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Abstract

Soluble oligomeric amyloid B peptide (AB) generated from processing of the amyloid precursor protein (APP) plays a central
role in the pathogenesis of Alzheimer’s Disease (AD) and through actions at glutamatergic synapses affects excitability and
plasticity. The physiological control of APP processing is not fully understood but stimulation of synaptic NMDA receptors
(NMDAR) can suppress AP levels through an ERK-dependent increase in a-secretase activity. AMPA-type glutamate
receptors (AMPAR) couple to ERK phosphorylation independently of NMDAR activation raising the possibility that
stimulation of AMPAR might similarly promote non-amyloidogenic APP processing. We have tested this hypothesis by
investigating whether AMPAR directly regulate APP processing in cultured mouse cortical neurons, by analyzing APP C-
terminal fragments (CTFs), soluble APP (sAPP), AB levels, and cleavage of an APP-GAL4 reporter protein. We report that
direct stimulation of AMPAR increases non-amyloidogenic a-secretase-mediated APP processing and inhibits Af} production.
Processing was blocked by the matrix metalloproteinase inhibitor TAPI-1 but was only partially dependent on Ca*" influx
and ERK activity. AMPAR can therefore, be added to the repertoire of receptors that couple to non-amyloidogenic APP
processing at glutamatergic synapses and thus pharmacological targeting of AMPAR could potentially influence the

development and progression of AP pathology in AD.
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Introduction

Generation of the amyloid B peptide (AB) from the amyloid
precursor protein (APP) and the subsequent aggregation of AP as
soluble synaptotoxic oligomers, is central to the pathogenesis of
Alzheimer’s Disease (AD) [1-4]. The production of AP via the
amyloidogenic pathway of APP processing begins with B-secretase
cleavage followed by y-secretase cleavage to yield sAPPB and AR
[5]. Alternatively APP can be cleaved by a-secretase followed by 7y-
secretase to yield a p3 fragment and neurotrophic sAPPa in a non-
amyloidogenic pathway [6]. The identification of new approaches
for reducing AP burden either by inhibition of Py -secretases,
stimulation of o-secretase, enhanced A clearance, or by
maintaining neuronal homeostasis remains a major therapeutic
goal for AD, particularly in the very early stages of pathogenesis.
The mechanisms that regulate APP processing under pathological
conditions have been extensively studied, but less is known about
the physiological control of endogenous non-mutated APP
processing at healthy, non-diseased synapses although there is a
close relationship between APP processing, Ap production and the
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regulation of excitability at glutamatergic synapses [7-9]. Synaptic
activity enhances AP release from nerve terminals following
endocytosis of APP into endosomes [10,11] and similarly
stimulation of presynaptic group II metabotropic glutamate
receptors (mGlIuRs) increases AP secretion [12]. In contrast,
postsynaptic group I mGluRs promote non-amyloidogenic o-
secretase mediated APP processing [13]. However, the situation
with respect to N-Methyl-D-Aspartate receptors (NMDAR) is
more complex, as stimulation of NMDAR can either elevate or
inhibit AP production depending upon temporal and spatial
differences in receptor-evoked signaling events. For example,
prolonged activation of NMDAR with sub-maximal doses of
agonist [14,15] or specific stimulation of extrasynaptic NMDAR
[16], promotes amyloidogenic processing of APP and hence
increases AP production. In contrast, direct activation of synaptic
NMDAR favours non-amyloidogenic o-secretase-mediated APP
processing to reduce AP production and release [17], first
recruiting ADAM-10, towards the cell surface [18] and then
upregulating ADAM-10 expression in an ERK-dependent manner
[19]. Administration of NMDAR antagonists or channel blockers
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increases AP levels both i vitro and in vivo [15,17] and similar
elevations in AP are observed following the administration of
MEK/ERK inhibitors [15]. Thus, basal activity at NMDAR
suppresses AP levels through a potentially ERK-dependent
increase in o-secretase activity suggesting that other receptors
found at glutamatergic synapses that act via ERK might similarly
suppress AP production.

o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA)-type glutamate receptors (AMPAR) couple to ERK
phosphorylation independently of NMDAR activation [20,21],
raising the possibility that stimulation of AMPAR might lead to
promotion of non-amyloidogenic APP processing. We have tested
this hypothesis by investigating whether AMPAR activity directly
regulates APP processing in cultured mouse cortical neurons, by
analyzing APP C-terminal fragments (CTFs), soluble APP (sAPP),
AP levels, and cleavage of an APP-GAL4 reporter protein. We
report that direct stimulation of AMPAR increases non-amyloido-
genic o-secretase-mediated APP processing and inhibits AR
production.

Materials and Methods

Ethics Statement

Primary cortical neuronal cultures were prepared from mouse
embryos as described previously [17] in accordance with UK
Home Office Guidelines as stated in the Animals (Scientific
Procedures) Act 1986 using procedures approved by the King’s
College London Ethics Committee.

Antibodies

Rabbit polyclonal antibody C'T20 raised against residues 676—
695 of human APP (APP695 numbering) has previously been
described [22]; mouse monoclonal APP antibody 13-M raised
against a 21 amino acid sequence in the N-terminal domain of
human APP, and which is identical in mouse and rat APP, was
purchased from Alpha Diagnostic International (San Antonio,
TX); phospho-ERK1/2 (Thr202/Tyr204) rabbit polyclonal anti-
body was purchased from Cell Signaling Technology (Danvers,
MA); Glul (GluAl) polyclonal antibody, GluR2 (GluA2) poly-
clonal antibody and PSD-95 monoclonal antibody were purchased
from Millipore (Temecula, CA); total ERK (C-14) rabbit
polyclonal antibody was purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA); synaptophysin (clone SVP-38) mouse
monoclonal antibody was purchased from Sigma (St. Louis, MO);
AlexaFluor 488 and Alexalluor 546 secondary antibodies were
purchased from Invitrogen (Carlsbad, CA); and horseradish
peroxidase-conjugated secondary antibodies were purchased from
Millipore (Temecula, CA). Unless otherwise indicated, primary
antibodies were used for immunoblotting at the following
dilutions: APP CT20 (1:20,000); APP 13-M (1:2,500); total ERK
(1:2,000); phospho-ERK1/2 (1:2,500); synaptophysin (1:2,000).

Compounds

AMPA, NMDA, (+)-MK801, Nimodipine, DAPT, U0126,
PD184352 and Fura2-AM were purchased from Tocris Bioscience
(Bristol, UK); GYKI53655 was a gift from Lilly (Indianapolis, IN);
EGTA was purchased from Sigma (St. Louis, MO); B-secretase
inhibitor IV was purchased from Calbiochem (San Diego, CA);
TAPI-1 was purchased from Peptides International (Louisville,
KT); Complete Protease Inhibitor Cocktail tablets were purchased
from Roche Applied Science (Indianapolis, IN).
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Plasmids

pRC-CMV vector containing human APP695 fused at the C-
terminus via a 5 glycine hinge to the yeast transcription factor
Gal4 containing both the DNA-binding and activation domains
(APP695-Gal4) was originally provided by Professor Tommaso
Russo (Naples, Italy), [23]. pFR-Luciferase reporter vector
containing the firefly (Photinus pyralis) luciferase gene under the
control of a synthetic promoter consisting of five tandem repeats of
the yeast GAL4 activation sequence upstream of a minimal TATA
box, and phRL-TK vector containing the Sea Pansy (Renilla
reniformus) luciferase gene under the control of the herpes simplex

virus thymidine kinase (HSV-TK) promoter, were from Promega
(Madison, WI).

