to the YENPTY internalization motif within the cytoplas-
mic domain of APP (30). Overexpression or knock-out of some
of these adaptors affects A generation and deposition in the
brains of transgenic mice, suggesting a physiological role for
these proteins in regulating APP processing. Of interest, Fe65
has been shown to act as a functional linker, which brings lipo-
protein receptor-related protein and APP into a protein com-
plex, in modulating APP trafficking and AB production (31).
JNK-interacting protein-1, a scaffolding protein for the JNK
kinase cascade, has also been suggested to serve as a bridge
between the kinesin light chain subunit of kinesin-1 and APP to
mediate the intracellular trafficking of APP (32). Although
PICALM clearly co-localizes with APP in the endocytosed ves-
icles of the cell and modulation of PICALM expression alters
A generation, we have been unable to demonstrate a direct
interaction between PICALM and APP as assayed by co-immu-
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FIGURE 7. PICALM manipulation alters amyloid plaque number and load
in hippocampus of APP/PS1 mice. Representative images of AB-immuno-
stained plaques in shPICALM and shScrambled (shScr) injected mice are
shown (A). Quantifications of plaque burden showed significant decreases
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noprecipitation (data not shown), suggesting a low affinity or
indirect interaction of these two proteins. Future studies will
determine whether a bridge protein links PICALM in modulat-
ing APP trafficking.

In contrast to our finding that PICALM knockdown reduced
A production in vitro, a previous study demonstrated that
PICALM knockdown had no effect on AB (33). Differences in
cell lines, APP expression, efficiency of transduction, and effi-
cacy of knockdown may account for this discrepancy. Although
we used N2a-APP695 cells (mouse neuroblastoma cells
expressing wild type APP695), Wu et al. (33) used SHSY5Y-
APPsw (human neuroblastoma cells expressing APP with the
K670N/M671L Swedish mutation). Previous studies have
shown that the cellular sites for processing Swedish APP may be
different from those of wild type APP (34.—36).

PICALM manipulation resulted in significant changes in A3
levels both in vitro and in vivo; however, statistically significant
changes in a- and 3-CTF were not observed. Although 3-CTF
is generated in concert with the initial cleavage of APP on the
path toward A generation, steady-state levels of these peptides
depend not only on production but also on clearance, which are
very different between CTFs and AB. B-CTF undergoes further
cleavages mediated by a variety of proteases, including the
y-secretase complex (3). AB is one of the possible products of
B-CTF cleavage. In addition, cellular release of the two peptides
is very different. Thus, a one-to-one stoichiometry between
B-CTF and A is not expected. The discrepancy between A
and B-CTF might also be due to limited numbers of samples.
Additionally, the detection HJ5.1 antibody (AB13-28) used in
the ELISA might react with the a- and vy-secretase-cleaved p3
peptide (AB17-40/42) in addition to AB, which is likely to
underestimate the effect of PICALM gene manipulation in both
the in vitro and in vivo experiments.

We have shown that PICALM manipulation also affects
plaque burden in APP/PS1 transgenic mice. These results dem-
onstrate the importance of clathrin-mediated endocytosis of
APP in AB production and plaque accumulation. Inhibition of
PICALM decreased soluble A in the hippocampus as reflected
by the PBS-soluble fraction, suggesting that the production of
A in these mice is reduced. Insoluble Af as reflected by gua-
nidine extraction was also altered following PICALM manipu-
lation, suggesting that PICALM may play a role in promoting
amyloid plaque formation and A deposition in AD. This is in
agreement with the concept that conversion from normal sol-
uble AP to insoluble amyloid plaques appears to be concentra-
tion-dependent such that high levels of peptide are more likely
to be converted into multimeric oligomers or plaques (37).