Primary neuronal culture

Briefly, cortices were dissected from embryonic day 15 to 16
Swiss mouse embryos (NIH, Harlan, UK) and mechanically
dissociated using a fire-polished glass Pasteur pipette in Hank’s
Buffered Salt Solution (Ca**- and Mg2+—free). Neurons were plated
into Nunc (Rochester, NY) multiwell tissue culture plates that had
been coated previously with 20 pg/ml poly-D-lysine (Sigma, St.
Louis, MO) and were maintained in Neurobasal medium without
Phenol Red, supplemented with B-27, 2 mM glutamine, 100 ug/
ml streptomycin, and 60 pg/ml penicillin (Invitrogen, Carlsbad,
CA), at 37°C in a humidified atmosphere of 95% air and 5% CO,.
Cultures used after 8-14 days in vitro (DIV), were 97-99%
neuronal, as judged by B-tubulin III staining. Glial elements were
typically less than 2%, as judged by GFAP staining.

Immunofluorescence and image acquisition

Primary cortical neurons at 10 DIV, cultured on glass coverslips
were fixed at room temperature in PBS (pH 7.4) containing 4%
paraformaldehyde for 20 min. Neurons were then incubated in
blocking-permeabilisation buffer (PBS, pH 7.4 containing 3%
BSA, 0.1% TX-100) for 15 min. Primary antibodies: APP C'T20
(1:1,500 dilution), GluR1 (1:500 dilution), GluR2 (1:300), PSD-95
(1:500 dilution), synaptophysin (1:200 dilution) were applied in
antibody buffer (PBS, pH 7.4 containing 1% BSA) for 18 h at
4°C, followed by application of AlexaFluor 488 (1:1,000 dilution)
or AlexaFluor 546 (1:1,000 dilution) secondary antibodies in
antibody buffer for 1 h followed by DAPI (600 nM) in PBS for
30 min. Immunofluorescence in the absence of primary antibodies
produced a very weak, diffuse staining of cell bodies that did not
overlap with the primary antibody-specific staining (data not
shown). Multi-channel fluorescence (DAPI-FITC-Rhodamine
filter set) images were captured using either a 40X or 63X oil
objective fitted to a Zeiss META LSM510 confocal microscope,
using Zeiss LSM image examiner software (Carl Zeiss, Thorn-
wood, NY). Multi-channel image overlays were obtained using
Image] software (NIH, USA).

Single cell calcium imaging

Primary mouse cortical neurons grown on coverslips for 10 DIV
were loaded with Fura-2 AM (5 uM; Invitrogen) at 37°C for
45 min. Dye loading and subsequent experiments were performed
in HEPES-buffered saline (HBS; 140 mM NaCl, 5 mM KCI,
10 mM glucose, 10 mM HEPES, 2 mM CaCly, and 1 mM
MgCly, pH 7.4) AMPA (50 uM) and antagonists where appropri-
ate were applied to cells at room temperature by microperfusion.
Images of individual cells typically 15-20 per field were captured
every 2 s at 340 and 380 nm excitation wavelengths, with emission
measured at 520 nm, using a microscope-based Concord imaging
system. Analysis of emission intensity ratios at 340/380 nm was
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performed with the ImageMaster suite software (Photon Technol-
ogy International, West Sussex, UK). Data was statistically
analysed using GraphPad Prism software, Version 5 (La Jolla,
CA).

Detection of APP695 and APP C-terminal fragments
(CTFs)

To detect APP695 and APP CTTs, primary cortical neurons
cultured for 10 DIV were treated directly with agonists,
antagonists and inhibitors as detailed in the legend to figures,
washed once with PBS (pH 7.4), and lysed immediately in 100 pl
SDS-PAGE sample buffer (62.5 mM Tris, pH 6.8, 2% SDS, 5%
2-mercaptoethanol, 10% glycerol and 0.0025% bromophenol
blue), and then boiled for 5 min. For APP695 detection, samples
were resolved by 8% Tris-glycine SDS-PAGE, and for APP CTFs
detection, samples were resolved by 16.5% Tris-tricine SDS-
PAGE (cathode buffer: 0.1 M Tris, 0.1 M tricine, 0.1% SDS;
anode buffer: 0.2 M Tris-HCI, pH 8.9). After gel electrophoresis,
proteins were transferred to 0.45 um nitrocellulose (GE, Health-
care, Piscataway, NJ) for APP695 detection, or 0.2 um Immobilon
PVDF membranes (Millipore, Billerica, MA) for APP CTFs
detection. Immunoblotting for APP695 was performed using
primary polyclonal APP antibody CT20 (1:20,000 dilution) and
horseradish peroxidase-conjugated goat-anti-rabbit IgG secondary
antibody (1:20,000 dilution). Immunoblotting for APP-C'TFs was
performed wusing primary polyclonal APP antibodies CT120
(1:75,000 dilution) and horseradish peroxidase-conjugated goat-
anti-rabbit IgG secondary antibody (1:200,000 dilution). APP695
bands were detected using the ECL system (GE Healthcare,
Piscataway, NJ), and APP CTFs bands were detected using the
ECL Advance system (GE Healthcare, Piscataway, NJ), followed
by exposure to Hyperfilm ECL according to the manufacturer’s
mstructions (GE Healthcare, Piscataway, NJ).

Detection of Soluble APP (sAPP)

For detection of sAPP in the neuronal culture medium, primary
neurons cultured for 10 DIV were treated as detailed in the legend
to figures, followed by removal of the neuronal culture medium
into tubes containing Complete Protease Inhibitor Cocktail.
Samples were then centrifuged at 20,000x g for 15 min at 4°C
to remove cell debris, and boiled for 5 min in SDS-PAGE sample
buffer. Samples were resolved by 8% SDS-PAGE and transferred
to 0.2 um Immobilon PVDF membranes (Millipore, Billerica,
MA). Immunoblotting was performed using primary monoclonal
antibody APP 13-M (1:2,500 dilution) and horseradish peroxidase-
conjugated goat-anti-mouse IgG secondary antibody (1:50,000
dilution), and immunoreactive bands were detected using the ECL
Plus detection system and Hyperfilm ECL according to the
manufacturer’s instructions (GE Healthcare, Piscataway, NJ).

Assessment of neuronal cell death

Lactate dehydrogenase (LDH) release. Primary cortical
neurons cultured for 10 DIV were treated with AMPA (50 uM) for
20 min to 24 h. AMPA-induced cytotoxicity was evaluated by
release of the cytosolic enzyme LDH into the culture medium
using the CytoTox 96 non-radioactive cytotoxicity assay according
to the manufacturer’s instructions (Promega, Madison, WI), as
described previously [24]. Absorbance was measured at 490 nm
using a VersaMax microplate reader. Background LDH release
(neuronal culture medium alone) was subtracted from the
experimental values.

Phase contrast microscopy. Assessment of the effect of
AMPA on neuronal morphology was made by phase contrast
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microscopy. Images were captured with a Zeiss AxioCam MRm
cooled mono digital camera set at 1388X1040 pixels resolution
and AxioVision (release 4.6) imaging software, using an Achros-
tigmat LD 32X0.4 NA Phl objective, fitted to a Zeiss Axiovert
S100 microscope (Carl Zeiss, Thornwood, NY).

Mouse AB_40 ELISA

To determine the effect of AMPA receptor activity on AP 49
release, conditioned medium from primary cortical neurons at 10
DIV was removed and neurons were washed twice with warm
(37°C) PBS (pH 7.4) in order to remove AP that had accumulated
with time in culture. Fresh warm (37°C) Neurobasal medium
without Phenol Red, supplemented with B-27, containing vehicle
or drug treatments, was added to the neurons for 6 h. Neurobasal
medium was subsequently incubated with Complete Protease
Inhibitor Cocktail and centrifuged at 100,000 x g for 30 min at
4°C. Samples were then added to a mouse/rat AB; 40 ELISA
plate (Immuno-Biological Laboratories (IBL), Code No. 27720),
and processed for detection of AP, 40 according to the manufac-
turer’s instructions (Immuno-Biological Laboratories (IBL), Min-
neapolis, MN). Mouse AB; 4 levels were calculated from a
mouse/rat AP 49 standard curve.

Transfection of primary cortical neurons and Dual-Glo
luciferase reporter gene activity assay for quantification
of By -secretase-mediated cleavage of a human APP695-
Gal4 fusion protein

pFR-Luciferase reporter plasmid (0.5 pg) was transfected in
combination with an APP695-GAL4 plasmid (0.5 pg), into
primary cortical neurons at 8 DIV using Lipofectamine 2000
(Invitrogen, Carlsbad, CA). All wells were co-transfected with
phRL-TK plasmid (0.5 pg) that constitutively expresses moderate
levels of Renilla luciferase. The total amount of DNA transfected
into each well was 2 pg. Transfection mixes containing lipid and
DNA were prepared in Opti-MEM I reduced serum medium
(Invitrogen, Carlsbad, CA) by vortexing for 1 second and leaving
for 25 min. Neuronal cultures were removed from the incubator
and transfection mixes (150 pl per well) added dropwise onto the
neuronal culture medium, after which, neuronal cultures were
returned to the incubator. Neurons were treated with various
compounds, as described processed 24 h after transfection for
quantification of firefly luciferase reporter and constitutive Renilla
luciferase expression as described previously [17]. Briefly, neurons
were lysed with Glo Lysis Buffer (40 ul per well) (Promega,
Madison, WI), and the Dual-Glo luciferase activity assay
performed according to the manufacturer’s instructions (Promega,
Madison, WI). Luciferase signals were captured using a Veritas
microplate luminometer (Turner BioSystems, Sunnyvale, CA).
Firefly luciferase reporter activity was normalized using the
constitutive Renilla luciferase activity, which helps to differentiate
between specific and non-specific cellular responses and also
controls for transfection efficiencies across experiments.

Quantification and statistics

Immunoblot Hyperfilm ECL bands were quantified by scanning
into Image]J software at a resolution of 1200 dpi using an Epson
Perfection V700 Photo flatbed scanner fitted with a Transparency
Unit, and the mean background-corrected optical density (O.D.)
of each band was interpolated from an O.D. calibration curve
created using an O.D. step-tablet. Only Hyperfilm exposures that
gave band O.D. values that were within the linear range of the
O.D. calibration curve were used for statistical analysis. Meaned
data =SEM were graphed using GraphPad Prism software (La
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Jolla, CA). Immunoblot, AB; 40 ELISA and Dual-Glo luciferase
activity assay data were analyzed by one-way ANOVA with either
Dunnett’s or Bonferroni post hoc tests, or by two-tailed Student’s t
tests, using GraphPad Instat software (La Jolla, CA). Differences
between experimental treatments were considered to be statisti-
cally significant when p<<0.05.

Results

Cortical neurons express postsynaptic AMPAR that are
functionally coupled to ERK phosphorylation and APP
cleavage

APP is sorted equally to the axonal and somatodendritic
compartment in primary neurons [25] with extensive expression
found postsynaptically [17,26,27]. We conducted an analysis of the
distribution pattern of endogenous APP in cultured cortical
neurons and similarly found widespread expression of APP, with
some co-localisation with the nerve terminal marker synaptophy-
sin and the postsynaptic marker PSD-95 (Fig 1A upper panels).
We subsequently analysed the distribution of two AMPAR
subunits, GluA1 and GluA2, and detected extensive co-localisation
of these subunits with PSD-95 and staining around the cell soma
but very little co-localisation with synaptophysin, suggesting that
synaptic AMPAR are predominately postsynaptic in cultured
cortical neurons and not located at nerve terminals (Fig 1A, middle
and lower panels). Collectively, these data suggest that a pool of
APP is expressed postsynaptically along with GluAl, GluA2 and
PSD-95. The subunit composition of AMPA receptors determines
their ion channel properties; receptors that possess the edited
GluA2 subunit show low calcium permeability in comparison to
unedited GluA2 receptors, which have high calcium permeability
[28]. To determine the calcium permeability status of AMPAR in
our cultures we examined AMPA-mediated increases in intracel-
lular calcium using single cell Fura-2 AM microfluorimetry.
Application of AMPA (50 uM) caused a rapid increase in
intracellular calcium levels in the majority of neurons (Fig 1B,
1C) which was not blocked by the NMDAR open channel blocker
MKS801 (Fig 1D) or by L-type voltage sensitive calcium channel
Nimodipine (not shown). This suggests that despite widespread
expression of GluA2 the majority of cultured cortical neurons
possess calcium permeable AMPAR, consistent with our previous
findings [29]. AMPA stimulation of ERK phosphorylation was
then investigated to confirm functional coupling of AMPAR to
downstream physiological effectors. Treatment of neurons with
AMPA (50 uM) for up to 1 h, caused a robust increase in ERK
phosphorylation, to a similar level seen upon exposure to NMDA
(50 uM) and with no detectable changes in the level of total ERK
(Fig 1E). We next determined if stimulation of AMPAR led to the
cleavage of full length of APP, which would be expected if
AMPAR couple to APP processing. Cell lysates from cortical
neurons treated with vehicle control, AMPA (50 pM) or NMDA
(50 uM) for 1 h, were immunoblotted with APP antibody CT20
that is specific for the C-terminal residues 676695 of APP695,
and which will detect all full-length unprocessed cellular APP
1soforms. We observed one discrete polypeptide band and two
diffuse bands running just above the 98 kDa molecular weight
marker (Fig 1E). Based on previous findings [17,30] we assigned
the lowest and major band as N-linked immature APP695, and the
diffuse bands as the N- and O-linked mature forms of APP695.
Upon stimulation with either AMPA or NMDA there was a
reduction in the levels of the higher diffuse APP bands, indicative
of processing of mature APP695. We also assessed the profile of
APP-C'TFs in the same cell lysates. We observed three discrete
bands in the 7-16 kDa marker range, and based on our previous
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extensive characterisation [17] we concluded that the lowest
molecular weight band was non-phosphorylated C83 generated
from o-secretase activity (o-CTF). The next and noticeably
stronger band was a mixture of phosphorylated C83 and f-
secretase-generated non-phosphorylated C89, and the third band
phosphorylated C89 and C99 generated from B-secretase cleavage
(B-CTF). Treatment with AMPA, similarly to NMDA, increased
a-secretase-generated C83 levels compared with control, consis-
tent with enhanced a-secretase activity (Fig 1E). Having confirmed
that AMPAR activation was able to modulate full length APP695
levels, a more detailed kinetic analysis was undertaken. Neurons
were treated with AMPA (50 pM) for between 20 min to 24 h.
Cells were lysed and samples immunoblotted for APP, pERK,
total ERK and synaptophysin. Stimulation of AMPAR led to a
time-dependent loss of mature APP, clearly detected at 20 min,
reaching a maximum at 3 h and maintained for up to 24 h,
although there was some indication of a partial recovery in APP
levels at the longest time point (Fig 2A and 2B). In parallel to loss
of full length APP, a time-dependent increase in the level of o-
CTFs was also seen, consistent with enhanced o-secretase activity.
The increase in o-C'TFs was maintained above basal level for 3—
6 h (Fig 2A, 2C) and at these longer time points there was a
marked decrease in the level of the highest molecular weight C'TF
band. This is consistent with a reduction in the production of B-
CTFs, and suggesting a reciprocal relationship between o- and -
secretase processing pathways following AMPAR activation. ERK
phosphorylation followed the same kinetic as full length APP
reduction and increased o-CTF generation, which peaked at
20 min and was still detectable at 1 h, and diminished thereafter,
consistent with increased ERK phosphatase activity. Over 24 h
treatment there was no change to ecither total ERK or
synaptophysin levels and no detectable increase in LDH release
(data not shown), suggesting no significant cell or synaptic damage
was occurring during periods of prolonged AMPAR stimulation.