We have found that PICALM is predominantly expressed in
neurons in both the cortex and hippocampus in agreement with
others (38, 39). APP is also mainly expressed in neurons, and A3
is primarily produced by neurons (40). In our studies, viral gene

(AB-immunostained plaques and X-34-stained compact plaques) in the hip-
pocampus where shRNA was targeted but not in the overlying cortex (B-E).
Representative AB-immunostained images from PICALM-HA and empty vec-
tor injection are shown (F). PICALM-HA produced a significantly higher
plague number and burden in the hippocampus but not overlying cortex
(G-J). Values are mean = S.E. (error bars); n = 12-18 mice/group. *, p < 0.05.
IHC, immunohistochemistry.
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transfer with AAV8 led to predominantly neuronal transduc-
tion: AAV8 is known to have a propensity for neurons in brain
(41). Indeed, examination of GFP (or the HA tag) driven by the
PGK promoter in the viral vectors consistently demonstrates
labeling in neurons within the hippocampus (cornu ammonis
layers and dentate). Thus, the manipulation of PICALM is likely
to have occurred in neurons. These results add further support
to the idea that at least a significant portion of Af in plaques
originates in neurons.

PICALM is localized throughout a neuron, including at the
presynaptic terminal (42). Synaptic transmission involves syn-
aptic vesicle exocytosis followed by clathrin-mediated endocy-
tosis of the vesicular membrane. This endocytosis is associated
with increased APP internalization and elevated A generation
(6, 43). Given that PICALM mediates APP endocytosis in neu-
rons, it may play a particular role in synapse-dependent Af3
generation.

The SNP initially shown to have linkage to AD risk
(rs3851179), which is far upstream (~88 kb) of the PICALM
coding region (9), has been independently confirmed by several
other groups (11, 28, 44). Moreover, significant associations
with several other SNPs closer to PICALM have been demon-
strated, including rs561655 (19 kb upstream) (45) and rs541458
(7 kb upstream) (10, 45—47). Strong linkage disequilibrium
spanning rs385119 to the 5’ region of PICALM adds support to
the linkage to PICALM. No other gene resides in this linkage
disequilibrium region, indicating that rs385119 or any SNP in
linkage disequilibrium with it could be the genetic variant driv-
ing the association. This linkage disequilibrium structure
points to PICALM as the most likely candidate gene. The
results in the current study add support to this contention.

Our cell model of APP processing and animal model of
plaque pathogenesis rely on overexpression of human APP as
endogenous mouse Af3 expressed in N2a cells is undetectable
by our ELISA and does not result in amyloid plaque pathogen-
esis in wild type mice. Thus, our conclusions are based on APP-
overexpressing models. Future studies will need to examine the
effect of PICALM manipulation on endogenously expressed
APP.

Although our cell and animal model study suggests that
PICALM plays an important role in APP endocytosis, process-
ing, and A production, two recent studies report conflicting
results regarding the influence of PICALM SNPs on CSF Af3
levels (47, 48). Our study did not assess the specific role of the
SNP but rather examined the effect of gross changes in
PICALM expression. Further studies will be required to under-
stand the precise functional consequence of SNP rs3851179.

Another recent study using a yeast model of A toxicity
revealed that PICALM may play a role in modulating A3 tox-
icity by impairing endocytosis of plasma membrane receptors
(42). In this model, AB expression was directly targeted to the
endoplasmic reticulum unlike in mammalian cells where APP
in the plasma membrane is endocytosed and proteolytically
processed into A in endosomes (2, 5, 6). Although this report
focused on Ap-induced cytotoxicity, the authors did not
directly examine the effect of PICALM on APP endocytosis and
processing. It is possible that PICALM may be involved in mul-
tiple mechanisms in AD pathogenesis.
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In summary, our study demonstrates that PICALM plays an
important role in APP endocytosis with a resulting impact on
Ap production and release in cell culture models and APP/PS1
mice. Manipulation of PICALM expression also results in a
change in amyloid plaque load in these mice. Therefore,
PICALM appears to be a critical regulator of APP endocytosis,
processing, AB production, and amyloid plaque pathogenesis.
These findings are consistent with the initial discovery that
PICALM SNPs are associated with AD risk and suggest a
molecular mechanism for this effect. Although blocking clath-
rin-mediated endocytosis is not a viable therapeutic option
given its ubiquitous role in cellular function, further definition
of the specific pathways involved in APP endocytosis and pro-
cessing may reveal other potential targets for intervention.
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