AMPAR-evoked APP processing is only partially ERK-
dependent

NMDAR-mediated non-amyloidogenic APP processing is
dependent on the ERK pathway and AMPAR couple to this
cascade via PI3-kinase [21]. To investigate whether AMPAR-
evoked APP processing involved the ERK signaling pathway,
cultured neurons were pre-treated with the MEK inhibitors
PD184352 (2 uM) or U0126 (5 uM) for 5 min prior to bath
application of AMPA (50 uM) for 1 h. Inhibition of MEK with
either PD184352 or U0126 abolished basal and AMPAR-induced
ERK phosphorylation as expected and caused a modest (~15%)
increase in APP levels (Fig 2D, 2E) suggesting a potential role for
ERK in tonic constitutive APP processing. AMPAR-evoked loss of
total APP was partially blocked by PD184352 and U0126, the
extent of the reduction could be accounted for by the loss of
constitutive APP processing in cultured neurons.

AMPAR -mediated o-CTF production is independent of
NMDARs and L-VSCC-dependent Ca**-influx but requires
ADAM metalloprotease activity

Although the majority of neurons in our cultures appeared to
express Ca”"-permeable AMPAR determining whether AMPA-
evoked ERK phosphorylation and APP processing was direct or
secondary to membrane depolarization and activation of
NMDAR or L-VSCCs was next investigated. Cultured neurons
were therefore pre-treated with the non-competitive NMDA
receptor antagonist MK801 (2.5 uM) or the L-VSCC blocker
Nimodipine (10 pM), prior to bath application of AMPA (50 uM)
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Figure 1. Cortical neurons express postsynaptic Ca>’-permeable AMPAR that are functionally coupled to ERK phosphorylation and
APP cleavage. A, Immunofluorescence staining of primary cortical neurons at 10 DIV. Left hand panels; single immunofluorescence staining for APP,
GIuA1 and GIuA2. Middle panels; double immunofluorescence staining for APP, GIuA1 and GIuA2 (all green) with the nerve terminal marker
synaptophysin (Syn, red). Right hand panels; double immunofluorescence staining for APP, GIluA1 and GluA2 (all green) with the postsynaptic marker
PSD95 (red). Nuclei are counterstained with DAPI (blue), scale bar 20 uM. B, Fura-2 AM microfluorimetry demonstrating AMPA-evoked increases in
Ca" in primary cortical neurons. Pseudocoloured images illustrating [Ca®*]i at baseline (left hand panel) and maximum [Ca*']i response evoked by
50 uM AMPA (right hand panel), scale bar 150 pM. C, Representative ratiometric 340 nm:380 nm trace against time (s) for Fura-2 AM loaded cortical
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neurons microperfused with 50 uM AMPA. D, Average changes in [Ca®']i (340 nm:380 nm ratio) of 40 individual neurons in response to sequential
application of 50 uM AMPA, 50 uM AMPA+2.5 uM MK801 and reapplication of 50 uM AMPA (AMPA Reapp) expressed as % of the initial AMPA
response. E, Primary cultured cortical neurons at 10 DIV were treated with vehicle (Control), 50 uM AMPA or 50 uM NMDA for 1 h followed by
immunoblotting of neuronal lysates with antibodies to APP CT20 to detect full length APP695 (APP) and APP CTFs, phosphorylated ERK2 (pERK2), and
ERK2.

doi:10.1371/journal.pone.0078155.g001
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Figure 2. AMPAR-stimulation increases time-dependent APP processing that is not completely dependent on ERK activation. A,
Primary cultured cortical neurons at 10 DIV were treated with vehicle (Control) or 50 uM AMPA for 0.3, 1, 3, 6 and 24 h followed by immunoblotting
of neuronal lysates with antibodies to APP CT20 to detect full length APP695 (APP) and APP CTFs (a-CTF), phospho ERK1/ERK2 (pERK1/pERK2), ERK2
and synaptophysin (Syn). B, Full length APP695 levels (tAPP) and C, APP CTF (a-CTF) levels were analysed by ECL protein band densitometry using
calibrated ImageJ software. Each column is the mean of +/—SEM of five independent experiments (n=5; *p<<0.05, **p<<0.01, control (time O, grey
bar) vs treatment (black bars), one-way ANOVA with Dunnett’s post hoc test). D, Primary cultured cortical neurons at 9 DIV were treated with vehicle
(Control), 50 uM AMPA, 2 uM PD184352, 5 uM U0126 or AMPA in the presence of either PD184352 (AMPA+PD) or U0126 (AMPA+UO) for 1 h followed
by immunoblotting of neuronal lysates with antibodies to APP CT20 to detect full length APP695 (APP), phospho ERK1/ERK2 (pERK1/pERK2) and
ERK2. E, Full length APP695 levels (tAPP) were analysed by ECL protein band densitometry using calibrated ImageJ software. Each column is the mean
of +/—SEM of five independent experiments (n=4; *p<<0.05, control (grey bar) vs AMPA (black bars), one-way ANOVA with Dunnett’s post hoc test).
doi:10.1371/journal.pone.0078155.9g002
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for 1 h. AMPAR activation induced a significant increase in o-
CTF generation and ERK phosphorylation, which were not
inhibited by either MK801 or Nimodipine (Fig 3A and 3B). These
data suggest the AMPA-mediated signaling and regulated APP
metabolism are direct, and independent of the subsequent
activation of either NMDA receptors or L-VSCCs following
membrane depolarisation. Our previous investigations strongly
implicated Ca®" influx through NMDA receptors as a requirement
for non-amyloidogenic processing of APP [17]. However, since
secondary sources of Ca?* influx through either NMDA receptors
or L-VSCCs did not appear to contribute to AMPA-mediated
APP metabolism, we set out to determine the extent to which the
AMPA response depended upon extracellular Ca?*. Neurons were
pre-treated with the selective non-competitive AMPAR antagonist
GYKI53655 (50 uM), to confirm the direct involvement of
AMPAR, or with the Ca®" chelator EGTA (2 mM) to address
the requirement for extracellular Ca®*, prior to bath application of
AMPA (50 uM) for 1 h. As expected AMPAR activation resulted
in a significant increase in ERK phosphorylation which was
abolished by GYKI53655 and by chelation of extracellular Ca®",
These data confirm that in cultured neurons, ERK phosphoryla-
tion is mediated by influx of extracellular Ca®* through AMPAR
[21]. Similarly, treatment with AMPA resulted in a significant
increase in o-C'TT levels which was also abolished by GYKI53655.
However, in contrast to ERK phosphorylation AMPA-mediated
increases in o-CTFs were not completely blocked by EGTA
suggesting that o-C'TTF production was only partially dependent on
extracellular Ca®" (Figure 3C and 3D). We previously demon-
strated that NMDA-stimulated non-amyloidogenic metabolism of
APP required an ADAM metalloprotease activity [17], most likely
ADAMIO0 [18,19]. As activity at AMPAR also appeared capable
of promoting non-amyloidogenic APP metabolism to enhance the
level of aCTFs, we sought to determine if these effects were also
mediated by ADAM metalloprotease activity. Cultured neurons
were pre-treated with the broad spectrum ADAM inhibitor TAPI-
1 (50 pM) and stimulated with AMPA (50 pM) or NMDA (50 pM)
for 1 h. Stimulation of AMPAR and NMDAR resulted in a robust
increase in o-CTT levels with a concurrent reduction in full length
APP and both of these effects were strongly inhibited by TAPI-1.
AMPA and NMDA-induced ERK phosphorylation were unaf-
fected by TAPI-1 and there were no changes in total ERK levels
(Fig 3E and 3F). Collectively, these data provide strong evidence to
support the involvement of ADAM metalloprotease activity in o-
secretase-mediated cleavage of APP following AMPAR stimula-
tion.

AMPAR stimulation enhances sAPP release, inhibits By-
secretase activity and reduces AP secretion

During non-amyloidogenic processing, APP is cleaved by a-
secretase to produce a membrane embedded o-CTTF and releases a
large soluble sAPPa ectodomain fragment from the cell surface.
This ectodomain fragment is secreted into the extracellular space,
decreases AP generation by directly associating with BACE-1 [31]
and may have neuroprotective and memory enhancing properties
[32-34]. It is thought that most amyloidogenic APP metabolism
occurs intracellularly [35]. Therefore, levels of SAPP in the culture
medium can be used as a general marker of non-amyloidogenic
APP processing. Our observation that AMPA increased o-CTTF
levels, suggested that activation of AMPAR should also increase
sAPP release. We stimulated cortical neurons with AMPA (50 pM)
for up to 3 h and assessed subsequent sAPP release. Samples of
conditioned medium were immunoblotted with an APP antibody
(APP13-M) raised against a 21 amino acid sequence in the N-
terminal ectodomain of human APP that also detects mouse, and
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rat SAPP. APP13-M detected a single band migrating just below
the 98 kDa molecular weight marker compared with uncleaved
full-length  APP695 which runs above the 98 kDa molecular
weight marker. No full-length APP immunoreactivity was detected
in our neuronal medium samples, as judged by immunoblotting
with a C-terminally directed APPCT20, which detects APP695
but not sAPP (data not shown). Stimulation of AMPAR produced
a time-dependent increase in the levels of sSAPP release concurrent
with a decrease of mature full length cellular APP. Following 3 h
of AMPAR activation the levels of sAPP in the medium were
approximately double those detected at baseline which taken with
the observed increase in o-CTF production and the overall
sensitivity to TAPI-1 strongly suggests that stimulation of AMPAR
promotes non-amyloidogenic APP processing (Figure 4A and 4B).
Furthermore, we also tested the ability of AMPA to influence an
AICD-Gal4-driven luciferase reporter which we have previously
shown preferentially reports By-secretase-mediated APP process-
ing in primary cortical neurons [17,36]. The assay utilizes a
reporter protein consisting of human APP695 fused at the C-
terminus to the yeast transcription factor Gal4 containing both the
DNA-binding and activation domains (APP695-Gal4). Upon
normal proteolytic processing of APP695-Gal4 by y-secretase an
AICD-Gal4 fragment is formed that induces transcription through
a UAS-luciferase reporter gene (pFR-Luc) by virtue of its
transactivation domain and specific binding to a Gal4-UAS
promoter via its DNA-binding domain. In order to confirm
sensitivity to By-secretase processing cortical neurons were treated
with the y-secretase inhibitor DAPT or a small molecule BACE-1
inhibitor (Figure 4C). Consistent with our previous report [17],
DAPT reduced luciferase activity by 85% and the BACE-1
inhibitor by 65%. Conversely, the a-secretase (ADAM) inhibitor
TAPI-1 did not inhibit luciferase activity (data not shown). This
confirms that in primary cultured neurons the B-secretase cleavage
pathway of APP preferentially mediates AICD nuclear signalling
and that this assay system preferentially monitors amyloidogenic
(AB-forming) APP processing by B- and y-secretase [37]. We found
that treatment of primary cortical neurons with AMPA (50 pM)
for 6 h, decreased the total luciferase activity by 40% compared
with control activity (Figure 4C). AMPA had no significant effect
on basal luciferase activity arising from the firefly luciferase
reporter alone nor did it significantly alter the constitutive Renilla
luciferase activity that was used to normalize firefly luciferase
activity (not shown). Collectively this data strongly suggested that
AMPAR activity inhibits B/y-secretase-mediated APP processing.
If this conclusion were correct then it followed that AMPAR
stimulation should also reduce AP formation. To address this we
investigated AB; 40 release in cultured cortical neurons using a
rodent specific ELISA. This was carried out by replacing
conditioned medium with fresh treatment media containing either
vehicle or AMPA (50 uM) for 1, 3 or 6 h. Conditioned medium
was replaced as AP accumulates in the medium with time, such
that the extracellular levels become too high to be quantified by
high sensitivity ELISA. In the absence of AMPA, AR, 4 release
was cumulative such that at 6 h the levels of AB; 4 were more
than double the values measured at 1 h. AB; 4 levels were below
the detection limit (data not shown). In the presence of AMPA,
there was a trend towards reduced levels of AB; 40 as early as | h
and a significant reduction by 3 h when compared to control
(Figure 4D). At 6 h, control levels of AP, 49 were substantially
increased while AP, 49 levels in the AMPA (6 h) treatment group
were not significantly different from control (1 h) levels, suggesting
that AMPAR activation effectively reduces amyloidogenic metab-
olism over a wide range of time points such that there is almost no
increase in AP levels within this time frame.
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Figure 3. AMPAR-stimulation of APP processing is independent of NMDAR and L-type calcium channels is partially dependent on
extracellular Ca®" and is blocked by the ADAM inhibitor TAPI-1. A, Primary cultured cortical neurons at 10 DIV were treated for 1 h with
vehicle (Control), 50 uM AMPA, 2.5 uM MK801 (MK), 10 uM Nimodipine (Nim) or AMPA in the presence of either MK801 (AMPA+MK) or Nimodipine
(AMPA-+Nim) followed by immunoblotting of neuronal lysates with antibodies to APP CT20 to detect APP CTFs (a-CTF), phospho ERK1/ERK2 (pERK1/
pERK2) and ERK2. B, APP CTF (a-CTF) levels were analysed by ECL protein band densitometry using calibrated ImagelJ software. Each column is the
mean of +/—SEM of six independent experiments (n=6; *p<<0.05, **p<<0.01, control (white bar) vs AMPA, AMPA+MK801 and AMPA+Nimodipine
(black bars), one-way ANOVA with Dunnett’s post hoc test). C, Primary cultured cortical neurons at 10 DIV were treated for 1 h with vehicle (Control),
50 uM AMPA, 10 uM GYKI53655 (GYKI), 2 mM EGTA or AMPA in the presence of either GYKI53655 (AMPA+GYKI) or EGTA (AMPA+EGTA) followed by
immunoblotting of neuronal lysates with antibodies to APP CT20 to detect APP CTFs (a-CTF), phospho ERK1/ERK2 (pERK1/pERK2) or ERK2. D, APP CTF
(o-CTF) levels were analysed by ECL protein band densitometry using calibrated ImageJ software. Each column is the mean of +/—SEM of five
independent experiments (n=5; **p<<0.01, control (white bar) vs AMPA (black bar) and AMPA vs AMPA+GYKI (black bars) one-way ANOVA with
Bonferroni post hoc test). E, Primary cultured cortical neurons at 10 DIV were treated for 1 h with vehicle (Control), 50 uM AMPA or 50 uM NMDA, in
the absence and presence of 50 uM TAPI-1 (AMPA+TAPI, NMDA+TAPI) followed by immunoblotting of neuronal lysates with antibodies to APP CT20
to detect APP CTFs (a-CTF), phospho ERK1/ERK2 (pERK1/pERK2) or ERK2. F, APP CTF (a-CTF) levels were analysed by ECL protein band densitometry
using calibrated ImageJ software. Each column is the mean of +/—SEM of five independent experiments (n=5; **p<<0.01, AMPA vs and AMPA+TAPI
(black bars) one-way ANOVA with Bonferroni post hoc test).

doi:10.1371/journal.pone.0078155.g003
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Figure 4. AMPAR-activity stimulates sAPP release, inhibits p-secretase processing and reduces Ap secretion from primary cultured
cortical neurons. A, Primary cultured cortical neurons at 10 DIV were treated with vehicle (Control) or 50 uM AMPA for 0.3, 1 or 3 h, followed by
immunoblotting of the growth media with an N-terminal APP antibody APP13M to detect secreted APP (sAPP) and immunoblotting of the
corresponding neuronal lysates with APP CT20 and ERK2. B, sAPP levels in the media from vehicle (Control) and following treatment with AMPA for
3 h were analysed by ECL protein band densitometry using calibrated ImageJ software. Each column is the mean +/—SEM of four independent
experiments (n=4; **p<<0.05, Control (white bar) vs AMPA (black bar) unpaired two-tailed Student’s t-test). C, Primary cultured cortical neurons at 8
DIV were cotransfected with APP695-GAL4, pFR-Luc Firefly luciferase reporter gene and phRL-TK plasmids and then treated with vehicle (Control),
10 uM DAPT, 10 uM B-secretase inhibitor (BSI) or 50 uM AMPA. Dual-Glo luciferase activity assays were performed 24 h after transfection for
quantification of Firefly and Renilla luciferase expression. Firefly luciferase reporter activity was normalized using the constitutive Renilla activity. Each
column is the mean +/—SEM of 12 separate transfections prepared from 3 independent cultures (n=12; *p<<0.05; **p<<0.01; ***p<<0,001; control vs
DAPT, control vs BSI, control vs AMPA one-way ANOVA with Dunnett’s post hoc test). D, Primary cultured cortical neurons at 10 DIV had a media
change and were then treated with vehicle (Control) or 50 uM AMPA for 1, 3 or 6 h. The neuronal culture medium was removed and AB;_4, levels
were measured by ELISA. Each column represents the mean +/—SEM of three independent experiments (n = 3; *p<<0.05; ***p<<0.001; control (white
bars) vs AMPA (black bars).

doi:10.1371/journal.pone.0078155.9g004

secretion and AP production. Here we report that activation of
endogenous AMPAR in primary cultured cortical neurons
enhances non-amyloidogenic APP processing to significantly
increase o-secretase-generated oC'TF and sAPP levels, and
decrease AP release. The mechanism is independent of NMDAR
and L-VSCCs, and is partially dependent on extracellular Ca**
To provide a dynamic readout of o- and B-secretase-mediated

Discussion

AMPAR have long been considered as potential therapeutic
targets for neurological diseases associated with aberrant excitato-
ry neurotransmission and excitotoxicity [38]. With respect to AD,
this has focused mainly on assessing the potential use of AMPAR
modulators to boost cognitive performance with rather disap-

pointing results to date [39]. However, AMPAR may also be a
potentially important locus for the actions of AP within the
synapse since A interacts with and internalizes AMPAR [40—43],
and disrupts GluA trafficking to the cell surface [44]. These
interactions could then lead to deficits in AMPAR-evoked
transmission [45] and loss of the molecular events that are central
to synaptic plasticity and survival, similar to the aberrant Ca*"
signaling, Akt and CREB phosphorylation that results from AR
acting at NMDAR [46-48]. In contrast to AMPAR mediating the
actions of AP, much less consideration has been given to the role
that AMPAR might play in the development and progression of
AD pathology by directly regulating APP metabolism, sAPP
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proteolytic processing of APP we first analysed APP CTF
production. We found that bath application of AMPA to cortical
neurons for 20 min caused a strong upregulation in the levels of o-
CTFs with no increase in B-CTFs, consistent with promotion of
the o-secretase pathway. The increase in o-CTT levels was
maintained for at least 6 h after application of AMPA, during
which time there was a marked loss of B-CTFs suggesting a
reciprocal relationship between the o- and B-secretase pathways
following  AMPAR stimulation which is consistent with the
hypothesis that o- and B-secretase compete for APP as a substrate
[49-50]. AMPA-evoked increase in the o-CTFs was blocked by
the non-competitive AMPAR antagonist GYKI53655 but was
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unaffected by the NMDA receptor channel blocker MK801 or by
the L-type VSCC blocker Nimodipine, suggesting direct coupling
from AMPAR to APP cleavage. The increase in o-CTFs was
however, only partially dependent on extracellular calcium despite
AMPA-evoked ERK phosphorylation being abolished by EGTA.
This is in contrast with our previous findings which showed that
NMDAR stimulation of a-C'TFs were entirely dependent on Ca**
influx [17]. Possible explanations for the apparent Ca®*-indepen-
dent component of APP processing is a mechanism relating to the
known metabotropic signalling actions of AMPA receptors,
independent of ion influx [20,51] or signaling evoked from
intracellular Ca®" stores but this has not been explored.

The MEK/ERK pathway is known to regulate signal-respon-
sive. APP processing [52,53] and NMDAR coupling to non-
amyloidogenic processing has been strongly linked to activation of
ERK [15,19]. We found that APP levels were modestly increased
in the presence of MEK inhibitors suggesting that basal turnover
or processing of APP is ERK sensitive. NMDAR antagonists and
channel blockers inhibit the o-secretase component of basal APP
processing in cultured cortical neurons [17] and so this effect of
MEK inhibitors alone is likely to be due to inhibition of
endogenously released glutamate acting through NMDAR to
regulate APP processing via the ERK pathway. Although AMPAR
stimulation robustly activated ERK phosphorylation we could find
no clear evidence that AMPAR activation of APP processing was
strongly dependent on this pathway and the reduction in
processing seen in the presence of MEK inhibitors was probably
due to inhibition of the basal activity rather than effects on the
AMPA-responsive component directly.

AMPAR-evoked increase in o-CTFs was blocked by TAPI-1
which is a general ADAM inhibitor acting at a range of ADAMs
including ADAM10 and ADAMI17 which are the most likely
candidate signal-responsive o-secretases in neurons [6,54,55].
Whether AMPAR receptors recruit ADAM:s to the cell surface via
interactions with SAP97 as described for NMDAR [18] is not yet
clear, but AMPAR subunit trafficking is mediated by SAP97 [56]
so this is possible. Our findings that AMPAR activity increased o-
CTF levels suggested to us that AMPAR receptor activation
should also increase sAPPa release and in support of this we
detected around a one and a half fold increase in the levels of sSAPP
in the medium after treatment with AMPA. To determine whether
this increase in non-amyloidogenic APP cleavage was due to a shift
from B- to a-secretase-mediated APP processing, we utilised an

References

1. Hardy JA, Higgins GA (1992) Alzheimer’s disease: the amyloid cascade
hypothesis. Science 256: 184-185.

2. Hardy J, Selkoe DJ (2002) The amyloid hypothesis of Alzheimer’s discase:
progress and problems on the road to therapeutics. Science 297:353-356.

3. Walsh DM, Selkoe DJ (2007) A beta oligomers - a decade of discovery.
J Neurochem 101:1172-84.

4. Klein WL (2013) Synaptotoxic amyloid-p oligomers: a molecular basis for the
cause, diagnosis, and treatment of Alzheimer’s disease? ] Alzheimers Dis 33:
Suppl 1:549-65.

5. Vassar R, Bennett BD, Babu-Khan S, Kahn S, Mendiaz EA, et al. (1999) Beta-
secretase cleavage of Alzheimer’s amyloid precursor protein by the transmem-
brane aspartic protease BACE. Science 286:735-741.

6. Lammich S, Kojro E, Postina R, Gilbert S, Pfeiffer R, et al. (1999) Constitutive
and regulated alpha-secretase cleavage of Alzheimer’s amyloid precursor protein
by a disintegrin metalloprotease. Proc Natl Acad Sci U S A. 96:3922-3927.

7. Fazeli MS, Breen K, Errington ML, Bliss TV (1994) Increase in extracellular
NCAM and amyloid precursor protein following induction of long-term
potentiation in the dentate gyrus of anaesthetized rats. Neurosci Lett. 169:77-80.

8. Kamenetz F, Tomita T, Hsieh H, Seabrook G, Borchelt D, et al. (2003) APP
processing and synaptic function. Neuron 37:925-937.

9. Venkitaramani DV, Chin J, Netzer W], Gouras GK, Lesne S, et al. (2007) Beta-
amyloid modulation of synaptic transmission and plasticity. J Neurosci.

27:11832-11837.

PLOS ONE | www.plosone.org

10

AMPA Receptor Regulation of APP Processing

APP-GAL4 cleavage assay. P-secretase expression and activity is
high in embryonic neurons and the APP-GAL4 assay preferen-
tially reports Py-secretase processing in this cell type [17] thus
factors which increase the activity of a-secretase would be
predicted to reduce UAS-driven luciferase expression. Indeed,
AMPA caused a ~40% reduction in luciferase expression
consistent with a potentiation of a-secretase activity and a parallel
reduction in P-secretase activity. We further reasoned that a
sustained reduction in B-secretase-mediated processing should
lower the levels of AP and to address this we employed an ELISA
that detects rodent AB; 49. Background levels of AB are high in
cultured neurons due to the strong preference for B-secretase
processing and so ELISA detection of secreted AP needed to be
conducted after a media change. Following the addition of fresh
medium there was a time-dependent increase in the levels of AP,
40 which was very strongly inhibited by AMPAR stimulation
suggesting that AMPAR can promote o-secretase processing and
in doing so reduce P-sccretase-mediated generation of A
although it is not yet clear to what extent this occurs & vivo.
Somewhat in contrast to our findings here, infusion of AMPAR
antagonists into mouse hippocampus suppresses ISF A levels
suggesting baseline glutamate signaling through AMPAR increases
AP [15]. However, the effects of direct stimulation of AMPAR
with agonists or potentiators was not reported so similar to
NMDAR a strong stimulus could perhaps reduce AR production.
Regulation of APP processing following the release of endogenous
glutamate appears to favour a synaptic NMDAR route [17] but at
AMPAR-enriched potentiated synapses a more direct pathway to
regulate SAPP and AP levels might occur and in doing so exert
additional control over excitability. In summary, we have shown
that AMPAR can be added to the repertoire of receptors that
couple to non-amyloidogenic APP processing at glutamatergic
synapses and our results suggest that direct pharmacological
targeting with AMPAR modulators or indeed with interventions
that regulate GIuA expression and signaling [57,58] could
potentially be exploited to slow the development and progression
of AP pathology.

Author Contributions

Conceived and designed the experiments: SEH FB CJC VJH MSP RJW.
Performed the experiments: SEH FB CJC VJH. Analyzed the data: SEH
FB CJC VJH MSP RJW. Wrote the paper: SEH RJW.

Zirrito JR, Yamada KA, Finn MB, Sloviter RS, Bales KR, et al. (2005) Synaptic
activity regulates interstitial fluid amyloid-P levels in vivo. Neuron 48:913-922.
. Cirrito JR, Kang JE, Lee J, Stewart FR, Verges DK, et al. (2008) Endocytosis is

required for synaptic activity-dependent release of amyloid-beta in vivo. Neuron
58:42-51.

. Kim SH, Fraser PE, Westaway D, St. George-Hyslop PH, Ehrlich ME, et al.
(2010) Group II metabotropic receptor stimulation triggers production and
release of Alzheimer’s amyloid P42 from isolated intact nerve terminals.
J Neurosci 30:3870-3875.

. Lee RK, Jimenez J, Cox AJ, Wurtman RJ (1996) Metabotropic glutamate
receptors regulate APP processing in hippocampal neurons and cortical
astrocytes derived from fetal rats. Ann N'Y Acad Sci 777:338-43.

. Lesn¢ S, Ali C, Gabriel C, Croci N, MacKenzie ET, et al. (2005) NMDA
receptor activation inhibits alpha-secretase and promotes neuronal amyloid-beta
production. J Neurosci. 25:9367-9377.

15. Verges DK, Restivo JL, Goebel WD, Holtzmann DM, Cirrito JR (2011)
Opposing synaptic regulation of amyloid-p metabolism by NMDA receptors in
vivo. J. Neurosci 31:11328-11337.

. Bordji K, Becerril-Ortega J, Nicole O, Buisson A (2010) Activation of

extrasynaptic, but not synaptic, NMDA receptors modifies amyloid precursor

protein expression pattern and increases amyloid-B production. J Neurosci

30:15927-15942.

October 2013 | Volume 8 | Issue 10 | e78155



20.

21.

23.

26.

27.

28.

29.

30.

32.

33.

34.

36.

37.

. Hoey SE, Williams R]J, Perkinton MS (2009) Synaptic NMDA receptor

activation stimulates o-secretase amyloid precursor-protein processing and
inhibits amyloid B production. J Neurosci 29:4442-4460.

. Marcello E, Gardoni F, Mauceri D, Romorini S, Jeromin A, et al. (2007)

Synapse-associated protein-97 mediates o-secretase ADAMI0 trafficking and
promotes its activity. J. Neurosci 27:1682-1691.

. Wan X-Z, Li B, Li Y-C, Yang X-L, Zhang W, et al. (2012) Activation of NMDA

receptors upregulates A distinegrin and metalloproteinase 10 via a Wnt/MAPK
signaling pathway. J Neurosci 32:3910-3916.

Hayashi T, Umemori H, Mishina M, Yamamoto T (1999) The AMPA receptor
interacts with and signals through the protein tyrosine kinase Lyn. Nature
397:72-76.

Perkinton MS, Sihra TS, Williams RJ (1999) Ca2+-permeable AMPA receptors
induce phosphorylation of the cAMP response element-binding protein through
a phosphatidylinositol 3-kinase-dependent stimulation of the mitogen-activated
protein kinase signaling cascade in neurons. J Neurosci 19:5861-5874.

. Perkinton MS, Standen CL, Lau KF, Kesavapany S, Byers HL, et al. (2004) The

c-Abl tyrosine kinase phosphorylates the Fe65 adaptor protein to stimulate
Fe65/amyloid precursor protein nuclear signaling. J Biol Chem 279:22084—
22091.

Gianni D, Zambrano N, Bimonte M, Minopoli G, Mercken L, et al. (2003)
Platelet-derived growth factor induces the B-y-secretase-mediated cleavage of
Alzheimer’s amyloid precursor protein through a Src-Rac-dependent pathway.
J. Biol Chem 278: 9290-9297.

. Molina-Holgado F, Gaeta A, Francis PT, Williams R]J, Hider RC (2008)

Neuroprotective actions of deferiprone in cultured cortical neurones and SHSY-
5Y cells. J] Neurochem 105:2466-2476.

. Back S, Haas P, Tschipe JA, Gruebl T, Kirsch J, et al. (2007) beta-amyloid

precursor protein can be transported independent of any sorting signal to the
axonal and dendritic compartment. J Neurosci Res 85:2580-2590.

Shigematsu K, McGeer PL, McGeer EG (1992) Localization of amyloid
precursor protein in selective postsynaptic densities of rat cortical neurons.
Brain Res 592:353-357.

Hoe HS, Fu Z, Makarova A, Lee JY, Lu C, et al. (2009) The effects of amyloid
precursor protein on postsynaptic composition and activity. J Biol Chem
284:8495-8506.

Hollmann M, Hartley M, Heinemann S (1991) Ca2+ permeability of KA-
AMPA-gated glutamate receptor channels depends on subunit composition.
Science 252:851-853.

Rainey-Smith SR, Andersson DA, Williams R], Rattray M (2010) Tumour
necrosis factor alpha induces rapid reduction in AMPA receptor-mediated
calcium entry in motor neurones by increasing cell surface expression of the
GluR2 subunit: relevance to neurodegeneration. ] Neurochem 113:692-703.
Buxbaum JD, Thinakaran G, Koliatsos V, O’Callahan J, Slunt HH, et al.
(1998a) Alzheimer amyloid protein precursor in the rat hippocampus: transport
and processing through the perforant path. J Neurosci 18:9629-9637

. Obregon D, Hou H, Deng J, Giunta B, Tian J, et al. (2012) Soluble amyloid

precursor protein-o. modulates P-secretase activity and amyloid-p generation.
Nat Commun. 3:777

Mattson MP, Cheng B, Culwell AR, Esch FS, Lieberburg I, et al. (1993)
Evidence for excitoprotective and intraneuronal calcium-regulating roles for
secreted forms of the beta-amyloid precursor protein. Neuron 10:243-254.
Ishida A, Furukawa K, Keller JN, Mattson MP (1997) Secreted form of B-
amyloid precursor protein shifts the frequency dependency for induction of
LTD, and enhances LTP in hippocampal slices. Neuroreport 8: 2133-2137.
Meziane H, Dodart JC, Mathis C, Little S, Clemens J, et al. (1998) Memory-
enhancing effects of secreted forms of the beta-amyloid precursor protein in
normal and amnestic mice. Proc Natl Acad Sci 95:12683-12688.

. Vetrivel KS, Cheng H, Lin W, Sakurai T, Li T, et al. (2004) Association of

gamma-secretase with lipid rafts in post-Golgi and endosome membranes.
J Biol Chem 279:44945-44954.

Choudhry F, Howlett DR, Richardson JC, Francis PT, Williams R] (2012) Pro-
oxidant diet enhances B/y secretase-mediated APP processing in APP/PS1
transgenic mice. Neurobiol Aging 33:960-968.

Goodger ZV, Rajendran L, Trutzel A, Kohli BM, Nitsch RM, et al. (2009)
Nuclear signaling by the APP intracellular domain occurs predominantly
through the amyloidogenic processing pathway. J Cell Sci 122:3703-3714.

PLOS ONE | www.plosone.org

1

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

53.

54.

56.

58.

AMPA Receptor Regulation of APP Processing

. Chang PK-Y, Verbich D, McKinney RA (2012) AMPA receptors as drug targets

in neurological disease — advantages, caveats and future outlook. Eur J Neurosci
35:1908-1916.

Chappell AS, Gonzales C, Williams J, Witte MM, Mohs RC, et al. (2007)
AMPA potentiator treatment of cognitive deficits in Alzheimer disease.
Neurology 68:1008-12.

Almeida CG, Tampellini D, Takahashi RH, Greengard P, Lin MT, et al. (2005)
Beta-amyloid accumulation in APP mutant neurons reduces PSD-95 and GluR 1
in synapses. Neurobiol Dis. 20:187-98.

Hsich H, Bochm J, Sata C, Iwatsubo T, Tomita T, et al. (2006) AMPAR
removal underlies AB-induced synaptic depression and dendritic spine loss.
Neuron 52:831-843.

Roselli F, Tirard M, Lu J, Hutzler P, Lamberti P, et al. (2006) Soluble beta-
amyloid1-40 induces NMDA-dependent degradation of postsynaptic density-95
at glutamatergic synapses. J Neurosci. 25, 11061-11070.

Small DH (2012) Dysregulation of Ca2+ homeostasis in Alzheimer’s disease: role
in acetylcholinesterase production and AMPA receptor internalization.
Neurodegener Dis. 10: 76-79.

Mifniano-Molina AJ, Espana J, Martin E, Barneda-Zahonero B, Fado R, et al.
(2011) Soluble oligomers of amyloid-B peptide disrupt membrane trafficking of
o-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor contributing to
carly synapse dysfunction. J Biol Chem. 286:27311-27321.

. Ting JT, Kelley BG, Lambert TJ, Cook DG, Sullivan JM (2007) Amyloid

precursor protein overexpression depresses excitatory transmission through both
presynaptic and postsynaptic mechanisms. Proc Natl Acad Sci 104:353-358.
Snyder EM, Nong Y, Almeida CG, Paul S, Moran T, et al. (2005) Regulation of
NMDA receptor trafficking by amyloid-beta. Nat Neurosci. 8:1051-1058.
Shankar GM, Bloodgood BL, Townsend M, Walsh DM, Selkoe D], et al. (2007)
Natural oligomers of the Alzheimer amyloid-beta protein induce reversible
synapse loss by modulating an NMDA-type glutamate receptor-dependent
signaling pathway. J Neurosci. 27:2866-2875.

Abbott JJ, Howlett DR, Francis PT, Williams R] (2008) Abeta(1-42) modulation
of Akt phosphorylation via alpha7 nAChR and NMDA receptors.
Neurobiol Aging. 29:992-1001.

Postina R, Schroeder A, Dewachter I, Bohl J, Schmitt U, et al. (2004) A
disintegrin-metalloproteinase prevents amyloid plaque formation and hippo-
campal defects in an Alzheimer disease mouse model. J Clin Invest 113: 1456
1464.

Lichtenthaler SF (2011) Alpha-secretase in Alzheimer’s disease: molecular
identity, regulation and therapeutic potential. J Neurochem 116:10-21.

Wang Y, Small DL, Stanimirovic DB, Morley P, Durkin JP (1997) AMPA
receptor-mediated regulation of a Gi-protein in cortical neurons. Nature
389:502-504.

. Mills J, Laurent Charest D, Lam F, Beyreuther K, Ida N, et al. (1997)

Regulation of amyloid precursor protein catabolism involves the mitogen-
activated protein kinase signal transduction pathway. J Neurosci. 17:9415-9422.
Desdouits-Magnen J, Desdouits F, Takeda S, Syu 1], Saltiel AR, et al. (1998)
Regulation of secretion of Alzheimer amyloid precursor protein by the mitogen-
activated protein kinase cascade. J Neurochem 70:524-530.

Buxbaum JD, Liu KN, Luo Y, Slack JL, Stocking KL (1998b) Evidence that
tumor necrosis factor alpha converting enzyme is involved in regulated alpha-
secretase cleavage of the Alzheimer amyloid protein precursor. J Biol Chem.
273:27765-27767.

. Kuhn PH, Wang H, Dislich B, Colombo A, Zeitschel U, et al. (2010) ADAM 10

is the physiologically relevant, constitutive alpha-secretase of the amyloid
precursor protein in primary neurons. EMBO J 29:3020-3032.

Mauceri D, Cattabeni F, Di Luca M, Gardoni F (2004) Calcium/calmodulin-
dependent protein kinase IT phosphorylation drives synapse-associated protein
97 into spines. J Biol Chem. 279:23813-23821.

Schroeter H, Bahia P, Spencer JP, Sheppard O, Rattray M, et al. (2007) (-
)Epicatechin stimulates ERK-dependent cyclic AMP response element activity
and up-regulates GluR2 in cortical neurons. J Neurochem 101:1596-1606.
Williams R]J, Spencer JP (2012) Flavonoids, cognition, and dementia: actions,
mechanisms, and potential therapeutic utility for Alzheimer disease.
Free Radic Biol Med 52:35-45.

October 2013 | Volume 8 | Issue 10 | e78155



